ABSTRACT

MCIVER, ANDREW LOUIS. Development of New Methodologies for the Synthesis of
Alkaloids and Light-Cleavable Groups. (Under the direction of Dr. Alexander Deiters.)

The development of [2+2+2] cyclotrimerization reactions towards pyridine
derivatives followed by an intramolecular Sy2 cyclization and subsequent reduction was
utilized for the synthesis of naturally occurring alkaloids. The total synthesis of tylophorine
and dehydrotylophorine as well as the core structures of citrinadins A and B, cyclopiamine B,
and xylopinine were synthesized using this new methodology. Furthermore, a removable
silicon tether was applied to the cyclotrimerization reaction for the completely chemo- and
regio-selective synthesis of a 2,4,6-substituted pyridine named Heterotaxin and its analogs.
These pyridines phenocopy the heterotaxia disorder and proved to be TGF-B inhibitors in
Xenopus embryos.

Additionally, a new hydrogen peroxide detector for mammalian cells was synthesized
as a boronic acid ester of estrone, which was applied for the activation of gene expression
when exposed to extra- or intra-cellular hydrogen peroxide.

Light-cleavable groups were synthesized and utilized to control biological activity of
macromolecules. Photocleavable PEG reagents were synthesized for the light-regulation of
enzyme activity and for the light-induced deactivation of antisense activity. This allows for
the precise regulation of gene expression in biological systems. In addition, new
photocleavable phosphoramidites were synthesized to be incorporated into oligonucleotides
to provide a tool for light-induced (> 400 nm) strand breaks. This technology will be used for
DNA computation and control of gene expression. Also a cellular responsive xanthone
caging group was synthesized that is only light-cleavable once inside the cell after cellular
mediated hydrolysis of the ester moiety. Reporter compounds such as rhodamine and

luciferin were caged in order to observe the decaging once inside cells.
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CHAPTER 1: Transition Metal Catalyzed [2+2+2] Cyclotrimerization Reactions

1.1 [2+2+2] Cyclotrimerization Reactions Towards Benzene Derivatives

1.1.1 Background and Mechanism

The [2n + 27 + 2w]-electron cyclotrimerization of three alkynes to benzene rings is a
powerful tool for the construction of polysubstituted aromatic compounds (Scheme 1.1). It is
a more convergent approach than traditional substitutions on benzene rings such as
electrophilic aromatic substitutions. In a single, atom economical reaction, multiple rings and

three new carbon-carbon bonds can be formed.*?®

R

[2+2+2] R R
3 R—R >
R R

R

Scheme 1.1. General [2+2+2] cyclotrimerization reaction.

The reaction was discovered by Berthelot in 1866, producing benzene from acetylene
at ~400 °C without any catalyst.’® Requiring such high temperatures essentially ruled out
synthetic applications of thermal [2+2+2] cyclotrimerization reactions despite them being
exothermic in nature.* In the late 1940’s the first transition metal catalyzed [2+2+2]
cyclotrimerization reaction in which acetylene was converted into benzene in the presence of
(PPh3);Ni(CO), was reported.*? Although cyclooctatetraene was the major product, the
discovery that transition metals could mediate the [2+2+2] cyclotrimerization of alkynes into
benzenes opened the door for the reaction to become synthetically useful. Following this
finding, many other transition metals besides Ni have been identified as catalysts for the
cyclotrimerization of alkynes including Co,*® Ru,* Rh,">"" and Pd.*®

Depending on the metal catalyst used, the reaction can occur by one of several
mechanisms.*® With cobalt-based catalysts, the most common mechanism involves the
metallacyclopentadiene intermediate 2 formed by the coordination of two alkyne molecules
to the metal surface as in 1 followed by oxidative cyclization (Scheme 1.2)." % Once

coordinated to the metal center as in 3, the third alkyne is added via a Diels-Alder type [4+2]



cycloaddition to give the cobaltanorbornadiene intermediate 4. The final benzene product 5 is
formed after reductive elimination and regenerates the catalyst. When CpRuCl catalyst
systems are used, insertion of the third alkyne proceeds via a formal [5+2] cycloaddition
between ruthenacycle 7 and the alkyne to first give the ruthenabicyclo[3.2.0]heptadiene
complex 8 followed by metallocycle 9 through the cleavage of the central Ru-C bond
(Scheme 2).” % Reductive elimination to the n°>-benzene complex 10 and replacement of the

arene with two additional alkynes complete the catalytic cycle.

Co catalysts:

Oxidative
ColL, //\ Cycllzatlon
2 = @ — S:O-L”'Z Co Lo —_ E:
2L X //
1 2
Lot Reductive
Co Elimination
—_— _— + Col,
71/
4 5
CpRuCl catalysts: o
Oxidative
Cpru(oD)Cl X cp Cyclization N Cp [5+2]
2 = Ru/\ — || JRU = —
-COD \\/ Cl Cl
6 7
Cp
Cp cl ;
~p, 7 ~Ru~ 7 C — //\ C
Ru K Cl AP 2 = AP
\ | R ——— | R —— « |-RL\J _— + /Ru\
= Cl X ¢
8 10 5

Scheme 1.2. Possible [2+2+2] cyclotrimerization mechanisms. L = ligand.

When transition metal hydrides or halides are used, a sequential insertion mechanism
has been proposed (Scheme 1.3a).%* % Each alkyne unit is incorporated by a cis-addition of
the metal-halide or metal-carbon bond across the triple bond. Finally, a metathesis cascade is
proposed using Grubbs’ catalyst where each alkyne is added in a series of [2+2]
cycloadditions and cycloreversions (Scheme 1.3b).** A ring closing metathesis reaction

yields the benzene product.



a) Sequential Insertion
J— — — M
= M _= L —
— 0w
b) Metathesis Cascade

= N ==
F N\
— O -

Scheme 1.3. Sequential insertion and metathesis cascade reaction mechanisms.
M = metal center, X = halide.

1.1.2 Regioselectivity of the Cyclotrimerization Reaction

Using the first mechanism as a model (Scheme 1.2), the regiochemical outcome of
the intermolecular reaction is influenced by two steps: metallocycle formation and insertion
of the third alkyne. The oxidative cyclization step can produce three isomeric
metallocyclopentadienes 11a, 11b, and 11c (Scheme 1.4). Only 11a and 11b need to be
considered, as 11c is not formed because of steric arguments.”® Experimental observation
has shown that metallocycle 11a is preferred where the bulky substituents are placed in an a-
position to the metal center.”® Only the 1,2,4-trisubstituted benzene 12 can form from this
metallocycle no matter what the orientation of insertion of the third alkyne. The minor
metallocycle 11b can form the 1,2,4-isomer 12 as well as the 1,3,5-isomer 13 depending
upon the third alkyne’s orientation. When two or three different alkynes are used, the product

mixture can become quite complex.
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Scheme 1.4. Regiochemical possibilities of [2+2+2] cyclotrimerization reactions.

A partially intramolecular cyclotrimerization reaction? (one diyne and one monoyne)
provides a way to overcome the regiochemistry issues as the orientation of two of the three
alkynes is already set. In these cases, high degrees of ‘meta selectivity’ can be obtained when
using Ru,” Rh,% and Co*’ based catalysts with non-symmetrical diynes 14, 16, and 18 being
cyclotrimerized into fused bicycles 15a, 17a, and 19a respectively, as opposed to 15b, 17b,
and 19b (Scheme 1.5).



a)

o 1-hexyne (2 eq) n-B
MeO,C. < = Cp*RuCI(COD) (1%)  Me0,C . MeoC U
MeO,C — DCE rt 1 hr MeO,C MeO,C

n-Bu
14 85% 15a 15b
93 ’ 7
b) — R Rl Rl
J— Rl RZ
/S RhCI(PPhgz)3 (2 mol%)
o o} + 0
S EtOH, rt R2
16 17a 17b
R! R? Yield (%) ratio (17a:17b)
CHs n-Bu 35 1.7:1
CHs; C(CH3),0OH 54 17a only
CHj CH,OH 53 1.8:11
C(CHs3),OH n-Bu 36 17aonly
© =—R?
CoCl,-6H,0 (5 mol%)
2-(2,6-diisopropylphenyl) R! R!
1 iminomethylpyridine (6 mol%) 2
,— R Zn dust (10 mol%) R
z z + Z
__— THF, rt R2
18 19a 19b
z R! R? Yield (%) ratio (19a:19b)
(@) n-Bu n-Bu 52 76:24
O n-Bu CH,OH 74 71:29
C(CO,Et), TMS CH,OH 83 85:15

Scheme 1.5. Partially intramolecular version of the [2+2+2] cyclotrimerization reaction enabling
regiocontrol.

The regioselectivity of partially intramolecular cyclotrimerization reactions can be
subject to ligand choice as well. For example, Kezuka et al. obtained the meta-regioisomer
15a preferentially using an Ir precatalyst with 1,2-bis(diphenylphosphino)ethane (DPPE) as
the phosphine ligand, however, when the Iligand was changed to 1,1-
bis(diphenylphosphino)ferrocene (DPPF), a reversal in the regiochemistry resulted and

ortho-isomer 15b was the major product (Scheme 1.6).%2



1-hexyne (3 eq)

[ICOD)CI], (2 mol% 5

— H n-bu
MeO,C — ligand (4 mol%) MeO,C , MeoC
MeOZC: < _ PhH MeO,C By MeoC

0.5-1 hr
14 rt to reflux 15a 15b

ligand Yield (%) ratio 15a/15b
DPPE 93 80/20
DPPF 84 12/88

Scheme 1.6. Ligand control of regioselectivity in cyclotrimerization reactions. DPPE = 1,2-
Bis(diphenylphosphino)ethane, DPPF = 1,1'-Bis(diphenylphosphino)ferrocene.

The electronic nature of the diyne can also control the regiochemistry of the reaction.
Yamamoto found that an electron-poor triple bond in the diynes 20a-c preferentially
furnished the benzene products 21a-c where the substituent was oriented para to the carbonyl
rather than 22a-c (Scheme 1.7).2° Furthermore, the electron withdrawing ability of the
carbonyl group (ketone > ester > amide) directly correlated with the degree of

regioselectivity.

Q _ 1-hexyne
>_— Cp*Ru(COD)CI
X
=
20a (X = NBn) 2la-c 22a-c
20b (X =0) i i
20c (X = C(Me),) X Yield (%) ratio 21/22
NBn 76 63/37
(0] 93 70/30
C(Me), 70 78/22

Scheme 1.7. Electronic effect on regioselectivity.

However, steric effects override this electronic effect as seen in case of a methyl substituent

in 23 yielding 24a as the major regioisomer rather than 24b (Scheme 1.8).



1-hexyne

] Cp*Ru(CoD)Cl
Y= ~Gmo)
BnN + BnN
\+ DCE rt 2 hr
23 68%

Scheme 1.8. Electronic versus steric influences on regioselectivity.

The degree of regioselectivity obtained under CpCo(CO), catalysis varies by
substrate. While exclusive regioselectivity is obtained between the cyclotrimerization
reaction of 25 with trimethylsilylmethoxyethyne to give 26 in 58% yield, the similar
cyclotrimerization reaction with 1-hexyne gives only a 5% combined yield of a 1:1 mixture
of 27a and 27b (Scheme 1.9). Due to the low yield, however, no mechanistic significance

can be placed on the lack of selectivity.*

RI——R? MeO
Meo AL O N 26 (R = TMS, R? = OMe, 58%)
N & v Meo 27a (R' = H, R? = n-Bu, 2.5%)
MeO xylene 27b (R = n—Bu, R2 = H, 2.5%)
reflux O
25 X T™MS R2

TMS R!

Scheme 1.9. Regiocontrol under CpCo(CO), catalysis.

1.1.3 Chemoselectivity in Cyclotrimerization Reactions

Besides the regioselectivity issues associated with the [2+2+2] cyclotrimerization
reaction, chemoselectivity problems must be addressed. Mixtures of cyclotrimerization
products will likely occur when alkynes of similar steric and electronic properties are
involved due to their similar reactivities.” This can be observed for both inter- and
intramolecular reactions. For example, the cyclotrimerization reaction between the diyne 28
and a generic monoyne 29 can furnish multiple products including the desired fused benzene
product 30, dimer and trimer of the diyne (31 and 32), as well as trimers from the monoyne
reacting with itself (12 and 13, Scheme 1.10).



catalyst

T © 2,
ol

Scheme 1.10. Chemoselectivity issues in the partially intramolecular cyclotrimerization reaction.

® |ﬂ|

Miller et al. successfully used a partially intramolecular approach with the
stoichiometrically preformed rhodacycle 33 to provide various anthraquinone derivatives 34

as one solution to the chemoselectivity challenge (Scheme 1.11).*>

o O Ph
= PN Ruephy)Cl Me
( 3)3 Rh(PPh3)2C| Me—==—CO,Et O‘O
——Ph xylene A xylene, A CO,Et
o O Ph

93% 73% 34

Scheme 1.11. Preformed metallocycle in [2+2+2] cyclotrimerization reaction.

Even with preformed metallocycles, the released metal is catalytically active and can
cyclotrimerize the monoyne resulting in by-products.®* To circumvent this issue, VVollhardt et
al. has made use of a monoyne that is incapable of cyclotrimerizing with itself due to
sterically demanding substituents, bis(trimethylsilylacetylene) (BTMSA, 36), providing
access to a number of useful intermediates such as 37 and 38 from a cyclotrimerization
reaction with 35 (Scheme 1.12).%3

= TMS 1. Bry, CCly
Z I (;pCo(CO)2 D@ETMS 2.1cl, ccl, Br
.
[ n- octane |
X T™Ms  reflux, 72 hr ) Z%
steps
35 36 60% 37 38

Scheme 1.12. Utility of BTMSA as cyclotrimerization partner.



When the desired monoyne is acetylene obviously no regioselectivity issues exist, but
it is often difficult to work with the gaseous alkyne. An alternative reaction was developed by
Tanaka et al. using the enol ethers 40 to cyclotrimerize with the various diynes 39 under
rhodium catalysis to form the benzenes 42 in good to excellent yields (Scheme 1.13).%

[Rh(COD),]BF,/

Vam— R. OR' rac-BINAP R
{7 e
— DCM, rt, 3h
65-93%
39 40 41
Z =C(CO,Me),, NTs,0 R =H, Me, OMe R = H, Me, OMe
R'=n-Bu, Me

Scheme 1.13. Application of enol ethers as an acetylene equivalent.

This reaction was applied further for the formation of phenols, which have been difficult to
access via cyclotrimerization reactions. Using vinylene carbonate (43) rather than the
unstable hydroxy acetylene, substituted phenols 44 were formed from diynes 42 in good
yields using the same catalyst complex with slightly higher temperatures and longer reactions
times (Scheme 1.14).* Recently, the Louie lab applied this method in the synthesis of
anilines 46 in good yields using 2-oxazolone (45) rather than vinylene carbonate (43)
(Scheme 1.14).3

R
L [Rh(COD),]BF,/
/—— R o) rac-BINAP OH
Z + [ =0 z
=R o DCM, 40 °C
16h
R
42 43 55-82% 44
Z = C(CO,Me),, NTs, O
R = Me, Et, Ph
L H [Rh(COD),]|BF,/ NH
S N rac-BINAP 2
z + [ =0 z
AN o THF, 60 °C
6h
39 45 67-87% 46

Z = C(CO,Me),, CH(CO,Me), NTs, O

Scheme 1.14. Formation of phenols 44 and anilines 46 under rhodium catalysis.



In order to overcome both the regio- and chemo- selectivity issues, removable tethers
have been used to temporarily link all three alkynes. Using a silicon ether tether, the alkynes
in 47 are set for the cyclotrimerization reaction with complete regio- and chemoselectivity to
form the benzene 48 with CoCp(CO); as the catalyst (Scheme 1.15).*> Removal of the silicon
with TBAF in THF affords the tetrasubstituted benzene 49 as the only product.

iPr i (uPr)z (uPr>2

O-SI—=-3Q c5cm°(';°{§ o~ _TBAF OH
iPr iPr ° p( )2
\\ // xylenes THF A
A, hv R! R2
R! 2
47 R 49
R R? Yield (%) Rl  R? Yield (%)
H H 65 H H 60
Ph nBu 77 Ph nBu 62

Scheme 1.15. Utility of a silicon ether tether for complete regio- and chemoselectivity.

1.1.4 Synthesis of Natural Products

The ability of cyclotrimerization reactions to simultaneously form multiple fused ring
systems has led to several applications in the synthesis of natural products. Since it is
commonly difficult to control the regio- and chemoselectivity of the reaction, most natural
products are either formed by partially or completely intramolecularly reactions.

The Vollhardt lab has contributed much to the understanding of the cobalt-catalyzed
cyclotrimerization reaction, and it reported the first total synthesis of a natural product, dl-
estrone (54), using this reaction.*® The tetracyclic core of estrone was produced in a single
step from the cyclotrimerization reaction of the 1,5-hexadiyne 50 and BTMSA via the
benzocyclobutene intermediate 51 and the o-quinodimethane 52 furnishing 53 in 71% vyield
(Scheme 1.16). Further elaboration of the aromatic ring produced dl-estrone (54) in only six

steps and 15% overall yield.
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retro-[2+2]
-_— >
decane, reflux

BTMSA ),
CpCo(CO), (5 mol%) TMS H
decane, reflux ™S | H

1. TFA
2. Pb(OAC),, TFA

T™S — [4+2]  TMmS
—_—

| 71%
™S ™S HO

52 53 dl-estrone (54)

Scheme 1.16. Total synthesis of dl-estrone (61). BTMSA = bistrimethylsilyl acetylene

In 2002, Witulski et al. reported the use of ynamides in the synthesis of carbazoles
under rhodium catalysis.*” The authors succeeded in synthesizing two naturally occurring
carbazoles, hyellazole (57) and clausine C (60), in six and seven steps, respectively, with
good regioselectivity from the diynes 55 and 58 and their cyclotrimerization reaction

products 56 and 59 (Scheme 1.17).

OMe
P =— OMe
©\/ RhCI(PPhs)s TBAF
=
’}l PhCHS, rt _i_s |1|
Ts 55 89% 56

OMe

30:1 regioselectivity hyellazole (57)
CO,Me CO,Me
=—CO,Me
/@\/ RhCI(PPh3)3 MeO TBAF  MeO
—_—
/ PhCH3 rt N N
78% 59 4:1 regioselectivity clausine C (60)

Scheme 1.17. Witulski’s synthesis of hyellazole (57) clausine C (60).

Similarly, antiostatin A; (63), a natural antioxidant, was recently synthesized by Witulski

utilizing the diyne 61 via 62 (Scheme 1.18).%
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AcHN OH

P> ——0OMe
/

CHy,  RNCHPPh); (10 moi%) _Steps
N/ 5P111 N

PhCHs, 1t ' CgHyq |l| CgHyq
| 2d,
Ts

61 62 antiostatin A; (63
82% 1(63)

Scheme 1.18. Synthesis of antiostatin A; (70).

Making use of in situ formed benzyne intermediates 65, Sato and Mori synthesized a
common precursor 67 to taiwanins C and E (68 and 69) via a Pd-catalyzed cyclotrimerization
reaction of the diyne 66 and the aryne precursor 64 (Scheme 1.19).%

[Pd,(dba)s] o)
P(o-tol)3 7
0 TMS CsF o
€ — < | —
o] oTf CHCN, rt \—CON(Me)(OMe)
64 61% 66

< I ' Steps I '

R = H, taiwanin C (68)
R = OH, taiwanin E (69)

Scheme 1.19. Aryne [2+2+2] route to taiwanins C (68) and E (69).

Natural products with bridged rings have also been assembled using the [2+2+2]
cyclotrimerization reaction. The diyne 70, synthesized from geraniol acetate, was reacted
with propargyl alcohol to provide a 1:1 regioisomeric mixture of 3,4-benzannulated-8-
oxabicyclo[3.2.1]octanes 71a and 71b in 67% yield using Wilkinson’s catalyst (Scheme
1.20).%° The mixture was then taken forward to (—)-bruguierol A (72).
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HO O
1. MnO,
o) HO” X - G 2. m-CPBA
— RhCI(PPhg); (3 mol%) a 3. NaOH HO
> + _—
= PhCH,, 80 °C 33% O
T . w0 15
67%1:1 O” (-)-bruguierol A (72)
71b

Scheme 1.20. Total synthesis of (—)-bruguierol A (80).

Previously in our lab the indanone natural product 76 was synthesized using a solid
supported cyclotrimerization reaction with Cp*Ru(COD)CI as the catalyst in 72% yield
starting from the diyne 73 (Scheme 1.21).** The use of the solid supported diyne 74 as well
as the partially intramolecular reaction prevented chemoselectivity issues in the reaction to
form 75.

o)
HO ~  OH DIC, DMAP 0 OEt propyne
— Tentagel-COOH — Cp*Ru(COD)CI (10%)
OEt —— > OEt >
— DCM — THF, rt
MeO 75 MeO 74

Q = Tentagel resin
Typical loading 0.2 mmol/g
0}

EtO.__OEt O H
0 1. K,CO3, MeOH 0
2. IBX-PS
72%
MeO 75 3 steps MeO 76

Scheme 1.21. Solid supported synthesis of the indanone 76.

Our lab has also synthesized several natural products using the cyclotrimerization
reaction with the aid of microwave irradiation. One example that utilized microwave
irradiation was the cyclotrimerization step in the synthesis of illudinine (80) (Scheme 1.22).%
In the presence of Ni(CO),(PPh3), under microwave irradiation, the benzene 79 ring was
formed from a cyclotrimerization reaction with 78 and diyne 77 in 84% yield in only 2 min.

The natural product was completed in 5 additional steps.
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I|3oc
CO,Et Boc CO,H

N.
CO,Et A steps

>< = 78 ‘PMB ——> N
—_—
— CO,Et Ni(CO),(PPhs), (10%) — ZN

PhCHg, MW 300 W
77 3 79 COE OCH,

84% illudinine (80)
Scheme 1.22. Microwave assisted synthesis of illudidine (80).

zZ-

Another microwave mediated cyclotrimerization was applied to the total synthesis of the
cannabinoid natural products cannabinol (83) and cannabinodiol (84).* In this synthesis a
ruthenium catalyst was used to form the pyran 82 in 88% yield from the TMS-protected
diyne 81 which directed the regiochemistry of the reaction (Scheme 1.23). From the

intermediate 82, the two natural products were formed in 2-3 steps.

OMe // T™S
= OH
Cp*Ru(COD)CI OMe
PhCH3, MW 300 W T™MS
Am N 10 min, 90 °C
TMS
0,
81 88% cannabinol (83)

lll
()

Am OH

cannabinodiol (84)

Scheme 1.23. Microwave assisted synthesis of cannabinol (83) and cannabinodiol (84).

The completely intramolecular variation of the [2+2+2] cyclotrimerization has also
led to several expedient syntheses of complex benzene natural products. In these cases,
complete control of the regiochemistry is possible. An example is where triynes 85 and 86
were used towards the illudalane sesquiterpenes calomelanolactone (89) and pterosin Z (90),

respectively, from intermediates 87 and 88 (Scheme 1.24).*%
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R

R
0,
N\ RhCI(PPhy); (2 mol%) 67 (R = OH, 86%)
— EtOH, rt 88 (R = H, 82%)
HO o} 12h HO
85 (R = OH) o
86 (R=H)
Steps l ? l
calomelanolactone (89) pterosin Z (90)

Scheme 1.24. Intramolecular cyclotrimerization reactions towards calomelanolactone (89) and
pterosin Z (90).

(R)-Alcyopterosin E (93) was synthesized in similar manner by Witulski.* In this synthesis,
the triyne 91 is prepared from L-ascorbic acid and readily undergoes a cyclotrimerization

reaction in the presence of Wilkinson’s catalyst in 72% yield to give 92 (Scheme 1.25).

NaNO3
= RhCI(PPhy); (10 mol%) H (BUNNO;
o - .
><;/< VA DCM, 40 °C d NoTs ONOZ
0—&=H g 69%

(R)-91 “—OTs 2% (R)-92 (R)- alcyopterosm E (93)

Scheme 1.25. Synthesis of (R)-alcyopterosin E (93).

A synthesis of the tetracyclic angucyclinone (+)-rubiginone B, (97) employing a
cobalt catalyst was reported.*” * Irradiation of the triyne 94 in the presence of CpCo(CO),
furnished a 74% vyield of the anthracene derivative 96 via the intermediate
dihydroanthracene 95 (Scheme 1.26). A subsequent oxidation step provided the natural

product.

15



CpCo(CO), OTBS ‘
. O‘O
4
-
PhCHs, reflux - TBDMSOH OOO

OMe 94 74% OMe 95 OMe 96

1. [Ag(Py)2]MnO4
DCM, rt
2. hv, air, CHCl,

42%
2 steps

OMe O

(+)-rubiginone B, (97)

Scheme 1.26. Synthesis of (+)-rubiginone B, (97).

In a similar way to Vollhardt’s synthesis of dl-estrone, Sorensen et al. exploited the
generation of a benzocyclobutene intermediate in the first total synthesis of (x)-viridin
(102).%% The triyne 98 undergoes efficient intramolecular cyclotrimerization under rhodium
catalysis to give the benzocyclobutene 99 (Scheme 1.27). Installation of the furan moiety to
give 100 was followed by tandem electrocyclic ring-opening and 6m-electrocyclization to
provide the tetracyclic intermediate 101 after oxidation with 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ). Subsequent steps provided (x)-viridin (102).

OTBS
TBSO
RhCI(PPhs)3 (3 mol%) Steps
- -,
EtOH, 80 °C, 20 min OTES
88% 99 Ao 100

HO

Z\ o
T™MS 101 viridin (102)

Scheme 1.27. Sorenson’s synthesis of racemic viridin (102).
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A completely intramolecular cyclotrimerization reaction under microwave irradiation
was performed in our lab to synthesize the natural products cryptoacetelide (105) and
epicryptoacetylide (106).>° The triyne 103 underwent a cyclotrimerization in 90% yield in the
presence of a ruthenium catalyst, followed by deprotection of the PMB on 104 and

cyclization to form the two naturally occurring diterpenoids 105 and 106 (Scheme 1.28).

O

o Cp*RuCI (COD) o OR
P o OPMB toluene
P = MW 300 W
= 50 min 104
R = PMB
DD
Q I_—> R=H
99%
o o}
l,, PhI(OAC), 06 o
benzene
_— +
200 W lamp, 1 h o
84%
2 : 1
105 106

Scheme 1.28. Total synthesis of cryptoacetylide (105) and epicryptoacetylide (106).

The regio-control exerted by halo-alkynes in the [2+2+2] cyclotrimerization was used
by Nicolaou et al. towards the synthesis of sporolide B (110).>* The monoyne 108 and the
diyne 107 undergo cyclotrimerization regioselectively in the presence of Cp*Ru(COD)CI to
furnish an 87% vyield of the advanced intermediate 109 (Scheme 1.29). Several more steps

were required to transform 109 into sporolide B (110).
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AcO AcO

QA oBn g**o gf\o c oac
= 0] Cp*Ru(COD)CI (0]
a—= R - = ll», OBn
Y Me OAl/ DCE, rt Me o) .

oTBS OBn OMe OH 87% OBn OMe OH
TBSO
107 108 109

—_— o (@)
e
MeO ¢

OH
sporolide B (110)

Scheme 1.29. Synthesis of the advanced intermediate 109 towards sporolide B (110) via a [2+2+2]
cyclotrimerization reaction.

As these examples show, the [2+2+2] cyclotrimerization reaction has been invaluable
to the synthesis of a wide variety of natural products. In addition to these syntheses, the
[2+2+2] cyclotrimerization reaction has been utilized in approaches to many classes of
natural products including taxanes,>? protoberberines,® phyllocladanes,” and kauranes.** >
A variation of the [2+2+2] cyclotrimerization reaction using an alkene is employed in the

56, 57

place of one alkyne has been used in approaches to terpenes, steroids,*® and alkaloids

such as strychnine> and morphine.®
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1.2 [2+2+2] Cyclotrimerization Reactions Towards Pyridine Derivatives

1.2.1 Background and Mechanism

The synthesis of pyridine derivatives is of great interest because of their presence in
many biologically active compounds.™ ®® In the early 1970’s, Wakatsuki and Yamazaki
first showed the synthesis of pyridines 112 via a [2+2+2] cyclotrimerization reaction by
replacing one alkyne unit with a nitrile 111 (Scheme 1.30). Early examples were conducted
using a stoichiometric amount of a cobalt complex; however, it was subsequently found that
the metal-complex could be used catalytically as well.*> ® While most catalyst systems are
based on Co' complexes, other metals such as Rh,®” % Ni,*® and Ru™ have been shown to

produce pyridine derivatives from alkynes and nitriles as well.*38 73

Ph

Ph_{ cp
</
Ph PPh,

Ph ™

111 PhH, 70 °C N~ R
7 hr

R = Me, Ph, Bn

Scheme 1.30. [2+2+2] Cyclotrimerization reaction to form pyridine derivatives.

The mechanism of the [2+2+2] cyclotrimerization reaction towards pyridines
proceeds in a similar way as towards benzenes.? " * Coordination of the two alkynes to the
metal complex 1 is followed by oxidative cyclization giving the common
metallacyclopentadiene intermediate 2 (Scheme 1.31).

Oxidative

~_ Col, //\ Cyclization = =N =\ ,Ln2
2 = Co-L,» QCO'LM _— I;:Co\ N
2L X Z
1 2 113
Lno Reductive
Co Elimination SN =
—_ . 7 ‘N - . | + Col, l:\CO Cp
Y/ = N
114 115 116

Scheme 1.31. Mechanism of the [2+2+2] cyclotrimerization reaction towards pyridines. L = ligand
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Next, coordination of the nitrile to the metallocycle giving 113 leads to insertion and the
formation of the azametallocycloheptatriene 114. Finally, reductive elimination furnishes the
pyridine product 115 and the active metal species. Intermediates where one alkyne and one
nitrile undergo oxidative cyclization at the metal center (as in 116) have been ruled out based
on kinetic studies.”* With Zr/Ni catalyst systems, however, the formation of the analogous
azametallocyclopentadiene 118 is postulated from 117 (Scheme 1.32).”> ™ Two possible
azametallacyclheptatrienes (119 or 120) can form upon insertion of the second alkyne, and

reductive elimination furnishes the pyridine product 121.

R R R R
R NiX,Ly R R—=—R R~/ Nl R 7 NiL
_ ACpp ——— > — NiL < / R or /N

N -CpoZrCl, RN\ RN
R s R
119 120

R rR™ N
117 118

R R
— |
- N|L2 R N R

121

Scheme 1.32. Zr/Ni mechanism for pyridine formation. L = ligand

Formation of pyridines catalyzed by Ru complexes follow the same mechanism as for the
generation of benzenes, but a nitrile is added instead of the third alkyne (Scheme 1.2).”
Typically electron poor nitriles or nitriles with coordinating groups are used. The first ligand
exchange with COD occurs with the coordinating nitrile rather than an alkyne to form the
dinuclear cationic complex 122 (Scheme 1.33). The diyne then coordinates, forming the
intermediate 123 and after oxidative cyclization the cation 124 is formed. This then follows a
similar mechanism as described in Scheme 1.2, where a formal [5+2] cyclization leads to the
azaruthenacycle 125. Finally, bond cleavage and reductive elimination of pyridine gives the
complex 127 and ligand exchange produces the pyridine 128 and reforms the dinuclear 122

to continue the cycle.
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1/2 //,N —| 1+

/A 2 I
N T § Ru CI oxidative-
Cp*Ru(COD)CI RI / / cyclization
XCH,CN — """ «cp-RY ( 2 .
-cob N\,F
122 123
R __1 1* R C R C * R
Cp* pCl reductive- N CP
| Rd Po o [5+2) ‘Ru N 7 Ru\CI ellmlnatlon 7 “N-R{
v §N E— \ N / o \C|
124 ( 125 17 X
X
+
R 2N _| 2
XCH,CN 7 \N . X
— . ,Ru X
-cr Cp N
X N~

128 122

Scheme 1.33. Ru mechanism with coordinating nitriles for pyridine formation. X = Cl, OMe, SMe,
CN, CCSiMe;.

1.2.2 Regioselectivity of the Cyclotrimerization Reaction

The regiochemical outcome of the cyclotrimerization reaction towards pyridines is
governed by the same principles as in the reactions towards benzenes. When terminal alkynes
are employed, only metallocycles 11a and 11b are formed in the oxidative cyclization step,
as shown previously (Scheme 1.34). Insertion of the nitrile, however, can occur in two ways.
With the symmetrical metallocycle 11a, insertion can only produce the 2,3,6-trisubstituted
pyridine derivative 129. However, with the nonsymmetrical metallocycle 11b, two modes of
insertion are possible leading to the 2,4,6- and 2,3,6-trisubstituted pyridine derivatives 130a
and 130b, respectively. Experimentally, though, only the 2,4,6-trisubstituted pyridine
derivative 130a is formed where the nitrogen atom is placed next to the higher substituted
(sterically more hindered) carbon center. Therefore, the completely intermolecular reaction
yields both 2,3,6- and 2,4,6-trisubstituted pyridine derivatives. This ratio can be tuned
depending upon the electronic nature of the cobalt catalyst.”? However, in the case of two
different alkynes, three additional metallocycles can be formed, none of which is
symmetrical, leading to the potential formation of six different pyridine regioisomers.
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R
= _ SN
M+ =R ——> |
= Z
R
R
129

R
1lla
R R R
= SN X R
\M + N=—R —>» | P + | N +
R R R R
11b 130a 130b

Scheme 1.34. Regiochemical outcome of an intermolecular [2+2+2] cyclotrimerization reaction
towards pyridines.

The use of electron-poor cobalt catalysts (e.g. CH3COCsH;Co(COD)) gives a
regioselectivity ratio of 1.46:1, slightly favoring the 2,4,6-trisubstituted isomer 13la
compared to the 2,3,6-trisubstituted isomer 131b while electron-rich catalysts (e.g.
(CH3)sCsCo(COD)) can increase the ratio to 3.51:1 (entries 1-2, Scheme 1.35).”> 7" ™® The
relative degree of activity of the catalysts however, is lower in case of electron-donating
ligands on the Co center, with the electron-poor catalyst (CH;COCsH4Co(COD)) being the
most active. The steric environment of the cobalt-catalyst due to the ligands can also
influence the regioselectivity of the intermolecular cyclotrimerization reaction (entries 3-
7).72,77

Entry Y 131a/131b
1 CH3COCgH, 1.46
e [YCo(COD)] 2 (CH3)5Cs 3.51
2 — + Et—=N ——m 3 Bicyclo[3.3.0]octadienyl  2.50
4 CH3CsHy 2.02
5 TMSCsH, 1.67
131a 131b 6 CeHy 171
7 Indenyl 1.48

Scheme 1.35. Ligand effects on the regioselectivity of pyridine-forming cyclotrimerization reactions.

As in case of the benzene syntheses, the partially intramolecular cyclotrimerization
reaction (one diyne and one nitrile or a tethered alkyne-nitrile and one alkyne) towards fused
pyridines can be used to direct regioselectivity.” Vollhardt successfully reacted the non-

22



symmetrical 1,7-diyne 132 in a highly regioselective fashion towards the
tetrahydroisoquinoline derivative 133a (Scheme 1.36).%°

= CpCo(CO)2
+ N=—n-Bu

o xerne A

——Et

132 7%
l33a 133b

18.3 : 1

Scheme 1.36. Regioselective partially intramolecular pyridine synthesis.

The cyclotrimerization reaction of alkyne-nitriles can produce fused pyridines such as
134 with high regioselectivity as the initial metallacyclopentadiene formation sets the
orientation of the alkynes (Scheme 1.37).2

_ CpCo(CO),
— _ hv A
f—=TMs ____ |
=N xylene, reflux N~ "TMS

70% 134

Scheme 1.37. Regioselective alkyne-nitrile cyclotrimerization.

The electronic nature of the diyne may also influence the regiochemical outcome of
the cyclotrimerization reaction. Okamoto and coworkers obtained regioselectivity ratios of
>99:1 when reacting the non-symmetrical diynes of type 135 with nitriles towards the
bipyridines 136a and 136b (Scheme 1.38).%?

R! R
N R? N
DPPE/CoCI,6H,0 /] X i N
,/——=—R! Zn powder _N g2
X N= + N=—R? - not
= NMP SN NN
135 54-89% ™ ! S |
X = C(CO,Et), or O 136a 136b
R!=H or Me

R? = Me, Ph, CH,CN

Scheme 1.38. Regiocontrolled synthesis of 2,2’-bipyridines.
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Based on the selective formation of the 2,2’-bipyridines 136a over the 2,3’-
bipyridines 136b, the authors suggest the regiocontrol is due to the different electronic nature
of the alkyne carbons with one being electron-rich (H or Me substituted) and the other being
electron-poor (pyridyl substituted). Lining up the electron-rich alkyne carbon with the
electron-poor carbon from the nitrile and the electron-poor alkyne carbon with the electron
rich nitrogen produces the observed regioisomer (Scheme 1.39). However, the general
applicability of this concept is questionable, and it is surprising that the authors did not
employ a stronger electron-withdrawing group.

Rl
RZ
DPPE/CoCl, 6H,0 X
/—=5-R! Zn powder
X N= -+ Q-R? -
%@—\ /> NMP ZN
~ |
O : relatively electron-rich
136a

O : relatively electron-poor

Scheme 1.39. Potential electronic control of regioselectivity.

1.2.3 Chemoselectivity of the Cyclotrimerization Reaction

The chemoselectivity of the [2+2+2] cyclotrimerization reaction towards pyridines is
determined when either a “third” alkyne or the nitrile is incorporated into the
metallacyclopentadiene. Being better o-donors than alkynes, nitriles coordinate to Co(lll)
species more readily. As a result, nitriles are preferentially inserted into the
metallacyclopentadiene with chemoselectivity ratios for intermolecular reactions on the order
of 2:1 pyridine to benzene product.”” % Experimentally, using an excess of nitrile can
enhance this selectivity.

1.2.4 Synthesis of Natural Products
While a wide range of examples of the application of [2+2+2] cyclotrimerization
reactions towards benzene natural products exist, its use in the synthesis of pyridine

containing natural products is less developed. As with the synthesis of benzene natural
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products, the lab of K.P.C. Vollhardt has made seminal contributions in this area as well. For
example, the cyclotrimerization reaction of the bis(trimethylstannyl)-diyne 137 with
acetonitrile under cobalt catalysis gives the fused pyridine 138 (Scheme 1.40).** This
pyridine is selectively monodestannylated with alumina to provide the pyridine product 139
in 76% yield over the two steps. Further manipulation of 139 provides vitamin Bg (140).

CH4CN SnMes SnMes
/—— SnMe; CpCo(CO), BN alumina X
o — » 0 | —> O |
\%SI"IMQ:; xylene N 76% =N
reflux 2 steps
137 138 SnMe; 139
OH
Steps
X
— RO HCI
_— HO N

vitamin Bg (140)

Scheme 1.40. Vollhardt’s synthesis of vitamin Bg (140).

The synthesis of ergot alkaloids has also been examined using the cyclotrimerization
reaction as a key step. The alkyne-nitrile 141 reacts with the monoalkyne 142 in low yield to
give the tetracyclic structure 144 (Scheme 1.41).%° Lysergene (146) is obtained in 44% yield
after methylation and reduction of the resulting pyridinium ion. Lysergic acid diethyl amide
(147, LSD) is similarly synthesized using the monoalkyne 143 via the cyclotrimerization
product 145.

TMS————R
142 (R = CH,OH) o
143 (R=CONEt,) R X ~ -
N
I CN  CpCo(CO), | 1. MeOTf N ELN N 4
hv = 2. NaBH, X X
AN > —_— > or
H xylenes, reflux AN N N
141 H NH NH
144 (R = CH,0H), 38% lysergene (146), 44% lysergic acid diethyl amide (147),
145 (R = CONEY,), 17% from R = CH,OH 45% from R = CONEt,

Scheme 1.41. Synthesis of ergot alkaloids.
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Another, more complex example of an alkyne-nitrile system was used twice in the
total synthesis of complanadine A (155).%® The alkyne-nitrile 148 was reacted with 1,4-
bis(trimethylsilyl)buta-1,3-diyne under cobalt catalysis to form the two pyridine regio
isomers 149 and 150 in 82% vyield at a 25:1 ratio respectively (Scheme 1.42). After
manipulation of protecting groups of 149, another cyclotrimerization reaction was used to
react the formyl protected alkyne-nitrile 152 and TMS protected alkyne 151 in a similar
reaction to get a 3:1 mixture of the pyridine regio isomers 153 and 154 in 56 % yield. The
addition of triphenylphosphine was said to be needed in order to get the desired ratio of regio
isomers in the reaction. Additional steps completed the total synthesis of complanadine A
(155).

Me,
Me, ]

Me, ™S

CpCo(CO

| ereetcon S

THF, 140 °C N Z N x

N \CN Bn “ |
T™MS ™S TMS
148

2 steps 149 150 T™MS
/ ratio 149:150 =25:1 1o
Me,’

Me,’
CpCo(CO),, PPh
. pCo(CO), 3 Me,
N "N cN dioxane, 140 °C
Bn | N ™
X ) A 56%
R CHO
151 T™MS 152

2 steps 153
Me_ // T™MS™ N

ratio 153:154 = 3:1

“Me

Scheme 1.42. Total synthesis of complanadine A (155) using two cyclotrimerization reactions.
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The total synthesis of carboline containing natural products was recently published by
Detert and Witulski,®” ® with a similar strategy using ynamides that was used to form the
carbazole containing natural products previously by Witulski (Scheme 1.17 and 1.18). To
synthesize lavendamycin methyl ester (159) a complex ynamide diyne 156 was used to react
with the electron withdrawing nitrile ester 157 to form the pyridine 158 in excellent yield
with a ruthenium catalyst (Scheme 1.43).%” The cyclotrimerization also was successful under
rhodium catalyzed conditions, but a mixture of the two regio isomers was formed. After four
more steps the natural product was made.

X
OCH, NC~ “OCH,
157
= = | Cp*RuCI(COD)
NS >
= N NO, DCM, rt
¥s OCH, 92%

156

lavendamycin methyl ester (159)

Scheme 1.43. Total synthesis of lavendamycin methyl ester (159).

An almost identical strategy was used to synthesize the natural products perlolyrine (162)
and isoperlolyrine (165).% Starting with the ynamide 160 (for perlolyrine (162)) or 163 (for
isoperlolyrine (165)) the nitrile ester 157 was again used with the Cp*RuCI(COD) catalyst at
40 °C for these compounds to give the carboline 161 and 164 in 97% and 69% yield
respectively (Scheme 1.44). The products were formed as one regio isomer, but if a rhodium
catalyst system was used a mixture of regioisomers was formed as was the case above.
Identical steps were then taken to furnish the two natural products perlolyrine (162) and
isoperlolyrine (165).%
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(0]

NCJ\OCH
CO,tBu 157 3 CO,CHjs =\
— \ /
= O\ Cp*RuCI(COD) N 4 steps
~ N\ —_— N 0}
. = DCM, 40 °C N )9 Ts ]
Ts 97% T Z ~CO,tBu OH
160 161 perlolyrine (162)
i HO
CO,tBu
CO.tBU  NC” ~OCH;, :
0\ 157 70 o)
S Cp*RuCI(COD) — 4 steps —
é —_ > —N —_— N
_ DCM, 40 °C N/ CO,CHj4 - p
N// 69% \
Ts "}ls N
Ts
163 164 isoperlolyrine (165)

Scheme 1.44. Total Synthesis of perlolyrine (162) and isoperlolyrine (165).

1.3 Microwave-assisted Cyclotrimerization Reactions

Following recent trends in organic chemistry, several groups have begun to utilize
microwave irradiation to promote [2+2+2] cyclotrimerization reactions. In 2005, the Ley
group successfully employed microwave irradiation in a catalyst-free cyclotrimerization
reaction of the triynes 166 yielding the tricyclic arenes 167 in good yield (Scheme 1.45).2°
They proposed a mechanistic pathway which proceeds either through a diradical species or a
cyclobutadiene intermediate. These intermediates then rearrange to a Dewar benzene
structure that rearranges to a lower energy cyclobutane structure.®® Finally, fragmentation

leads to a diradical 6-membered ring that eventually forms the product 167.
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= MW 200 °C

DMF
166 (X = O, S, NTs, CH,) 167 (X =0, S, NTs, CH,)
48-81%

J\_,@@j)ﬁ
OOy ) S aa@

Scheme 1.45. Catalyst -free microwave mediated cyclotrimerization reaction and proposed
mechanism.

More importantly, the transition metal catalyzed [2+2+2] cyclotrimerization reaction
is thought to be promoted by microwave irradiation. Bipyridines were synthesized such as
169 via a CpCo(CO), catalyzed cyclotrimerization reaction of the diynes 168 with nitriles
under microwave irradiation (Scheme 1.46).%° This report represents the first transition metal

catalyzed microwave mediated [2+2+2] cyclotrimerization reaction.

~Ph
PhCN |
CpCo(CO), (20 mol%) =N
PhCN NN
MW 30 min, 180 °C |
X
48% 169

Scheme 1.46. The first transition metal catalyzed microwave mediated cyclotrimerization reaction.

Other examples of the use of microwave irradiation followed shortly thereafter. For
example, syntheses of 5,6,7,8-tetrahydro-1,6-naphthyridines (171) were performed in good
yield from tethered alkynylnitriles 170 under CpCo(CO), catalysis (Scheme 1.47)."
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R2——R3

/
( / CPCO(CO), (20 molk) Ry, S R?
N PhCI, MW N3
1 ’ N R
R M/m\\\N 300 W, 15 min, 180 °C y

20-99%

Scheme 1.47. Synthesis of 5,6,7,8-tetrahydro-1,6-naphthyridines.

Previously in our laboratory, several examples of the application of microwave
irradiation with cyclotrimerization reactions were performed in addition to the synthesis of
the natural products discussed above (Scheme 1.22, 1.23, and 1.28). The solid-phase
synthesis of benzenes 176-179 and pyridines 182-184 from the immobilized substrates 172-
175 and 180-181 allows for the rapid synthesis of an array of carbo- and heterocyclic ring
structures in a combinatorial fashion (Scheme 1.48)% % The microwave irradiation does not
alter the regioselectivity of the cyclotrimerization reactions. In order to achieve a high
chemoselectivity, it was necessary to utilize the pseudo high-dilution conditions of the solid-

support.*?
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Immobilized Benzene Precursors

Cleavage Products

—_— 1
O'Oj < —: HO R
— — 176
HO = HO R2
172
/—: Rl
QN — L - HN(:@ 177
= RI—=—R, R?
173 Cp*Ru(COD)CI
—= R
O_N PhCH; HN 178
— MW 300 W > )
\_\ 10-20 min R
174 56-96%
\\ OH
O_O Rl
— o 179
o — L > R?
175 x——/
X
X = H or CH,OH
Immobilized Pyridine Precursors Cleavage Products
/—: N Rl
O — — HN_ || 182
\—: 1_—= _N
180 CpCo(CO
pCo(CO), OH
O_ PhCHy
o) MW 300 W SN
\%\ 10 min ——> o | P 183
o — 71-95% R1
=/ — 2
181 Y= X=CR?orN OH
Y=CHorN
Rl
L . J T o 184
—
N~ "R?

Scheme 1.48. Solid-phase synthesis of benzenes and pyridines under microwave irradiation.

The convergent synthesis of phenanthridine derivatives 187 was achieved via the
dihydrophenanthridines 186 constructed by microwave mediated cyclotrimerization reactions
of the diynes 185 with monoynes (Scheme 1.49a).** The synthesis of the anthracene and
azaanthracene analogues 190 with applications as fluorescent probes was accomplished
starting with dipropargylbenzene 188 via the cyclotrimerization product 189 (Scheme

1.49b).% Furthermore, the synthesis of indanes and isoindolines 192 was completed using
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microwave irradiation in only 2 minutes with Ni(CO),(PPhs3), as the catalyst starting from the
diynes 191 (Scheme 1.49c).

a) Phenanthridines

RhCI(PPhg), R3 R3
= or R2 R2
Cp*Ru(COD)CI CAN
+  RP—R® > , — N
N\ PhCH; R*  THF/H,0 N R
| N MW 300 W Pz
Ac R 10-30 min N 71-78% N
R A
185 (R! = H, Me, TMS) 30-91% 186 187
b) anthracenes and azaanthracenes
CpCo(CO)2
+  X=—R
— PhCHj PhCH3
MW 300 W MW 300 W
188 X=N,CH,CR 10-20 min 5 min
53-85% 53-85%
c) indanes and isoindolines
—] Ni(CO),(PPhs)y,
¥ . MW 300 W, R
R————R’ — >
—— PhCHj, 2 min. o
191 (X = C(CO,Et),, NBoc) 50-82%

192

Scheme 1.49. Synthesis of phenanthridines, anthracenes, azaanthracenes, indanes, and isoindolines.

Other groups have also employed microwave promoted cyclotrimerization reactions
in the synthesis of various benzene and pyridine derivatives of biological interest. An array
of 6-pyridylpurines (195) was produced via CpCo(CO), catalysis under microwave
irradiation from the diynes 193 and 194 (Scheme 1.50).° The authors note that several

cyclotrimerization reactions were only possible under microwave irradiation.
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R2

I »
f CpCo(CO), N~
Y + R2?-CN _—
N| \> MW 200 °C XN
(> Q _ >
1 29-89%

R 2 Rl
193 (R=Bn) R°=Ph Me Et 105
194 (R = THP) 2-furyl, 4-pyridyl

Scheme 1.50. Synthesis of 6-pyridylpurines.

Silyl-tethered diynes 196 were used in a cyclotrimerization reaction towards fused
pyridine derivatives 197 capable of inhibiting neuregulin-induced neurite growth
(Scheme 1.51).°" The tethers can then be cleaved with tetrabutylammonium fluoride to
provide the substituted pyridines 198.

R2 R?
<l 2 p2
/5'\0 CpCo(CO), R R
Rl , (25-30 mol%) N A TBAF N A
“R3 + R°-CN —»
I MW 200 W THF rt
196
R4

Scheme 1.51. Utilizing silyl-tethered diynes for pyridine synthesis.

Derivatives of 6-oxa-allocolchicinoids (200) have been accessed using microwave
promoted cyclotrimerization reactions of triynes and alkynylnitriles 199 (Scheme 1.52).%

Several derivatives displayed selective apoptosis-inducing activity against BJAB tumor cells.

MeO 07 CpCo(CO), (20 Mol%)  MeO
N PPh; (40 mol%)
MeO % >

X
OMe PhCI, MW 300 W MeO
30 min, 150 °C

199 (X =0, NTs) |Y|
(Y=CH,N) 25-90%

Scheme 1.52. Synthesis of 6-oxa-allocolchicinoid derivatives.
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1.4 Summary and Outlook

In order to utilize [2+2+2] cyclotrimerization reactions as key steps in organic synthesis
one must consider many factors including the nature of the metal catalyst and the steric and
electronic properties of the three alkynes when forming benzenes and of the two alkynes and
nitrile when forming pyridines. In general, terminal alkynes are more active substrates and,
consequently, react at faster rates than disubstituted alkynes.* Specifically, cobalt-based
catalyst systems, such as CpCoL,, have been examined the most and show a broad scope in
reactivity with various alkynes or nitriles.” % Electron deficient alkynes and nitriles
cyclotrimerize very efficiently with Cp*Ru(COD)CI” * as catalyst, as well as Pd*® based
catalyst systems. The same Ru catalyst and Grubbs’ catalyst have recently been employed in
reactions involving electronically neutral alkynes with good to excellent yields.** #* For
partially intramolecular reactions, the length and substitution of the tether must also be taken
into account as well as the symmetry of the diyne as to whether or not one needs a regio
directing group. Formation of 5,6-fused carbo- and heterocyclic ring systems is facile with
most catalysts including Co,"™ Ni,"® Ru,” Rh,"” and Ir.?® 6,6-Fused ring systems have also
been prepared with varying degrees of success, but larger rings systems such as 7,6 or 8,6 are
much more difficult to prepare and is one area that the cyclotrimerization reaction needs

attention.
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CHAPTER 2: Synthesis of Triphenylenes and Azatriphenylenes: Total Synthesis of
Tylophorine and Dehydrotylophorine

2.1 Background

Triphenylenes are tetracyclic structures which represent the smallest examples of all-
benzenoid polycyclic aromatic hydrocarbons (see the parent molecule 201 in Figure 2.1).%
Within the past decades, the interest in the synthesis and application of triphenylenes has
continuously increased. This interest is based on the planar rigidity of those compounds and
their ability to act as molecular scaffolds for the presentation of a wide range of functionalities
that can be embedded in connected side chains. Triphenylenes have found widespread
application in supramolecular and materials chemistry. For example, alkoxy-substituted
triphenylenes bearing a variety of different side chains undergo self-assembly to form discotic
liquid crystals.'® This represents a highly desirable property for the construction of
photoconductive polymers, optical data storage devices, solar cells, and light emitting
diodes.'® Several synthetic routes to triphenylenes have been developed, including the metal-

catalyzed cyclotrimerization of three benzyne molecules. %> 1%

) H,CO
triphenylene (201, X = CH)
azatriphenylene (202, X = N)

OCHj, OCHjs

dehydrotylophorine (203) tylophorine (204)

Figure 2.1. Structures of the parent triphenylene 201 and 2-azatriphenylene 202. Structures of 2-
azatriphenylene related natural products dehydrotylophorine (203) and tylophorine (204).

It is noteworthy that the heterocyclic 2-azatriphenylene core structure 202 has rarely

been investigated. Only one 2-azatriphenylene derivative is known,'®’

and the parent
compound 202 has only been synthesized twice (in 4 steps).’®® 2 The absence of
azatriphenylene structures in the literature compared to the hundreds of synthesized

triphenylenes could be due to the lack of a facile synthetic access of these compounds, since
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their physical properties and electronic nature could be of interest in materials and other
applications.

The development of an efficient synthetic route would not only provide access to
derivatives of 202 but also to natural products containing the 2-azaanthracene motif,
especially the phenanthroindolizidine alkaloid class. Phenanthroindolizidine alkaloids exhibit
important biological effects, including anti-inflammatory, antitumor, antifungal, and
antibacterial activities."** Examples of these natural products isolated from Tylophora
indica include dehydrotylophorine (203) and tylophorine (204),*** *® hoth of which contain
the central tetracyclic motif of an azatriphenylenes (Figure 2.1). These compounds have been
shown to exhibit anti-cancer as well as anti-inflammatory activity. Due to its biological

14, 117-127 d128-132

properties, total syntheses of racemic’ and enantiomerically enriche

tylophorine (204) have been reported. Dehydrotylophorine (203) has only been synthesized
once.** Most previous syntheses of 204 employ an initial formation of the pyrrolidine ring

followed by installation of the aromatic moiety.

2.2 Synthesis of Triphenylenes and Azatriphenylenes

The synthesis of triphenylenes and azatriphenylenes began with the known diyne 207
that was synthesized in three steps.’®® Starting with the dual Swern oxidation of the
commercially available (2’-hydroxymethylbiphenyl-2-yl)methanol the dialdehyde 205 was
obtained in 93% yield (Scheme 2.1).This was used in a two-step Corey-Fuchs reaction to
obtain the tetrabromide 206 in 95% vyield, followed by treatment with n-BuLi to give the
diyne 207 in 71% yield.

OH

P
oxalyl chloride, Z
DMSO TEA CBr4 PPhs, Zn n-BuLi O
—_—
O e w0
93% 95% 71% =
OH

205 207

Scheme 2.1. Synthesis of the diyne precursor 207.

36



The diyne was used to conduct a catalyst screen for the [2+2+2] cyclotrimerization
reaction with 1-hexyne (Scheme 2.2). The commercially available catalysts RhCI(PPh3)s,
Ni(CO),(PPhs3),, CpCo(CO),, and Cp*CIRu(COD) were used in 10 mol% in toluene in the
presence of the diyne 207 and 1-hexyne and irradiated at 300W for 10 minutes in a
microwave reactor to form the butyl substituted triphenylene 208. The RhCI(PPhs); and
Ni(CO),(PPhs), catalysts both gave near quantitative yields. Reaction times could be lowered
to 2-4 minutes*? when the Ni(CO),(PPhs), catalyst was used.

Pz
Z 1-hexyne, O
10 mol% catalyst ‘O Bu
_—
O 300W, 10min., ‘
toluene
Z

207 208
catalyst yield
RhCI(PPh3)3 96%
Ni(CO)2(PPhs)2*  949%
CpCo(CO), N/A

Cp*CIRu(COD) 40%

* 2-4 minute reaction time

Scheme 2.2. Catalyst screen for the synthesis of triphenylenes.

Ni(CO),(PPh3), was the catalyst of choice for the reaction of the diyne 207 with a
range of alkynes to show the scope of the reaction (Scheme 2.3). The employed alkynes
displayed a range of functional groups including alkyl chains, a nitrile, alkoxy groups, a
pyridine ring, a carbamate, and a hydroxy group. The yields of the substituted triphenylenes
208-213 were good to excellent. In the reaction towards 213, dimerization of the diyne
starting material 207 was observed due to the lower reactivity of internal alkynes. The
cyclotrimerization reactions were conducted with 10 mol% Ni(CO),(PPhs), catalyst in
toluene under microwave irradiation (300 W) in a CEM Discover microwave synthesizer for

4 min. A final reaction temperature of 100 °C was measured with an IR pyrometer.
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/
0
W

Ni(CO),(PPh3),, R
MW (300W),
toluene, 100 °C

207 208-213
compound R R' yield
208 Bu H 94%
209 \ /) H 63%
N
210 CH,NBoc H 91%
211 CH,OH H 89%
212 (CH5)sCN H 88%

213 CH,OCH; CH,OCHz 52%

Scheme 2.3. Synthesis of triphenylenes 208-213.

The developed [2+2+2] cyclotrimerization approach to triphenylenes was then readily
adapted towards the preparation of the 2-azatriphenylene core by simply switching to nitrile
reaction partners instead of alkynes and using a cobalt instead of a nickel catalyst.
CpCo(CO); is the catalyst that is most often used for the formation of pyridines by [2+2+2]
cyclotrimerization reactions.?® ** A solvent screen was performed in order to find the best
solvent conditions for the formation of azatriphenylenes, since the solvent can have an effect
on the yield of the reaction especially when using a microwave reactor. The screen was
performed with the diyne 207 and either acetonitrile or benzonitrile with 10 mol%
CpCo(CO), for 10 minutes under microwave irradiation (Scheme 2.4). The highest yielding
reactions using benzonitrile for the formation of the azatriphenylene 215 were those
conducted in toluene and THF. For acetonitrile the formation of the azatriphenylene 214 in
THF the yield was 76% as compared to 100% in toluene. Thus, the solvent of choice for the
azatriphenylene synthesis was toluene.
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=
= RCN,
O CpCo(CO),
FZ

_—
O 300w, 10min.,
solvent
7

20 214-215
compound R solvent yield
214 Me DCE 42%
214 Me THF 76%
214 Me Toluene  100%*
215 Ph THF 96%
215 Ph Toluene  100%

*only SM without microwave irradiation at 120°C

Scheme 2.4. Solvent screen for the synthesis of azatriphenylenes 214-215.

A set of nitriles containing methyl, ethyl, vinyl, phenyl, hydroxyl, and carboxy groups
was employed. The reactions of the diyne 207 with these nitriles proceeded in moderate to
quantitative yields when conducted with 10 mol% CpCo(CO), catalyst in toluene under
microwave irradiation (300 W) for 10-20 minutes with a final temperature of 120 °C, delivering
the desired azatriphenylenes 214-219 (Scheme 2.5). This methodology provides a rapid entry
into otherwise difficult to access 2-azatriphenylene structures.

O R—=N
X

X A — >
N CpCo(CO),,
O MW (300W),
toluene, 120°C
207 214-219
compound R yield
214 CHs 100%
215 Ph 100%

216 CH,CHj 72%
217  CH=CH, 71%
218  (CH,)s0H  100%
219 CH,CO,Et  73%

Scheme 2.5. Synthesis of azatriphenylenes 214-219.
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2.3 Synthesis of Dehydrotylophorine and Tylophorine

The discovered approach was then applied to the facile and flexible synthesis of the
phenanthroindolizidine alkaloids dehydrotylophorine (203) and tylophorine (204). Following
the retrosynthetic analysis shown in Scheme 2.6, tylophorine (204) will derive from the
reduction of dehydrotylophorine (203), which would be furnished by the Sy2 cyclization of
the substituted azatriphenylene 220. The azatriphenylene 220 would be obtained following
the same cyclotrimerization conditions described in Scheme 2.5 for the other substituted
azatriphenylenes. This would be accomplished by using the tetramethoxy diyne 221 that
would be derived from the dual Sonogashira reaction starting from the bis-iodo compound

222 which would be synthesized from the coupling reaction of the iodobenzene 223.

H3CO

OCHg OCH,
OCHz; 220

U [2+2+2] cyclotrimerization
H3€O H3CO
HsCO I coupllng OCH3 Sonogashlra ocH
3<:o HgCO 8
H,CO
OCH3 OCHjs

223

tylophorine (204) dehydrotylophorine (203)

X=Br or OMs
Scheme 2.6. Retrosynthetic analysis of dehydrotylophorine (203) and tylophorine (204).
The synthesis commences with the commercially available iodobenzene 223 which is
selectively dimerized through treatment with phenyliodine bis(trifluoroacetate)'® to give 222

in 84% vyield (Scheme 2.7). Surprisingly, all attempts to install the required alkynes via
double Sonogashira coupling of 222 failed.
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R

HsCO | conditions, Cul HsCO =
H,CO | PIFA, BE#EL,0 O O
R
H 7 : H
j@/ DCM, -40 °C HsCO OCH, H,CO OCH;
H3CO 84%
[ OCH; = OCH,3
223 222 R
PIFA = phenyliodine bis(trifluoroacetate) conditions
catalyst base solvent R temp result
Pd(PPh3), DEA DMF T™MS RT starting material
Pd(PPh3), TEA DCM TIPS RT unidentified products
Pd(PPh3),Cl, TEA DMF T™MS RT starting material
Pd(PPh3),Cl, TEA DCM TMS RT unidentified products
Pd(PPhs3),Cl, DIPEA  THF TMS RT starting material
Pd(PPhs),Cl, DIPEA - TMS RT starting material
Pd(PPh3),Cl, TEA DMF TMS MW 110 °C unidentified products

Pd(PPh;),Cl, TEA  DMF

T™MS

80 °C

unidentified products

Scheme 2.7. Coupling reaction and attempted Sonogashira reaction for installation of diyne.

Thus, a three step conversion via a Corey-Fuchs reaction™* was employed for the

transformation of 222 into 221. A halogen-lithium exchange followed by formylation with
DMF delivered the dialdehyde 224 in 84% yield (Scheme 2.8). The two step conversion of

224 into 221 via the corresponding bis-vinyldibromide 225 was achieved in 96% vyield. This

set the stage for the microwave mediated [2+2+2] cyclotrimerization reaction, which was

first conducted with the cyano-alcohol 226'%

desired azatriphenylene 227 in 64% vyield.
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HsCO [ HsCO CHO
1. t-Bui,
THF, -78°C CBr,, PPhg, Zn

OCH OCH
H3CO O TP Hico O 3
2. DMF
222 84% 224 99%
HO™ >""cN
P 226
HsCO Z CpCo(CO),,
_BuLi MW (300W),
__nBub O OCH, _
THF, —78°C HaCO O toluene, 120°C
9% Z OCHs 64%

Scheme 2.8. Installation of diyne 221 followed by cyclotrimerization with the cyano-alcohol 225 to
form 227.

The product 227 was then to be cyclized via Sn2 substitution with the nucleophilic
nitrogen on the pyridine ring reacting with an in situ formed mesylate or bromide leaving
group to give the desired natural product dehydrotylophorine (203). These reaction
conditions were first subjected to a model study by using the azatriphenylene 218 made
previously in Scheme 2.5 above. Conditions to form the bromide with PBr3 followed by
cyclization were unsuccessful. However, using methane sulfonyl chloride and triethylamine
afforded the cyclized pyridinium 228 after HPLC purification (Scheme 2.9).
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Scheme 2.9. Model studies for the cyclization reaction to form the pyridinium ion 228.

Unfortunately, using the same reaction conditions to cyclize 227 to form
dehydrotylophorine (203), the product 203 could not be isolated from the triethylamine salt
by HPLC purification or any other chromatography method (Scheme 2.10). Slightly different
reaction conditions were then applied by using a resin bound piperidine as the base rather
than the triethylamine enabling the removal of the amine salt formed in the reaction by
filtration. This delivered dehydrotylophorine (203) in 95% yield with a simple filtration as

the only purification step.
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OCHs

227 203

Scheme 2.10. Cyclization reaction attempts of 227 with TEA and a piperidine resin to form
dehydrotylophorine (203).

A more direct route to dehydrotylophorine (203) starting with the diyne 221 was

conducted using the cyano mesylate 228"°

rather than the cyano alcohol 226 under otherwise
identical reaction conditions (Scheme 2.11). In the course of the cyclotrimerization reaction,
the non-nucleophilic N-center of the nitrile is converted into a nucleophilic pyridine moiety
which directly undergoes an intramolecular nucleophilic substitution reaction with the
tethered sulfonate leaving group. This tandem process delivered dehydrotylophorine (203) in
78% vyield as compared to the two-step 61% yield (Scheme 2.8 and 2.10), and represents the
shortest total synthesis of this alkaloid. Due to the symmetry of the diyne 221, no
regioisomeric cyclotrimerization products were obtained. Treatment of the natural product
221 with NaBH,**" 13 completed this facile synthesis of tylophorine (203) in quantitative

yield. Further development of this methodology will be discussed in Chapter 3.

44



— 228
H3CO - CpCo(CO),,
OCH, MW (300W), -~
HsCO O
toluene
OCH
Z s 78%
OCHs3 OCH;
221 dehydrotylophorine (203) tylophorine (204)

Scheme 2.11. Completion of the synthesis of dehydrotylophorine (203) and tylophorine (204) with a
tandem cyclotrimerization-substitution reaction as the key step.

2.4 Liquid Crystal Synthesis

In collaboration with Dr. Vance Williams of Simon Fraser University, we attempted
to synthesize a potential liquid crystalline material using this developed methodology.
Specifically, the dehydrotylophorine (203) structure is of interest due to its potential liquid
crystalline properties, especially when increasing the alkoxy chain length to pentyloxy
chains, since they are commonly found substituents in triphenylene liquid crystal research.
The synthesis was very similar to the synthesis of dehydrotylophorine (203) beginning with
the starting material 223, the methoxy groups were converted to hydroxy groups using BBr3
in a quantitative yield to form 229 followed by dialkylation with pentylbromide to afford the
dipentyloxy compound 230 in 82% yield (Scheme 2.12). The remainder of the synthesis was
identical to dehydrotylophorine (203), starting with the coupling reaction with PIFA to obtain
231 in quantitative yield. This was followed by halogen-lithium exchange and formylation
with DMF to afford the dialdehyde 232 in 79% vyield. The two-step Corey-Fuchs reaction
was employed with 80% yield for the tetrabromide 233, followed by treatment with n-BuL.i
to deliver the diyne 234 in 91% vyield. This set the stage for the two-step cyclotrimerization-
substitution sequence. Starting with the [2+2+2] cyclotrimerization reaction with the cyano-
alcohol 226 to afford 235 in 62% yield, and followed by cyclization using the standard

piperidine resin method to obtain the final structure 236 in near quantitative yield.
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Scheme 2.12. Synthesis of a potential liquid crystalline compound 236.

Dr. Williams examined the liquid crystalline properties of 236. The compound was
heated on both a microscope hot stage and in a DSC pan. Visual inspection of the sample by
polarized optical microscopy as it was heated indicated that the compound underwent a
transition to the isotropic liquid at approximately 260 °C. Bright spots appeared in the
isotropic phase, indicating inhomogeneities in the sample (Figure 2.2).

46



Figure 2.2. Polarized optical micrograph of 236 in the isotropic phase. Bright spots
indicate a birefringent material suspended in the liquid (40x magnification).

It was also noted that the sample, which starts as a yellow solid, undergoes a gradual and
irreversible color change to black as it is heated. At approximately 200 °C, a distinct sulfur
odor was also noted from the sample. Samples that were cooled from the isotropic liquid
form exhibit birefringent domains that are consistent with a liquid crystalline phase, and in
particular with a columnar phase (Figure 2.3). The sample maintained fluidity down to
approximately 205 °C. Observation of a birefringent fluid is indicative of a liquid crystalline
phase. However, it was not possible to further characterize this phase due to decomposition
of the sample. The same domain textures were not observed when the sample was heated
back to the isotropic phase and cooled. This is likely due to progressive decomposition of the
sample. Further investigations are ongoing such as changing the counter ion for better
stability as well as changing the alkoxy chain lengths to investigate the best length for liquid

crystalline properties.
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Figure 2.3. Polarized optical micrograph of 236 cooled from isotropic phase to an apparent liquid
crystalline phase (100x magnification, 238 °C).

2.5 Conclusion and Outlook

In summary, a rapid and high yielding approach to triphenylenes using a microwave-
mediated [2+2+2] cyclotrimerization reaction was developed. This enabled the facile
synthesis of several members of this important compound class. Moreover, the developed
approach was adapted to the synthesis of azatriphenylenes, molecules which have been
largely unexplored. This new azatriphenylene synthesis enabled the efficient assembly of the
pentacyclic phenanthroindolizidine alkaloids dehydrotylophorine (203) and tylophorine (204)
in 5 and 6 steps from commercially available material with the key step being a tandem
[2+2+2] cyclotrimerization-substitution reaction. This compares favorably with the
previously shortest syntheses of 203 and 204, delivering these natural products in 8 and 6
steps, respectively."™* 2" The same methodology was also used to synthesize the first
azatriphenylene liquid crystalline compound, having potential for providing novel liquid
crystalline properties. The cyclotrimerization-substitution reaction methodology can be
applied to other complex natural products with similar ring structure (see Chapter 3) and can

be applied to a wide range of compounds such as liquid crystals as future application.
2.6 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere

and stirred magnetically. Tetrahydrofuran and toluene were distilled from
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sodium/benzophenone ketyl prior to use. DCM and DMF were distilled from calcium
hydride and stored over 4 A molecular sieves. Other reagents and solvents obtained from
commercial sources were stored under nitrogen and used directly without further purification.
n-BuLi was titrated against N-pivaloyl-o-toluidine.*® Flash chromatography was performed
with silica gel (60A, 40-63 um (230 x 400 mesh), Sorbtech).**° High resolution mass spectral
analysis (HRMS) was performed at North Carolina State University. NMR spectra were
obtained using a Varian Gemini GN-300 (300 MHz) or Varian Mercury 300 (300 MHz)
spectrometer. Chemical shifts are in  units (ppm) for *H NMR spectra and **C NMR spectra.

2-(2-Formylphenyl)benzaldehyde (205): DMSO (58 pL, 0.816 mmol) dissolved in DCM
(150 pL) was added slowly to a solution of oxalyl chloride (55 pL, 0.63 mmol) in DCM (500
pL) at —60 °C and stirred for 5 min. (2’-Hydroxymethylbiphenyl-2-yl)methanol (50 mg,
0.233 mmol) in DCM (300 pL) and DMSO (60 pL) was slowly added at —60 °C, and the
solution was allowed to stir at that temperature for 45 min. TEA (196 pL, 1.4 mmol) was
added and the mixture was allowed to warm to rt before 1M HCI (1.5 mL) was added and the
layers were separated. The organic layer was washed with sat NaHCO3 (1.5 mL), brine (1.5
mL), dried over MgSOs,, filtered, and concentrated to give 205 (45 mg, 93%). *H NMR (300
MHz, CDCls) & 9.82 (s, 2H), 8.05 (dd, J = 7.6, 1.6 Hz, 2H), 7.76 — 7.53 (m, 4H), 7.34 (dd, J
=7.3, 1.4 Hz, 2H).*

1-(2,2-Dibromoethenyl)-2-[2-(2,2-dibromoethenyl)phenyl]benzene (206): Combined CBr,
(9.28 g, 28 mmol), PPH3(7.34 g, 28 mmol), and Zn dust (1.83 g, 28 mmol) in DCM (70 mL)
and stirred at rt overnight. The reaction mixture was cooled to 0 °C and a solution of 205
(588 mg, 2.8 mmol) in DCM (20 mL) was added and allowed to stir at rt for 24 h. The
reaction was concentrated and filtered through silica with DCM. The DCM was concentrated
to afford 206 (1.38 g, 95%). *H NMR (300 MHz, CDCls) & 7.73 (dt, J = 8.0, 3.2 Hz, 2H),
7.48 —7.34 (m, 4H), 7.27 — 7.15 (m, 2H), 7.01 (s, 2H)."**
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1-Ethynyl-2-(2-ethynylphenyl)benzene (207): n-BuLi (2.4 M in hexanes, 3.1 mL, 7.5
mmol) was added slowly to a solution of 206 (502 mg, 0.962 mmol) in THF (37 mL) at —78
°C. The solution was allowed to warm slowly to rt before sat NH4ClI (30 mL) was added and
extracted with hexanes (125 mL). The organic layer was washed with H,O (2 x 65 mL),
dried over MgSQ,, filtered, and concentrated. The residue was purified by flash silica gel
chromatography to give 207 (138 mg, 71%) as a white solid. *H NMR (300 MHz, CDCls) &
7.63 (dt, J = 7.3, 1.2 Hz, 2H), 7.50 — 7.29 (m, 6H), 2.96 (s, 2H).***

Representative procedure for compounds 201-212: Compound 207 (5-10 mg) and the
corresponding alkyne (10 eq.) or nitrile (20 eq.) were added to a flame dried microwave vial
and dissolved in toluene (500 pL). To this solution either CpCo(CO), or Ni(CO),(PPhs), (10
mol%) were added and the vial was irradiated at 300 W for 4-20 minutes in a CEM Discover
microwave synthesizer. The reaction was concentrated and purified by silica gel flash

chromatography, eluting with 0-100% hexanes/EtOAc.

2-Butyltriphenylene (208): *H NMR (300 MHz, CDCls) & 8.69-8.61 (m, 4H), 8.57 (d, J =
8.1 Hz, 1H), 8.45 (s, 1H), 7.67-7.63 (m, 4H), 7.50 (dd, J = 8.1 Hz, 1H), 2.88 (t, J = 7.5 Hz,
2H), 1.77 (p, J = 7.5 Hz, 2H), 1.46 (s, J = 7.5 Hz, 2H), 0.99 (t, J = 7.5 Hz, 3H); **C NMR
(300 MHz, CDCl3) & 142.1, 130.1, 130.0, 129.9, 129.6, 128.2, 127.9, 127.3, 127.2, 126.9,
123.5, 123.4, 123.3, 122.9, 36.2, 34.0, 22.7, 14.2; MS (EI) calcd for Cy,Ha (M)* 284, found
284.

2-(Triphenylen-7-yl)pyridine (209): *H NMR (300 MHz, CDCl3) & 9.39 (s, 1H), 8.89-8.82
(m, 2H), 8.76 (d, J = 8.7 Hz, 1H), 8.72-8.67 (m, 3H), 8.27 (dd, J = 8.5, 1.9 Hz, 1H), 7.99 (d, J
= 8.1 Hz, 1H), 7.88 (td, 7.6, 1.5 Hz, 1H), 7.73-7.66 (m, 4H), 7.34 (dd, J = 7.3, 4.9 Hz, 1H);
3¢ NMR (300 MHz, CDCl3) 6 156.4, 148.5, 138.9, 135.7, 131.1, 130.5, 130.2, 129.9, 129.5,
128.0, 127.8, 127.7, 127.6, 125.7, 124.3, 124.1, 123.9, 123.6, 123.5, 122.9, 122.7, 121.8;
HRMS (ESI™) calcd for Co3HigN (M+H)* 306.1277, found 306.1278.
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Tert-butyl (triphenylen-7-yl)methylcarbamate (210): *H NMR (300 MHz, CDCl5) & 8.66-
8.61 (m, 5H), 8.55 (s, 1H), 7.69-7.64 (m, 4H), 7.59 (d, J = 7.5 Hz, 1H), 4.58 (d, J = 4.5 Hz,
2H), 1.51 (s, 9H); *C NMR (300 MHz, CDCls) & 156.2, 137.9, 130.2, 130.1, 129.9, 129.8,
129.7,129.2, 127.5, 127.4, 127.3, 126.8, 123.9, 123.5, 122.3, 79.9, 45.2, 28.7; HRMS (ESI")
caled for CosH2sNO, (M+H)* 357.17288, found 357.17237.

(Triphenylen-7-yl)methanol (211): *H NMR (300 MHz, CDCls)  8.69-8.61 (m, 6H), 7.68-
7.63 (m, 5H), 4.95 (s, 2H), 1.75 (s, 1H); **C NMR (300 MHz, CDCls) & 139.9, 130.1, 130.0,
129.9, 129.5, 127.6, 127.4, 126.3, 123.9, 123.5, 121.7, 65.8; HRMS (ESI") calcd for C19H14,0
(M+H)* 258.10447, found 258.1037.

4-(Triphenylen-7-yl)butanenitrile (212): *H NMR (300 MHz, CDCls) & 8.66-8.59 (m, 5H),
8.46 (d, J = 1.2 Hz, 1H), 7.70-7.64 (m, 4H), 7.50 (dd, J = 8.4, 1.2 Hz, 1H), 3.06 (t, J = 6.9 Hz,
2H), 2.41 (t, J = 6.9 Hz, 2H), 2.15 (p, J = 6.9 Hz, 2H); *C NMR (300 MHz, CDCl3) & 138.8,
130.23, 130.2, 129.8, 129.7, 128.6, 127.8, 127.6, 127.5, 127.4, 127.3, 124.0, 123.6, 123.5,
123.4, 123.3, 123.2, 119.7, 34.9, 27.2, 16.7, HRMS (ESI") calcd for CxHi;7N (M+H)"
295.1361, found 295.13631.

2,3-Bis(methoxymethyl)triphenylene (213): *H NMR (300 MHz, CDCl3) & 8.72-8.66 (m,
6H), 7.68-7.64 (m, 4H), 4.78 (s, 4H), 3.51 (s, 6H); **C NMR (300 MHz, CDCls) 5 135.4,
130.1, 129.8, 129.4, 127.4, 123.7, 123.6, 123.5, 72.8, 58.6; HRMS (ESI") calcd for Cz:H200,
(M+H)" 316.14633, found 316.1456.

3-Methyl-2-aza-triphenylene (214): *H NMR (300 MHz, CDCls) § 9.83 (s, 1H), 8.70-8.60
(m, 4H), 8.26 (s, 1H), 7.81-7.67 (m, 4H), 2.84 (s, 3H); *C NMR (300 MHz, CDCls) 5 155.1,
146.2, 136.0, 131.6, 129.8, 129.5, 128.4, 128.0, 127.9, 127.7, 123.9, 123.7, 123.6, 122.6,
115.5, 24.6; HRMS (ESI") calcd for C1gH1sN (M+H)* 244.1120, found 244.1121.
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3-Phenyl-2-aza-triphenylene (215): *H NMR (300 MHz, CDCls) § 10.04 (s, 1H), 8.82 (s,
1H), 8.78-8.65 (m, 4 H), 8.23 (d, J = 7.2 Hz, 2H), 7.80-7.72 (m, 4 H), 7.58 (t, J = 7.2 Hz,
2H), 7.49 (t, J = 7.2, 1H); *C NMR (300 MHz, CDCls) § 154.3, 146.8, 139.6, 136.2, 131.7,
130.1, 129.6, 129.2, 129.1, 128.3, 128.2, 128.1, 127.9, 127.7, 127.3, 123.9, 123.7, 123.6,
123.5, 122.8, 113.1; HRMS (ESI*) calcd for Ca3HigN (M+H)* 306.1277, found 306.1276.

3-Ethyl-2-aza-triphenylene (216): *H NMR (300 MHz, CDCls) & 9.86 (s, 1H), 8.71-8.61
(m, 4H), 8.24 (s, 1H), 7.79-7.67 (m, 4H), 3.10 (g, J = 7.5, 2H), 1.48 (t, J = 7.5, 3H); *°C
NMR (300 MHz, CDCls) 5 160.1, 146.1, 136.3, 131.7, 129.8, 129.6, 128.4, 128.1, 127.9,
127.8, 127.7, 124.0, 123.7, 123.6, 122.8, 122.6, 114.4, 31.4, 14.4; HRMS (ESI*) calcd for
CigH16N (M+H)" 258.1277, found 258.1278.

3-Vinyl-2-aza-triphenylene (217): *H NMR (300 MHz, CDCls) & 9.90 (s, 1H), 8.72-8.63
(m, 4H), 8.36 (s, 1H), 7.81-7.68 (m, 4H), 7.08 (dd, J = 17.4, 10.8 Hz, 1H), 6.51 (d, J = 17.4
Hz, 1H), 5.64 (d, J = 10.8, 1H); *C NMR (300 MHz, CDCls) & 152.7, 147.0, 137.0, 135.9,
131.7, 130.1, 129.5, 128.5, 128.1, 127.9, 127.7, 123.9, 123.8, 123.7, 123.6, 122.8, 118.3,
114.4; HRMS (ESI") calcd for C1gH1sN (M+H)" 256.1120, found 256.1121.

3-(Azatriphen-3-yl)propan-1-ol (218): *H NMR (300 MHz, CDCl3) & 9.82 (s, 1H), 8.65-
8.59 (m, 4H), 8.26 (s, 1H), 7.76-7.67 (m, 4H), 3.81 (t, J = 6.7 Hz, 2H), 3.23 (t, J = 6.7 Hz,
2H), 2.14 (p, J = 6.7 Hz, 2H); **C NMR (300 MHz, CDCl;) 5 158.0, 145.8, 136.5, 131.8,
129.9, 129.8, 128.2, 127.8, 127.5, 124.1, 123.7, 123.67, 123.66, 115.7, 62.5, 53.6, 35.4, 32.2;
HRMS (ESI™) calcd for CooH;7NO (M+H)* 287.13101, found 287.13084.

Propyl-2-(azatriphen-3-yl)acetate (219): *H NMR (300 MHz, CDCls) & 9.90 (s, 1H), 8.73-
8.62 (m, 4H), 8.42 (s, 1H), 7.78-7.68 (m, 4H), 4.25 (q, J = 7.2 Hz, 2H), 4.12, (s, 2H), 1.30 (t,
J = 7.2 Hz, 3H); **C NMR (300 MHz, CDCl3) 6 171.0, 151.0, 146.5, 136.1, 131.6, 129.9,
129.6, 128.2, 128.0, 127.7, 127.4, 124.0, 123.6, 123.4, 122.7, 116.6, 61.4, 43.9, 14.4; HRMS
(ESI") calcd for C1H1sNO, (M+H)" 316.1332, found 316.1331.
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1-lodo-2-(2-iodo-4,5-dimethoxyphenyl)-4,5-dimethoxybenzene (222). A solution of 223
(1.02 g, 3.79 mmol) in DCM (95 mL) was cooled to —40 °C and a solution of BF3-Et,0 (480
ML, 3.79 mmol) and [bis(trifluoroacetoxy)iodo]benzene (814 mg, 1.89 mmol) in DCM (95
mL) was added over 1 h and stirred at =40 °C for 3 h. Saturated NaHCO3 (100 mL) was
added and the layers were separated. The aqg. layer was extracted with DCM (100 mL) and
the combined organic layers were washed with brine (200 mL), dried over Na,SQ,, filtered,
and concentrated. The residue was purified by flash silica gel chromatography, eluting with
4:1 hexanes/EtOAC to afford 222 (839 mg, 84%) as a tan solid. *H NMR (300 MHz, CDCls)
0 7.30 (d, J=6.8 Hz, 2H), 6.71 (d, J = 7.9 Hz, 2H), 4.01 — 3.70 (m, 12H).

4,5,4' 5'-Tetramethoxy-biphenyl-2,2'-dicarbaldehyde (224): t-BuLi (1.2 M in hexanes,
1.03 mL, 1.24 mmol) was added dropwise over 30 min to a solution of 222 (145 mg, 0.276
mmol) in THF (13 mL) at =78°C. The solution was stirred at =78 °C for 3 h before DMF
(427 pL, 5.52 mmol) was added and the reaction mixture was allowed to warm to room
temperature over 3.5 h. The reaction was quenched with H,O (15 mL) and extracted with
DCM (2 x 30 mL). The organic layers were combined, washed with H,O (20 mL) and brine
(20 mL), dried over Na,SO,, filtered and concentrated to dryness. The residue was purified
by flash silica gel chromatography, eluting with hexanes/EtOAc (3:2) to give 224 (76.4 mg,
84%) as a light yellow solid. *H NMR (300 MHz, CDCls) & 9.66 (s, 2H), 7.55 (s, 2H), 6.79
(s, 2H), 4.00 (s, 6H), 3.95 (s, 6H); *C NMR (300 MHz, CDCls) & 190.0, 153.4, 149.6, 136.3,
113.9, 108.8, 56.6, 56.4; HRMS (ESI") calcd for CigH190s (M+H)" 331.1176, found
331.1172.

4,5,4' 5'-Tetramethoxy-2,2'-diethinyldiphenyl (221): CBr; (261 mg, 0.787 mmol), PPhs
(206 mg, 0.787 mmol), and Zn dust (51 mg, 0.787 mmol) were dissolved in DCM (3 mL)
and stirred for 24 h at room temperature. The mixture was cooled to 0 °C and 224 (26 mg,
0.079 mmol) was added in 850 uL. DCM and allowed to warm to room temperature until the

reaction was complete as indicated by TLC (hexanes/EtOAc, 3:2). The mixture was filtered
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and concentrated to dryness for purification by flash silica gel chromatography, eluting with
hexanes/EtOAc (3:2) to give a light yellow solid. n-BuLi (2.5 M in hexanes, 74 uL, 0.935
mmol) was added dropwise to a solution of the intermediate yellow solid (20 mg, 0.031
mmol) in THF (1.5 mL) at —78°C and allowed to stir for 1h. The reaction was quenched
with sat. NH4Cl (2 mL) and extracted with DCM (2 x 4 mL). The organic layers were
washed with H,O (5 mL) and brine (5 mL), dried over Na,SO,, filtered and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with
hexanes/EtOAc (3:2) to give 221 (9.7 mg, 96%) as a pale yellow solid. *H NMR (300 MHz,
CDCl3) § 7.07 (s, 2H), 6.99 (s, 2H), 3.92 (s, 6H), 3.89 (s, 6H), 2.94 (s, 2H); **C NMR (300
MHz, CDCls) & 149.1, 148.1, 136.7, 115.5, 113.8, 113.4, 83.4, 78.8, 56.2; HRMS (ESI")
calcd for CooH1g04 (M+H)* 322.12051, found 322.12033.

3-(6,7,10,11-Tetramethoxy-2-azatriphenylen-3-yl)propan-1-ol (227): Compounds 221
(20.2 mg, 0.0627 mmol) and 226 (48 uL, 0.627 mmol) were added to a flame dried
microwave vial and were dissolved in toluene (500 pL). To this solution CpCo(CO); (2 uL,
10 mol %) was added and the vial was irradiated at 300 W for 40 min in a CEM Discover
microwave synthesizer. The reaction was concentrated and purified by silica gel flash
chromatography, eluting with 10% EtOAc/hexanes to give 227 as a yellow solid (16.4 mg,
64%). 'H NMR (300 MHz, CDCl3) § 9.61 (s, 1H), 7.99 (s, 1H), 7.94 — 7.84 (m, 1H), 7.79 (d,
J=1.8Hz, 1H), 7.63 (t, J = 2.0 Hz, 2H), 4.24 — 4.00 (m, 12H), 3.93 — 3.74 (m, 2H), 3.49 (d,
J=1.8Hz, 1H), 3.21 (t, J = 6.8 Hz, 2H), 2.14 (t, J = 6.4 Hz, 2H).

Dehydrotylophorine (203): First route: To a solution of 227 (11.3 mg, 0.0227 mmol) in
DCM (2 mL) was added polymer bound piperidine (55 mg, 3 mmol/g) and the mixture was
allowed to gently shake for 15 min. The mixture was cooled to 0 °C and methane sulfonyl
chloride (3 pL, 0.0305 mmol) was added was shaken at rt for 1h. The resin was filtered and
washed with DCM (2 mL) and MeOH (2mL). The filtrate was concentrated to dryness to
afford 203 (12.6 mg 95%) as a yellow solid. *H NMR (300 MHz, DMSO) & 10.30 (s, 1H),
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8.97 (s, 1H), 7.91 (d, J = 4.6 Hz, 2H), 7.48 (d, J = 2.3 Hz, 2H), 4.92 (t, J = 7.6 Hz, 2H), 4.12
—3.91 (m, 12H), 3.52 (t, J = 7.5 Hz, 2H), 2.56 (q, J = 7.3 Hz, 2H), 2.33 (s, 3H).***

Dehydrotylophorine (203): Second route: Compounds 221 (8.2 mg, 0.0254 mmol) and 228
(41.5 puL, 0.254 mmol) were added to a flame dried microwave vial and dissolved in toluene
(500 pL). To this solution CpCo(CO), (10 mol %) was added and the vial was irradiated at
300 W for 20 min in a CEM Discover microwave synthesizer. H,O (2 mL) and DCM (2 mL)
were added to the reaction vial, extracted, and the H,O layer was separated. The H,O layer
was washed DCM (4 x 2 mL), and the H,O layer was concentrated to dryness to give 9.4 mg
(78%) of 203 as a bright yellow solid.

(x)-Tylophorine (204): NaBH, (1 mg, 0.0218 mmol) was added to a solution of 203 in 1 mL
H,O/MeOH (1:1). When the bubbling subsided, the reaction was refluxed for 20 min. The
reaction was cooled and sat. NH4Cl (2 mL) was added and extracted with DCM (2 x 3 mL).
The organic layers were dried over Na;SO., filtered and concentrated to dryness. The
residue was purified by flash silica gel chromatography, eluting with 5% MeOH/DCM to
give 204 (4.7 mg, 99%) as a yellow solid. *H NMR (300 MHz, CDCls) & 7.83 (s, 1H), 7.31
(s, 1H), 7.26 (d, J = 3.2 Hz, 1H), 7.16 (s, 1H), 4.73 — 4.55 (m, 1H), 4.12 (d, J = 2.4 Hz, 6H),
4.10 - 3.97 (m, 6H), 3.69 (d, J = 15.1 Hz, 1H), 3.50 (s, 1H), 1.88 — 1.69 (m, 1H), 3.38 (d, J =
16.0 Hz, 1H), 2.94 (t, J = 13.5 Hz, 1H), 2.51 (s, 2H), 2.26 (bs, 1H), 1.95 (bs, 1H), 1.82 (bs,
1H).114

4-lodobenzene-1,2-diol (229): To a solution of 223 (107 mg, 0.405 mmol) in DCM (560 pL)
at =78 °C was added BBr3 (1 mL, 1M solution in DCM) slowly. The reaction was allowed to
warm to room temperature over 3 h before ice cold H,O (2 mL) was added and allowed to
stir 30 m. The DCM layer was separated and the ag. layer was washed with EtOAc (2 mL).
The combined organic layers were washed with brine (2 mL), dried over Na,SO,, filtered,
and concentrated to dryness to afford 229 (96 mg, 100%) as a dark brown solid. *H NMR

55



(300 MHz, CDCls) & 7.19 (d, J = 2.0 Hz, 1H), 7.12 (dd, J = 8.3, 2.0 Hz, 1H), 6.63 (d, J = 8.3
Hz, 1H), 5.26 (s, 1H), 5.19 (s, 1H).

4-lodo-1,2-bis(pentyloxy)benzene (230): To a solution of 229 (1.18 g, 5 mmol) in DMF (25
mL) was added K,COj3 (2.9 g, 21 mmol), KI (41.5 mg, 0.25 mmol), and then 1-bromopentane
(1.36 mL, 11 mmol). The mixture was heated to 80 °C for 12 h, cooled to rt, and ice cold
H,O (40 mL) was added. The mixture was extracted with DCM (3 x 25 mL) and the
combined DCM layers were washed with H,O (40 mL) and brine (40 mL), dried over
Na,SO,, filtered, and concentrated. The residue was purified by flash silica gel
chromatography, eluting with 5% ether/hexanes to give 230 (1.55 g, 82%) as a light orange
oil. '"H NMR (300 MHz, CDCl3) & 7.18 (dd, J = 8.4, 2.1 Hz, 1H), 7.12 (d, J = 2.1 Hz, 1H),
6.62 (d, J = 8.4 Hz, 1H), 3.95 (t, J = 6.6 Hz, 4H), 1.81 (pd, J = 6.7, 2.9 Hz, 4H), 1.53 — 1.26
(m, 8H), 0.92 (td, J = 7.1, 1.9 Hz, 6H).

(1-lodo-2-[2-i0d0-4,5-bis(pentyloxy)phenyl]-4,5-bis(pentyloxy)benzene (231): A solution
of 230 (1.5g, 3.99 mmol) in DCM (100 mL) was cooled to —40 °C and a solution of BF3-Et,0
(556 pL, 4.38 mmol) and phenyliodine bis(trifluoroacetate (1.03 g, 2.39 mmol) in DCM (110
mL) was added over 2h. Saturated NaHCO;3; (100 mL) was added and the layers were
separated. The aqg. layer was extracted with DCM (100 mL) and the combined organic layers
were washed with brine (200 mL), dried over Na,SO,, filtered, and concentrated. The residue
was purified by flash silica gel chromatography, eluting with 5% ether/hexanes to afford 231
(1.5 g, 100%) as a tan solid. *H NMR (300 MHz, CDCl3) & 7.30 (d, J = 1.0 Hz, 2H), 6.72 (d,
J =1.0 Hz, 2H), 3.98 (dt, J = 12.6, 6.6 Hz, 8H), 1.83 (dp, J = 9.8, 6.8 Hz, 8H), 1.43 (dddd, J
=16.8,10.4, 8.4, 4.8 Hz, 16H), 1.04 — 0.84 (m, 12H).

2-[2-Formyl-4,5-bis(pentyloxy)phenyl]-4,5-bis(pentyloxy)benzaldehyde (232): t-BuLi
(1.62 M in hexanes, 213 pL, 0.345 mmol) was added dropwise over to a solution of 231
(51.8 mg, 0.069 mmol) in THF (3.45 mL) at —78°C until the solution was clear yellow. DMF
(107 puL, 1.38 mmol) was added dropwise and the reaction mixture was allowed to warm to

room temperature. The reaction was quenched with sat. NH,Cl (2 mL) and extracted with
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EtOAc (2 x 2 mL). The organic layers were combined, washed with H,O (2 mL) and brine
(2 mL), dried over Na,SOy, filtered and concentrated. The residue was purified by flash silica
gel chromatography, eluting with 10% EtOAc/hexanes to give 232 (30.4 mg, 79%) as a white
solid. *H NMR (300 MHz, CDCls) & 9.64 (d, J = 1.0 Hz, 2H), 7.52 (s, 2H), 6.75 (s, 2H),
4.11 (t, J = 6.6 Hz, 4H), 4.04 (t, J = 6.6 Hz, 4H), 1.87 (g, J = 7.0 Hz, 8H), 1.51 — 1.35 (m,
8H), 0.94 (q, J = 7.2 Hz, 12H).

1-(2,2-Dibromoethenyl)-2-[2-(2,2-dibromoethenyl)-4,5-bis(pentyloxy)phenyl]-4,5-
bis(pentyloxy)benzene (233): CBr; (233 mg, 0.702 mmol) was dissolved in DCM (1.13
mL), cooled to 0 °C, and added PPh3 (359 mg, 1.37 mmol) dropwise in DCM (1.1 mL). 232
(95 mg, 0.171 mmol) was added in 367 pL. DCM at 0 °C and allowed to warm to room
temperature until the reaction was complete as indicated by TLC (10% EtOAc/hexanes). The
mixture was filtered and concentrated to dryness for purification by flash silica gel
chromatography, eluting with 10% EtOAc/hexanes to give 233 (118 mg, 80%) as a white
solid. *H NMR (300 MHz, CDCls) & 7.30 (s, 2H), 6.96 (s, 2H), 6.69 (s, 2H), 4.04 (dt, J =
17.9, 6.7 Hz, 8H), 1.86 (h, J = 7.1 Hz, 8H), 1.55 — 1.31 (m, 16H), 0.94 (td, J = 6.9, 5.4 Hz,
12H).

1-Ethynyl-2-[2-ethynyl-4,5-bis(pentyloxy)phenyl]-4,5-bis(pentyloxy)benzene (234): n-
BuLi (2.5 M in hexanes, 327 uL, 0.817 mmol) was added dropwise to a solution of 233 (118
mg, 0.136 mmol) in THF (6.8 mL) at —78°C and allowed to stir for 1h. The reaction was
quenched with sat. NH4CIl (15 mL) and extracted with EtOAc (2 x 10 mL). The organic
layers were washed with H,O (15 mL) and brine (15 mL), dried over Na,SO,, filtered and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 5% ether/hexanes to give 234 (67.8 mg, 91%) as a white-yellow solid. *"H NMR (300
MHz, CDCls) § 7.06 (s, 2H), 6.98 (s, 2H), 4.02 (t, J = 6.6 Hz, 8H), 2.90 (s, 2H), 1.96 — 1.74
(m, 8H), 1.55 - 1.25 (m, 16H), 1.04 — 0.88 (m, 12H).

3-[6,7,10,11-Tetrakis(pentyloxy)-2-azatriphenylen-3-yl]Jpropan-1-ol (235): Compounds
234 (61 mg, 0.111 mmol) and 226 (85 pL, 1.02 mmol) were added to a flame dried
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microwave vial and dissolved in toluene (2.8 mL). To this solution CpCo(CO), (2 uL, 10
mol %) was added and the vial was irradiated at 300 W for 40 min in a CEM Discover
microwave synthesizer. The reaction was concentrated and purified by silica gel flash
chromatography, eluting with 10% EtOAc/hexanes to give 235 as a yellow solid (43.7 mg,
62%). *H NMR (300 MHz, CDCl3) & 9.64 (s, 1H), 8.01 (d, J = 8.9 Hz, 2H), 7.89 (s, 1H), 7.77
(d, J =3.1 Hz, 2H), 4.36 — 4.13 (m, 8H), 3.81 (t, J = 5.7 Hz, 2H), 3.21 (t, J = 6.7 Hz, 2H),
2.12 (p, J = 6.1 Hz, 2H), 2.03 — 1.88 (m, 8H), 1.52 (dtd, J = 32.7, 12.2, 10.0, 5.2 Hz, 16H),
0.98 (td, J = 7.2, 1.6 Hz, 12H).

4,5,10,11-Tetrakis(pentyloxy)-161°>-azapentacyclo[12.7.0.0%".08*2.0'*°|henicosa-
1(14),2(7),3,5,8(13),9,11,15,20-nonaen-16-ylium methanesulfonate (236): To a solution of
235 (43.4 mg, 0.687 mmol) in DCM (1.7 mL) was added polymer bound piperidine (46 mg,
3 mmol/g) and the mixture was allowed to gently shake for 15m. The mixture was cooled to
0 °C and methane sulfonyl chloride (8 pL, 0.103 mmol) was added was shaken at rt for 1h.
The resin was filtered and washed with DCM (2 mL) and MeOH (2mL). The filtrate was
concentrated to dryness to afford 236 (47 mg 96%) as a yellow solid. *H NMR (300 MHz,
CDCl3) 6 10.45 (s, 1H), 8.23 (s, 1H), 7.84 (s, 1H), 7.45 (s, 1H), 7.20 (d, J = 8.4 Hz, 2H), 5.05
(t, J=7.4Hz, 2H), 4.31 (t, J = 6.2 Hz, 2H), 4.18 (q, J = 7.3 Hz, 6H), 3.44 (t, J = 7.4 Hz, 2H),
2.84 (s, 3H), 2.44 (t, J = 7.4 Hz, 2H), 2.11 — 1.77 (m, 8H), 1.72 — 1.34 (m, 16H), 1.13 — 0.88
(m, 12H).
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CHAPTER 3: Tricyclic Alkaloids via Tandem [2+2+2] Cyclotrimerization-substitution:
Synthesis of the Core of Citrinadins A and B

3.1 Tricyclic Alkaloids

Alkaloid natural products often have important biological activities such as anti-
inflammatory, antitumor, antifungal, and antibacterial. This, combined with intriguing
architectures makes them interesting targets for synthetic organic chemists. With the
methodology used to synthesize the natural products dehydrotylophorine (203) and
tylophorine (204) (Chapter 2), it was of interest to make use of the [2+2+2]
cyclotrimerization-substitution reaction and apply it to other tricyclic nitrogen-containing
natural product motifs. Tricyclic alkaloid structures are present in many natural products,
Figure 3.1 shows six examples of these types of natural products with the central tricyclic
alkaloid structure highlighted in red. The citrinadins A (237) and B (238) are marine derived
natural products recently isolated from the fungus Penicillium citrinum.**" %2 They are
pentacyclic spiroindolinone alkaloids, with citrinadin A (237) containing an N,N-
dimethylvaline residue and an a,3-epoxy carbonyl unit, and citrinadin B (238) bearing only
the a,f-epoxy carbonyl unit. They both display important cytotoxic activities against various
cancer cell lines, including leukemia, with ICses in the low micromolar range.***** No total
syntheses of citrinadin A (237) or B (238) has been completed to date, but one stereoselective
approach to the spirooxindole ring system in 7 steps has been reported.*** Cyclopiamine B
(239) is another spiroindolinone alkaloid, and contains six rings including a central tricyclic
alkaloid structure (Figure 3.1). Cyclopiamine B (239) is being produced by the fungi
Penicillium cyclopium Westling, Penicillium urticae Bainier,"* and Aspergillus
caespitosus.* The biological activity is unknown, and no total syntheses of 239 have been
reported to date. Roserine (241) is a pyrrolophenanthridinium alkaloid isolated from

Narcissus pallidulus.*® It has been synthesized once*’

as part of a structure-activity
relationship study of another alkaloid, ungeremine, that was in clinical trials in China where
it showed good overall efficacy against ovarian and uterine cervix carcinomas.**’

Veraflorizine (240) is a steroidal cevanine alkaloid that was isolated from the tertiary base
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fraction of rhizome of Veratrum grandiflorum (Max.) Loesen, and has not been synthesized
to date.”® Several steroidal alkaloids have displayed toxicological and pharmacological
effects in humans,**® and thus are of synthetic interest. Xylopinine (242) is a protoberberine
alkaloid, which is part of a large group of isoquinoline alkaloids known to possess a variety
of biological activities.™ ! It has been synthesized previously,****" but a new approach to

the central tricyclic alkaloid core structure is of interest.

0 HN\
citrinadin B (238)

cyclopiamine B (239) veraflorizine (240)

OMe

OMe ‘ OMe
MeO SN MeO O
MeO 2 MeO N
roserine (241) xylopinine (242)

Figure 3.1. Natural products with a tricyclic alkaloid core structure shown in red.

3.2 Tandem [2+2+2] Cyclotrimerization-Substitution Methodology

We envisioned the coupling of a pyridine-forming cyclotrimerization reaction with an
intramolecular nucleophilic substitution towards the synthesis of tricyclic alkaloid structures.
Starting with the commercially available diynes 243, a [2+2+2] cyclotrimerization reaction
with the nitrile 244 tethered to a leaving group X would lead to the intermediate fused

pyridine 245 (Scheme 3.1). A tandem intramolecular Sy2 reaction would deliver the tricyclic
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pyridinium compounds 246, which could subsequently be reduced under various different
reducing conditions depending on the ring saturation desired. Catalytic hydrogen reduction
with Adam’s catalyst as well as using Zn/HCI would reduce the ring of 246 completely,*’* *°
without leaving any functionality for further manipulation. Using a hydride source for
reduction, e.g. with NaBH,4, would leave an olefin to the give the tricyclic structures 247,17
Y7 put if the reaction occurs under acidic conditions then the ring will be fully reduced.*"®
Keeping the double bond in place would be desired because it could be used for further
manipulation of the ring system. This reaction sequence could deliver the alkaloid core

structures found in the natural products in Figure 3.1 in as little as two steps.

Z Y [2+2+2] N 1
+ |N| n —_— | N
m% X m = — X

243 244 245
Scheme 3.1. A [2+2+2] cyclotrimerization reaction coupled Wlth an mtramolecular SN2 reactlon
enables the rapid assembly of tricyclic pyridinium ions. A subsequent reduction delivers the alkaloid
core structures 247. m, n > 1.

This approach was first investigated using commercially available 1,6-heptadiyne
(248) or 1,7-octadiyne (249) and reacting each with either 4-bromobutyronitrile (250) or a
corresponding cyano mesylate 228" to give the tricyclic pyridinium structures 252-255
(Scheme 3.2). The tricyclic molecules 252-255 were obtained in 22-45% yield under
optimized conditions. Reaction times were increased from forty minutes to one hour, but
longer reaction times did not result in higher yields. Also, increasing the equivalents of the

nitrile 250 or 228 to >10 equivalents did not afford any higher yields.
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+
N toluene _N )
N MW (300 W) mYTe X
48 (m=1) 250 (X = Br) 252-255
49 (m=2) 228 (X = OMs)
m X cmpd (yield)

Br 252 (33%)

Br 253 (45%)
OMs 254 (22%)
OMs 255 (36%)

NEF, NP

Scheme 3.2. Tandem [2+2+2] cyclotrimerization-substitution reactions delivering the pyridinium
compounds 252-255 with bromide and mesylate counter ions.

We suspected that these modest yields were due to decomposition of the pyridinium
salt at high temperatures in the microwave reactor, and thus employed a two-step
cyclotrimerization-substitution process. Here, the diynes 248 and 249 underwent a smooth
cyclotrimerization reaction using the CpCo(CO), catalyst in toluene under microwave
irradiation (300 W) for 40 minutes with the known cyano alcohols 226 and 256 to afford
the fused bicyclic pyridine rings 257-260, bearing a e-hydroxyalkyl chain (Scheme 3.3) in
84-95% vyield. The hydroxy group was then converted into a mesylate leaving group in situ
using MsCl and polymer bound piperidine as the base, thus obviating purification and
affording the clean products 254-255, 261-262 in almost quantitative yield. The overall yield
for formation of the tricyclic pyridinium compounds 254-255, 261-262 from the diynes 248-
249 was greater than 80%, making this two-step reaction favorable over the tandem one-step
reaction depicted in Scheme 3.2. The reduction of the pyridinium rings was accomplished
using NaBH,**® (Scheme 3.3) to afford the compounds 263-266 that display the tricyclic
motif that is found in the natural products 237-242 (Figure 3.1). The remaining double bond
represents a valuable handle for a potential further functionalization towards the installation

of all substituents present in citrinadin A and B (237 and 238), and cyclopiamine B (239).
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ﬁi I = T P
+ —_— >
X N OH toluene, N\ N OH

MW (300 W)
249 (m=2) 256 (n=2)
MsCI, DCM S NaBH,
- | ———— >  263-266
T N, CHLOH,
3 N:> H,0

254-255, 261-262

m n  cmpd (yield) cmpd (yield) cmpd (yield)

1 1 257 (89%) 254 (94%) m

263 (86%)

2 1  258(84%) 255 (100%) m

264 (100%)

1 2 259(94%) 261 (98%) C@j

265 (70%)

2 2 260 (95%) 262 (95%) m

266 (83%)
Scheme 3.3. Two step [2+2+2] cyclotrimerization-substitution reaction followed by reduction to the
indolizines and quinolizines 263-266.

In order to demonstrate the generality of the developed approach, another reaction
sequence was performed that could be applied to the synthesis of xylopinine (242). The
nitrile 269 was synthesized starting from commercially available 2-iodophenylacetic acid
(267), which was converted to the methyl ester 268 in 94% yield, followed by a reaction with
CuCN*" delivering the nitrile 269 in 85% vyield (Scheme 3.4). The nitrile 269 was reacted
with the two diynes 248 and 249 in the cyclotrimerization reaction using CpCo(CO); as the
catalyst in toluene under microwave irradiation (300W) for 40 minutes to give the pyridines
270 and 271 in 93% and 86% vyield, respectively. This was followed by a reduction with
LiAlIH, of the esters 270 and 271 to the alcohols 272 and 273. If the reduction was performed
before the cyclotrimerization step, intramolecular cyclization of the hydroxynitrile formed a

lactone, isochroman-1-one,*® as an undesired side reaction. The pyridinium formation was
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then conducted under the previously developed cyclization conditions using MsCI and
polymer bound piperidine to afford the tetracyclic compounds 274 and 275 in near
quantitative yields. Compound 275 represents the tetracyclic core structure of xylopinine
(242). These two pyridinium compounds 274 and 275 were then subjected to the NaBH,
reduction to obtain the reduced tetracyclic alkaloids 276 and 277 in quantitative yields
(Scheme 3.4).

Os__OH
H,SO, CuCN
e —_—
MeOH
) 85%
267
<:// I CpCo(CO),
+ — >
X N toluene,
MmN COMe  mw (300 W)
270-271 (R = CO,Me
248 (m=1) 269 LAH ( 2Me)
249 (m=2) THF 272-273 (R = CH,OH)
MsCl, DCM A NaBH,

| — > 276277
N CH4OH,
QN ) H,O

274-275

m cmpd (yield) cmpd (yield) cmpd (yield) cmpd (yield)

1 270 (93%) 272 (91%) 274 (93%) @igj
276 (100%)
2 271 (86%) 273 (98%) 275 (100%) O@)\?

277 (100%)

Scheme 3.4. Three step cyclotrimerization-substitution reaction to form the tetracyclic pyridinium
compounds 274-275 followed by reduction to 276-277.
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3.3 Synthesis of the Core of Citrinadins A and B

The developed route in Scheme 3.3 was applied to the synthesis of the core structure
of citrinadin A (237), B (238), and cyclopiamine B (239). The synthesis commenced with the
known ester 278" (Scheme 3.5). Reduction of the nitro group with zinc and ammonium
chloride®® ¥ followed by a Mitsunobu reaction'®® with methanol produced the methoxy
oxindole 279 in 60% yield over both steps. Treatment of 279 with 3-bromo-1-trimethylsilyl-
1-propyne and NaH generated the diyne 280 in 66% vyield, which set the stage for the
[2+2+2] cyclotrimerization reaction. The cyclotrimerization reaction was accomplished by
reacting the diyne 280 with 4-hydroxypentanenitrile (256, n = 2) for the citrinadin A (237)
and B (238) core, and with 4-hydroxybutanenitrile (226, n = 1) for the cyclopiamine B (239)
core in the presence of CpCo(CO), under microwave irradiation (300 W, 40 min). This
delivered the pyridines 282 and 281 in 42% and 41% vyield, respectively. Gratifyingly, both
compounds were obtained as single regioisomers, since the bulky trimethylsilyl (TMS) group
on 280 directs the formation of the desired pyridine regioisomer.? **#* However, the sterical
demand of the TMS group also results in the moderate cyclotrimerization yields, as
previously observed in the literature.? " '8 1% The majority of the TMS moiety is removed
from 281-282 under the cyclotrimerization microwave conditions, and any remaining silyl
groups are cleaved by a subsequent treatment with potassium fluoride under microwave
irradiation (300 W, 2 min) to give the desired products 281-282. The substitution and
reduction sequence following Figure 3.3 was then employed by treating the alcohols 281-282
with MsCI in the presence of the polymer bound piperidine to produce the pyridinium
compound 284 in quantitative yield and pyridinium 283 in 82% yield. Reduction with NaBH4
completed the pentacyclic spiroindolinone framework 286 of citrinadin A (237) and B (238)
in 72% yield and the alkaloid core structure 285 of cyclopiamine B (239) in 82% yield.
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MeO 0] —
1. Zn, NH,CI < &’ ™S
~#  MeOHIH,0 < B NaH
—_— —_—
2. DIAD, PPh, N THF, 0°C

(6]
NO MeOH ]
2 DCM MeO 66%
278 279
60%

HO\/H”\/CN
226 or 256 OH

1. CpCo(CO),
300W, 40min.

toluene

—_—
TMS 2 KF, 300W 2min.
Hzo/THF Meo/

N

O 281 (n=1, 41%)

282 (n=2, 42%)

MsCl, DCM NaBH,

—_— —_—
: > N N MeOH/H,O
O_N MeO’ 9(9
o OMs
283 (n=1, 82%) 285 (n=1, 82%)
284 (n=2, 100%) 286 (n=2, 72%)

Scheme 3.5. Synthesis of the core structure of citrinadin A (237), B (238), and cyclopiamine B (239).

3.4 Conclusion and Outlook

In summary, tricyclic alkaloid ring structures were formed by a rapid convergent
approach via the cyclotrimerization/intramolecular substitution/reduction sequence. This
type of alkaloid ring structure is present in many natural occurring compounds (Figure 3.1)
that have interesting biological properties as well as diverse structural properties. The
developed methodology was used to synthesize the pentacyclic spiroindolinone core of
citrinadin A (237), B (238) and cyclopiamine B (239) for the first time to date. The synthesis
of the core structures of citrinadin A and B will help lead to the total synthesis of the natural
products in the future. Perhaps using a chiral ruthenium complex reducing agent would allow
for the enantioselective reduction of the ring systems of the natural products.’® Other
analogs of the natural products could be synthesized using this methodology for the study of
the biological effects and further enhance their activity. For example, different manipulations
to the rings could be performed such as the addition of other nucleophiles other than hydrides

such as Grignard reagents and trimethylsilyl cyanomethane into the pyridinium rings to give
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different substitutions in the 2 or 4 position of the pyridinium ring.*®” They generally give
mixtures of diastereomers, but there is an example of a stereoselective reduction which
produced an 8.8:1 ratio of stereoisomers.'®® Further applications of this methodology are
currently under investigation in the laboratory to be applied to the total synthesis of other
biologically interesting natural products. Some examples of potential natural product targets
for synthesis using this methodology, besides the ones shown in Figure 3.1, are the
prenylated indole alkaloids (Figure. 3.2).'%® These have the same central core structure shown
in red that could be synthesized with the tandem cyclotrimerization/substitution reaction. An
interesting feature is the bridging amide over the central nitrogen containing 6-membered
ring. These would be a challenging class of natural products for synthesis to showcase the

developed methodology.

(-)-notoamide A (R = OH) (-)-brevianamide B
(-)-notoamide B (R = H)

Figure 3.2. Examples of prenylated indole alkaloid natural products.

3.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. Tetrahydrofuran and toluene were distilled from
sodium/benzophenone ketyl prior to use. DCM and DMF were distilled from calcium
hydride and stored over 4 A molecular sieves. Other reagents and solvents obtained from
commercial sources were stored under nitrogen and used directly without further purification.
Flash chromatography was performed with silica gel (60A, 40-63 pum (230 x 400 mesh),
Sorbtech).’*®  High resolution mass spectral analysis (HRMS) was performed at North
Carolina State University. The *H NMR and *C NMR spectra were recorded on a 300 MHz
or 400 MHz Varian NMR spectrometer, using CDClI3; or CD3;0D as solvent. The IR data was

recorded on a Jasco FT/IR-4100. The microwave reactions were carried out in a CEM
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Discover microwave synthesizer at 300 W in power mode using closed vessel conditions and

an IR sensor to monitor the temperature

Representative procedure for compounds 252-255: 1,7-Octadiyne (11 mg, 0.1 mmol) and
the corresponding nitrile (10 eq.) were added to a flame dried microwave vial and dissolved
in dry toluene (2.5 mL). CpCo(CO);, (2.3 pL, 20 mol %) was added and the vial was
irradiated at 300 W for 40 minutes to 170 °C in a CEM Discover microwave synthesizer. The
reaction was concentrated and the products were purified by silica gel flash chromatography,
eluting with 20% MeOH/DCM.

1,2,3,6,7,8-Hexahydrocyclopenta[flindolizinium bromide (252): 7.9 mg, 33% vyield, pale
yellow oil; *H NMR (300 MHz, CDs0D) & 8.49 (s, 1H), 7.69 (s, 1H), 4.62 (t, J = 7.6 Hz,
2H), 3.31 (t, J = 7.5 Hz, 2H), 3.10 — 2.89 (m, 4H), 2.46 — 2.26 (m, 2H), 2.15 (p, J = 7.7 Hz,
2H); 1*C NMR (100 MHz, CDCl3) § 165.4, 156.0, 143.9, 137.3, 119.7, 58.6, 33.6, 31.9, 30.3,
25.4, 22.2; HRMS (ESI™) calcd for C11HsN ¥ 160.1121, found 160.1123.

2,3,6,7,8,9-Hexahydro-1H-Pyrrolo[1,2-b]isoquinolinium bromide (253): 11.3 mg, 45%
yield, pale yellow oil; *H NMR (300 MHz, CD;0D) & 8.48 (s, 1H), 7.59 (s, 1H), 4.64 (t, J =
7.6 Hz, 2H), 3.33 (t, J = 7.8 Hz, 2H), 2.92 (bs, 2H), 2.81 (bs, 2H), 2.49 — 2.29 (m, 2H), 1.86
—1.73 (m, 4H); °C NMR (75 MHz, CDCls) & 157.6, 153.5, 141.3, 136.6, 123.8, 58.4, 31.7,
29.8, 26.1, 21.90, 21.2, 21.2; HRMS (ESI") calcd for C1o,HigN* 174.1277, found 174.1278.

1,2,3,6,7,8-Hexahydrocyclopenta[f]lindolizinium methanesulfonate (254): 5.5 mg, 22%
yield, pale yellow oil; *H NMR (300 MHz, CDCl3) & 9.04 (s, 1H), 7.65 (s, 1H), 4.93 (t, J =
7.6 Hz, 2H), 3.40 (t, J = 7.6 Hz, 2H), 3.04 (t, J = 7.5 Hz, 4H), 2.56 (s, 3H), 2.45 (p, J = 7.6
Hz, 2H), 2.17 (p, J = 7.6 Hz, 2H); **C NMR (101 MHz, CDCls) § 165.4, 156.0, 143.9, 137.3,
119.7, 58.6, 39.5, 33.6, 31.9, 30.3, 25.4, 22.2; HRMS (ESI") calcd for Cy1HisN ¥ 160.1121,
found 160.1123.
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2,3,6,7,8,9-Hexahydro-1H-pyrrolo[1,2-b]Jisoquinolinium methanesulfonate (255): 9.6 mg,
36% yield, pale yellow oil; *H NMR (300 MHz, CDCl3) & 9.05 (s, 1H), 7.50 (s, 1H), 4.94 (t,
J=7.5Hz, 2H), 3.38 (t, J = 7.6 Hz, 2H), 2.88 (s, 4H), 2.61 (s, 3H), 2.54 — 2.28 (m, 2H), 1.96
— 1.56 (m, 4H); *C NMR (75 MHz, CDCls) & 157.6, 153.5, 141.3, 136.6, 123.8, 58.4, 39.5,
31.7, 29.8, 26.1, 21.9, 21.2, 21.2; HRMS (ESI") calcd for CiHigN* 174.1277, found
174.1278.

Representative procedure for compounds 257-260, 270-271: 1,7-Octadiyne (10 mg, 0.098
mmol) and the corresponding nitrile (10 eq.) were added to a flame dried microwave vial and
dissolved in dry toluene (2.4 mL). CpCo(CO); (2.25 pL, 20 mol%) was added and the vial
was irradiated at 300 W for 40 minutes in a CEM Discover microwave synthesizer (final
temperature of 150 °C). The reaction was concentrated and the products were purified by

silica gel flash chromatography, eluting with 5% MeOH/EtOAc.

3-(6,7-Dihydro-5H-cyclopenta[c]pyridin-3-yl)propan-1-ol (257): 17 mg, 89% vyield, light
yellow oil; *H NMR (300 MHz, CDCls) & 8.14 (s, 1H), 6.84 (s, 1H), 4.62 (s, 1H), 3.67 (s,
2H), 2.83 (t, J = 6.8 Hz, 2H), 2.67 (s, 4H), 2.01 — 1.86 (m, 2H), 1.83 — 1.64 (m, 4H); °C
NMR (75 MHz, CDCl3) 6 157.9, 149.1, 147.1, 130.6, 123.3, 62.3, 34.9, 32.07, 28.8, 26.0,
22.8, 22.5; HRMS (ESI") calcd for C11H1sNO (M+H)* 178.1232, found 178.1227.

3-(5,6,7,8-Tetrahydroisoquinolin-3-yl)propan-1-ol (258): 18.6 mg, 90% vyield, light yellow
oil; '"H NMR (300 MHz, CDCl3) & 8.14 (s, 1H), 6.84 (s, 1H), 4.62 (s, 1H), 3.78 — 3.52 (m,
2H), 2.83 (t, J = 6.8 Hz, 2H), 2.76 — 2.55 (m, 4H), 2.06 — 1.83 (m, 2H), 1.83 — 1.62 (m, 4H);
3C NMR (75 MHz, CDCl3) § 157.9, 149.1, 147.1, 130.6, 123.3, 62.3, 34.9, 32.1, 28.8, 26.0,
22.8, 22.5; HRMS (ESI") calcd for C1,H1gNO (M+H)* 192.1388, found 192.1385.

4-(6,7-Dihydro-5H-cyclopenta[c]pyridin-3-yl)butan-1-ol (259): 18 mg, 94% vyield, light

yellow oil; *H NMR (300 MHz, CDCls) & 8.34 (s, 1H), 7.03 (s, 1H), 3.67 (t, J = 6.3 Hz, 1H),
2.88 (dd, J = 12.6, 7.3 Hz, 2H), 2.79 (t, J = 7.4 Hz, 1H), 2.53 (s, 1H), 2.18 — 1.99 (m, 1H),
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1.88 — 1.74 (m, 1H), 1.63 (dt, J = 12.9, 6.4 Hz, 1H): °C NMR (75 MHz, CDCls) 5 159.5,
154.7, 144.8, 137.6, 119.2, 62.6, 37.4, 32.8, 32.3, 30.1, 26.3, 25.3; HRMS (ESI") calcd for
C1pH1gNO (M+H)+ 192.1388, found 192.1385.

4-(5,6,7,8-Tetrahydroisoquinolin-3-yl)butan-1-ol (260): 19 mg, 95% vyield, light yellow
oil; *H NMR (300 MHz, CDCls) & 8.16 (s, 1H), 6.82 (s, 1H), 3.66 (t, J = 6.3 Hz, 2H), 3.11 (s,
1H), 2.80 — 2.63 (m, 6H), 1.88 — 1.69 (m, 6H), 1.69 — 1.52 (m, 2H); **C NMR (75 MHz,
CDCls) 6 158.5, 149.6, 146.8, 130.4, 123.0, 62.4, 37.0, 32.3, 28.9, 26.2, 26.1, 22.9, 22.6;
HRMS (ESI™) calcd for C13H20NO (M+H)* 206.1545, found 206.1544.

Methyl 2-(2-(6,7-dihydro-5H-cyclopenta[c]pyridin-3-yl)phenyl)acetate (270): 24.7 mg,
93% vyield, yellow oil; *H NMR (300 MHz, CDCls) & 8.48 (s, 1H), 7.49 — 7.40 (m, 1H), 7.34
(dd, J = 3.6, 2.3 Hz, 4H), 3.81 (s, 2H), 3.61 (s, 3H), 2.96 (td, J = 7.5, 3.7 Hz, 4H), 2.14 (p, J
= 7.5 Hz, 2H); *C NMR (75 MHz, CDCl3) § 172.6, 157.1, 154.4, 144.8, 141.2, 138.5, 132.6,
131.3, 130.0, 128.3, 127.4, 120.2, 52.0, 39.3, 32.9, 30.2, 25.2; HRMS (ESI") calcd for
C17H1gNO, (M+H)" 268.1338, found 268.1334.

Methyl 2-(2-(5,6,7,8-tetrahydroisoquinolin-3-yl)phenyl)acetate (271): 24.2 mg, 86%
yield, yellow oil; *"H NMR (300 MHz, CDCls) & 8.32 (s, 1H), 7.41 (dt, J = 5.5, 2.3 Hz, 1H),
7.34 (d, J = 2.7 Hz, 3H), 7.13 (s, 1H), 3.81 (s, 2H), 3.62 (s, 3H), 2.88 — 2.67 (M, 4H), 1.94 —
1.74 (m, 4H); *C NMR (75 MHz, CDCl3) & 172.6, 156.2, 149.7, 146.6, 140.8, 132.5, 131.4,
131.3, 129.9, 128.3, 127.4, 124.1, 52.0, 39.3, 29.0, 26.2, 22.8, 22.6; HRMS (ESI") calcd for
C1gH20NO, (M+H)" 282.1494, found 282.1493.

Representative procedure for compounds 254-255, 261-262, 274-275: Piperidine polymer
bound (Sigma-Aldrich, 3 mmol/g, 64 mg, 2 eq.) was added to compound 257 (17 mg)
dissolved in dry DCM (2.4 mL) in a flame dried vial. This mixture was shaken for 5 min and
then cooled to 0 °C. Methane sulfonyl chloride (1.5 eg.) was added dropwise at 0 °C, and the

resulting mixture was shaken at room temperature for 1 h. The resin was filtered through a
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cotton plug and rinsed with DCM (2 mL) and MeOH (2 mL). The filtrate was concentrated
and the residue was dissolved in H,O (2 mL) and extracted with EtOAc (3 x 2 mL). The

aqueous layer was concentrated to dryness to give the pure pyridinium compound.

1,2,3,6,7,8-Hexahydrocyclopenta[flindolizinium methanesulfonate (254): 23 mg, 94%
yield, pale yellow oil; *H NMR (300 MHz, CDCl3) § 9.04 (s, 1H), 7.65 (s, 1H), 4.93 (t, J =
7.6 Hz, 2H), 3.40 (t, J = 7.6 Hz, 2H), 3.04 (t, J = 7.5 Hz, 4H), 2.56 (s, 3H), 2.45 (p, J = 7.6
Hz, 2H), 2.17 (p, J = 7.6 Hz, 2H); **C NMR (101 MHz, CDCls) § 165.4, 156.0, 143.9, 137.3,
119.7, 58.6, 39.5, 33.6, 31.9, 30.3, 25.4, 22.2; HRMS (ESI") calcd for C1;HyN * 160.1121,
found 160.1123.

2,3,6,7,8,9-Hexahydro-1H-pyrrolo[1,2-b]isoquinolinium methanesulfonate (255): 25 mg,
100% yield, pale yellow oil; *H NMR (300 MHz, CDCls) § 9.05 (s, 1H), 7.50 (s, 1H), 4.94 (t,
J=7.5Hz, 2H), 3.38 (t, J = 7.6 Hz, 2H), 2.88 (s, 4H), 2.61 (s, 3H), 2.54 — 2.28 (m, 2H), 1.96
—1.56 (m, 4H); *C NMR (75 MHz, CDCl3) § 157.6, 153.5, 141.3, 136.6, 123.8, 58.4, 39.5,
31.7,29.8, 26.1, 21.9, 21.2, 21.2; HRMS (ESI") calcd for C1,HigN™ 174.1277, found
174.1278.

2,3,6,7,8,9-Hexahydro-1H-cyclopenta[b]quinolizinium methanesulfonate (261): 21.3 mg,
98% yield, pale yellow oil; *H NMR (300 MHz, CDCl3) § 9.20 (s, 1H), 7.52 (s, 1H), 4.83 (t,
J=6.0 Hz, 2H), 3.17 (t, J = 7.1 Hz, 4H), 3.09 (t, J = 7.6 Hz, 2H), 2.71 (s, 3H), 2.32 — 2.10
(m, 4H), 2.00 (p, J = 6.6 Hz, 2H); *C NMR (75 MHz, CDCl3) & 164.4, 153.0, 143.4, 141.5,
123.5, 55.7, 39.7, 33.7, 30.6, 28.8, 25.2, 21.5, 18.0; HRMS (ESI") calcd for Ci,HigN”
174.1277, found 174.1276.

1,2,3,4,7,8,9,10-Octahydropyrido[1,2-b]isoquinolinium methanesulfonate (262): 22.8 mg,
93% vyield, pale yellow oil; *H NMR (300 MHz, CDCl3) & 9.14 — 8.96 (m, 1H), 7.38 (s, 1H),
472 (t,J = 6.1 Hz, 2H), 3.10 (t, J = 6.7 Hz, 2H), 2.89 (d, J = 15.0 Hz, 4H), 2.68 (s, 3H), 2.17
— 2.02 (m, 2H), 2.02 — 1.88 (m, 2H), 1.86 — 1.72 (m, 4H); **C NMR (75 MHz, CDCls) &
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157.0, 150.6, 145.1, 136.3, 127.7, 54.9, 39.6, 29.3, 27.8, 25.8, 21.4, 21.3, 21.2, 17.9; HRMS
(ESI™) calcd for Cy3H1gN™ 188.1434, found 188.1434.

6,9,10,11-Tetrahydro-5H-cyclopenta[4,5]pyrido[2,1-a]isoquinolinium methanesulfonate
(274): 9.4 mg, 93% yield, white solid; *H NMR (300 MHz, CDCls) & 9.62 (s, 1H), 8.06 (s,
1H), 7.89 (d, J = 7.2 Hz, 1H), 7.61 — 7.43 (m, 2H), 7.39 (d, J = 7.7 Hz, 1H), 5.05 (t, J = 6.6
Hz, 2H), 3.36 — 3.12 (m, 6H), 2.77 (s, 3H), 2.28 (p, J = 7.7 Hz, 2H); **C NMR (75 MHz,
CDCl3) 6 165.5, 146.7, 144.0, 142.5, 136.0, 133.4, 128.9, 128.8, 126.4, 126.4, 119.0, 54.8,
39.7,34.1, 30.8, 27.4, 25.2; HRMS (ESI") calcd for C1HigN* 222.1277, found 222.1277.

5,6,9,10,11,12-Hexahydroisoquino[3,2-a]isoquinolinium methanesulfonate (275): 9.3 mg,
100% vyield, white solid; *H NMR (300 MHz, CDCls) & 9.45 (s, 1H), 7.95 — 7.85 (m, 2H),
7.56 — 7.39 (m, 2H), 7.34 (d, J = 7.4 Hz, 1H), 4.95 (t, J = 6.5 Hz, 2H), 3.30 — 3.15 (m, 2H),
3.09 — 2.91 (m, 4H), 2.73 (s, 3H), 1.96 — 1.73 (m, 4H); *C NMR (75 MHz, CDCl5)  158.2,
146.1, 144.6, 137.1, 135.5, 133.0, 128.8, 128.8, 126.3, 125.9, 123.2, 54.0, 39.6, 29.9, 27.2,
26.0, 21.3; HRMS (ESI™) calcd for Cy7H1gN* 236.1434, found 236.1435.

Representative procedure for compounds 263-266 and 276-277: NaBH,4 (8.5 mg, 0.225
mmol, 2.5 eq.) was added to a solution of 254 (23 mg, 0.09 mmol) in 2.2 mL H,O/MeOH
(1:1). When the bubbling subsided, the reaction mixture was refluxed for 20 min. The
reaction mixture was cooled to rt, sat. NH4,Cl (4 mL) was added, and the mixture was
extracted with DCM (4 x 3 mL). The organic layers were dried over Na,SO,, filtered and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 10% MeOH/DCM to deliver the amine 263.

2,3,5,6,7,8,9,9a-octahydro-1H-cyclopenta[f]indolizine (263): 12.6 mg, 86% vyield, yellow
oil; *H NMR (300 MHz, CDCl3) § 3.67 (d, J = 15.5 Hz, 1H), 3.59 — 3.41 (m, 1H), 3.12 (d, J
= 13.8 Hz, 1H), 2.83 (bs, 1H), 2.60 (bs, 1H), 2.45 — 2.05 (m, 8H), 2.05 — 1.72 (m, 4H); *C
NMR* (75 MHz, CDCl3) 6 53.0, 51.7, 35.3, 33.5, 30.5, 29.9, 29.3, 22.8, 21.5; IR (DCM)
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2927, 2703, 1640, 1457 cm™'; HRMS (ESI*) calcd for CiiHigN (M+H)" 164.1439, found

164.1434. *Not all quaternary carbon centers were visible in the spectrum.

1,2,3,5,6,7,8,9,10,10a-decahydropyrrolo[1,2-b]isoquinoline (264): 6.5 mg, >99% vyield,
yellow oil; *H NMR (300 MHz, CDCls) & 3.46 (d, J = 14.5 Hz, 2H), 3.02 (d, J = 13.5 Hz,
1H), 2.76 (bs, 1H), 2.59 (bs, 1H), 2.35 — 2.00 (m, 4H), 2.00 — 1.76 (m, 6H), 1.76 — 1.61 (m,
2H), 1.59 — 1.38 (m, 2H); *C NMR (100 MHz, CDCls) & 127.9, 61.2, 53.9, 53.2, 34.0, 29.9,
29.5,27.3, 22.6, 22.4, 20.9; IR (DCM) 2927, 2708, 1650, 1447 cm™'; HRMS (ESI*) calcd for
C12HzoN (M+H)* 178.1596, found 178.1593.

1,2,3,4,6,7,8,9,9a,10-decahydrocyclopenta[b]quinolizine (265): 10.5 mg, 70% vyield,
yellow oil; *H NMR (300 MHz, CDCls) § 3.39 (d, J = 16.4 Hz, 1H), 3.15 (d, J = 11.6 Hz,
1H), 2.89 (d, J = 15.2 Hz, 1H), 2.48 — 2.17 (m, 6H), 2.11 (bs, 2H), 1.96 — 1.66 (m, 6H), 1.62
—1.43 (m, 1H), 1.44 — 1.30 (m, 1H); °C NMR (75 MHz, CDCl3) & 133.3, 58.4, 55.9, 55.1,
35.4,33.9, 33.1, 32.6, 29.9, 25.1, 23.8, 22.2; IR (DCM) 2926, 2734, 1635, 1453 cm'; HRMS
(ESI™) calcd for C1oHxoN (M+H)" 178.1596, found 178.1591.

2,3,4,6,7,8,9,10,11,11a-decahydro-1H-pyrido[1,2-b]isoquinoline (266): 8 mg, >99% yield,
yellow oil; *H NMR (300 MHz, CDCls) & 3.07 — 2.89 (m, 2H), 2.62 (d, J = 15.1 Hz, 1H),
2.20 — 1.96 (m, 2H), 1.94 — 1.78 (m, 6H), 1.78 — 1.60 (m, 6H), 1.57 — 1.41 (m, 2H), 1.38 —
1.25 (m, 2H); *C NMR (75 MHz, CDCls) § 126.7, 58.4, 57.9, 55.4, 37.1, 32.3, 29.2, 27.2,
24.9, 23.7, 22.8, 22.7; IR (DCM) 2921, 2734, 1661, 1442 cm™'; HRMS (ESI*) calcd for
Ci3H2oN (M+H)" 192.1747, found 192.1749.

5,6,8,9,10,11,12,12a-Octahydrocyclopenta[4,5]pyrido[2,1-a]isoquinoline (276): 5 mg,
>99% yield, light yellow solid; *H NMR (300 MHz, CDCls) § 7.25 — 7.05 (m, 4H), 3.53 (dd,
J=10.5, 4.0 Hz, 1H), 3.37 (d, J = 15.1 Hz, 1H), 3.29 — 2.95 (m, 3H), 2.81 — 2.53 (m, 3H),
2.45 — 2.25 (m, 4H), 2.22 — 2.07 (m, 1H), 1.98 — 1.83 (m, 2H); **C NMR (100 MHz, CDCls)
0 134.8, 134.2, 128.9, 126.1, 125.6, 59.8, 56.3, 51.6, 35.6, 34.5, 34.0, 30.0, 22.6; IR (DCM)
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3020, 2921, 2734, 1495, 733 cm '; HRMS (ESI") calcd for CigHxN (M+H)" 226.1596,
found 226.1594.

5,8,9,10,11,12,13,13a-Octahydro-6H-isoquino[3,2-a]isoquinoline (277): 6.5 mg, >99%
yield, light yellow solid; *H NMR (300 MHz, CDCls) § 7.23 — 7.05 (m, 4H), 3.57 — 3.40 (m,
1H), 3.29 — 3.11 (m, 2H), 3.11 — 3.00 (m, 1H), 2.92 (d, J = 15.9 Hz, 1H), 2.70 (d, J = 15.8
Hz, 1H), 2.60 — 2.43 (m, 2H), 2.21 — 2.05 (m, 1H), 1.93 (bs, 4H), 1.81 — 1.66 (m, 2H), 1.61 —
1.44 (m, 2H); *C NMR (75 MHz, CDCls) 6 138.6, 134.6, 128.9, 127.3, 126.9, 126.1, 125.5,
59.8, 59.7, 51.2, 38.3, 29.7, 29.6, 27.5, 23.0, 22.9; IR (DCM) 3050, 2921, 2734, 1494, 739
cm ', HRMS (ESI™) caled for C17H2N (M+H)* 240.1752, found 240.1750.

Representative procedure for compounds 272-273: LiAIH, (6.5 mg, 0.171 mmol, 2 eq.)
was added to a solution of 270 (24 mg, 0.085 mmol) in 1.7 mL THF at 0 °C and stirred for
30 min. Ether (1.9 mL) was added followed by the addition of H,O (7.9 pL), 4 M NaOH (7.9
ML), and H,O again (15.8 pL) and the mixture was stirred for 30 min at rt. The mixture was
filtered through Celite, and the filtrate was dried over MgSO,4 and concentrated to give the
alcohol 272.

2-(2-(6,7-Dihydro-5H-cyclopenta[c]pyridin-3-yl)phenyl)ethanol (272): 20 mg, 91% vyield,
yellow oil; *H NMR (300 MHz, CDCls) & 8.44 (s, 1H), 7.42 — 7.37 (m, 3H), 7.35 (s, 1H),
7.33-7.25 (m, 1H), 3.99 (t, J = 5.7 Hz, 2H), 2.99 (t, J = 7.5 Hz, 4H), 2.94 — 2.83 (m, 2H),
2.17 (p, J = 7.5 Hz, 2H); *C NMR (75 MHz, CDCls) 5 156.5, 156.0, 143.2, 140.3, 138.9,
138.9, 130.7, 130.0, 129.0, 126.5, 120.9, 64.4, 35.5, 33.0, 30.2, 25.3; HRMS (ESI") calcd for
C16H1sNO (M+H)" 240.1388, found 240.1384.

2-(2-(5,6,7,8-Tetrahydroisoquinolin-3-yl)phenyl)ethanol (273): 21 mg, 98% vyield, yellow
oil; *H NMR (300 MHz, CDCl3) & 8.29 (s, 1H), 7.42 — 7.35 (m, 2H), 7.34 (s, 1H), 7.33 - 7.24
(m, 1H), 7.22 (s, 1H), 4.04 — 3.92 (m, 2H), 2.93 — 2.85 (m, 2H), 2.86 — 2.72 (m, 4H), 1.93 —
1.76 (m, 4H); **C NMR (75 MHz, CDCls) & 155.5, 148.2, 148.0, 140.0, 138.9 131.8, 130.8,
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129.9, 129.0, 126.4, 124.8, 64.4, 35.5, 29.1, 26.1, 22.7, 22.5; HRMS (ESI") calcd for
C17H2oNO (M+H)" 254.1545, found 254.1542.

1-Methoxy-3-(2-methylbut-3-yn-2-yl)indolin-2-one (279): A solution of NH,CI (1.01 g,
18.88 mmol in 9 mL H,0) was added to a solution of 278 (1.16 g, 4.45 mmol) in MeOH (38
mL) followed by Zn dust (3.08 g, 47.4 mmol). The mixture was stirred at room temperature
for 2 h, and filtered through a plug of Celite which was subsequently washed with hot MeOH
(40 mL). The MeOH was evaporated, brine (20 mL) was added, extracted with DCM (20
mL), and the DCM layer was dried over Na,SOy, filtered and concentrated to dryness. The
crude mixture was dissolved in dry DCM (28 mL) and PPh3 (1.48 g, 5.66 mmol) and MeOH
(229 pL, 5.66 mmol) were added. The solution was cooled to 0 °C, DIAD (1.12 mL, 5.66
mmol) was added slowly and the reaction mixture was stirred at 0 °C until the reaction was
complete as indicated by TLC (hexanes/EtOAc, 2:1). The solution was concentrated and the
product was purified by flash silica gel chromatography, eluting with hexanes/EtOAc (4:1) to
give 279 (613 mg, 60%) as a yellow solid. The analytical data was identical with literature

reports.’®

1-Methoxy-3-(2-methylbut-3-yn-2-yl)-3-(3-(trimethylsilyl)prop-2-ynyl)indolin-2-one

(280): A solution of compound 279 (67 mg, 0.292 mmol) in DMF (1.5 mL) was added
dropwise to a suspension of NaH (60%, 17.5 mg, 0.438 mmol) in DMF (1.5 mL) at 0 °C. The
mixture was stirred for 10 min at 0 °C, 3-bromo-1-trimethylsilyl-1-propyne (71 uL, 0.438
mmol) was added dropwise, and stirring was continued for 15 min at 0 °C. Sat. NH4CI (4
mL) was added and the aqueous layer was extracted with EtOAc (4 mL). The organic layer
was washed with H,O (2 x 2 mL) and brine (2 mL), dried over MgSO,, filtered and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 10% EtOAc/hexanes to give 280 (64 mg, 65%) as a light yellow oil. *H NMR (300
MHz, CDCl3) 6 7.69 (d, J = 7.6 Hz, 1H), 7.37 — 7.28 (m, 1H), 7.13 — 7.06 (m, 1H), 6.96 (d, J
= 7.7 Hz, 1H), 4.00 (s, 3H), 3.10 (d, J = 1.2 Hz, 2H), 2.34 (s, 1H), 1.52 (s, 3H), 1.06 (s, 3H),
-0.15 (s, 9H); *C NMR (75 MHz, CDCls) & 171.1, 140.7, 128.6, 126.8, 125.7, 123.0, 106.6,
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101.7, 88.5, 86.9, 71.7, 63.3, 54.8, 37.4, 25.4, 24.8, 24.3, -0.2; HRMS (ESI") calcd for
Ca0H26NO,Si (M+H)" 340.1733, found 340.1732.

3-(4-Hydroxybutyl)-1'-methoxy-5,5-dimethyl-5,7-dihydrospiro[cyclopenta[c]pyridine-
6,3'-indol]-2'(1'H)-one (282): The diyne 280 (20 mg, 0.059 mmol) and 5-
hydroxypentanenitrile (256) (58 mg, 0.589 mmol) were added to a flame dried microwave
vial and dissolved in xylenes (1.5 mL). CpCo(CO); (1.4 pL, 0.012 mmol, 20 mol %) was
added and the vial was irradiated at 300 W for 90 min to 200 °C in a CEM Discover
microwave synthesizer. The mixture was evaporated to dryness and a mixture of the silylated
and non-silylated cyclotrimerization product was isolated by flash silica gel chromatography,
eluting with 4:1 hexanes/EtOAc to 10% MeOH/EtOAc. The remaining TMS groups were
removed through a desilylation in THF (2 mL)/H,O (200 pL) with KF (8 mg) under
microwave irradiation at 300 W for 2 min in a CEM Discover synthesizer. The solution was
dried over MgSOQ,, filtered and concentrated to dryness. The residue was purified by flash
silica gel chromatography, eluting with 10% MeOH/EtOAc to give 282 (10.7 mg, 42%) as a
yellow oil that solidified over time. *H NMR (300 MHz, CDCl3) & 8.40 (s, 1H), 7.28 (dt, J =
7.7, 1.0 Hz, 1H), 7.02 — 6.87 (m, 3H), 6.78 — 6.70 (m, 1H), 4.01 (s, 3H), 3.69 (t, J = 6.3 Hz,
2H), 3.50 (d, J = 15.9 Hz, 1H), 3.13 (d, J = 15.9 Hz, 1H), 2.86 (t, J = 7.6 Hz, 2H), 1.93 -
1.78 (m, 2H), 1.75 — 1.59 (m, 2H), 1.33 (s, 3H), 1.08 (s, 3H); *C NMR (75 MHz, CDCls) §
173.4,161.4, 160.5, 144.8, 140.1, 133.3, 128.7, 127.9, 124.1, 123.0, 117.0, 107.5, 63.7, 62.4,
60.2, 51.2, 37.8, 37.5, 32.4, 26.2, 24.8, 24.6; HRMS (ESI") calcd for CyyH27N,03 (M+H)*
367.2022, found 367.2022.

3-(3-Hydroxypropyl)-1'-methoxy-5,5-dimethyl-5,7-dihydrospiro [cyclopenta[c]pyridine-
6,3'-indol]-2'(1'H)-one (281): The diyne 280 (30 mg, 0.088 mmol) and 4-
hydroxybutanenitrile (226) (75 mg, 0.881 mmol) were reacted following the same procedure
as 282 to give 281 (12.7 mg, 41%) as an orange oil that solidified over time. *H NMR (300
MHz, CDCls) & 8.42 (s, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.07 — 6.89 (m, 3H), 6.78 (d, J = 7.4
Hz, 1H), 5.37 (s, 1H), 4.02 (s, 3H), 3.84 — 3.64 (m, 2H), 3.50 (d, J = 15.9 Hz, 1H), 3.17 (d, J
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= 16.0 Hz, 1H), 3.01 (t, J = 6.7 Hz, 2H), 2.08 — 1.95 (m, 2H), 1.33 (s, 3H), 1.11 (s, 3H); 1°C
NMR (75 MHz, CDCl3) 6 173.3, 161.5, 160.6, 144.0, 140.2, 128.8, 127.5, 124.2, 123.1,
117.6, 107.6, 63.7, 62.5, 60.2, 51.3, 37.5, 35.3, 31.9, 29.9, 24.9, 24.8, 24.6; HRMS (ESI")
calcd for Cy1HasN»03 (M+H)* 353.1865, found 353.1863.

1'-Methoxy-1,1-dimethyl-2'-oxo-1,1',2",3,6,7,8,9-
octahydrospiro[cyclopenta[b]quinolizinium-2,3'-indole] methanesulfonate (284):
Compound 282 (19.5 mg, 0.532 mmol) was used following the procedure for 254-255, 261-
262, 274-275 to give 284 (24 mg, 100%) as a pale yellow oil that solidified over time. *H
NMR (300 MHz, CD30D) & 8.60 (s, 1H), 7.81 (s, 1H), 7.50 — 7.37 (m, 2H), 7.23 — 7.10 (m,
2H), 4.61 (t, J = 6.0 Hz, 2H), 3.98 (s, 3H), 3.67 (d, J = 17.1 Hz, 1H), 3.43 (d, J = 17.0 Hz,
1H), 3.34 — 3.26 (m, 4H), 2.69 (s, 3H), 2.26 — 2.14 (m, 2H), 2.12 — 1.97 (m, 2H), 1.38 (s,
3H), 1.33 (s, 3H); *C NMR (75 MHz, CD;0D) & 175.0, 170.8, 157.9, 141.9, 140.9, 140.3,
130.8, 127.1, 125.2, 124.8, 123.5, 109.1, 64.4, 61.5, 57.0, 52.8, 39.6, 37.5, 29.8, 26.9, 22.5,
21.7,18.9; HRMS (ESI™) calcd for CooHasN20," 349.1911, found 349.1911.

1'-Methoxy-8,8-dimethyl-2'-oxo-1',2,2",3,6,8-hexahydro-1H-
piro[cyclopenta[flindolizinium-7,3'-indole] methanesulfonate (283): Compound 281 (12.5
mg, 0.035 mmol) was used following the procedure for 254-255, 261-262, 274-275 to give
282 (12.5 mg, 82%) as a light green oil that solidified over time. *H NMR (300 MHz, CDCls)
39.02 (s, 1H), 7.52 (s, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.33 — 7.28 (m, 1H), 7.12 (t, J = 6.5 Hz,
1H), 7.02 (d, J = 7.7 Hz, 1H), 5.29 (s, 1H), 4.74 (s, 1H), 4.33 (s, 1H), 3.97 (s, 3H), 3.82 —
3.52 (m, 2H), 3.52 — 3.31 (m, 2H), 2.74 (s, 3H), 2.60 — 2.39 (m, 1H), 1.36 (s, 3H), 1.31 (s,
3H); *C NMR (101 MHz, CDCls) § 173.2, 170.6, 157.9, 140.5, 140.2, 137.2, 129.6, 126.4,
123.7, 123.5, 117.8, 107.8, 63.7, 60.3, 59.3, 51.6, 39.7, 37.3, 32.7, 27.1, 22.3, 21.5; HRMS
(ESI™) calcd for C1H23N,0," 335.1760, found 335.1758.

1'-Hydroxy-1,1-dimethyl-1,4,6,7,8,9,9a,10-octahydro-3H-
spiro[cyclopenta[b]quinolizine-2,3'-indol]-2'(1'H)-one (286): Compound 284 (24 mg,
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0.054 mmol) was used following the procedure for 263-266 and 276-277 to give 286 (13.6
mg, 72%) as a pale yellow solid. *H NMR (300 MHz, CDCl3) § 7.26 — 7.21 (m, 1H), 7.16 (d,
J=7.2 Hz, 1H), 7.01 — 6.91 (m, 2H), 3.99 (s, 3H), 3.33 (d, J = 16.4 Hz, 1H), 3.12 — 2.95 (m,
2H), 2.87 (bs, 1H), 2.34 (d, J = 15.5 Hz, 1H), 2.18 (bs, 2H), 1.99 (bs, 2H), 1.81 (bs, 2H), 1.70
(bs, 2H), 1.37 (bs, 2H), 1.19 (s, 3H), 0.70 (s, 3H); *C NMR (75 MHz, CDCl3) & 174.6,
139.9, 139.0, 128.0, 123.5, 122.7, 107.3, 63.7, 58.8, 57.7, 56.2, 55.2, 52.8, 41.2, 33.8, 30.2,
29.9, 26.0, 24.6, 23.8, 22.1; IR (DCM) 3057, 2931, 2853, 1723, 1614, 1463, 1322, 754 cm";
HRMS (ESI™) calcd for CoHaoN20, (M+H)* 353.2229, found 353.2228.

1'-Hydroxy-8,8-dimethyl-2,3,6,8,9,9a-hexahydro-1H,5H-spiro[cyclopenta[f]indolizine-
7,3'-indol]-2'(1"H)-one (285): Compound 283 (12 mg, 0.028 mmol) was used following the
procedure for 263-266 and 276-277 to give 285 (7.7 mg, 82%) pale yellow solid. *H NMR
(300 MHz, CDCl3) 6 7.39 (d, J = 7.5 Hz, 0.5H), 7.30 — 7.22 (m, 1H), 7.19 (d, J = 7.4 Hz,
1H), 7.08 — 6.91 (m, 2H), 4.00 (s, 3H), 3.99 (s, 1.5H), 3.54 (d, J = 15.4 Hz, 1H), 3.28 (t, J =
7.4 Hz, 1H), 2.89 (dd, J = 28.8, 15.8 Hz, 2H), 2.48 (dd, J = 31.9, 16.1 Hz, 3H), 2.31 — 2.09
(m, 2H), 2.02 (bs, 4H), 1.61 (bs, 2H), 1.17 (s, 3H), 1.10 (s, 1.5H), 0.86 (s, 1.5H), 0.77 (s,
3H); *C NMR* (101 MHz, CDCls) 5 128.2, 128.1, 125.3, 123.9, 123.1, 122.8, 107.4, 107.2,
63.7, 63.6, 60.6, 59.3, 53.5, 52.3, 52.2, 40.9, 30.2, 29.9, 23.6, 22.6, 22.4, 21.8; IR (DCM)
3062, 2927, 2854, 1723, 1614, 1463, 1322, 733 cm™'; HRMS (ESI*) calcd for Cy1Hz7N,0,
(M+H)" 339.2073, found 339.2070. *Not all quaternary carbon centers were visible in the

spectrum.
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CHAPTER 4: Toward the Synthesis of Streptonigrin and Lavendamycin via [2+2+2]

Cyclotrimerization Reaction

4.1 Streptonigrin and Lavendamycin Background

4.1.1 Streptonigrin

Streptomyces species produce a wide variety of biologically active natural products
including polyketides, peptides, and polysaccharides. In 1960 a novel metabolite,
streptonigrin (287), was isolated from Streptomyces flocculus.*® Streptonigrin showed broad-
spectrum antibiotic activity against gram-positive and gram-negative bacteria as well as
antitumor activity (Figure 4.1). The same compound was isolated in France as
rufochromomycin from S. rufochromogenes and S. echinatus and in the Soviet Union as
bruneomycin from Actinomyces albus var. bruneomycini.’***% In 1963 the structure of
streptonigrin was published.™®® The phenylpyridylquinolinequinone core structure was unique
for secondary metabolites from Streptomyces, and subsequent studies showed a novel

biochemical pathway was responsible for the production of streptonigrin.****%’

OCH3
streptonigrin (287)

Figure 4.1. Streptonigrin (287).

The promise of its anticancer activity was short lived as clinical trials showed it to be
highly toxic.*** 1% In efforts to produce less toxic analogues, structure-activity relationship
studies were conducted by various groups to determine the key components for biological
activity.’**?% The partial structure 288 was determined as the minimum structure required

for activity (Figure 4.2).2% Interestingly, this partial structure contains possible metal binding
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groups. In fact, a redox active metal such as Fe or Cu is necessary for full anticancer

activity. 2420

288
Figure 4.2. Minimal structural requirements for biological activity.

The interesting structure and promising biological activity of streptonigrin made its
synthesis quite desirable from both the chemical and biological perspectives. Many
approaches to the core structure have been developed including models of the C-, AB-, CD-,
ABC-, and ABCD-ring systems.® To date, there have been two total syntheses of
streptonigrin. The first, by Weinreb, took 20 years and more than 30 steps to complete in
1980 and was followed by Kende’s total synthesis in 1981.2°> %% The Boger group completed

a formal synthesis of streptonigrin in 1985.*

4.1.2 Lavendamycin

In 1982, the isolation of lavendamycin (289) was reported from Streptomyces
lavendulae and established its structure as a tricyclic f-carboline subunit attached to a 7-
aminoquinolinequinone (Figure 4.3).2> #3 The structural similarity with streptonigrin is

clearly distinguished and lavendamycin’s role in the biosynthetic pathway of streptonigrin as

208

an intermediate or a metabolite is a possibility.“™ As streptonigrin, lavendamycin displayed

antibiotic activity as well as antitumor activity®® 2

214-219

and has attracted much synthetic

interest. Several formal syntheses and four total syntheses of lavendamycin methyl ester

have been reported,87' 220-223
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lavendamycin (289)
Figure 4.3. Lavendamycin (289).

4.2 Attempted Synthesis of Streptonigrin

A new route to synthesize streptonigrin was explored using a [2+2+2]
cyclotrimerization reaction. The route involves a silicon ether linkage similar to the synthesis
of the pyridines shown in Scheme 1.51 and one that will be discussed in Chapter 7.
Retrosynthetically, streptonigrin (287) would be obtained by opening the silylether seven-
membered ring of 290 with TBAF (Scheme 4.1). The fully substituted pyridine ring of 290
could be formed regioselectively using the [2+2+2] cyclotrimerization reaction between the
diyne 291 and the quinolinequinone nitrile 292. The silyl ether diyne 293 would be formed
from the commercially available salicylaldehyde derivative 294. The silyl alkyne linkage is
slightly different from the one in Scheme 1.51 in that it has a methylene between the silicon
and the alkyne and is also a phenolic ether, but similar linkages have been made

previously.?*
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streptonigrin (287) 290

/—==—CH,0Bn =
(i- Pr)zsl (i-Pr),Si
MeO o Meo b MeQ  OH
L= B TR o S
MeO MeO =—TMS
»o1 293 294

Scheme 4.1. Retrosynthetic analysis of streptonigrin (287) using a silicon tether.

Model studies were conducted to determine an appropriate route. The first was to
synthesize a silyl ether diyne to determine if the seven-membered silyl ether ring can be
constructed with the cyclotrimerization reaction conditions. The initial step was the
installation of a triple bond on commercially available 2-iodophenol (295) using a
Sonogashira reaction to obtain 296 in 94% yield (Scheme 4.2). A subsequent reaction of the
phenol 296 with diisopropyl chlorosilane 297 was attempted to form 298, but purification
was difficult due to the instability of the silyl ether.

=—TMS Y
OH Pd(PPh;),Cl, T™MS Sl
| Cul TEA TEA, DMQZ Y
dloxane ©/
94%
295 298

Scheme 4.2. Attempt to form diisopropyl silyl phenol 298.

The route was changed since it was thought that if the propargyl group was already
attached to the diisopropyl silane, then the phenolic ether may be more stable. The Grignard
reagent derived from propargyl bromide was generated in the presence of ZnBr,?*®> and

reacted with chloro diisopropylsilane (297) but the silane 299 was not detected.
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1. Mg, ZnBr, )\H)\
/ — Etzo S|
Br /
)\ )\ 299

297

Scheme 4.3. Attempt to form propargyl diisopropylsilane 299.

When the (3-bromoprop-1-ynyl) trimethylsilane (300) was used to generate the Grignard and
reacted with chloro diisopropylsilane (297), the alkyne intermediate 301 was formed, but not
isolated (Scheme 4.4). The in situ formed bromide was reacted with the phenol 296 in the

presence of TEA and DMAP to furnish the diyne 302 in 67% vyield over three steps.

———TMS
1. Mg, ZnBr, )\ 1. NBS i-P)-Si
Et,O H- DCM (I I’)2 |\
/;TMS 2 Si O
Br
2. 296
300 2. / _
TEA, DMAP ——TM
/‘\g)\ TMS S
N 301 67% 3 steps 302

297

Scheme 4.4. Synthesis of silyl ether diyne 302.

Using propionitrile, the standard microwave mediated CpCo(CO), -catalyzed
cyclotrimerization reaction was attempted with the bis-TMS protected diyne 302 but no
pyridine product 303 of either regioisomer was obtained (Scheme 4.5). The only result from

the reaction was unreacted starting material 302 and phenol 296.

/— TMS )\ B—

(i-P),Si ECN Si TMS
\O CpCo(CO) O/
] Ny—Et
___ 300w, 60 min, _
=——TMS toluene N
TMS
302 303

Scheme 4.5. Attempted cyclotrimerization with diyne 302.
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In order to increase the reactivity of the diyne, the TMS groups must be removed to
form terminal alkynes 304. This was first attempted by exposure to K,CO3 in MeOH, but not
surprisingly, the silyl ether bond was cleaved before the TMS was removed from the alkyne
to form the phenol 296 (Scheme 4.6).

——TMS

(i-Pr),Si (i-Pr),Si OH ™S
° K,COs ° .
MeOH only
— TMS —
302 304 296

Scheme 4.6. Cleavage of TMS groups with K,CO3 only formed 296.

Different TMS deprotection conditions were tested to selectively cleave the alkynyl
TMS groups and not the silyl ether bond. AgNO3 has been shown to exclusively perform
alkynyl desilylation,””® but when exposed to 302, no product was formed nor were other side
products found (Scheme 4.7).

=—TMS —
i-Pr),Si i-Pr),Si
(l I')2 l\o AgNO3 ( )2 \O
THF/H,O/EtOH
——TMS 2,6-lutidine =
302 304

Scheme 4.7. Attempted cleavage of TMS groups with AgNOs.

After a successful cyclotrimerization precursor using this silyl linker strategy was not
found, the synthesis toward streptonigrin using a cyclotrimerization reaction with a
removable silyl tether was not further pursued. One of the most difficult aspects of the
cyclotrimerization reaction is obtaining a diyne that is suitable for the desired outcome.
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4.3 Attempted Synthesis of Lavendamycin

A new route to synthesize lavendamycin (289) was attempted next, as we envisioned
lavendamycin (289) being formed by an internal coupling of the aniline and bromide of 305,
which was to be obtained by opening the lactone ring of 306 (Scheme 4.8). The lactone 306
will be formed by the cyclotrimerization reaction between the amide diyne 307 and the
quinolinequinone nitrile 308. The diyne 307 will be prepared from the coupling of the
alkynyl carboxylic acid 310 and the alkynyl aniline 309 starting from commercially available
2-iodoaniline (311).

lavendamycin (289) © 305 306

0% o8 o

NC N\ NH, NH, // TMS o) NH,

—> WMo —> + — '
Z HO \\ OBn
X o)
Br
307 308 309 310 311

Scheme 4.8. Retrosynthetic analysis of lavendamycin (289).

The model synthesis towards lavendamycin commenced with 2-iodoaniline (311),
where trimethylsilylacetylene was installed via a Sonogashira coupling to obtain the aniline
309 in 92% yield. This was followed by a DCC amide coupling reaction with the carboxylic
acid 310, which was formed by deprotonation of propargyl benzyl ether 312 with CO,
addition, to afford the amide diyne 313 in 55% vyield (Scheme 4.9). Installation of the
bromide on the alkyne 307 was unsuccessful by reacting the TMS protected diyne 313 with
NBS in the presence of AgNO3.%’
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"THF, -78 °C
% oBn —mmm> HO \
2.CO, X__0OBn
312 87% 310
=—TMS 310 = OBn =~ ~0Bn
Z2 Z2
NH, Pc(j:(PPha)Clz NHp __TMs  DCC, © NBg ©
ul, TEA DMAP AgN
I 4 NH % NH
dioxane DCM DMF
92% 55% X A
311 309 313 T™S 307 Br

Scheme 4.9. Formation of amide diyne 313 and unsuccessful installation of the bromide.

Removal of the TMS protecting group on 309 was achieved in 86% vyield to furnish 314 to
undergo another amide coupling reaction with 310 generating a mixture of product 315 and
the DCC byproduct (Scheme 4.10). This was used for the bromination with NBS to afford
the bromo diyne 307 in 21% yield over two steps.**’

310 =
NH, TMS NH2 DCC, " \BS
= K,CO3 DMAP AgNO4
7 _— —» —_—
MeOH <j&
307 Br

©
3
>

\\ 21% 2 steps
309 314

Scheme 4.10. Formation of amide diyne 315 and successful installation of the bromide.

With the bromo diyne 307 in hand, model cyclotrimerization reactions were
conducted before the synthesis with the nitrile 308 was performed. First, the diyne was
reacted with 2-cyanopyridine as it has similar functionality as the nitrile 308 that would be
used for the synthesis of lavendamycin (Scheme 4.8). The cyclotrimerization reaction to form
316 did not proceed under cobalt catalyzed microwave conditions as the starting diyne 307
was the only compound that was isolated (Scheme 4.11). To simplify the reaction,
propionitrile was subjected to the same conditions to form 317, but again, only starting diyne
307 was present after the reaction. Since this diyne 307 did not seem to be reactive with the
cyclotrimerization reaction conditions, a different approach was designed to synthesize

lavendamycin.
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CN

| X
OBn =N
CpCo(CO),
N =z 300W, 40 min
o) toluene
X
Br
307
OBn H
EtCN N o
H P CpCo(CO),
N = 300W, 40 min
% = I OBn
0 toluene N
X Br Y
Br Et
307 317

Scheme 4.11. Model cyclotrimerization reactions of bromo diyne 307.

The new approach is more direct than the one described above (Scheme 4.8):
lavendamycin (289) will be formed directly from the cyclotrimerization reaction product of
318 and a nitrile ester 319 (Scheme 4.12). The design of this approach was coincidentally the
same approach that was used later by the Detert lab for the total synthesis of lavendamycin.®’
The diyne used will be a result of the Sonogashira coupling of the iodo 321 and the simpler
diyne 320. The model cyclotrimerization reaction that was of interest was a cobalt catalyzed

reaction of diyne 322 and various nitriles to provide the pyridine product 323.
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=
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N 17N NH,
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320 R 321 O
Model Study:
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// |\ R >
N
R4
322 323

Scheme 4.12. New retrosynthesis of lavendamycin (289) and model study desired.

The synthesis of the diyne began with tosylation of commercially available (2-
aminophenyl)methanol (324) to produce the alcohol 325, which was oxidized to the aldehyde
using PCC to give 326 (Scheme 4.13). Meanwhile, TMS protected 2-ethylny pyridine 328
was made in 91% yield by coupling 2-bromopyridine (327) with trimethylsilyl acetylene
under palladium catalyzed Sonogashira conditions. The TMS group was removed with
K>CO3 in methanol to form 329, which was exposed to NBS and AgNO3 to give the bromo
alkyne 330 in 78% yield (Scheme 4.13). To generate the ynamide moiety, 330 and 327 were
reacted following two different procedures. The first was a CuSO, mediated reaction,??®
which was previously performed by former group member Dr. Jesse Teske who obtained an
indole when an alkyne was installed in place of the aldehyde on 326. Having an aldehyde in
place did prevent the formation of any indole; however, it also seemed to prevent any
reaction from occurring at all. A second attempt using an iron catalyzed reaction was
conducted,?”® but again no product 331 was formed, and we decided to revisit a different
attempt that Dr. Jesse Teske (Deiters lab) previously made by employing ethynyl iodonium

salts.
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TsCI
NH NH

D M
324 98% 325 66% 326
=—TMS
Pd(PPh3)Cl,, NBS,
S cU| cho3 = AgNO,
| I =
Br N IPI’ZNH MeOH N DMF
327 91% 94% 329 8%
Cuso4 5H20
K,C
1,10+ phenanthrohne
= \O
/:Nj + m toluene, 70 ° @\)/(j
Pz
B s FeCl3-6H,0,
K,CO5, DMEDA
330 326 e

toluene, 90 ° é 331

Scheme 4.13. Attempted synthesis of ynamide aldehyde 331.

The known tosylamide 3323 was reacted with the iodonium salt 333°%° as Dr. Teske
previously had done in the synthesis of the diyne 334 in 83% yield (Scheme 4.14). Dr. Teske
was unsuccessful in the installation of the pyridine functionality via a Sonagashira reaction,

but iodobenzene could be coupled to the alkyne®!

under microwave irradiation using
Pd(PPh3), to form the phenyl diyne 335 in modest yield. This was used as an initial
cyclotrimerization test reaction precursor with acetonitrile under cobalt catalysis to form the
desired pyridine product 336a in 23% vyield and the reported Diels-Alder product®®* 336b in
15% vyield. Although the yields were low, the pyridine was formed, thus the synthesis could

move forward with the model pyridine system.
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iodobenzene,
FZ Pd(PPhs),,
CSZCO3 _ Cul
_— >
NH ©/ \TMS DMF/DCM N// TEA/toluene,

! MW, 60-70 °C
83% Ts
25%
CHsCN
= oh CpCo(CO)2 ©\/d ‘\/?
/ toluene
N 300W, 90 min
335 336a 336b
23% 15%

Scheme 4.14. Formation of phenyl diyne 335 and cyclotrimerization reaction to form 336a.

The Sonogashira coupling of the pyridine on 334 to furnish 337 in 59% yield went
smoother than for the phenyl coupling product 335 (Scheme 4.15). The cyclotrimerization
reaction, on the other hand was not successful. Using the same reaction conditions as before,
the starting diyne seemed to decompose in 90 min, but when the time was lowered to 3 x 10
min, there was no reaction, only starting diyne 337. When the reaction was allowed to heat
for 40 min, again only decomposition products were observed. This led us to believe that the
diyne was not stable to the temperatures that were needed to perform the cyclotrimerization

reaction with this cobalt catalyst.

2-iodopyridine,

gz Pd(PPh3)s, P = RCN

Z cul 7 |_ I cpco(co)
. N ——

N// TEA/toluene, N // toluene,

Ts MW, 60-70 °C Ts 300W, time
59%
334 337
R time (min)
CHj3 90
CHj3 30

CH,OCH, 40

Scheme 4.15. Formation of pyridine diyne 337 and cyclotrimerization reaction attempts to form 338.
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Following Yamamoto’s pyridine cyclotrimerization with Cp*RuCI(COD) as catalyst
with coordinating nitriles,?** we thought the reaction would proceed at room temperature as
reported. This would allow the reaction to form the product without the diyne 337
decomposing under the high reaction conditions. Under the reported reaction conditions with
2-methoxyacetonitrile and the diyne 337, there was no product 339 formation at room
temperature or at 60 °C (Scheme 4.16).

= 7 | CHaoCH,CN
- Cp*RuCI(COD)
N
N DCE, rt
Ts 24 h, then
60 °C 24 h

337

Scheme 4.16. Cyclotrimerization attempt with Cp*RuCI(COD).

Not too long after these disappointing results, the total synthesis of lavendamycin was
published, using almost the exact same method that we were attempting that was discussed in
Chapter 1 (Scheme 1.43).%” The only difference was the use of the more electron
withdrawing methyl cyanoformate that must be a better substrate for the ruthenium catalyst

than the 2-methoxyacetonitrile that was tested. This caused the project to be abandoned.

4.4 Conclusion and Outlook

The attempted [2+2+2] cyclotrimerization synthesis of streptonigrin using a
removable silyl linker was not successful because of the instability of the phenyl silyl ether
bond. If a more sterically hindered di-tert-butyl silyl group would have been used,?** perhaps
the stability would be enhanced for manipulation of the diyne for cyclotrimerization. A
model system like the one in Scheme 4.6, but with t-butyl groups on the silyl linker rather
than the diisopropyl groups would enhance the stability of 340 for the removal of the TMS
protecting groups (Scheme 4.16). If this is successful, the cyclotrimerization reaction of the
diyne 341 catalyzed by Cp*RuCI(COD) could be used in conjunction with the electron
deficient nitrile ester to form the pyridine 342. This could be explored in the future for the

first synthesis of streptonigrin with a cyclotrimerization reaction as the key step.
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=—TMS — _
(t-Bu),Si (t-Bu),Si. CNCO,Me  (t-Bu);Si - CO:Me
o KoCO3 % Cp*RuCI(COD o |
—————— > RN _
@_ MeOH i f toluene
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340 341 342

Scheme 4.17. Future silyl linker model system of streptonigrin.

The attempted [2+2+2] cyclotrimerization approach to lavendamycin was
unsuccessful because of the instability of the test diyne at high temperatures. Also the use of
a nitrile that was not electron withdrawing caused the cyclotrimerization reaction using the
ruthenium catalyst to not give the desired outcome. This can help in future syntheses to be
more aware of the electronics of the nitriles especially when using a ruthenium catalyst that

coordinates to nitriles, halides, and other electron withdrawing coordinating groups.?*?

4.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. THF, dioxane, and toluene were distilled from
sodium/benzophenone ketyl prior to use. DCM, DMF, MeOH, and CH3CN were distilled
from calcium hydride and stored over 4 A molecular sieves. Other reagents and solvents
obtained from commercial sources were stored under nitrogen and used directly without
further purification. n-BuLi was titrated against N-pivaloyl-o-toluidine.**® Flash
chromatography was performed with silica gel (60A, 40-63 pm (230 x 400 mesh),
Sorbtech).**® The 'H NMR and *C NMR spectra were recorded on a 300 MHz or 400 MHz
Varian NMR spectrometer. The microwave reactions were carried out in a CEM Discover
microwave synthesizer using closed vessel conditions and an IR sensor to monitor the

temperature.
2-[2-(Trimethylsilyl)ethynyl]phenol (296): To a solution of 2-iodophenol (295) (945 mg,

4.29 mmol) in dioxane (29 mL) was added Cul (82 mg, 0.429 mmol), Pd(PPh3),Cl, (151 mg,
0.214 mmol), TEA (844 pL, 6.44 mmol), and trimethylsilylacetylene (924 uL, 6.44 mmol) in
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that order. The mixture was stirred 2 h at rt and the solvent was removed under reduced
pressure. To the residue was added sat. NH,Cl (30 mL) and the aqueous layer was extracted
with ether (30 mL). The ether layer was washed with brine (30 mL), dried over Na,SQO,,
filtered, and concentrated for purification by silica gel chromatography eluting with 10%
EtOAc/hexanes to provide 296 (769 mg, 94%) as a dark yellow solid. *H NMR (300 MHz,
CDCl3) 6 7.38 = 7.31 (m, 1H), 7.29 — 7.19 (m, 1H), 6.94 (ddd, J = 8.3, 1.1, 0.4 Hz, 1H), 6.85
(td, J = 7.6, 1.1 Hz, 1H), 5.82 (d, J = 0.5 Hz, 1H), 0.32 — 0.24 (m, 9H).

Bis(propan-2-yl)(2-[2-(trimethylsilyl)ethynyl]phenoxy)[3-(trimethylsilyl)prop-2-yn-1-
l]silane (301): A vial containing Mg turnings (50.9 mg, 2.09 mmol) and ZnBr, (9.5 mg,
0.042 mmol) was flame dried under vacuum and allowed to stir dry for 2 h under vacuum.
Dry ether (800 pL) was added followed by (3-bromoprop-1-ynyl) trimethylsilane (300)
(169.5 pL, 1.05 mmol) and heated the vial with a heat gun to initiate the reaction.
Dibromoethane (2 drops) was added to the solution and the mixture began to boil which was
stirred for 1 h. The mixture was cooled to 0 °C, chloro diisopropylsilane (297) (134 pL, 0.788
mmol) was added dropwise, and the mixture was allowed to stir and warm to rt slowly. The
mixture was diluted with ether (3 mL), washed with sat. NH,CI (3 mL), brine (4 mL), dried
over Na,SOy, and filtered. The solution was evaporated under reduced pressure to afford the
crude silane (301) and taken up in dry DCM (3.5 mL). NBS (154 mg, 0.867 mmol) was
added slowly and stirred until the reaction was complete as indicated by TLC (hexanes). To
the solution was added a solution of DMAP (9.6 mg, 0.0788 mmol), TEA (122 uL, 0.867
mmol), and phenol 296 (150 mg, 0.788 mmol) in DCM (3.94 mL) and allowed to stir
overnight. The reaction mixture was concentrated, dissolved in ether (5 mL) and washed with
H,0 (2 x 5mL). The H,O layer was extracted with ether (5 mL) and the combined organic
layers were dried over Na,SO,, filtered, and concentrated for purification on silica gel
chromatography eluting with 10% EtOAc/hexanes to provide 302 (221 mg, 67%). *H NMR
(300 MHz, CDCl3) & 7.39 (dd, J = 7.7, 1.6 Hz, 1H), 7.17 (ddd, J = 8.3, 7.3, 1.7 Hz, 1H), 6.95
(dd, J = 8.3, 1.2 Hz, 1H), 6.88 (td, J = 7.5, 1.2 Hz, 1H), 1.91 (s, 2H), 1.41 — 1.30 (m, 1H),
1.20 - 1.08 (m, 12H), 0.23 (s, 9H), 0.10 (s, 9H).
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4-(Benzyloxy)but-2-ynoic acid (310): A solution of propargyl benzyl ether 312 (575 mg,
3.93 mmol) in THF (2 mL) was cooled to —78 °C, n-BuLi (1.8 mL, 4.33 mmol) was added
dropwise and allowed to stir at =78 °C for 1 h. CO, was bubbled through a needle in the
reaction mixture for 10 min by warming dry ice in a different flask which was connected to
the needle with a tube fitted with a drying tube. The reaction was allowed to warm to rt,
quenched with H,O (50 mL), and washed with EtOAc (2 x 25 mL). The water layer was
cooled to 0 °C, acidified with concentrated HCI, and extracted with EtOAc (50 mL). The
organic layer was dried over MgSQy,, filtered, and concentrated to give 310 (650 mg, 87%) as
an orange oil. *"H NMR (300 MHz, CDCls) § 7.42 — 7.30 (m, 5H), 4.63 (s, 2H), 4.32 (s, 2H).

2-[2-(Trimethylsilyl)ethynyl]aniline (309): To a solution of 2-iodoaniline (311) (1.06 g,
4.83 mmol) in dioxane (28 mL) was added Cul (92 mg, 0.483 mmol), Pd(PPhs).Cl, (170 mg,
0.241 mmol), TEA (950 uL, 7.24 mmol), and trimethylsilylacetylene (1.04 mL, 7.24 mmol)
in that order. The mixture was stirred 2h at rt and the solvent was removed under rotary
evaporation. To the residue was added sat. NH4CI (30 mL) and was extracted with ether (30
mL), then the ether layer was washed with brine (30 mL). The organic layer was dried over
Na,SOq, filtered, and concentrated for purification on silica gel chromatography eluting with
10% EtOAc/hexanes to provide 309 (842 mg, 92%) as a dark yellow liquid. *H NMR (300
MHz, CDCl3) & 7.29 (dt, J = 7.7, 1.1 Hz, 1H), 7.16 — 7.07 (m, 1H), 6.71 — 6.61 (m, 2H), 4.22
(bs, 2H), 0.26 (s, 9H).

4-(Benzyloxy)-N-[2-[2-(trimethylsilyl)ethynyl]phenyl]but-2-ynamide (313): A solution
containing 309 (52.4 mg, 0.277 mmol) and 310 (54 mg, 0.284 mmol) in DCM (1.4 mL) was
cooled to 0 °C and DCC (69 mg, 0.332 mmol) in DCM (1.4 mL) was added dropwise. The
solution was allowed to stir overnight at rt, then cooled to 0 °C, filtered and rinsed with DCM
(3 mL). The filtrate was washed with 1 M HCI (3 x 3 mL), sat. NaHCO3 (3 x 3 mL), and
H,0 (3 x 3 mL), dried over Na,SOq, filtered, and concentrated for purification on silica gel
chromatography eluting with 10% EtOAc/hexanes to provide 313 (54.5 mg, 55%) as a
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yellow oil. *H NMR (300 MHz, CDCls) & 8.40 — 8.25 (m, 2H), 7.43 (ddd, J = 7.7, 1.6, 0.6
Hz, 1H), 7.39 — 7.30 (m, 5H), 7.06 (td, J = 7.5, 1.0 Hz, 1H), 4.64 (s, 2H), 4.33 (s, 2H), 0.29
(s, 9H).

2-Ethynylaniline (314): To a solution of 309 (409 mg, 2.16 mmol) in MeOH (22 mL) was
added K,COj3 (597 mg, 4.32 mmol) and stirred 1h. The MeOH was removed at reduced
pressure, the residue was dissolved in EtOAc (10 mL), and washed with H,O (10 mL). The
aq. layer was extracted with EtOAc (2 x 10 mL) and the combined organic layers were
washed with brine (10 mL), dried over MgSQ,, filtered, and concentrated to provide 314
(217 mg, 86%) as a dark orange oil. *H NMR (300 MHz, CDCl3) & 7.32 (dd, J = 7.7, 1.6 Hz,
1H), 7.20 — 7.09 (m, 1H), 6.73 — 6.62 (m, 2H), 4.19 (bs, J = 32.5 Hz, 2H), 3.38 (s, 1H).

4-(Benzyloxy)-N-[2-(2-bromoethynyl)phenyl]but-2-ynamide (307): A solution containing
314 (32.5 mg, 0.277 mmol) and 310 (53 mg, 0.284 mmol) in DCM (1.4 mL) was cooled to 0
°C and DCC (69 mg, 0.332 mmol) was added dropwise in DCM (1.4 mL). The solution was
allowed to stir overnight at rt, then cooled to 0 °C, filtered and rinsed with DCM (3 mL). The
filtrate was washed with 1M HCI (3 x 3 mL), sat. NaHCO3 (3 x 3 mL), and H,0 (3 x 3 mL),
dried over Na,SOq, filtered, and concentrated for purification on silica gel chromatography
eluting with 20% EtOAc/hexanes to provide a mixture of the amide product 315 and a DCC
byproduct. This mixture (55 mg) was dissolved in DMF (1 mL), NBS (44 mg, 0.247 mmol),
and AgNO; (3.2 mg, 0.019 mmol) were added and the mixture was allowed to stir overnight.
H,0 (1 mL) was added and extracted with ether (3 x 1 mL) which was washed with H,O (2 x
3 mL) and brine (3 mL). The organic layer was dried over Na,SO,, filtered, and concentrated
for purification on silica gel chromatography eluting with 10% EtOAc/hexanes to give 307
(25.6 mg, 21%) as a yellow solid. *H NMR (300 MHz, CDCls) & 8.41 (dt, J = 8.2, 1.1 Hz,
1H), 7.49 — 7.41 (m, 1H), 7.41 — 7.36 (m, 4H), 7.36 — 7.27 (m, 3H), 4.68 (s, 2H), 4.39 (s,
2H); 3¢ NMR (101 MHz, CDCl3) 6 143.70, 141.13, 139.92, 137.00, 131.79, 128.77, 128.61,
128.48, 128.46, 128.41, 128.36, 126.74, 126.60, 120.30, 86.75, 78.58, 73.71, 72.32, 57.36.
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N-[2-(Hydroxymethyl)phenyl]-4-methylbenzene-1-sulfonamide (325): Pyridine (315 pL,
3.9 mmol) was added to a solution of (2-aminophenyl)methanol (324) (400 mg, 3.25 mmol)
in DCM (12 mL) followed by the addition of tosyl chloride (681 mg, 3.58 mmol) in DCM
(3.6 mL) dropwise. After 1 h, the solution was concentrated, EtOAc (15 mL) was added and
the solution was washed with sat. NH,CI (15 mL). The aqg. layer was extracted with EtOAc
(15 mL), and the combined organic layers were washed with brine (20 mL), dried over
MgSOs, filtered and concentrated to afford 325 (887 mg, 98%). *H NMR (300 MHz, CDCls)
8 7.85 (s, 1H), 7.69 — 7.60 (m, 2H), 7.44 (d, J = 8.0 Hz, 1H), 7.25 — 7.18 (m, 3H), 7.13 — 7.04
(m, 2H), 4.40 (d, J = 2.2 Hz, 2H), 2.38 (s, 3H).

N-(2-Formylphenyl)-4-methylbenzene-1-sulfonamide (326): To a solution of 325 (204 mg,
0.735 mmol) in DCM (14.7 mL) was added PCC (317 mg, 1.47 mmol) and stirred at rt for 4
h. The reaction mixture was filtered through a pad of silica gel and washed with DCM. The
solution was concentrated to give 326 (133 mg, 66%). *"H NMR (300 MHz, CDCls) & 10.78
(s, 1H), 9.83 (q, J = 0.7 Hz, 1H), 7.78 (d, J = 8.3 Hz, 2H), 7.74 — 7.64 (m, 1H), 7.59 (dd, J =
7.7, 1.6 Hz, 1H), 7.57 — 7.45 (m, 1H), 7.30 — 7.19 (m, 2H), 7.16 (td, J = 7.5, 1.0 Hz, 1H),
2.37 (s, 3H).

2-[2-(Trimethylsilyl)ethynyl]pyridine (328): To a solution of 2-bromopyridine (327) (250
pL, 2.62 mmol) in diisopropylamine (15 mL) was added Cul (50 mg, 0.262 mmol),
Pd(PPh3),Cl, (92 mg, 0.131 mmol) and trimethylsilylacetylene (1.04 mL, 7.24 mmol) in that
order. The mixture was stirred at rt overnight and the solvent was removed under rotary
evaporation. To the residue was added sat. NH,Cl 15 mL) and was extracted with EtOAc (15
mL), then the EtOAc layer was washed with brine (20 mL). The organic layer was dried over
Na,SOq, filtered, and concentrated for purification on silica gel chromatography eluting with
20% EtOAc/hexanes to give 328 (418 mg, 91%). *H NMR (300 MHz, CDCls) & 8.57 (ddd, J
=49, 1.8, 1.0 Hz, 1H), 7.63 (it, J = 7.7, 1.6 Hz, 1H), 7.45 (dg, J = 7.8, 1.2 Hz, 1H), 7.22
(ddt,J=7.5, 4.9, 1.3 Hz, 1H), 0.26 (s, 9H).
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2-(2-Bromoethynyl)pyridine (330): To a solution of 328 (303 mg, 1.73 mmol) in MeOH
(17.3 mL) was added K,COj3 (477 mg, 3.45 mmol) and stirred 30 min. The MeOH was
removed at reduced pressure, the residue was dissolved in H,O (15 mL) and extracted with
EtOAc (2 x 5 mL) and the combined organic layers were washed with brine (10 mL), dried
over MgSQy, filtered, and concentrated to provide 329 (167 mg, 94%) as a brown oil that
was used without further purification. Alkynyl pyridine 329 (41 mg, 0.397 mmol) was
dissolved in DMF (1.6 mL), NBS (85 mg, 0.476 mmol), and AgNO3 (6.7 mg, 0.040 mmol)
were added and the mixture was allowed to stir 2 h. H,O (3 mL) was added and extracted
with ether (2 x 3 mL) which was washed with brine (2 x 3 mL). The organic layer was dried
over Na,SO,, filtered, and concentrated to give 330 (56.2 mg, 94%). *H NMR (300 MHz,
CDCl3) 6 8.57 (ddt, J = 4.9, 1.9, 1.0 Hz, 1H), 7.66 (tdd, J = 7.8, 1.8, 0.9 Hz, 1H), 7.43 (dq, J
=7.8, 1.0 Hz, 1H), 7.32 — 7.20 (m, 1H).

N-Ethynyl-4-methyl-N-[2-(prop-1-yn-1-yl)phenyl]benzene-1-sulfonamide (334): Cs,CO3
(257 mg, 0.666 mmol) was added to a solution of tosyl amine 332 (146 mg, 0.512 mmol) in
DMF (10 mL) and stirred at rt 30 min. To this mixture was added the iodonium salt 333 (320
mg, 1.3 mmol) in DCM (4.1 mL) and stirred an additional 30 min before H,O (15 mL) was
added and then extracted with ether (2 x 15 mL). The organic layers were washed with brine
(2 x 20 mL), dried over Na,SO,, filtered, and concentrated for purification by silica gel
chromatography eluting with 6:1 hexanes/EtOAc to give 334 (132.2 mg, 83%). '"H NMR
(300 MHz, CDCl3) 6 7.78 — 7.69 (m, 2H), 7.43 — 7.36 (m, 1H), 7.36 — 7.26 (m, 5H), 2.84 (s,
1H), 2.46 (s, 3H), 1.81 (s, 3H).

4-Methyl-N-(2-phenylethynyl)-N-[2-(prop-1-yn-1-yl)phenyl]benzene-1-sulfonamide

(335): To a solution of ynamide 334 (20 mg, 0.065 mmol) in TEA/toluene (393 puL/196 uL)
was added Pd(PPhs)s (3.7 mg, 0.003 mmol) and iodobenzene (7.9 pL, 0.071 mmol) and
allowed to stir at rt 10 min. To this was added Cul (1 mg, 0.0013 mmol) and the mixture was
heated under microwave irradiation in a CEM discover in standard mode and the temperature
was kept from 60-70 °C for 10 min. To the residue was added sat. NH,Cl (1 mL) and was
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extracted with EtOAc (2 x 1 mL), dried over Na,SO,, filtered, and concentrated for
purification on silica gel chromatography eluting with 10% EtOAc/hexanes to provide 335
(6.3 mg, 25%). *H NMR (300 MHz, CDCl3) & 7.82 — 7.73 (m, 2H), 7.43 — 7.22 (m, 11H),
2.46 (s, 3H), 1.77 (s, 3H).

3,4-Dimethyl-9-[(4-methylbenzene)sulfonyl]-1-phenyl-9H-pyrido[3,4-b]indole (336a) and
11-methyl-5-[(4-methylbenzene)sulfonyl]-5H-benzo[b]carbazole (336b): A solution of
335 (12 mg, 0.031 mmol), CH3CN (16 pL, 0.31 mmol), and CpCo(CO), (1 pL, 0.006 mmol)
was heated under microwave irradiation at 300 W for 90 min. The reaction mixture was
concentrated for purification non silica gel chromatography eluting with 4:1 hexanes/EtOAc
to provide 336a (3 mg, 23%) and 336b (1.8 mg, 15%). 336a: *H NMR (300 MHz, CDCl3) &
8.26 (d, J = 8.2 Hz, 1H), 8.11 — 8.00 (m, 2H), 7.95 — 7.86 (m, 1H), 7.59 — 7.44 (m, 3H), 7.44
—7.32 (m, 2H), 6.99 — 6.89 (m, 2H), 6.83 (d, J = 8.1 Hz, 2H), 2.71 (s, 3H), 2.60 (s, 3H), 2.19
(s, 3H); 336b: *H NMR (300 MHz, CDCl3) & 8.69 (s, 1H), 8.43 (d, J = 8.4 Hz, 1H), 8.30 —
8.20 (m, 2H), 8.11 — 8.03 (m, 1H), 7.75 — 7.64 (m, 2H), 7.54 (ddt, J = 8.7, 4.5, 3.0 Hz, 3H),
7.41 (td, J = 7.6, 1.1 Hz, 1H), 7.04 (d, J = 8.1 Hz, 2H), 3.10 (s, 3H), 2.22 (s, 3H).

4-Methyl-N-[2-(prop-1-yn-1-yl)phenyl]-N-[2-(pyridin-2-yl)ethynyl]benzene-1-
sulfonamide (337): To a solution of ynamide 334 (92.8 mg, 0.300 mmol) in TEA/toluene (2
mL/1 mL) was added Pd(PPh3), (17.3 mg, 0.015 mmol) and 2-iodopyridine (38 pL, 0.36
mmol) and allowed to stir at rt 10 min. To this was added Cul (1.1 mg, 0.006 mmol) and the
mixture was heated under microwave irradiation in a CEM discover in standard mode and the
temperature was kept from 60-70 °C for 2 x 20 min. To the residue was added sat. NH4CI (3
mL) and was extracted with EtOAc (2 x 3 mL), dried over Na,SQ,, filtered, and concentrated
for purification by silica gel chromatography eluting with 2:1 hexanes/EtOAc to provide 337
(69 mg, 59%) as a dark orange sticky solid. *H NMR (300 MHz, CDCls) & 8.52 (ddt, J = 4.9,
1.7, 0.8 Hz, 1H), 7.85 — 7.74 (m, 2H), 7.59 (tdd, J = 7.7, 1.8, 0.7 Hz, 1H), 7.44 — 7.27 (m,
9H), 7.14 (ddt, J = 7.6, 4.9, 0.9 Hz, 1H), 2.45 (s, 3H), 1.79 (s, 3H).

98



CHAPTER 5: Cyclotrimerization Reactions with a Tethered Acetylene Equivalent:

Towards the Total Synthesis of Buflavine

5.1 Buflavine

Buflavine (340) is an alkaloid natural product in a group of Amaryllidaceae alkaloids
isolated from Boophane flava from southern Africa reported in 1985.%* The structure is
intriguing with a biaryl ring system linked by an eight-membered N-heterocyclic ring,
specifically a 5,6,7,9-tetrahydrodibenz[c,e]azocine skeleton (Figure 5.1). Buflavine (340) and
other compounds with this ring system have been shown to exhibit a-adrenolytic and anti-
serotonin activities.”*> 2*® Interestingly the first reported synthesis of buflavine (340) was
published 8 years before the isolation and structure elucidation was reported.?® It is therefore
arguably considered that the first total synthesis was by Snieckus et al. in 1998.%*" Since then,

d’238-241 9

four other total syntheses have been reporte with the shortest one being three steps.?

There have also been efforts to make buflavine analogs by the Van der Eycken group,

242, 243 ring expanded analogs,®*® and other aryl functionalized

making N-shifted analogs,
analogs.?** 2 Other than the listed examples there has been little effort in novel synthetic
protocols to form these 5,6,7,9-tetrahydrodibenz[c,e]azocine skeletons. Most protocols
involve some sort of biaryl coupling reaction and then ring closure to form the 8-membered
ring, or vice versa.?*

Me
N

buflavine (340)

MeO O

MeO

Figure 5.1. Structure of buflavine (340).

5.2 Initial Attempts to Synthesize Buflavine
To improve on the synthesis of buflavine (340) and other 5,6,7,9-
tetrahydrodibenz[c,e]azocines, we were interested in applying the [2+2+2] cyclotrimerization
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reaction to the synthesis of such alkaloids. Retrosynthetically, the unsubstituted benzene ring
of buflavine (340) would be formed via cyclotrimerization with the amino diyne 341 and
acetylene or an acetylene equivalent (Scheme 5.1). Reductive amination of the aldehyde 342
would furnish the diyne, and the aldehyde would originate from a Sonogashira reaction with

commercially available 6-bromoveratraldehyde (343).

reductive 9

MeO [2+2+2] amlnatlon MeO ! Sonogashira (|)
Jég g B=—1'e's
MeO Br

TMS

buflavine (340) 342 343

Scheme 5.1. Retrosynthesis of buflavine (340).

Initial test reactions were conducted to first determine which monoyne was most
suitable for the cyclotrimierization reaction with diyne 341. The known tosyl

dipropargylamine (344)%*

was reacted with acetylene, TMS-acetylene, or BTMSA under
nickel-catalyzed cyclotrimerization reaction conditions (Scheme 5.2). With these conditions,
acetylene produced the benzene ring of 345 in 22% yield, the TMS-acetylene formed the
product 345 in 68% yield, but there was no product isolated when BTMSA was used. Thus,
the TMS-acetylene seemed to be the best reaction substrate and gaseous acetylene would be
an alternative. Although gaseous acetylene is cumbersome to work with in a refluxing
reaction mixture, especially under microwave irradiation, it should be a more reactive

substrate to form the 8-membered ring that is required for buflavine (340) synthesis.

R——R,
= Ni(CO),(PPhs), Ry
TsN —_— > TSN(:@
= toluene, 120 °C R,
R, R, yield

344 345

H H 22%
T™MS H 68%
TMS TMS n/a

Scheme 5.2. Test cyclotrimerization reaction of different acetylenes.
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Next, the synthesis of the diyne 341 was investigated. A very straightforward
approach seemed to be the reaction of TMS-acetylene with 6-bromoveratraldehyde (343)
under palladium-catalyzed Sonogashira reaction conditions to furnish the alkyne 342 in 94%
yield (Scheme 5.3). The three step dual reductive amination with 3-butyne-1-amine and
aldehyde 342 gave the methylated amino diyne 346 in 61%.%*’ Finally removal of the TMS
group would give the desired diyne 341 for cyclotrimerization, but unfortunately 346 seemed

to be very unstable during the removal of the TMS group by employing K,COj3 in MeOH.

=—TMS " N/\/
Pd(PPhy)Cl,,  MeO x 2
MeO No  Cul, TEA 0 1. DCE, 65 °C
—_— —_—
MeO Br dioxane MeO A 2. NaCNBHj,
TMS  NaBH,
343 94% 342 MeOH

3. 37% HCHO
61%

/
7 Pz
Meom\/ K,CO MeO N/\//
ﬁ%’ I
MeO X MeO M OJCC
Nqys © N
346 341
Scheme 5.3. Sonogashira coupling, reductive amination, and attempted synthesis of the diyne 341.

Removal of the TMS group before reductive amination successfully afforded the
terminal alkyne 347 in 96% vyield,?*® but again the reaction to form the diyne 348 was not
realized as decomposition seemed to occur under the reductive amination conditions and

provided no product 348 (Scheme 5.4).

=
MeO HaN P
~o K2COs Meom Na(OAc);BH ~ MeO N/\//
- > %%» H
MeO
A e MeOH MeO X DCE MeO N
342 96% 347 348

Scheme 5.4. Removal of the TMS group prior to reductive amination.

Changing the protecting group to a TIPS group would perhaps facilitate the reaction and help
stabilize the product. The Sonogashira reaction with TIPS-acetylene proceeded in high yield
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to afford 349 (Scheme 5.5). This underwent the two-step reductive amination with
homopropargylic amine to give the diyne 351 in 53% yield. Removal of the TIPS protecting
group seemed to be successful as indicated by TLC, but after purification any product that
may have formed seemed to decompose.

- Z
=-TIPS ~Z

Pd(PPhy)Cl,,  MeO HzN MeO Z
MeO No  Cul, TEA "o 1. MeOH H/\/

_— —_—
MeO Br dioxane MeO A 2.NaCN(BH);  MeO SN

TIPS TIPS
343 97% 349 350

37% HCHO (ag)  MeO

=
Z =
Na(OAc);BH N/\/ TBAF MeO N/\//
_— | —,%» |
DCE MeO N THF,0°C  Meo N

53%

over 2 steps 351 341

Scheme 5.5. Sonogashira coupling, reductive amination, and attempted synthesis of the diyne 341.

Since the synthesis of the diyne 341 was so elusive, it was of interest to determine if the TIPS
protected diyne 351 could be successfully employed in a cyclotrimerization reaction with
acetylene. Using the same Ni-catalysis conditions from Scheme 5.2, no benzene product was
formed. There was only unreacted staring diyne 351 remaining (Scheme 5.6). It seemed that

a more stable and more reactive diyne was needed for this type of reaction.

/
N

gz
MeO 4 MeO
'Tl/\/ NI(CO)(PPhy), ‘
MeO SN toluene, 120°C ~ MeO
e

TIPS
351 352

Scheme 5.6. Attempted cyclotrimerization with diyne 351 and acetylene.

To help increase the stability of the diyne, an amide moiety could be installed rather
than an amine. After the cyclotrimerization reaction, the amide could be reduced to the
amine. To test this theory, the TMS protected alkynyl benzaldehyde 342 was converted to the
methyl ester 353 through NaCN addition and oxidation forming the acyl cyanide
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intermediate followed by hydrolysis with methanol to furnish the methyl ester 353 in 90%
yield (Scheme 5.7).2° In the process of the reaction, the TMS group was also removed to
give the desired terminal alkyne. Base hydrolysis of the ester to form the carboxylic acid 354
was accomplished in 92% vyield and was coupled with homopropargylic amine. Various
conditions were explored and 52% was the highest yield that was achieved to form the amide

diyne 355 as a stable product.

NaCN, OMe
MnOz MeO NaOH
O — »
MeOH H,O/MeOH
TMS DCM MeO A
90% 353 92%
OH /\/ o)
MeO HzN =
e o N MeO N/\/
conditions H
—_—
MeO A MeO S
354 355
reagent base solvent  vyield

DCC DMAP  DCM  42%
EDCI DMAP  DCM  50%
HATU  DIPEA DMF  52%
PyBop DIPEA DCM  36%

Scheme 5.7. Synthesis of diyne 355 containing an amide moiety.

The diyne 355 was then subjected to various cyclotrimerization reaction conditions.
Employing TMS acetylene and two different catalysts at different reaction temperatures gave
no product 356 (Scheme 5.8). Acetylene and BTMSA were also tested, but no product was

formed.
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Ri—R, MeO
/\/ catalyst
MeO
solvent temp
356

Ri R
R, R, catalyst solvent temp

H H Cp*Ru(COD)CI DCE 0 °C-rt
TMS H Cp*Ru(COD)CI DCE rt- 60 °C
T™MS H Ni(CO),(PPh3),  toluene 120 °C
TMS TMS  Cp*Ru(COD)CI  toluene  pW 300W

Scheme 5.8. Cyclotrimerization attempts with the amide diyne 355.

5.3 Development of a Traceless Tether as an Acetylene Equivalent

The intermolecular cyclotrimerization was ineffective at forming the 8-membered
ring of the natural product. The ring size is likely the key reason for the failed attempts at
forming the benzene ring because of the increased ring strain and high enthalpies of
activation in forming such medium sized rings.?*> #** Therefore an intramolecular reaction
could help solve this problem. Formation of a triyne attached via removable linker such as a
silyl linker 357, similar to what was used for heterotaxin (Chapter 7), was desired (Scheme
5.9) as it would provide a triyne for an intramolecular reaction without the formation of a
fused ring. After the cyclotrimerization reaction is complete to form 358, the tether could be
removed to form the natural product buflavine (340). It would act as an intramolecular
acetylene equivalent for the synthesis of medium sized rings by the cyclotrimerization
reaction. If this is successful, not only would it provide the synthesis of buflavine via
cyclotrimerization, but it could be applied to many other natural products containing medium
sized (7-9 membered) heterocycles.
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Scheme 5.9. An intramolecular acetylene equivalent by a removable tether (shown in red) for
cyclotrimerization of buflavine (340).

To provide an appropriate removable tether, a diyne with two silyl groups must be
used. One such tether has been employed for cyclotrimerizations before, but was never used
as a removable tether.®®%?*® To synthesize the disilyl-containing diyne 360, commercially
available 1,2-bis(chlorodimethylsilyl)ethane (359) was reacted with two equivalents of
ethynyl magnesium bromide giving the product in 80% vyield (Scheme 5.10).”° The initial
reports of this diyne undergoing cyclotrimerization reactions employed CpCo(CO); as the
catalyst and produced a disilyl substituted benzene in very low yields.?® In order to increase
the yields it was discovered that a Col,/Zn catalyst system gave moderate yields, but
nonetheless formed benzene product.®' To test the feasibility of using this diyne, two
different alkynes were tested. Using the catalysts that have been most successful in our lab at
forming benzene rings unfortunately formed no product 361 (Scheme 5.10). The Col,/Zn
catalyst system was also utilized in two different variations, but again no benzene product

361 was able to be created.
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Civ/ =—MgBr ST= catalyst S R
Ao, = (7 e Oy
/ Cl  THF,0°C-rt Si_— solvent Si
80% 7\ /A
359 360 361
R catalyst solvent temp time
NHBoc Cp*Ru(COD)CI toluene  uW 300W 30 min
NHBoc Ni(PPh3),(CO), toluene  uW 300W 10 min
NHBoc  RhCI(PPhg); toluene  pW 300W 10 min
OBn  Cp*Ru(COD)CI toluene  uW 300W 40 min
OBn  Cp*Ru(COD)CI toluene  uW 300W 20 min
OBn  Ni(PPh3),(CO), toluene  puW 300W 20 min
OBn RhCI(PPh3);  toluene  puW 300W 20 min
OBn Col,, Zn CH4CN rt 15h
OBn Coly, Zn, 1,  CHZCN 40°C 15 h

Scheme 5.10. Synthesis of 1,2-bis(ethynyldimethylsilyl)ethane (360) and cyclotrimerization attempts.

It was thought that a 5-membered disilyl-containing ring would be more easily
formed. The synthesis of this type of disilyl diyne precursor with one carbon between the
silicons was more difficult, as there is no commercially available dichloro compound similar
to the one in Scheme 5.10. To synthesize such a diyne, ethylene glycol was first reacted with
chlorodimethylvinyl silane (362) to give the diprotected ethylene glycol 363 (Scheme 5.11).
This was then cyclized by a ruthenium mediated silylative coupling reaction to form the 7-
memebered ring siloxane 364 in near quantitative yield.?** Reduction of the double bond was
accomplished with hydrogen in the presence of palladium on carbon to provide 365, and
treatment with oxalyl chloride and a catalytic amount of aluminum trichloride afforded the
dichloride 366 in a moderate yield.?*? Last, reaction with ethynyl magnesium bromide gave

the diyne 367 in 79% yield.
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Scheme 5.11. Synthesis of disilyl diyne 367.

The diyne 367 was then subjected to various cyclotrimerization reaction conditions
using 1-hexyne as the monoyne (Scheme 5.12). Gratifyingly, the cyclotrimerization reaction
was successful, producing the benzene 368 in as much as 67% yield when Cp*Ru(COD)CI
was the catalyst. Also a reaction utilizing valeronitrile with the Co catalyst under microwave
irradiation produced the pyridine 369 in 67% yield, which is the first time this type of disilyl
pyridine has been formed. Furthermore, the ethyl substituted pyridine 370 was formed in
53% vyield. These results were very encouraging, and accordingly the diyne was used to
construct triynes for investigating the potential for a completely intramolecular

cyclotrimerization followed by removal of the disilane ring.

X=—R
\S/i—: catalyst \S/i xR
_si—=solvent, temp Si | =X
367 368-370
R X catalyst solvent temp time cmpd yield

Bu CH RhCI(PPh3),; toluene  uW 300W 10 min 368 0%
Bu CH CpCo(CO), toluene  uW 300W 10 min 368 0%
Bu CH Cp*Ru(COD)CI toluene  pW 300W 10min 368 44%
Bu CH Cp*Ru(COD)CI DCE rt o/n 368 10%
Bu CH Cp*Ru(COD)CI DCE 80 °C o/n 368 67%
Bu N CpCo(CO), toluene  uW 300W 30min 369 67%
Et N CpCo(CO), toluene  uW 300W 30min 370 53%

Scheme 5.12. Benzene and pyridine formation from diyne 367.
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The first attempt at producing a triyne containing the disilane for cyclotrimerization
began with the 6-hexyn-1-ol oxidation with PCC providing the aldehyde 371 in 95% vyield
(Scheme 5.13). This was attached to the diyne 367 by deprotonation of the diyne with one
equivalent of n-BuLi and then addition of the aldehyde 371. The reaction was quenched with
methyl iodide to give the methoxy triyne 372 in 26% yield. The triyne was subjected to the
same cyclotrimerization conditions that were previously found (Scheme 5.12) using the
ruthenium catalyst in DCE at 80 °C but no product 373 was produced. It was also reacted

under microwave irradiation in toluene, but again no product was formed.

PCC, | ___ 1.n-Bulj
OH cellte - THF
DCM — 2. Mel
95% 371 367 26%
N OMe MeO
Si— Cp*Ru(COD)CI \S/i
Si— — solvent, temp, time < )
/l Si
a
372 373
solvent temp time
DCE 85°C o/n

toluene uW 300W 20 min

Scheme 5.13. Attempted cyclotrimerization of methoxy triyne 372.

It was hypothesized that the internal alkyne may be too electron rich with the silicon
and the methoxy group flanking it. A more electron deficient alkyne may be more reactive
with the catalyst and give better results.?® To provide an electron poor alkyne, a ketone could
be introduced at the position that the methoxy group is located. Various alkynyl aldehydes
and cyano aldehydes were reacted in a similar manner as described in Scheme 5.13 with the
lithiated disilyl diyne 367 to give the corresponding alcohols 374-378 in low yield (Scheme
5.14). This was followed by oxidation with PCC in the presence of Celite to provide the
ketones 379-383 in moderate to high yields. These triynes were subjected to the same
conditions as before, but with microwave irradiation for 20 min rather than heating at 80 °C
to produce the benzenes 384-389 in good yield. The 5- and 6-membered rings of 384 and 385
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respectively were formed in higher yield than the 7-membered ring 386, which was formed
in 32% vyield. The yield was lower because the bridged 8-membered ring regioisomer 387
was also isolated in 22%. The 5- and 6-membered rings of 388 and 389 that were constructed
with the pyridine cyclotrimerization were also produced in good yields using the cobalt
catalyzed reaction in 30 min (Scheme 5.14). Finally, the silicon tether was to be removed
with TBAF, but in all cases no product 390 was isolated. For the benzenes, unreacted starting
material remained even when heated with TBAF. The pyridines underwent a reaction and
produced a more polar species when analyzed by TLC, which would be expected for the

product, but no product was formed.

| 1. n-BuLi | OH I O
Ssi= THF —78 °C Ssi= PCC SSsi=
— 5 - m. Toom n
/SI__ O/ \ \\x /S|—_ \\ /Sl—_ \\
I X |
367
n X yield cmpd n X yield cmpd
1 CH 15% 374 1 CH 6% 379
2 CH 28% 375 2 CH 86% 380
3 CH 23% 376 3 CH 80% 381
1 N 27% 377 1 N 74% 382
2 N  20% 378 2 N 85% 383
Cp*Ru(COD)CI o)
or CpCo(CO), 0
MW, 300W, time \S/_ " TBAF n
| A ﬁ/4>
toluene —< | X THF | o
Si =z _X
A\
390
n X catalyst time yield cmpd n X
1 CH Ru 20 min 62% 384 1 C
2 CH Ru 20min 88% 385 2 C
3 CH Ru 20min 32/22%* 386/387 1 N
1 N Co 30 min 60% 388 2 N
2 N Co 30 min 80% 389 (@]
*329 fused 7-membered ring, 22% bridged 8-membered ring: N /
Si
A
387

Scheme 5.14. Synthesis of ketone triynes and nitrile diynes 379-383 and successful
cyclotrimerization to form 384-389, but the tether was not removable.
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Although the tether was not removable in the test reaction, it was of interest to
determine if the tether could be applied to the synthesis of buflavine (340). 6-
Bromoveratraldehyde (343) was reacted with 3 equivalents of the diyne 367 under
Sonogashira reaction conditions to give the diyne aldehyde 391 in a high yield of 75%
(Scheme 5.15). Reductive amination with homopropargylic amine produced the triyne 392 in
a low yield, which was followed by Boc protection of the amine functionality to provide 393.
A cyclotrimerization reaction was attempted using either 20 mol% or 1 equiv of ruthenium
catalyst. Neither attempt formed any product 394, only unreacted starting material was

present after the reaction.

gz
=
(0] HzN/\/
o < Pd(Cl)2(PPhg), MeO I NaBH(OAc),
MeO A= Cul, TEA |}| MgSO,
< — > _—
Si—= dioxane MeO A Si— DCE
MeO Br ] s,
73% s 30%

367 391

343
= =

Me

HN Boc,0, Boc. Cp*Ru(COD)CI

DMAP, TEA (0.2 or 1 equiv)
MeO — » MeO » Me

|}| DCM |}| DCE, 85 °C

MeO SN >—S|i— 59% MeO A >—S|i—

SIS 393 OIS 394 /N

Scheme 5.15. Attempted synthesis of buflavine with the disilane tether.

Another, disilane containing diyne that has been used for cyclotrimerization reactions
is a disiloxane diyne. The synthesis was much shorter as the diyne can be formed in one
step.” The commercially available 1,3-dichloro-1,1,3,3-tetramethyldisiloxane (395) was
reacted with the ethynyl Grignard to form the diyne disiloxane 396 in 89% yield (Scheme
5.16). This was examined in a similar catalyst screen as the previous disilyl diyne 367
(Scheme 5.12), but the only successful reaction formed pyridine 397 in 12% yield. Although
the intermolecular reaction was not promising, we decided the synthesis of the triyne was
worthwhile for further exploration of the intramolecular cyclotrimerization to possibly

provide better results.
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/

/ =—MgBr Si— catalyst Si R
Q e Q ——— d_|
_Si-Cl THF _Si—= solvent, temp Si =X

I 89% \ \

395 396 397

R X catalyst solvent temp time vyield
Bu CH Cp*Ru(COD)CI DCE rt 15h 0%
CH,OBn CH Coly, Zn CH3CN rt- 60 °C 15h 0%
CH,OBn CH RhCI(PPh3)3 toluene  pW 300W 10min 0%
CH,OBn CH Ni(PPh3),(CO), toluene  puW300W 10min 0%
Et N CpCo(CO), toluene  pW 300W 30min 12%

Scheme 5.16. Formation of diyne disiloxane 396 for cyclotrimerization screen.

The synthesis of triynes and diyne nitriles followed the same synthetic procedure as

shown in Scheme 5.14. Addition of the lithiated disiloxy diyne into the three different

aldehydes was again low yielding to form the alcohols 398-400. Oxidization with PCC gave

the ketones 401-403 in moderate to good yields (Scheme 5.17). The cyclotrimerization

reaction was successful with the two triynes which formed the benzenes 404 and 405. The

formation of the pyridine 406 under cobalt catalysis was accomplished in 39% yield. Finally,

in all three cases, the tether was successfully removed with TBAF at room temperature to
afford the benzenes 407-408 in 40-80% and the pyridine 409 quantitatively. This is the first

time a removable disilyl tether has been used to generate a benzene or pyridine, which would

otherwise be difficult to form with gaseous acetylene for the reaction. The removable tether

is useful to direct the regio- and chemo-selectivity of the reaction and can be of use for more

complicated structures in the future such as buflavine (340).
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| 1. n-BuLi | OH PCC,

Ssi= THF 78 °C ~si——= celite
Ol - / ,
L 2. S n DCM
A T sl
n X vyield cmpd n X yield cmpd
1 CH 26% 398 1 CH 82% 401
2 CH 14% 399 2 CH 83% 402
2 N 16% 400 2 N 56% 403
o Cp*Ru(COD)CI o) o
< or CpCo(CO),
Si—= MW, 300W, time ./ " TBAF n
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Py — \ toluene o | THF |
Ve | \ Si _X X
A Z
n X catalyst time yield cmpd n X yield cmpd
1 CH Ru 20min 24% 404 1 CH 40% 407
2 CH Ru 20min 71% 405 2 CH 80% 408
2 N Co 30min 39% 406 2 N 100% 409

Scheme 5.17. Synthesis of ketone triynes and nitrile diynes 401-403 and successful
cyclotrimerization and tether removal.

5.4 Conclusion and Outlook

Multiple attempts have been made to synthesize buflavine (340) via a [2+2+2]
cyclotrimerization reaction key step, but none have been successful thus far. This led us to
develop methodology that would help with the cyclotrimerization reaction towards medium
sized rings. Tethering a disilyl diyne to a monoyne producing a triyne for a completely
intramolecular cyclotrimerization reaction would produce the same reaction product as
acetylene once the disilyl tether is removed. The methyl methyne disilyl tether was efficient
at forming benzenes and pyridines, but was not a removable tether. A disiloxane tether is
now being developed that provides cyclotrimerization reaction products, and is very
effectively removed with TBAF at room temperature. This is an excellent way to
cyclotrimerize such ring systems with chemo- and regio-directing chemistry with the use of a
traceless tether. More optimization is needed for the cyclotrimerization reaction yields to
improve. This can then be applied to different size ring structures such as 7-, 8-, and 9-

membered rings found in natural products such as buflavine (340).
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Once the methodology is optimized, a synthesis of buflavine (340) shown in Scheme
5.18 could applied, where the disiloxane tether is connected by an extended chain from the
amine in 410 rather than directly attached to the benzene ring. This will potentially help with
the steric environment around the tether and prevent ring inversion during the
cyclotrimerization of the 8-membered ring. Then removal of the tether from 411 would
provide the natural product. This would allow for the synthesis of many different analogs of

the natural product that have not been accessed by the previous strategies employed.

\ / MeO N /
P Siig O MeO N
24242 TBAF
MeO NM a »_[______], MeO PR - O
y | Z N\ O o MeO
eO \\ SMO
410 a1 A

buflavine (340)

Scheme 5.18. Future synthesis of buflavine (340).

5.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. THF, dioxane, and toluene were distilled from
sodium/benzophenone ketyl prior to use. DCM, DCE, DMF, and MeOH were distilled from
calcium hydride and stored over 4 A molecular sieves. Other reagents and solvents obtained
from commercial sources were stored under nitrogen and used directly without further
purification. n-BuLi was titrated against N-pivaloyl-o-toluidine.™ Flash chromatography was
performed with silica gel (60A, 40-63 pm (230 x 400 mesh), Sorbtech).**° The *H NMR and
3C NMR spectra were recorded on a 300 MHz Varian NMR spectrometer. The microwave
reactions were carried out in a CEM Discover microwave synthesizer using closed vessel

conditions and an IR sensor to monitor the temperature
2-[(4-Methylbenzene)sulfonyl]-2,3-dihydro-1H-isoindole  (345):  N-(Prop-2-ynyl)-N-

tosylprop-2-yn-1-amine (344) (25 mg, 0.101 mmol) and Ni(CO),(PPhs), (6.5 mg, 0.010

mmol) were dissolved in toluene (2.5 mL), followed by bubbling acetylene through the
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solution from a filled balloon for 30 sec. The mixture was then heated in an oil bath at 120 °C
with acetylene (1 atm) filling the head space for 5 min. The mixture was concentrated and the
residue was purified by flash silica gel chromatography, eluting with 4:1 hexanes/EtOAc to
afford 345 (R1, R, = H, 6.1 mg, 22%). *H NMR (300 MHz, CDCls) & 7.86 — 7.70 (m, 2H),
7.34 -7.28 (m, 2H), 7.25 — 7.14 (m, 4H), 4.62 (s, 4H), 2.40 (s, 3H).

2-[(4-Methylbenzene)sulfonyl]-5-(trimethylsilyl)-2,3-dihydro-1H-isoindole  (345):  N-
(Prop-2-ynyl)-N-tosylprop-2-yn-1-amine (344) (25 mg, 0.101 mmol), Ni(CO),(PPhs), (6.5
mg, 0.010 mmol), and trimethylsilylacetylene (145 pL, 1.01 mmol) were dissolved in toluene
(2.5 mL). The mixture was then heated in an oil bath at 120 °C for 5 min before the volatiles
were removed and the residue was purified by flash silica gel chromatography, eluting with
4:1 hexanes/EtOAc to afford 345 (R; = TMS, R, = H, 23.7 mg, 68%). *H NMR (300 MHz,
CDCl3) 6 7.76 (dd, J = 8.4, 2.0 Hz, 2H), 7.38 (d, J = 7.5 Hz, 1H), 7.30 (d, J = 7.8 Hz, 3H),
7.16 (d, J =7.6 Hz, 1H), 4.62 (s, 4H), 2.40 (s, 3H), 0.23 (d, J = 1.8 Hz, 9H).

4,5-Dimethoxy-2-[2-(trimethylsilyl)ethynyl]benzaldehyde (342): 6-Bromoveratraldehyde
(1.0 g, 4.08 mmol) (343) was dissolved in dioxane (24 mL) to which PdCl,(PPhs), (143 mg,
0.204 mmol), Cul (78 mg, 0.408 mmol), and TEA (802 pL, 6.12 mmol) were added. After
the mixture was stirred for 5 min, trimethylsilylacetylene (878 uL, 6.12 mmol) was added
and the reaction was allowed to stir at rt overnight. The reaction mixture was filtered through
Celite, washed through with EtOAc, and evaporated. The residue was dissolved in EtOAc
(25 mL) and washed with sat NH,CI (25 mL), then brine (25 mL). The organic layer was
dried with Na,SOy, filtered, concentrated and purified with silica gel chromatography eluting
with 4:1 hexanes/EtOAc to give 342 (1.01 g, 94%) as dark crystals. '"H NMR (300 MHz,
CDCl3) 6 10.40 (d, J = 0.9 Hz, 1H), 7.38 (d, J = 0.8 Hz, 1H), 6.98 (s, 1H), 3.95 (dd, J = 7.1,
0.9 Hz, 6H), 0.28 (d, J = 0.9 Hz, 9H).?*®

(But-3-yn-1-yl)([4,5-dimethoxy-2-[2-(trimethylsilyl)ethynyl]phenyl]lmethyl)methylamine
(346): The aldehyde 342 (48 mg, 0.183 mmol) and homopropargylic amine (18 uL, 0.219
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mmol) were dissolved in DCE (550 pL) and heated to 65 °C for 1h. The solution was cooled
and MeOH (4.6 mL) was added followed by NaCNBH3 (58 mg, 0.915 mmol). After 1.5 h
NaBH, (spatula tip) was added and the bubbling reaction stirred for 15 min. Finally, HCHO
(37% in H,0, 55 pL) was added and the reaction mixture stirred for another 15 min, after
which the volatiles were evaporated and the residue was dissolved in EtOAc (2 mL). The
mixture was washed with H,O (2 x 1 mL) and brine (2 mL), then dried over Na,SO,, filtered
and concentrated to dryness to give 346 (36.5 mg, 61%) as a light yellow solid. *H NMR
(300 MHz, CDCl3) 6 6.99 (s, 1H), 6.91 (s, 1H), 3.97 — 3.80 (m, 6H), 3.67 (s, 2H), 2.67 (t, J =
7.4 Hz, 2H), 2.41 (td, J = 7.4, 2.6 Hz, 2H), 2.29 (s, 3H), 2.02 — 1.91 (m, 1H).

2-Ethynyl-4,5-dimethoxybenzaldehyde (347): Compound 342 was dissolved in MeOH (1.9
mL) to which K,COj3 (54 mg, 0.39 mmol) was added, and the mixture was allowed to stir for
30 min. After filtration, the volatiles were evaporated and the residue was dissolved in
EtOAc (4 mL) and washed with H,O (4 mL). The aqg. layer was extracted with EtOAc (4 mL)
and the combined organic layers were washed with brine (8 mL), dried over Na,SO,, filtered,
and concentrated to dryness to afford 347 (34.6 mg, 96%). *H NMR (300 MHz, CDCl3) &
10.39 (d, J = 0.8 Hz, 1H), 7.41 (s, 1H), 7.03 (d, J = 0.8 Hz, 1H), 3.96 (dd, J = 4.3, 0.8 Hz,
6H), 3.38 (d, J = 0.8 Hz, 1H).

4,5-Dimethoxy-2-[2-[tris(propan-2-yl)silyl]ethynyl]benzaldehyde (349): 6-
Bromoveratraldehyde (501 mg, 2.02 mmol) (343) was dissolved in dioxane (12 mL) to which
PdCI(PPh3), (71 mg, 0.101 mmol), Cul (39 mg, 0.202 mmol), and TEA (397 puL, 3.03
mmol) were added. After the mixture stirred for 5 min, triisopropylsilyl acetylene (680 pL,
3.03 mmol) was added and the reaction was allowed to stir at rt overnight. The reaction
mixture was filtered through Celite, washed through with EtOAc, and evaporated. The
residue was dissolved in EtOAc (25 mL) and washed with sat NH,CI (25 mL), then brine (25
mL). The organic layer was dried with Na,SOy, filtered, concentrated and purified with silica
gel chromatography eluting with 4:1 hexanes/EtOAc to give 349 (676 mg, 97%) as a light tan
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solid. *H NMR (300 MHz, CDClg) § 10.45 (s, 1H), 7.39 (s, 1H), 6.96 (s, 1H), 3.96 (d, J =
10.3 Hz, 6H), 1.14 (d, J = 2.9 Hz, 21H).

(But-3-yn-1-yl)[(4,5-dimethoxy-2-[2-[tris(propan-2-
yDsilyl]ethynyl]phenyl)methyllmethylamine (351): The aldehyde 349 (100 mg, 0.288
mmol) and homopropargylic amine (35 pL, 0.432 mmol) were dissolved in MeOH (2.9 mL)
and allowed to stir at rt overnight. NaCNBH3 (27 mg, 0.432 mmol) was added to the solution
and the mixture was again allowed to stir overnight. The MeOH was evaporated, 1M NaOH
(2 mL) was added, and then extracted with ether (3 x 2 mL). The organic layers were dried
over Na,SO,, filtered, and concentrated. The residue was purified by flash silica gel
chromatography eluting with 10% MeOH/DCM to give a crude product 350 (106 mg) that
was used without further purification. The crude amine 350 was dissolved in DCE (1.85 mL)
and HCHO (37% in H,0, 79 uL) was added followed by Na(OAc)sBH (25 mg, 0.39 mmol).
The reaction was allowed to stir at rt for 1.5 h before sat NaHCO3 (2 mL) was added and the
mixture was extracted with EtOAc (2 x 2 mL). The organic layers were dried over Na,SOq,
filtered, concentrated, and purified by flash silica gel chromatography to give 351 (63 mg,
53%). *H NMR (300 MHz, CDCl3) & 7.00 (s, 1H), 6.90 (s, 1H), 3.89 (d, J = 5.2 Hz, 6H), 3.69
(s, 2H), 2.48 (dd, J = 8.3, 6.5 Hz, 2H), 2.33 — 2.20 (m, 5H), 1.24 — 1.03 (m, 21H).

Methyl 2-ethynyl-4,5-dimethoxybenzoate (353): The aldehyde 342 (272 mg, 1.04 mmol)
was dissolved in DCM (4.6 mL) and MeOH (9.2 mL) to which NaCN (255 mg, 5.2 mmol)
and MnO; (1.08 g, 12.48 mmol) were added and the reaction was stirred overnight. The
reaction mixture was diluted with EtOAc (50 mL) and filtered through Celite on top of a bed
of silica gel, then washed with EtOAc (50 mL). The filtrate was washed with H,O (50 mL)
and brine (50 mL) then dried over Na,SQ,, filtered, and concentrated to dryness to produce
353 (207.3 mg, 90%) as a yellow solid. *H NMR (300 MHz, CDCls) & 7.47 (s, 1H), 7.06 (s,
1H), 4.04 — 3.84 (m, 9H), 3.35 (s, 1H).%°
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2-Ethynyl-4,5-dimethoxybenzoic acid (354): The methyl ester 353 (204 mg, 0.926 mmol)
was dissolved in MeOH (4.6 mL) and 2M NaOH (4.6 mL) was added. The reaction stirred at
rt overnight and the MeOH was evaporated. The mixture was acidified with 1M HCI to pH ~
2, extracted with EtOAc (2 x 20 mL) and the organic layers were dried over Na,SOy, filtered,
and concentrated to dryness to afford 354 (174.7 mg, 92%). *H NMR (300 MHz, CDCl5) &
7.60 (s, 1H), 7.08 (s, 1H), 3.96 (d, J = 1.2 Hz, 6H), 3.46 (s, 1H).

N-(But-3-yn-1-yl)-2-ethynyl-4,5-dimethoxybenzamide (355): Using DCC: The acid 354
(18.7 mg, 0.09 mmol), homopropargylic amine (8.9 uL, 0.109 mmol), and DMAP (1 mg,
0.009 mmol) were dissolved in DCM (1 mL). The solution was cooled to 0 °C and DCC
(22.5 mg, 0.109 mmol) was added. The reaction mixture was allowed to stir at rt overnight
before it was loaded straight onto a silica gel column and eluted with 1:1 hexanes/EtOAc to
afford 355 (9.8 mg, 43%).

Using EDCI: The acid 354 (21 mg, 0.102 mmol), homopropargylic amine (9.2 uL,
0.112 mmol), and DMAP (2.5 mg, 0.02 mmol) were dissolved in DCM (1.2 mL) and stirred
at 0 °C for 30 min. EDCI (23.5 mg, 0.122 mmol) was added in DCM (200 pL) and the
reaction mixture was stirred overnight. The DCM was evaporated, the residue was dissolved
in EtOAc (1 mL), and the solution was washed with H,O (1 mL) and brine (1 mL). The
organic layer was dried over Na,SOq, filtered, and concentrated. The residue was purified by
flash silica gel chromatography eluting with 1:1 hexanes/EtOAc to give 355 (13.1 mg, 50%).

Using HATU: The acid 354 (19.6 mg, 0.095 mmol) was dissolved in DMF (1 mL),
then HATU (36 mg, 0.095 mmol), homopropargylic amine (8.6 pL, 0.104 mmol), and
DIPEA (33 pL, 0.19 mmol) were added. The reaction mixture was allowed to stir at rt for 1 h
before H,O (1 mL) was added, extracted with EtOAc (2 x 2 mL), and the combined organic
layers were washed with brine (2 mL). The organic solution was dried over Na,SOy,, filtered,
and concentrated that was then purified by silica gel chromatography, eluting with 1:1
hexanes/EtOAc to give 355 (12.8 mg, 52%).

Using PyBop: The acid 354 (20 mg, 0.097 mmol) was suspended in DCM (1 mL),
then PyBop (50.5 mg, 0.097 mmol), homopropargylic amine (8.7 pL, 0.107 mmol), and
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DIPEA (46 pL, 0.27 mmol) were added. The reaction mixture was allowed to stir at rt
overnight before it was loaded straight onto a silica gel column and eluted with 1:1
hexanes/EtOAc to afford 355 (8.9 mg, 36%). *H NMR (300 MHz, CDCls) & 7.65 (s, 1H),
6.99 (s, 1H), 3.94 (d, J = 9.4 Hz, 6H), 3.66 (g, J = 6.2 Hz, 2H), 3.49 (s, 1H), 2.53 (td, J = 6.4,
2.8 Hz, 2H), 2.03 (t, J = 2.7 Hz, 1H).

Ethynyl[2-(ethynyldimethylsilyl)ethyl]dimethylsilane (360): 1,2-
Bis(chlorodimethylsilyl)ethane (1.02 g, 4.74 mmol) (359) was dissolved in THF (19 mL) and
cooled to 0 °C. Ethynylmagnesium bromide (0.5M in THF, 19.9 mL, 9.95 mmol) was added
slowly, and the reaction was allowed to warm to rt and stirred overnight. The reaction
mixture was diluted with ether (85 mL) and washed with sat NH4Cl (2 x 20 mL) and brine
(20 mL). The organic layer was dried over Na,SOy, filtered, and concentrated. The residue
was purified by flash silica gel chromatography eluting with hexanes to provide 360 (739
mg, 80%) as a yellow oil. *H NMR (300 MHz, CDCls) & 2.38 (d, J = 0.8 Hz, 2H), 0.63 (d, J
= 0.7 Hz, 4H), 0.23 - 0.13 (m, 12H).%°

3,3,8,8-Tetramethyl-4,7-dioxa-3,8-disiladeca-1,9-diene (363): To a solution of TEA (6.65
mL, 47.7 mmol) and ethylene glycol (1.18 mL, 21.2 mmol) in pentane (43 mL) was added
chlorodimethylvinylsilane (362) (6 mL, 43.5 mmol) over 1 h at rt. The reaction mixture was
allowed to stir overnight after which the solid was vacuum filtered and rinsed with pentane
(100 mL). The filtrate was dried over Na,SQO,, gravity filtered, and concentrated to afford
363 (4.44 g, 91%) as a colorless liquid. *H NMR (300 MHz, CDCls) & 6.26 — 5.94 (m, 4H),
5.78 (ddd, J = 19.6, 4.7, 0.7 Hz, 2H), 3.66 (d, J = 0.7 Hz, 4H), 0.27 — 0.11 (m, 12H).*’

2,2,4,4-Tetramethyl-3-methylidene-1,5,2,4-dioxadisilepane  (364): RuH(CO)CI(PPh3);
(183 mg, 0.192 mmol) was added to neat 363 (4.43 g, 19.2 mmol), and the mixture was
heated to 100 °C and stirred overnight. The mixture was diluted with ether, filtered through
Celite, and concentrated to afford 364 (3.85 g, 99%) as a yellow liquid. *H NMR (300 MHz,
CDCl3) 6 6.25 (d, J = 0.9 Hz, 2H), 3.85 (d, J = 0.9 Hz, 4H), 0.32 — 0.16 (m, 12H).%’
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2,2,3,4,4-Pentamethyl-1,5,2,4-dioxadisilepane (365): Pd/C (400 mg) was added to 364
(3.85 g, 19.02 mmol) neat, the mixture was purged with H, (3%x) and stirred at rt for 2 days
under H, (1 atm). The mixture was filtered through Celite with ether, and concentrated to
give 365 (3.70 g, 95%). *H NMR (300 MHz, CDCl3) § 3.79 (d, J = 0.7 Hz, 4H), 1.02 (ddd, J
=7.7,3.2,0.8 Hz, 3H), 0.32 — 0.22 (m, 1H), 0.22 — 0.12 (m, 12H).%

Chloro[1-(chlorodimethylsilyl)ethyl]dimethylsilane (366): AICI; (64 mg, 0.477 mmol)
was added to neat 365 (1.95 g, 9.54 mmol) followed by the addition of oxalyl chloride (827
puL, 9.77 mmol) at rt. The mixture was allowed to stir overnight before the addition of
pentane (6.5 mL). Stirring was continued for 1 h, and the solid was filtered, rinsed with
pentane, and the filtrate was concentrated. The oil was distilled at reduced pressure (35 mbar)
in an oil bath at 75 °C and the first fraction was discarded. The pressure was reduced further
(14 mbar), the oil bath was heated to 90 °C, and the product was collected at 35 °C to afford
366 (864 mg, 42%) as a colorless, clear liquid. *H NMR (300 MHz, CDCl3) § 1.22 (dt, J =
7.5, 1.0 Hz, 3H), 0.49 (dt, J = 4.8, 0.9 Hz, 12H), 0.46 — 0.39 (m, 1H).?*?

Ethynyl[1-(ethynyldimethylsilyl)ethyl]dimethylsilane (367): Ethynylmagnesium bromide
(0.5M in THF, 20 mL, 10.02 mmol) was added slowly to a solution of 366 (864 mg, 4.01
mmol) in THF (11 mL) at 0 °C. The solution was allowed to warm to rt and stirred overnight
before the volatiles were concentrated to ~10 mL. The residue was diluted with 1:1
pentane/ether (100 mL) and filtered through silica gel. The filtrate was concentrated to
provide 367 (779 mg, 99%) as a yellow liquid. *H NMR (300 MHz, CDCls) & 2.40 (s, 2H),
1.24 — 1.13 (m, 3H), 0.25 (dd, J = 2.8, 0.7 Hz, 12H), 0.11 — 0.00 (m, 1H).?*

5-Butyl-1,1,2,3,3-pentamethyl-2,3-dihydro-1H-1,3-benzodisilole (368): 1-Hexyne (93 pL,
0.807 mmol), diyne 367 (15.7 mg, 0.0807 mmol), and Cp*Ru(COD)CI (3 mg, 0.00807
mmol) were dissolved in DCE (325 pL) and the reaction was heated to 80 °C overnight. The

reaction mixture was concentrated and purified on flash silica gel chromatography, eluting
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with hexanes to afford 368 (14.9 mg, 67%) as a yellow oil. *H NMR (300 MHz, CDCls) &
7.47 (dd, J =7.5, 0.7 Hz, 1H), 7.37 (dd, J = 1.7, 0.8 Hz, 1H), 7.20 (dd, J = 7.5, 1.7 Hz, 1H),
2.68 — 2.52 (m, 2H), 1.62 (tdd, J = 10.6, 7.9, 4.4 Hz, 2H), 1.49 — 1.27 (m, 2H), 1.24 — 1.07
(m, 3H), 0.95 (t, J = 7.3 Hz, 3H), 0.28 (d, J = 3.2 Hz, 6H), 0.27 — 0.14 (m, 7H); *C NMR (75
MHz, CDCl3) 6 150.13, 146.66, 143.78, 132.28, 132.19, 129.30, 36.15, 33.96, 22.87, 14.21,
8.52, 3.96, -0.42, -0.51, -2.50, -2.58.

6-Butyl-1,1,2,3,3-pentamethyl-1H,2H,3H-[1,3]disilolo[4,5-c]pyridine (369): Valeronitrile
(84 pL, 0.807 mmol), diyne 367 (15.7 mg, 0.081 mmol), and CpCo(CO), (1 pL, 0.0081
mmol) were dissolved in toluene (2 mL) and the reaction was heated to in a CEM Discover
microwave at 300 W for 30 min. The reaction mixture was concentrated and purified on flash
silica gel chromatography, eluting with 10% EtOAc/hexanes to afford 369 (15 mg, 67%) as a
colorless oil. *H NMR (300 MHz, CDCl3) & 8.61 (d, J = 1.2 Hz, 1H), 7.27 (d, J = 2.1 Hz,
1H), 2.84 — 2.70 (m, 2H), 1.82 — 1.64 (m, 2H), 1.40 (h, J = 7.3 Hz, 2H), 1.14 (dd, J=7.7, 0.8
Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H), 0.30 (dd, J = 6.8, 0.8 Hz, 6H), 0.22 (dd, J = 7.0, 0.8 Hz,
7H).

6-Ethyl-1,1,2,3,3-pentamethyl-1H,2H,3H-[1,3]disilolo[4,5-c]pyridine (370): Propionitrile
(58 uL, 0.807 mmol), diyne 367 (15.7 mg, 0.081 mmol), and CpCo(CO), (1 pL, 0.008
mmol) were dissolved in toluene (2 mL) and the reaction was heated to in a CEM Discover
microwave at 300 W for 30 min. The reaction mixture was concentrated and purified on flash
silica gel chromatography, eluting with 20% EtOAc/hexanes to afford 370 (10.6 mg, 53%) as
a colorless oil. '"H NMR (300 MHz, CDCl3) & 8.62 (s, 1H), 7.28 (d, J = 1.2 Hz, 1H), 2.80 (q,
J=7.6Hz, 2H), 1.31 (t, J = 7.6 Hz, 3H), 1.14 (d, J = 7.6 Hz, 3H), 0.30 (dd, J = 6.3, 0.9 Hz,
6H), 0.22 (dd, J = 6.5, 0.8 Hz, 7H); *C NMR (100 MHz, CDCls) 5 162.16, 161.19, 151.59,
126.48, 125.66, 31.39, 14.24, 8.26, 3.72, -0.46, -1.07, -2.71, -3.33.

Hex-5-ynal (371): PCC (3.9 g, 18 mmol) and Celite (5.9 g) were added to DCM (47 mL) and
stirred at rt 30 min after which, a solution of hex-5-yn-1-ol (1 mL, 9.07 mmol) in DCM (2.6
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mL) was added and the mixture was stirred overnight. The reaction mixture was then filtered
through silica gel and washed with DCM (350 mL). The filtrate was concentrated to provide
371 (825 mg, 95%) as a light yellow liquid. *H NMR (300 MHz, CDCls3) & 9.81 (t, J = 1.3
Hz, 1H), 2.61 (td, J = 7.2, 1.3 Hz, 2H), 2.28 (td, J = 6.9, 2.7 Hz, 2H), 1.98 (td, J = 2.7, 0.7
Hz, 1H), 1.86 (p, J = 7.1 Hz, 2H).

Ethynyl([1-[(3-methoxyocta-1,7-diyn-1-yl)dimethylsilyl]ethyl])dimethylsilane (372): n-
BuLi (85 pL, 0.214 mmol) was added dropwise to a solution of diyne 367 (41.6 mg, 0.214
mmol) in THF (2 mL) at —78 °C and the solution was stirred at that temperature for 30 min.
Hex-5-ynal (371) (21.4 uL, 0.19 mmol) in THF (1 mL) was added to the reaction mixture at
—78 °C and the reaction was allowed to slowly warm to rt over 2 h and then stirred at rt
overnight. Mel (59 pL, 0.95 mmol) was then added to the solution, the reaction was allowed
to stir overnight, and sat NH4ClI (3 mL) was added. The mixture was extracted with ether (2 x
5 mL), the combined organic layers were dried over Na,SQy, filtered, and concentrated. The
residue was purified by flash silica gel chromatography, eluting with 5% ether/hexanes to
give 372 (15 mg, 26%). 'H NMR (300 MHz, CDCl3) & 3.96 (t, J = 6.2 Hz, 1H), 3.39 (d, J =
0.7 Hz, 3H), 2.39 (s, 1H), 2.31 — 2.15 (m, 2H), 2.02 — 1.90 (m, 1H), 1.92 — 1.74 (m, 2H), 1.77
—1.60 (m, 2H), 1.17 (d, J = 7.5 Hz, 3H), 0.35 - 0.14 (m, 12H), 0.07 (dd, J = 7.5, 0.7 Hz, 1H).

General procedure for 374-378: The diyne 367 (1.1 equiv) was dissolved in THF (0.1 M),
cooled to =78 °C, and n-BuLi (1.9 M in hexanes, 1.1 equiv) was added dropwise. The
solution was allowed to stir at that temperature for 1h and the appropriate aldehyde (1 equiv)
was added in THF (0.2M) and the reaction was allowed to stir for 3 h warming to rt. The
reaction was quenched by the addition of sat NH4Cl (2 mL) then extracted with ether (2 x 2
mL). The organic layers were dried over Na,SOy,, filtered, and concentrated. The residue was
purified by silica gel chromatography, eluting with 4:1 hexanes/EtOAc to provide alcohols
374-378 as colorless oils.
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1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]hepta-1,6-diyn-3-ol (374): Diyne 367 (38
mg, 0.195 mmol) was used in THF (2 mL) with n-BuLi (101 pL, 0.195 mmol) and pent-4-
ynal (14.5 mg, 0.177 mmol) in THF (1 mL) to give 374 (7.5 mg, 15%) following the general
procedure. *H NMR (300 MHz, CDClg) & 4.52 (t, J = 6.4 Hz, 1H), 2.46 — 2.25 (m, 2H), 2.04
—1.81 (m, 3H), 1.32 — 1.04 (m, 3H), 0.38 — 0.12 (m, 12H), 0.04 (q, J = 7.5 Hz, 1H).

1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]octa-1,7-diyn-3-ol (375): Diyne 367 (71.2
mg, 0.366 mmol) was used in THF (3 mL) with n-BuLi (190 pL, 0.366 mmol) and hex-5-
ynal (32 mg, 0.333 mmol) in THF (660 pL) to give 375 (27 mg, 28%) following the general
procedure. *H NMR (300 MHz, CDCls) § 4.40 (t, J = 6.3 Hz, 1H), 2.40 (s, 1H), 2.26 (ddd, J
=7.6,6.3, 2.6 Hz, 2H), 1.97 (td, J = 2.7, 0.9 Hz, 1H), 1.92 — 1.61 (m, 4H), 1.16 (dd, J = 7.5,
0.9 Hz, 3H), 0.34 — 0.12 (m, 12H), 0.12 — -0.04 (m, 1H).

1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilylJnona-1,8-diyn-3-ol (376): Diyne 367 (30
mg, 0.155 mmol) was used in THF (1.4 mL) with n-BuLi (80 pL, 0.155 mmol) and hept-6-
ynal (15.5 mg, 0.141 mmol) in THF (150 pL) to give 376 (10 mg, 23%) following the
general procedure. *H NMR (300 MHz, CDCls) & 4.36 (t, J = 6.3 Hz, 1H), 2.40 (s, 1H), 2.21
(tg, J =4.3,2.6 Hz, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.71 (dtt, J = 6.7, 4.8, 2.0 Hz, 2H), 1.64 —
1.48 (m, 4H), 1.16 (d, J = 7.5 Hz, 3H), 0.39 — 0.12 (m, 12H), 0.04 (g, J = 7.5 Hz, 1H).

6-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]-4-hydroxyhex-5-ynenitrile (377): Diyne
367 (108 mg, 0.556 mmol) was used in THF (4 mL) with n-BuLi (290 pL, 0.556 mmol) and
3-formylpropanenitrile (42 mg, 0.505 mmol) in THF (1 mL) to give 377 (38 mg, 27%)
following the general procedure. *"H NMR (300 MHz, CDCls) 6 4.61 — 4.44 (m, 1H), 2.56
(td, J = 7.3, 3.0 Hz, 2H), 2.41 (s, 1H), 2.14 — 1.94 (m, 2H), 1.15 (dd, J = 7.5, 0.8 Hz, 3H),
0.39-0.12 (m, 12H), 0.11 — -0.06 (m, 1H).

7-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]-5-hydroxyhept-6-ynenitrile (378): Diyne
367 (108 mg, 0.555 mmol) was used in THF (5 mL) with n-BuLi (288 pL, 0.555 mmol) and
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4-formylbutanenitrile (49 mg, 0.504 mmol) in THF (500 pL) to give 378 (42.5 mg, 29%)
following the general procedure. *H NMR (300 MHz, CDCl3) & 4.50 — 4.36 (m, 1H), 2.42
(dd, J = 8.6, 0.9 Hz, 3H), 1.86 (dd, J = 4.6, 2.2 Hz, 4H), 1.15 (dd, J = 7.5, 1.0 Hz, 3H), 0.29 —
0.18 (m, 12H), 0.09 —-0.02 (m, 1H).

General procedure for 378-383 and 401-403: The alcohol (1 equiv) was dissolved in DCM
(0.17 M), PCC (2 equiv) and Celite (1.5 x PCC wt) were added. The solution was allowed to
stir at rt overnight. The reaction was filtered through silica eluting with DCM, and the filtrate
was concentrated to provide ketones 378-383 and 401-403.

1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]hepta-1,6-diyn-3-one (379): Alcohol 374
(7.5 mg, 0.0264 mmol), PCC (11.4 mg, 0.0528 mmol), and no Celite were dissolved in DCM
(300 pL) to give 379 (5 mg, 69%) as a colorless oil following the general procedure. *H
NMR (300 MHz, CDCl3) 6 2.89 — 2.71 (m, 3H), 2.61 — 2.44 (m, 3H), 2.42 (s, 1H), 1.97 (t, J
=2.7 Hz, 1H), 1.18 (dd, J = 7.5, 0.9 Hz, 3H), 0.43 — 0.18 (m, 12H), 0.19 — 0.03 (m, 1H).

1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]octa-1,7-diyn-3-one (380): Alcohol 375
(27 mg, 0.0929 mmol), PCC (40 mg, 0.186 mmol), and Celite (60 mg) were dissolved in
DCM (1 mL) to give 380 (23 mg, 86%) as a colorless oil following the general procedure. *H
NMR (300 MHz, CDCl3) 6 2.79 — 2.65 (m, 2H), 2.42 (s, 1H), 2.26 (td, J = 6.9, 2.6 Hz, 2H),
2.03-1.93 (m, 1H), 1.88 (p, J = 7.1 Hz, 2H), 1.18 (d, J = 7.6 Hz, 3H), 0.43 — 0.17 (m, 12H),
0.19 — 0.03 (m, 1H); *C NMR (75 MHz, CDCls) 5 186.97, 98.13, 94.57, 89.48, 83.39, 69.50,
65.68, 44.05, 22.68, 17.87,9.77, 5.73, -0.99, -1.22, -1.65.

1-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilylJnona-1,8-diyn-3-one (381): Alcohol 376
(20 mg, 0.0328 mmol), PCC (14 mg, 0.066 mmol), and Celite (21 mg) were dissolved in
DCM (0.5 mL) to give 381 (7.9 mg, 80%) as a colorless oil following the general procedure.
'H NMR (300 MHz, CDCls) § 2.59 (td, J = 7.3, 1.0 Hz, 2H), 2.42 (d, J = 1.1 Hz, 1H), 2.28 —
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2.14 (m, 2H), 1.95 (td, J = 2.6, 1.0 Hz, 1H), 1.80 (p, J = 7.4 Hz, 2H), 1.59 (d, J = 14.6 Hz,
2H), 1.18 (dd, J = 7.5, 1.0 Hz, 3H), 0.42 — 0.16 (m, 12H), 0.20 — 0.05 (m, 1H).

6-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]-4-oxohex-5-ynenitrile  (382): Alcohol
377 (37.8 mg, 0.136 mmol), PCC (59 mg, 0.272 mmol), and Celite (88 mg) were dissolved in
DCM (1.5 mL) to give 382 (27.8 mg, 74%) as a yellow oil following the general procedure.
'H NMR (300 MHz, CDCl3) & 3.05 — 2.89 (m, 2H), 2.64 (t, J = 7.2 Hz, 2H), 2.42 (s, 1H),
1.18 (d, J = 7.5 Hz, 3H), 0.38 — 0.19 (m, 12H), 0.13 (g, J = 7.5 Hz, 1H).

7-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]-5-oxohept-6-ynenitrile (383): Alcohol
378 (42 mg, 0.144 mmol), PCC (62 mg, 0.288 mmol), and no Celite were dissolved in DCM
(1.6 mL) to give 383 (35.3 mg, 85%) as a yellow oil following the general procedure. *H
NMR (300 MHz, CDCl3) 4 2.78 (t, J = 6.9 Hz, 2H), 2.49 — 2.35 (m, 3H), 1.99 (p, J = 7.0 Hz,
2H), 1.18 (d, J = 7.5 Hz, 3H), 0.44 — 0.18 (m, 12H), 0.20 — 0.03 (m, 1H); **C NMR (75 MHz,
CDCl3) 4 185.30, 119.14, 102.38, 99.29, 94.68, 89.37, 43.30, 19.64, 19.56, 9.75, 5.66, -0.95,
-1.06, -1.26, -1.74.

1-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]hepta-1,6-diyn-3-one (401): Alcohol 398
(36.2 mg, 0.137 mmol), PCC (59 mg, 0.274 mmol), and Celite (89 mg) were dissolved in
DCM (1.4 mL) to give 401 (29.5 mg, 82%) as a yellow oil following the general procedure.
'H NMR (300 MHz, CDCl3) & 2.90 — 2.78 (m, 2H), 2.53 (dddd, J = 7.3, 6.4, 2.9, 0.6 Hz, 2H),
2.45 (s, 1H), 1.97 (td, J = 2.7, 1.0 Hz, 1H), 0.41 — 0.22 (m, 12H). '"H NMR (300 MHz,
CDCl3) 8 2.74 (t, J = 7.3 Hz, 2H), 2.45 (s, 1H), 2.26 (td, J = 6.9, 2.6 Hz, 2H), 1.98 (td, J =
2.6, 0.8 Hz, 1H), 1.89 (p, J = 7.0 Hz, 2H), 0.33 (d, J = 11.9 Hz, 12H).

1-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]octa-1,7-diyn-3-one (402): Alcohol 399 (14

mg, 0.05 mmol), PCC (22 mg, 0.1 mmol), and Celite (33 mg) were dissolved in DCM (600
L) to give 402 (11.4 mg, 83%) as a yellow oil following the general procedure. *H NMR
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(300 MHz, CDClg) § 2.74 (t, J = 7.3 Hz, 2H), 2.45 (s, 1H), 2.26 (td, J = 6.9, 2.6 Hz, 2H),
1.98 (td, J = 2.6, 0.8 Hz, 1H), 1.89 (p, J = 7.0 Hz, 2H), 0.33 (d, J = 11.9 Hz, 12H).

7-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]-5-oxohept-6-ynenitrile (403): Alcohol 400
(15.4 mg, 0.0551 mmol), PCC (24 mg, 0.11 mmol), and Celite (36 mg) were dissolved in
DCM (1 mL) to give 403 (8.5 mg, 56%) as a yellow oil following the general procedure. *H
NMR (300 MHz, CDCls) 6 2.80 (td, J = 6.9, 0.7 Hz, 2H), 2.50 — 2.36 (m, 3H), 2.00 (p, J =
7.0 Hz, 2H), 0.33 (d, J = 14.3 Hz, 12H).

General procedure for 384-389 and 404-406: Triyne or diyne nitrile (1 equiv) was
dissolved in toluene (0.05M) in a microwave vial and catalyst was added Cp*Ru(COD)CI
(0.2 equiv) for benzenes and CpCo(CO);, (0.1-0.2 equiv) for pyridines. The reaction was
heated in a CEM Discover microwave reactor for 20-30 min at 300 W. The reaction mixture
was concentrated and purified by flash silica gel chromatography eluting with 10-33%
EtOAc/hexanes to give the benzenes and pyridines 384-389 and 404-406.

1,1,2,3,3-Pentamethyl-1H,2H,3H,6H,7H,8H-indeno[4,5-d][1,3]disilol-8-one (384): Triyne
379 (5 mg, 0.0182 mmol) and Cp*Ru(COD)CI (1.4 mg, 0.00364 mmol) in toluene (500 uL)
were reacted following the general procedure to give 384 (3.1 mg, 62%) as a yellow residue.
'H NMR (300 MHz, CDCl3) 6 7.71 (d, J = 7.5 Hz, 1H), 7.53 — 7.43 (m, 1H), 3.21 — 3.07 (m,
2H), 2.72 - 2.58 (m, 2H), 1.16 (d, J = 7.7 Hz, 3H), 0.46 — 0.08 (m, 13H).

1,1,2,3,3-Pentamethyl-1H,2H,3H,6H,7H,8H,9H-naphtho[1,2-d][1,3]disilol-9-one  (385):
Triyne 380 (10.8 mg, 0.0374 mmol) and Cp*Ru(COD)CI (2.8 mg, 0.00748 mmol) in toluene
(750 pL) were reacted following the general procedure to give 385 (9.5 mg, 88%) as a
yellow-orange oil. *H NMR (300 MHz, CDCls) 6 7.63 (dd, J = 7.4, 0.9 Hz, 1H), 7.27 (dd, J =
7.2,0.8 Hz, 1H), 2.98 (t, J = 6.2 Hz, 2H), 2.74 — 2.59 (m, 2H), 2.23 — 2.03 (m, 2H), 1.15 (dd,
J=17.6,0.9 Hz, 3H), 0.42 - 0.08 (m, 12H), 0.14 — 0.02 (m, 1H).
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3,3,4,5,5-Pentamethyl-3,5-disilatricyclo[7.5.0.0>°]tetradeca-1(9),2(6),7-trien-14-one
(386) and 3,3,4,5,5-Pentamethyl-3,5-disilatricyclo[6.5.1.0*®]tetradeca-1(14),2(6), 7-trien-
13-one (387): Triyne 381 (7.3 mg, 0.0241 mmol) and Cp*Ru(COD)CI (1.8 mg, 0.00482
mmol) in toluene (500 pL) were reacted following the general procedure to give 386 (2.3 mg,
32%) and 387 (1.6 mg, 22%) as a yellow-orange oil. 386: *H NMR (300 MHz, CDCls)  7.56
(d, J=7.4 Hz, 1H), 7.17 (d, J = 7.3 Hz, 1H), 2.95 — 2.75 (m, 2H), 2.66 (td, J = 7.9, 7.3, 4.1
Hz, 2H), 1.82 (ddd, J = 16.1, 7.5, 4.6 Hz, 4H), 1.13 (d, J = 7.6 Hz, 3H), 0.37 — 0.04 (m,
13H); 387: *H NMR (300 MHz, CDCls) & 7.65 (s, 1H), 7.47 (s, 1H), 2.78 (t, J = 6.6 Hz, 2H),
1.91 (d, J = 6.6 Hz, 2H), 1.75 — 1.62 (m, 4H), 1.17 — 1.06 (m, 3H), 0.34 — 0.07 (m, 12H),
0.10 —-0.01 (m, 1H).

3,3,4,5,5-Pentamethyl-8-aza-3,5-disilatricyclo[7.3.0.0>°]dodeca-1(9),2(6),7-trien-12-one

(388): Diyne nitrile 382 (26.6 mg, 0.0966 mmol) and CpCo(CO); (1.1 pL, 0.00966 mmol) in
toluene (1.9 mL) were reacted following the general procedure to give 388 (16 mg, 60%) as a
light yellow solid. *"H NMR (300 MHz, CDCls) & 8.80 (s, 1H), 3.36 — 3.22 (m, 2H), 2.79 —
2.64 (m, 2H), 1.16 (d, J = 7.7 Hz, 3H), 0.48 — 0.16 (m, 13H); *C NMR (101 MHz, CDCls) &
156.24, 35.37, 28.86, 8.30, 3.26, -0.46, -1.24, -2.65, -4.40. Quaternary carbons were not

visible.

1,1,2,3,3-Pentamethyl-1H,2H,3H,6H,7H,8H,9H-[1,3]disilolo[4,5-c]quinolin-9-one  (389):
Diyne nitrile 383 (16 mg, 0.0553 mmol) and CpCo(CO); (1.3 L, 0.0113 mmol) in toluene
(1.1 mL) were reacted following the general procedure to give 389 (12.8 mg, 80%) as a light
yellow solid. *H NMR (300 MHz, CDCls) & 8.70 (s, 1H), 3.17 (t, J = 6.2 Hz, 2H), 2.70 (tt, J
=6.2, 3.4 Hz, 2H), 2.18 (p, J = 6.5 Hz, 2H), 1.15 (d, J = 7.6 Hz, 3H), 0.42 — 0.15 (m, 12H),
0.12 (g, J = 7.6 Hz, 1H).

1,1,3,3-Tetramethyl-1H,3H,6H,7H,8H-indeno[4,5-c][1,2,5]oxadisilol-8-one (404): Triyne

401 (11.5 mg, 0.0438 mmol) and Cp*Ru(COD)CI (1.7 mg, 0.00438 mmol) in toluene (1.1

mL) were reacted following the general procedure to give 404 (2.8 mg, 24%) as a yellow
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solid. *H NMR (300 MHz, CDCls) & 7.74 (dd, J = 7.5, 0.7 Hz, 1H), 7.54 (dd, J = 7.5, 0.9 Hz,
1H), 3.26 — 3.14 (m, 2H), 2.74 — 2.60 (m, 2H), 0.52 — 0.30 (M, 12H).

1,1,3,3-Tetramethyl-1H,3H,6H,7H,8H,9H-naphtho[1,2-c][1,2,5]oxadisilol-9-one  (405):
Triyne 402 (10.5 mg, 0.038 mmol) and Cp*Ru(COD)CI (1.4 mg, 0.0038 mmol) in toluene
(760 pL) were reacted following the general procedure to give 405 (7.5 mg, 71%) as a tan
solid. *H NMR (300 MHz, CDCls) & 7.68 (d, J = 7.4 Hz, 1H), 7.34 (d, J = 7.3 Hz, 1H), 3.02
(t, J=6.1 Hz, 2H), 2.70 (dd, J = 7.2, 5.8 Hz, 2H), 2.18 (p, J = 6.3 Hz, 2H), 0.36 (d, J = 20.2
Hz, 12H).

1,1,3,3-Tetramethyl-1H,3H,6H,7H,8H,9H-[1,2,5]oxadisilolo[3,4-c]quinolin-9-one  (406):
Diyne nitrile 403 (8.3 mg, 0.0299 mmol) and CpCo(CO), (1 pL, 0.0089 mmol) in toluene
(750 pL) were reacted following the general procedure to give 406 (3.2 mg, 39%) as a white
solid. *H NMR (300 MHz, CDCls) & 8.80 (s, 1H), 3.21 (t, J = 6.2 Hz, 2H), 2.73 (dd, J = 7.3,
5.9 Hz, 2H), 2.24 (p, J = 6.4 Hz, 2H), 0.39 (d, J = 8.7 Hz, 12H).

2-(2-[[1-(Ethynyldimethylsilyl)ethyl]dimethylsilyl]ethynyl)-4,5-dimethoxybenzaldehyde
(391): 6-Bromoveratraldehyde (100 mg, 0.403 mmol) (343) was dissolved in dioxane (2.7
mL) to which PdCl,(PPhs), (28 mg, 0.0403 mmol), Cul (7.7 mg, 0.0403 mmol), and TEA (79
ML, 0.60 mmol) were added. After the mixture was stirred for 5 min, the diyne 367 (235 L,
1.2 mmol) was added and the reaction mixture was allowed to stir at rt for 2 days. The
volatiles was evaporated, and the residue was dissolved in EtOAc (4 mL) and washed with
sat NH4Cl (2 mL), and the ag. layer was extracted with EtOAc (4 mL). The combined
organic layers were dried with Na,SO, filtered, concentrated, and purified with silica gel
chromatography eluting with 4:1 hexanes/EtOAc to give 391 (106 mg, 73%). *H NMR (300
MHz, CDCl3) 6 10.40 (s, 1H), 7.43 — 7.33 (m, 1H), 6.97 (s, 1H), 3.95 (d, J = 6.6 Hz, 6H),
2.41 (s, 1H), 1.23 (d, J = 7.5 Hz, 3H), 0.39 — 0.19 (m, 12H), 0.15 (g, J = 7.5 Hz, 1H).
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(But-3-yn-1-yl)([[2-(2-[[1-(ethynyldimethylsilyl)ethyl]dimethylsilyl]ethynyl)-4,5-
dimethoxyphenyl]methyl])amine (392): Homopropargylic amine (81 puL, 0.986 mmol) and
NaBH(OACc)s3 (105 mg, 0.4935 mmol) were dissolved in DCE (660 pL) and MgSO, (50 mg)
was added. The aldehyde 391 (118 mg, 0.329 mmol) dissolved in DCE (2.6 mL) was added
over 2 h at rt and the reaction was stirred overnight. Sat NaHCO3 (2 mL) was added to the
reaction mixture and the layers were separated. The aq. layer was extracted with DCM (2 x 2
mL) and the combined organic layers were washed with brine (3 mL). The organic layer was
dried over Na,SO., filtered, and concentrated. The residue was purified by flash silica gel
chromatography, eluting with 5%MeOH/DCM to give 392 (40 mg, 30%). *H NMR (300
MHz, CDCl3) 8 7.05 (s, 1H), 6.93 (s, 1H), 4.07 (s, 2H), 3.89 (d, J = 11.8 Hz, 6H), 2.87 (t, J =
6.9 Hz, 2H), 2.53 (td, J = 6.9, 2.7 Hz, 2H), 2.43 (s, 1H), 2.02 (t, J = 2.6 Hz, 1H), 1.23 (dd, J
=7.0, 3.2 Hz, 3H), 0.42 - 0.20 (m, 12H), 0.20 — 0.04 (m, 1H).

tert-Butyl N-(but-3-yn-1-yl)-N-[[2-(2-[[1-(ethynyldimethylsilyl)
ethyl]dimethylsilyl]ethynyl)-4,5-dimethoxyphenyl]methyl]carbamate (393): Boc,O (21
mg, 0.097 mmol) was added to a solution of the amine 392 (20 mg, 0.0486 mmol), TEA (19
pL, 0.146 mmol), and DMAP (0.6 mg, 0.00486 mmol) in DCM (500 uL). The reaction was
allowed to stir at rt overnight before it was diluted with DCM (2 mL) and washed with 0.5M
HCI (2 mL), sat NaHCO;3; (2 mL), and brine (2 mL). The organic layer was dried over
Na,SO,4, filtered, and concentrated. The residue was purified by flash silica gel
chromatography eluting with 2:1 hexanes/EtOAc to provide 393 (14.6 mg, 59%). ‘H NMR
(300 MHz, CDCls) 6 6.96 — 6.85 (m, 2H), 4.62 (d, J = 6.7 Hz, 2H), 3.85 (d, J = 6.3 Hz, 6H),
3.38 (dt, J = 24.6, 7.4 Hz, 2H), 2.40 (h, J = 6.7 Hz, 3H), 1.94 (d, J = 2.7 Hz, 1H), 1.48 (d, J =
10.0 Hz, 9H), 1.32 — 1.15 (m, 3H), 0.29 (dd, J = 12.0, 2.7 Hz, 12H), 0.22 — 0.04 (m, 1H).

Ethynyl[(ethynyldimethylsilyl)oxy]dimethylsilane (396): 1,3-Dichloro-1,1,3,3-
tetramethyldisiloxane (395) (1.0 mL, 5.11 mmol) was dissolved in THF (20 mL) and cooled
to 0 °C. Ethynylmagnesium bromide (0.5 M in THF, 25.6 mL, 12.28 mmol) was then added

slowly, and the solution was allowed to warm to rt and was stirred overnight. The volatiles
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were evaporated to ~10 mL; the mixture was filtered through silica gel, and eluted with 1:1
hexanes/ether (100 mL). The filtrate was concentrated to afford 396 (833 mg, 89%) as a
yellow liquid. *H NMR (300 MHz, CDCls) & 2.42 (s, 2H), 0.31 (s, 12H).

6-Ethyl-1,1,3,3-tetramethyl-1H,3H-[1,2,5]oxadisilolo[3,4-c]pyridine (397): The diyne 396
(17 mg, 0.093 mmol), propionitrile (66 pL, 0.932), and CpCo(CO), (1 uL, 0.00932 mmol)
were dissolved in toluene (2.3 mL) and the reaction was heated to in a CEM Discover
microwave at 300 W for 30 min. The reaction mixture was concentrated and purified on flash
silica gel chromatography, eluting with 2:1 hexanes/EtOAc to give 397 (2.7 mg, 12%). *H
NMR (300 MHz, CDCl3) 6 8.68 (s, 1H), 7.32 (s, 1H), 2.84 (q, J = 7.8 Hz, 2H), 1.40 — 1.27
(m, 3H), 0.38 (d, J = 6.0 Hz, 12H).

General procedure for 398-400: The diyne 396 (1 equiv) was dissolved in THF (to a final
concentration of 0.11 M) and cooled to =78 °C. n-BuLi (1.9M in hexanes, 1 equiv) was
added dropwise and the solution was allowed to stir at that temperature for 1h. The
appropriate aldehyde (1 equiv) was added in THF (1.4 M) and the reaction was allowed to
stir for 3 h warming to rt. The reaction was quenched by the addition of sat NH4CI (5 mL)
then extracted with ether (2 x 5 mL). The organic layers were dried over Na,SOy, filtered,
and concentrated. The residue was purified by silica gel chromatography, eluting with 4:1

hexanes/EtOAcC to provide the alcohols 398-400 as colorless oils.

1-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]hepta-1,6-diyn-3-ol (398): Diyne 396 (101
mg, 0.554 mmol) in THF (5 mL), n-BuLi (1.9 M in hexanes, 288 pL, 0.554 mmol), and pent-
4-ynal (44.2 mg, 0.538 mmol) in THF (380 pL) were reacted to give 398 (37.3 mg, 26%). *H
NMR (300 MHz, CDCl3) 6 4.54 (t, J = 6.4 Hz, 1H), 2.45 — 2.32 (m, 3H), 2.01 — 1.86 (m,
3H), 0.35 - 0.22 (m, 12H).

1-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]octa-1,7-diyn-3-ol (399): Diyne 396 (73 mg,
0.400 mmol) in THF (3.8 mL), n-BuLi (1.9M in hexanes, 208 pL, 0.4 mmol), and pent-4-

129



ynal (38 mg, 0.395 mmol) in THF (200 pL) were reacted to give 399 (15.4 mg, 14%). *H
NMR (300 MHz, CDCl3) 6 4.41 (t, J = 6.3 Hz, 1H), 2.43 (s, 1H), 2.32 — 2.19 (m, 2H), 1.97
(t, J = 2.7 Hz, 1H), 1.91 — 1.77 (m, 2H), 1.80 — 1.65 (m, 2H), 0.29 (d, J = 5.3 Hz, 12H); *°C
NMR (75 MHz, CDClI3) 8 105.74, 92.56, 89.36, 89.08, 84.13, 68.97, 62.49, 36.57, 24.20,
18.30, 2.22.

7-[[(Ethynyldimethylsilyl)oxy]dimethylsilyl]-5-hydroxyhept-6-ynenitrile  (400): Diyne
396 (68.8 mg, 0.377 mmol) in THF (3.5 mL), n-BuLi (1.9M in hexanes, 196 uL, 0.377
mmol), and 4-formylbutanenitrile (35.9 mg, 0.369 mmol) in THF (350 uL) were reacted to
give 400 (16.3 mg, 16%). *H NMR (300 MHz, CDCl3) & 4.51 — 4.38 (m, 1H), 2.54 — 2.35 (m,
3H), 1.94 — 1.81 (m, 4H), 0.29 (d, J = 3.6 Hz, 12H).

General procedure for 407-409: Disiloxane (1 equiv) was dissolved in THF (0.04M) and
TBAF (1M in THF, 4 equiv) was added and the solution was stirred at rt for 4 h. The solution
was evaporated and the residue was purified using flash silica gel chromatography eluting
with 20% EtOAc/hexanes to give benzenes 407-408 and with ether to give pyridine 409.

2,3-Dihydro-1H-inden-1-one (407): Following the general procedure, disiloxane 404 (5 mg,
0.019 mmol) and TBAF (1 M in THF, 76 pL, 0.076 mmol) in THF (500 uL) gave 407 (1 mg,
40%). *H NMR (300 MHz, CDCls) § 7.77 (d, J = 7.6 Hz, 1H), 7.63 — 7.55 (m, 1H), 7.49 (dt,
J=7.8,1.0Hz, 1H), 7.41 - 7.33 (m, 1H), 3.22 — 3.10 (m, 2H), 2.75 — 2.63 (m, 2H).

1,2,3,4-Tetrahydronaphthalen-1-one (408): Following the general procedure, disiloxane
405 (6.3 mg, 0.023 mmol) and TBAF (1M in THF, 92 uL, 0.092 mmol) in THF (570 pL)
gave 408 (2.7 mg, 80%) as a light yellow oil. *H NMR (300 MHz, CDCls) & 8.04 (dd, J =
7.8, 1.3 Hz, 1H), 7.47 (tt, J = 7.5, 1.3 Hz, 1H), 7.31 (tdg, J = 7.9, 1.3, 0.6 Hz, 1H), 7.30 —
7.21 (m, 1H), 2.98 (t, J = 6.1 Hz, 2H), 2.72 — 2.59 (m, 2H), 2.24 — 2.07 (m, 2H).
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5,6,7,8-Tetrahydroquinolin-5-one (409): Following the general procedure, disiloxane 406
(3 mg, 0.011 mmol) and TBAF (1M in THF, 43 uL, 0.043 mmol) in THF (300 pL) gave 409
(2.3 mg, 100%). *H NMR (300 MHz, CDCls) & 8.69 (dt, J = 4.7, 1.5 Hz, 1H), 8.30 (dt, J =
8.0, 1.3 Hz, 1H), 7.31 (ddd, J = 7.8, 4.8, 0.9 Hz, 1H), 3.19 (t, J = 6.2 Hz, 2H), 2.78 — 2.65 (m,
2H), 2.33 - 2.12 (m, 2H).
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CHAPTER 6: Investigation of Microwave Effects in [2+2+2] Cyclotrimerization

Reactions

6.1 Microwave Effects

The use of microwave irradiation has greatly improved the yield, lessened reaction
time, and produced cleaner reaction profiles for many transition metal catalyzed reactions.**®
%0 Despite this trend, at the time this work began the microwave promoted [2+2+2]
cyclotrimerization reactions had been slow to garner attention. With the first report in 1986

by Gedye®® and later by Giguere and Majetich,?®?

microwave assisted organic synthesis
(MAOS) introduced to the synthetic community a faster alternative to traditional heating
approaches to several classical reactions (e.g. Diels-Alder, Claisen rearrangement,
esterification, etc.). Both groups used sealed vessels in domestic microwave ovens with no
temperature control, often leading to unpredictable outcomes and explosions. Solvent free
systems were developed in the 1990’s eliminating explosive risks but causing other technical
difficulties related to non-uniform heating, mixing, and reaction temperature.?®® Currently,
technology advancements have introduced microwave reactors with temperature and power
controls, as well as cooling options. These technological developments have helped
microwave chemistry to become a less esoteric application in synthesis labs and contributed
to the more than 3,000 examples of MAOS in the literature.?°42%

Commercially available microwave reactors emit electromagnetic radiation at 2.45
GHz corresponding to 0.0016 eV of energy. Such a low energy output is not capable of
cleaving carbon-carbon single bonds (3.61 eV) or even hydrogen bonds (0.04-0.44 eV)
(Table 6.1),%°" 2%® therefore, the energy absorption itself cannot cause chemical reactions to

occur as in the case of photochemistry.?®*
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Table 6.1. Radiation energies compared to bond energies.?®" 2%

Radiation Quantum Energy (eV)| Bond Type Bond Energy (eV)
Gamma rays 1.24X10° CC single 3.61

X-rays 1.24x10° CC double 6.35

uv 4.1 CO single 3.74

Visible 25 CO double 7.71

IR 0.012 CH 4.28
Microwave 0.0016 OH 4.80
Radiowaves 4.0X107° H-bond 0.04-0.44

The mechanism of heating the reaction mixture - termed microwave dielectric heating
- is the cornerstone of MAQS. This heating occurs by two mechanisms: dipolar polarization
and ionic conduction.?®® 2 In the dipolar polarization mechanism, molecules with dipole
moments attempt to align themselves with the alternating electrical field. Heat is generated
from molecular friction and dielectric loss. With ionic conduction, the ions in solution move
back and forth with the electrical field, thereby colliding with other molecules or atoms.
These collisions produce heat. The origin for the dramatic rate enhancements for reactions
performed in microwaves is still a matter of debate. Most researchers agree that thermal
effects accelerate the microwave reactions with certain specific microwave effects also noted.
But, not all authors have the same opinion concerning so-called athermal or “nonthermal
microwave effects”.?’" 2”2 The majority of microwave reactions are accelerated due to
thermal/kinetic effects. According to Arrhenius’ Law (k = Ae ERN) 23 the higher the
temperature T at which a reaction is performed, the higher the rate k. In the microwave
under sealed tube conditions, solvents can be heated to points far above their respective
boiling points at atmospheric pressure. Methanol, for instance, can be heated to >100 °C
above its boiling point.?®* These high temperatures can have an extraordinary effect on
reaction rates. Through the Arrhenius equation, one can calculate the time necessary for a
given reaction to proceed to a certain conversion level: if at 27 °C the reaction takes 68 days
to reach 90% conversion, only 1.61 seconds is required if the reaction is performed at 227

°C.?%° However, one would expect the same rate no matter if the reaction were refluxed under
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microwave irradiation or by conventional methods.?”* Rate enhancements in this case are
attributed partly to specific microwave effects.

Although still thermal in nature, specific microwave effects are claimed when the
outcome of a reaction under microwave heating differs from the results of a reaction under
conventional heating. Because the heating occurs within the solution and is not conducted
through the vessel, an inverted temperature gradient arises (Figure 6.1) under microwave
heating that some refer to as wall effects.'* Temperature sensitive reagents, such as catalysts,
will remain active for longer periods, thereby increasing conversions. Also, specific reagents
can selectively absorb the microwave radiation leading to an increased temperature at the
catalyst surface (heterogeneous mixture) or at microscopic hotspots (homogeneous
mixture).’?? Finally, solvents, even in open-vessel situations, can be heated above their
atmospheric boiling points.*®* '2* This superheating effect increases rates without the need
for pressure. Controversy surrounds the last set of effects, the athermal or nonthermal
microwave effects. Rate enhancements are attributed to direct coupling of the electrical

component of the microwave radiation with reagents, intermediates, or catalysts.

Figure 6.1. Inverted temperature gradient produced during microwave heating (left) compared to oil
bath heating (right). ***

Polar molecules can be oriented by the electrical field altering the pre-exponential factor A of

the Arrhenius equation'® or the activation energy.’?® Despite the uncertainty regarding the
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specific sources of rate enhancements observed for microwave reactions, microwave
chemistry is a rapidly developing field that continues to gain popularity among chemists (for
an overview of the application of microwave irradiation to [2+2+2] cyclotrimerization
reactions see Chapter 1, Section 1.3).

Recently, an investigation by Kappe on the nonthermal microwave effects in [2+2+2]
cyclotrimerization reactions was conducted and used some of the examples in the literature
concerning microwave-mediated reactions to make their argument.”’#?’® They thought that
the enhancements in reactions that were observed were not due to the believed nonthermal
microwave effects, but rather to the minimized wall effects due to in-core microwave
heating, leading to enhanced catalyst turnovers.?®® The default temperature is measured by an
IR sensor on the CEM discover microwave reactors. Another temperature measurement
devise that is available is a fiber optic (FO) probe, which is more accurate, but not as
convenient for most reactions. The Kappe lab used the FO probe for their measurements to
insure accurate temperature profiles for the reactions they were investigating. They found
that there were no specific or nonthermal microwaves effects in the cyclotrimerization
reactions they tested since they obtained the same yields in the same time frame with and
without microwave heating as they closely monitored the reaction temperature by the FO
probe.?™ They concluded that the difference in previously reported low yields in the
controlled thermal reactions compared to the microwave reaction was due to an inaccurate
temperature measurement with the IR sensor and the measurement of the oil bath that was
used. Thus, the thermal internal reaction temperature was actually lower than that of the
microwave reaction temperature and the difference in temperature was the only reason a
lower yield was found.?

Although Kappe claims that nonthermal microwave effects may be minimal in
transition metal-mediated cyclotrimerizations, the Ley group discovered that the
cyclotrimerization reaction of triynes could be conducted without the addition of any catalyst
using only microwave irradiation (Scheme 1.45).%° Yan Zou (Deiters lab) was able to carry

out a similar cyclotrimerization reaction without any catalyst.>
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6.2 Microwave Effect Investigation

To further investigate this temperature measurement argument, more experiments
were performed to compare results to find if there are in fact specific microwave effects or
only thermal effects in the cyclotrimerization reactions. As an initial model system we
selected the reaction of dipropargyl tosylamide 344%* with acetonitrile in the presence of
CpCo(CO), as a catalyst to form the pyridine 412 (Scheme 6.1). We first investigated the
power requirement of these reactions, since typically 300 W is used with a time of 20-60 min
to form pyridines under these reaction conditions. The best yields were obtained with
reaction times of 30-40 min and with 20 mol% catalyst at 300 W (77-78% yield). When the
power was reduced to 200 W, the yield fell slightly to 72%. When the power decreased the
temperature also decreased, but the precision of the measurements is questionable as they
were conducted with the IR sensor. When the power was lowered to 100 W for 2 x 30 min,
the temperature was reduced by about 20 °C and the yield dramatically decreased to 20%.
The yield only marginally increased to 45% by increasing the amount of the catalyst to 1
equiv. When the reaction temperature was set to 100 °C (varying power), it was not
surprising that no product 412 was formed. Finally, to determine if high microwave power
but reduced reaction temperatures would allow the reaction to proceed, the microwave was
set to 300 W for 30 min with air cooling the reaction, which only allowed the temperature to
reach 72 °C. This resulted in only 9% of product 412 and mostly unreacted starting material.
This indicated that a certain minimum temperature is in fact needed for the reaction to occur
and that microwave irradiation may have no effect at all. This result is in agreement with the
published thermal temperature (130-150 °C) that is needed to displace the CO ligands on the
Co catalyst with alkynes.”? These experiments indicate that the temperature of the reaction
mixture is important when conducting a cyclotrimerization reaction with CpCo(CO)s,,

whether heating it thermally or with microwave irradiation.
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CH3CN (10eq),

Vs CpCo(CO), X
TsN —  » TsN | N

= toluene Z

344 412

Power  time(min) temp (° C) catmol % yield

300w 40 157 20 7%
300 W 3x10 137 20 78%
200 W 30 142 20 72%
100 W 2x30 120 20 20%
100w 2x30 125 100 45%
std. mode 30 100 20 0%
300 W (air) 30 72 20 9%

Scheme 6.1. Varying microwave power to form the pyridine 412 using CpCo(CO), as catalyst.

The first step in the mechanism of cyclotrimerization reaction towards pyridines
when catalyzed by cobalt (Scheme 1.31) is replacement of the neutral ligands (e.g., CO) with
two alkynes. Thus, the weaker the binding energy of the neutral ligands to the metal center,
the lower the temperature that is needed for the reaction to occur. It was believed if the CO
ligand was changed to a ligand that binds less strongly to Co such as COD (1,5-
cyclooctadiene),” then the reaction could proceed at a lower temperature. If the neutral
ligand is complexed to Co weakly enough, then perhaps microwave irradiation at low
temperature would be sufficient for the alkynes to displace the ligands and could be as
effective as high thermal heating. The commercially available CpCo(CO), was converted
into CpCo(COD) using COD as the solvent in low yield, but as a pure brown crystalline solid
that was easier to handle than the liquid CpCo(CO), (Scheme 6.2).%"

COD
CpCo(C0), —— CpCo(COD)
150 °C

17%

Scheme 6.2. Synthesis of CpCo(COD).

With the CpCo(COD) catalyst, similar experiments were performed as with CpCo(CO); in
order to investigate the temperature- and microwave power-dependence of the
cyclotrimerization reaction. The same trend was observed: at 300 W the temperature reached
146 °C and the yield was the highest at 64%. As the power was lowered to 200 W (137 °C)
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and 100 W (119 °C), the yield decreased to 51% and 29% respectively (Scheme 6.3). A
thermal reaction was also performed and the oil bath temperature was set to 140 °C, leading
to a high-yielding reaction at 81%. Lastly, a reaction at 300 W with air cooling under open
vessel conditions (100 °C, fiber optics probe) delivered no product 412. All low yielding
reactions never reached 125 °C, which is in agreement with the fact that the CpCo(COD)
catalyst needs at least that temperature to have the COD ligand displaced by the alkynes.”
These results again indicate that the microwave irradiation does not seem to have a non-
thermal effect in these reactions and that a certain temperature is needed to displace the

ligands on the catalyst and to initiate the cyclotrimerization reaction.

CH3CN (10eq),

S — CpCo(COD) X
TsN —— > TsN | N

= toluene &

344 412

Power time(min) temp (° C) cat mol % yield

300 W 30 146 12 64%
200 W 30 137 20 51%
100 W 2x30 119 20 29%
thermal 30 140 20 81%
300 W(air) 30 100 (FO) 20 0%

Scheme 6.3. Varying microwave power to form the pyridine 412 using CpCo(COD) as a catalyst.

In order to address the possible temperature measurement discrepancies that Kappe
describes,?’* similar model reactions were performed in a microwave reactor and a
conventional oil bath, while precisely measuring the temperature with the same fiber optics
(FO) probe. The reaction that was chosen was one from a previously reported paper from the
Deiters lab forming pyridine 414 under open vessel microwave irradiation (Scheme 6.4).2
In the microwave under open vessel conditions the previously synthesized diyne 413°”° was
reacted with benzonitrile at a constant temperature of 144 °C over 2 h and formed the
pyridine 414 in 83% yield. The same reaction was performed thermally and the reaction
temperature was maintained at 142 °C (FO probe) and gave the pyridine 414 in almost

identical yield of 84%. Thus, no difference in experimental outcome was observed regardless
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of how the reaction was heated as long as the reaction mixture itself was kept at the same

temperature for the same time. However, shorter reaction times were not investigated.

. PhCN (leq),
EtO,C :— CpCo(CO), (10%) EtO,C | X
—_—
EtOZC — 300w, OV, EtOZC ~N
FO probe (144 °C)
413 xylenes, 2 h 414

Ph

83%
. PhCN (1eq),
EtO,C :— CpCo(CO), (10%) EtO,C | X
_—
EtO,C — thermal EtO,C =N
FO probe (142 °C)
413 xylenes, 2 h 414

84%

Scheme 6.4. Open vessel microwave reaction and thermal reaction temperatures both measured with
FO probe.

In the reaction that was performed in the previous report,?’

the temperature was recorded
with the IR probe rather than the FO probe. The difference in temperature profiles is shown
in Figure 6.2. The IR probe shows a lower temperature until about 40 min, and then the
temperature seems to increase until the reaction is complete (120 min) to > 150 °C. The FO
probe shows a more stable temperature profile that reaches its max in 25 min to 145 °C and
stays the same until the reaction is complete after 120 min. With shorter reaction times that
are generally used in the microwave, the IR probe would show a lower temperature than the
actual reaction mixture.”” This causes the control thermal reactions to be performed at lower
temperatures, and can therefore not be compared with microwave-heated reactions. This
indicates that the accuracy in the temperature measurement is important and is most likely
the reason for the thermal reactions to provide lower yields than those performed in the
microwave. These results are in agreement with the results that Kappe found indicating there
are no apparent non-thermal microwave effects associated with the [2+2+2]

cyclotrimerization reaction.?”
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Figure 6.2. Temperature profile of cyclotrimerization reactions in xylenes measured with the FO
probe (red) and the IR probe (pink).

6.3 Conclusion and Outlook

Many organic reactions are enhanced in yield, time, and purity with microwave
irradiation.”®* %° Although there are many examples of microwave-assisted [2+2+2]
cyclotrimerization reactions, there is no evidence that any nonthermal microwave effects
enhance the reactivity. The catalysts that are most commonly used in microwave mediated
cyclotrimerization reactions are just as effective when heated thermally. The comparison of
these two different heating methods has generally shown that thermal heating gives lower
yield or no yield at all. This is not because of any type of microwave effects, but rather due to
the IR temperature sensor of the microwave reactors giving a non-accurate reaction
temperature measurement, therefore heating the oil bath for thermal reactions at a lower
temperature than that of the microwave reaction. When two reactions were heated at the
same exact temperature, measuring with a more accurate FO probe, the exact same product
and vyields were obtained with either microwave or thermal heating conditions. Although
there do not seem to be any nonthermal microwave effects, there are still benefits to using the
microwave reactors when performing cyclotrimerization reactions. For one, there is no oil
bath to preheat before the reaction, providing a faster set-up of the reactions. Also, the
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microwave reactors are more reliable heating sources since they can be set to a specific
power (300 W) and no temperature monitoring is required, thus multiple reactions can be set
up without the need to monitor the reactions until they are complete. A more rapid heating
can be achieved with microwave heating, and the ability to perform reactions under closed
vessel conditions can allow reactions to be carried out under higher temperatures than with
conventional heating and thus reaction times can be reduced.”® The potentially shorter
reaction times and more uniform heating of microwave reactors can also prevent unwanted
side effects, e.g., catalyst or compound decomposition on the walls of the reaction vessel.
Last, the programmability of the microwave reactors allows for more reproducible results
than for conventional heated reactions.*®

Although the catalysts used in these cyclotrimerization reactions are not enhanced by
nonthermal effects, it would be of great benefit to synthesize catalysts that could be used for
this type of reaction that would be susceptible to microwave irradiation rather than thermal
heating. This would provide a way to form the cyclotrimerization products without the need

for high reaction temperatures.

6.4 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. Toluene and xylenes were distilled from sodium/benzophenone
ketyl prior to use. Other reagents and solvents obtained from commercial sources were stored
under nitrogen and used directly without further purification. Flash chromatography was
performed with silica gel (60A, 40-63 pm (230 x 400 mesh), Sorbtech).**® Microwave
reactions were performed in a CEM Discover microwave synthesizer. NMR spectra were
obtained using a Varian Gemini GN-300 (300 MHz) or Varian Mercury 300 (300 MHz)
spectrometer. Chemical shifts are in 6 units (ppm) for 'H NMR.

Representative procedure for 2,3-dihydro-6-methyl-2-tosyl-1H-pyrrolo[3,4-c]pyridine

(412): N-(prop-2-ynyl)-N-tosylprop-2-yn-1-amine (344)**® (20-30 mg) and acetonitrile (10

equiv) was added to a flame dried microwave vial and dissolved in toluene (0.04 M). To this
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solution either CpCo(CO), or CpCo(COD) (10-100 mol %) was added and the vial was
irradiated at 100-300 W for 10-40 minutes in a CEM Discover microwave synthesizer. The
reaction was concentrated and purified by silica gel flash chromatography, eluting with 4:1
hexanes/EtOAc. *H NMR (300 MHz, CDCls) & 8.31 (s, 1H), 7.73 (d, J = 7.8 Hz, 2H), 7.30
(d, J = 7.8, 2H), 6.99 (s, 1H), 4.57 (s, 2H), 4.55 (s, 2H), 2.50 (s, 3H), 2.38 (s, 3H); *C NMR
(101 MHz, CDCl3) 6 157.68, 146.34, 144.14, 143.40, 133.52, 130.08, 127.65, 117.44, 53.30,
51.72, 21.65.

CpCo(COD): In a glove box, CpCo(CO), (1 mL, 7.77 mmol) was placed into a flame dried
flask, COD (5.6 mL) was added, and the mixture was heated to reflux for 4 h. The solution
was cooled to rt after which the liquid was removed under high vacuum at rt and was
collected in a flask at —78 °C. The dark brown crystals that remained were dissolved in a
solution of 1:1 ether:pentane (8 mL) and allowed to recrystallize in a —80 °C freezer
overnight. The liquid was decanted off and the crystals were dried under vacuum to give
CpCo(COD) (339 mg, 17%) as brown crystals. The analytical data were identical to data

reported in literature.?”’

Diethyl 3-phenyl-5H-cyclopenta[c]pyridine-6,6(7H)-dicarboxylate (414). Diyne 413"
(102 mg, 0.432 mmol) and benzonitrile (44.5 pL, 0.432 mmol) were dissolved in xylenes
(10.8 mL) in a 25 mL round bottom flask and CpCo(CO); (5.8 uL, 0.043 mmol) was added.
The reaction was irradiated in a CEM Discover microwave synthesizer at 300 W in open
vessel mode with a reflux condenser fitted on the flask for 2 h. The temperature was
monitored with the FO probe inserted through the septum at the top of the reflux condenser
into the reaction mixture. The mixture was concentrated in vacuo, and purified by flash
chromatography on silica gel 4:1 hexanes/EtOAc to give 414 as an off-white solid (121.2 mg,

83%). The analytical data for 414 were identical to data reported in the literature.?®
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CHAPTER 7: Synthesis of Heterotaxin via [2+2+2] Cyclotrimerization Reaction: A
TGF-p Signaling Inhibitor

7.1 Introduction to Heterotaxia

Heterotaxia is a group of congenital disorders identifiable by the malrotation,
malformation, or misplacement of vital organs relative to the left-right axis of the organism.
All vertebrates normally develop morphological left-right asymmetries in their vital organs.
In individuals with perturbed left-right asymmetry, the relative spatial orientations of
asymmetric structures, such as the position of the heart or the liver, can either develop in a
mirror image of their normal left-right configuration (situs inversus), or be completely
randomized, resulting in an uncoordinated arrangement of internal organs with “mixed up”
left-right orientations (situs ambiguous or heterotaxia), and other deformities.”
Interestingly, several deformities that are part of the heterotaxia syndrome, such as cardiac
valvuloseptal defects and intestinal malrotations, are also commonly found in individuals
with otherwise normal asymmetry at the rate of 1 in 100 to 1 in 500 births.?® This disorder
often leads to the necessity for multiple surgeries, and potentially death in newborns.”® As a
result, the discovery of a small molecule inducer of heterotaxia is advantageous as it provides
a means to better understand this phenomenon by elucidating the biomolecular mechanism
leading to this disorder. Given the better understanding of the biochemical causes of
heterotaxia, efficient therapeutics can be developed to alleviate this disabling phenotype.

The establishment of left-right symmetry of the organism results in the expression of
genes in the left of the embryo, which includes the TGF-f family members lefty and nodal
(Xnr-1), and the transcription factor Pitx2.2%* It is known that heterotaxia can result if these
genes are misexpressed, but the way in which the left-right asymmetry is translated into the

developing organs is poorly understood.

7.2 Discovery of Heterotaxin

Based on a previous solid-supported multicomponent [2+2+2] cyclotrimerization

285

methodology development, an array of ~130 compounds as pools of 44 regioisomers
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(Figure 7.1) was prepared by former group member Dr. Douglas Young and was subjected to
a forward chemical genetics screen. The small molecule screen was developed and conducted
in the Nascone-Yoder laboratory, which involved screening compounds in a multi-well plate
and exposing Xenopus embryos at different stages of development for different periods of
time. The most interesting phenotype was elicited from the regioisomeric mixture of the
compound 415 (blue box, Figure 7.1).

Me_ Me
Bu Ph >\ Meo/\
~ ~ HO N HO” Ny BocHN” X_ _OMe
HO HoYéve HoN oM
Bu Ph 2 ©
Me X X X X X X oMe
N I \ I \ | I
N | HO P HO P HO P HO P HO P HO P
N Me N Me N Me N Me N Me N Me
56% (10:5:1) 77% (6:1:1) 70% (3:1) 64% (20:3:1) 70% (3:1) 49% (2:1)
HO Ho \éve HoN OMe
Bu Ph 2
e X A A A X X 0OMe
N \ \ \ \ \ I
Sy | [Ho P HO P HO P HO P HO P HO P
N~ Et N Et N~ Et N Et N Et N7 Et
415 80% (13:3:1) 51% (10:1) 65% (3:3:2) 51% (30:3:1) 520 (3:2)
85% (6:3:1) Me
HO HO| M H,N
Bu Ph © 2 OMe
& [ B [ ® [ ove
Ph HO P HO = HO = HO = HO = H
Ny N” >ph N” > ph N > ph N Ph N pn HO N” > ph
60% (4:1) 51% (4:3:2) 58% (2:1) 43% (6:1:1) 58% (2:1) 50% (2:1)

Regioselectivities (in parentheses) are determined by GC/MS. Only one regioisomer shown.

Figure 7.1. Initial compounds screened in Xenopus laevis embryos. The heterotaxia inducing
compound is highlighted in the blue box.

After dosing the embryos with 200 uM of the active pool (415, mixture of regioisomers) and
assessing the embryos after they had completed asymmetric morphogenesis, the morphology
of the heart and digestive tract was analyzed. All the control embryos dosed with only
DMSO had normal organ asymmetries, while the pool of compounds 415 disrupted the
anatomical left-right asymmetric organ development with high penetrance, phenocopying the
human birth defect heterotaxia (Figure 7.2), including both reversals of looping and isomeric
hearts. Likewise, the gut morphogenesis phenotypes induced by 415 include reversals of
foregut looping and intestinal malrotations, as well as straight, unlooped isomeric gut tubes.

Overall, 89% of the embryos in all trials that were exposed to 415 at 100-200 uM exhibited
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DMSO control Acti " Active Pool

Figure 7.2. A mixture of regioisomers 415 causes heterotaxia in Xenopus.

Embryos were treated in the Nascone-Yoder lab with (A) DMSO or (B) 200 uM active pool 415. (C)
DMSO control tadpole. (D-E) views of tadpole in (C) with skin removed, showing the normal
asymmetry (arrowhead, D) of the foregut loop, and the normal counterclockwise rotation of the
intestine (curved arrow, E). (F-H) Tadpole exposed to active pool showing the reversed position
(arrowhead, G) of the foregut loop. The intestine is coiling in the normal direction (curved arrow, H)
but is located on the opposite side of the animal. (I-K) Show normal foregut looping (arrowhead, J)
but the intestine coiling in the reversed direction (i.e., clockwise; curved arrow, K). (L) Ventral view
of heart of DMSO control, with outflow tract (conus, ¢) and ventricle (v) indicated, with the normal
direction of cardiac looping (curved arrow). (M and N) Two examples of heterotaxin induced
reversed heart looping (curved arrows).”*
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heterotaxia phenotypes, strongly implicating one or more regioisomers in this pool as an
inhibitor of a cellular target (or multiple targets) required for normal left-right asymmetric
organ development. It was determined that the active regioisomer is the 2,4,6-sustituded
pyridine as depicted in the blue box of Figure 7.1. This compound was named “heterotaxin”
(415).2%

7.3 Regioselective Synthesis of Heterotaxin and Analogs

With the discovery of heterotaxin (415, pure regioisomer) as a compound capable of
phenocopying heterotaxia, larger amounts of 415 was needed for elucidating its mechanism
of action, and determine if we could discover heterotaxin analogs that may display greater
activities. The initial solid phase synthetic route toward heterotaxin (415) formed a mixture
of regioisomers (Figure 7.1), which necessitated a laborious purification to obtain the active
2,4,6-regioisomer. In order to perform structure-activity relationship studies, a regio- and
chemo-selective [2+2+2] cyclotrimerization approach to 2,4,6-substituted pyridines was
developed. The synthesis of heterotaxin and its analogs commenced with the condensation of
the lithiated trityl protected propargyl alcohol 416 and commercially available
chlorodiisopropylsilane (417) to afford the silane 418 in 76% vyield (Scheme 7.1).?** The
silane 418 was then subjected to in situ bromination by NBS followed by a subsequent
reaction with propargyl alcohol in the presence of TEA and DMAP in DCM to afford the
silyl ether 419 in 85% over two steps.??* The key step of the synthesis was a microwave-
mediated, cobalt-catalyzed [2+2+2] cyclotrimerization reaction between the diyne 419 and a
variety of different nitriles (propionitrile, benzonitrile, and valeronitrile) under open-vessel
conditions. This delivered pyridines 420-422 in 82-98% yield. The silicon tether allowed for
a completely regio-selective pyridine formation, with the C-N bond being formed with the
substituted sp-carbon center bearing the CH,OTrt group. The silicon tether was then removed
using TBAF in refluxing THF® to afford the regioisomerically pure 2,4,6-substituted
pyridines 423-425 in 86-99% yield. The alcohols 423-425 were converted into the aldehydes
426-428 in 84-90% vyield using a Swern oxidation.”®” Following the oxidation, a Wittig

reaction was employed to install different chain lengths at the 4-substituent affording the
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alkenes 429-434 in moderate yields and as a mixture of double bond isomers.?® Reduction of
429-434 with Pd/C under 1 atm of H; furnished the pyridines 435-440 in almost quantitative
yields. The acid-catalyzed deprotection of the trityl group proceeded smoothly and delivered
heterotaxin (415) and the analogs 441-445 in 71-100% vyield. This synthesis allowed us to
produce reasonable (~40 mg) quantities of heterotaxin (415) and its analogs, which the

Nascone-Yoder lab used to further investigate the mechanism by which heterotaxia is

induced.
0
n-BuLi hd 1. NBS, DCM )\ 1
o~ Xy + H-Si-Cl > H-Si—= S
THF, -78°C )\ ottt 2 o™ <
416 417 76% 418 TEA, DMAP,
DCM Tro
85%
RCN /< o
CpCo(CO), SI' oxalyl chloride,
—_— > ! TBAF DMSO TEA
300 W, 90 min, \<
xylenes THF, reﬂux R
82-98% OTrt 86-99% OTrt 84-90% OTrt
420-422 423-425 426-428
R
o’
PhsPR™ Br®
n-BuLi | A Pd/C, H2 _1%Ha HCl
—_—
THF, 0°C NT R B NT R DCM MeOH
58-78% oTrt 96-100%  OTrt 71-100%
429-434 435-440 415, 441-445

Scheme 7.1. Regioselective synthesis of heterotaxin (415) and its analogs 441-445.

Two additional analogs were synthesized by deprotection of the trityl group at
different stages of the synthesis (Scheme 7.2). One deprotection was conducted after removal
of the silicon tether to afford the diol 446 in 66% yield, and the second was performed on the
alkene 429 to obtain the compound 447 in 63% yield. Installation of different hydrocarbon
substituents on the hydroxyl group of heterotaxin (415) was accomplished by subjecting 415
to deprotonation with NaH followed by the addition of the appropriate alkyl halide (methyl,
benzyl, and hexyl) to afford the ethers 448-450 in 42-86% yield. Finally, the hydroxyl group

of heterotaxin (415) was oxidized to the carboxylic acid 452 by a two step process. First, the
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aldehyde 451 was formed in moderate yield by oxidation of the alcohol 415 with MnOs,,

followed by a Lindgren oxidation®® *° to form the carboxylic acid 452 in 89% yield
(Scheme 7.2).
R
| o _wHa R'X, NaH
N/ Et DCM/MeOH Et THF, OOC
oTnt 63.66% 42-86%
423: R = (CH,),0H 446: R = (CH,),0H 448: R' = CHs
430: R = CHCH, 447: R = CHCH, 449: R' = CH,Ph
450: R' = (CH,)sCHs
2-methyl-2-butene, Bu
MnOz NaH2PO4 NaC|02
X
t-BUOH/H,0 oo M
N Et
51% 89% OH

452

Scheme 7.2. Synthesis of additional heterotaxin analogs from common precursors.

7.4 Mechanism of Action of Heterotaxin

To investigate the underlying mechanisms of abnormal left-right asymmetric organ
development, further characterization of the biological effects of heterotaxin (415) were
conducted in the Xenopus assay by the Nascone-Yoder lab. In the embryos that were treated
with heterotaxin (415), the Xnr-1 gene expression was randomized as compared to the
DMSO control where it is expressed only on the left side of the embryos (Figure 7.3). Some
of the heterotaxin (415) treated embryos exhibited Xnr-1 expression on the left side (35%),
some showed bilateral expression (18%), some on the right side (11%), while others showed
no expression at all (36%) (Figure 7.3). Since the transcription factor Pitx2 expression is
dependent on the Xnr-1 activity, it was similarly randomized as compared to the DMSO
control (Figure 7.3). These results confirm that the organ development induced by

heterotaxin represent left-right asymmetry defects.?®
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Figure 7.3. Heterotaxin perturbs left-right asymmetric gene expression patters. The frequency of
embryos exhibiting left only (Left, black), right only (Right, red), bilateral (gray), or absent (None,
white) expression of Xnr-1 or Pitx2.2%

Other phenotypes of the Xenopus embryos were analyzed when treated with
heterotaxin (415) to further explore the mechanism of action. Melanocytes that are present on
the embryos were decreased in number by 50% or more (Figure 7.4D) when dosed with 50-
200 uM of 415. The melanocytes also had increased pigmentation and dendricity (Figure
7.4B-C) when induced with heterotaxin (415) as compared to the DMSO control in which
they are round. Other phenotypes that were observed when embryos were exposed to 415
were abnormal processes of vasculogenesis and/or angiogenesis as well as the digestive tracts
not only were malrotated, but they were wider and shorter than normal. This suggests that the
cell migration is inhibited by the heterotaxin exposure, preventing the cell rearrangements

that are required for gut elongation.”®®
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Figure 7.4. Heterotaxin perturbs melanogenesis. (A) DMSO control with round melanocytes (small
arrows, A and C). (B-C) Heterotaxin-treated embryos exhibit highly dendritic pigment cells (large
arrows). (D) Number of abdominal melanocytes in embryos exposed to either DMSO, the active pool
415, or different concentrations of purified heterotaxin 415.2%°

Due to the well studied development of Xenopus, embryos can be treated at specific
stages to elucidate the temporal effect of the active compound. Post-fertilization the embryo
undergoes a series of cellular divisions to lead to the blastula at stage 8. This then undergoes
gastrulation, or the migration of cells to establish the three primary germ layers and establish
primary body axes, from stages 10-12. These stages are followed by neurulation in stages 13-
15, establishing the central nervous system. Finally, stages 16-45 are characterized by
organogenesis leading to the tadpole stage. This is followed by metamorphosis to the adult
frog at stage 56 (Figure 7.5).°* To determine what stages of left-right asymmetric
development are perturbed to cause these phenotypes, the embryos were exposed heterotaxin

at successively later stages of development.
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Stage 7 (Morula) Stage 11 (Gastrula) Stage 11 Stage 12

e |
Stage 15 (Neurula) Stage 24 (dorsal) Stage 24 (lateral)

Stage 32 Stage 36 Stage 40

Stage 9 Stage 10 (Gastrulation begins) Stage 10+

Figure 7.5. Developmental stages of Xenopus laevis embryos. From
http://www.swarthmore.edu/NatSci/sgilberl/DB_lab/Frog/frog_staging.html

To determine the stage at which heterotaxin (415) elicits each of the phenotypes the
embryos were exposed to 415 at different times throughout development. The left-right
asymmetry genes peak from stages 19 to 26 in the Xenopus embryo development.?*? In order
to verify that heterotaxin directly affects the left-right gene expression, the embryos were
exposed to heterotaxin (415) at different stages of development starting at stage 12 (gastrula),
18 (neurula), 26 (late neurula), or 32 (tailbud). The phenotypes are seen when exposed as late
as stage 18, but will only slightly show signs of heterotaxia at stage 26, and there is almost no
effect when exposed at stage 32 (Table 7.1). The embryos were also exposed to 415 at stage
26, then the heterotaxin was washed away and the embryos were allowed to grow through
organogenesis in the absence of 415. This small amount of exposure did cause left-right
asymmetric disturbances, which suggests that heterotaxin affects the left-right asymmetry
from stages 18-26 that is the same period that left-right gene expression is at its peak. Similar
tests were performed to determine when the other phenotypes were affected. The
vasculogenesis/angiogenesis defects declined at stage 32 while the melanogenesis phenotype
and cell migration inhibition, which shortens the gut tube, were present through stage 32
(Table 7.1). These results are evidence that multiple independent phenotypes are a result of
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the heterotaxin (415) acting directly and specifically at different stages of development.?®®

Table 7.1. Time course studies of each phenotype to heterotaxin exposure. (+) at least 75% of
embryos exhibited the phenotype in two or more independent trials; (+/—) at least 50% of embryos
exhibited the phenotype in two or more independent trials.?*

Phenotypic Profile
Stage of exposure Left-right Vasculogenesis/
to Heterotaxin asymmetry Angiogenesis Melanogenesis | Migration
10-46 + + + +
12-46 + + + +
18-46 + + + +
26-46 +/- + + +
32-46 - +/- + +
10-26 + - - -

7.5 Structure Activity Relationship Studies

A structure activity relationship study was conducted by the Nascone-Yoder lab to
further explore heterotaxin’s functionality. Xenopus embryos were exposed to analogs from
gastrulation through organogenesis (st 10-45, Figure 7.5), at a range of concentrations (10-
200 pM). If a specific phenotype was observed, the dosing regimen was repeated at least
once with oocytes obtained from a different female to confirm specificity. The length of the
CH2R' side chain was found to be critical for the activity of these compounds. The highest
activity was observed for butyl as in heterotaxin (415) and pentyl (442), where as ethyl (441),
ethylene (447), hydroxymethylene (446), and hexyl (443) were inactive or toxic (Table 7.2).
The size of the R group does not seem to be as critical, as ethyl (heterotaxin, 415), butyl
(445), and phenyl (444) are tolerated, although the butyl (445) and phenyl (444) substituents
did produce more potent analogs, which exhibited activity at ECsy = 10 uM, which is lower
than the original heterotaxin (415) molecule at ECso = 50 uM. Although modifications of the
CH,OH group by methylation (448), oxidation (452) or alkylation (450) did not have any
significant effect on activity, benzylation (449) produced a very active compound with ECs
=10 uM (Table 7.2). It was interesting to note that for each analog, the ECsy value for left-
right asymmetric defects was identical to the ECsy value for vasculogenesis/angiogenesis,

melanogenesis, and cell migration. This result shows that changing certain substituents on the
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analogs does not isolate the activities of the phenotypes, which means that the phenotypes

that are induced by heterotaxin and the analogs are not chemically separable and are a result

from perturbation of the same biological target.?®

Table 7.2. Structure activity relationship for several analogs of heterotaxin. The minimum
concentration at which at least 50% of embryos exhibited a specific phenotype (ECs) is indicated for
each analog. Phenotype severity is indicated by: (+/-) (mild), (+) (obvious), (++) (severe). If a
phenotype was not observed, or if a compound induced non-specific toxicity (gastrulation defects,
generalized edema), a (—) is shown.
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Structure Cmpd # Ir‘g;tt Vasculogenesis | Melanogenesis | Migration ECso
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Table 7.2. Continued

Structure

Cmpd #

Phenotypes

Left-
right

Vasculogenesis

Melanogenesis

Migration

ECso

N Et

449

+/~

10 uM

—
N Et

450

++

200 M

N Bu

445

10 uM

N Ph

444

50 uM

7.6 Target of Heterotaxin

Since the SAR studies indicated that the phenotypes that are induced are not

chemically separable, it is possible that the entire phenotypic profile is attributed to inhibiting

the same biological target. The timing studies suggested that the left-right asymmetry was

perturbed by heterotaxin (415) during the early stages when TGF-p ligands are expressed.

Therefore, it is probable that the compounds inhibit TGF-f signals directly. This theory is
supported by the fact that a known TGF-p signal inhibitor, SB505124, induced the same

phenotypes including heterotaxia, vasculogenesis/melanogenesis defects, and cell migrations
that heterotaxin (415) and analogs (442, 445, 449) induced at the same stages of

development.
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In order to confirm the hypothesis that heterotaxin interferes with TGF-B signals,
further tests were performed by the Nascone-Yoder lab. The expression of Xantivin that is
normally expressed in the lateral plate mesoderm (LPM) by TGF-B signaling was
evaluated.®* It was found that Xantivin is not expressed in heterotaxin-induced embryos,
which suggests that the signals are inhibited by heterotaxin (Figure 7.6A).%° TGF-B
activation is also evident by the phosphorylation of intracellular mediators known as Smads,
in particular Smad2 is phosphorylated when nodal signaling occurs.?®® The level of
phosphorylation of Smad2 should indicate nodal TGF-B signaling. Embryos exposed with
DMSO were unaffected and did phosphorylate Smad2, similar to the inactive analog 446
(Figure 7.6B). The embryos that were exposed to heterotaxin (415) or the more potent analog
449 showed no phosphorylation, which is consistent with the known TGF-B inhibitor
SB505124 (Figure 7.6B). Heterotaxin and the analog 449 are specific to Smad2 dependent
TGF-B signaling since the phosphorylation of Smad1/5/8 was unaffected by heterotaxin
analogs (Figure 7.6C). These results indicate that TGF-f signaling is inhibited by heterotaxin
(415) and analogs.?®®

A Xantivin expression B
] = O None DMSO 415 446 449  sBs505124
4 n= n=29 —~
100% | S:;:‘al_ - - pSMAD2
) mLeft W W W S SMAD2
i 2 PR——
%
70% |
60% ‘
50% : C DMsO 4156 446 449 DM
40% ]| —-— e pSMAD1/5/8
0% — ———— ERK
20%
10%
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DMSO Heterotaxin

Figure 7.6. The Nascone-Yoder lab discovered that heterotaxin inhibits TGF-f signaling. (A) The
frequency of embryos exhibiting left only (black), right only (red), bilateral (gray), or absent (white)
expression of Xantivin. (B) Western blotting of embryos exposed from 10 hpf for 24 hr to DMSO,
200 pM 415, 200 uM 446, 80 UM active 449, and a known nodal signaling inhibitor (SB-505124; 50
HM). ERK is total protein control. (C) Western blotting of embryos exposed to DMSO, 415, 446, 449
and the BMP signaling inhibitor, dorsomorphin (DM; 50 pM).%®
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7.7 Conclusion and Outlook

A chemo- and regio-specific synthesis of 2,4,6-substituted pyridines using a
removable silyl-tethered [2+2+2] cyclotrimerization reaction was developed. This enabled
the synthetic scale up of heterotaxin (415) and the synthesis of multiple analogs for the
investigation of a genetic disorder known as heterotaxia. It was discovered that these
compounds inhibited the TGF-p signaling process in Xenopus embryos and helped determine
the developmental stages that the left-right asymmetric phenotypes and other phenotypical
characteristics are developed. Because of their important roles in tumorigenesis, TGF-3
pathway components are excellent chemotherapeutic targets. Thus, heterotaxin analogs
exhibit highly desirable biological activity and may be valuable in the development of new
TGF-B-inhibitory chemotherapeutics for blocking tumor proliferation and/or metastasis. The
novel synthetic strategy to make these 2,4,6-substituted pyridines will enable the synthesis of

more analogs for future study of potential anti-cancer therapies.

7.8 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. Tetrahydrofuran and xylenes were distilled from
sodium/benzophenone ketyl prior to use. DCM and DMF were distilled from calcium
hydride and stored over 4 A molecular sieves. Other reagents and solvents obtained from
commercial sources were stored under nitrogen and used directly without further purification.
n-BuLi was titrated against N-pivaloyl-o-toluidine.*® Flash chromatography was performed
with silica gel (60A, 40-63 um (230 x 400 mesh), Sorbtech).**® High resolution mass spectral
analysis (HRMS) was performed at North Carolina State University. The *H NMR and *C
NMR spectra were recorded on a 300 MHz or 400 MHz Varian NMR spectrometer, using
CDCI; or CD30D as solvent. The microwave reactions were carried out in a CEM Discover
microwave synthesizer at 300 W in power mode using open vessel conditions and an IR

sensor to monitor the temperature
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Diisopropyl(prop-2-ynyloxy)(3-(trityloxy)prop-1-ynyl)silane (419): To a cooled (=78 °C)
solution of 416 (597 mg, 2 mmol) in 2 mL of THF was added dropwise 857 uL of n-BuLi
(2.45 M in hexanes, 2.1 mmol). After being stirred 15 minutes at this temperature, 410 pL of
chlorodiisopropylsilane (417) (2.4 mmol) was added and the reaction mixture was warmed to
room temperature. The solution was then diluted in Et,O (7 mL), washed with saturated
solution of NH4CI (5 mL), brine (5mL), dried over MgSO4, filtered, and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with hexanes to
give 418 (627 mg, 76%) as a colorless oil and used without further characterization. To a
solution of 418 (518 mg, 1.2 mmol) in 5.5 mL of CH,Cl, was added slowly 214 mg of NBS
(1.2 mmol). The mixture was stirred until completion of the reaction by TLC (hexanes) and
then this solution was transferred into a solution of propargyl alcohol (62 mg, 1.1 mmol), 153
pL of TEA (1.1 mmol) and 15 mg of DMAP (0.12 mmol) in 5.5 mL of CH,Cl,. After
completion of the reaction by TLC (9:1, hexanes/EtOAc), the mixture was concentrated to
dryness and the residue was purified by flash silica gel chromatography, eluting with 9:1
EtOAc/hexanes to give 419 (437 mg, 85%) as a pale yellow oil. *H NMR (300 MHz, CDCl5)
§7.52 —7.43 (m, 6H), 7.39 — 7.22 (m, 9H), 4.45 (d, J = 2.4 Hz, 2H), 3.82 (s, 2H), 2.41 (t, J =
2.4 Hz, 1H), 1.16 — 0.98 (m, 14H); **C NMR (75 MHz, CDCls) & 143.79, 128.83, 128.17,
127.43, 105.59, 88.02, 84.20, 73.15, 54.03, 52.94, 17.27, 17.15, 13.19; HRMS (ESI") calcd
for C31H34NaO,Si (M+Na)* 489.2226, found 489.2222.

5-Ethyl-1,3-dihydro-1,1-diisopropyl-7-((trityloxy)methyl)-[1,2]oxasilolo[3,4-c]pyridine

(420): Compound 419 (496 mg, 1.06 mmol) was dissolved in 26 mL xylenes in a flame dried
50 mL round bottom flask. Propionitrile (585 mg, 10.6 mmol) was added to the solution
followed by CpCo(CO); (12.2 pL, 0.106 mmol) and the solution was irradiated at 300W for
90 min in a CEM Discover microwave synthesizer under open vessel conditions. The
mixture was concentrated and the residue was purified by flash silica gel chromatography,
eluting with 9:1 hexanes/EtOAC to give 420 (545 mg, 98%) as an off white solid. *H NMR
(300 MHz, CDClg) 6 7.71 — 7.53 (m, 6H), 7.39 — 7.17 (m, 10H), 5.04 (s, 2H), 4.11 (s, 2H),
2.95(q, J = 7.6 Hz, 2H), 1.47 (t, J = 7.6 Hz, 3H), 1.05 - 0.88 (m, 2H), 0.86 (d, J = 6.6 Hz,
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6H), 0.69 (d, J = 7.0 Hz, 6H); *C NMR (75 MHz, CDCl3) § 164.06, 161.43, 160.78, 144.31,
129.24, 128.56, 127.95, 127.13, 124.18, 114.45, 87.61, 71.78, 70.46, 31.57, 17.39, 17.12,
13.52, 13.38; HRMS (ESI*) calcd for Cs4HaoNO,Si (M+H)" 522.228228, found 522.28168.

1,3-Dihydro-1,1-diisopropyl-5-phenyl-7-((trityloxy)methyl)-[1,2]oxasilolo[3,4-c]pyridine
(421): Compound 421 was synthesized using benzonitrile following a similar procedure for
420 in 86% vyield. *H NMR (300 MHz, CDCls) & 8.28 (dd, J = 8.3, 1.3 Hz, 2H), 7.75 — 7.62
(m, 5H), 7.62 — 7.42 (m, 5H), 7.40 — 7.20 (m, 9H), 5.15 (s, 2H), 4.20 (s, 2H), 1.04 — 0.92 (m,
2H), 0.89 (d, J = 6.5 Hz, 6H), 0.72 (d, J = 7.0 Hz, 6H); *C NMR (75 MHz, CDCls) & 162.17,
161.23, 157.64, 144.29, 139.50, 132.94, 132.36, 129.41, 129.25, 128.94, 127.98, 127.29,
127.17, 125.99, 112.26, 98.82, 87.60, 71.94, 70.32, 17.33, 17.07, 13.37; ESI-MS calcd for
C3gH40NO,Si (M+H)* 570.3, found 570.3.

5-Butyl-1,3-dihydro-1,1-diisopropyl-7-((trityloxy)methyl)-[1,2]oxasilolo[3,4-c]pyridine
(422): Compound 422 was synthesized using valeronitrile following a similar procedure for
420 in 82% yield. *"H NMR (300 MHz, CDCl3) & 7.70 — 7.56 (m, 6H), 7.41 — 7.20 (m, 9H),
6.96 (s, 1H), 5.05 (s, 2H), 4.12 (s, 2H), 2.98 — 2.84 (m, 2H), 1.99 — 1.86 (m, 2H), 1.62 — 1.41
(m, 2H), 1.04 (t, J = 7.3 Hz, 3H), 0.99 — 0.89 (m, 2H), 0.87 (d, J = 6.5 Hz, 6H), 0.70 (d, J =
7.0 Hz, 6H); **C NMR (75 MHz, CDCls) & 163.14, 161.33, 160.77, 144.32, 129.22, 128.87,
128.12, 127.91, 127.34, 127.10, 124.11, 115.00, 87.58, 71.72, 70.37, 38.18, 31.66, 22.76,
17.35, 17.07, 14.31, 13.35; ESI-MS calcd for CasH43NO,Si (M+H)* 550.3, found 550.4.

(2-Ethyl-6-((trityloxy)methyl)pyridin-4-yl)methanol (423): To a solution of 420 (869 mg,
1.66 mmol) in THF (41.5 mL) was added TBAF (1M solution in THF, 5 mL, 5mmol). The
mixture was refluxed until the completion of the reaction by TLC (3:2, hexanes/EtOAc). The
mixture was concentrated and the residue was purified by flash silica gel chromatography,
eluting with 3:2 hexanes/EtOAc to give 423 (679 mg, 99%) as a white solid. *H NMR (300
MHz, CDCls) & 7.60 — 7.44 (m, 7H), 7.38 — 7.18 (m, 9H), 7.06 (s, 1H), 4.77 (s, 2H), 4.35 (s,
2H), 2.74 (q, J = 7.6 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H); **C NMR (75 MHz, CDCl3) & 163.25,
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159.20, 144.14, 128.94, 128.13, 127.31, 117.84, 115.52, 87.52, 67.29, 64.34, 31.53, 14.31;
HRMS (ESI") calcd for CagHasNO, (M+H)* 410.2120, found 410.2121.

(2-Phenyl-6-((trityloxy)methyl)pyridin-4-yl)methanol  (424): Compound 424 was
synthesized following the same procedure as for 423 in 86% vyield. *H NMR (300 MHz,
CDCl3) 6 7.97 — 7.85 (m, 2H), 7.62 (s, 1H), 7.61 — 7.50 (m, 7H), 7.50 — 7.18 (m, 12H), 4.79
(s, 2H), 4.46 (s, 2H); *C NMR (75 MHz, CDCls) 6 159.59, 157.11, 151.41, 144.05, 139.49,
129.04, 128.90, 128.83, 128.11, 127.31, 127.19, 116.73, 116.60, 87.51, 67.31, 64.17; HRMS
(ESI™) calcd for CapHsNO, (M+H)™ 458.2120, found 458.2133.

(2-Butyl-6-((trityloxy)methyl)pyridin-4-yl)methanol  (425): Compound 425 was
synthesized following the same procedure as for 423 in 87% vyield. *H NMR (300 MHz,
CDCl3) 6 7.64 — 7.43 (m, 6H), 7.41 — 7.21 (m, 9H), 7.05 (s, 1H), 4.76 (s, 2H), 4.36 (s, 2H),
2.81 — 2.57 (m, 2H), 1.73 — 1.55 (m, 2H), 1.45 — 1.21 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H); °C
NMR (75 MHz, CDCl3) 6 162.21, 159.17, 150.83, 144.14, 128.94, 128.13, 127.31, 118.51,
115.49, 87.52, 67.29, 64.25, 38.31, 32.43, 22.76, 14.15; HRMS (ESI") calcd for C3oH3,NO;
(M+H)" 438.2433, found 438.2441.

2-Ethyl-6-((trityloxy)methyl)pyridine-4-carbaldehyde (426): A solution of DMSO (30 pL,
0.427 mmol) in DCM (200 pL) was added dropwise to a solution of oxalyl chloride (75uL,
0.855 mmol) in DCM (1 mL) at —60°C and stirred for 15 min. Compound 423 was dissolved
in DCM (1 mL) and DMSO (10 pL) and the solution was added to the oxalyl chloride
solution at —60°C and stirred at this temperature for 45 min. TEA (206 puL, 1.46 mmol) was
then added slowly and the mixture was allowed to warm to room temperature and stirred
until complete as indicated by TLC (3:2, hexanes/EtOAc). The solution was extracted with 2
mL H,0, 2 mL sat. NaHCOg3, and 2 mL brine and the organic layer was dried over Na;SO,,
filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 4:1 hexanes/EtOAc to give 426 (89 mg, 90%) as a white solid.
'H NMR (300 MHz, CDCls) & 10.13 (s, 1H), 7.95 (s, 1H), 7.65 — 7.49 (m, 6H), 7.45 (s, 1H),
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7.40 — 7.18 (m, 9H), 4.45 (s, 2H), 2.85 (g, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H); *C NMR
(75 MHz, CDCl3) 6 192.52, 164.56, 161.08, 143.84, 142.94, 128.83, 128.17, 127.39, 118.62,
117.32, 87.68, 66.97, 31.43, 14.02; Due to the instability of the aldehyde, no HRMS was
obtained.

2-Phenyl-6-((trityloxy)methyl)pyridine-4-carbaldehyde (427): Compound 427 was
synthesized following the same procedure as for 426 in 84% yield as a white solid. *H NMR
(300 MHz, CDCl3) 8 10.20 (s, 1H), 8.08 (s, 1H), 8.06 — 7.99 (m, 3H), 7.61 (d, J = 7.9 Hz,
6H), 7.54 — 7.42 (m, 3H), 7.41 — 7.24 (m, 9H), 4.60 (s, 2H); *C NMR (75 MHz, CDCl3) 5
192.18, 161.53, 158.11, 143.83, 143.31, 138.33, 129.68, 128.98, 128.82, 128.15, 127.39,
127.13, 118.37, 117.06, 87.70, 67.11; Due to the instability of the aldehyde, no HRMS was
obtained.

2-Butyl-6-((trityloxy)methyl)pyridine-4-carbaldehyde (428): Compound 428 was
synthesized following the same procedure as for 426 in 86% yield as a white solid. *H NMR
(300 MHz, CDCl3) § 10.13 (s, 1H), 7.99 (s, 1H), 7.65 — 7.51 (m, 6H), 7.45 (s, 1H), 7.41 —
7.21 (m, 9H), 4.51 (s, 2H), 2.94 — 2.78 (m, 2H), 1.84 — 1.62 (m, 2H), 1.54 — 1.32 (m, 2H),
0.95 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCls) & 192.38, 163.51, 161.01, 143.80,
142.75, 128.77, 128.09, 127.31, 119.23, 117.18, 87.63, 66.96, 38.07, 32.05, 22.55, 14.03;
Due to the instability of the aldehyde, no HRMS was obtained.

4-((E/Z)-But-1-enyl)-2-ethyl-6-((trityloxy)methyl)pyridine (429): n-BuLi (252 uL, 2.5 M
in hexanes) was added dropwise over 30 min to a suspension of triphenylpropylphosphonium
bromide (323 mg, 0.839 mmol) in THF (21 mL) at 0°C and stirred for 1 hour at this
temperature. Compound 426 (171 mg, 0.420 mmol) dissolved in THF (10.5 mL) was added
to this mixture over 1 hour at 0 °C and allowed to warm to room temperature until the
reaction was complete as indicated by TLC (10% EtOAc/hexanes). The mixture was filtered
over Celite, washed with EtOAc (15 mL), and the solution was concentrated to dryness. The

residue was purified by flash silica gel chromatography, eluting with 10% EtOAc/hexanes to
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give 429 (141.6 mg, 78%) as a clear yellow oil, which was a mixture of E/Z isomers. *H
NMR (300 MHz, CDCl3) 6 7.58 (s, 1H), 7.52 (dd, J = 7.0, 1.6 Hz, 6H), 7.40 — 7.18 (m, 9H),
6.90 (s, 1H), 6.39 (d, J = 11.6 Hz, 1H), 5.97 — 5.77 (m, 1H), 4.35 (s, 2H), 2.82 — 2.66 (m,
2H), 2.55 — 2.39 (m, 2H), 1.33 — 1.21 (m, 3H), 1.16 (t, J = 7.5 Hz, 3H); *C NMR (75 MHz,
CDCI3) 6 162.83, 158.89, 146.36, 144.21, 138.54, 128.93, 128.11, 127.29, 127.14, 120.22,
117.61, 87.40, 67.20, 31.53, 22.60, 14.55, 14.35; HRMS (ESI") calcd for C3;HzNO (M+H)*
434.2484, found 434.2480.

2-Ethyl-6-((trityloxy)methyl)-4-vinylpyridine (430): Compound 430 was synthesized using
methyltriphenylphosphonium bromide following the same procedure as for 429 in 78% yield.
'H NMR (300 MHz, CDCls) & 7.59 (s, 1H), 7.56 — 7.48 (m, 6H), 7.39 — 7.19 (m, 9H), 7.04
(s, 1H), 6.75 (dd, J = 17.6, 10.9 Hz, 1H), 6.03 (d, J = 17.6 Hz, 1H), 5.50 (d, J = 10.8 Hz, 1H),
4.35 (s, 2H), 2.74 (g, J = 7.6 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H); *C NMR (75 MHz, CDCl3) &
163.29, 159.41, 146.01, 144.19, 135.81, 128.96, 128.14, 127.32, 118.24, 117.51, 115.29,
87.53, 67.25, 31.51, 14.33.

2-Ethyl-4-((E/Z)-pent-1-enyl)-6-((trityloxy)methyl)pyridine (431): Compound 431 was
synthesized using n-butyltriphenylphosphonium bromide following the same procedure as
for 429 in 74% vyield as a mixture of E/Z isomers. 'H NMR (300 MHz, CDCls) & 7.58 (s,
1H), 7.55 — 7.45 (m, 6H), 7.39 — 7.14 (m, 9H), 6.89 (s, 1H), 6.41 (d, J = 11.5 Hz, 1H), 5.96 —
5.81 (m, 1H), 4.34 (s, 2H), 2.82 — 2.62 (m, 2H), 2.55 — 2.36 (m, 2H), 1.63 — 1.48 (m, 2H),
1.24 (td, J = 7.6, 3.0 Hz, 3H), 1.06 — 0.90 (m, 3H); *C NMR (75 MHz, CDCls) § 162.81,
158.84, 146.45, 144.20, 136.91, 128.93, 128.11, 127.73, 127.29, 120.25, 117.64, 87.42,
67.23, 31.52, 31.29, 23.28, 14.36, 14.12; HRMS (ESI") calcd for CzH3NO (M+H)*
448.2640, found 448.2625.

2-Ethyl-4-((E/Z)-hex-1-enyl)-6-((trityloxy)methyl)pyridine (432): Compound 432 was

synthesized using amyltriphenylphosphonium bromide following the same procedure as for
429 in 63% yield as a mixture of E/Z isomers. *H NMR (300 MHz, CDCl3) & 7.64 (s, 1H),
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7.62 —7.50 (m, 6H), 7.41 — 7.26 (m, 9H), 6.94 (s, 1H), 6.45 (d, J = 11.9 Hz, 1H), 6.02 — 5.85
(m, 1H), 4.40 (s, 2H), 2.87 — 2.69 (m, 2H), 2.63 — 2.41 (m, 2H), 1.62 — 1.48 (m, 2H), 1.49 —
1.36 (m, 2H), 1.29 (t, J = 7.4 Hz, 3H), 0.94 (t, J = 7.2 Hz, 3H); **C NMR (75 MHz, CDCl3) &
162.70, 158.75, 146.39, 144.10, 137.05, 128.83, 128.04, 127.48, 127.21, 120.18, 117.57,
87.33, 67.12, 32.18, 31.45, 28.91, 22.61, 14.33, 14.13; HRMS (ESI*) calcd for Cs3H3sNO
(M+H)" 462.2797, found 462.2793.

4-((E/Z)-But-1-enyl)-2-phenyl-6-((trityloxy)methyl)pyridine (433): Compound 433 was
synthesized following the same procedure as for 429 in 76% yield as a mixture of E/Z
isomers. *"H NMR (300 MHz, CDCls) & 8.03 — 7.90 (m, 2H), 7.74 (s, 1H), 7.66 — 7.55 (m,
5H), 7.53 — 7.24 (m, 14H), 6.52 (dd, J = 10.0, 1.7 Hz, 1H), 5.97 (dt, J = 11.7, 7.4 Hz, 1H),
451 (s, 2H), 2.67 — 2.49 (m, 2H), 1.23 (t, J = 7.5 Hz, 3H); *C NMR (75 MHz, CDCls) &
159.45, 156.94, 146.62, 144.11, 139.81, 138.80, 128.88, 128.82, 128.78, 128.09, 127.28,
127.15, 127.02, 119.11, 118.77, 87.37, 67.25, 22.63, 14.57; HRMS (ESI") calcd for
CasH3,NO (M+H)" 482.2484, found 482.2490.

4-((E/Z)-But-1-enyl)-2-butyl-6-((trityloxy)methyl)pyridine (434): Compound 434 was
synthesized following the same procedure as for 429 in 58% yield as a mixture of E/Z
isomers. *H NMR (300 MHz, CDCls) § 7.63 (s, 1H), 7.60 — 7.51 (m, 6H), 7.40 — 7.25 (m,
9H), 6.91 (s, 1H), 6.41 (d, J = 11.7 Hz, 1H), 5.90 (dt, J = 11.7, 7.4 Hz, 1H), 4.39 (s, 2H),
2.72 (dd, J = 13.8, 5.8 Hz, 2H), 2.58 — 2.43 (m, 2H), 1.78 — 1.59 (m, 2H), 1.47 — 1.31 (m,
2H), 1.19 (t, J = 7.5 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H); **C NMR (75 MHz, CDCls) § 161.71,
158.81, 146.11, 144.10, 138.49, 128.84, 128.06, 127.23, 127.04, 120.88, 117.46, 87.30,
67.09, 38.30, 32.47, 22.73, 22.58, 14.55, 14.15; HRMS (ESI*) calcd for CasH3sNO (M+H)*
462.2797, found 462.28009.

4-Butyl-2-ethyl-6-((trityloxy)methyl)pyridine (435): A mixture of 429 (53 mg, 0.122

mmol) and Pd/C (8 mg, 15% wt.) in EtOH (1.5 mL) was stirred under 1 atm of H, for 24
hours. The mixture was filtered through Celite and concentrated to give 435 (53 mg, 100%)
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as a colorless oil. *"H NMR (300 MHz, CDCls) & 7.61 — 7.46 (m, 6H), 7.41 (s, 1H), 7.37 —
7.18 (m, 9H), 6.85 (s, 1H), 4.32 (s, 2H), 2.80 — 2.58 (m, 4H), 1.75 — 1.59 (m, 2H), 1.50 —
1.32 (m, 2H), 1.29 — 1.17 (m, 3H), 0.98 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCls) §
162.61, 158.63, 152.94, 144.20, 128.92, 128.06, 127.23, 120.48, 118.20, 87.42, 67.28, 35.43,
32.73, 31.37, 22.57, 14.37, 14.11; HRMS (ESI") calcd for CsHsNO (M+H)" 436.2640,
found 436.2641.

2,4-Diethyl-6-((trityloxy)methyl)pyridine (436): Compound 436 was synthesized following
the same procedure as for 435 in 96% yield. *H NMR (300 MHz, CDCls) & 7.60 — 7.49 (m,
6H), 7.45 (s, 1H), 7.37 — 7.14 (m, 9H), 6.89 (s, 1H), 4.35 (s, 2H), 2.81 — 2.59 (m, 4H), 1.40 —
1.12 (m, 6H); **C NMR (75 MHz, CDCl5) § 162.68, 158.69, 154.18, 144.16, 128.89, 128.34,
128.05, 127.51, 127.21, 119.90, 117.62, 87.39, 67.25, 31.40, 28.67, 14.71, 14.38; HRMS
(ESI™) calcd for CogH3oNO (M+H)* 408.2327, found 408.2324.

2-Ethyl-4-pentyl-6-((trityloxy)methyl)pyridine (437): Compound 437 was synthesized
following the same procedure as for 435 in 99% yield. *H NMR (300 MHz, CDCl3) & 7.56
(d, J = 7.3 Hz, 6H), 7.49 (s, 1H), 7.43 — 7.21 (m, 9H), 6.92 (s, 1H), 4.43 (s, 2H), 2.83 — 2.74
(m, 2H), 2.72 — 2.65 (m, 2H), 1.79 — 1.62 (m, 2H), 1.50 — 1.35 (m, 4H), 1.28 (t, J = 7.6 Hz,
3H), 0.98 (t, J = 6.6 Hz, 3H); *C NMR (75 MHz, CDCls) § 162.27, 158.32, 153.56, 144.08,
128.87, 128.04, 127.22, 120.62, 118.35, 87.46, 66.90, 35.68, 31.59, 31.01, 30.15, 22.64,
14.27, 14.14; HRMS (ESI™) calcd for CssH3sNO (M+H)" 450.2797, found 450.2784.

2-Ethyl-4-hexyl-6-((trityloxy)methyl)pyridine (438): Compound 438 was synthesized
following the same procedure as for 435 in 100% vyield. *H NMR (300 MHz, CDCls) & 7.58 —
7.47 (m, 6H), 7.42 (s, 1H), 7.36 — 7.17 (m, 9H), 6.87 (s, 1H), 4.33 (s, 2H), 2.80 — 2.58 (m,
4H), 1.78 — 1.57 (m, 2H), 1.36 (bs, 6H), 1.24 (t, J = 7.0 Hz, 3H), 0.97 — 0.84 (m, 3H); **C
NMR (75 MHz, CDCl3) 6 162.23, 158.26, 144.05, 128.85, 128.31, 128.05, 127.52, 127.23,
126.70, 120.64, 118.36, 87.44, 66.81, 35.74, 31.80, 30.97, 30.46, 29.10, 22.73, 14.31, 14.25;
HRMS (ESI™) calcd for Ca3HssNO (M+H)™ 464.29534, found 464.29471.
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4-Butyl-2-phenyl-6-((trityloxy)methyl)pyridine (439): Compound 439 was synthesized
following the same procedure as for 435 in 100% vyield. *H NMR (300 MHz, CDCl3) & 7.97
(d, J = 6.7 Hz, 2H), 7.70 — 7.54 (m, 7H), 7.54 — 7.18 (m, 13H), 4.57 (s, 2H), 2.79 (t, J = 7.4
Hz, 2H), 1.87 — 1.65 (m, 2H), 1.58 — 1.39 (m, 2H), 1.04 (t, J = 7.3 Hz, 3H); *C NMR (75
MHz, CDCl3) 6 158.93, 156.35, 154.13, 144.04, 129.10, 128.88, 128.82, 128.08, 127.38,
127.28, 119.77, 87.53, 66.92, 35.63, 34.16, 32.68, 22.52, 14.10; HRMS (ESI") calcd for
CasHaaNO (M+H)* 484.2640, found 484.2647.

2,4-Dibutyl-6-((trityloxy)methyl)pyridine (440): Compound 440 was synthesized
following the same procedure as for 435 in 100% yield. *H NMR (300 MHz, CDCl3) & 7.56 —
7.48 (m, 6H), 7.46 (s, 1H), 7.36 — 7.19 (m, 9H), 6.92 (s, 1H), 4.50 (s, 2H), 2.84 — 2.73 (m,
2H), 2.73 — 2.62 (m, 2H), 1.75 — 1.58 (m, 4H), 1.51 — 1.28 (m, 4H), 0.99 (t, J = 7.3 Hz, 3H),
0.92 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCl3) & 160.34, 157.48, 143.77, 128.73,
128.50, 128.21, 128.02, 127.24, 121.74, 118.83, 87.58, 65.82, 36.74, 35.42, 32.42, 32.24,
22.54, 22.40, 13.99, 13.98; HRMS (ESI") calcd for Cs3H3zsNO (M+H)* 464.2953, found
464.2961.

(4-Butyl-6-ethylpyridin-2-yl)methanol / heterotaxin (415): Acetyl chloride (100 pL) was
added slowly to a solution of MeOH (2mL) and DCM (3 mL) at 0°C. Compound 435 (81.5
mg, 0.187 mmol) was dissolved in this solution and allowed to stir at room temperature until
the reaction was complete (30 min) as indicated by TLC (10% EtOAc/hexanes). The solution
was concentrated to dryness and the residue was dissolved in 4 mL DCM and extracted with
2 mL 1 M NaOH. The aqueous layer was extracted with DCM (3 x 3 mL) and the organic
layers were combined, dried over Na,SQO,, filtered, and concentrated to dryness. The residue
was purified by flash silica gel chromatography, eluting with 0.1% TEA/EtOAc to give 415
(36 mg, 100%) as a light yellow oil. *H NMR (300 MHz, CDCls) & 6.87 (s, 1H), 6.85 (s, 1H),
4.68 (s, 2H), 2.78 (q, J = 7.6 Hz, 2H), 2.64 — 2.50 (m, 2H), 1.69 — 1.52 (m, 2H), 1.42 — 1.32
(m, 2H), 1.29 (t, J = 7.6 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCl3) §
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162.31, 158.23, 153.43, 121.10, 118.26, 64.07, 35.19, 32.65, 30.93, 22.49, 14.02; HRMS
(ESI) calcd for C1oH20NO (M+H)* 194.15449, found 194.15415.

(4,6-Diethylpyridin-2-yl)methanol (441): Compound 441 was synthesized following the
same procedure as for 415 in 71% vyield. *H NMR (300 MHz, CDCl5) & 6.88 (s, 2H), 4.68 (s,
2H), 4.26 (bs, 1H), 2.77 (g, J = 7.6 Hz, 2H), 2.61 (q, J = 7.6 Hz, 2H), 1.38 — 1.14 (m, 6H);
3¢ NMR (75 MHz, CDCl3) 6 162.42, 158.27, 154.45, 120.52, 117.44, 64.08, 31.11, 28.42,
14.56, 13.97; HRMS (ESI™) calcd for C1gH1gNO (M+H)" 166.12319, found 166.12235.

(6-Ethyl-4-pentylpyridin-2-yl)methanol (442): Compound 442 was synthesized following
the same procedure as for 415 in 76% yield. *H NMR (300 MHz, CDCls) & 6.86 (s, 2H), 4.68
(s, 2H), 4.49 (bs, 1H), 2.76 (q, J = 7.6 Hz, 2H), 2.63 — 2.48 (m, 2H), 1.71 — 1.50 (m, 2H),
1.40 — 1.19 (m, 7H), 0.88 (t, J = 6.9 Hz, 3H); **C NMR (75 MHz, CDCls) 5 162.30, 158.15,
153.24, 121.03, 117.99, 64.05, 35.47, 31.60, 31.08, 30.25, 22.62, 14.14, 14.01; HRMS (ESI")
caled for C13H22NO (M+H)" 208.17014, found 208.16936.

(6-Ethyl-4-hexylpyridin-2-yl)methanol (443): Compound 443 was synthesized following
the same procedure as for 415 in 79% yield. *H NMR (300 MHz, CDCls) & 6.86 (s, 2H), 4.68
(s, 2H), 4.13 (bs, 1H), 2.77 (q, J = 7.6 Hz, 2H), 2.64 — 2.48 (m, 2H), 1.67 — 1.48 (m, 2H),
1.42 — 1.18 (m, 9H), 0.87 (t, J = 6.6 Hz, 3H); **C NMR (75 MHz, CDCls) 5 162.36, 158.19,
153.23, 121.04, 117.93, 64.08, 35.53, 31.80, 31.14, 30.54, 29.12, 22.73, 14.22, 13.98; HRMS
(ESI™) caled for C14H24NO (M+H)* 222.18579, found 222.18569.

(4-Butyl-6-phenylpyridin-2-yl)methanol (444): Compound 444 was synthesized following
the same procedure as for 415 in 83% yield. *H NMR (300 MHz, CDCls) & 8.09 — 7.93 (m,
2H), 7.54 — 7.36 (m, 4H), 6.99 (s, 1H), 4.78 (s, 2H), 2.75 — 2.59 (m, 2H), 1.76 — 1.57 (m,
2H), 1.50 — 1.28 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H); **C NMR (75 MHz, CDCls3) & 158.62,
156.11, 153.55, 139.20, 129.12, 128.82, 127.07, 119.66, 119.03, 64.06, 35.36, 32.70, 22.49,
14.04; ESI-MS calcd for C16HoNO (M+H)* 242.2, found 242.2.
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(4,6-Dibutylpyridin-2-yl)methanol (445): Compound 445 was synthesized following the
same procedure as for 415 in 86% vyield. *"H NMR (300 MHz, CDCls) & 6.85 (s, 1H), 6.84 (s,
1H), 4.67 (s, 2H), 4.24 (bs, 1H), 2.84 — 2.64 (m, 2H), 2.63 — 2.47 (m, 2H), 1.76 — 1.50 (m,
4H), 1.45 — 1.23 (m, 4H), 0.91 (t, J = 7.3 Hz, 6H); **C NMR (75 MHz, CDCls) & 161.29,
158.19, 152.99, 121.67, 117.91, 64.06, 37.83, 35.16, 32.68, 32.09, 22.66, 22.49, 14.12,
14.03; ESI-MS calcd for C14H24NO (M+H)" 222.2, found 222.2.

(6-Ethylpyridine-2,4-diyl)dimethanol (446): Compound 446 was synthesized from 423
following the same procedure as for 415 in 66% yield. *H NMR (300 MHz, CD;0D) & 7.30
(s, 1H), 7.10 (s, 1H), 4.59 (d, J = 3.6 Hz, 4H), 2.72 (q, J = 7.6 Hz, 2H), 1.21 (t, J = 7.6 Hz,
3H); *C NMR (75 MHz, CDs0D) & 164.18, 161.81, 154.77, 119.39, 116.85, 65.59, 63.85,
31.86, 14.85; HRMS (ESI™) calcd for CgH14NO, (M+H)" 168.10245, found 168.10209.

(6-Ethyl-4-vinylpyridin-2-yl)methanol (447): Compound 447 was synthesized from 430
following the same procedure as for 415 in 63% yield. *H NMR (300 MHz, CDCls) § 7.04 (s,
2H), 6.65 (dd, J = 17.5, 10.9 Hz, 1H), 5.95 (d, J = 17.6 Hz, 1H), 5.47 (d, J = 10.8 Hz, 1H),
4.72 (s, 2H), 2.93 — 2.71 (m, 2H), 1.31 (t, J = 7.6 Hz, 3H); *C NMR (75 MHz, CDCls) &
162.99, 158.79, 146.17, 135.21, 118.71, 118.14, 114.88, 64.10, 31.21, 13.93; HRMS (ESI*)
caled for C1oH14NO (M+H)" 164.1075, found 164.1069.

4-Butyl-2-ethyl-6-(methoxymethyl)pyridine (448): To a suspension of 60% NaH (4.08 mg,
0.102 mmol) in THF (100 pL) at 0 °C was added compound 415 (16.5 mg, 0.085 mmol)
dissolved in THF (100 uL). This mixture was allowed to stir for 1 hour at 0 °C before Mel
(36 mg, 0.256 mmol) was added. The mixture was allowed to warm to room temperature and
stirred until the reaction was complete as indicated by TLC (EtOAc). NH,CI (1.5 mL) was
added and the reaction mixture and was extracted with EtOAc (2 mL). The organic layer was
washed with H,O (2 mL), brine (2 mL), dried over Na,SQO,, filtered, and concentrated to

dryness. The residue was purified by flash silica gel chromatography, eluting with 4:1
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hexanes/EtOAC to give 448 (15.3 mg, 86%) as a yellow oil. *H NMR (300 MHz, CDCl5) §
7.06 (s, 1H), 6.87 (s, 1H), 4.53 (s, 2H), 3.47 (s, J = 0.5 Hz, 3H), 2.77 (g, J = 7.6 Hz, 2H),
2.64 — 2.50 (m, 2H), 1.67 — 1.53 (m, 2H), 1.44 — 1.27 (m, 5H), 0.92 (t, J = 7.3 Hz, 3H); *°C
NMR (75 MHz, CDCl3) & 163.11, 157.62, 153.08, 120.96, 118.85, 75.97, 58.95, 35.33,
32.75, 31.46, 22.58, 14.39, 14.06; HRMS (ESI®) calcd for Ci3H,,NO (M+H)" 208.1701,
found 208.1692.

2-((Benzyloxy)methyl)-4-butyl-6-ethylpyridine (449): Compound 449 was synthesized
using benzyl bromide following the same procedure for 448 in 69% yield. *H NMR (300
MHz, CDCl3) 6 7.44 — 7.26 (m, 5H), 7.14 (s, 1H), 6.88 (s, 1H), 4.69 — 4.61 (m, 4H), 2.77 (q,
J=7.6 Hz, 2H), 2.64 — 2.52 (m, 2H), 1.68 — 1.54 (m, 2H), 1.44 — 1.32 (m, 2H), 1.31 — 1.25
(m, 3H), 0.94 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCls) & 162.97, 157.78, 153.03,
138.33, 128.59, 128.08, 127.87, 120.91, 118.87, 73.53, 73.12, 35.34, 32.76, 31.47, 22.59,
14.43, 14.09; ESI-MS calcd for C1gH2sNO (M+H)" 284.2, found 284.2.

4-Butyl-2-ethyl-6-((hexyloxy)methyl)pyridine (450): Compound 450 was synthesized
using 1-bromohexane following the same procedure for 448 in 42% yield. *H NMR (300
MHz, CDCl3) 6 7.09 (s, 1H), 6.86 (s, 1H), 4.58 (s, 2H), 3.55 (t, J = 6.7 Hz, 2H), 2.76 (q, J =
7.6 Hz, 2H), 2.64 — 2.53 (m, 2H), 1.76 — 1.53 (m, 5H), 1.47 — 1.22 (m, 10H), 0.96 — 0.85 (m,
6H); 3C NMR (75 MHz, CDCls) & 162.96, 158.32, 152.96, 120.79, 118.72, 74.14, 71.43,
35.36, 32.74, 31.92, 31.49, 29.94, 26.09, 22.84, 22.60, 14.41, 14.23, 14.07.; ESI-MS calcd
for C1gH3,NO (M+H)" 278.2, found 278.3.

4-Butyl-6-ethylpyridine-2-carbaldehyde (451): MnO; (425 mg) was added in 5 portions
over 24 hours to a solution of 415 (34 mg, 0.176 mmol) in DCM (2 mL) until the reaction
was complete as indicated by TLC (EtOAc). The reaction mixture was filtered through
Celite, and the solution was evaporated to dryness to give 451 (17 mg, 51%) as a colorless
oil. 'H NMR (300 MHz, CDCls) & 10.04 (s, J = 0.7 Hz, 1H), 7.61 (s, 1H), 7.19 (s, 1H), 2.87
(9, =7.6 Hz, 2H), 2.74 — 2.54 (m, 2H), 1.73 — 1.52 (m, 2H), 1.43 — 1.27 (m, 5H), 0.92 (t, J
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= 7.3 Hz, 3H); BCc NMR (75 MHz, CDCl3) & 194.41, 164.41, 153.56, 152.66, 126.78,
119.51, 35.11, 32.54, 31.29, 22.46, 14.06, 13.99; ESI-MS calcd for C1oH;sNO (M+H)* 192.1,
found 192.1.

4-Butyl-6-ethylpyridine-2-carboxylic acid (452): Compound 451 (15.9 mg, 0.0831 mmol)
was dissolved in 1:1 H,O/t-BuOH (1 mL) then NaH,PO, (50 mg, 0.416 mmol) and 2-methyl-
2-butene (1 mL) were added. NaClO, (38 mg, 0.416 mmol) was added in three portions over
one minute and the mixture was stirred (2 h) until the reaction was complete as indicated by
TLC (EtOACc). The mixture was diluted with H,O (2 mL) and extracted with DCM (4 x 3
mL). The combined organic layers were dried over Na,SO,, filtered, and evaporated to
dryness to give 452 (15.3 mg, 89%) as a colorless oil. 'H NMR (300 MHz, CDCl3) & 7.89 (s,
1H), 7.23 (s, 1H), 2.95 — 2.78 (m, 2H), 2.75 — 2.62 (m, 2H), 1.73 — 1.54 (m, 2H), 1.43 — 1.27
(m, 5H), 0.93 (t, J = 7.3 Hz, 3H); *C NMR (75 MHz, CDCls3) § 164.92, 162.43, 155.58,
145.64, 126.89, 121.38, 35.21, 32.48, 30.59, 22.44, 13.97, 13.58; HRMS (ESI") calcd for
C12H1sNO, (M+H)" 208.1338, found 208.1333.
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CHAPTER 8: Synthesis of Estrone Boronates for Hydrogen Peroxide Detection

8.1 Detection of Hydrogen Peroxide in Cellular Processes

Hydrogen peroxide (H,O) plays several important roles in biological and cellular
processes. H,O; is considered a reactive oxygen species (ROS), which was originally thought
of as an oxidative stress marker of disease states,?® but recently has been shown to be an
important secondary messenger in biological processes.?*” *® Once produced within the
mitochondria, H,O, can diffuse within cells in order to play a critical role in several cellular

O apoptosis,* aging, and diseases,

processes including: cell signaling,?*® embryogenesis,®
such as cancer,®%? and neurodegenerative diseases, like Parkinson’s disease.>® Detection of
H,0, could give insight into the mechanisms of action of the cellular processes of such
disorders.

Fluorescent probes are very useful for reporting chemical changes in cells. One
previously developed H,O, detection technique makes use of fluorophores containing
boronic acid esters for the detection of H,0y in cells.*** The use of boron oxidation chemistry

is selective for H,O, over any other ROS.>® In the presence of the boronate functional group

no fluorescence is detected, but when the boronate is oxidized to a hydroxyl group by H,O,,
306

the fluorophore is activated, producing a signal (Figure 8.1).

R
O
:éi: s 5 H,0,
B
O/ _ —_—

inactive

ctive

Figure 8.1. Oxidation of the boronate group by H,O, to produce a fluorescence response.

There is, however, one major drawback of the fluorescent H,O, reporters. A relatively high
background fluorescence is detected, which leads to only about a 2-fold increase in signal to

noise.>® To increase the dynamic range of detection, a different strategy was developed that
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made use of a genetically encoded fluorescent protein, HyPer, that when exposed to H,0,
emitted a fluorescent signal and had a 6-fold increase in signal.**’

Although, fluorescent boronates have been previously used for H,O, detection and
have shown promise in the detection of intercellular H,O,, they have not been applied to the
induction of gene expression as a reporter. Development of a methodology that enables the
induction of gene expression in response to the presence of H,O, would be of great value
because it could be used to control any gene of interest with H,O,. Importantly, in the case of
a reporter gene (e.g., luciferase or GFP), this allows for the sensitive and selective detection
of H,O; in live mammalian cells and could potentially have a higher dynamic range than the
previously developed detection methods.

Based on the yeast GAL4-upstream activating sequence (UAS) system, an estrogen
receptor plasmid system was engineered by Promega. In this system, the DNA binding
domain of GAL4 is fused to a nuclear a-estrogen ligand-binding domain (ER). Presence of a
suitable ER-ligand, e.g., estradiol or estrone, results in a conformational change of the
GAL4-ER fusion protein, inducing binding of the GAL4 to several copies of the UAS
located upstream of the gene to be activated, e.g., firefly luciferase. (Figure 8.2). It was
hypothesized that by placing a boronic acid ester group either on estradiol or estrone,
induction of gene expression would be inhibited. In the presence of H,0,, the boronate group
is oxidized, resulting in the native substrate, thus activating the molecule for binding to the

estrogen receptor (ER) and activating gene expression (Figure 8.2).
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Figure 8.2. Activation of gene expression by intercellular H,O, through the oxidation of boronate
derivatives. The GAL4-ER nuclear fusion protein is expressed by pBind-ERa. The boronate
derivative will not bind to the ER, therefore GAL4 cannot bind to the UAS and no luciferase

expression is observed. In the presence of H,0,, the boronate derivative is oxidized to the native

molecule. The molecule is now able to bind to the ER resulting in GAL4 binding to the UAS and
driving transcription of luciferase.

8.2 Synthesis of Estradiol and Estrone Boronates

To determine the optimal position of the boronate group multiple estradiol and
estrone derivatives were synthesized. It was first thought that estradiol would be the best
substrate as it has a higher binding affinity to the estrogen receptor than estrone, but both

analogs were investigated.>®

The investigation of boronated compounds as intracellular
H,0, response molecules began by synthesizing a series of estradiol and estrone derivatives.
It is known that the two hydroxyl groups of estradiol play important roles in binding to the
estrogen receptor through the formation of hydrogen bonds.*® The 3-OH phenol of B-
estradiol (453) (Figure 8.3) contributes an average of 1.9 kcal/mol in binding energy whereas
the 17B-OH contributes 0.6 kcal/mol.*® In a structure activity relationship study of the
estrone (454)-estrogen receptor interaction, it was shown that the removal of the 17-ketone

309 and the removal of the 3-OH

310

reduced the relative binding affinity of estrone by 84%,
reduced the relative binding affinity by approximately 99%.>" Within the estrogen receptor,

the hydroxy, phenol, and ketone play key roles as hydrogen bond donors and acceptors for
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estradiol and estrone, therefore the modification of one of these groups or a combination of
these groups should render the molecule biologically inactive.®*>!° Boronation of the 3-
position, 17-position, or both should completely inactivate the binding of the estradiol or
estrone derivatives to the estrogen receptor (Figure 8.3). Activity should be restored through

H,0, mediated oxidation and generation of a functional ER ligand.

OH o]
17 17

HO 3 HO 3
B-estradiol (453) estrone (454)

Figure 8.3. Structures of estradiol (453) and estrone (454).

The first molecules that were chosen were estradiol and estrone analogs with the
boronate replacing the phenolic OH since this functional groups is more important in the
hydrogen binding to the estrogen receptor than the carbonyl or hydroxyl group at the 17-
position. To synthesize the estradiol analog, the hydroxyl group was first protected by
reacting B-estradiol (453) with trifluoroacetic anhydride followed by an acid work-up to give
the protected estradiol 455 in a 90% vyield (Scheme 8.1). Next, the phenol was transformed
into a triflate 456 and then reacted under Suzuki coupling conditions with pinacol borane to
afford the boronate 457 in moderate yield. The trifluoroacetate protecting group was

removed with NaOH to provide the 3-boronate estradiol 458.
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Scheme 8.1. Synthesis of 3-boronate estradiol 458.

The synthesis of 3-boronate estrone (460) followed a similar route as 458, but no
protecting group was needed. Estrone (454) was treated with triflic anhydride in the presence
of TEA to form 459 in 88% vyield followed by a reaction with pinacol borane in the presence
of Pd(dppf)Cl,-CH,CI; to give 460 in 71% yield (Scheme 8.2).
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Scheme 8.2. Synthesis of 3-boronate estrone 460.

O
Tf,0, TEA
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459
O
460

In addition, the phenolic OH was removed for control experiments to show that the
hydroxyl group is essential for ER-binding activity. To synthesize these compounds the
estradiol trifluoroacetate-protected triflate 456 was reacted with Pd/C in the presence of Mg
and NH;OAc. Removal of the triflate group and the trifluoroacetate protecting group was
accomplished in one step to afford 461 in 57% yield (Scheme 8.3).3'* The estrone triflate
derivative 459 was reduced with Pd(OAC), in the prescience of formic acid to remove the

triflate group and to give 462 in 67% yield.*'?

Pd/C, Mg

o)
oA
CF3  NH,0AC
_ >
MeOH
57%
TfO
456
O pd(OAc),, dppf,
TEA, HCO,H
e
DMF, 60 °C
TfO 67%
459

Scheme 8.3. Synthesis of hon-phenolic estradiol 461 and estrone 462 for control experiments.

OH
461
@(Sﬁ
462

It was also of interest to attach boronate groups at the 17 position of both the estrone

(454) and estradiol (453) in order to investigate additional molecules for H,O, detection. The

174



synthesis of the 17-boronate estrone 466 was completed in four steps through TIPS
protection of the phenolic hydroxyl group in estrone (454), leading to 463 in quantitative
yield.*®* The carbonyl group in 463 was then converted into the enol triflate 464 using
trifluoromethanesulfonic anhydride with 2,6-lutidine as the base, which was then subjected to
a Suzuki coupling yielding the TIPS protected estrone boronate 465. Removal of the TIPS
group with TBAF produced the 17-boronate estrone 466 in 77% yield (Scheme 8.4).3"

OTf

(@]
TIPSCI, T,0,
imidazole 2,6-lutidine “
99
HO 82% TIPSO
4

quantitative TIPSO
454 64
pE

\B/O

pinacolborane
TEA B TBAF

- -
dioxane, 90 °C “ THF “
99 ™ 0
48%
TIPSO HO

465 466

Scheme 8.4. Synthesis of the 17-boronate estrone 466.

To install a boronate group on the 17-position of estradiol (453) was more difficult
because it would be bound to an sp* carbon center rather than sp® center and a Suzuki
coupling could not be utilized. Thus, a different method was employed using a boronated
benzyl carbonate group.®** 4-Hydroxybenzaldehyde (467) was transformed into the triflate
468 in the same manner as 459, and a Suzuki coupling with bis(pinacolato)diboron gave 469
in 81% vyield (Scheme 8.5). Reduction with sodium borohydride afforded 470 in good vyield
followed by activation of the aldehyde with DSC to form the NHS-carbonate 471 in a
moderate yield. The non-phenolic estradiol 461 was used to react with the carbonate 471 to

form the boronate benzyl carbonate estradiol 472 in low yield.
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Scheme 8.5. Synthesis of boronate benzyl carbonate protected non-phenolic estradiol 472.

The last compounds that were of interest were the diboronated estradiol and estrone
derivatives. The diboronated estrone 474 was assembled in a similar manner as the boronated
estrone 466. Using DMAP as the base in the triflate forming step lead to a readily separable
mixture of the estrone triflate and the estrone ditriflate 473 in a 69% yield.**> A palladium-
mediated Suzuki coupling reaction with the ditriflate 473 and pinacolborane lead to the
diboronated estrone 474 in 46% yield (Scheme 8.6). Finally, reduction of the double bond
was accomplished using Pt,O under a hydrogen atmosphere to give 475 in quantitative yield.

The reduction was incomplete when Pd/C was applied.
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Scheme 8.6. Synthesis of estrone diboronate 474 and estradiol diboronate 475.

8.3 Biological Results

An initial assay was performed by Jeane Govan (Deiters lab) to test the synthesized
estradiol analogs. Human epithelial carcinoma (A431) cells were transfected with the
reporter plasmids, pBind-ERa and pGL4.35. Following transfection, the cells were treated
for 2 hrs with the compound of interest at a concentration of 50 nM. H,0, (100 nM) was
added to the cells and luciferase expression was assayed after 48 hrs using a Bright Glo Kit.
Estradiol (453) was used as a positive control and the other analogs were compared to it. In
the presence of the 3-boronate estradiol 458, the signal was almost identical to estradiol
(453). This indicates that a boronate at the 3-position does not prevent binding to the ER and
therefore cannot be used for H,O, detection (Figure 8.4). This result was unexpected since
the negative control, non-phenolic estradiol 461, produced no signal, demonstrating the 3-OH
is needed to bind to the receptor. Since the non-phenolic estradiol 461 was not active, adding
a boronate to the 17 position, as in 472, would not produce a viable compound for H,O,
induced gene expression. When the boronate group would be removed, the resulting
compound 461 would not lead to luciferase expression. The diboronate estradiol 475 was

completely inactive, and thus could be a potential small molecule probe for the detection of
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H,O,. However, when the diboronate estradiol 475 was treated with H,O,, it was still

inactive and could not be employed in the detection of H,0..
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Figure 8.4. Luciferase assay testing the binding of estradiol derivatives. All experiments were
performed in triplicate and error bars represent standard deviations. NT = not treated

The same assay was performed with the estrone derivatives. Although estrone (454),
as a positive control, created a much lower absolute signal than the estradiol (453), the
boronated analogs were much less active relative to estrone than in case of the estradiol
derivatives. Both the 3-boronate 460 and the 17-boronate 466 estrones were substantially less
active than estrone itself (Figure 8.5). They were slightly more active than the non-phenolic
estrone 462, which had very low activity. Both of these compounds could be excellent small
molecule probes for the intracellular detection of H,O,. These compounds were chosen for
further investigation for the detection of H,O, since they had the most potential for success.
Jeane Govan (Deiters lab) performed multiple assays to determine the correct concentration

of the boronate compounds and H,0O, to be used.
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Figure 8.5. Luciferase assay testing the binding of estrone derivatives. All experiments were
performed in triplicate and error bars represent standard deviations. NT = not treated

In order to investigate the activity of estrone and its derivatives, A431 human
epithelial carcinoma cells were transfected with the reporter plasmids, pBind-ERa and
pGL4.35 using lipofectamine (Invitrogen). Following transfection, the cells were treated for
2 hrs with estrone (454) or estrone derivatives 460, 462, 466, and 474 at a concentration of
50 nM. H,0, (100 nM) was added to the cells and luciferase expression was assayed after 48
hrs using a Bright Glo kit (Promega). In the absence of estrone, no luciferase expression was
observed. In the presence of estrone (454), there was a 43-fold induction of firefly luciferase
expression compared to nontreated cells and estrone induced gene expression was
subsequently normalized to 100% (Figure 8.6). Since it has been shown previously that the
removal of the 3-hydroxy group eliminated the binding of estrone to the a-estrogen

309, 310

receptor, we chose to use compound 462 as a negative control. In agreement with

literature reports, %

the dehydroxy estrone 462 provided a very low level of firefly luciferase
expression. The estrone (454) (positive control) and non-phenolic estrone 462 (negative
control) showed, within statistical limits, the same level of gene expression before and after
addition of H,0,, demonstrating that H,O, had no effect on the reporter system in the
absence of any boronated estrogen analogs (Figure 8.6). The 3-boronated estrone 460

produced a background level of firefly luciferase comparable to the negative control 462.
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However, upon addition of H,O,, the boronate group is oxidized and the generated estrone is
able to bind to the estrogen receptor inducing expression of firefly luciferase. This resulted in
a 5-fold increase in reporter gene expression, with 86% firefly luciferase expression
observed. The 17-boronate estrone 466 displayed a lower level of firefly expression before
addition of H,O, but exposure to H,O, resulted in a 28-fold increase in gene expression, with
48% of gene expression observed when compared to native estrone treatment. In the presence
of the diboronate estrone 474, only a background level of luciferase expression was
observed. Similar to the other boronated estrones, upon addition of H,O,, an 8-fold increase
in gene expression was observed. The 3-boronate estrone 462 displayed the largest activation
of gene expression after addition of H,O,, with close to native estrone induced levels of
luciferase activity. Additional attempts were conducted in order to increase activation of gene
expression with H,O,. The concentration of the estrone derivatives and the concentration of
H,0, were both varied, but nevertheless, complete activation of firefly luciferase expression
could not be achieved. The boronate estrones 466 and 474 both displayed complete inhibition
of estrone activation of gene expression; however, only approximately 50% of native estrone
activity could be restored after addition of H,O..

140 - ® -H0,
B +H,0,
120 |
100 -

80 -

60 -~

Firefly Luciferase/%

40

20 +

0 -
454 462 460 466 474
Figure 8.6. Hydrogen peroxide induced activation of gene expression in the presence of boronated
estrone analogs. All experiments were performed in triplicate and error bars represent standard
deviations.
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Encouraged by these results, the ability of the sensor to test endogenously produced
H,0, in mammalian cells was tested next. Cells rapidly produce H,O, when stimulated with
external cytokines such as transforming growth factor-p1, interleukin-1, or epidermal growth
factor (EGF).*!® Here, EGF was used to stimulate H,O, in A431 cells. As in the previous
assay, the two-plasmid system was transfected into A431 cells followed by exposure to
estrone (454) or the estrone derivatives 460, 462, 466, and 474 (50 nM). EGF (1 pg/mL) was
added and luciferase activity was assayed after 48 hrs. Intracellular secretion of H,O, (Figure
8.7) can be detected as efficiently as its external addition (see Figure 8.6). In comparison to
the positive and negative controls (454 and 462, respectively), the 3-boronate estrone 460
showed a relatively low expression level of luciferase until addition of EGF, in which case a
5-fold increase in reporter gene expression was observed, restoring 78% of luciferase
expression. Similarly, 17-boronate estrone 466 and diboronate estrone 474, showed a similar
trend with essentially complete inhibition of estrone activity as shown by the low levels of
luciferase expression (Figure 8.7). Addition of EGF resulted in a 33-fold change in luciferase
signal in case of the 17-boronate estrone 466 (55% restored firefly expression) and in a 5-
fold change in luciferase expression for the diboronate estrone 474 (34% restored firefly
expression). Boronated fluorescence probes for the intracellular detection of H,O, have been
developed but display only about a 2-fold change in fluorescence upon addition of EGF to
live cells due to relatively high background fluorescence.®® Additionally, HyPer, a
genetically encoded fluorescent protein that when oxidized by H,O, will emit
fluorescence,®® is also used as a H.O, probe with an initial dynamic range of 3 and recently
improved to a 6-fold change in fluorescence.®’” Even though complete restoration of
luciferase activity could not be achieved through the deprotection of the boronated estrones, a

greater dynamic range was observed compared to the previously reported H,O; sensors.
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Figure 8.7. Intracellular detection of hydrogen peroxide through boronated estrone derivatives. All
experiments were performed in triplicate and error bars represent standard deviations.

One challenge in creating a cellular H,O, probe is to develop a probe that is sensitive
and selective to H,O, over other competing cellular ROS, such as hydroxide radical and
hypochlorite ion.®" 3! In this regard, the selectivity of the deboronation reaction was tested
in cell culture through treatment with several ROS. As previously described, A431 cells were
transfected with pBind-ERa and pGL4.35, followed by treatment with the 3-boronate estrone
460, since it showed the highest induction of gene expression recovery after addition of H,0,
(see Figure 8.6). In addition to H,O, (100 nM), the cell were exposed to tert-butyl
hydroperoxide (TBHP), hypochlorite (OCI’), hydroxyl radical (*OH) generated from H,O,
and FeSOy,, and tert-butoxy radical (+O'Bu) generated from TBHP and FeSO,. Importantly,
no reporter gene expression was observed in response to any ROS but H,O, (Figure 8.8).
Upon addition of H,O, to the cells containing the 3-boronate estrone 460, luciferase response
closely resembling native estrone-induced levels was observed. However, exposure to TBHP,
OCI’, «OH, or «O'Bu instead of H,0, only resulted in background levels of gene expression.
This indicates that the estrone derivative 460, in conjunction with the genetically encoded
reporter, is highly specific for H,O, and can differentiate it from other ROS.
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Figure 8.8. Boronated estrone derivative 460 is selective for H,O,. A431 cells (10,000) were
transfected with pBind-ERo and pGL4.35, treated with estrone derivatives (50 nM) and ROS H,0,,
tert-butyl hydroperoxide (TBHP), hypochlorite (OCI"), hydroxyl radical (*OH), and tert-butoxy
radical (+O'Bu) (100 nM), and a luciferase assay was performed. All experiments were performed in
triplicate and error bars represent standard deviations.

8.4 Conclusion and Outlook

The first genetically encoded gene activation system that selectively responds to H,0,
has been developed. The methodology can be easily engineered for the activation of any gene
of interest. Here, it was applied it to a firefly luciferase reporter gene, thereby creating a
H,0, sensor that is functional in live mammalian cells. The estrone boronates proved to be
the better molecules for the detection of H,O, than the estradiol boronates. A central
component of this system is a novel boronate-estrone “cofactor” that is cell permeable, but
inactive until oxidized by H,O,. The oxidation step converts the inactive boronate-estrone
into estrone, which induces transcriptional activation of the luciferase gene. The developed
sensor was able to detect H,O, that was either added to the cellular media or generated
through growth factor-induced stimulation. Importantly, the developed switch is highly
specific for H,O, and is not activated by any other ROS. In contrast to previously reported
intracellular H,O, sensors, this gene switch has a substantially larger dynamic range.

Moreover, it is conceivable to adapt this system to other, orthogonal, ligand-induced

183



transcription factors in order to activate genes of interest in response to a hydrogen peroxide
stimulus. In addition to transcription factors, other nuclear proteins, Cre recombinase,* |-
Secl restriction enzyme,*® Flpe,** and Interferon Regulatory Factor-3,%* have all been
fused to an estrogen receptor for regulation of protein activity. It is then plausible that these
proteins and others can also be regulated through the production of H,O,. Other than H,O,,
nitric oxide (NO) has also been detected by a multi-signal fluorophore.*”® Two reactive
groups were attached to the reporter, a boronate group and an aniline. The boronate is used to
detect the H,O; and the aniline is used to detect the NO. Depending on which ROS is present
a different signal is produced or if both are present an even different signal is formed. This
approach could possibly be used with the estrone to either detect NO or perhaps NO and

H,0, using this genetically encoded methodology.

8.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. THF and dioxane were distilled from sodium/benzophenone ketyl
prior to use. DCM, DMF, MeOH, EtOH, and CH3;CN were distilled from calcium hydride
and stored over 4 A molecular sieves. Other reagents and solvents obtained from commercial
sources were stored under nitrogen and used directly without further purification. Flash
chromatography was performed with silica gel (60A, 40-63 pum (230 x 400 mesh),
Sorbtech).’*® NMR spectra were obtained using a Varian Gemini GN-300 (300 MHz) or
Varian Mercury 300 (300 MHz) spectrometer. Chemical shifts are in & units (ppm) for *H
NMR spectra and ¥C NMR spectra.

(14S,15S)-5-Hydroxy-15- methyltetracyclo[8.7.0.0%”.0"***]heptadeca- 2,4,6-trien-14-yl
2,2,2-trifluoroacetate (455): To a DCM (5.7 mL) solution of estradiol (453) (108 mg, 0.397
mmol) and DMAP (121 mg, 0.991 mmol) was added trifluoroacetic anhydride over 30 min at
0 °C. The solution was allowed to warm to rt and was stirred for 1.5 h. H,O (5 mL) was
added, the layers were separated, and the organic layer was dried with Na,SQO,, filtered and
concentrated. The residue was dissolved in EtOAc (7.4 mL) and MeOH (1.5 mL); 1 M HCI
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(2 mL) was added and stirred for 1 h. The solution was diluted with H,O (5 mL), extracted
with EtOAc (2 x 5 mL) and dried with Na,SOy,, filtered and concentrated to give 455 (131.5
mg, 90%) as a white solid. *H NMR (300 MHz, CDCls) & 7.15 (d, J = 8.3 Hz, 1H), 6.65 (dd,
J =84, 28 Hz, 1H), 6.58 (d, J = 2.8 Hz, 1H), 5.01 (s, 1H), 4.90 (dd, J = 9.2, 7.5 Hz, 1H),
2.91 - 2.77 (m, 2H), 2.41 — 2.26 (m, 2H), 2.26 — 2.13 (m, 1H), 1.99 — 1.65 (m, 3H), 1.61 —
1.25 (m, 5H), 0.90 (s, 3H); **C NMR (75 MHz, CDCl3) & 158.08, 157.53, 153.56, 138.26,
132.38, 126.72, 115.49, 112.98, 112.92, 87.04, 49.73, 43.82, 43.61, 38.64, 36.82, 29.68,
27.30, 27.28, 26.24, 23.37, 12.04.

(14S,15S)-15-Methyl-5-
[(trifluoromethane)sulfonyloxy]tetracyclo[8.7.0.0>.0"**|heptadeca-  2,4,6-trien-14-yl
2,2,2-trifluoroacetate (456): To a DCM (4 mL) solution containing 455 (102 mg, 0.277
mmol) and DMAP (42 mg, 0.346 mmol) at 0 °C was added triflic anhydride (53.6 pL, 0.307
mmol) over 10 min. The solution was kept at 0 °C for 1 h before it was quenched with ice
cold H,O (4 mL). The mixture was extracted with DCM (2 x 4 mL) and the combined
organic layers were washed with brine (4 mL), dried with Na,SO,, filtered and concentrated.
The residue was purified with silica gel chromatography eluting with 8:1 hexanes/EtOAc to
afford 456 (129 mg, 93%) as a white solid. *"H NMR (300 MHz, CDCls) & 7.34 (d, J = 8.6
Hz, 1H), 7.10 — 6.93 (m, 2H), 4.90 (dd, J = 9.3, 7.5 Hz, 1H), 2.92 (dd, J = 8.8, 4.3 Hz, 2H),
2.42 — 2.20 (m, 2H), 2.03 — 1.89 (m, 2H), 1.89 — 1.66 (m, 1H), 1.64 — 1.15 (m, 7H), 0.91 (s,
3H); *C NMR (75 MHz, CDCls) & 157.97, 157.41, 147.77, 140.53, 139.51, 127.38, 121.39,
121.08, 118.42, 86.76, 49.78, 43.99, 43.53, 38.06, 36.72, 29.58, 27.28, 26.88, 26.01, 23.34,
11.98.

(14S,15S)-15-Methyl-5-(tetramethyl-1,3,2- dioxaborolan-2-
y)tetracyclo[8.7.0.0%7.0"*|heptadeca- 2,4,6-trien-14-yl 2,2 2-trifluoroacetate (457):
TEA (160 pL, 1.13 mmol) and pinacol borane (80 pL, 0.550 mmol) were added to a mixture
of 456 (64 mg, 0.128 mmol) and Pd(dppf)Cl,-CH,Cl, (5.2 mg, 0.0064 mmol) in dioxane
(716 pL) and stirred at 90 °C for 2 h. The solution was cooled to rt, diluted with H,O (2 mL),
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and extracted with EtOAc (3 x 2 mL). The combined organic layers were dried with MgSO,,
filtered and concentrated. The residue was purified by silica gel chromatography eluting with
5% EtOAc/hexanes to afford 457 (33 mg, 54%) as a white solid. *H NMR (300 MHz,
CDCl3) § 7.65 — 7.52 (m, 2H), 7.31 (d, J = 7.8 Hz, 1H), 4.89 (dd, J = 9.2, 7.5 Hz, 1H), 3.00 —
2.85 (m, 2H), 2.46 — 2.21 (m, 2H), 2.02 — 1.61 (m, 2H), 1.60 — 1.40 (m, 3H), 1.35 (s, 12H),
0.89 (s, 3H); *C NMR (75 MHz, CDCls) & 158.00, 157.45, 143.39, 136.02, 135.78, 132.29,
124.99, 116.73, 112.92, 86.96, 83.85, 49.93, 44.59, 43.56, 38.32, 36.86, 29.37, 27.32, 27.28,
25.92, 25.03, 24.99, 23.39, 12.04.

(14S,15S)-15-Methyl-5-(tetramethyl-1,3,2- dioxaborolan-2-
yl)tetracyclo[8.7.0.0%".0'"**]heptadeca- 2,4,6-trien-14-ol (458): To a THF (23 mL) solution
of 457 (33 mg, 0.0689 mmol) was added 0.8 M NaOH (2.3 mL) over 10 min and then
allowed to stir for an additional 10 min. The mixture was diluted with H,O (6 mL), extracted
with ether (2 x 10 mL), and the combined organic layers were washed with H,O (10 mL) and
brine (10 mL). The organic layers was dried with MgSO,, filtered and concentrated. The
residue was purified by silica gel chromatography eluting with 4:1 hexanes/EtOAc to afford
458 (19 mg, 72%) as a white solid. *"H NMR (300 MHz, CDCls) & 7.59 (d, J = 7.8 Hz, 1H),
7.55 (s, 1H), 7.32 (d, J = 7.8 Hz, 1H), 3.74 (t, J = 8.3 Hz, 1H), 2.89 (dd, J = 9.0, 4.2 Hz, 2H),
2.47 — 1.83 (m, 5H), 1.80 — 1.38 (m, 5H), 1.34 (s, 12H), 1.29 — 1.13 (m, 2H), 0.78 (s, 3H);
13C NMR (75 MHz, CDCls) & 143.98, 136.25, 135.74, 132.19, 125.00, 83.81, 82.07, 50.38,
44.89, 43.39, 38.66, 36.91, 30.75, 29.47, 27.35, 26.18, 25.02, 24.99, 23.32, 11.23.

(135)-7,8,9,11,12,13,14,15,16,17-Decahydro-13-methyl-17-ox0-6H-

cyclopentala]phenanthren-3-yl trifluoromethanesulfonate (459): Estrone (454) (204 mg,
0.754 mmol) was dissolved in DCM (3.8 mL) in a flame dried vial, followed by TEA (210
pL, 1.51 mmol, 2 equiv), and the solution was cooled to 0 °C. Tf,0 (140 pL, 0.830 mmol, 1.1
equiv) was added dropwise and the reaction was allowed to stir for 15 m before the addition
of 4 mL sat. NaHCO3;. The DCM layer was removed and the ag. layer was washed with

DCM (2 x 4 mL). The combined organic layers were washed with 8 mL brine and dried over
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Na,SO,4, concentrated, and the residue was purified by flash silica gel chromatography,
eluting with 3:1 hexanes/EtOAC to give 459 (267 mg, 88%) as a colorless oil. *H NMR (300
MHz, CDCls) 6 7.34 (d, J = 8.6 Hz, 1H), 7.09 — 6.96 (m, 2H), 2.94 (dd, J = 9.1, 4.4 Hz, 2H),
2.52 (dd, J = 18.3, 8.5 Hz, 1H), 2.46 — 2.24 (m, 2H), 2.24 — 1.93 (m, 3H), 1.74 — 1.36 (m,
6H), 0.92 (s, 3H).

(135)-7,8,9,11,12,13,15,16-Octahydro-13-methyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-6H-cyclopenta[a]phenanthren-17(14H)-one (460): Compound 459 (48
mg, 0.119 mmol) was dissolved in dioxane (660 uL) in a flame dried vial. Pd(dppf)Cl,-
CH.Cl; (4.9 mg, 0.00596 mmol, 5 mol%) and TEA (138 pL, 1.05 mmol, 8.8 equiv) were
added to the solution followed by pinacol borane (74 pL, 0.512 mmol, 4.3 equiv). The
mixture was heated to 90 °C for 2 h, cooled, and 1 mL H,O was added. The mixture was
extracted with EtOAc (2 x 2 mL), the combined organic layers were dried with Na;SOy,
concentrated, and the residue was purified by flash silica gel chromatography, eluting with
7:1 hexanes/EtOAc to give 460 (32 mg, 71%) as a white solid. *H NMR (300 MHz, CDCl3) &
7.63 —7.54 (m, 2H), 7.32 (d, J = 7.8 Hz, 1H), 3.00 — 2.87 (m, 2H), 2.59 — 2.26 (m, 3H), 2.23
—1.91 (m, 3H), 1.63 (t, J = 8.1 Hz, 1H), 1.54 — 1.41 (m, 3H), 1.34 (s, 12H), 0.90 (s, 3H).

(13S,17S)-7,8,9,11,12,13,14,15,16,17-Decahydro-13-methyl-6H-
cyclopenta[a]phenanthren-17-ol (461): To a solution of 456 (153 mg, 0.306 mmol) in
MeOH (1.2 mL) was added Pd/C (15.3 mg), Mg (8.9 mg, 0.367 mmol), and NH,OAc (23.6
mg, 0.306 mmol) and allowed to stir overnight. The mixture was filtered through Celite and
concentrated. The residue was dissolved in EtOAc (2 mL), washed with H,O (1 mL) and
brine (1 mL), dried with Na,SO,, concentrated, and the residue was purified by flash silica
gel chromatography, eluting with 3:1 hexanes/EtOAc to give 461 (45 mg, 57%) as a white
solid. *H NMR (300 MHz, CDCl3) & 7.36 — 7.28 (m, 1H), 7.21 — 7.04 (m, 3H), 3.73 (d, J =
10.2 Hz, 1H), 2.97 — 2.79 (m, 2H), 2.44 — 2.21 (m, 2H), 2.21 — 2.03 (m, 1H), 2.03 — 1.84 (m,
2H), 1.80 — 1.64 (m, 1H), 1.55 — 1.14 (m, 7H), 0.78 (s, 3H).
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(135)-7,8,9,11,12,13,15,16-Octahydro-13-methyl-6H-cyclopenta[a]phenanthren-

17(14H)-one (462): To a solution of 459 (48 mg, 0.119 mmol) in DMF (1.1 mL) was added
TEA (229 pL, 1.64 mmol, 3 equiv), Pd(OACc), (2.4 mg, 0.0109 mmol, 2 mol%), dppf (6 mg,
0.0109 mmol, 2 mol %), and formic acid (42 pL, 1.09 mmol, 2 equiv). The mixture was
heated to 60 °C for 1 h, cooled, and 2 mL brine was added. The mixture was extracted with
ether (2 x 2 mL), the combined organic layers were washed with brine (2 x 2 mL) and dried
over Na,SO,. The solution was concentrated, and the residue was purified by flash silica gel
chromatography, eluting with 4:1 hexanes/EtOAc to give 462 (93.2 mg, 67%) as a white

solid. The experimental data matched previously reported data (*H NMR, *C NMR).**?

(135)-7,8,9,11,12,13,15,16-Octahydro-3-triisopropyl(phenoxy)silyl-13-methyl-6H-
cyclopenta[a]phenanthren-17(14H)-one (463): Estrone (454) (55 mg, 0.203 mmol) was
dissolved in DMF (680 pL) in a flame dried vial, followed by imidazole (41 mg, 0.609
mmol, 3 equiv). TIPSCI (52 pL, 0.244 mmol, 1.2 equiv) was added slowly and the reaction
was allowed to stir overnight before the addition of 2 mL H,O and 2 mL ether. The ether
layer was removed and the aq. layer was washed with ether (2 x 2 mL). The combined
organic layers were washed with 4 mL of brine and dried over Na,SO,, concentrated, and the
residue was purified by flash silica gel chromatography, eluting with 10% EtOAc/hexanes to
give 463 (87 mg, quantitative) as a white solid. '"H NMR (300 MHz, CDCl3) & 7.09 (d, J =
8.4 Hz, 1H), 6.66 (dd, J = 8.4, 2.7 Hz, 1H), 6.60 (d, J = 2.6 Hz, 1H), 2.89 — 2.80 (m, 2H),
2.50 (dd, J = 18.3, 8.4 Hz, 1H), 2.38 (dq, J = 8.7, 3.3 Hz, 1H), 2.31 — 2.18 (m, 1H), 2.19 -
1.89 (m, 4H), 1.70 — 1.36 (m, 6H), 1.33 — 1.15 (m, 3H), 1.14 — 1.02 (m, 18H); *C NMR (75
MHz, CDCl3) 6 221.29, 154.11, 137.72, 132.32, 126.26, 119.99, 117.30, 50.70, 48.27, 44.25,
38.55, 36.12, 31.83, 29.71, 26.83, 26.08, 21.83, 18.29, 18.21, 17.93, 14.12, 12.93, 12.50; MS
(EI") calcd for Cy7H430,Si (M+H)* 427, found 427.

(13S)-7,8,9,11,12,13,14,15-Octahydro-3-triisopropyl(phenoxy)silyl-13-methyl-6 H-

cyclopentala]phenanthren-17-yl trifluoromethanesulfonate (464): Compound 463 (86
mg, 0.202 mmol) was dissolved in DCM (5.3 mL) in a flame dried vial, followed by 2,6-
lutidine (35 pL, 0.301 mmol, 1.25 equiv), and the solution was cooled to 0 °C. Tf,O (43 L,
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0.253 mmol, 1.05 equiv) was added dropwise and the reaction was allowed to stir 2 h before
the addition of 3 mL H,0. The DCM layer was removed and the aqg. layer was washed with
DCM (3 mL). The combined organic layers were dried over Na,SO,4, concentrated, and the
residue was purified by flash silica gel chromatography, eluting with 10% EtOAc/hexanes to
give 464 (92.6 mg, 82%) as a colorless oil. *H NMR (300 MHz, CDCls) 6 7.08 (d, J = 8.3
Hz, 1H), 6.67 (dd, J = 8.4, 2.7 Hz, 1H), 6.64 — 6.59 (m, 1H), 5.63 (dd, J = 3.4, 1.7 Hz, 1H),
2.91 —2.80 (m, 2H), 2.35 (dddd, J = 19.9, 11.2, 8.0, 3.9 Hz, 3H), 2.18 — 2.07 (m, 1H), 1.98 —
1.85 (m, 2H), 1.80 (td, J = 11.2, 6.3 Hz, 1H), 1.73 — 1.53 (m, 3H), 1.52 — 1.37 (m, 1H), 1.36
— 1.18 (m, 3H), 1.12 (d, J = 7.0 Hz, 18H), 1.02 (s, 3H); *C NMR (75 MHz, CDCls) &
159.56, 154.11, 137.61, 132.41, 125.85, 120.01, 117.21, 114.65, 53.82, 45.31, 44.45, 36.86,
32.96, 29.47, 28.59, 27.00, 25.96, 18.19, 15.58, 12.92.

(8E,98,148)-17-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3-[(tripropan-2-
ylsilyl)oxy]Jestra-1,3,5(10),16-tetraene (465): 465 was synthesized following the same
procedure as 460 starting with 464 (78 mg, 0.14 mmol) and purified by flash silica gel
chromatography, eluting with 5% EtOAc/hexanes to give 465 (36 mg, 48%) as a white solid.
'H NMR (300 MHz, CDCls) & 7.10 (dd, J = 8.4, 4.1 Hz, 1H), 6.65 (dd, J = 8.4, 2.7 Hz, 1H),
6.60 (d, J = 2.7 Hz, 1H), 6.53 (dd, J = 3.1, 1.6 Hz, 1H), 2.89 — 2.75 (m, 2H), 2.37 — 2.16 (m,
4H), 2.13 — 1.99 (m, 1H), 1.95 — 1.81 (m, 2H), 1.67 — 1.41 (m, 5H), 1.34 — 1.17 (m, 15H),
1.10 (d, J = 7.0 Hz, 18H), 0.81 (s, 3H); *C NMR (75 MHz, CDCls) § 153.80, 146.01,
137.94, 133.50, 125.95, 119.91, 116.97, 82.91, 56.21, 48.32, 44.72, 37.74, 36.09, 33.53,
29.84, 28.52, 26.83, 25.02, 24.97, 18.20, 17.13, 12.92; MS (EI") calcd for Ca3Hs4BO3Si
(M+H)" 537, found 537.

(139)-7,8,9,11,12,13,14,15-Octahydro-13-methyl-17-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-6H-cyclopenta[a]phenanthren-3-ol (466): To a solution of 465 (31 mg,
0.0578 mmol) in THF (413 pL) at 0 °C was added TBAF (1M in THF, 64 pL, 1.1 equiv), and
the solution stirred at 0 °C for 5 m. The solution was concentrated, and the residue was
purified by flash silica gel chromatography, eluting with 4:1 hexanes/EtOAc to give 466
(16.9 mg, 77%) as a white solid. *H NMR (300 MHz, CDCl3)  7.15 (d, J = 8.5 Hz, 1H), 6.63
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(dd, J = 8.4, 2.8 Hz, 1H), 6.59 — 6.50 (m, 2H), 2.97 — 2.77 (m, 3H), 2.37 — 2.16 (m, 4H), 2.14
~1.97 (m, 1H), 1.97 — 1.83 (m, 1H), 1.52 (ttd, J = 23.4, 12.0, 11.5, 8.2 Hz, 5H), 1.27 (s,
12H), 0.80 (s, 3H); *C NMR (75 MHz, CDCly) § 153.56, 146.09, 138.45, 133.37, 126.45,
115.46, 112.78, 82.98, 56.10, 48.31, 44.65, 37.77, 36.03, 33.53, 29.83, 28.41, 26.91, 25.05,
25.01, 24.96, 17.09; MS (EI") calcd for CpsHsaBO3 (M+H)* 381, found 381.

4-Formylphenyl trifluoromethanesulfonate (468): 4-hydroxybenzaldehyde (467) (1 g, 8.19
mmol) was dissolved in DCM (82 mL), DMAP (1.25 g, 10.24 mmol) was added, and the
solution was cooled to 0 °C. Tf,O (1.5 mL, 9.01 mmol) was added dropwise over 10 min and
the reaction was allowed to stir 30 min before the addition of 80 mL H,O. The DCM layer
was removed and the ag. layer was washed with DCM (40 mL). The combined organic layers
were washed with brine (80 mL) dried over Na,SO,, concentrated, and the residue was
purified by flash silica gel chromatography, eluting with 20% EtOAc/hexanes to give 468
(2.01 g, 97%) as a yellow oil. *H NMR (300 MHz, CDCls) & 10.05 (s, 1H), 8.08 — 7.95 (m,
2H), 7.55 — 7.39 (m, 2H).

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (469): Compound 468 (430
mg, 1.70 mmol) was dissolved in dioxane (9.4 mL) in a flame dried vial. Pd(dppf)Cl,-CHClI,
(69 mg, 0.085 mmol) and TEA (1.8 mL, 13.6 mmol) were added to the solution followed by
bis(pinacolato)diboron (647 mg, 2.55 mmol). The mixture was heated to 90 °C for 2 h,
cooled, and 10 mL of H,O was added. The mixture was extracted with EtOAc (2 x 20 mL),
washed the combined organic layers with brine (10 mL), dried with Na,SO,, concentrated,
and the residue was purified by flash silica gel chromatography, eluting with 4:1
hexanes/EtOAC to give 469 (318 mg, 81%) as a orange oil. *H NMR (300 MHz, CDCl3) &
10.05 (d, J = 2.1 Hz, 1H), 8.01 — 7.92 (m, 2H), 7.90 — 7.82 (m, 2H), 1.36 (d, J = 2.0 Hz,
12H).

(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (470): To a solution of
469 (313 mg, 1.35 mmol) in EtOH (9.4 mL) at 0 °C was added NaBH, (20.3 mg) and
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allowed to stir for 30 min. The volatiles were evaporated, H,O (10 mL) was added, and
extracted with EtOAc (2 x 10 mL). The organic layers were washed with brine (10 mL),
dried with Na;SO., concentrated, and the residue was purified by flash silica gel
chromatography, eluting with 4:1 hexanes/EtOAc to give 470 (239 mg, 76%). *H NMR (300
MHz, CDCl3) 8 7.84 — 7.77 (m, 2H), 7.37 (dg, J = 7.2, 0.8 Hz, 2H), 4.72 (d, J = 5.3 Hz, 2H),
1.35 (s, 12H).

2,5-Dioxopyrrolidin-1-yl [4-(tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]methy!l
carbonate (471): A mixture in CH3CN (2.4 mL) containing 470 (102 mg, 0.436 mmol),
DMAP (5.3 mg, 0.0436 mmol), and DSC (335 mg, 1.31 mmol) was heated to 40 °C for 2 h.
The mixture was concentrated, and the residue was purified by flash silica gel
chromatography, eluting with 2:1 hexanes/EtOAc to give 471 (65.4 mg, 40%) as a white
solid. *H NMR (300 MHz, CDCl3) & 7.89 — 7.77 (m, 2H), 7.46 — 7.34 (m, 2H), 5.33 (s, 2H),
2.84 (d, J = 0.9 Hz, 4H), 1.35 (s, 12H).

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl (13S,179)-
7,8,9,11,12,13,14,15,16,17-decahydro-13-methyl-6H-cyclopenta[a]phenanthren-17-yl
carbonate (472): A solution in DCM (1 mL) containing 461 (11.7 mg, 0.0456 mmol),
DMAP (1 mg, 0.00456 mmol), and 471 (40 mg, 0.107 mmol) was heated to 40 °C overnight.
The mixture was concentrated, and the residue was purified by flash silica gel
chromatography, eluting with 2:1 hexanes/EtOAC to give 472 (3.4 mg, 14%). *H NMR (300
MHz, CDCl3) 6 7.85 -~ 7.76 (m, 2H), 7.44 — 7.35 (m, 2H), 7.33 - 7.27 (m, 1H), 7.11 (qq, J =
6.9, 3.7, 3.0 Hz, 3H), 5.17 (s, 2H), 4.69 — 4.56 (m, 1H), 2.88 (dd, J = 8.8, 4.3 Hz, 2H), 2.43 —
2.10 (m, 3H), 2.08 — 1.86 (m, 2H), 1.81 — 1.63 (m, 1H), 1.61 — 1.38 (m, 4H), 1.35 (s, 12H),
1.30 - 1.21 (m, 2H), 0.85 (s, 3H).

3,17-Bis[[(trifluoromethyl)sulfonyl]oxy]estra-1,3,5-(10),16-tetraene (473): Estrone (454)

(99.7 mg, 0.369 mmol) was dissolved in DCM (5.3 mL) in a flame dried vial, followed by
DMAP (56 mg, 0.461 mmol, 1.25 equiv), and the solution was cooled to 0 °C. Tf,O (69 pL,
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0.41 mmol, 1.11 equiv) was added dropwise and the reaction was allowed to stir overnight
before the addition of 5 mL H,O. The DCM layer was removed and the aq. layer was washed
with DCM (5 mL). The combined organic layers were washed with 5 mL of brine and dried
over Na,SO,4, concentrated, and the residue was purified by flash silica gel chromatography,
eluting with 4:1 hexanes/EtOAC to give 473 (113 mg, 57%) as a colorless oil. *H NMR (300
MHz, CDCls) 8 7.31 (d, J = 8.6 Hz, 1H), 7.08 — 6.96 (m, 2H), 5.63 (dd, J = 3.4, 1.7 Hz, 1H),
2.94 (dd, J =9.0, 4.3 Hz, 2H), 2.37 (tdd, J = 14.8, 5.7, 3.2 Hz, 3H), 2.21 — 2.03 (m, 1H), 2.02
—1.88 (m, 2H), 1.80 (td, J = 11.2, 6.4 Hz, 1H), 1.71 — 1.59 (m, 2H), 1.53 — 1.36 (m, 1H),
1.01 (s, 3H).

2-((135)-7,8,9,11,12,13,14,15-octahydro-13-methyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-6H-cyclopenta[a]phenanthren-17-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (474): 474 was synthesized following the same procedure as 460 starting
with 473 (56 mg, 0.105 mmol) and purified by flash silica gel chromatography, eluting with
5% EtOAc/hexanes to give 474 (23.6 mg, 46%) as a white solid. *H NMR (300 MHz,
CDCl3) 8 7.59 (dd, J = 7.7, 1.4 Hz, 1H), 7.55 (s, 1H), 7.32 (d, J = 7.8 Hz, 1H), 6.53 (dd, J =
3.1, 1.6 Hz, 1H), 2.98 — 2.82 (m, 2H), 2.45 — 2.18 (m, 4H), 2.06 (ddd, J = 16.0, 11.2, 1.6 Hz,
1H), 1.92 (ddd, J = 11.4, 5.7, 3.3 Hz, 2H), 1.73 — 1.39 (m, 5H), 1.34 (s, 12H), 1.27 (s, 12H),
0.79 (s, 3H); *C NMR (75 MHz, CDCls) § 145.99, 144.64, 136.30, 135.71, 132.14, 124.80,
83.79, 82.95, 56.25, 48.25, 45.42, 37.43, 36.04, 33.54, 29.50, 28.38, 26.57, 25.06, 25.02,
25.00, 24.98, 17.04; MS (EI") calcd for CsoHssB204 (M+H)* 491, found 491.

2-((13RrR,175)-7,8,9,11,12,13,14,15,16,17-Decahydro-13-methyl-3-(4,4,5,5-tetramethy|-

1,3,2-dioxaborolan-2-yl)-6H-cyclopenta[a]phenanthren-17-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (475): To a solution of 474 (23 mg, 0.0469 mmol) in EtOAc (200 pL) and
MeOH (100 pL) was added PtO, (1 mg, 0.00469 mmol). The mixture was flushed with H,
for 3 times and stirred at rt overnight under 1 atm H,. The mixture was filtered through Celite
and concentrated to give 475 (25 mg, 100%). *H NMR (300 MHz, CDCls) & 7.61 — 7.52 (m,
2H), 7.32 (dd, J = 7.9, 2.7 Hz, 1H), 2.89 (td, J = 9.6, 8.7, 4.2 Hz, 2H), 2.41 — 2.15 (m, 3H),
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1.97 — 1.71 (m, 2H), 1.66 — 1.46 (m, 1H), 1.33 (s, 12H), 1.29 — 1.20 (m, 12H), 0.84 — 0.62
(m, 3H).
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CHAPTER 9: Photocaged Compounds

9.1 Introduction

Chemical manipulations that cause biological processes to become light-responsive
provide a facile way to study their cellular role, which would otherwise be difficult to
accomplish. Control of biological systems with light has been studied since the 1970s.3243%
Light is an excellent external tool to control biological processes since it is orthogonal to
many cellular processes. The application of photocleavable protecting groups in a biological
context has been termed “caging.”*****" The term was first used by J. F. Hoffman in the

P32 and can sometimes confuse audiences since the molecule of interest is not

caging of AT
physically inside any sort of cage, but rather its function is confined until activated through

light irradiation that causes photolysis of the caging group.*?°

+

inactive active

Scheme 9.1. Generalized schematic of a decaging reaction.

The general design of a caged compound requires that the identity of the key
functional group on the biological molecule be known. If this is known, one can construct a
covalent bond with the caging group at that position to render the molecule inactive.*?
Although it seems simple to do, there are several requirements to provide a caged molecule
that will be successful. First, the caging group should render the molecule of interest
biologically inactive, and identifying the key functional group to cage can be challenging.
Second, the caged molecule should be soluble and stable to physiological conditions such as
hydrolysis. Third, the caging group should be easily photolyzed in high quantum yield with a
short light irradiation with non-damaging UV-light (A > 365 nm).*** Fourth, upon photolytic
decaging, the byproducts should not be reactive or toxic.**® Last, when the caging group is

removed by light, the original molecule should regain the original biological activity.
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9.2 Caging Groups Cleaved by One-Photon Excitation

9.2.1 ortho-Nitrobenzyl Caging Group

The most common type of caging group is the ortho-nitrobenzyl (NB) group 476
originally designed as a protecting group in organic synthesis.*** This is in part due to the
ease of synthesis of such caging groups and the compatibility with a wide range of functional
groups, including hydroxy, amino, thio, and carboxy groups.

The NB caging groups absorb light in the UV or near-UV region, usually at
wavelengths between 200 nm and 370 nm. The photolysis reaction is generally initiated by
one-photon irradiation techniques at 365 nm. The NB-caged compounds 476 undergo
decaging according to a Norrish type Il mechanism (Scheme 9.2), affording a free substrate
(LG) and a nitroso-aldehyde molecule.*” 33! This remnant nitroso aldehyde is one
disadvantage to this caging group as it can be harmful in a biological context.®** 3*2 The rate
of decaging is dependent on the nature of the substrate, the composition of the solvent

(buffer), and the actual structure of the caging group.®*!

© o
Q Q
. °
NO NC N
2 hv &0 & “OH
LG LG LG
L]

476

g |

OH .
NO N
N —NJ
CI s we Ot — Cxt
CHO LG
LG

Scheme 9.2. Light induced decomposition of a 2-nitrobenzyl-group protected molecule by a Norrish
type Il mechanism.® LG = leaving group.

The NB caging group 476 has been studied extensively and throughout the years the
basic NB structure has undergone many modifications, aimed at improving the caging
group’s synthetic and decaging properties. Substituents at the benzylic position can improve
the rate of decaging.*** Particular improvements were observed after installation of a carboxy
(CNB, 477),%2 methyl (MeNB, 478),* or an ortho-nitrophenyl substituent (DNB, 479),%*
giving compounds 477-479 (Figure 9.1). Another useful alteration at the benzylic position
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was the incorporation of a trifluoromethyl group shown in 480. The trifluoromethyl
modification allows for formation of NB-caged ethers via a Mitsunobu reaction, thus being
able to bypass strongly alkaline conditions of Williamson ether synthesis, which often result
in decomposition of the caging group and low synthetic yields.**® Furthermore, an added
benefit of having a substituent at the benzylic position is the subsequent formation of a less
reactive ketone photolytic byproduct instead of an aldehyde as shown in Scheme 9.2. This
consequently reduces the chance of undesired side reactions in the biological setting and thus
decreases potential toxicity caused by remnants of the caging group. Chemically, the addition
of groups at the benzylic position adds a stereogenic center, which can complicate the

analysis of the caged compounds as multiple diastereomers are sometimes produced.

COzH Me N02 CF3
d LG d\ LG O LG d LG
NO, NO, NO, NO,
477 478 479 480

Figure 9.1. Modifications at the benzylic position of the NB structure in caging groups 477-480. LG
= leaving group.

The wavelength of absorption can be modified by adding substitutions on the phenyl
ring (Figure 9.2).%*® Increasing the electron density of the ring with electron donating groups
such as methoxy groups as in 4,5-dimethoxy-2-nitrobenzyl (DMNB, 481) and a-methyl-6-
nitro-piperonyl (MeNPE, 482), the absorbance spectrum of the NB moiety can be shifted
towards longer wavelengths, allowing for the use of less biologically damaging UV-light
frequencies for decaging (typically 365 nm).**" However, shifting the absorbance of the
caging group towards the red side of the spectrum reduces the rates of decaging.®*® The
decaging rates can be readily improved by installing an additional nitro group at the second
ortho position on the phenyl ring as in 483.3* Combining both substitutions at the benzyl
position and on the phenyl ring, generally provides the best features of longer absorbance and

decaging rates such as with compounds 484 and 485.
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Figure 9.2. Modifications on the ring of the NB structure providing 481-483, and modifications on
the ring and benzyl position providing 484-485. LG = leaving group.

The NB type caging groups are generally installed on a heteroatom (oxygen, nitrogen,
or sulfur) that is essential for biological activity, thereby inactivating a substrate’s biological
function. The coupling is achieved either by direct alkylation with the caging group (Figure
9.2), or by employing a carbamate or carbonate type linkage shown for a-methyl-6-
Nitroveratryloxycarbonyl (MeNVOC, 486) and a-methyl-6-nitro-piperonyloxycarbonyl
(MeNPOC, 487) (Figure 9.3). These caging strategies contain certain drawbacks such as
caging via direct alkylation often results in rather poor decaging rates, sometimes requiring
several hours of irradiation to achieve full recovery of the substrate.®** On the other hand,
caging through a carbonate or carbamate linkage frequently leads to caged molecules that are
susceptible to hydrolysis or are unstable to certain ensuing synthetic conditions.**® One way
developed in our lab to improve these problems was to add an oxymethylene unit between
the benzyl and the leaving group generating the 6-nitropiperonyloxymethyl (NPOM, 488)

(Figure 9.3), which was used to cage N-heterocycles, such as nucleobases.**°
Me O Me O Me
MeO:©\/xOJI\LG <OI:(&O)J\LG <OﬁOALG
MeO NO, 0 NO, 0 NO,
486 487 488

Figure 9.3. Different linkages to NB caging group (MeNVOC) 486, (MeNPOC) 487, and (NPOM)
488. LG = leaving group.
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9.2.2 ortho-Nitrophenylethyl Caging Group

As an alternative to regular NB type caging groups, Pfleiderer et al. synthesized a set
of caging groups based on 2-(o-nitrophenyl)ethyl (NPE) structure (489) (Figure 9.4).343%
These caging groups can also be attached by a direct alkylation as shown or by a carbamate
or carbonate linkage similar to 486 and 487 (Figure 9.3).3*

Me
()\NLG @LG
NO, NO,
489 490

Figure 9.4. Structures of NPE (489) and NPP (490) caging groups.

The benefit of the NPE-type caging groups is that upon decaging they do not generate
a potentially toxic nitroso-byproduct. The addition of the extra methylene unit between the o-
nitrophenyl ring and the caged substrate results in a caging group that exhibits nearly
quantitative yields of decaging, at rates of up to 1.8-times higher than those of the
comparable NB analogs and results in a less harmful nitrostyryl species.* It is important to
point out that the mechanism of decaging of 489 follows a different mechanistic pathway
than that of the NB caging group 476 (Scheme 9.2).3%:3%

LG LG LG
hv ©\/v ©\/\/
- * 0 > * OH
@N//O @l}l/ ° @l}l
o)
8 8

48990 J
N g LG e _~_LG
N* ®N @N
° 8 5
O@ @ @

Scheme 9.3. Decaging mechanism (B-elimination) of NPE (489) type caging groups.
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The effect of substituents on NPE (489) has been extensively explored.*** The most
widely used derivative of NPE is the 2-(o-nitrophenyl)propyl (NPP) caging group (490). The
a-methyl substituent was found to increase NPP’s 490 decaging rates, as compared to NPE
489, which is similar to the findings of the a-methyl substituent on the NB analogs (Figure
9.2 484 and 485). The NPP has found applications as a caging group for nucleosides,

especially in the synthesis of DNA microchip arrays.*

9.2.3 Xanthone Caging Group

Although widely used, both the NB and NPE derived caging groups have many
disadvantages, some of which have been mentioned. Other notable disadvantages are their
relatively slow release rates after excitation, poor solubility in aqueous buffers, and toxic or
reactive byproducts.**2** A new caging group to solve these problems is being developed by
Scaiano et al. based on ketoprofen, a non-steroidal anti-inflammatory drug.®*’ The initial
compound that was tested for caging technology was 491 shown in Figure 9.5 based on the
decarboxylation upon light irradiation that ketoprofen has been shown to undergo.3*®3% |t
also has good water solubility at physiological pH, fast decarboxylation kinetics, and clean

1

photochemistry,®* which are all characteristics that the NB-based caging groups are

currently lacking. Later, the xanthone structure 492 with the same functionality and
decarboxylation ability was used because of its longer absorption (> 350 nm) and also the

potential to be a fluorescent reporter after decarboxylation and caging occurs.*** 32

LG
o LG o
(@)
491 492

Figure 9.5. Structures of ketoprofen based caging groups 491 and 492.

The decaging mechanism of 492 has been studied and it was shown that at
physiological pH, the carboxylate is deprotonated and undergoes photodecarboxylation to

form an anion intermediate (Scheme 9.4). In the presence of a suitable leaving group,
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elimination occurs to form the xanthone alkene 493. The byproduct 493 that is formed has an

351

increase in fluorescence (30-fold)™" compared to 492 and could be used as a reporter to

measure and confirm the amount of decaging that occurs in a biological setting. Also 493 is

37 and has not been shown to be toxic in

not reactive after further exposure to UV light,
biological processes the way the NB byproducts can potentially be. If the leaving group is
slow to release, such as a methoxide, a competing protonation reaction can occur with the

aqueous solvent so that only the decarboxylation and not the elimination product is formed.

o LG o LG o)
hv
—_— cP) — + LG
O o =
(0] O
© pH=7.4

Scheme 9.4. Decaging mechanism of the xanthone (492) caging group.

The xanthone caging group is a recently discovered photo removable protecting
group and has only been applied once for caging of a biologically active substrate. The only
xanthone caged molecule published is acyclovir, an anti-herpes simplex virus drug, however,
its activity was not fully suppressed through caging.*>® The photorelease of xanthone caged
acyclovir was successful, thus more investigations of caging biological molecules with the
xanthone caging group 492 should be explored using this new and promising caging
technology.

9.2.4 (7-Diethylaminocoumarin-4-yl)methyl Caging Group

The rate and wavelength at which decaging occurs are two of the most important
aspects of a good caging group. A new coumarin based caging group (7-
diethylaminocoumarin-4-yl)methyl (DEACM, 494) is improved in both of these aspects as
compared to the NB and NPP based caging groups (Figure 9.6).%* It has been shown to have
very good photochemical properties and fast release of caged compounds, often nucleoside

phosphates.®>*3’
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Figure 9.6. Structure of DEACM (494). LG = leaving group.

The DEACM caging group has a red-shifted absorption maximum (~390 nm)>®

compared to
other one-photon caging groups and therefore can be decaged at longer wavelengths of light.
The decaging occurs at 360-470 nm, depending on the molecule that is caged.*** DEACM
caged guanosine 3’5’-cyclic monophosphate (cGMP) is decaged at 405 nm with 98%
efficiency in 1 min and 8-Br-cGMP is decaged at 436 nm with >98% efficiency in 10 min.**
%% Using the DEACM caging group on DNA bases has been shown to be much more
effective than the use of NPP or NPE caging groups at wavelengths >365 nm. When 405 nm
light was used for decaging O®-DEACM on 2’deoxyguanosine (dG) it was 17 times more
efficient and 80 times faster than O°-NPP on dG.*® When 470 nm light was used the
decaging was 40 times faster.®*® The long-wavelength photo-cleavage at more than 400 nm is
of great use in biological systems because it minimizes any damage of cellular components

and chromophore photobleaching.®*°

9.3 Two-Photon Excitation Caging

9.3.1 Two-Photon Background

While one-photon excitation techniques can offer valuable spatiotemporal control of
biological mechanisms, they suffer from certain inherent drawbacks. Specifically, one-
photon irradiation generally utilizes high-energy, short-wavelength light from 300-470 nm.
Prolonged irradiation with such high-energy light can cause tissue damage and the ability of
short-wavelength light to penetrate biological tissue is limited.* *° This limits the
application of one-photon excitation in whole organism studies.

The possibility of multi-photon excitation was proposed in the 1930s by the German
physicist Maria Goeppert-Mayer.3** She correctly predicted the possibility that an irradiated

molecule could simultaneously absorb two or more photons of lower energy, such that the
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total absorbed energy would add up to the transition energy between the ground and the
excited state of that molecule (Figure 9.7). Since the energy of a photon is inversely
proportional to its wavelength, to achieve two-photon excitation, the light should be about
twice the wavelength required for one-photon excitation. For example, a chromophore that
normally absorbs ultraviolet light (~360 nm) could be excited by two red photons (~720 nm)

if they reached the chromophore at the same time (within ~107* sec).*®

1080nm

360 nm 1080nm 460 nm

Figure 9.7. Simplified Jablonski representation of one- (purple), two- (orange), and three- (red)
photon excitation of a chromophore. Subsequent fluorescent emission is the same for all three
excitation modes.**® From http://www.biomedical-engineering-online.com/content/5/1/36/figure/F1

The experimental confirmation of Goeppert-Mayer’s theory had to wait several more
decades, until the advent of high-powered lasers. Two-photon excitation was first
experimentally observed in 1961, but it took almost thirty more years before the
technology had evolved enough to be successfully used in biological applications.®®* This
was made possible by the invention of ultra-short and fast pulsed lasers,3® as well as by the
development of new classes of organic chromophores, specifically designed to have large
two-photon absorbance cross-sections.*®®

One-photon excitation is a direct, single-step process that typically takes place in the

ultra violet or blue/green spectral range.>*® The probability of excitation is linearly related to
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the power of the incident optical irradiation and is a linear excitation process. Multi-photon
excitation, on the other hand, is a non-linear type optical process meaning that the probability
of excitation is not linearly related to the power of the incident irradiation.®*’ In the case of
two-photon irradiation the probability of excitation is related to the square power of the
instantaneous intensity.*®® To obtain a significant number of two-photon absorption events,
the photon density must be approximately a million times of what is required to generate the
same number of one-photon absorptions. This means that high laser powers are required and
this is achieved using mode-locked (pulsed) lasers, where the power during the peak of the
pulse is high enough to generate significant two-photon excitations, while the average laser
power stays fairly low.%** The desired pulse repetition time should be on the order of the
typical excited-state lifetime, which is generally a few nanoseconds.**°

The non-linear optical behavior of two-photon excitation offers several advantages
over conventional optical techniques for one-photon excitation. One of the most important
characteristic of two-photon irradiation technique is that the excitation event only occurs at
the very focal point of the irradiation beam (Figure 9.8).%** This allows for three-dimensional
control over localization of the excitation sub-femtoliter volumes.*® This volume is
significantly smaller than the size of a typical mammalian cell; therefore, excitation in sub-
regions of a cell in a complex tissue sample is possible for photochemical reactions.**® Since
the area that is irradiated is so small, the photobleaching that can occur in one-photon
excitation is reduced by using a two-photon excitation (Figure 9.8).
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Figure 9.8. Difference in the affected excitation volume between one-photon and two-photon
irradiation.*®

The depth of light penetration in human tissue is limited by absorption and light
scattering. Below 600 nm light is strongly absorbed by hemoglobin, while above 900 nm it
starts being scattered by water molecules.®®® Thus, the optimal range for biological
applications is between 730 nm and 980 nm.*® The depth of penetration depends on the
tissue type, and the absorbance and scattering of light by molecules in the tissue. When
considering human skin, light at 300 nm can penetrate tissue up to 0.01 mm depth; this
increases by one order of magnitude at 400 nm, to 0.1 mm. Light of 700 nm can penetrate
skin up to a depth of 1-2 mm.**® The depth of light penetration doubles from the 4 mm
observed between 500 and 600 nm to 8 mm at 800 nm in bovine muscle tissue.*”® With two-
photon irradiation techniques it is possible to obtain biological effects up to a depth of 2.5
cm. ¥ 370 Since two-photon excitation normally utilizes wavelengths in the red and IR region
(730-980 nm) of the electromagnetic spectrum, it allows for deeper tissue penetration without
the side effect of afflicting significant damage to the irradiated tissue.®”* Currently two-
photon excitation is used in a variety of scientific fields and has found applications in photo-
dynamic therapy, biological imaging, data storage, etc,30% 364 370-374

Two-photon photosensitivity is quantified as the two-photon decaging action cross-
section &y, which is the product of the two-photon absorbance cross section &, and the two-

photon decaging quantum yield Q.. Ideally, &, should exceed 0.1 Goeppert—Mayer (GM) for
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biological experiments to avoid significant tissue damage.®”>>"" The unit of GM is defined as
10™° cm*s per photon.*™® Common NB type caging groups have cross-sections ranging from
0.03 GM to 0.17 GM in value, at 720 nm.3"® This makes them fairly unsuitable for two-
photon applications, especially for experiments on living organisms. However, studies using
NB3* and DMNB®" caged substrates under two-photon irradiation do exist. Most organic
materials have fairly low two-photon absorption cross-sections. None of the commonly used
photo-labile protecting groups discussed above such as the NB, NPE, xanthone, and DEACM
have been reported to have sufficient photosensitivity for two-photon excitation without
having to increase the energy source so much as to cause tissue damage.>” A variation of the
DEACM caging group has been reported to exhibit two-photon photolysis.®**" This is not

surprising as the initial two-photon caging group was based on the coumarin structure.?”

9.3.2 6-Bromo-7-hydroxycoumarin-4-methyl Caging Group
The first successful two-photon caging group was 6-Bromo-7-hydroxycoumarin-4-
methyl (Bhc, 495), which was developed in 1999 by Furuta and coworkers.*”®> The Bhc

381 who discovered the

caging group 495 was based on findings by Givens®® and Furuta,
photolytic properties of 4-methylcoumarin type molecules (Scheme 9.5). Bhc (LG = OAc)
readily undergoes two-photon photolysis and has a decaging cross-section as high as 1.99
GM at 740 nm.%"

Different variations of 4-methylcoumarin caging groups have since been explored and
the significance of ring substituents has been well researched.®* %% 3 377 The phenol
functionality was introduced to improve the water solubility of the caging group, and to
promote accumulation of the caged compound within the cell by hindering the ability of the
caging group to cross cell membranes.*”® The caged construct can be delivered into cells by
microinjection techniques, or it can be delivered across the cell membrane by using the
lipophilic acetylated-phenol derivative.®’® The acetyl group gets readily hydrolyzed by
intracellular esterase enzymes, following the delivery into cells, releasing the Bhc as a free
phenol.*® The introduction of bromine at the 6-position of the coumarin ring helped shift the

absorbance maxima towards longer wavelengths and lowered the pKa of the phenol,
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rendering the caging group more soluble in water at physiological pH. The presence of
bromine on the coumarin should in theory also promote intersystem crossing between singlet
and triplet excited states of the molecule.®” 3"’

The Bhc caged compounds decage through an ion-pair solvent-assisted heterolysis
mechanism shown in Scheme 9.5.%%2% As a consequence 495 can only be used to cage
substrates of relatively low pKa (e.g., carboxylic acids).*®* It has been found that the electron
donating groups on the coumarin moiety and electron withdrawing groups on the caged
substrate-molecule highly improve the photolytic efficiency of the Bhc caged substrates by
stabilizing the coumarin carbocation/carboxylic acid anion intermediate.®®® Bhc has been

375

successfully used to cage carboxylic acids,®”™ phosphates,®”® diols,*®** aldehydes, and

ketones.**® Also amines, phenols, and alcohols have been caged via a carbamate or carbonate

H 7
linkage. " 388
HO o._0O HO o. _O H,0 HO (@) O
_ hv (solvent) _
E—— e + HLG
Br Br = LG Br
LG ® OH
495
solvent assisted heterolysis hydroxylation by
and ion-pair separation solvent

Scheme 9.5. Structure and mechanism of decaging of Bhc 495. LG = leaving group.

9.3.3 8-Bromo-7-hydroxyquinoline Caging Group

Another popular two-photon caging group is 8-bromo-7-hydroxyquinoline (BHQ,
496), which was discovered by Dore et al. in 2002 (Figure 9.9).*° Like the Bhc group, BHQ
decages according to the solvent-assisted heterolysis mechanism (Scheme 9.5) and has also
been used to cage substrates with low pKa, although it can be used to attach other
functionalities similar to that of Bhc.**® BHQ has a two-photon uncaging cross-section of
0.59 GM at 740 nm, which is lower than that of Bhc, but has a higher quantum efficiency of

one-photon photolysis (Figure 9.9).%%°
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compound Amax (NM) | © (Amax) | Qu (Amax) 8y (740 nm) | &, (780 nm)

= | M*tem?y | (mollein)
HO \N LG 495 (LG = OAc) 370 15,000 0.036 0.72 0.21
Br 496 (LG = OAc) 369 2,600 0.29 0.59 0.087
496

Figure 9.9. Structure of BHQ (496) and spectral and decaging properties of Bhc-OAc and BHQ-
OACc.*® LG = leaving group; Q, = quantum efficiency of decaging under one-photon excitation; 5, =
quantum efficiency of decaging under two-photon excitation.

Advantages of 496 as compared to Bhc (495) are its high water solubility, owing to
both the phenol and quinoline (nitrogen) functionalities, as well as its low fluorescence.***
The role of substituents on the quinoline ring and their effects upon the decaging of BHQ-
caged substrates has recently been explored. 38 In a fashion similar to 495, it has been found
that the introduction of bromine at the 8-position of the quinoline ring lowers the pKa of the
phenol, and red-shifts the absorbance maxima of the caging group 496 towards higher
wavelengths. The only modification to the caging group structure that showed interesting
properties was the introduction of a cyano group at the 8-position in place of the bromine
atom. The 8-cyano-7-hydoxyquinoline showed 3-fold increased sensitivity to single-photon
excitation as compared to BHQ (496).3"® Unfortunately the increased sensitivity to single-
photon excitation does not translate directly to higher sensitivity to two-photon excitation
(and vice versa). So far there is no reliable way to predict two-photon absorbance, decaging,
and excitation properties of chromophores consequently most research in this area is done by

way of trial and error.

9.3.4 3-Nitro-2-ethyl-dibenzofuran Caging Group

An ideal two-photon caging group should in addition to having a high two-photon
decaging cross-section and also allow for successful caging of a variety of substrates. The
two-photon caging groups mentioned previously (Bhc and BHQ) are best suited for
substrates with low pKas. Several research groups have explored the NB platform for use in
two-photon excitation applications. This was perhaps first investigated by Aujard and

coworkers, who have synthesized a number of NB-based caging groups with a red shifted
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absorption and assessed their properties as two-photon caging groups.**® None of which
could compare to the two-photon excitation properties of Bhc or BHQ.
The Ellis-Davies group, however, synthesized the first truly versatile NB type caging

group for two-photon excitation. Their 3-nitro-2-ethyl-dibenzofuran (NDBF, 497)%®°

caging
group shown in Figure 9.10 has a two-photon uncaging cross-section of 0.6 GM at 710 nm

and it decages according to the classical NB decaging mechanism (Scheme 9.2).

ot

497

Figure 9.10. Structure of NDBF (497). LG = leaving group.

The radical-type pathway of the decaging mechanism allows for caging of a great variety of
substrates, regardless of their pKa values. This enables the NDBF group to be used almost in
any application that the NB groups are used, but with the advantage of the ability to be
cleaved with the much more biologically tolerant two-photon excitation. For example, caging
bases of oligonucleotides for incorporation by solid phase synthesis is difficult to do using
Bhc or BHQ as the phenol moiety must be protected in both cases and causes complications
in the synthesis.®**® The NDBF caged bases however, can be incorporated easily just as NB
derivatives are.**® The NDBF caging group seems to have the advantages of the two-photon
caging groups and the advantages of the one-photon caging groups without the

disadvantages. It seems to be the most versatile caging group to date.

9.3.5 Other Two-Photon Caging Groups

Various other attempts were made to develop novel photolabile chromophores that do
not photolyze according to solvent-assisted ion-pair mechanism (Scheme 9.5). This would
allow for direct caging of higher-pKa substrates such as amines, alcohols, phenols, amides,
etc. similar to the way the NDBF group does. Gagey and coworkers introduced a set of novel

caging groups based on the o-hydroxycinnamate (o-HCA, 498) (Figure 9.11).3%% 3%
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However, while the 0-HCA caged substrates have two-photon uncaging cross-sections that
sometimes exceed 1 GM (at 750 nm), the use of 0-HCAs as caging groups is rather limited.
They can only be used to cage alcohols. Moreover, upon decaging, the o-HCA esters
generate highly fluorescent coumarins as byproducts of the decaging reaction, which may not
always be desirable in an experimental setting. Although, it would be useful to be able to
quantify the amount of substrate that is decaged to know the amount of the active substrate is

released in cells an organisms.

LG
ot ¢
HO OH N
o C
498 499 500

Figure 9.11. Structures of 0-HCA 498, 7-NI 499, and PMNB 500. LG = leaving group.

The Corrie and Ellis-Davies groups have done novel work on the 7-nitroindoline (7-
NI, 499) caging group and its derivatives as two-photon caging groups (Figure 9.12).39%3%
They have successfully used the 7-NI (499) in caging of glutamate. However, just as the o-
HCA caging group 498, the 7-NIs have a limited range of applications. Moreover, the 7-NI
glutamates suffer from a rather low two-photon decaging cross-section of 0.06 GM (at 720
nm). Another caging group for carboxylic acids, 3-(2-propyl)-4-methoxy-4-nitrobiphenyl
(PMNB, 500), was developed by Gug and coworkers (Figure 9.12).3® They have observed a
two-photon decaging cross-section of 0.45 GM (at 800 nm) for caged glutamate, which is

comparable to the cross-section of 0.43 GM (at 740 nm) for Bhc-caged glutamate.

9.4 Summary

The most applied caging groups for biological applications are those based on the NB
as they are the most versatile and easily placed on a wide variety of functional groups. They
have drawbacks that they are relatively slow to decage, they decage at higher energy (~365
nm) light, and they produce potentially toxic and reactive byproducts. To improve on these
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disadvantages caging groups such as NPP (490), xanthone (492), and DEACM (494) have
been developed to minimize reactive byproducts and absorb at higher wavelength light.
Two-photon caging groups were developed to further increase the wavelength needed
for decaging. This minimizes photo-damage to their environment and allows for deeper
penetration of the light for decaging applications. The Bhc (495) and BHQ (496) groups have
been used most, but have the disadvantage of requiring functional groups with low pKa
values for caging. To improve upon this the NDBF (497) group was developed and can be
used with the same variety of functional groups as the NB caging group. Other two-photon
caging groups have been developed, but the NDBF group seems to have the most promising

outlook for future applications in the study of cellular processes and for biological therapies.
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CHAPTER 10: Photocleavable Polyethylene Glycol

10.1 PhotoPEG for the Control of Lysozyme Activity

Polyethylene glycol (PEG) groups have been used extensively in biological and
pharmaceutical applications to improve the pharmacokinetic properties of biomolecules such
as oligonucleotides 3" and proteins 3% by shielding them from nucleases and proteases
thus increasing their stability.*****® PEG-bioconjugates provide enhanced in vivo stability
and are nontoxic and non-immunogenic.*®* “® They are generated from proteins through a
process known as PEGylation, which involves the surface installation of PEG groups through
a covalent reaction with amino functionalities, e.g. the e-NH, groups of reagent-accessible
lysines. PEGylation greatly enhances the solubility, half-life, cellular uptake, and
bioavailability of proteins and other macromolecules in cells and organisms.** 4% 497 |n
addition, PEGylated triplex forming oligonucleotides and siRNAs have shown to be more
efficiently taken up by cells, and have displayed improved stability.*®® *®° A number of
PEGylated therapeutics have been approved by the FDA and are currently on the market, "
2 demonstrating the growing interest in PEGylation chemistry toward drug delivery and
macromolecule stabilization.

PEGylation of proteins can also impair their biological activity and lead to complete
inhibition of protein function, e.g., through steric blocking of the active site of an enzyme.*"
The bulk of the PEG polymer wraps around the protein, thus providing the desired protective
effects by sterically blocking it without perturbing the conformation and dynamics of the
protein native fold.** *> For this reason, PEG groups containing an ester linkage for
tethering to the biomolecule have been developed that are susceptible to spontaneous
hydrolysis and provide a slow release pathway for protein delivery.** #** While hydrolyzable
linkers facilitate general release of the active therapeutic over time, a means to obtain precise
spatial and temporal control over bioavailability without compromising stability or cellular
uptake would be greatly advantageous.

Photochemical control over protein function would provide the spatial and temporal

control that is lacking in other PEGylated protein applications. Installation of a photolabile
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PEG directly onto a protein would provide a PEG photocage that can inhibit protein activity
(Figure 10.1A). Upon irradiation with non-phototoxic UV light, the PEG photocage will be
removed from the protein, thus restoring its native activity. Since UV irradiation can be
precisely controlled with high spatial and temporal resolution, this methodology provides a

fundamentally new approach to achieve spatio-temporal control over protein activity.

b 75 ) . active protein
inactive, PEGylated N
protein

PEG groups

Figure 10.1. A) Light-induced removal of PEG groups enables photochemical control of protein
function. B) X-ray structure of lysozyme with the six solvent-accessible lysine residues highlighted in
yellow (PDB 2VB1).*"

Lysozyme was selected as a target to demonstrate this approach. Lysozyme is a 14.7
kDa protein that catalyzes the hydrolysis of 1,4-B-linkages in peptidoglycans and
chitodextrins, thus destroying the cell walls of gram positive bacteria and playing a key role
in the immune response.*'® For this reason, lysozyme has been extensively studied,****?! its

crystal structure has been solved,*??

and assays to assess its enzymatic activity have been
developed.*? *** |mportantly, in addition to its N-terminus, lysozyme contains six solvent-
accessible lysine residues (Figure 10.1B) and is readily PEGylated, which has previously
been shown to inhibit its catalytic activity.***

A lysozyme-photocleavable linker-PEG (PhotoPEG) conjugate was designed
(Scheme 10.1) that is stable to hydrolysis and wholly abrogates enzymatic activity until a
brief UV irradiation at 365 nm cleaves the linker and releases free, active lysozyme. The
photolabile linker is covalently attached to PEG (5 kDa) and is comprised of an MeNVOC
core that confers light sensitivity. The NB functionality has traditionally been used to provide

photo-control over proteins, nucleic acids, and small molecules (16-23).32% 326.39. 425429 T
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reagent 507 also bears a terminal N-hydroxysuccinimide (NHS) carbonate similar to the NHS
ester of commercially available non-light cleavable NHS-PEG 501 (Jenkem Technology,
Figure 10.2) that makes the PEG-linker moiety susceptible to nucleophilic attack by a

primary amine.

O
(0]
N ‘o)l\/o‘(\/\o%\/OCH3
© 501

Figure 10.2. Structure of commercially available NHS-PEGzqq0 (501).

The PhotoPEG 507 was synthesized by reacting mPEGsog0-NH; (502, Laysan Bio, Inc.) with
the alkynyl N-hydroxysuccinimide ester 503 to give the alkyne PEG reagent 504 (Scheme
10.1). Using Cu(l)-catalyzed “click” chemistry,”® *! the alkyne PEG 504 was then
connected to the previously synthesized azido-bearing caging group 505.**" The difunctional
molecule 505 represents a photo-cleavable linker that can be used in a wide range of
applications, since its two functional groups, hydroxyl and azido, have completely orthogonal
reactivity and can be employed in the linking of a wide range of substrates. Here, the alcohol
506 was subsequently activated as an NHS ester using disuccinimidyl carbonate (DSC) in the
presence of DMAP to yield 507.*"'

213



0
N
///\)\O o)

503 ¢}
dioxane, DMAP, =z H
502 40°C,12 h 504
CHjz

OCH

Ho)jg[ 3 o

3

N O
O,N o 8 OCH;
505 _ HO /Y\AN/\/O{\/\O%\/OCH?;
N
02N o/\/ N H

CuSOy,, TBTA, sodium
ascorbate, DMSO, 40 °C, 506
12 h

3
ﬁ@i oo
DMAP, CH4CN, o >N H

40°C, 12 h N=N

507

)j\ CHs o
OCH,
O)jij[ /Y\)J\N/\/OMO%\/OCH?’
N
O,N 0 =N H

Photo-PEGylated protein (e.g. lysozyme)

PBS (pH 7.5),
4°C,12h

Scheme 10.1. Synthesis of the 5000 Da, lysine-reactive, photocleavable PEG reagent 507
(PhotoPEG), and its application in the PEGylation of lysozyme (only one NH, group is shown).

In order to determine if the PhotoPEG 507 in fact had the NHS functionality in place,
a fluorophore was attached for a fluorescence study. The known dansyl amine 508%%
reacted with the PhotoPEG 507 or NHS-PEG 501 in DCM to give the fluorescently labeled

PEGs 509 and 510 (Scheme 10.2).

was
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Scheme 10.2. Fluorescent labeling of PEG compounds 509 and 510.

The labeled PEGs were dissolved in PBS buffer (pH = 7.4) at 10 uM and their fluorescence
intensity was measured (Aex 337 nm; Aey 492 NmM). The emission for the PEGs 509 and 510 is
very close to that of dansyl amine 508 at the same concentration and much higher
fluorescence intensity as compared to the PEGs 507 and 501 with no labeling (Figure 10.3).
This indicates that the PhotoPEG 507 and NHS-PEG 501 both have the reactive NHS group
present and have very similar reactivities towards amines. The labeled PhotoPEG 509 was
then exposed to UV light (365 nm) for 5 min for initial decaging, and any of the released
dansyl amine was washed away. This resulted in lower fluorescence intensity, indicating that
the dansyl group was cleaved and so the fluorescence decreased. Although the fluorescence
was not lowered to the level of PEG groups 507 and 501 alone, it does indicate that the

dansyl group does react with 507 and then can be removed with light.
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Figure 10.3. Fluorescence measurements (Aex 337 nm; Aem 492 nm) of NHS-PEG 501, PhotoPEG
507, dansyl amine 508, 509, 510, and 509 after 5 min UV light exposure on a microplate reader.

After it was determined that the PhotoPEG 507 had the NHS carbonate moiety in
place, experiments for controlling lysozyme function could be performed by former group
member Dr. Wesleigh Georgianna (Deiters group). First, the PEGylation of lysozyme with
no photo removable group was performed to serve as a control experiment. PEGylation with
50 equiv of 501 (Figure 10.4, lane 6) completely consumed wild-type lysozyme. With the
activated PhotoPEG 507 in hand, PEGylation of the lysine residues on lysozyme was
performed. The use of 50 equiv of the PhotoPEG 507 was used in the PEGylation of
lysozyme (lane 7). Irradiation of the PhotoPEG modified enzyme with UV light of 365 nm
(25 W, 30 min) releases all PEG groups, regenerating wild-type lysozyme as shown by SDS
PAGE analysis (lane 8).
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Figure 10.4. SDS-PAGE analysis of lysozyme PEGylation performed by Dr. Wesleigh Georgianna.

M: protein maker (in kDa); lane 1: wild-type lysozyme; lanes 2-6: PEGylation with 1, 5, 10, 25, and

50 equiv. of NHS-PEG 501, respectively; lane 7: PEGylation with 50 equiv. PhotoPEG 507; lane 8:
PhotoPEG modified lysozyme from lane 7 after UV exposure (365 nm, 25 W, 30 min).**

Lysozyme assays were performed as previously reported.*® Active wild-type
lysozyme induces cell lysis, leading to a reduction in optical density (Figure 10.5). In
contrast, the lysozyme PEGylated with the classical NHS-PEG reagent 501 (from Figure
10.4, lane 6), and the lysozyme modified with the photocleavable PEG 507 (from Figure
10.4, lane 7) were completely inactive, since the same ODyso was observed as in the absence

of lysozyme (Figure 10.5).
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Figure 10.5. Micrococcus lysodeikticus exposed to different lysozymes for 20 min, followed by an
optical density (OD,.,) measurement Performed by Dr. Wesleigh Georgianna. Wild-type lysozyme

leads to complete cell lysis. In contrast, lysozymes PEGylated with the NHS-PEG 501 or the
PhotoPEG 507 are completely inactive, thus inducing no cell lysis. Error bars represent standard
deviations from three independent experiments.*’

Next, the photochemical activation of enzyme function through a light-induced
removal of the PEG groups was investigated. The completely inactive PhotoPEG-modified
lysozyme was irradiated for 0-30 min, and substrate lysis was determined as described above.
As expected, in the absence of UV irradiation (O min) no enzymatic activity was observed.
However, UV irradiation for 5, 10, 15, and 20 min led to increasing enzymatic activity
resulting in the reduction of the optical density of the cell suspension due to cell lysis (Figure
10.6). Optimal light-activation of the enzyme was observed after irradiation for 25 and 30
min, since the measured ODysos were identical to the application of wild-type lysozyme
(Figure 10.5). This observation is in agreement with the gel-based assessment of complete
photochemical PEG removal after 30 min of UV irradiation (Figure 10.4, lane 8).
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Figure 10.6. Micrococcus lysodeikticus exposed to lysozyme modified with PhotoPEG 507,
followed by an optical density (OD,.,) measurement after 20 min. The PhotoPEGylated lysozyme is

completely inactive before irradiation (0 min); however, activity was restored to the level of wild-type
lysozyme (wt) through UV irradiation (365 nm; 25 W; 5-30 min). Error bars represent standard
deviations from three independent experiments.*’

Furthermore, time-course studies of the lysis assay was conducted, and found that the
30 min UV irradiation of the PhotoPEGylated lysozyme restored 50% of the maximal
enzymatic velocity of wild-type lysozyme. An incomplete restoration of enzymatic activity is
not uncommon in the light-activation of biological processes,*?® and can be easily augmented
by increasing the amount of the caged biological molecule and/or extending the time of the
process under study. Importantly, the PhotoPEG modified lysozyme fulfills the crucial

criterion of complete inactivity prior to irradiation.

10.2 PhotoPEG for Antisense Stabilization

Antisense oligonucleotides are extensively used in cell and developmental biology to
inhibit gene expression. Site-specific hybridization of antisense agents to target mRNAs
suppresses translation, either by degradation of the mRNA though an RNaseH-dependent

433-435

mechanism or by steric blocking of the ribosome. In vivo, non-modified

deoxyribonucleic acids are quickly degraded, mainly by 3’ exonucleases,** limiting the
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applicability of unmodified DNA as antisense agents. For the past two decades,
modifications have been made to oligonucleotides to improve the pharmacokinetics and
physicochemical properties. Various modifications to the phosphate backbone and the ribose
have been developed to improve the stability and half-life of oligomers, including 3'-3'
inverted thymidines,**” phosphorothioate linkages,**® locked nucleic acids (LNA),** and 2'-
O-methyl groups.**°

An application of the PhotoPEG compound 507 was developed for the control of anti-
sense agents. It was thought that the combination of oligonucleotide PEGylation in
conjunction with a light-cleavable linker group, like that for the lysozyme, would enable
photochemical control over antisense agent stability and activity. As with the control of the
lysozyme function, light represents an ideal external control element for the study of gene
expression with high spatial and temporal resolution.®® 44 | jght-removable caging
groups have been applied to the light-regulation of DNA function through the inhibition of
the oligonucleotide’s ability to undergo Watson-Crick base-pairing until the groups are
removed through light irradiation.*****% It was hypothesized that a PhotoPEGylated antisense
agent will inhibit gene expression (Scheme 10.3A) until irradiation with non-damaging UV
light removes the PEG group, leading to intracellular degradation of the oligonucleotide and
subsequent activation of gene expression (Scheme 10.3B). Advantages of this approach
compared to existing methods of photochemical regulation of antisense function are that a) it
can be easily applied to standard, commercially available DNA, b) it stabilizes the DNA
under physiological conditions, and c) it enables the light-deactivation of antisense function

and thus activation of gene expression.
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Scheme 10.3. Photoregulation of antisense activity with light-removable PEG groups. A. A
PEGylated antisense agent binds to the mRNA target sequence, which recruits RNaseH to the
MRNA:DNA duplex leading to the degradation of the mRNA and thus gene silencing. B. A
PhotoPEG-antisense is cleaved upon UV irradiation, leaving the DNA-based antisense agent is
susceptible to degradation by exonucleases, thereby allowing the translation of the mRNA and gene
expression.*®

First, the PEGylated DNA was synthesized by Jeane Govan (Deiters lab) through the
acylation of 3" amino-modified oligonucleotides (Integrated DNA Technologies) with NHS-
PEG 7 of 5 kDa, 20 kDa or 40 kDa (Scheme 10.4A). A DNA sequence targeting the DsRed
gene was selected for subsequent cell-based reporter assays.*** *>* Upon conjugation of the 5
kDa PEG group to the deoxyoligonucleotide, the stability increased from 4 hrs to 24 hrs. The
20 kDa PEG and the 40 kDa PEGylated oligonucleotides displayed similar trends with
stabilizing DNA for a minimum of 24 hrs. Increasing the size of the bioconjugated PEG from
5 kDa to 40 kDa, increases the stability of the oligonucleotide in both DMEM media and in
the presence of an exonuclease. All PEGylated deoxyoligonucleotides undergo DNA:RNA

hybridization and thus have potential to function as antisense agents in vivo.**
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Scheme 10.4. PEGylation of 3’ amino-modified DNA. A. PEGylation reaction of 3" amino-modified
DNA with NHS-PEG 501 (5 kDa, 20 kDa, or 40 kDa). B. PEGylation of DsRed targeting antisense
DNA with the PhotoPEG 507 (5 kDa or 20 kDa) reagent.

PEGylated oligonucleotides were found by Jeane Govan (Deiters lab) to be active and
stable antisense agents in vivo, while the non-PEGylated DNA is quickly degraded. It was
hypothesized that an antisense agent can be photochemically inactivated by inserting a light-
cleavable linker between the PEG group and the DNA (Scheme 10.3B). In order to test this
" and an
additionally synthesized 20 kDa PhotoPEG 507 group was used. The DsRed antisense DNA
was PEGylated with the PhotoPEG groups 507 as shown in Scheme 10.3B.

The photoactivation of gene expression was conducted by transfection of the 5 kDa

and 20 kDa PhotoPEG antisense agents with pEGFP-N1 and pDsRed-monomer into HEK

hypothesis, the 5 kDa PhotoPEG reagent 507 used for control of lysozyme®

293T cells by Jeane Govan (Deiters lab). As a positive control, a hairpin loop-protected
DsRed antisense agent that has previously been shown to successfully inhibit DsRed
expression was used.”* ** The 5 kDa PhotoPEG antisense agent (AA-5K PhotoPEG)
reduced DsRed expression by 52%, and after irradiation for 2 min DsRed expression was
fully restored — comparable to the non-transfected control (Figure 10.7A and B).
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Figure 10.7. Light-activation of gene expression using a PhotoPEGylated antisense agent. Cells were
irradiated for 2 min (25 W, 365 nm) or kept in the dark. A. The cells were imaged after 48 hrs. The
DsRed channel is shown above the EGFP channel. B. The cells were then lysed, and the fluorescence
was measured on a BioTek plate reader. DsRed (557/585 nm) fluorescence was normalized to EGFP
(485/507 nm) fluorescence. Error bars represent standard deviations from three independent
experiments.**

The 20 kDa PhotoPEG antisense agent (AA-20K PhotoPEG) almost completely inhibited

DsRed expression (80% inhibition), while after irradiation for 2 min, fully restored DsRed
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expression was observed. Gene silencing with the AA-20K PhotoPEG reagent was more
pronounced than what was previously observed for the simple PEG reagent. This
demonstrates the excellent switching from virtually complete inhibition of gene expression
before irradiation to fully restored gene expression after irradiation. For the first time, non-
modified, standard DNA was conjugated with a photo-cleavable PEG group and used in the

photochemical activation of gene expression.

10.3 Toward a Two-Photon Activated PhotoPEG Reagent

With the successful photo-control of lysozyme and photo-destabilization of antisense
agents using PhotoPEG 507 as a single photon photo cleavable linker, it was of interest to
apply this technology to a two-photon photo cleavable linker. This would enable the same
type of photo control, but with the advantage of having a photo-labile group that can be
cleaved at a longer wavelength; thus, enabling deeper penetration in living tissues, less light

scattering, and less harmful light irradiation to living cells.

10.3.1 Attempted Synthesis of Bhc PhotoPEG

The initial two-photon caging group that was investigated was the bromo hydroxy
coumarin (Bhc). It needed to have similar characteristics as the caging group 505 bearing a
hydroxy group and azido functionalities for orthogonal reactivity for linking the PEG group
to other macromolecules such as proteins and oligonucleotides. For enabling the “click”
reaction to attach the PEG group, an azide, as in 505, or an alkyne is needed to be attached to
the molecule. The compound 511 that was designed had a propargyl group attached to the
phenol of the Bhc and an NHS carbonate at the site of light activatable cleavage as is typical
for Bhc caging compounds (Figure 10.8).
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Figure 10.8. Structure of the proposed two-photon linker 511.

The synthesis began with the condensation of commercially available 4-
bromoresorcinol with ethyl-4-chloroacetoacetate to form the Bhc ring structure 512 in
quantitative yield (Scheme 10.5).%” The hydrolysis of the chloride gave 513 after four days
of refluxing followed by the alkylation of the phenol with propargyl bromide to afford the
alkyne 514 in moderate yield.>" 3% Activation of the alcohol 514 to form the NHS Bhc 511

gave a mixture of the product and unreacted DSC that proved to be very difficult to purify.

HO 0.0 HO 0.0
C
Br = > Br Z
MeSO3H H,O/dioxane
reflux, 4 d OH

quant. 512 Cl ) 513
53%

DSC,
KI, ch03 :@;{ DIPEA

511
60%

Scheme 10.5. Attempted synthesis of 511.
Since the NHS activated Bhc 511 was difficult to purify, activation of 514 with 4-nitrophenyl
chloroformate was accomplished to form the pure carbonate 515 in near quantitative yield

(Scheme 10.6). Although, the activating group was different, the reactivity towards amines

should be similar to attach to the amine groups of proteins or other macromolecules.*
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Scheme 10.6. Activation of Bhc 514 with 4-nitrophenyl chloroformate.

In order to test the decaging properties of the propargyl Bhc moiety, 1-naphthylmethylamine
was attached in 71% yield to form 516 as a model for decaging (Scheme 10.7). As described
in Chapter 9 the mechanism of Bhc decaging is thought to proceed through a carbocation
intermediate that is then quenched by the solvent, which is typically H,O (Scheme 9.5).%82-%%*
46 Although there are examples of Bhc decaging with the phenol alkylated,*®® **” generally
the free phenol is thought to be needed for the decaging to proceed,*”® which was of concern

having the propargyl group connected to the phenol in 516.

\ \
AN (o) (0} (0] X (e} (e} O
\/ H2N \/
=
Br + e Br 7 O
NO, DCM L
S dav
515 o)\o 516

Scheme 10.7. Synthesis of model Bhc caged carbamate 516.

71%

The Bhc carbamate 516, was tested for its decaging properties by dissolving it in a 8:2
PBS:CH3CN solution at 100 uM and exposing it to UV light (365 nm) for 5, 10, and 20 min
followed by HPLC analysis. Aliquots taken at the three time points were compared to the
standards Bhc alcohol 514, 1-naphthylmethylamine, and the caged Bhc carbamate 516
(Figure 10.9). After exposure to UV light, the HPLC showed no peaks corresponding to any
of the three standards that should appear (Figure 10.10). The reason for this is most likely
due to the low solubility of all the Bhc compounds in water in general, especially when the
phenol is alkylated as in 516.%%® *° The lack of decaging evidence and difficulties in the
synthesis of Bhc compounds because of their low solubility in practically all solvents, led to

the investigation of different two-photon caging groups.
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Figure 10.9. HPLC chrorﬁatogram of standard compoﬁnds Bhc 514 (9.77' min), 1-
naphthylmethylamine (12.01 min), and Bhc caged carbamate 516 (14.79 min) detected at 260 nm.
The peak at 13.8 min is an impurity from the HPLC column.
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Figure 10.10. UV exposure to 516 for 5, 10 and 20 min detected at 260 nm. The peak at 13.8 min is
an impurity from the HPLC column.
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10.3.2 Attempted Synthesis of BHQ PhotoPEG

The next two-photon caging group that was tested was the bromo hydroxyquinoline
(BHQ). It has better water solubility and less fluorescence interference than the Bhc
group.*®® 3* The design of the photolinker had to be different than for Bhc since the BHQ
phenol cannot be alkylated, or decaging will not occur as the mechanism is believed to be
similar to that of Bhc.*®® Thus, the attachment of the orthogonal reactive groups was planned
to be branching from the methylene carbon where decaging occurs, which is similar to a
BHQ linker synthesized by the Chen lab.**® The proposed structures, one with an alkyne 517

and one with an azide 518 are shown in Figure 10.11.

o o

o-z

X ©
HO N/ ©

Bl 518 N,

Figure 10.11. Structures of proposed BHQ dual functional photoremovable linking groups.

The synthesis was an adaptation of the published route of BHQ that began with the
condensation of 3-aminophenol with crotonaldehyde in the presence of chloranil to form the
quinoline ring of 519 in moderate yield (Scheme 10.8).*¥° Protection of the phenol with
TBDPS gave 520 in good yield followed by oxidization with SeO, to form 521 in 92% yield.

Finally, selective bromination gave 522 in 60% vyield.

TBDPSCI,
chloraml N imidazole N
~ ~
12M HCI HO N DMF  TBDPSO N
n-BuOH
519 80% 520

22%

—_— /

dioxane, 8o°c  1BDPSO “acoH  TBDPSO

92% 521 60%

Scheme 10.8. Synthesis of BHQ aldehyde 522.
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In order to install the alkyne, addition of a nucleophile to the carbonyl carbon was
desired. A test reaction with ethyl Grignard was used to not only give insight into the
reaction, which formed the alcohol 523 in 45% vyield, but also enabled to test decaging with
an alkyl chain attached at the site of decaging (Scheme 10.9). Reaction of the alcohol with
acetic anhydride gave the acetate 524 in moderate yield, followed by deprotection of TBDPS
to form the BHQ caged acetate 526 in good yield. To obtain the BHQ alcohol 525 for
decaging reactions as a standard for HPLC, the TBDPS protected alcohol 523, was treated
with TBAF to afford the BHQ alcohol 525 (Scheme 10.9).

X
/@\/j\/o EtMgBr OH AC2O
NS —_—
TBDPSO N THE, 0°C TBDPSO pyridine TBDPSO
Br

522 45% 53%

"524
TBAF TBAF
1% | ThF 83% | THE

X
B 525
Scheme 10.9. Synthesis of BHQ caged acetate 526, and synthesis of BHQ alcohol 525.

The BHQ acetate 526 was exposed to UV light at 365 nm to test the decaging. The acetate
526 had a retention time (R;) of 12.67 min in the absence of UV exposure. After 2 min of UV
exposure, the peak corresponding to the BHQ acetate 526 was completely gone, and the
BHQ alcohol 525 peak began to appear starting at 30 sec (R; = 10.05 min) (Figure 10.12).
This indicates that the BHQ decages even with the ethyl group that was attached. With this
information, the synthesis of an alkyne or azide in the same position as the ethyl group was a
feasible caging group design to form the two-photon dual functional caging liker.

229



2010B.00

7.5 10 12.5 15 525
200G
X
i~ OAc
HO N
75 10 125 15 Br 526
20100 [
g
: 30 sec UV
1) I I )
7a 10 124 15
Z010E.I0
) ) I )
7a 10 124 15
Z010F.I)
JMWZ min UV
) [ [ I
75 10 125 15

Figure 10.12. HPLC of 525, 526 with no UV, 526 with 30 sec, 1 min, and 2 min UV (365 nm).

The installation of the alkynyl moiety was first attempted by preforming the Grignard
reagent from (3-bromoprop-1-ynyhtrimethylsilane and reacting it with the aldehyde 522. The
desired alkyne product 527 was formed, but as a mixture with the rearranged allene 528 in a
1:6.5 ratio in 68% yield (Scheme 10.10). This mixture was not unexpected,*® but the goal

was to exclusively form the propargyl group and not the allene.

N /TTMS N
Br Mg, ZnBr,
O ]
TBDPSO N/ Z ———————> TBDPSO N/ OH 4 TBDPSO
THF/ether, 0°C
Br Br
522 68% 527 X
TMS
1 : 6.5

Scheme 10.10. Addition of propargyl Grignard to aldehyde 522 to give a mixture of alkyne 527 and
allene 528 (1:6.5).
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In an attempt to perform this transformation, a reaction with indium and InF; was
employed, as it has been shown to almost exclusively give the alkyne in a ratio of 99:1,
alkyne to allene.*®® A TIPS protection of the phenol on BHQ 519 gave 529 and was used in
order to provide an NMR spectrum with more easily identifiable peaks. To afford a test
substrate, an oxidation to form the aldehyde 530 was performed in good yield and no
bromination was employed (Scheme 10.11). With the TIPS protected aldehyde 530, the

reaction under indium catalysis was attempted, but only the allene 531 was formed in 44%

yield.
TIPSCI,
N imidazole X SeO,
— —
HO N DMF TIPSO N dioxane, 80°C
519 89% 529 84%
S———T™s N
X Br
In, InF3 _ OH
A 0 ——— = > TIPSO N
TIPSO N THE, 65 °C
530 0 TMS
44% 531

Scheme 10.11. Addition of propargyl group into TIPS protected aldehyde 530 forming the allene 531
and no alkyne.

Since the propargyl addition was more difficult than anticipated, other routes were attempted
to install the alkyne functionality. For example, addition of ethynyl magnesium bromide was
attempted with no success, and an effort to react a longer TMS protected hexynyl magnesium
iodide was also attempted with no avail. Thus, a change in the functional group was decided
upon to try and install an azide as shown in 518 (Figure 10.16).

Initial attempts were made to convert the aldehyde to an epoxide, and then sodium
azide would be used to open the epoxide ring to give the azido alcohol. The traditional
Corey-Chakovsky epoxidation conditions were used to try to form the epoxide 532 from the
quinoline aldehyde 530.** All attempts were unsuccessful, as the desired product was
unable to be produced using any other conditions with various bases and sulfur reagents
(Scheme 10.12). The TIPS protecting group was very labile in the presence most of the bases
that were employed. This caused the majority of the problems because as the TIPS group is

231



removed, the quinoline phenol becomes insoluble in most organic solvents, thus no epoxide

formation was observed in any attempt.

A A
m base, sulfur ylide
PZ e pZ
TIPSO N TIPSO N 0

solvent
530 532
sulfur ylide
base formation solvent temp

NaOMe  (CH3),SO, Me,S  CHsCN rt
NaOMe (CH3),S0,, Me,S THF rt
t-BuOK trimethylsulfoxonium CI DMSO  rt
NaH trimethylsulfoxonium CI- THF 60 °C
t-BuOK  trimethylsufloxonium CI- t-BuOH rt
t-BuOK  trimethyl sulfonium I t-BuOH rt
KOH trimethyl sulfonium I CH3CN 1t
NaH trimethyl sulfonium I DMSO  rt

Scheme 10.12. Attempted epoxide formation on the aldehyde quinoline 530.

Another strategy was explored that would install an alkyl chain terminating with an
amine, and then a conversion of the amine to an azide would be applied.*®* In order to
provide the amine, first, a strategy using a Lewis base-catalyzed cyano methylation of the
aldehyde gave the nitrile 533 (Scheme 10.13).*®* When the TMS group was removed from
the alcohol with HCI, the TIPS protecting group also was removed resulting in an insoluble
product that was difficult to work with. To solve this issue no HCI was used in the workup,
and the TMS group remained in place to protect the alcohol to form 534 in 37% vyield;

though the reduction of the nitrile 534 to the amine 535 using LAH was unsuccessful.
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Scheme 10.13. Cyano methylation of the BHQ aldehyde 530 resulted in TIPS removal.

A different solution was to change the protecting group from TIPS or TBDPS to one
that is not base or acid sensitive. The protecting group that was selected was the toluene
sulfonyl group. The TIPS protected intermediate 530 was brominated to give the TIPS BHQ
536 in good yield followed by deprotection of the TIPS group with TBAF to afford the
phenol 537 in low yield, most likely due to the poor solubility of the BHQ phenol 537
(Scheme 10.14). Protection of the phenol was then performed with toluene sulfonyl chloride
in the presence of DIPEA to give the tosyl protected BHQ 538 in 88% yield. The Lewis base-
catalyzed cyano methylation and removal of the TMS group went smoothly with no
deprotection of the tosyl group and gave the hydroxy nitrile 539 in good yield (Scheme
10.14). The final step was a reduction of the nitrile to the amine with lithium aluminum

hydride, but again no amine product 540 was isolated.
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Scheme 10.14. Toluene sulfonyl protection of BHQ and cyano methylation of the aldehyde 538 then
attempted reduction to the amine 540.

The next attempt to form the amine was reacting the aldehyde 538 with nitromethane
in a TMEDA catalyzed Henry reaction toward the nitro alcohol 541 in 86% vyield (Scheme
10.15).2"® Three attempts were made to reduce the nitro group to the amine, but all attempts

84 cobalt catalyzed reduction with

failed including palladium catalyzed hydrogenation,
sodium borohydride,*® and reduction with SnCl, under acidic conditions.*® Since all
attempts to form either an alkynyl BHQ or an azido BHQ failed, the next two-photon caging

group that was investigated was the NDBF group.

NO,CHj, X X A
TMEDA _ OH a,b,orc P OH
TsO N/ -0 ? TsO N % TsO N
Br Br
Br NO. NH
538 86% 541 2 542 2

Scheme 10.15. Formation of nitro 541 and attempts at reduction 542. a) Pd/C, H,, EtOH; b)
CoCl,-6H,0, NaBH,, MeOH; c) SnCl,, HCI, EtOH.

10.3.3 Synthesis of NDBF PhotoPEG

Since the NDBF is more similar in functionality to the traditional NB caging groups,
it was believed that chemical manipulations to form a dual functional two-photon caging
group with NDBF would be more successful than the Bhc or BHQ caging groups proved to
be. Previously in the Deiters lab, an improved synthesis of the NDBF secondary alcohol 543
was discovered.*®” The alcohol 543 was oxidized to the corresponding ketone 544 with PCC,

which was then brominated on the a-methyl to form 545 in near quantitative yield (Scheme
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10.16).%®° The ketone was reduced to the bromo alcohol 546 before Sy2 substitution with
sodium azide produced the azido alcohol 547 in good yield.*®® The dual functional two-
photon removable NDBF caging group was applied and a model reaction sequence was
performed. First, was a “click” reaction with 1-hexyne was conducted to afford the triazole
548. Next, activation of the alcohol as an NHS carbonate was attempted, which was achieved
using the standard DSC conditions in the presence of a catalytic amount of DMAP to give
the NHS-activated triazole 549 in 66% yield (Scheme 10.16). To test the decaging of the
NDBF group with these functionalities present, and before attachment of a PEG group, a
model compound was desired. For easy detection of decaging on HPLC, 2-naphthylamine
was reacted with the NHS carbonate 549, but the product 550 that was isolated was not pure
enough for clean detection on HPLC. It was hypothesized that the triazole was too close in
proximity to the NHS group, thus making it difficult to cage the 2-naphthylamine. A longer

chain length before the triazole was needed to alleviate the apparent steric hindrance.
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Scheme 10.16. Synthesis of NDBF hydroxy azide 547, and test synthesis of triazole caged
naphthylamine 550.

In order to synthesize more starting material, a new strategy was employed to
construct the dibenzofuran ring structure. Although the improved synthesis that was
developed in our lab was better than previous routes, the dibenzofuran palladium coupling
was still a very low vyielding reaction.*®” To improve on the synthesis, the common iodo
aldehyde 551 precursor was protected as the acetal 552 using ethylene glycol under acidic
conditions. Using the same palladium coupling conditions as described in literature,*®” the
previously low yielding Heck reaction proceeded in 86% yield forming the NDBF acetal 553
(Scheme 10.17). After hydrolysis of the acetal 553 with HCI, the aldehyde 554 was formed in
quantitative yield, which was a much higher yielding sequence than previously reported.
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Scheme 10.17. Improved synthetic route to form the NDBF aldehyde 554.

With an improved synthesis of the NDBF aldehyde 554, a larger amount could be
made for the synthesis of an azide with a longer chain length than in 547. The aldehyde 554
was allylated with allyltributyltin and ZnCl, to form the alcohol 555 in 75% yield followed
by protection of the alcohol 555 with TBS to afford 556 in quantitative yield (Scheme 10.18).
The alkene was oxidized to a primary alcohol using ozonolysis conditions followed by
reduction to give 557 in good yield. To make the alcohol of 557 a good leaving group, it was
converted into a mesylate 558 and then reacted with sodium azide to install the azido group
to form 559 in high yield. Finally, the silyl protecting group was removed with TBAF to give
the hydroxy azide 560 in 91% yield, which is similar to the hydroxy azide 547 (Scheme
10.18), but with an additional methylene unit at the azide chain to potentially help with the
reactivity of the NHS carbonate. Before the NHS carbonate was formed, the azide of 560 was
reacted with methyl propargyl ether forming the triazole 561 via “click” reaction in 65%
yield. The NHS carbonate was then installed to give the activated NDBF 562, which was
reacted with 1-naphthylmethylamine to give the caged NDBF triazole 563 in moderate yield
(Scheme 10.18). The extra methylene before the triazole in 563 seemed to help with the
reactivity thus, decaging testing was performed monitoring by HPLC.
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Scheme 10.18. Synthesis of model 1-napthylamine caged with NDBF methoxy triazole 563.

Solutions of the NDBF caged naphthylene 563 and 1-naphthylmethylamine were
made at 100 uM and analyzed by HPLC with the UV detector set to 280 nm to be used as
standard peaks (Figure 10.13). As the NDBF naphthylmethylamine 563 is decaged, the peak

at 13.36 min should disappear, and a new peak corresponding to the 1-naphthylmethylamine
at 9.59 min should appear.
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Figure 10.13. HPLC chromatograms of NDBF caged naphthylmethylamine 563 (13.36 min) and 1-
naphthylmethylamine (9.59 min) at 100 uM (PBS buffer, pH = 7.4, 0.5% DMSO) detected at 280 nm.

The NDBF 563 solution was exposed to UV light (365 nm) for 1, 5, 10, and 30 min.
Aliguots were taken out at each time point and analyzed by HPLC to observe the decaging of
the 1-naphthylmethylamine. After 1 min of UV irradiation, the peak at 9.59 min
corresponding to the 1-naphthylmethylamine began to appear and the NDBF 563 peak at
13.35 min became smaller (Figure 10.14). Another peak at 12.03 min also appeared; which
is most likely the NDBF group that was released from the naphthylmethylamine. As the
exposure to UV light increased the peak at 13.3 min decreased and the 1-
naphthylmethylamine peak at 9.59 min increased. At the 30 min time point there was not
much change from the 10 min time point, and it seemed that the decaging reaction halted.

This could be due to the concentration (100 uM) that was required for detection of the
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compounds on the HPLC. In a biological setting the concentration would be much lower

allowing decaging to presumably occur much faster.
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Figure 10.14. Decaging of 563 (13.3 min) (100 uM, 1:1 CH;CN:PBS, 0.5% DMSO) at 1, 5, 10, and
30 min to form 1-naphthylmethylamine (9.5 min) detected at 280 nm.

Since the decaging of the dual functional NDBF 563 was successful, the synthesis of
the NHS-NDBF PEG 565 was performed in the same fashion as for the test substrate 563.
The NDBF hydroxy azide 560 was attached to the PEGylated alkyne 504 by “click”
chemistry and activation with DSC gave the NHS-NDBF PEG 565 (Scheme 10.19). This
two-photon NDBF photoPEG 565 can now be used for control of biological functions similar

to the control of protein function or anti-sense stabilization as described above.
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Scheme 10.19. Construction of NHS-NDBF photoPEG 565.

10.4 Conclusion and Outlook

In summary, a PhotoPEG reagent (507) was synthesized and successfully applied in
the photochemical regulation of enzyme activity. This light-removable PEGylation represents
the first example of a literal protein photo cage, as the polyethylene glycol chains surround
the enzyme and suppress interaction with its substrate. The PEGylated enzyme is completely
inactive and irradiation with UV light of 365 nm removes the otherwise stable PEG groups
and restores enzymatic activity. Lysine PEGylation with the developed reagent is rapid and
facile; the installation of caging-PEG groups on the protein can be easily assessed by
standard gel electrophoresis, which, if necessary, also facilitates purification of the caged
protein. Due to the simplicity of the necessary manipulations, the developed methodology
has a wide range of potential applications in the study of protein function in cell culture and
whole organisms, as well as activation of protein therapeutics, with the only requirement
being the presence of a suitable number of reactive amino groups.

PhotoPEG antisense agents were also developed that enable precise activation of gene
expression through UV irradiation. Traditionally, antisense agents are stabilized by various
backbone and sugar modifications for applications in tissue culture and whole organisms.

The application of a light-cleavable PhotoPEG linker inserted between the PEG polymer and
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the oligonucleotide enabled sequence-specific gene silencing until cells were briefly
irradiated with UV light of 365 nm, inducing PEG cleavage and subsequent rapid,
intracellular degradation of the antisense oligonucleotide. Degradation of the antisense agent
then in turn activates the expression of the previously silenced gene of interest. This
approach (light-activation of gene expression) is complementary to classical antisense caging
methodologies (light-deactivation of gene expression). Due to the straightforward design of
the reagents, only requiring standard deoxyoligonucleotides, the developed methodology can
be readily applied in any chemical biology, cell biology, and molecular biology lab.

A new two-photon removable NBDF PhotoPEG 565 was synthesized. A modified
method of synthesis by simply protecting the aldehyde before palladium catalyzed ring
closure of the NDBF structure was also found to generate the caging group in better yields
than previously reported.*®” This allows for a more scalable synthesis of the already lengthy
synthesis of this caging group. Attempts were made to construct Bhc PhotoPEG and BHQ
PhotoPEG, but the poor solubility was a problem in case of the Bhc group and the required
dual functionality was difficult to install on the BHQ. In the future, a similar protocol could
be used to generate the BHQ or Bhc PhotoPEG using the same synthetic sequence as for the
NDBF to install the dual functionality that is desired for the PhotoPEG group. This would
enable the control of PEG removal on other macromolecules using a longer wavelength of
light, which would provide a method for photo release of the PEG groups that would be less

damaging for cells and deeper penetrating for use in whole organisms.

10.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. THF, dioxane, and toluene were distilled from
sodium/benzophenone ketyl prior to use. DCM, DMF, DMA, DMSO, MeOH, and CH3;CN
were distilled from calcium hydride and stored over 4 A molecular sieves. Other reagents and
solvents obtained from commercial sources were stored under nitrogen and used directly
without further purification. Flash chromatography was performed with silica gel (60A, 40-

63 pm (230 x 400 mesh), Sorbtech).**® Ozonolysis was performed using a PCI Ozone and
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Control Systems Inc. Ozone Generator. NMR spectra were obtained using a Varian Gemini
GN-300 (300 MHz) or Varian Mercury 300 (300 MHz) spectrometer. Chemical shifts are in
8 units (ppm) for *H NMR spectra and **C NMR spectra.

Decaging analysis by HPLC.

100 uM solutions of photocleavable groups were made with 1 mL of 1:1 PBS buffer (pH =
7.4):CH3CN or 1 mL of PBS buffer (0.5-1% DMSO, pH = 7.4). The solutions were placed in
a Pyrex vial and irradiated in with a hand held UV lamp (Spectroline Longlife Filter) at 365
nm. Aliquots of 20 uL were taken at defined time points and analyzed by RP-HPLC on an
HP 1100 with an analytical Agilent Zorbax SB-C18 column (4.6 x 100 mm, 3.5 pum) with a
linear gradient of 0.1% aqueous TFA and acetonitrile (1.0 mL/min) using absorbance
detection at 260 nm or 280 nm.

Synthesis of photocleavable PEG reagent 507. The N-hydroxysuccinimide ester of
pentynoic acid 503 (58.5 mg, 0.3 mmol)® and DMAP (spatula tip) were added to a solution
of mPEG-NH, (502, 300 mg, 0.06 mmol; LaysanBio, 5 kDa or 20 kDa) in dioxane (3 mL).
The reaction was stirred at 40 °C for 12 h, and was then precipitated into Et,O (30 mL). The
suspension was centrifuged; the supernatant was poured off, and was repeated three times.
Alkyne PEG 504 (302 mg, ~0.06 mmol) was obtained as a white solid, and directly dissolved
in DMSO (1 mL). The azide caging reagent 505 (84 mg, 0.297 mmol), TBTA (15.6 mg,
0.0295 mmol), CuSQO45H,0 (1.5 mg, 0.0059 mmol), and sodium ascorbate (13 mg, 0.068
mmol) were added. The reaction was stirred at 40 °C for 12 h, the DMSO was concentrated
and the residue was re-dissolved in DCM (2mL). Et;,O (30 mL) was added and the
suspension was centrifuged; the supernatant was poured off, and was repeated three times to
afford PEG 506 (234 mg, ~0.044 mmol) as a tan solid. PEG reagent 506 (234 mg, 0.044
mmol) was subsequently dissolved in CH3CN (2.6 mL) in the presence of cat. DMAP
(spatula tip) and to the solution was added N,N’-disuccinimidyl carbonate (56 mg, 0.22
mmol). The reaction was stirred at 40 °C for 12 h, the CH3CN was evaporated and the
residue was re-dissolved in DCM (1 mL). Et,O (30 mL) was slowly added and the

suspension was pelleted by centrifugation, the supernatant was discarded, and these steps

243



were repeated three times giving the activated PEG 507 (232 mg, ~0.044 mmol) as a tan

solid.

Synthesis of PEG 509 and 510. To a solution of dansyl amine 8 (2 mg, 0.00656 mmol) in
DCM (170 pL) was added NHS-PEG 507 or 501 (16 mg) and the solution was allowed to stir
overnight protected from light. The reaction mixture was transferred to a 2 mL centrifuge
tube, ether (1.5 mL) was added, and the suspension was centrifuged; the supernatant was
removed, and the process was repeated three times to afford the PEGs 509 (10.1 mg) and 510
(4.3 mg).

6-Bromo-4-(chloromethyl)-7-hydroxy-2H-chromen-2-one (512): Dissolved 4-
bromoresorcinol (2.05 g, 10.84 mmol) and ethyl 4-chloro-3-oxobutanoate (1.6 mL, 11.92
mmol) in methane sulfonic acid (41.6 mL) and allowed the solution to stir at rt 48 h. The
reaction was poured into ice cold H,O (800 mL), the yellow ppt. was filtered, washed with
ice cold H,0, and dried to give 512 (3.14 g, 100%) as a light yellow solid. *H NMR (300
MHz, CDCl3) § 7.79 (s, 1H), 7.04 (s, 1H), 6.44 (s, 1H), 4.59 (s, 2H).3"

6-Bromo-7-hydroxy-4-(hydroxymethyl)-2H-chromen-2-one (513): 512 (3.14 g, 11.05
mmol) was dissolved in dioxane (21 mL), H,O (530 mL) was added, and the mixture was
heated to reflux for 4 days. The hot solution was filtered, the filtrate was cooled slowly, and
the yellow solid that formed was filtered and dissolved in acetone. The acetone solution was
concentrated to give 513 (1.60 g, 53%) as a yellow solid. *H NMR (300 MHz, DMSO) & 7.84
(s, 1H), 6.90 (s, 1H), 6.27 (s, 1H), 5.62 (t, J = 5.6 Hz, 1H), 4.69 (d, J = 5.6 Hz, 2H).%"

6-Bromo-4-(hydroxymethyl)-7-(prop-2-ynyloxy)-2H-chromen-2-one (514): To a solution
of 513 (191 mg, 0.705 mmol) in DMF (3.5 mL) was added K,COj3 (195 mg, 1.41 mmol), KI
(6 mg, 0.035 mmol), and propargyl bromide (118 pL, 1.06 mmol, 80% in toluene). The
mixture was allowed to stir overnight and H,O (7 mL) was added, extracted with DCM (4 x

4 mL). The combined organic solution was washed with brine (20 mL), dried over Na SOy,
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filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 1:1 hexanes/EtOAc to give 514 (128.5 mg, 60%) as a pale
yellow solid. "H NMR (300 MHz, DMSO) & 7.94 (s, 1H), 7.26 (s, 1H), 6.36 (s, 1H), 5.67 (t, J
=5.7 Hz, 1H), 5.05 (d, J = 2.4 Hz, 2H), 4.72 (dd, J = 1.5, 4.2 Hz, 2H), 3.72 (t, J = 2.4 Hz, 1
H); 3C NMR (75 MHz, DMSO) 6 196.89, 159.93, 155.88, 153.61, 128.24, 112.42, 108.82,
106.76, 102.19, 79.52, 77.98, 59.08, 57.19.

(6-Bromo-2-oxo-7-(prop-2-ynyloxy)-2H-chromen-4-yl)methyl 4-nitrophenyl carbonate
(515): 514 (20 mg, 0.647 mmol) was suspended in DCM (2.1 mL), DIEA (104 pL, 0.595
mmol) and 4-nitrophenyl chloroformate (130 mg, 0.647 mmol) were added at 0 °C. The
solution was allowed to warm to rt and stir for 2 h before HCI (0.01M) was added and the
layers were separated. The organic layer was dried over Na,SOy, filtered, and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with CHCI; to
give 515 (30.4 mg, 99%) as a pale yellow solid. "H NMR (300 MHz, DMSO) & 8.40 — 8.30
(m, 2H), 8.10 (s, 1H), 7.71 — 7.57 (m, 2H), 7.31 (s, 1H), 6.50 (d, J = 1.1 Hz, 1H), 5.58 (d, J =
1.3 Hz, 2H), 5.08 (d, J = 2.4 Hz, 2H), 3.73 (t, J = 2.3 Hz, 1H); *C NMR (101 MHz, DMSO)
0 159.32, 156.07, 155.16, 153.85, 151.46, 147.99, 145.30, 128.81, 125.45, 122.67, 111.85,
111.63, 107.06, 102.32, 79.58, 77.89, 65.71, 57.29.

(6-Bromo-2-oxo-7-(prop-2-ynyloxy)-2H-chromen-4-yl)methyl (naphthalen-1-yl)methyl
carbamate (516): To a suspension of 515 (13 mg, 0.029 mmol) in DCM (1 mL) was added
1-naphthylmethylamine and was allowed to stir for 2 h. The reaction residue was purified by
flash silica gel chromatography, eluting with CHCI; to give 516 (14.3 mg, 71%) as a yellow
solid. *H NMR (300 MHz, CDCl3) & 8.02 (d, J = 8.3 Hz, 1H), 7.89 (dd, J = 7.6, 1.7 Hz, 1H),
7.82 (dt, J =8.5, 4.2 Hz, 1H), 7.70 (s, 1H), 7.63 — 7.49 (m, 2H), 7.49 — 7.38 (m, 2H), 7.04 (s,
1H), 6.34 (d, J = 1.4 Hz, 1H), 5.27 (s, 2H), 4.92 — 4.79 (m, 4H), 2.62 (t, J = 2.3 Hz, 1H).

2-Methylquinolin-7-ol (519): To a solution of 3-aminophenol (5 g, 46 mmol) in HCI (13
mL, 12 N) and n-BuOH (16 mL) was added chloranil (11.3 g, 46 mmol) and heated to 110
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°C. Crotonaldehyde (4.9 mL, 59 mmol) was added as a solution in BUuOH (1.3 mL) over 20
min and the mixture was refluxed for 30 min more. The mixture was cooled, filtered through
Celite, and rinsed with H,O (20 mL) and EtOAc (20 mL). The volatiles were evaporated off
to ~500 mL ag. mixture that was decanted into a seperatory funnel and washed with ether (2
x 250 mL). The ag. layer was neutralized with 1M NaOH, extracted with EtOAc (3 x 500
mL), and the combined organic layers were dried over Na,SO,, filtered, and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with EtOAc to
give 519 (1.58 g, 22%) as a brown solid. *H NMR (300 MHz, CDCls) & 7.83 (d, J = 8.3 Hz,
1H), 7.30 (d, J = 8.8 Hz, 1H), 7.17 (d, J = 2.4 Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 6.72 (dd, J =
8.8, 2.4 Hz, 1H), 2.63 (s, 3H).%°

7-[(tert-Butyldiphenylsilyl)oxy]-2-methylquinoline (520): To a solution of 519 (231 mg,
1.45 mmol) in DMF (3 mL) was added imidazole (247 mg, 3.63 mmol) and then TBDPSCI
(641 pL, 2.46 mmol) was added dropwise. The solution was allowed to stir overnight before
H,0 (3 mL) was added and extracted with ether (2 x 3 mL), then the combined ether layers
were washed with brine (2 x 5 mL). The organic layer was dried over Na,SQOy, filtered, and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 10% EtOAc/hexanes to afford 520 (464 mg, 80%) as an off-white solid. *H NMR (300
MHz, CDCls) & 7.89 (d, J = 8.4 Hz, 1H), 7.75 (dd, J = 1.8, 8.1 Hz, 4H), 7.51 (d, J = 8.7 Hz,
1H), 7.41 — 7.32 (m, 7H), 7.09 (d, J = 8.1 Hz, 1H), 7.02 (dd, J = 2.4, 9.3 Hz, 1H), 2.64 (s,
3H), 1.13 (s, 9H).3%

7-[(tert-Butyldiphenylsilyl)oxy]quinoline-2-carbaldehyde (521): SeO, (150 mg, 1.35
mmol) was suspended in dioxane (2.5 mL) and heated to 60 °C. A solution of 5200 (562 mg,
1.41 mmol) in dioxane (1.6 mL) was added and the mixture was heated to 80 °C for 3.5 hr.
The mixture was filtered through a pad of silica gel and washed through with ether (10 mL)
and concentrated to dryness to afford 521 (532 mg, 92%) as a white solid. *H NMR (300
MHz, CDCl3) 8 10.10 (d, J = 0.8 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H),
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7.80 — 7.74 (m, 3H), 7.74 — 7.69 (m, 1H), 7.66 (d, J = 8.9 Hz, 1H), 7.50 (d, J = 2.5 Hz, 1H),
7.48 —7.32 (m, 6H), 7.23 (d, J = 2.5 Hz, 1H), 1.15 (s, 9H).**°

8-Bromo-7-[(tert-butyldiphenylsilyl)oxy]quinoline-2-carbaldehyde (522): Bromine (99
ML, 1.94 mmol) was added to a solution of 521 (532 mg, 1.29 mmol) in AcOH (9.9 mL) and
stirred overnight. DCM (16 mL) was added to the solution and neutralized with NaHCO3
(250 mL). The layers were separated and the aq. layer was extracted with DCM (2 x 30 mL).
The combined organic layers were dried over Na,SO,, filtered, and concentrated to dryness.
The residue was purified by flash silica gel chromatography, eluting with 10%
EtOAc/hexanes to afford 522 (377 mg, 60%) as an off-white solid. *H NMR (300 MHz,
CDCls) 6 10.32 (s, 1H), 8.13 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.83 — 7.73 (m,
4H), 7.51 — 7.33 (m, 7H), 6.91 (d, J = 8.9 Hz, 1H), 1.21 (s, 9H).**

1-[8-Bromo-7-[(tert-butyldiphenylsilyl)oxy]quinolin-2-yl]propan-1-ol (523): To a solution
of 522 (20 mg, 0.041 mmol) in THF (410 uL) at 0 °C EtMgBr (15 pL, 3M in ether) diluted in
ether (30 pL) was added dropwise and stirred at 0 °C for 4 h. NH4CI (1 mL) was added to the
reaction and was extracted with EtOAc (2 x 1 mL). The organic layer was dried over
Na,SO,, filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 10% EtOAc/hexanes to afford 523 (9.4 mg, 45%) as a clear
colorless oil. *H NMR (300 MHz, CDCls) & 7.96 (d, J = 8.4 Hz, 1H), 7.78 (ddt, J = 8.0, 3.0,
1.6 Hz, 4H), 7.52 — 7.35 (m, 5H), 7.32 (d, J = 8.9 Hz, 1H), 7.21 (d, J = 8.4 Hz, 1H), 6.76 (d,
J = 8.9 Hz, 1H), 5.43 (s, 1H), 4.88 (dt, J = 5.4, 2.8 Hz, 1H), 1.84 — 1.44 (m, 2H), 1.20 (s,
9H), 1.06 — 0.83 (m, 3H).

1-[8-Bromo-7-[(tert-butyldiphenylsilyl)oxy]quinolin-2-yl]propyl acetate (524): A solution
of 523 (7.5 mg, 0.0144 mmol) in pyridine (100 pL) was cooled to 0 °C and acetic anhydride
(2.5 pL) was added dropwise. The reaction was allowed to warm to rt and stirred overnight.
The reaction mixture was diluted with DCM (1 mL) and H,O (1 mL) was added. The layers

were separated and the ag. layer was extracted with DCM (1 mL). The combined organic
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layers were dried over Na,SQ,, filtered, and concentrated to dryness. The residue was
purified by flash silica gel chromatography, eluting with 4:1 hexanes/EtOAc to afford 524
(4.3 mg, 53%) as a clear oil. 'H NMR (300 MHz, CDCls) & 7.93 (d, J = 8.4 Hz, 1H), 7.78
(dg, J = 6.5, 1.6 Hz, 4H), 7.41 (dddd, J = 15.8, 8.4, 6.1, 1.5 Hz, 6H), 7.28 (dd, J = 8.6, 3.4
Hz, 2H), 6.74 (d, J = 8.9 Hz, 1H), 5.98 (dd, J = 7.6, 5.3 Hz, 1H), 2.21 (s, 3H), 2.19 — 2.05 (m,
2H), 1.19 (s, 9H), 1.02 (t, J = 7.4 Hz, 3H).

8-Bromo-2-(1-hydroxypropyl)quinolin-7-ol (525): TBAF (19 pL, 1M in THF) was added
to a solution of 523 (9 mg, 0.017 mmol) in THF (425 uL) at rt for 15 min. The reaction
mixture was purified by flash silica gel chromatography, eluting with 1:1 hexanes/EtOAc to
give 525 (3.4 mg, 71%) as a colorless oil. *H NMR (300 MHz, CDCl3) & 8.09 (d, J = 8.4 Hz,
1H), 7.72 (d, J = 8.9 Hz, 1H), 7.33 (d, J = 8.9 Hz, 1H), 7.25 (d, J = 4.1 Hz, 1H), 6.19 (s, 1H),
4.95-4.84 (m, 1H), 1.78 (dd, J = 14.1, 7.0 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).

1-(Bromo-7-hydroxyquinolin-2-yl)propyl acetate (526): TBAF (8 pL, 1M in THF) was
added to a solution of 524 (4 mg, 0.007 mmol) in THF (200 pL) at rt for 15 min. The
reaction mixture was purified by flash silica gel chromatography, eluting with 3:2
hexanes/EtOAC to give 526 (1.9 mg, 83%) as a colorless oil. *H NMR (300 MHz, CDCls) &
8.07 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.38 — 7.27 (m, 2H), 5.95 (dd, J = 7.5, 5.4
Hz, 1H), 3.78 — 3.70 (m, 1H), 2.20 (s, 3H), 2.17 — 1.98 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H).

1-[8-Bromo-7-[(tert-butyldiphenylsilyl)oxy]quinolin-2-yl]-4-(trimethylsilyl)but-3-yn-1-ol
(527) and 1-[8-bromo-7-[(tert-butyldiphenylsilyl)oxy]quinolin-2-yl]-2-
(trimethylsilyl)buta-2,3-dien-1-ol (528): Magnesium turnings (27 mg, 1.12 mmol) and
ZnBr; (4 mg, 0.018 mmol) were flame dried in a vial and ether (250 pL) was added followed
by (3-bromoprop-1-ynyl)trimethylsilane (36 pL, 0.224 mmol) and 1 drop 1,2-dibromoethane.
The mixture was heated with a heat gun until boiling and then allowed to stir 1 h. The
Grignard mixture was added dropwise to a solution of 522 (55 mg, 0.112 mmol) in THF (1.1

mL) at 0 °C. The reaction was allowed to warm to rt and stir for 2 h before it was diluted with
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EtOAc (2 mL) and NH4CI (2 mL). The layers were separated and the ag. layer was extracted
with EtOAc (2 mL). The combined organic layers were dried over Na,SO,, filtered, and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 10% EtOAc/hexanes to afford alkyne 527 (6.1 mg, 9%) and allene 528 (40 mg, 59%).
527: *H NMR (300 MHz, CDCls) § 7.97 (d, J = 8.4 Hz, 1H), 7.78 (dddd, J = 8.0, 4.2, 1.5, 0.7
Hz, 4H), 7.50 — 7.30 (m, 8H), 6.78 (dd, J = 8.9, 0.9 Hz, 1H), 5.13 — 4.97 (m, 1H), 4.27 (d, J =
4.9 Hz, 1H), 2.99 — 2.64 (m, 2H), 1.26 — 1.13 (m, 12H), 0.10 (s, 9H); 528: *H NMR (300
MHz, CDCl3) & 7.94 (d, J = 8.4 Hz, 1H), 7.86 — 7.69 (m, 3H), 7.51 — 7.28 (m, 7H), 6.78 (d, J
= 8.9 Hz, 1H), 5.89 (d, J = 4.8 Hz, 1H), 5.60 (d, J = 4.5 Hz, 1H), 4.53 (qd, J = 11.3, 1.7 Hz,
2H), 1.20 (s, 9H), 0.06 (s, 9H).

2-Methyl-7-[[tris(propan-2-yl)silyl]Joxy]quinoline (529): To a solution of 519 (1.58 g, 9.9
mmol) in DCM (29 mL) was added imidazole (1.68 g, 25 mmol) and then TIPSCI (2.54 mL,
11.9 mmol) was added dropwise. The solution was allowed to stir 1 h before H,O (150 mL)
was added and extracted with DCM (200 mL), then the organic layer was washed with brine
(200 mL). The organic layer was dried over Na,SO,, filtered, and concentrated to dryness.
The residue was purified by flash silica gel chromatography, eluting with 10%
EtOAc/hexanes to afford 529 (2.77 g, 89%). *H NMR (300 MHz, CDCl3)  7.95 (d, J = 8.3
Hz, 1H), 7.63 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.17 — 7.08 (m, 2H), 2.71 (s, 3H),
1.42 — 1.28 (m, 3H), 1.19 — 1.08 (m, 18H).

7-[[Tris(propan-2-yl)silylJoxy]quinoline-2-carbaldehyde (530): SeO; (1.2 g, 10.65 mmol)
was suspended in dioxane (20 mL) and heated to 60 °C. A solution of 529 (3.2 g, 10.14
mmol) in dioxane (12 mL) was added and the mixture was heated to 80 °C for 1.5 hr. The
mixture was filtered through a pad of Celite and washed through with EtOAc (50 mL) and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 10% EtOAc/hexanes to afford 530 (2.81 g, 84%) as a yellow oil. *H NMR (300 MHz,
CDCl3) 6 10.20 (s, 1H), 8.23 (dd, J = 8.4, 0.9 Hz, 1H), 7.90 (dd, J = 8.3, 0.9 Hz, 1H), 7.78 (d,
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J =8.9 Hz, 1H), 7.64 — 7.56 (m, 1H), 7.33 (ddd, J = 8.9, 2.4, 0.9 Hz, 1H), 1.46 — 1.31 (m,
3H), 1.21 — 1.12 (m, 18H).

2-(Trimethylsilyl)-1-(7-[[tris(propan-2-yl)silylJoxy]quinolin-2-yl)buta-2,3-dien-1-ol
(531): To a suspension of In (32 mg, 0.279 mmol) and InF3 (2.4 mg, 0.0139 mmol) was
added (3-bromoprop-1-ynyl)trimethylsilane (45 pL, 0.279 mmol) and allowed to stir for 15
min 530 (46 mg, 0.139 mmol) in THF (80 pL) was added and the reaction mixture was
heated to 65 °C overnight. NH4Cl (1 mL) was added to the reaction and was extracted with
EtOAc (2 x 2 mL), then washed with brine (2 mL). The organic layer was dried over
Na,SO,, filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 10% EtOAc/hexanes to afford the undesired allene 531 (27.3
mg, 44%). *H NMR (300 MHz, CDCls) & 8.06 (dd, J = 8.5, 0.9 Hz, 1H), 7.71 (d, J = 8.8 Hz,
1H), 7.51 — 7.46 (m, 1H), 7.29 (q, J = 1.3 Hz, 1H), 7.21 (ddd, J = 8.8, 2.4, 1.0 Hz, 1H), 5.57
(s, 1H), 4.66 — 4.43 (m, 2H), 2.12 (d, J = 1.0 Hz, 1H), 1.53 - 1.26 (m, 3H), 1.18 (dd, J = 7.4,
1.2 Hz, 18H), 0.09 (s, 9H).

3-Hydroxy-3-(7-hydroxyquinolin-2-yl)propanenitrile (533): To a mixture of NaOAc (1.1
mg, 0.0136 mmol) in DMF (230 uL) at 0 °C was added the aldehyde 530 (44.8 mg, 0.136
mmol) in DMF (105 pL) followed by trimethylsilylacetonitrile (26 pL, 0.19 mmol) and
allowed to warm to rt and stirred for 3 h. 1M HCI (1 mL) was added followed by MeOH (1
mL) and then H,O (3 mL). The solution was extracted with EtOAc (3 mL) and the aqg. layer
was neutralized with sat. NaHCO3 then extracted with EtOAc (2 x 3 mL). The combined
organic layers were washed with brine (5 mL), dried over Na,SOy, filtered, and concentrated
to dryness. The residue was purified by flash silica gel chromatography, eluting with EtOAc
to afford 533 (12.2 mg, 42%). *H NMR (300 MHz, CDCls) & 8.19 — 8.12 (m, 1H), 7.75 (d, J
= 8.9 Hz, 1H), 7.41 (d, J = 2.5 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.21 (dd, J = 8.8, 2.5 Hz,
1H), 5.16 (t, J = 5.6 Hz, 1H), 2.96 — 2.87 (m, 2H).
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3-[(Trimethylsilyl)oxy]-3-(7-[[tris(propan-2-yl)silylJoxy]quinolin-2-yl)propanenitrile (vi-
534): To a mixture of NaOAc (1 mg, 0.0127 mmol) in DMF (215 pL) at 0 °C was added the
aldehyde 530 (42 mg, 0.127 mmol) in DMF (100 pL) followed by trimethylsilylacetonitrile
(24 pL, 0.178 mmol) and allowed to warm to rt and stirred for 3 h. Sat. NH4Cl (2 mL) was
added, extracted with EtOAc (2 x 3 mL) and washed the combined organic layers with brine
(2 x 2 mL). The organic solution was dried over Na,SO,, filtered, and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with 10%
EtOAc/hexanes to give 534 (20.8 mg, 37%) as a white solid. *H NMR (300 MHz, CDCls) &
8.12 (d, J = 8.4 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.37 (d, J = 2.3
Hz, 1H), 7.19 (dd, J = 8.8, 2.4 Hz, 1H), 5.22 (dd, J = 7.5, 3.9 Hz, 1H), 3.11 — 2.75 (m, 2H),
1.47 — 1.24 (m, 3H), 1.14 (d, J = 7.3 Hz, 20H), 0.19 (s, 9H).

8-Bromo-7-[[tris(propan-2-yl)silylJoxy]quinoline-2-carbaldehyde (536): Bromine (298
pL, 5.82 mmol) was added to a solution of 530 (1.28 g, 3.88 mmol) in AcOH (30 mL) and
stirred overnight. DCM (60 mL) was added to the solution and neutralized with NaHCO3
(675 mL). The layers were separated and the aq. layer was extracted with DCM (2 x 60 mL).
The combined organic layers were dried over Na,SOy, filtered, and concentrated to dryness.
The residue was purified by flash silica gel chromatography, eluting with 10%
EtOAc/hexanes to afford 536 (1.35 g, 85%) as a light yellow solid. *H NMR (300 MHz,
CDCl3) 6 10.30 (s, 1H), 8.25 (d, J = 8.3 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 7.74 (d, J = 8.9
Hz, 1H), 7.34 (d, J = 8.9 Hz, 1H), 1.50 — 1.34 (m, 3H), 1.18 (d, J = 7.3 Hz, 18H); **C NMR
(75 MHz, CDCl3) 6 194.03, 155.66, 153.46, 137.83, 127.74, 126.67, 124.18, 116.03, 114.71,
18.22, 13.39.

8-Bromo-7-hydroxyquinoline-2-carbaldehyde (537): A solution of 536 (506 mg, 1.24
mmol) was dissolved in THF (9 mL), cooled to 0 °C, and TBAF (1.36 mL, 1 M solution in
THF) was added. The reaction was complete in 15 min as indicated by TLC and the reaction
was concentrated and purified by flash silica gel chromatography, eluting with 2:1
hexanes/EtOAC to give 537 (104 mg, 33%) as a yellow solid. *H NMR (300 MHz, CDCls) &
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10.29 (s, 1H), 8.27 (dd, J = 8.3, 0.9 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.81 (d, J = 8.9 Hz,
1H), 7.48 (dd, J = 8.9, 0.6 Hz, 1H), 6.32 (s, 1H).

8-Bromo-2-formylquinolin-7-yl-4-methylbenzenesulfonate (538): To a solution of 537
(102 mg, 0.398 mmol) in DCM (1 mL) was added DIPEA (140 uL, 0.796 mmol) and then
tosyl chloride (83.5 mg, 0.438 mmol) in DCM (450 uL) at 0 °C. The solution was allowed to
warm to rt and stir overnight before it was concentrated, redissolved in EtOAc (2 mL), and
washed with sat. NaHCOg3 (2 x 2 mL). The organic layer was dried over Na,SOy, filtered, and
concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 2:1 hexanes/EtOAc to afford 538 (142.3 mg, 88%). 'H NMR (300 MHz, CDCls) &
10.26 (d, J = 1.0 Hz, 1H), 8.36 (d, J = 8.4 Hz, 1H), 8.09 (dd, J = 8.4, 1.1 Hz, 1H), 7.97 - 7.75
(m, 4H), 7.34 (d, J = 8.0 Hz, 2H), 2.45 (s, 3H).

8-Bromo-2-(2-cyano-1-hydroxyethyl)quinolin-7-yl 4-methylbenzenesulfonate (539): To a
mixture of NaOAc (1 mg, 0.0103 mmol) in DMF (175 pL) at 0 °C was added the aldehyde
538 (42 mg, 0.103 mmol) in DMF (300 pL) followed by trimethylsilylacetonitrile (20 uL,
0.144 mmol) and allowed to warm to rt and stirred for 4 h. 1M HCI (1 mL) was added
followed by MeOH (1 mL). The solution was extracted with EtOAc (2 mL) and the aq. layer
was neutralized with sat. NaHCO3 then extracted with EtOAc (2 x 2 mL). The combined
organic layers were washed with brine (2 mL), dried over Na,SOy, filtered, and concentrated
to dryness. The residue was purified by flash silica gel chromatography, eluting with EtOAc
to afford 539 (35.3 mg, 77%). 'H NMR (300 MHz, CDCls) § 8.28 (dd, J = 8.5, 1.0 Hz, 1H),
7.84 (dt,J=7.9,1.1 Hz, 3H), 7.72 - 7.64 (m, 1H), 7.58 (dd, J = 8.5, 1.0 Hz, 1H), 7.38 — 7.30
(m, 2H), 5.19 (q, J = 5.9 Hz, 2H), 2.92 — 2.82 (m, 1H), 2.46 (s, 3H).

8-Bromo-2-(1-hydroxy-2-nitroethyl)quinolin-7-yl 4-methylbenzenesulfonate (541): To a
solution of 538 (41 mg, 0.101 mmol) in THF (200 pL) was added nitromethane (55 pL, 1.01
mmol) and TMEDA (4.5 pL, 0.0303 mmol) and allowed to stir overnight. H,O (1 mL) was
added to the solution and extracted with EtOAc (2 x 1 mL), dried over Na,SO,, filtered, and
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concentrated to dryness. The residue was purified by flash silica gel chromatography, eluting
with 1:1 hexanes/EtOAc to afford 541 (40.6 mg, 86%) as a white solid. *H NMR (300 MHz,
CDCl3) 6 8.27 (d, J = 8.5 Hz, 1H), 7.90 — 7.79 (m, 3H), 7.67 (d, J = 8.9 Hz, 1H), 7.60 (d, J =
8.4 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 5.73 — 5.53 (m, 1H), 5.05 — 4.68 (m, 2H), 2.47 (s, 3H).

1-[5-Nitro-8-oxatricyclo[7.4.0.0%"Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]ethan-1-one
(544): A solution of 543 (200 mg, 0.777 mmol) in DCM (11 mL) with PCC (335 mg, 1.55
mmol) was allowed to stir at rt overnight. The reaction mixture was filtered through cotton,
concentrated, and purified by flash silica gel chromatography, eluting with 3:1
hexanes/EtOAC to afford 544 (180 mg, 91%) as a yellow solid. *H NMR (300 MHz, CDCls)
0 8.31(d, J=1.3 Hz, 1H), 8.07 —8.00 (m, 1H), 7.99 (d, J = 1.3 Hz, 1H), 7.73 - 7.60 (m, 2H),
7.47 (ddd, J = 8.2, 6.9, 1.4 Hz, 1H), 2.63 (d, J = 1.3 Hz, 3H).

2-Bromo-1-[5-nitro-8-oxatricyclo[7.4.0.0%"Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]ethan-1-
one (545): To a solution of 544 (180 mg, 0.705 mmol) in AcOH (10 mL) and DCM (7 mL)
was added Br, (38 pL, 0.74 mmol) and stirred overnight. The volatiles were evaporated to
give 545 (232 mg, 99%) as a light yellow solid. *H NMR (300 MHz, CDCls) & 8.43 (s, 1H),
8.09 —8.04 (m, 1H), 8.04 (d, J = 0.5 Hz, 1H), 7.73 - 7.62 (m, 2H), 7.49 (ddd, J = 8.1, 6.6, 1.7
Hz, 1H), 4.36 (d, J = 0.7 Hz, 2H).

2-Bromo-1-[5-nitro-8-oxatricyclo[7.4.0.0%"Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]ethan-1-
ol 9 (546): NaBH, (26 mg, 0.688 mmol) was added to a solution of 545 (230 mg, 0.688
mmol) in dioxane (6 mL) and MeOH (2 mL) at 0 °C and stirred for 30 min. The mixture was
concentrated, H,O (4 mL) was added, and extracted with DCM (2 x 8 mL). The combined
organic layers were washed with brine (4 mL), dried over Na,SOy, filtered, and concentrated
to dryness. The residue was purified by flash silica gel chromatography, eluting with 3:1
hexanes/EtOAC to afford 546 (180 mg, 78%) as a yellow-brown solid. *H NMR (300 MHz,
CDCl3) & 8.48 (s, 1H), 8.29 (d, J = 0.9 Hz, 1H), 8.05 (t, J = 8.1 Hz, 1H), 7.70 — 7.56 (m, 2H),
7.50 - 7.42 (m, 1H), 4.07 — 3.98 (m, 1H), 3.74 — 3.57 (m, 2H), 3.01 (dd, J = 3.6, 1.0 Hz, 1H);
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3C NMR (101 MHz, CDCls) & 158.59, 131.26, 129.98, 129.67, 124.18, 123.27, 122.17,
120.46, 115.80, 112.53, 109.18, 109.09, 69.81, 39.87.

2-Azido-1-[5-nitro-8- oxatricyclo[7.4.0.0%"]trideca-1(13),2,4,6,9,11- hexaen-4-yl]ethan-1-
ol (547): To a solution of 546 (84 mg, 0.25 mmol) in DMSO (600 pL) was added NaN3 (49
mg, 0.075 mmol) and the solution was heated to 75 °C for 4 h. The reaction mixture was
cooled, H,O (6 mL) was added and extracted with DCM (2 x 12 mL). The organic layers
were washed with brine (12 mL), dried over Na,SQ,, filtered, and concentrated to dryness.
The residue was filtered through a pad of silica with DCM to afford 547 (52.6 mg, 71%). *H
NMR (300 MHz, CDCls3) 6 8.48 (s, 1H), 8.28 (d, J = 0.8 Hz, 1H), 8.07 (ddd, J=7.8, 1.7, 0.8
Hz, 1H), 7.69 — 7.56 (m, 2H), 7.51 — 7.40 (m, 1H), 5.67 (dt, J = 7.0, 3.3 Hz, 1H), 3.84 (dd, J
=12.6, 2.9 Hz, 1H), 3.63 — 3.42 (m, 1H), 2.75 (d, J = 3.8 Hz, 1H).

2-(4-Butyl-1H-1,2,3-triazol-1-yl)-1-[5-nitro-8- oxatricyclo[7.4.0.0%"]trideca-
1(13),2,4,6,9,11-hexaen-4-yl]ethan-1-ol (548): TBTA (25.5 mg, 0.05 mmol), CuSO4-5H,0
(2.5 mg, 0.01 mmol), sodium ascorbate (23 mg, 0.115 mmol), and 1-hexyne (11.6 pL, 0.100
mmol) were added to a solution of 547 (30 mg, 0.100 mmol) in DMSO (2 mL). The mixture
was allowed to stir at rt for 3 h before H,O (2 mL) was added and extracted with DCM (2 x 3
mL). The combined organic layers were washed with brine (2 x 2 mL), dried over Na;SOy,
filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 1:1 hexanes/EtOAc to afford 548 (23.1 mg, 61%). '"H NMR
(300 MHz, CDCl3) & 8.41 (s, 1H), 8.34 (s, 1H), 8.04 (d, J = 7.6 Hz, 1H), 7.67 — 7.59 (m, 2H),
7.47—-7.42 (m, 2H), 5.79 (dd, J = 8.0, 1.2 Hz, 1H), 4.90 — 4.86 (m, 1H), 4.66 — 4.60 (m, 1H),
2.72 (t, J = 6.8 Hz, 2H), 1.64 — 1.58 (m, 2H), 1.41 — 1.29 (m, 4H), 0.89 (t, J = 7.6 Hz, 3H).

2-(4-Butyl-1H-1,2,3-triazol-1-yl)-1-[5-nitro-8-oxatricyclo[7.4.0.0%"Jtrideca-

1(13),2,4,6,9,11- hexaen-4-yl]ethyl 2,5-dioxopyrrolidin-1-yl carbonate (549): DSC (40
mg, 0.158 mmol) and DMAP (1 mg, 0.00526 mmol) were added to a solution of 548 (20 mg,
0.0526 mmol) and heated to 40 °C to stir overnight protected from light. The reaction mixture
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was concentrated and purified by flash silica gel chromatography, eluting with 5-10%
acetone/DCM to afford 549 (18.2 mg, 66%). *H NMR (400 MHz, CDCls) & 8.42 (s, 1H),
8.03 (d, J = 8.8 Hz, 1H), 7.80 (s, 1H), 7.64 — 7.62 (m, 2H), 7.48 — 7.42 (m, 1H), 7.33 (s, 1H),
6.76 (t, J = 4.4 Hz, 1H), 5.07 (d, J = 4.4 Hz), 2.91 (bs, 4H), 2.69 — 2.65 (m, 2H), 1.31 — 1.19
(m, 4H), 0.83 (t, J = 7.2 Hz, 3H).

2-[4-(2-1odophenoxy)-2-nitrophenyl]-1,3-dioxolane (552): A solution of 551 (508 mg, 1.38
mmol), ethylene glycol (414 pL, 7.4 mmol), and p-TSA (3.1 mg, 0.0165 mmol) in toluene
(2.75 mL) was heated to 110 °C overnight. DCM (2.75 mL) was added to the reaction and
washed with sat. NaHCO3; (1 mL). The aq. layer was extracted with DCM (3 x 1 mL), and
the combined organic layers were dried over Na,SQ,, filtered, and concentrated to dryness.
The residue was purified by flash silica gel chromatography, eluting with 4:1 hexanes/EtOAc
to afford 552 (530 mg, 93%) as a yellow oil. *H NMR (300 MHz, CDCls) & 7.91 (dt, J = 7.8,
1.2 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.43 — 7.35 (m, 2H), 7.15 (dd, J = 8.7, 2.6 Hz, 1H),
7.07 — 6.95 (m, 2H), 6.40 (s, 1H), 4.05 (d, J = 1.0 Hz, 4H); MS (ESI") calcd for C15H13INOs
(M+H)" 414.0, found 414.1.

4-(1,3-Dioxolan-2-yl)-5-nitro-8- oxatricyclo[7.4.0.0%"]trideca-1(13),2,4,6,9,11- hexaene
(553): To a solution of 552 (271 mg, 0.656 mmol) in DMA (3.3 mL) was added Pd(OAc).
(7.4 mg, 0.0328 mmol) and Cs,CO3 (93.5 mg, 1.31 mmol). The reaction was allowed to stir
at 90 °C for 20 h before H,O (6 mL) was added and then extracted with EtOAc (2 x 12 mL).
The combined organic layers were washed with brine (2 x 12 mL), dried over Na;SOu,
filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 4:1 hexanes/EtOAc to afford 553 (160 mg, 86%) as a yellow
solid. *H NMR (300 MHz, CDCls) & 8.39 (s, 1H), 8.19 (d, J = 0.8 Hz, 1H), 8.05 (ddt, J = 7.8,
1.3,0.8 Hz, 1H), 7.70 — 7.54 (m, 2H), 7.44 (ddt, J = 8.1, 7.1, 1.1 Hz, 1H), 6.63 (d, J = 0.6 Hz,
1H), 4.13 (h, J = 0.8 Hz, 4H); 3¢ NMR (75 MHz, CDCl3) & 158.47, 154.94, 129.57, 128.66,
128.52, 124.05, 121.95, 119.81, 112.49, 109.15, 100.08, 65.59; MS (ESI*) calcd for
Ci5H12NOs (M+H)" 286.1, found 286.1.

255



5-Nitro-8-oxatricyclo[7.4.0.0%"]trideca- 1(13),2,4,6,9,11-hexaene-4-carbaldehyde (554):
HCI (5 mL, 1M) was added to a solution of 553 (158 mg, 0.55 mmol) in THF (5.5 mL) and
was allowed to stir overnight. The layers were separated and the aqg. layer was extracted with
DCM (3 x 5 mL). The combined organic layers were washed with brine (10 mL), dried over
Na,SO,, filtered and concentrated to give 554 (133 mg, 100%) as a yellow solid. *H NMR
(300 MHz, CDCls) 6 10.51 (s, 1H), 8.58 (d, J = 0.8 Hz, 1H), 8.34 (d, J = 0.8 Hz, 1H), 8.15 —
8.03 (m, 1H), 7.76 — 7.58 (m, 2H), 7.51 (ddt, J = 8.1, 6.8, 1.2 Hz, 1H); MS (ESI") calcd for
C1sHsNO, (M+H)* 242.0, found 242.1.%%°

1-[5-Nitro-8-oxatricyclo[7.4.0.0>"Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]but-3-en-1-ol

(555): Allyltributyltin (217 pL, 0.66 mmol) followed by ZnCl, (90 mg, 0.66 mmol) were
added to a solution of 554 (106 mg, 0.44 mmol) in CH3CN (880 pL), THF (1.76 mL), and
H,O (440 pL) and stirred at rt overnight. The volatiles were evaporated, H,O (3 mL) was
added and extracted with DCM (3 x 3 mL). The organic layers were washed with brine (6
mL), dried over Na,SO., filtered, and concentrated to dryness. The solid was triturated with
pentane and filtered to give 555 (93 mg, 75%) as a pale yellow solid. *H NMR (300 MHz,
DMSO) 6 8.58 (s, 1H), 8.38 — 8.33 (m, 2H), 7.81 (dt, J = 8.4, 0.8 Hz, 1H), 7.66 (ddd, J = 8.4,
7.3, 1.4 Hz, 1H), 7.50 (td, J = 7.5, 1.0 Hz, 1H), 5.91 (ddt, J = 17.3, 10.4, 6.9 Hz, 1H), 5.79 (d,
J=4.4Hz, 1H), 5.19 (dt, J = 8.4, 4.3 Hz, 1H), 5.10 — 4.98 (m, 2H), 2.56 — 2.42 (m, 1H).

tert-Butyldimethyl[(1-[5-nitro-8-oxatricyclo[7.4.0.0*"Jtrideca-1(13),2,4,6,9,11-hexaen-4-

yl]but-3-en-1-yl)oxy]silane (556). To a solution of 555 (89 mg, 0.314 mmol) in DMF (300
pL) was added imidazole (64 mg, 0.942 mmol) and TBDMSCI (71 mg, 0.47 mmol). The
solution was allowed to stir at rt overnight before EtOAc (2 mL) was added. The organic
layer was washed with H,O (3 x 2 mL) and brine (2 mL), and was dried over Na,SOy,
filtered, and concentrated to dryness. The residue was purified by flash silica gel
chromatography, eluting with 4:1 hexanes/EtOAc to afford 556 (128 mg, 100%) as a yellow
oil. '"H NMR (300 MHz, CDCls) & 8.40 (d, J = 0.5 Hz, 1H), 8.18 (s, 1H), 8.08 — 7.97 (m,
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1H), 7.69 — 7.52 (m, 2H), 7.51 — 7.38 (m, 1H), 6.01 — 5.82 (m, 1H), 5.53 (dd, J = 7.4, 3.8 Hz,
1H), 2.70 — 2.53 (m, 1H), 5.08 (s, 1H), 5.06 — 5.01 (m, 1H), 2.45 (dt, J = 14.3, 7.5 Hz, 1H),
0.94 — 0.88 (m, 9H), 0.07 (s, 3H), -0.13 (s, 3H).

3-[(tert-Butyldimethylsilyl)oxy]-3-[5-nitro-8-oxatricyclo[7.4.0.0% Jtrideca-
1(13),2,4,6,9,11- hexaen-4-yl]propan-1-ol (557): Ozone was bubbled through a solution of
556 (125 mg, 0.314 mmol) in MeOH (6.3 mL) at —78 °C until a blue tint was observed. The
solution was then flushed with N2, NaBH, (59 mg, 1.57 mmol) was added, and the solution
was allowed to warm to rt. The MeOH was evaporated and the residue was dissolved in
EtOAc (5 mL) and washed with NaHCO3 (5 mL). The aq layer was extracted with EtOAc (5
mL); the combined organic layers were dried over Na,SO,, filtered, and concentrated to
dryness. The residue was purified by flash silica gel chromatography, eluting with 3:1
hexanes/EtOAC to afford 557 (97 mg, 77%) as a yellow solid. *H NMR (300 MHz, CDCls) &
8.42 (s, 1H), 8.20 (s, 1H), 8.03 (ddd, J = 7.8, 1.3, 0.7 Hz, 1H), 7.69 — 7.55 (m, 2H), 7.45
(ddd, J = 7.7, 7.0, 1.4 Hz, 1H), 5.76 — 5.65 (m, 1H), 3.91 — 3.79 (m, 2H), 2.33 — 2.15 (m,
1H), 2.04 — 1.88 (m, 1H), 0.93 (s, 9H), 0.10 (s, 3H), -0.18 (s, 3H); MS (ESI") calcd for
C21H27NNaOsSi (M+Na)* 424.2, found 424.3.

3-[(tert-Butyldimethylsilyl)oxy]-3-[5-nitro-8-oxatricyclo[7.4.0.0% ]trideca-
1(13),2,4,6,9,11- hexaen-4-yl]propyl methanesulfonate (558): A solution of 557 (92 mg,
0.229 mmol) and TEA (60 pL, 0.458 mmol) in DCM (2.3 mL) was cooled to 0 °C and
methanesulfonyl chloride (27 uL, 0.344 mmol) was added dropwise and stirred for 1 h
warming to rt. H,O (2 mL) was added, the layers were separated and the organic layer was
washed with 1M HCI (2 x 2 mL) and brine (2 mL). The organic solution was dried over
Na,SOy, filtered and concentrated to give 558 (108 mg, 98%) as a yellow solid. *H NMR
(300 MHz, CDCls) 6 8.42 — 8.38 (m, 1H), 8.22 (d, J = 1.0 Hz, 1H), 8.03 (dt, J = 7.8, 1.1 Hz,
1H), 7.69 — 7.56 (m, 2H), 7.45 (ddt, J = 8.1, 6.9, 1.3 Hz, 1H), 5.59 (dd, J = 8.6, 2.8 Hz, 1H),
4.54 — 4.38 (m, 2H), 3.05 (d, J = 1.2 Hz, 3H), 2.49 — 2.32 (m, 1H), 2.22 — 1.99 (m, 1H), 0.92
(s, 9H), 0.10 (s, 3H), -0.21 (s, 3H).
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(3-Azido-1-[5-nitro-8-oxatricyclo[7.4.0.0*"Jtrideca-1(13),2,4,6,9,11-hexaen-4-
yl]propoxy)(tert-butyl)dimethylsilane (559): To a solution of 558 (108 mg, 0.563 mmol) in
DMF (200 pL) was added NaN3 (37 mg, 0.563 mmol) and the solution was heated to 70 °C
for 3 h. The reaction mixture was cooled; EtOAc (3 mL) was added and extracted with H,O
(3 x 2 mL). The organic layers were washed with brine (3 mL), dried over Na,SO,, filtered,
and concentrated to dryness to afford 559 (88 mg, 92%) as an amber colored oil. *H NMR
(300 MHz, CDCls) 6 8.39 (s, 1H), 8.20 (d, J = 0.7 Hz, 1H), 8.02 (ddd, J = 7.8, 1.4, 0.8 Hz,
1H), 7.69 — 7.56 (m, 2H), 7.49 — 7.41 (m, 1H), 5.54 (dd, J = 8.7, 2.8 Hz, 1H), 3.61 — 3.45 (m,
2H), 2.21 (dtd, J = 13.5, 7.9, 2.8 Hz, 1H), 2.05 - 1.89 (m, 1H), 0.92 (d, J = 0.7 Hz, 9H), 0.08
(s, 3H), -0.20 (s, 3H); MS (ESI") calcd for Cy1H27N40,Si (M+H)" 427.2, found 427.2.

3-Azido-1-[5-nitro-8- oxatricyclo[7.4.0.0>"Jtrideca-1(13),2,4,6,9,11- hexaen-4-yl]propan-
1-ol (560): TBAF (400 pL, 1 M in THF) was added to a solution of 559 (86 mg, 0.20 mmol)
in THF (400 pL) at rt for 20 min. The reaction mixture was purified by flash silica gel
chromatography, eluting with 2:1 hexanes/EtOAc to give 560 (56.5 mg, 91%) as a yellow
solid. '"H NMR (300 MHz, CDCl3) & 8.43 (s, 1H), 8.23 (s, 1H), 8.10 — 8.01 (m, 1H), 7.69 —
7.57 (m, 2H), 7.45 (ddd, J = 8.0, 6.9, 1.4 Hz, 1H), 5.55 (dd, J = 9.1, 2.7 Hz, 1H), 3.68 (t, J =
6.5 Hz, 2H), 2.31 — 1.96 (m, 2H), 0.98 (t, J = 7.4 Hz, 1H); **C NMR (75 MHz, CDCl3) §
158.57, 154.12, 145.99, 135.23, 129.78, 129.58, 124.03, 122.64, 122.03, 119.79, 112.43,
108.77, 68.05, 49.24, 37.74; MS (ESI") calcd for C15H12,CIN4O4 (M+CI)” 347.1, found 347.0.

3-[4-(Methoxymethyl)-1H-1,2,3-triazol-1-yl]-1-[5- nitro-8-oxatricyclo[7.4.0.0% ]trideca-
1(13),2,4,6,9,11-hexaen-4-yl]propan-1-ol (561): CuSO45H,O0 (1 mg, 0.00352 mmol),
sodium ascorbate (8 mg, 0.04 mmol), and methyl propargyl ether (3.3 pL, 0.0387 mmol)
were added to a solution of 560 (11 mg, 0.0352 mmol) in DMSO (700 pL). The mixture was
allowed to stir at rt for 4 h before H,O (2 mL) was added and extracted with DCM (2 x 2
mL). The combined organic layers were washed with brine (2 x 2 mL), dried over Na,;SOy,

filtered, and concentrated to dryness. The residue was purified by flash silica gel
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chromatography, eluting with EtOAc to afford 561 (8.5 mg, 65%). *H NMR (300 MHz,
CDCl3) & 8.46 (s, 1H), 8.18 (d, J = 0.9 Hz, 1H), 8.07 — 7.99 (m, 1H), 7.69 (s, 1H), 7.66 —
7.52 (m, 2H), 7.50 — 7.38 (m, 1H), 5.38 (dd, J = 9.6, 2.5 Hz, 1H), 4.82 (ddd, J = 14.8, 8.7, 6.4
Hz, 1H), 4.65 (ddd, J = 13.9, 6.8, 4.9 Hz, 1H), 4.58 (s, 2H), 3.38 (s, 3H), 2.52 (dddd, J =
14.4, 9.0, 6.9, 2.5 Hz, 1H), 2.30 (dddd, J = 14.4, 9.8, 6.3, 5.0 Hz, 1H); MS (ESI") calcd for
C19H1sN4NaOs (M+Na)* 405.1, found 405.2.

2,5-Dioxopyrrolidin-1-yl ~ 3-[4-(methoxymethyl)-1H- 1,2 3-triazol-1-yl]-1-[5-nitro-8-
oxatricyclo[7.4.0.0> Jtrideca-1(13),2,4,6,9,11- hexaen-4-yl]propyl carbonate (562): DSC
(17 mg, 0.066 mmol) and DMAP (0.3 mg, 0.002 mmol) were added to a solution of 561 (8.5
mg, 0.022 mmol) and heated to 40 °C to stir overnight protected from light. The reaction
mixture was concentrated and purified by flash silica gel chromatography, eluting with 1:1
acetone/DCM to afford 562 (17.5 mg, 100%). *H NMR (300 MHz, CDCls) & 8.33 (s, 1H),
8.25 (s, 1H), 8.13 (d, J = 7.9 Hz, 1H), 7.72 — 7.59 (m, 3H), 7.54 — 7.45 (m, 1H), 6.55 — 6.46
(m, 1H), 4.71 (q, J = 7.4 Hz, 2H), 4.60 (s, 2H), 3.40 (d, J = 0.6 Hz, 3H), 3.19 — 3.07 (m, 6H).

3-[4-(Methoxymethyl)-1H-1,2,3-triazol-1-yl]-1-[5- nitro-8-oxatricyclo[7.4.0.0% ]trideca-
1(13),2,4,6,9,11-hexaen-4-yl]propyl N-(naphthalen-1- ylmethyl)carbamate (563): 1-
Naphthylmethylamine (6.3 pL, 0.044 mmol) was added to a solution of 562 (11.5 mg, 0.022
mmol) in DCM (550 pL) and stirred overnight. The reaction was concentrated and purified
by flash silica gel chromatography, eluting with 3:1 EtOAc/hexanes to afford 563 (11.5 mg,
44%). *H NMR (300 MHz, DMSO) & 8.46 (d, J = 14.0 Hz, 2H), 8.27 — 8.01 (m, 3H), 7.89
(dd, J = 19.2, 8.4 Hz, 2H), 7.80 — 7.66 (m, 2H), 7.60 — 7.45 (m, 2H), 7.44 — 7.20 (m, 4H),
5.98 (t, J = 6.9 Hz, 1H), 4.61 (dd, J = 14.9, 6.7 Hz, 4H), 4.42 (d, J = 7.8 Hz, 2H), 3.24 (d, J =
6.1 Hz, 3H), 2.67 — 2.55 (m, 2H).

Synthesis of photocleavable PEG reagent 565: Alkyne PEG 504 (101 mg, ~0.020 mmol)

was dissolved in DMSO (675 pL). The azide caging reagent 560 (12.6 mg, 0.040 mmol),
CuSO4¢5H,0 (0.5 mg, 0.002 mmol), and sodium ascorbate (4.4 mg, 0.022 mmol) were
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added. The reaction was stirred at 40 °C for 12 h, the DMSO was concentrated and the
residue was re-dissolved in DCM (1 mL). Et,O (10 mL) was added and the suspension was
centrifuged; the supernatant was poured off, and was repeated three times to afford PEG 564
(106 mg) as a tan solid. PEG reagent 564 (106 mg, 0.0212 mmol) was subsequently
dissolved in CH3CN (710 pL) in the presence of cat. DMAP (spatula tip) and to the solution
was added DSC (27 mg, 0.106 mmol). The reaction was stirred at 40 °C for 12 h, the CH3CN
was evaporated and the residue was re-dissolved in DCM (1 mL). Et,O (10 mL) was added
and the suspension was centrifuged, the supernatant was discarded, and was repeated three
times giving the activated PEG 565 (100 mg) as a tan solid.
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CHAPTER 11: Synthesis of New Photocleavable Phosphoramidites

11.1 One-Photon Photocleavable Phosphoramidites

The development of photocleavage of nucleic acids is a tool that can provide insight
into the dynamics of structural and conformational transitions of nucleic acids as well as the
study of repair mechanisms in living organisms. These photo-induced strand breaks where
the photocleavable phosphoramidite is in place of a native nucleotide (Figure 11.1) could
also be of use for the development of antisense oligonucleotides and ribozymes.*® This type
of technology may be applied to DNA-based nanotechnologies such as DNA computation.*”
Different approaches have been explored, some of which rely on UV light exposure with
relatively high energy that causes damage of DNA, proteins, and other cellular
components.*” 4" Others use light-sensitive nucleosides or nucleobases for DNA strand
breaks, but the synthesis of these monomers can be cumbersome and inefficient for large

scale synthesis. "% 474476

v hv

—_—

Figure 11.1. Photo-induced strand break of nucleic acid. X = photocleavable phosphoramidite.

A photocleavable phosphoramidite 566 based on the NB caging group was developed
by Taylor et al. This reagent was compatible with standard DNA synthesis chemistry and
was used in place of a standard base 567 (Scheme 11.1).*° The DNA linker was easily
synthesized and could be used to trigger site-specific single or double strand breaks in DNA
(Scheme 11.1). It is easily released with UV light (365 nm) that is relatively non-damaging to
DNA, which was an improvement upon previously reported photocleavable strand breaks.**
473 After photolytic cleavage the 5'-phosphate 569 is formed, but the 3' end is still attached to
the nitroso ketone 568 until it is subjected to piperidine (pH = 9) to give the elimination
product 570, and the 3'-phosphate 571. This phosphoramidite has been used for the

development of RNA conjugate libraries for the selection of new RNA catalysts.”’” It has
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also been used for solid-phase synthesis of DNA as a photo-labile linker attachment to the

solid support, where cleavage from the solid support is achieved by photolysis.*"®

A

o P\O/\/CN DNA

synthesis (.? (.?
obMTr ———  DNAwO-P-O 0-P-0~DNA
O (0}
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. pH =
DNA~O-P-O" | n
o Q +  0-P-O~wDNA
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571 570 0 568 569
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Scheme 11.1. Nitrobenzyl based photocleavable phosphoramidite 566 and cleavage with UV light.

Later, a strategy was developed by the same group to generate the 5'-phosphate 569
and the 3-hydroxyl group upon UV irradiation.*’® This was accomplished with the
phosphoramidite dimer 572 incorporated into DNA 573 and upon light irradiation the 5'-
phosphate 569 was formed as well as the 3'-hydroxyl 576 after the release from the methyl
phosphonate 575 (Scheme 11.2). With these two functional groups formed, DNA ligation can
be performed to make new unnatural DNA structures. This was the first DNA strand break
by photolysis that could then be used for DNA ligation. Potentially it could be used for DNA

nanoconstruction or DNA computation as well as prodrug design.*”®
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Scheme 11.2. Dinitrobenzyl based photocleavable phosphoramidite 572 and cleavage with UV light
to produce the 5'-phosphate 569 and 3'-hydroxyl 576.

The dinitrobenzyl phosphoramidite 577 was subsequently improved to give both the 5" and
3'-phosphates upon UV irradiation without the need for basic conditions as in Scheme 11.1.
The dinitrobenzyl phosphoramidite 577 could be incorporated into DNA 578 with standard
DNA synthetic techniques, and after exposure to UV light, both the phosphates 569 and 571
were generated and the diketone nitroso 574 compound as byproduct (Scheme 11.3).%° This
has been used for repair and mutagenesis studies and could be used for further in vivo
studies, which would otherwise be difficult to replicate with other methods of DNA strand

breaks.
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Scheme 11.3. Dinitrobenzyl based photocleavable phosphoramidite 577 and cleavage with UV light
to produce the 5'-phosphate 569 and 3'-phosphate 571.

11.2 DEACM Phosphoramidite Synthesis

With the success of the nitrobenzyl photocleavable phosphoramidite and potential for
various applications, we are interested in improving on the technology for better decaging
and longer wavelength photolysis. One such caging group that would improve on both of
these characteristics is the DEACM 494 (Figure 9.5) caging group discussed in Chapter 9.

%8 it would be a

Also since it has been shown to be compatible with standard DNA synthesis,
good option to explore.

The synthesis began with the oxidation of commercially available 7-(diethylamino)-
4-methyl-coumarin (579) to the aldehyde 580 using SeO, (Scheme 11.4). Allylation of the
aldehyde 580 with allyltributyltin and ZnCl,, afforded the allyl alcohol 581 in quantitative

yield.*®*" Following the procedure for the NB phosphoramidite,*”

an ozonolysis was
attempted, followed by reduction to form the diol 582, but decomposition in the ozonolysis
step seemed to occur. In standard ozonolysis reactions, the solution turns a light blue color
when ozonolysis is complete.”®? In this case, the solution began as a yellow color and
changed to black, and then to a green/blue. As a result no product was formed and a different

method was used.
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Scheme 11.4. Oxidation and allylation of 7-(diethylamino)-4-methyl-coumarin (579) and
unsuccessful ozonolysis.

A two-step OsO,4 and NalO,4 oxidation, followed by reduction with NaBH, provided the diol
582 in 71% yield (Scheme 11.5).*8 Next, the primary alcohol was protected with a DMTr
group in giving 583 in 93% yield, which was followed by the addition of 2-cyanoethyl
diisopropyl-chloro phosphoramidite forming the DEACM photocleavable phosphoramidite
584 that could be incorporated into DNA.*"

™ 1. 0sO,, NMO,
H,Ol/acetone
|/N ) NalOy,, ZO/acetone |/ DMTTC'
= 3. NaBH,, MeOH pyrldme
HO X 71% 93%
581
cl
I
(PN T O(CH,),CN r
( _ DiEA
ODMTTY
ODMTY 86% P\O/\/CN

584

Scheme 11.5. Synthesis of DEACM phosphoramidite 584.

11.3 NDBF Phosphoramidite Synthesis

To further improve the properties of the photocleavable phosphoramidite so that it

could be decaged at even longer wavelengths using a two-photon caging group, we were
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interested in the NDBF caging group. Given that it is based on the NB group, the synthesis
was straight forward following the synthesis published for the original NB
phosphoramidite.*”® Beginning with the allyl alcohol 555 that was synthesized for the two-
photon photo-PEG synthesis (Chapter 11.3.3), the ozonolysis and reductive workup
proceeded smoothly to produce the diol 585 in 77% yield (Scheme 11.6). Then DMTr
protection of the primary alcohol gave 586 in quantitative yield, and conversion to the

phosphoramidite 587 was accomplished in 78% yield.

OH 1. O3, MeOH OH
O ~78°C Q DMTCI
N — OH —»
‘ 2. NaBH, O pyridine
0 NO, . o NO,
555 7% 585 quant.

cl
OH (-Pr)N" T O(CH,),N /LI}IJ\

DIPEA _PL CN
ODMTr -~ oo
DCM
0o NO, ODMTr
o)
587

78%
586 NO2

Scheme 11.6. Synthesis of NDBF phosphoramidite 587.

In collaboration with the Ellington lab at the University of Texas, the NDBF
phosphoramidite 587 was incorporated into DNA (67 bp) and when exposed to 365 nm UV
light for 15 min, the DNA was cleaved to provide a shorter 59 bp strand (Figure 11.2).
Further experiments are in progress in the Ellington lab for the application of two-photon

cleavage of DNA for DNA computation applications.
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Figure 11.2. Gel image of UV (365 nm) cleavage of an NDBF linker containing oligonucleotide.
Full length = 67 bp, cleaved = 59 bp.

11.4 Conclusion and Outlook

The new photo-cleavable DEACM and NDBF phosphoramidites were successfully
synthesized. They have great potential in their ability to be incorporated into oligonucleotides
for the cleavage of the phosphate backbone with light. Some potential applications for this
technology are being explored for controlling antisense agents using the DEACM linker.
This would allow for spatial and temporal control of how an antisense reagent could be
cleaved and be rendered inactive. Since the DEACM caging group can be cleaved at ~405
nm, the lower energy needed for cleavage is an improvement from the original NB
phosphoramidite linker that must use 365 nm for cleavage. An even more advantageous
photo removable linker is the NDBF phosphoramidite linker. This two-photon removable
linker allows for the use of even lower energy light (~750 nm) for cleavage. This new photo-
cleavable linker is being used for the investigation of DNA based computations developed in
the Ellington lab.

11.5 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere

and stirred magnetically. Dioxane was distilled from sodium/benzophenone ketyl prior to
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use. DCM, MeOH, EtOH, and CH3CN were distilled from calcium hydride and stored over 3
or 4 A molecular sieves. Other reagents and solvents obtained from commercial sources were
stored under nitrogen and used directly without further purification. Flash chromatography
was performed with silica gel (60A, 40-63 um (230 x 400 mesh), Sorbtech).'*® Ozonolysis
was performed using a PCI Ozone and Control Systems Inc. Ozone Generator. NMR spectra
were obtained using a Varian Gemini GN-300 (300 MHz) or Varian Mercury 300 (300 MHz)
spectrometer. Chemical shifts are in  units (ppm) for *H NMR spectra and **C NMR spectra.

7-(Diethylamino)-2-oxo-2H-chromene-4-carbaldehyde (580): To a suspension of SeO,
(171 mg, 1.54 mmol) in dioxane (2.85 mL) at 60 °C was added 7-(diethylamino)-4-methyl-
coumarin (579) (349 mg, 1.50 mmol) in dioxane (1.75 mL). The resultant mixture was heated
at 80 °C overnight. The reaction mixture was cooled, filtered through Celite, and rinsed with
EtOAc. The filtrate was concentrated and purified by flash silica gel chromatography eluting
with 3:1 hexanes/EtOAc to give 580 (119 mg, 32%) as a red solid. *"H NMR (300 MHz,
CDCl3) 6 10.03 (s, 1H), 8.33 (d, J = 9.2 Hz, 1H), 6.66 (dd, J = 9.2, 2.6 Hz, 1H), 6.55 (d, J =
2.7 Hz, 1H), 6.47 (s, 1H), 3.43 (q, J = 7.1 Hz, 4H), 1.22 (t, J = 7.1 Hz, 6H).**

7-(Diethylamino)-4-(1-hydroxybut-3-en-1-yl)-2H-chromen-2-one (581): The aldehyde
580 (84 mg, 0.342 mmol) was dissolved in CH3CN (1.4 mL) and H,0 (342 pL) was added.
To this mixture was added ZnCl, (70 mg, 0.514 mmol) followed by allyltributyltin (169 pL,
0.514 mmol) and the mixture was stirred at rt overnight. The volatiles were removed under
rotary evaporation and 2 mL H,O was added. The mixture was extracted with DCM (3 x 2
mL), and the combined organic layers were washed with brine (4 mL). The organic solution
was dried with Na,SO,, filtered, and concentrated. The residue was purified by flash silica
gel chromatography eluting with 2:1 hexanes/EtOAc to afford 581 (98 mg, 100%) as a
yellow oil. *H NMR (300 MHz, CDCl3)  7.41 (d, J = 9.0 Hz, 1H), 6.63 (d, J = 9.3 Hz, 1H),
6.55 (d, J = 2.6 Hz, 1H), 6.27 (d, J = 1.0 Hz, 1H), 5.98 — 5.78 (m, 1H), 5.26 (t, J = 1.2 Hz,
1H), 5.22 (ddd, J = 5.3, 2.4, 1.3 Hz, 1H), 5.02 (d, J = 8.2 Hz, 1H), 3.41 (g, J = 7.1 Hz, 4H),
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2.75 — 2.62 (m, 1H), 2.55 — 2.39 (m, 1H), 2.19 (s, 1H), 1.21 (td, J = 7.1, 1.0 Hz, 6H); MS
(ESI") calcd for C17H»NO3 (M+H)* 288.2, found 288.2.

7-(Diethylamino)-4-(1,3-dihydroxypropyl)-2H-chromen-2-one (582): To a solution of
NMO (316 mg, 2.7 mmol) in H,O (13 mL) was added 581 (705 mg, 2.45 mmol) in acetone
(6.5 mL). A small crystal of OsO,4 was then added and the solution was allowed to stir at rt
overnight. The acetone was evaporated and the solution was neutralized with 4N H,SO,, and
then extracted with EtOAc (2 x 5 mL). The organic layers were dried over Na,SO, and
concentrated. The residue was dissolved in acetone (61 mL) and H,O (61 mL), to which
NalO4 (1.57 g, 7.35 mmol) was added and the solution stirred at rt for 2h. The solvent was
evaporated, and the ag. solution was extracted with EtOAc (3 x 50 mL). The combined
organic layers were dried over Na,SOy, filtered, and concentrated. The residue was dissolved
in EtOH (16.3 mL), NaBH, (46 mg, 1.2 mmol) was added to the solution and stirred at rt
until complete as indicated by TLC (4:1, hexanes/EtOAc). The solution was concentrated and
sat NaHCO3 (15 mL) was added. EtOAc (5 x 15 mL) was used for extraction and the organic
layers were dried over Na,SOq, filtered, and concentrated. The residue was purified by flash
silica gel chromatography eluting with 4:1 hexanes/EtOAc to furnish 582 (504 mg, 71%) as a
yellow solid. *"H NMR (300 MHz, CDCl3) & 7.40 (dd, J = 8.9, 3.9 Hz, 1H), 6.61 — 6.53 (m,
1H), 6.50 (d, J = 2.7 Hz, 1H), 6.38 — 6.30 (m, 1H), 5.28 (d, J = 8.4 Hz, 1H), 3.97 (td, J = 7.3,
3.8 Hz, 1H), 3.53 — 3.44 (m, 1H), 3.40 (qd, J = 7.1, 6.5, 2.9 Hz, 4H), 2.35 (s, 1H), 2.22 — 2.07
(m, 1H), 2.02 — 1.87 (m, 1H), 1.29 — 1.08 (m, 6H); **C NMR (75 MHz, CDCls) & 163.31,
158.89, 156.57, 151.66, 125.18, 109.15, 105.30, 98.20, 69.16, 60.98, 45.11, 38.67, 12.62; MS
(ESI™) calcd for C1H2oNO4 (M+H)™ 292.2, found 292.2.

4-[3-[Bis(4-methoxyphenyl)(phenyl)methoxy]-1-hydroxypropyl]-7-(diethylamino)-2H-

chromen-2-one (583): DMTrCI (354 mg, 1.045 mmol) was added to a solution of 582 (203
mg, 0.697 mmol) in pyridine (7 mL) and stirred at rt overnight. The pyridine was evaporated
under reduced pressure, EtOAc (15 mL) was added, and the organic layer was washed with
sat. NaHCOj3; (15 mL). The aqg. layer was extracted with EtOAc (15 mL) and the combined
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organic layers were dried over Na,SO,, filtered, and concentrated. The residue was purified
by flash silica gel chromatography eluting with 3:2 hexanes/EtOAc, 1% TEA to give 583
(383 mg, 93%). *H NMR (300 MHz, CDCls) & 7.50 — 7.40 (m, 2H), 7.40 — 7.19 (m, 8H),
6.92 — 6.78 (m, 4H), 6.50 (d, J = 8.7 Hz, 2H), 6.26 (t, J = 0.7 Hz, 1H), 5.17 (dd, J = 8.3, 2.6
Hz, 1H), 3.80 (d, J = 0.7 Hz, 6H), 3.46 — 3.32 (m, 6H), 2.25 — 2.11 (m, 1H), 1.93 (ddq, J =
14.3, 9.7, 4.7 Hz, 1H), 1.24 — 1.12 (m, 6H); *C NMR (75 MHz, CDCls) & 162.61, 158.78,
157.82, 156.62, 150.36, 144.77, 135.92, 135.86, 130.12, 130.11, 128.21, 128.12, 127.16,
125.01, 113.47, 108.52, 106.30, 105.69, 98.10, 87.35, 69.10, 61.89, 55.44, 44.88, 37.07,
12.65.

7-[Bis(propan-2-yl)amino]-5-[7-(diethylamino)-2-oxo-2H-chromen-4-yl]-1,1-bis(4-
methoxyphenyl)-1-phenyl-2,6,8-trioxa-7-phosphaundecane-11-nitrile (584): To a solution
of 583 (365 mg, 0.615 mmol) and DIPEA (450 pL, 2.58 mmol) in DCM (5.6 mL) was added
2-cyanoethyl diisopropyl-chlorophosphoramidite (233 uL, 1.045 mmol). The reaction was
stirred at rt for 1h. The solution was concentrated and the residue was purified by flash silica
gel chromatography eluting with 3:2 hexanes/EtOAc, 1% TEA to produce 584 (421 mg,
86%) as a yellow solid. *H NMR (300 MHz, CDCls) & 7.64 (dd, J = 9.5, 7.2 Hz, 1H), 7.49 —
7.35 (m, 2H), 7.35 - 7.16 (m, 7H), 6.88 — 6.72 (m, 4H), 6.59 — 6.43 (m, 2H), 6.20 — 6.04 (m,
1H), 3.85 — 3.71 (m, 6H), 3.71 — 3.52 (m, 3H), 3.41 (g, J = 7.1 Hz, 5H), 3.30 — 3.08 (m, 1H),
2.44 (t,J = 6.6 Hz, 2H), 2.09 (dt, J = 8.1, 4.3 Hz, 1H), 1.26 — 1.06 (m, 15H), 1.00 (d, J = 6.8
Hz, 3H), 5.38 — 5.12 (m, 1H); *C NMR (75 MHz, CDCls) § 158.62, 158.59, 150.46, 145.29,
136.48, 130.26, 130.16, 128.39, 128.23, 127.96, 126.90, 113.24, 113.21, 108.49, 106.38,
98.01, 86.46, 55.42, 55.38, 44.88, 43.52, 43.37, 24.78, 20.44, 12.68; *'P NMR (121 MHz,
CDCl3) 8 150.03, 148.94.

1-[5-Nitro-8-oxatricyclo[7.4.0.0>"Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]propane-1,3-diol
(585): Ozone was bubbled through a solution of 555 (116 mg, 0.41 mmol) in MeOH (8.2
mL) and DCM (2 mL) at —78 °C until a blue tint was observed. The solution was then

flushed with N,, NaBH,4 (77 mg, 2.04 mmol) was added, and the solution was allowed to
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warm to rt. The solution was evaporated and the residue was dissolved in EtOAc (5 mL) and
washed with sat NaHCO3; (5 mL). The aq. layer was extracted with EtOAc (5 mL); the
combined organic layers were dried over Na,SQ,, filtered, and concentrated to dryness. The
residue was purified by flash silica gel chromatography, eluting with 1:1 hexanes/EtOAc to
afford 585 (91 mg, 77%) as a yellow solid. *H NMR (300 MHz, CDCl5) 5 8.49 (s, 1H), 8.21
(s, 1H), 8.05 (d, J = 6.9 Hz, 1H), 7.65 — 7.56 (m, 2H), 7.43 (dt, J = 6, 1.5 Hz, 1H), 5.68 (dd,
J =87, 24, 1H), 413 — 4.02 (m, 2H), 2.02 — 2.04 (m, 2H); MS (ESI) calcd for
C15H23CINOs (M+CI)™ 322.0, found 322.0.

3-[Bis(4-methoxyphenyl)(phenyl)methoxy]-1-[5-nitro-8-oxatricyclo[7.4.0.0%"]trideca-
1(13),2,4,6,9,11- hexaen-4-yl]propan-1-ol (586): DMTrCI (125 mg, 0.367 mmol) was added
to a solution of 585 (88 mg, 0.306 mmol) in pyridine (3 mL) and stirred at rt overnight. The
pyridine was evaporated under reduced pressure, EtOAc (5 mL) was added, and washed with
sat NaHCO3 (5 mL). The aq. layer was extracted with EtOAc (5 mL) and the combined
organic layers were dried over Na,SO,, filtered, and concentrated. The residue was purified
by flash silica gel chromatography eluting with 3:1 hexanes/EtOAc, 1% TEA to give 586
(180 mg, 100%) as a white sticky solid. *H NMR (300 MHz, CDCls) & 8.49 (s, 1H), 8.19 (d,
J =0.9 Hz, 1H), 8.09 — 8.00 (m, 1H), 7.70 — 7.53 (m, 2H), 7.50 — 7.39 (m, 3H), 7.39 — 7.28
(m, 6H), 7.26 — 7.12 (m, 1H), 6.92 — 6.77 (m, 4H), 5.65 — 5.53 (m, 1H), 4.28 (d, J = 2.6 Hz,
1H), 3.86 — 3.75 (m, 6H), 3.58 — 3.37 (m, 2H), 2.30 — 2.16 (m, 1H), 2.11 — 2.05 (m, 1H).

7-[Bis(propan-2-yl)amino]-1,1-bis(4-methoxyphenyl)-5-[5-nitro-8-
oxatricyclo[7.4.0.0>Jtrideca-1(13),2,4,6,9,11-hexaen-4-yl]-1-phenyl-2,6,8-trioxa-7-
phosphaundecane-11-nitrile (587): To a solution of 586 (180 mg, 0.300 mmol) and DIPEA
(220 pL, 1.26 mmol) in DCM (2.7 mL) was added 2-cyanoethyl diisopropyl-
chlorophosphoramidite (114 pL, 0.51 mmol) and stirred at rt 1h. The solution was
concentrated and purified by flash silica gel chromatography eluting with 3:1
hexanes/EtOAc, 1% TEA to produce 587 (184 mg, 78%) as a white sticky solid. *H NMR
(300 MHz, CDCls) 6 8.32 (d, J = 17.6 Hz, 1H), 8.17 (d, J = 8.3 Hz, 1H), 8.04 — 7.90 (m, 1H),
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7.76 — 7.53 (m, 2H), 7.49 — 7.37 (m, 3H), 7.37 — 7.14 (m, 6H), 6.88 — 6.71 (m, 5H), 5.88 —
5.56 (m, 1H), 3.86 — 3.70 (m, 6H), 3.68 — 3.44 (m, 2H), 3.33 (ddq, J = 27.6, 14.1, 6.7 Hz,
2H), 2.50 — 2.28 (m, 2H), 1.23 — 0.72 (m, 18H); *’P NMR (121 MHz, CDCls) & 149.90,
148.72.
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CHAPTER 12: Xanthone Caging Group with a “Safety Switch”

12.1 Xanthone Decaging Fluorescence

The xanthone caging group 492 is a recently discovered one-photon caging group that
was introduced in 2006 as described in Chapter 9 (section 9.2.3). The mechanism of
decaging requires that there be a free carboxylic acid group, which at physiological pH
decarboxylates in the presence of UV light (365 nm) and eliminates a suitable leaving group
for decaging (Scheme 9.4). The xanthone byproduct 493 shows an increase in fluorescence
and could be used as a reporter for decaging. If there is an ester present as in 588 rather than
a carboxylate, the xanthone will not undergo photo-decaging.®*> We hypothesized that this
could be used as a caging “safety switch,” where a xanthone ester 588 would prevent
decaging and could be handled under normal light conditions. Although, once inside a cell,
under esterase-mediated hydrolysis, the carboxylate 492 will be formed, and only then will it
be susceptible to photolysis (Scheme 12.1). The hydrolysis and subsequent decaging could be
monitored by the fluorescent signal that the xanthone byproduct 493 has been shown to

produce.®!
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fe) LG mediated o) LG
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—_— —_—
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Scheme 12.1. Proposed xanthone “safety switch” caging group and fluorescent reporter.

The fluorescence intensity of the xanthone was examined to determine if it was strong
enough to be monitored in a cellular system. The xanthone acid 592 was synthesized
following a modified route that has been described in literature.®> Starting with the methyl

ester 590 formed from esterification of 589 in 97% yield, 2-iodobenzoic acid was coupled via
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Ullmann coupling conditions to form the diacid 591 that was not isolated (Scheme 12.2). The
xanthone ring was formed by acid catalyzed ring closure to furnish the xanthone acid 592.
Then esterification produced the methyl ester xanthone 593 in 48% yield over three steps.
When the Ullmann coupling was performed with the acid 589 rather than the ester 590, the
three-step vyield was dramatically reduced to around 14%. To explore photolytic
decarboxylation conditions and fluorescence intensity, the ester was hydrolyzed to give the
xanthone acid 592 in 88% vyield. This was subjected to UV light (365 nm) for photo-
decarboxylation in CH3CN:PBS (1:1, pH =7.4) at 100 puM to produce the decarboxylated
xanthone product 594 (Scheme 12.2).

2-iodobenzoic acid CO.H
> o)
HO MeOH HO pyridine 65 °C H
591

CO,
589 97% 590

o} o}
H,S0, H,SO,
— O COH — O COo,Me
85°C ‘ ‘ MeOH ‘ ‘

o) o)

592 593

48% (3steps)

(0] O
0.1M KOH 365 nm
e CO,H -
CH5CN CH3CN:PBS pH 7.4
88% © 100uM o
592 594

Scheme 12.2. Synthesis of xanthone 592 and photolytic decarboxylation.

The photo decarboxylation reaction was monitored by HPLC to determine the
irradiation time required. In 30 sec of UV exposure (365 nm) the decarboxylation is nearly
complete, and after 2 min there was no acid 592 detected by HPLC, only the xanthone 594
(Figure 12.1). To ensure that the ester 593 is not light reactive, it was exposed to UV light
(365 nm) under the same conditions (CH3CN:PBS, 1:1, pH = 7.4) for 25 min. HPLC shows
there is no decarboxylation and no decomposition, but only unreacted xanthone ester 593
(Figure 12.2).
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Figure 12.2. HPLC chromatogram detected at 350 nm showing unreacted xanthone ester 593 after 25
min UV irradiation.
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The photolysis samples were then analyzed for their fluorescence intensity. The sample
irradiated for 30 sec showed the highest florescence signal, and samples that were irradiated
for 1 and 2 min had a decrease in fluorescence (Figure 12.3). The increase from no UV
exposure to 30 sec was substantial and seems to be suitable as a reporter of a decaging

reaction in cells.
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Figure 12.3. Fluorescence spectra of 594 as decarboxylation occurs at the indicated time points of
UV irradiation of 592. Excitation at 350 nm.

To test the decaging of a substrate rather than decarboxylation, 2-naphthylamine was
caged for analysis of decaging by HPLC. The xanthone ester 593 enolate was formed with
LDA, then quenced with Mel to give the methylated ester 595 in 68% yield (Scheme 12.3).
A subsequent reaction with K,CO3 in the presence of paraformaldeyde formed the alcohol
596 in good yield, which was activated as the succinimidyl carbonate 597 in 70% yield. This
was followed by reaction with 2-naphthylamine to give the xanthone caged naphthylamine

598 in quantitative yield.
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Scheme 12.3. Synthesis of xanthone methyl ester caged 2-naphthylamine 598 as a decaging model.

The ester of 598 needed to be hydrolyzed for decaging experiments and this reaction was
more difficult than anticipated. The published procedure®* and the one used in Scheme 12.2
emloying 1:1 CH3CN:0.1M KOH proved to be insufficient as the starting compound 598 was
not soluble under these conditions. Changing organic solvents to EtOH was also ineffective
at providing any product at room temperature or at 40-60 °C. Increasing the concentration of
KOH to 1M did not give any acid product 599 either (Scheme 12.4). In all cases, starting
material was the only compound detected. The low solubility was a large factor for the
unproductive hydrolysis, also it was thought that perhaps the steric hindrance of the

compound prevented the hydrolysis from occurring.
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Scheme 12.4. Attempted hydrolysis of the xanthone ester 598.

To solve this problem, a trimethylsilyl ethyl ester was used that could be cleaved with TBAF
or TFA.*> %% The methyl ester 595 was hydrolyzed with 0.1 M KOH to give the acid 600 in
97% vyield (Scheme 12.5). Under DCC coupling conditions the TMS ethanol was installed to
form the TMS ethyl ester 601 in quantitative yield. The alcohol 602 was formed with
paraformaldehyde and K,COj3 in 95% yield and was converted to the acetate 603 for a test
hydrolysis and to generate the decaged xanthone 493 standard for HPLC and fluorescence
analysis. The hydrolysis proceeded smoothly to give the crude acid 604 in solution and
exposure with 365 nm light gave the elimination product 493 in 70% yield over the

hydrolysis and decaging steps.
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Scheme 12.5. Synthesis of xanthone TMS ethyl ester 603 and decaging of acetate 604.

With the successful hydrolysis conditions and standard decaged xanthone 493
formed, the caged naphthylamine was again synthesized for decaging exploration. Following
the same steps as with the methyl ester 598, the alcohol 602 was activated to form the
succinimidyl carbonate 605 in 68% vyield (Scheme 12.6). Attachment of 2-naphthylamine
afforded 606 in 74% vyield, and the deprotection of TMS ethylester with TBAF furnished the
caged naphthylamine xanthone acid 607 in quantitative yield. Applying the same decaging
conditions as in Scheme 12.2 the naphthylamine was irradiated with 365 nm UV light and

analyzed at different time points by HPLC.
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Scheme 12.6. Synthesis of xanthone acid caged 2-naphthylamine 607 for decaging model.

The formation of the xanthone byproduct 493 was observed (14 min) starting at 15 sec of UV
irradiation on HPLC but not until 5 min of UV irradiation did the peak at 12.1 min
corresponding to the caged naphthylamine 607 disappear completely (Figure 12.4). The 2-
naphthylamine peak (9.4 min) began to appear, but was not as detectible as the xanthones by
the UV detector at 260 nm.
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Figure 12.4. HPLC chromatogram of 607 decaging in 0.25-5 min of a 100 uM solution detected at
260 nm.

The fluorescence intensity at different concentrations of each of the compounds was
analyzed to determine the applicability as a fluorescent reporter in cells. The caged naphthyl
607 and xanthone byproduct 493 were excited at 350 nm and the emission was detected at
400 nm (Figure 12.5). At 1 mM the xanthone byproduct 493 showed a 9-fold increase in
fluorescence as compared to the caged naphthyl 607, and at 100 uM there was a 10-fold
increase in fluorescence. Although, when the concentrations were more appropriate for a
cellular experiment, the increase in fluorescence was much lower; at 10 uM only a 1.5-fold
increase was observed and at 1 uM, there was no change in fluorescence. With this result it

was concluded that, although the xanthone decaging was very fast and clean, the fluorescent
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signal that was produced by the xanthone after decaging was not sufficient for the “safety

switch” detection of decaging in cells.
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Figure 12.5. Fluorescence (350 nm/ 400 nm) of the xanthone byproduct 493 vs. the caged naphthyl
607 at different concentrations.

12.2 Xanthone Decaging of a Fluorescent Reporter

The fluorescent intensity of the xanthone byproduct 493 was insufficient to be
detected for a cellular experiment to report the “safety switch” strategy. Therefore, the design
was altered so that a fluorescent reporter (e.g., rhodamine or coumarin) could be caged. The
fluorescence would be quenched by the caging bond, and after the esterase-mediated
hydrolysis and subsequent exposure to UV light, the fluorophore would be released, thereby

reporting the decaging by a strong fluorescence signal (Scheme 12.7).

282



o o)
O)J\N/rhodamine OJ\N/rhodamine
0 H esterase- o H
mediated
OR hydrolysis 8 365 nm )
g —_— ——» rhodamine
(@) O @)
608 609
R = CH,CH,SAc, CH,CH,OPiv not fluorescent fluorescent
does not undergo photolysis does undergo photolysis

inside cell
Scheme 12.7. Proposed xanthone “safety switch” caging group with a rhodamine reporter.

12.2.1 Coumarin Caging

Coumarin was the first fluorophore of interest to be caged. It has been shown when
the phenol is caged to be non-fluorescent, and upon decaging to produce a fluorescent
signal.*®” The first attempt was simply to react the succinimidyl xanthone 605 with 6-chloro-
7-hydroxy-4-methyl-coumarin in the presence of DIPEA, but the formation of the product
610 was unsuccessful (Scheme 12.8). The phenolic carbonate linkage would not be very
stable in cells most likely. So a strategy that has been used in our lab previously to make
chloromethyl ethers and react with a nucleophiles was attempted.®*® From the xanthone
alcohol 602, the thio ether 611 was formed in 47% vyield. This was converted to the
chloromethyl ether 612 in situ and then reacted with 6-chloro-7-hydroxy-4-methyl-coumarin.
Again this was unsuccessful, and a last attempt was made using Mitsunobu conditions as
previously reported with the coumarin moiety,*®” but unfortunately no product was formed.
The phenolic OH proved to be difficult to form a linkage with the sterically hindered alcohol
of 602.
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Scheme 12.8. Attempted synthesis of xanthone caged coumarin for fluorescence reporting.

12.2.2 Rhodamine Caging

The difficulties of installing the coumarin fluorophore lead us to explore the caging of
rhodamine, which is known to have the fluorescence quenched when the amines are both
acylated.*®® When rhodamine has been protected from fluorescence, generally two groups are
used to quench the fluorescence.*®*** There have been other strategies to block one of the
amines with a morpholine urea, which still has an appreciable amount of fluoresce intensity
so that only one equivalent of protecting group is required to prevent the fluorescence.*%> #%3
This strategy was of interest so that one xanthone caging group would be needed and only
one decaging event would occur. Starting with rhodamine 110 (614), morpholinecarbonyl
chloride was reacted in the presence of DIPEA to give the mono urea product 615 in 75%
yield (Scheme 12.9). This was then reacted with succinimidyl xanthone 605 which was

subjected to a variety of conditions with no success to form 616. Different solvents, bases
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and temperatures were used, but in all cases only the starting materials were present. The

amine of 615 was not nucleophilic enough for the reaction to occur.
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Scheme 12.9. Attempted synthesis of xanthone caged rhodamine 616.

To switch the reactive nature of the rhodamine 615 to the electrophile rather than the
nucleophile, the isocyanate was formed in situ with diphosgene and reacted with the

xanthone alcohol 602 but to no avail, as there was no product 616 formed (Scheme 12.10).
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Scheme 12.10. Attempted synthesis of xanthone caged rhodamine 616 with an in situ formed
isocyanate.

™S

In order to increase the nucleophilicity of the rhodamine, recently it was shown that
the xanthene ring system can be reduced to form two free amines which will have better
reactivity.*** This was accomplished by first protecting the two amino functionalities with

trifluoroacetate to form 619 in 31% yield (Scheme 12.11). An attempt to protect the
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morpholine urea 615 amine with a trifluoroacetate surprisingly also yielded only the
deprotected rhodamine 619. Thus, two xanthone caging groups must be used to quench the
fluorescence. Next, the ring was reduced with hydrogen gas in the presence of palladium on
carbon to generate the carboxylic acid 618 that was immediately coupled with p-
methoxybenzyl alcohol using DCC giving 619 in 89% over the two steps (Scheme 12.11).
The trifluoroacetate groups were removed with hydroxylamine to give the more nucleophilic
reduced form of the diamino rhodamine 620 in 82% vyield. This was then reacted with the
activated xanthone 605, to give the dicaged rhodamine 621 in 80% vyield. Oxidation with
DDQ removed the PMB protection and also oxidized the rhodamine ring system to form 622
in 58% vyield with no fluorescence detected. The removal of the TMS ethylester was
accomplished by subjection to TFA to afford the diacid protected rhodamine 623 in
quantitative yield. Decaging and fluorescent studies were then conducted using the same
conditions as described previously, but with only PBS buffer (100 uM, 1% DMSO, pH = 7.4)

as the solvent and no acetonitrile during the decaging reaction.
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Scheme 12.11. Synthesis of xanthone caged rhodamine 623 and decaging for fluorescence study.
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When dixanthone rhodamine 623 was irradiated with 365 nm light it produced two
xanthones 493 and one rhodamine 614. To examine the decaging by HPLC, the wavelengths
were to be drastically different to visualize the two products since they absorbed light at 350
nm and 495 nm for the xanthone 493 and rhodamine 614 respectively. A 100 uM solution
was irradiated for different times and observed by HPLC at the two different detection
wavelengths. First, the appearance of xanthone 493 was examined and the disappearance of
caged rhodamine 623. The xanthone 493 began to appear after 30 sec of UV irradiation (14.1
min) and the caged rhodamine 623 is completely undetectable (12.3 min) after 5 min in the
HPLC trace at 350 nm detection (Figure 12.6).
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Figure 12.6. HPLC of decaging of 623 at 100 pM. Detector set at 350 nm to detect 493.

Next, the appearance of rhodamine 614 was examined with HPLC at 495 nm. The

corresponding peak also began to appear after 30 sec of UV irradiation (10.3 min), but the
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caged rhodamine was still detected after 5 min of UV exposure (Figure 12.7). There was still

a trace amount even after 15 min of irradiation, and the rhodamine 614 peak (10.3 min) was

increasing the longer the exposure to UV up to 15 min. Both of these HPLC chromatograms

show mostly complete decaging after 15 min of UV irradiation.
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Figure 12.7. HPLC of decaging of 623 at 100 uM. Detector set at 495 nm to detect rhodamine 614.

A more dilute solution of caged rhodamine 623 was made (0.1 uM, PBS, pH =7.4)

for a decaging time course monitored by the fluorescence of rhodamine 614 which is released
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after decaging. The fluorescence of the irradiated solution of 623 increased with the length of

time exposed to UV light up to 15 min exposure (Figure 12.8).
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Figure 12.8. Fluorescence (495 nm/520 nm) of 614 after irradiation at indicated times at 0.1 pM
(PBS, pH =7.4).

Although the fluorescence incresed 23-fold from no irradiation to 15 min of irradiation, when
compared to a 0.1 puM solution of commercially available rhodamine the recovery of
fluorescence was only about 40% (Figure 12.9). The HPLC analysis showed complete
decaging, but the fluorescence did not correlate with a high percentage of fluorescence
recovery. While this fluorescence recovery is not ideal, it is still large enough of a change
for detection at low concentrations for cellular assays for the “safety switch” experiment.
Thus, a caged rhodamine with a pivaloyl ester on the xanthone for esterase-mediated
hydrolysis was synthsized for cellular testing. Similar prodrug approaches on carboxylic
acids have been successful previoulsy employing pivalolyl esters and acetate esters,** and
the pivaloyl ester was first chosen because of the ease of synthesis of the hydroxy xanthone
626.
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Figure 12.9. Fluorescence of rhodamine 614 vs. 623 (0.1 uM, PBS, pH = 7.4) after UV irradiation
for 15 min.

Pivalic acid was deprotonated and reacted with 2-bromoethanol to form the ester 624 in 58%
yield which was coupled to the carboxylic acid of xanthone 600 to afford the ester 625 in
99% vyield (Scheme 12.12). The subsequent steps were identical to the previously synthesized
TMS ethyl ester. The alcohol was installed with paraformaldehyde and K,COj3 to furnish
626 in 68% vyield, and activation of the alcohol was achieved in 75% yield to provide the
succinimidyl carbonate 627. This was then reacted with the activated rhodamine 620 and the
dicaged rhodamine 628 was obtained in modest yield. Finally, DDQ oxidation provided 629
in 33% yield. This sets up the stage for cell culture experiments to determine if the ester bond
will in fact be hydrolyzed in the cell by an esterase and then be decaged once hydroyzed. If it

is successful it can be used as a “safety switch” for caging of molecules of biological interest.
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Scheme 12.12. Synthesis of xanthone pivaloyl ester caged rhodamine 629.
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12.2.3 Luciferin Caging
Since the fluorescence of caged rhodamine was only able to be recovered to 40% of

the original rhodamine fluorescence, another reporter of decaging was explored. Instead of
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using fluorescence of a small molecule, we thought that luminescence of firefly luciferase
would be a useful reporting system. The idea is to cage luciferin, which produces no
luminescence and upon decaging it can be processed by firefly luciferase to create a
luminescence signal which would report when the decaging occurs. An NB caged luciferin
has been used previously by attachment of the caging group to the phenol of luciferin.**® This
type of system has also been used for reporting when hydrogen peroxide is present in
mice.*” The synthesis of luciferin began by bromination of 6-methoxybenzothiazol-2-amine
630 with t-butylnitrite and CuBr; to form 631 in 75% yield,**® followed by substitution with
CUuCN to produce the nitrile 632 in 53% yield (Scheme 12.13). Deprotection of the methoxy
group was accomplished by heating 632 with pyridinium chloride at 200 °C,*” which formed
the phenol 633 in 65% vyield. The cyclization with D-cysteine cleanly furnished luciferin
(634) in 87% vyield,**® which was coupled with the xanthone alcohol 602 to give the caged
luciferin 635 in 55% yield. Finally, the TMS ethylester protecting group was removed with
TFA to give the acid protected luciferin 636 in 91% vyield. This was used to test decaging and

luciferase activity for monitoring the decaging by the luminescence that is produced.
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Scheme 12.13. Synthetic route to xanthone caged luciferin 636 and decaging.

The decaging of the luciferin was slower than the decaging of rhodamine, most likely
due to the attachment to the xanthone through an ester linkage rather than the carbamate
linkage used for rhodamine. Caged compound 636 (11.8 min) was still present after 30 min
of UV irradiation, which is longer than desirable when using light removable groups in cells
(Figure 12.10). The decaged luciferin (634) began to appear after 5 min of irradiation (10.2

min) and was at its peak abundance after 30 min.
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Figure 12.10. HPLC trace of the decaging reaction of 636 at 100 uM (0.5% DMSO, PBS buffer, pH
=7.4).

To monitor the decaging reaction by luminescence produced with firefly luciferase, a
2 UM solution of caged luciferin 636 was irradiated and the increasing luminescence was
monitored after the addition of luciferase starting at 1 min (Figure 12.11). It increased
linearly to 10 min with an increase in luminescence of 25 fold from 0 min UV exposure. The
increase in luminescence was substantial, but similarly to the rhodamine decaging only about

45% of luminescence was achieved compared to that of luciferin 634 and firefly luciferase.
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Figure 12.11. Decaging at 2 uM (2 mM ATP, 10 mM MgCl, in PBS buffer, pH = 7.4). Error bars
represent standard deviations from three independent experiments. Fluc = firefly luciferase.

The same experiment was conducted at 20 nM of caged luciferin and no substantial
luminescence was observed until after 10 min of UV irradiation; however, it did not increase
with further exposure to 365 nm light (Figure 12.12). At this concentration there was only
about a 6-fold increase in luminescence from the non irradiated sample and 30% recovery of
luminescence compared to the non-caged luciferin 634.
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Figure 12.12. Decaging at 20 nM (2 mM ATP, 10 mM MgCl; in PBS buffer, pH = 7.4). Error bars
represent standard deviations from three independent experiments. Fluc = firefly luciferase.

12.3 Conclusion and Outlook

The xanthone caging group is a new caging group that can be used to detect decaging
by the fluorescence that is produced when the xanthone byproduct is formed. The acid
moiety of xanthone must be present for decaging to occur because as an ester functionality it
is not sensitive to UV light. Therefore, we designed a way to use the xanthone as a caging
group with a “safety switch” so that it will not be a light removable caging group until the
ester is hydrolyzed mediated esterases in live cells. Although it does produce a fluorescent
signal after decaging, the intensity of that signal is not sufficient for cellular reporting at low
concentrations. As a result, we tested the caging of rhodamine and luciferin to determine
which reporter would be more suitable for the demonstration of this technology. Rhodamine
decaged at a faster rate for fluorescence, but it required two caging groups to render it non-
fluorescent. It did have an increase in fluorescence after decaging by 23-fold, but only to
40% of recovered fluorescence. The caged luciferin was much slower at decaging and was
still not fully decaged even after 30 min of exposure to UV light. It had an increase in
luminescecne of 25-fold and a 44% recovery of luminescence compared to native luciferin.

Both methods would be suitable to detect the decaging inside cells as they were very
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detectable at low concentrations. The rhodamine would be easier to detect in cells
experimentally since it does not require the addition of an enzyme for the emission of light as
is the case for luciferin detection by added firefly luciferase. Since they have comparable
emission recovery, the rhodamine will be used to move forward for cellular testing with the
xanthone pivaloyl ester caged rhodamine 629 that was synthesized.

Initial experiments were performed to determine if the pivaloyl ester will in fact be
hydrolyzed by cellular enzymes, or if an alternate ester functionality will be needed. There
was some fluorescence detected with the xanthone acid rhodamine 623 after incubation for
24 h with the cells and then UV irradiation for 10 min. There was no fluorescence however
when the pivaloyl ester 629 was used. This indicates that the cells that were used did not
enzymatically hydrolyze the ester, or that a different ester must be used. Further experiments
and compounds are needed to determine if the “safety switch” caging method could be used
for the caging of biologically interesting molecules, which would only be light activatable
after they enter cells. This would improve the stability of the caged molecules and help with

spatial control of where the molecule can be decaged in a biological environment.

12.4 Experimental

All reactions were performed in flame-dried glassware under a nitrogen atmosphere
and stirred magnetically. THF and dioxane were distilled from sodium/benzophenone ketyl
prior to use. DCM, DMF, DMA, DMSO, MeOH, and CH3;CN were distilled from calcium
hydride and stored over 4 A molecular sieves. Other reagents and solvents obtained from
commercial sources were stored under nitrogen and used directly without further purification.
n-BuLi was titrated against N-pivaloyl-o-toluidine.** Flash chromatography was performed
with silica gel (60A, 40-63 pm (230 x 400 mesh), Sorbtech).** Fluorescent spectroscopy
was performed using a BioTek microplate reader. NMR spectra were obtained using a Varian
Gemini GN-300 (300 MHz) or Varian Mercury 300 (300 MHz) spectrometer. Chemical
shifts are in & units (ppm) for *H NMR spectra and **C NMR spectra.
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Decaging analysis by HPLC. 100 uM solutions of photocleavable xanthone acids were
diluted with 1 mL of 1:1 PBS buffer (pH = 7.4):CH3CN or 1 mL of PBS buffer (0.5-1%
DMSO, pH = 7.4). The solutions were placed in a Pyrex vial and irradiated with a hand held
UV lamp (Spectroline Longlife Filter) at 365 nm. Aliquots of 20 uL were taken at defined
time points and analyzed by RP-HPLC on an HP 1100 with an analytical Agilent Zorbax SB-
C18 column (4.6 x 100 mm, 3.5 um) with a linear gradient of 0.1% aqueous TFA and

acetonitrile (1.0 mL/min) using absorbance detection at 260 nm, 340 nm, 350 nm, or 495 nm.

Decaging analysis of luciferin. A 2 uM or 20 nM solution (2 mM ATP and 10 mM MgCl,
in PBS buffer, pH = 7.4) of caged luciferin 636 was place in a Pyrex vial and irradiated with
a hand held UV lamp (Spectroline Longlife Filter) at 365 nm. Aliquots of 100 pLL were taken
at defined time points, placed in a 96-well plate, and firefly luciferase (100 pg/mL in PBS
buffer, pH = 7.4) was added to a final concentration of 1 UM or 10 nM of 636. Then,
luminescence intensity was recorded (BioTek microplate reader). As a comparison,
luminescence of 636 before UV irradiation was measured, luciferin (634), firefly luciferase
without either substrate, as well as 636 and luciferin (634) without luciferase.

Methyl 2-(4-hydroxyphenyl)acetate (590). To a solution of 2-(4-hydroxyphenyl)acetic acid
(589) (5 g, 32.9 mmol) in MeOH (330 mL) was added concentrated H,SO, (15 mL), and the
solution was allowed to reflux overnight. The reaction mixture was concentrated, H,O (100
mL) was added, and then extracted with EtOAc (2 x 250 mL). The combined organic layers
were washed with sat NaHCOj3; (250 mL), dried with Na,SO,, filtered, and concentrated to
give 590 (5.31 g, 97%). *H NMR (300 MHz, CDCl3) & 7.18 — 7.09 (m, 2H), 6.81 — 6.74 (m,
2H), 3.69 (s, 3H), 3.56 (s, 2H).**°

Methyl 2-(9-ox0-9H-xanthen-2-yl)acetate (593). A mixture of 2-iodobenzoic acid (7.19 g,
29 mmol), 590 (5.30 g, 31.9 mmol), CuBr (4.16 g, 29 mmol), and K,COj3 (8 g, 58 mmol) in
pyridine (98 mL) was heated to 70 °C overnight. The mixture was concentrated and 0.1M
NaOH (145 mL) was added and the mixture was filtered. The filtrate was acidified with conc
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HCI and extracted with EtOAc (4 x 290 mL), dried over Na SOy, filtered, and concentrated.
Conc. H,SO4 (17.5 mL) was added to the residue and heated to 85 °C for 1 h. The solution
was cooled, H,O (170 mL) was added and then extracted with EtOAc (2 x 170 mL). The
combined EtOAc layers were dried with Na,SQ,, filtered, concentrated, and redissovled in
MeOH (250 mL) to which H,SO,4 (11 mL) was added and the solution was allowed to reflux
overnight. The solution was cooled, concentrated, and dissolved in EtOAc (250 mL). The
organic layer was washed with H,O (250 mL), sat NaHCO3 (250 mL), dried with Na,;SOy,
filtered, and concentrated. The residue was purified with silica gel chromatography eluting
with 3:1 hexanes/EtOAC to afford 593 (3.99 g, 48%) as a white solid. *H NMR (300 MHz,
CDCl3) & 8.34 (dd, J = 8.0, 1.8 Hz, 1H), 8.24 — 8.18 (m, 1H), 7.79 — 7.65 (m, 2H), 7.56 —
7.45 (m, 2H), 7.39 (ddt, J = 7.9, 7.1, 0.9 Hz, 1H), 3.77 (s, 2H), 3.72 (s, 3H).**

2-(9-Oxo0-9H-xanthen-2-ylacetic acid (592). The ester 593 (22 mg, 0.082 mmol) was
dissoved in CH3CN (2.5 mL) and a 0.1 M KOH (2.5 mL) solution was added and stirred at rt
for 1 h. The mixture was extracted with DCM (2 x 5 mL), the ag. layer was acidified with 1
M HCI, and extracted with EtOAc (3 x 5 mL). The combined EtOAc layers were dried with
MgSO, and concentrated to provide 592 (18.4 mg, 88%) as a white solid. *H NMR (300
MHz, DMSO) 6 8.21 (dd, J = 8.0, 1.7 Hz, 1H), 8.10 (d, J = 2.2 Hz, 1H), 7.89 (ddd, J = 8.6,
7.1, 1.7 Hz, 1H), 7.78 (dd, J = 8.6, 2.3 Hz, 1H), 7.66 (dd, J = 11.8, 8.6 Hz, 2H), 7.54 — 7.45
(m, 1H), 3.78 (s, 2H).**?

Methyl 2-(9-oxo0-9H-xanthen-2-yl)propanoate (595). A solution of diisopropylamine (191
uL, 1.35 mmol) was dissolved in THF (1.3 mL) and cooled to —78 °C to which n-BuLi (2.5
M in hexanes, 500 pL, 1.23 mmol) was added dropwise and allowed to stir at that
temperature for 40 min. This LDA mixture was added dropwise via syringe over 5 min to a
solution of 593 (300 mg, 1.12 mmol) in THF (2.25 mL) at =78 °C and stirred for 30 min. Mel
(153 pL, 2.46 mmol) was added at —78 °C and allowed to slowly warm to rt while stirring
overnight. The reaction was quenched with sat. NH4CI (9 mL), extracted with EtOAc (2 x 15

mL), dried over Na,SOy, filtered, and concentrated. The residue was purified by flash silica
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gel choromatography eluting with 3:1 hexanes/EtOAc to afford 595 (214 mg, 68%) as a
white solid. *"H NMR (300 MHz, CDCls) & 8.39 — 8.31 (m, 1H), 8.27 — 8.23 (m, 1H), 7.78 —
7.67 (m, 2H), 7.54 — 7.44 (m, 2H), 7.39 (ddt, J = 8.0, 7.1, 0.8 Hz, 1H), 3.89 (q, J = 7.1 Hz,
1H), 3.68 (s, 3H), 1.63 — 1.57 (m, 3H).***

Methyl 3-hydroxy-2-methyl-2-(9-oxo0-9H-xanthen-2-yl)propanoate (596). A DMSO (1.5
mL) solution of 595 (214 mg, 0.758 mmol) was purged with N, for 5 min, and then added to
a N, purged mixture of K,CO3 (253 mg, 0.834 mmol) and paraformaldehyde (25 mg, 0.834
mmol) in DMSO (1.5 mL). The reaction was allowed to stir at rt for 5 h before 0.1 M HCI (6
mL) was added and the mixture was extracted with CHCI3 (2 x 12 mL). The combined
organic layers were washed with brine (12 mL), dried over Na;SO,, filtered, and
concentrated. The residue was purified by flash silica gel chromatography eluting with 1:1
EtOAc/hexanes to give 596 (192.4 mg, 81%) as a sticky white gew. *H NMR (300 MHz,
CDCl3) 6 8.39 — 8.32 (m, 1H), 8.28 (dd, J = 2.5, 0.8 Hz, 1H), 7.79 — 7.71 (m, 1H), 7.68 (ddd,
J=8.8,25,0.8Hz, 1H), 7.54 — 7.46 (m, 2H), 7.40 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H), 4.08 (dd, J
=11.4,6.7 Hz, 1H), 3.83 —3.70 (m, 4H), 2.55 (t, J = 7.1 Hz, 1H), 1.82 — 1.69 (m, 3H).*"

Methyl 3-([[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl]oxy)-2-methyl-2-(9-0xo0-9H-xanthen-
2-yl)propanoate (597). DSC (71 mg, 0.277 mmol) and DMAP (1.1 mg, 0.00925 mmol)
were added to a solution of 596 (28.9 mg, 0.0925 mmol) in CH3CN (1 mL) and heated to 40
°C for 2 h. The reaction mixture was concentrated and purified by flash silica gel
chromatography eluting with 5% acetone/DCM to provide 597 (29.3 mg, 70%) as a white
solid. *H NMR (300 MHz, CDCls) & 8.39 — 8.33 (m, 1H), 8.31 (d, J = 2.3 Hz, 1H), 7.80 —
7.68 (m, 2H), 7.52 (dd, J = 8.5, 5.1 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 4.89 (d, J = 10.6 Hz,
1H), 4.61 (d, J = 10.6 Hz, 1H), 3.78 (d, J = 0.6 Hz, 3H), 2.81 (s, 4H), 1.83 (s, 3H).

Methyl 2-methyl-3-[[(naphthalen-2-yl)carbamoyl]oxy]-2-(9-0x0-9H-xanthen-2-
yl)propanoate (598). 2-Naphtylamine (6.3 mg, 0.044 mmol) was added to a solution of 597
(10 mg, 0.022 mmol) in DCM (550 pL) containing TEA (6 pL, 0.044 mmol) and stirred

overnight. The reaction mixture was washed with 1 M HCI (2 x 2 mL) and dried over
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Na,SO,, filtered, and concentrated. The residue was purified by flash silica gel
chromatography eluting with CHCIs to give 598 (11 mg, 100%) as an orange residue. *H
NMR (300 MHz, CDCls) & 8.40 — 8.31 (m, 2H), 7.95 (s, 1H), 7.80 — 7.68 (m, 5H), 7.55 —
7.47 (m, 2H), 7.47 — 7.29 (m, 4H), 6.90 (s, 1H), 4.82 — 4.58 (m, 2H), 3.75 (s, 3H), 1.81 (s,
3H).

2-(9-Ox0-9H-xanthen-2-yl)propanoic acid (600). 595 (599 mg, 2.12 mmol) was dissolved
in CH3CN (66 mL) and a 0.1 M NaOH (66 mL) solution was added and stirred in the dark at
rt for 1 h. The CH3CN was evaporated, the ag. mixture was acidified with 1 M HCI, and
extracted with EtOAc (3 x 66 mL). The combined EtOAc layers were dried with Na,SO, and
concentrated to provide 600 (560 mg, 99%) as a white solid. "H NMR (300 MHz, DMSO) §
8.21 (dd, J = 7.9, 1.7 Hz, 1H), 8.10 (d, J = 2.3 Hz, 1H), 7.89 (ddd, J = 8.6, 7.1, 1.8 Hz, 1H),
7.82 (dd, J =8.7, 2.4 Hz, 1H), 7.68 (dd, J = 8.6, 5.6 Hz, 2H), 7.53 — 7.44 (m, 1H), 3.92 (q, J
=7.1Hz, 1H), 1.44 (d, J = 7.2 Hz, 3H).

2-(Trimethylsilyl)ethyl 2-(9-oxo-9H-xanthen-2-yl)propanoate (601). To a solution of 600
(100 mg, 0.373 mmol), 2-trimethylsilylethanol (52.9 mg, 0.447 mmol), and DMAP (4.5 mg,
0.037 mmol) in DCM (1.9 mL) at 0 °C was added DCC (119 mg, 0.447 mmol). The mixture
was allowed to stir overnight at rt before it was filtered through a cotton plug. The solution
was concentrated and purified by silica gel chromatography eluting with 5:1 hexanes/EtOAc
to give 601 (149 mg, 100%) as a clear oil. *H NMR (300 MHz, CDCls) & 8.30 (dd, J = 7.9,
1.8 Hz, 1H), 8.22 (d, J = 2.3 Hz, 1H), 7.74 — 7.61 (m, 2H), 7.44 (dd, J = 8.6, 2.4 Hz, 2H),
7.34 (t, J = 7.5 Hz, 1H), 4.15 (g, J = 7.9 Hz, 2H), 3.83 (q, J = 7.2 Hz, 1H), 1.55 (d, J = 7.2
Hz, 3H), 0.92 (t, J = 8.5 Hz, 2H), -0.03 (s, 9H).

2-(Trimethylsilyl)ethyl 3-hydroxy-2-methyl-2-(9-oxo0-9H-xanthen-2-yl)propanoate (602).
A DMSO (750 pL) mixture of 601 (137 mg, 0.373 mmol), K,CO3 (62 mg, 0.448 mmol), and
paraformaldehyde (13.5 mg, 0.448 mmol) was purged with N, for 5 min. The reaction was

allowed to stir at rt overnight before 0.1 M HCI (2 mL) was added and the mixture was
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extracted with DCM (2 x 2 mL). The combined organic layers were dried over Na;SOy,
filtered, and concentrated. The residue was purified by flash silica gel chromatography
eluting with 2:1 hexanes/EtOAc to give 602 (141.8 mg, 95%) as a white solid. *H NMR (300
MHz, CDCl3) § 8.39 — 8.23 (m, 2H), 7.79 — 7.64 (m, 2H), 7.47 (dd, J = 8.7, 4.0 Hz, 2H), 7.38
(t, J=7.6 Hz, 1H), 4.37 — 4.14 (m, 2H), 4.14 — 3.62 (m, 2H), 1.74 (s, 3H), 0.95 (dd, J = 10.0,
7.2 Hz, 2H), -0.02 (s, 9H); **C NMR (100 MHz, CDCls) & 177.07, 175.89, 156.17, 155.32,
136.91, 135.00, 133.71, 126.85, 124.27, 124.11, 121.79, 121.57, 118.30, 118.06, 69.61,
63.95, 52.34, 20.45, 17.30, -1.44.

2-(Trimethylsilyl)ethyl 3-(acetyloxy-2-methyl-2-(9-0x0-9H-xanthen-2-yl)propanoate
(603). To a DCM (12.5 mL) solution of 602 (50 mg, 0.125 mmol) was added pyridine (83
ML) and acetic anhydride (162 pL) which was allowed to stir for 3 days. The solution was
concentrated, H,O (3 mL) was added, and extracted with DCM (3 mL). The DCM solution
was dried over Na,SO,, filtered, and concentrated to afford 603 (54 mg, 98%) as a clear oil.
'H NMR (300 MHz, CDCls) & 8.38 — 8.34 (m, 1H), 8.32 (d, J = 2.5 Hz, 1H), 7.79 — 7.69 (m,
2H), 7.54 — 7.47 (m, 2H), 7.40 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 4.66 — 4.40 (m, 2H), 4.32 —
4.13 (m, 2H), 2.02 (s, 3H), 1.74 (s, 3H), 1.02 — 0.88 (m, 2H), -0.01 (s, 9H).

2-(Prop-1-en-2-yl)-9H-xanthen-9-one (493). TBAF (1M in THF, 234 pL) was added to a
solution of 603 (51.8 mg, 0.117 mmol) in THF (1.2 mL) and stirred at rt 2h. The solution was
then irradiated with a hand held UV lamp at 365 nm for 2.5 h. The solution was concentrated
and the residue was purified by silica gel chromatography eluting with 4:1 hexanes/EtOAc to
provide 493 (19.3 mg, 70%). *H NMR (300 MHz, CDCls) & 8.41 — 8.32 (m, 2H), 7.90 (ddt, J
= 8.8, 2.4, 0.7 Hz, 1H), 7.78 — 7.69 (m, 1H), 7.54 — 7.44 (m, 2H), 7.39 (tt, J = 7.1, 1.0 Hz,
1H), 5.49 (p, J = 0.8 Hz, 1H), 5.19 (p, J = 1.3 Hz, 1H), 2.25 (dt, J = 1.5, 0.8 Hz, 3H).**

2-(Trimethylsilyl)ethyl 3-([[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl]oxy)-2-methyl-2-(9-

ox0-9H-xanthen-2-yl)propanoate (605). DSC (141 mg, 0.55 mmol) and DMAP (2.2 mg,
0.028 mmol) were added to a solution of 602 (73 mg, 0.183 mmol) in CH3CN (1.8 mL) and
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heated to 40 °C overnight. The reaction mixture was concentrated and purified by flash silica
gel chromatography eluting with 5% acetone/DCM to provide 605 (67.5 mg, 68%) as a white
solid. *H NMR (300 MHz, CDCls) & 8.35 (d, J = 7.9 Hz, 1H), 8.33 — 8.30 (m, 1H), 7.79 —
7.68 (m, 2H), 7.57 — 7.47 (m, 2H), 7.45 — 7.35 (m, 1H), 4.95 — 4.56 (m, 2H), 4.35 — 4.15 (m,
2H), 2.80 (d, J = 1.0 Hz, 4H), 1.81 (d, J = 1.0 Hz, 3H), 1.06 — 0.89 (m, 2H), -0.00 (s, 9H);
3C NMR (100 MHz, CDCls) & 176.99, 172.90, 168.55, 156.26, 155.73, 151.49, 135.18,
134.93, 126.96, 124.40, 124.30, 121.93, 121.85, 118.91, 118.19, 75.25, 64.60, 50.41, 25.59,
20.50, 17.32, -1.40.

2-(Trimethylsilyl)ethyl 2-methyl-3-[[(naphthalen-2-yl)carbamoyl]oxy]-2-(9-oxo0-9H-
xanthen-2-yl)propanoate (606). 2-Naphtylamine (10.6 mg, 0.074 mmol) was added to a
solution of 605 (20 mg, 0.037 mmol) in DCM (1 mL) containing DMAP (1mg, 0.082 mmol)
and stirred overnight at 40 °C. The reaction mixture was washed with 1M HCI (2 x 1 mL)
and dried over Na,SOq, filtered, and concentrated. The residue was purified by flash silica
gel chromatography eluting with 2:1 hexanes/EtOAc to give 606 (15.6 mg, 74%). *H NMR
(300 MHz, CDCl5) 6 8.40 — 8.30 (m, 2H), 7.94 (s, 1H), 7.80 — 7.68 (m, 5H), 7.54 — 7.46 (m,
2H), 7.39 (dtdd, J = 10.8, 8.2, 6.9, 1.5 Hz, 3H), 6.91 (s, 1H), 4.82 — 4.56 (m, 2H), 4.23 (ddd,
J=10.0, 8.0, 1.5 Hz, 2H), 1.80 (d, J = 1.4 Hz, 3H), 1.05 — 0.87 (m, 2H), -0.03 (s, 9H); °C
NMR (75 MHz, CDCl3) 6 177.21, 173.88, 156.28, 155.55, 136.19, 135.15, 134.02, 133.47,
130.38, 129.03, 127.72, 127.60, 126.96, 126.70, 124.92, 124.55, 124.26, 121.94, 121.71,
118.65, 118.18, 64.26, 50.62, 21.09, 17.38, -1.39.

2-Methyl-3-[[(naphthalen-2-yl)carbamoyl]oxy]-2-(9-0x0-9H-xanthen-2-yl)propanoic
acid (607). TBAF (1M in THF, 54 uL) was added to a solution of 606 (15.4 mg, 0.027
mmol) in THF (270 pL) and stirred at rt for 2 h protected from light. The solution was
diluted with ether (1 mL) and washed with 3M HCI (1 mL). The aqg. layer was extracted with
ether (2 x 1 mL) and the combined organic layers were dried with Na,SO,, filtered, and
concentrated. The residue was purified by flash silica gel chromatography eluting with 10%
MeOH/DCM to give 606 with TBAF impurity (20 mg, 100%).
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2-(Trimethylsilyl)ethyl  2-methyl-3-[(methylsulfanyl)methoxy]-2-(9-ox0-9H-xanthen-2-
yl)propanoate (611). A solution of 602 (21 mg, 0.0527 mmol) in THF (200 pL) was cooled
to 0 °C and NaH (4.2 mg, 60%) was added, followed by Nal (7.9 mg, 0.0527) and
chloromethyl methy sulfide (5.6 pL, 0.0685 mmol). The reaction was allowed to warm to rt
and stirre overnight before 1 mL H,O was added, and the mixture was extracted with EtOAc
(2 x 2 mL). The combined organic layers were washed with brine (2 mL), dried with
Na,SO,, filtered and concentrated. The residue was purified by flash silica gel
chromatography eluting with 3:1 hexanes/EtOAc to provide 611 (11.2 mg, 47%). *H NMR
(300 MHz, CDCl3) 8 8.39 — 8.30 (m, 2H), 7.74 (dddd, J = 8.7, 6.8, 4.3, 2.2 Hz, 2H), 7.48
(ddd, J = 8.9, 5.9, 1.1 Hz, 2H), 7.39 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 4.72 — 4.59 (m, 2H), 4.28
—4.14 (m, 2H), 4.11 — 3.89 (m, 2H), 2.14 — 1.93 (m, 3H), 1.79 (s, 3H), 1.03 — 0.88 (m, 2H), -
0.02 (s, 9H).

9-(2-Carboxyphenyl)-6-[[(morpholin-4-yl)carbonyl]amino]-3H-xanthen-3-iminium
chloride (615). DIPEA (71 pL, 0.408 mmol) was added to a solution of rhodamine 110 (614)
(50 mg, 0.136 mmol) in DMF (910 pL) and stirred 30 min. Morpholine-4-carbonyl chloride
(14.6 pL, 0.125 mmol) was then added slowly and stirred for 2 days at rt. The DMF was
evaporated at 35 °C and the residue was purified by flash silica gel chromatography eluting
with 10% MeOH/DCM to afford 615 (41.6 mg, 75%) as an orange solid. *H NMR (300
MHz, DMSO) & 11.55 (s, 1H), 9.13 (s, 2H), 8.80 (s, 1H), 8.05 — 7.95 (m, 1H), 7.86 — 7.66
(m, 1H), 7.56 (s, 1H), 7.27 (d, J = 7.5 Hz, 1H), 7.18 (d, J = 8.7 Hz, 1H), 6.81 (d, J = 8.5 Hz,
1H), 6.51 — 6.31 (m, 2H), 5.73 (s, 1H), 3.60 (pd, J = 6.6, 4.0 Hz, 4H), 3.12 (qd, J = 7.4, 4.2
Hz, 4H).

2,2,2-Trifluoro-N-[3-oxo-6'-(trifluoroacetamido)-3H-spiro[2-benzofuran-1,9'-xanthene]-
3'-yllacetamide (617). To a DCM (1.45 mL) solution containing rhodamine 110 (614) (53
mg, 0.144 mmol) and pyridine (47 pL, 0.578 mmol) was added trifluoroacetic anhydride (77

ML, 0.578 mmol) dropwise. The solution was allowed to stir at rt for 3 h before 1.5 mL of 5%
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citric acid was added. The layers were separated and the aq layer was extracted with DCM (2
x 2 mL). The combined organic layers were dried with Na,SOy, filtered, and concentrated
then purified by silica gel chromatography eluting with 3:2 hexanes/EtOAc to give 617 (23.2
mg, 31%). *H NMR (300 MHz, DMSO) & 11.56 (s, 2H), 8.06 (d, J = 7.3 Hz, 1H), 7.85 (d, J
=2.1Hz, 2H), 7.82 - 7.71 (m, 2H), 7.44 — 7.31 (m, 3H), 6.91 (d, J = 8.7 Hz, 2H).

(4-Methoxyphenyl)methyl 2-[3,6-bis(trifluoroacetamido)-9H-xanthen-9-yl]benzoate
(619). Pd/C (9 mg) was added to a solution of 617 (22.8 mg, 0.0436 mmol) in THF (1.1 mL)
and the mixture was stirred under 1 atm of H;, overnight. The mixture was filtered through
celite and concentrated. The residue was dissolved in DCM (900 pL) and THF (800 uL) to
which DMAP (0.5 mg, 0.004 mmol), 4-methoxybenzylalcohol (13.2 mg, 0.096 mmol), and
DCC (19.8 mg, 0.096 mmol) were added. The solution was allowed to stir at rt overnight,
concentrated, and purified by flash silica gel chromatography eluting with 2:1
hexanes/EtOAC to form 619 (25 mg, 89%). *H NMR (300 MHz, CDCls) & 8.12 (d, J = 16.3
Hz, 2H), 7.85 (dd, J = 7.8, 1.5 Hz, 1H), 7.48 — 7.28 (m, 5H), 7.26 — 7.12 (m, 2H), 7.08 — 6.87
(m, 6H), 6.29 (s, 1H), 5.32 (s, 2H), 3.81 (s, 3H).

(4-Methoxyphenyl)methyl 2-(3,6-diamino-9H-xanthen-9-yl)benzoate (620). 619 (25 mg,
0.388 mmol) was dissolved in MeOH (1.3 mL) and NH,OH (50% in H,0, 61.7 pL) was
added. The solution stirred overnight before 1 mL sat NaHCO3; was added and extracted
with EtOAc (2 x 2 mL), dried over Na,SQ,, filtered, and concentrated. The residue was
purified by flash silica gel chromatography eluting with 2:1 hexanes/EtOAc to afford 620
(14.5 mg, 82%). *H NMR (300 MHz, CDCls) 6 7.73 (d, J = 8.2 Hz, 1H), 7.61 (s, 2H), 7.41
(d, J =8.4 Hz, 2H), 7.15 — 7.05 (m, 3H), 6.95 — 6.88 (m, 2H), 6.76 (d, J = 8.3 Hz, 2H), 6.40
(d, J =2.4 Hz, 2H), 6.25 (dd, J = 8.3, 2.3 Hz, 2H), 6.06 (s, 1H), 5.34 (s, 2H), 3.82 (d, J = 0.8
Hz, 3H).

(4-Methoxyphenyl)methyl 2-[3,6-bis[([[1-0x0-2-(9-0x0-9H-xanthen-2-yl)-1-[2-
(trimethylsilyl)ethoxy]propan-2-ylJoxy]carbonyl)amino]-9H-xanthen-9-yl]benzoate
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(621). To a solution of 620 (7 mg, 0.0153 mmol) in DCE (500 pL) was added 605 (18.4 mg,
0.0341 mmol) and allowed to stir at 65 °C for 3 days. The mixture was loaded onto a silica
gel column and eluted with 1:1 hexanes/EtOAc to afford 621 (16 mg, 80%). *H NMR (300
MHz, CDCl3) & 8.38 — 8.28 (m, 6H), 7.80 — 7.66 (m, 7H), 7.52 — 7.44 (m, 6H), 7.42 — 7.32
(m, 5H), 7.30 — 7.23 (m, 1H), 7.18 — 7.10 (m, 2H), 7.00 (d, J = 7.8 Hz, 1H), 6.93 — 6.82 (m,
4H), 6.65 (s, 1H), 6.19 (s, 1H), 5.31 (d, J = 9.6 Hz, 2H), 4.81 — 4.52 (m, 4H), 4.32 — 4.16 (m,
4H), 3.80 (s, 3H), 1.75 (d, J = 7.5 Hz, 6H), 1.02 — 0.87 (m, 4H), 0.04 —-0.14 (m, 18H).

2-(Trimethylsilyl)ethyl 2-[([3-0x0-3"-[([[1-0x0-2-(9-0x0-9H-xanthen-2-yI)-1-[2-
(trimethylsilyl)ethoxy]propan-2-ylJoxy]carbonyl)amino]-3H-spiro[2-benzofuran-1,9'-
xanthene]-6'-yl]carbamoyl)oxy]-2-(9-oxo0-9H-xanthen-2-yl)propanoate (622). Dissolved
621 (8 mg, 0.006 mmol) in DCM (900 pL) and added 100 puL PBS buffer (pH = 7.4)
followed by DDQ (7 mg, 0.031 mmol) and stirred the mixture vigorously at 40 °C overnight.
The reaction mixture was diluted with DCM (1 mL), dried with Na,SQOy, filtered, cocentrated
and purified by a short plug of silica gel eluting with 1:1 hexanes/EtOAc to give 622 (4.2 mg,
58%). *H NMR (300 MHz, CDCls) & 8.35 — 8.32 (m, 4H), 8.00 (m, 1H), 7.76 — 7.71 (m, 3H),
7.65 —7.55 (m, 2H), 7.52 — 7.48 (m, 4H), 7.41 — 7.27 (m, 4H), 7.10 (d, J = 7.8 Hz, 1H), 6.95
—6.84 (m, 2H), 6.80 — 6.72 (m, 3H), 6.66 (d, J = 8.7 Hz), 4.70 — 4.58 (m, 4H), 4.26 — 4.20
(m, 4H), 1.25 (s, 6H), 0.97 — 0.92 (m, 4H), -0.03 (s, 18H)

2-([[3"-([[1-Carboxy-1-(9-0x0-9H-xanthen-2-yl)ethoxy]carbonyl]amino)-3-oxo-3H-
spiro[2-benzofuran-1,9'-xanthene]-6'-yl]Jcarbamoyl]oxy)-2-(9-o0xo0-9H-xanthen-2-
yl)propanoic acid (623). To a solution of 622 (4 mg, 0.003 mmol) in DCM (100 uL) at 0 °C
was added TFA (100 pL). The solution was allowed to stir overnight protected from light
then concentrated. The residue was dissolved in MeOH, evaporated under high vacuum, and
repeated 2 times to afford 623 (3.3 mg, 100%) as an orange residue. *H NMR (300 MHz,
DMSO) 6 10.00 (s, 2H), 8.25 — 8.14 (m, 5H), 8.04 — 7.93 (m, 3H), 7.87 (t, J = 7.3 Hz, 3H),
7.79 - 7.63 (m, 7H), 7.49 (q, J = 7.5, 5.7 Hz, 4H), 7.23 (d, J = 7.5 Hz, 1H), 7.10 (d, J = 8.5
Hz, 2H), 6.65 (d, J = 8.6 Hz, 2H), 4.69 — 4.46 (m, 4H), 1.70 (s, 6H).
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2-Hydroxyethyl 2,2-dimethylpropanoate (624). To a solution of pivalic acid (501 mg, 4.9
mmol) in DMA (24 mL) was adde K,CO3 (1.35 g, 9.8 mmol), and then 2-bromoethanol (521
pL, 7.35 mmol) was added dropwise and stirred at rt overnight. H,O (25 mL) was added and
extracted with EtOAc (2 x 25 mL), then the combined organic layers were washed with brine
(3 x 25 mL), dried over Na,SQq, filtered, and concentrated. The residue was purified by flash
silica gel chromatography eluting with 2:1 hexanes/EtOAc to provide 624 (400 mg, 56%). 'H
NMR (300 MHz, CDCl3) 6 4.28 — 4.15 (m, 2H), 3.90 — 3.76 (m, 2H), 1.91 (t, J = 6.1 Hz,
1H), 1.29 — 1.14 (m, 9H).

2-[(2,2-Dimethylpropanoyl)oxy]ethyl 2-(9-oxo-9H-xanthen-2-yl)propanoate (625). To a
solution of 600 (50 mg, 0.186 mmol), 624 (33 pL, 0.22 mmol), and DMAP (2.3 mg, 0.0186
mmol) in DCM (930 pL) at 0 °C was added DCC (45 mg, 0.22 mmol). The mixture was
allowed to stir overnight at rt before it was filtered through a cotton plug. The solution was
concentrated and purified by silica gel chromatography eluting with 4:1 hexanes/EtOAc to
give 625 (72.7 mg, 99%) as a clear oil. *H NMR (300 MHz, CDCls) & 8.35 (dd, J = 8.0, 1.7
Hz, 1H), 8.25 (d, J = 2.4 Hz, 1H), 7.79 — 7.68 (m, 2H), 7.54 — 7.45 (m, 2H), 7.39 (ddd, J =
8.1,7.0, 1.1 Hz, 1H), 4.38 — 4.16 (m, 4H), 3.90 (q, J = 7.2 Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H),
1.11 (s, 9H).

2-[(2,2-Dimethylpropanoyl)oxy]ethyl 3-hydroxy-2-methyl-2-(9-ox0-9H-xanthen-2-
yl)propanoate (626). A DMSO (350 puL) mixture of 625 (70 mg, 0.177 mmol), K,CO3 (29
mg, 0.212 mmol), and paraformaldehyde (6.4 mg, 0.212 mmol) was purged with N, for 5
min. The reaction was allowed to stir at rt overnight before 0.1M HCI (2 mL) was added and
extracted with DCM (3 x 2 mL) and the DCM layers were washed with brine (2 x 2 mL).
The organic layers were dried over Na,SO,, filtered, and concentrated. The residue was
purified by flash silica gel chromatography eluting with 1:1 hexanes/EtOAc to give 626 (51.6
mg, 68%) as a white solid. *H NMR (300 MHz, CDCl5) & 8.35 (dt, J = 8.0, 1.4 Hz, 1H), 8.29
(dd, J = 2.5, 1.0 Hz, 1H), 7.81 — 7.65 (m, 2H), 7.53 — 7.45 (m, 2H), 7.40 (ddt, J = 8.1, 7.1,
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1.1 Hz, 1H), 4.42 — 4.24 (m, 4H), 4.24 — 4.18 (m, 1H), 4.18 — 4.05 (m, 2H), 3.88 — 3.69 (m,
2H), 2.63 (t, J = 7.0 Hz, 1H), 1.76 (s, 3H), 1.12 (s, 9H).

(4-Methoxyphenyl)methyl 2-[3,6-bis([[(1-[2-[(2,2-dimethylpropanoyl)oxy]ethoxy]-1-oxo-
2-(9-0x0-9H-xanthen-2-yl)propan-2-yl)oxy]carbonyl]amino)-9H-xanthen-9-yl]benzoate
(628). DSC (36 mg, 0.14 mmol) and DMAP (0.6 mg, 0.005 mmol) were added to a solution
of 626 (20 mg, 0.047 mmol) in CH3CN (0.5 mL) and heated to 40 °C overnight. The reaction
mixture was concentrated and purified by flash silica gel chromatography eluting with 10%
acetone/DCM to provide 627 (20 mg, 75%) and was used immediately without further
purification. To a solution of 620 (7.3 mg, 0.016 mmol) in DCE (540 pL) was added 627 (20
mg, 0.035 mmol) and allowed to stir at 60 °C for 2 days. The mixture was loaded onto a
silica gel column and eluted with 1:1 hexanes/EtOAc to afford 628 (10 mg, 46%). '"H NMR
(300 MHz, CDCl3) & 8.39 — 8.29 (m, 4H), 7.82 — 7.69 (m, 5H), 7.49 (d, J = 8.7 Hz, 4H), 1.81
—1.71 (m, 6H), 7.45 — 7.34 (m, 4H), 7.14 (td, J = 7.7, 1.2 Hz, 1H), 7.03 (d, J = 7.9 Hz, 1H),
6.94 — 6.83 (m, 5H), 6.22 (d, J = 5.4 Hz, 1H), 5.34 (s, 2H), 4.77 — 4.50 (m, 5H), 4.48 — 4.31
(m, 7H), 3.81 (s, 3H), 1.13 (d, J = 1.9 Hz, 18H).

2-[(2,2-Dimethylpropanoyl)oxy]ethyl-2-([[3"-([[(1-[2-[(2,2-
dimethylpropanoyl)oxy]ethoxy]-1-oxo-2-(9-ox0-9H-xanthen-2-yl)propan-2-
yl)oxy]carbonyllamino)-3-oxo-3H-spiro[2-benzofuran-1,9'-xanthene]-6'-
yl]Jcarbamoyl]oxy)-2-(9-oxo0-9H-xanthen-2-yl)propanoate (629). Dissolved 628 (10 mg,
0.00737 mmol) in DCM (1.2 mL) and added 130 uL PBS buffer (pH =7.4) followed by DDQ
(8.4 mg, 0.0368 mmol) and stirred the mixture vigorously at 40 °C overnight. The reaction
mixture was diluted with DCM (1 mL), dried with Na,SQO,, filtered, cocentrated and purified
by a short plug of silica gel eluting with 1:1 hexanes/EtOAc to give 629 (3 mg, 33%). ‘H
NMR (300 MHz, CDCls) 6 8.34 (d, J = 2.6 Hz, 2H), 7.75 (d, J = 7.7 Hz, 3H), 7.50 (d, J = 8.6
Hz, 5H), 7.46 — 7.33 (m, 3H), 7.12 (d, J = 7.6 Hz, 1H), 7.68 — 7.56 (m, 4H), 6.97 (s, 2H),
6.69 (d, J = 8.6 Hz, 1H), 4.77 — 4.57 (m, 4H), 4.59 — 4.19 (m, 8H), 2.10 (s, 3H), 1.13 (d, J =
6.1 Hz, 18H), 8.04 — 7.96 (m, 2H).
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2-Bromo-6-methoxy-1,3-benzothiazole (631). 6-methoxybenzothiazol-2-amine (630) (1.0
g, 5.55 mmol) was dissolved in CH3CN (37 mL), and t-butyl nitrite (990 pL, 8.33 mmol) and
CuBr; (1.5 g, 6.66 mmol) were added. The mixture was stirred at 80 °C for 2 h, cooled, and
concentrated. The residue was taken up in EtOAc (25 mL) and washed with 1 M HCI (20
mL), brine (20 mL), then dried over Na,SQ,, filtered and concentrated to afford 631 (1.01 g,
75%). *H NMR (300 MHz, CDCl3) & 7.87 (d, J = 9.0 Hz, 1H), 7.26 (d, J = 1.1 Hz, 1H), 7.06
(dd, J = 8.8, 2.5 Hz, 1H), 3.87 (s, 3H).**’

6-Methoxy-1,3-benzothiazole-2-carbonitrile (632). CuCN (150 mg, 1.68 mmol) was added
to a pyridine (560 puL) solution of 631 (205 mg, 0.8398 mmol) and heated to 110 °C for 2 h.
Sat. NH4Cl (10 mL) was added and extracted with EtOAc (3 x 5 mL) and the combined
organic layers were washed with brine (10 mL), dried over Na,SO,, filtered and
concentrated. The residue was purified by flash silica gel chromatography eluting with 2:1
hexanes/EtOAC to give 632 (84.3 mg, 53%) as a yellow solid. *H NMR (300 MHz, CDCls) &
8.09 (d, J = 9.1 Hz, 1H), 7.36 (d, J = 2.5 Hz, 1H), 7.26 — 7.19 (m, 1H), 3.93 (s, 3H).**’

6-Hydroxy-1,3-benzothiazole-2-carbonitrile (633). Pyridinium chloride (642 mg) and 632
(321 mg, 1.69 mmol) were added to a pressure tube and heated to 200 °C for 2 h. The
reaction was cooled and NaHCO3 (20 mL) was added to neutralize the reaction mixture. The
mixture was extracted with ether (2 x 20 mL), dried with Na,SO,, filtered and concentrated.
The residue was purified by flash silica gel chromatography eluting with 2.5:1
hexanes/EtOAc to afford 633 (194.5 mg, 65%) as a yellow solid. *H NMR (300 MHz,
CDCl3) 6 8.08 (dd, J =9.0, 2.1 Hz, 1H), 7.36 (d, J = 2.5 Hz, 1H), 7.17 (dd, J = 9.0, 2.5 Hz,
1H).496

2-(6-Hydroxy-1,3-benzothiazol-2-yl)-4,5-dihydro-1,3-thiazole-4-carboxylic acid (634).

K,CO3 (154 mg, 1.11 mmol) was added to a solution of 633 (194.5 mg, 1.1 mmol) and D-
cysteine (194 mg, 1.105 mmol) in MeOH (4.4 mL) and H,O (2.2 mL). The reaction stirred
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15 min before 1M HCI was added to pH = 3. The MeOH was evaporated and the mixture
was filtered and the solid washed with H,0, then was dried under vacuum to afford luciferin
634 (267 mg, 87%) as a light yellow solid. 'H NMR (300 MHz, DMSO) & 10.24 (s, 1H), 7.96
(d, J = 8.8 Hz, 1H), 7.45 (d, J = 2.4 Hz, 1H), 7.06 (dd, J = 8.9, 2.5 Hz, 1H), 5.40 (dd, J = 9.7,
8.3 Hz, 1H), 3.84 — 3.58 (m, 2H).**®

2-(Trimethylsilyl)ethyl-3-[[2-(6-hydroxy-1,3-benzothiazol-2-yl)-4,5-dihydro-1,3-thiazol-
4-yl]carbonyloxy]-2-methyl-2-(9-oxo0-9H-xanthen-2-yl)propanoate (635). To a solution of
602 (45 mg, 0.113 mmol) in THF (1.5 mL) was added luciferin (634) (31.7 mg, 0.113
mmol), DMAP (1.4 mg, 0.0113 mmol), and DCC (33 mg, 0.124 mmol). The mixture was
stirred at rt overnight, filtered and washed with DCM. The solution was concentrated and
purified by silica gel chromatography eluting with 2:1 hexanes/EtOAc to provide 635 (41
mg, 55%). *"H NMR (300 MHz, CDCls) & 8.30 (ddd, J = 7.5, 4.3, 1.9 Hz, 2H), 7.87 (t, J = 8.9
Hz, 1H), 7.78 — 7.65 (m, 2H), 7.50 — 7.32 (m, 3H), 7.26 (dd, J = 7.6, 2.4 Hz, 1H), 7.06 (qd, J
= 9.1, 2.4 Hz, 1H), 5.40 — 5.26 (m, 1H), 4.81 — 4.54 (m, 2H), 4.30 — 4.05 (m, 2H), 3.83 —
3.55 (m, 2H), 1.78 (d, J = 5.6 Hz, 3H), 0.99 — 0.83 (m, 2H), -0.05 (d, J = 2.2 Hz, 9H).

3-[[2-(6-Hydroxy-1,3-benzothiazol-2-yl)-4,5-dihydro-1,3-thiazol-4-yl]carbonyloxy]-2-
methyl-2-(9-ox0-9H-xanthen-2-yl)propanoic acid (636). To a solution of 635 (40 mg,
0.0605 mmol) in DCM (600 uL) at 0 °C was added TFA (600 pL). The solution was allowed
to stir overnight protected from light then concentrated. H,O (2 mL) was added to the residue
and the mixture was sonicated to precipitate a solid. The precipitate was separated by
centrifugation and the supernatant was decanted. The process was repeated 3 times. Finally,
the solid was dried under vacuum to afford 636 (31 mg, 94%). *H NMR (300 MHz, DMSO)
5 10.22 (s, 1H), 8.21 —8.08 (m, 2H), 7.88 (dtd, J = 9.2, 4.8, 2.7 Hz, 3H), 7.69 — 7.54 (m, 2H),
7.52 - 7.43 (m, 1H), 7.32 (dd, J = 6.4, 2.4 Hz, 1H), 7.03 (tdd, J = 8.9, 5.0, 2.4 Hz, 1H), 5.60
—5.42 (m, 1H), 4.74 — 4.47 (m, 2H), 3.83 — 3.49 (m, 2H), 1.70 (d, J = 8.6 Hz, 3H).
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