ABSTRACT
HUANG, TAO. Synthesis, Structure, Magnetic anléd&ronic Roperties of Heterometallic
Complexes Containing FirRRow Transition Metals(Under the direction diValter W.
Weare)

Heterobimetallic complexes can be used as molecular analogues for complicated
polymetallic systems. Explorations of such molecular systems can provide essential
understanding that enables the rational design of molecular based electronic aeMuetah
to-metal charge transfer chromophore for artificial photosynthetic systems. One of the major
guestions about metatetal interactions in such systems is related to-spin exchange
interactions in both the ground and excited state. We haveneéesgyseries of oxidbridged
heterometallic complexes in order to begin a deeper understanding of suspis@rchange
interactions.

In Chapter 1, | discuss Anderson's and Kahn's models that examingpspin
interactions. Using their approach, | damstrate that such interactions are controlled by a
kinetic exchange pathway through mixing charge delocalization character or charge transfer
excited state into the ground state for these okiildged complexes.

In Chapter 2the synthesis of heteromdialcomplexes containing chromium (Ill) and
titanium (IV) is described. With twelve ©TOI Ti bi/trimetallic complexes being
electrochemically and structurally characterized, we have shown that strictly controlling
reaction stoichiometry is necessary to abtch species. The structural and electrochemical
properties are also discussed.

In Chapter 3, we extend our synthetic approach to obtadth @ri Oi V bi/trimetallic
complexes. The magnetic interactions between the metal centers was explored, showing the

first examples of ferromagnetically coupled oxioiddged complexes. This was determined to



be due to the lineasridging geometry of the oxidbridge, which promotes ferromagnetic
superexchange interactions t hstanodingtheoreticalor bi t ¢
prediction for such a linkage.

In Chapter 4, we further explore such exchange interactions that are based on the kinetic
exchange model. The exchange integral (the overlap between magnetic orbitals) between two
paramagnetic centers is foundlde important to generate effective ferromagnetic coupling.

We identify a molecular twist of (omtaa)V=0 molecule that can be used to tune the magnitude
of ferromagnetic coupling, resulting in a significant change of J values in otherwise structurally
similar complexes (~ +3 cfto ~ +40 cmb).

In Chapter 5, we introduce a new synthetic approach to achieve pheitoixiged
heterometallic complexes that exhibit a bent geometry around the bridge. An antiferromagnetic
coupling, which can be explained utitigy our previously described model, was identified.
This is in contrast with the ferromagnetic coupling of the same electronic configuration for a
linear complex. This work has confirmed that controlling bridging geometry can be used to
switch the sign of mgnetic coupling for such early transition metal systems..

In Chapter 6, we summarize the magnetic coupling of all known dxidiged
heterometallic complexes with firgbw transition metals. The resulting data is used to
generate a rparametrization othe kinetic exchange model usingdar regression. This
resultsint wo maj or transfer integrals based on
reproduce and predictheé values of J in similar oxidoridges with other electronic
configurations.

In Chapter 7, we further extended our synthetic approach to prepare manganese

porphyrin species with targeted axial modification. These mand bis axially substituted



complexes are found to catalyze olefin epoxidation effectively. The influences of axial

substituents are discussed.
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CHAPTER 1

Generallntroduction



1.1 Background

AMore is differento, st eméads plysical Bystévns withracgerr s o n

scale and complexity may exhibit different behaviors in respect to their microscopic
components. This idea is also valid in chemistry, sincecutés can be modified to contain

multiple functional group that enhance their chemical and physical properties. Nature is an

expert at creating such heterofunctional systems. Relevant to the work in this thesis, enzymes

are known to utilize a variety ofeterometallic cores in order to perform different functions.
Well-known examples include the e site in cytochrome oxida$é,the CuZn site
superoxide dismutad® and the MaFe site in purple acid phosphatds&ynthetic
heterometallic complexes also have a long and rich history of scientific investigation. New
heterometallic mlecules continue to be found that impact a wide varieties of research areas.
As catalysts, heterometallic complexes are known to promote polymerization readtaoms

can improve selectivity in asymmetric reactiotlfs® when compared to their individual
components. As chromophores, heterometallicezentan undergo mett-metal charge
transfer and act as photosensitizers in artificial photosynthetic sy$t&htseterometallic
molecules can also be fundamental units in ingakunctionalized materials, having been
employed for applications in spin transptrt® molecular switche$?” and single molecule
magnet&3° while showing promise for helping to achieve molecsieale devices for

electronics, magnetic data storage and quantum compgtifihg.

One of the central guestions a&lysutemshe sin
understanding of the interactions between t
understandinproperrysteluatiuoeshi ps. This S

s

performance of heter obiineedt aalplpilci ccaotnipoonusn d sH oiw

2



properties of functionali zed materials usi

process. A potential alternate method for
i's to study heetserwimeht aslilmic amo lsecwlct ur al fr ac
such | arger extended material s. For exampl e,

magneti c®®tadweeviearl,s.t he quant um c Batmia anho |beacsu s

l evel wer e ledugel yziensgg ambdeh Ssystems cont

heterometal1°The cpmpperetbses elucidated incl

magnitude of exchange coup@Ptihnego rwittilciadn pmlay ry

origins of %%famd itnHeracttdmlingsshmemnar alf mealgateit

have been used to tune tH® properties of t
In this document we describe our studies into the rmeéél interactions across one of the
simplest of bridging units, the oxieuridge. We will discuss our synthesis of heterometallic
complexes containing firsbw transition metals and theichemical and structural
characterization (Chapter3). Finally, we explore their magnetic properties and structure
property relationshg(Chapter 36). An introduction into the fundam®al theories that can
describesuch magnetic interactions are furtiegplained in the rest of Chapter 1.
1.2 Experimental approach to measure magnetic coupling.
When two metal centers (A and B) have unpaired electronan@h iz), their possible local
spin number antbcal spin stateare S = /2, 2" A and $ = ne/2, 231 g, respectively.
The magnetic interactions between A and B may then be decomposed into several terms as

shown in equation (1),

I-EAB =- 2J§A§ + gADAgA + gDBﬁ + §ADAB§ (1)



The first component of this equation represents the isotropic interaction betweerBA and
where J is a scalar. This expression shows the energy difference between the two coupled spin
states, which are 4SI Sg| and & + Sa. When J is positive, the two spin centers are
ferromagentically coupled, with a high spin 6 Sa state being the loweying state. On the
other hand, when J is negative the low spin staté | is the lowest in energy. The second
and third terms are the local anisotropic interactions, which splthe pai r st at es
under zero field if S > 1/2. The fourth terepresents the anisotropic interaction, which would
result in a splitting of the coupled state under zero field. Local and coupled spin states can be
split under zero field due to spin orbital coupling and local distorfidtisiowever, sub local
anisotropies and anisotropic interactions can also lead to a splitting 6f'the st at e s .
simplicity, this contribution can be, and often is, ignored with the dominant interaction being
expressed as the isotropic interaction in equation A2§pecific example which further

considers these anisotropic interactions is discussed in Chapter 6.
I-EAB =- 2‘]§A% (2)
In order to compute the energy difference betweerf#thel*l g and 2S5+ 4 states,

eqguation (2) can be modified using the following equation (3),

§-§+8r-8:8.266 66-E &

S

)

3)
The eigenvalues fdfl can be expressed as in equation (4),
E =-J[Su(Se +1) - Si(Si+1) - (S +1)] (4)

These equations can then be combimsidg the Heisenberg Dirac van VIé&kpproach, as

shown in equation (5),
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This allows one to experimentally determine the exchange coupling sbddig measureing
temperaturalependent magnetic susceptibility. However, it has to be noted hisat t
Hamiltonian is a simple concept which does not provide direct information on the mechanism
of the computed interactions. Additional work is necessadesaribe the physical meanings
behind the computedhlues obtained by this method.
1.3 Rationalization of exchange coupling using superexchange theory

In order to rationalize a physical meaning for the exchange coupling value J, several different
modelshave been developed. This is important since a physical description is required to
theoretically predict how to modify this important term in real molecules. A widely accepted
model is using a superexchange interaction to describe magnetic coupling.a3$Hedn
particularly useful in explaining the insulator properties of metallic oxide materials. A detailed
discussion of superexchange interactions between paramagnetic metal ions, which are
connected through diamagnetic ions, was initially explained laynirs in 19342 Kramers
proposed that the fundamental concept for superexchange interactions is the mixing of excited
state character into the ground states inlisamaount. This approach was further refined by
Anderson in 19562 which formulated superexchange into a series of interactions. The
relationship of the ligand environment and orbitaéotation have been further examined by

Goodenougtf and formulated by Kanomatiwhich resulted in a more rigorous mathematical



treatment. Their approach is widely used as the Goodergagbmari rules, which
gualitatively explain magnetic interactions within polymetallic complexes and material

According to Afd® wken a bridged hireetallicysystem (AXB) is
controlling the magnetic interactions, the interaction between two ions is expressed between
their magnetic orbitala (for A site) andb (for B site). In the simplest case, these magnetic
orbitals can be construct e) arsd) thigugltaquatomol e c u
(6).

_hth,
V2

fl' f2
NG (6)

a , b=

The magnetic orbitals ad andb are obviously dhogonal to each other. However, these
magnetic orbitals can be delocalized, with the tail obtihvavefunction able to be delocalized
to create overlap wittheb wavefunction. This can be qualitatively understood as being similar
in shape to the virtuantibonding portion of the A bond. In this case, the energy gap J is

given by equation (7),

J=JF+JAF:2k-4b2 )
k= <()b(2) [1/1,, |a)b(D) > ®)
b= <) [h() |b() > )

where k is defined as the Coulombic repulsion integedveen the two electronic centers
shown in equation (8)i1represents the distance between the two electronic centers. k is then
a two electron integral and is always a positive quantity, indicating that electronic repulsion
between two spin centersahd force ferromagnetically coupled states due to a potential

exchange interaction using Hundbs rul e. T h e



negative contribution of J, and is known as the kinetic exchange interaction which originates
from the mixng of charge transfer excited states into the ground state configurations. The
magnitude of this term is proportional to the electronic coupling betaee b, shown in
equation (9) This kinetic exchange interaction is inversely proportional to U, kviscthe
energy required for an exchange interaction to happen.

Beyond thiselectronelectroninteraction between two unpaired electroadditional factors
also need to be considerddin particular, magnetic orbitals originating on one metal can
interact with empty orbitals on a second metal center. Such interactions contribute to additional
ferromangetic interactiot® Such superexchange theories as proposed by Anderson,
Goodenough and Kanomari have been applied successfully to mamgrineental
examples*>%%1 However, due to the necessary inclusafndelocalized magnetic orbitals,
such models are can be challenging to visualize, resulting in difficulty when utilizing these
concepts to qualitatively predict the magnitude of magnetic interaction in complex s{stems.
1.4 The model based on strict localized magnetic orbitals

In order to solve the perceived defects in superexchange theory* K>’ developed
an alternative model based on magnetic orbitals which are strictly localized on each metal
cener. In this model, Kahn assumed that the magnetic exchange interaction is similar to a very
weak bonding interactioff. Since there are several models tltain explain bonding
interactions, strongly delocalized electronic interactions have been explained using the
molecular orbital description of Hund and MullikEhOn the other hand, when interactions
are weak, electrons are assumed to be localized which can be described utilizing the valence

bond model as proposed by Heiter and Lontfdnn a s i mi | as modehmay leer , Kal



viewed as a borderline weak chemical bond where valence bond theory concepts can explain
the magnetic interactions between paramagnetic centers.

In this model, magnetic orbitals are localized in the form shown, with individual metal
orbitals being, in general, nesrthogonal to one other. This leads to the concept of natural
magnetic orbitals. Using natural magnetic orbitals, an additionalel@atron integral is
necessary, namely the overlap integral S, equation (10):

S=<a(d) |b@) > (10)

In this case, the magnetic orbitlin AXB is defined as the singly occupied molecular

orbitals for the AX fragment in its local ground state, witleing similarly defined with

respect to the XB fragmefft The energy gap is therefore given as equation (11)

(a+j+k)s)*
U

J=J; +J, =2k +4bS- 2S°(2a +j) - Ao+ (11)

The electron integrals are represented in either the one electron integral of equati8ns 12
and as a two eltron integral using equations -4

Oneelectron integrals
a=<a?2)|h@|a@ > (12
b= <D |h(1) |b() > (13

Two-electron integrats

j = <a@®b(2) |1/r, |a@@)b(2) > (14)
k= <a()b(2) |1/r, |a(2)b(2) > (15
I = a)b(2) |1/r1, |bD)b(2) > (16)
I n Kahnds model an antiferromagnetic contr.i
equation 11 (4bS), since b and S have diffe
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simplified sin@ the thirdterm (2% 2 U+J) ) become negligible when
term is the interaction that results from mixing charge transfer excited states with ground states,
and results in an antiferromagnetic contribution. However, awsumed this mixing can
also be ignored. This ultimately results the followingified expression (equation 17
J =3 +J, =2k+45S a7

The main difference between itts expression and Ander sonbod
antiferromagnetic interaction using thatural magnetic orbital approach is assumed to be a
weak bonding interaction between magnetic orbitals due to the overlap, with the ferromagnetic
interaction arising ®irely from the potential interaction 2k. This therefore predicts that when
the magnetic orbitalaandbar e strictly orthogonal, b and
resulting value for J is a ferromagnetic potential interaction that has a magnit@#te o
According to Kahndés experiments and ab int
interactions can be as large as +60'¢af°"However , it has to be note
excited state mixing is entirely ignored. This suggests that when a system involves delocalized
magnetic orbitals with obvious charge transfer mgxiguch as in systems with an observable
metatto-metal charge transfer band), this model may not be quantitatively or qualitatively
valid.
1.5A quantitative expressionfor kinetic exchange interaction

Kahnds model i s es pe c itha fefropnagnescecdntritbution of ther n d e r
potential interaction in molecules which can be adequately described using localized magnetic
orbitals. However, when this potential interaction is weakjn the oxidebridged complexes
described in this thesis,dlierromagnetic interactions that originate from the kinetic exchange

model may still be important due to the presence of significant mixing of the charge transfer

9



excited states with the high spin ground states. Due to a lack of accurate expressions from
previous theoretic treatments, Weihe and Gidel mathematically formulated this thdtiel.
important transfer integrals are defined in Table 1, which \eheompared with the
summarized formulas of GoodenoufjhAs described in Table 1, four fundamental charge
transfer processes originate from the kinetkwhenge model of Anderson and can be

mathematically expressed and related to different contributions of the charge transfer integrals

(Figure 1¥° These are: i) the half to half transz%IA - [%]B), which is the process where

the electron is taken from a hdilfed orbital of one metal and moved to a hfilled orbital

on the second metal (this interactionil always be antiferromagnetic), (ii) the half to zero

transfer (%]A - [0]g), which represents the process when an unpaired electron is taken from

a haltfilled orbital on one metal and moved into an empty orbital on a second metal (this is

found to be a ferromagnetic interaction), (iii) the one to half trangfgr-( [%]B), which is

when an electron is taken from a full orbital on one metal and moved into-fdlédlbrbital

on the second metal (this has been identified as ferromagnetic) and (iv) the one to half transfer
[Q,- [0O]z, which is when an electran taken from a full orbital on one metal and moved

into an empty orbital on a second metal (this process can result in either ferromagnetic or
antiferromagnetic interactions, depending anand ). The applications of this method to

our work have previasly discussed in more detdif*and are included in Chaptet63
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Table 1.1 Comparison of previous results of Goodeno#gimomari rule and the refined
results by Weihe and Gidéf.

Interaction Typd  EarlyGK's rule Expression by GidéP Label
G- Bl o u = 1n[j— 20)
2. [0, LAl Ll 1)
.- e Lvs LA @2)
[4,- [0 ferromagnetic o (amng) W1 (23)

(n,+1)(n; +H U U

aThe original expressions are basedibp = +J, £ , while we usef, =- 23, & & .
The2oi fold difference is applied in th

1 Antiferromagnetic Ferromagnetic
[E] B Contribution! — [O] B Contribution!

g(dx2-y?)

— g(dx2-y?)
I 8(dz2) — 8(dz?)
Excited State (ES)3 —4— (dy2) Excited State (ES)>—4— £(dyz)
Es3 —_ n(dxz) Es3 JES— T n(dxz)
A - — l Yxy) A - —T— Z(dxy)
n : 2 2
iU TRAE A L melEL L A
v —.'.,.,:_.‘-.. v _':"";j‘ GS3
G AT — oy O N 0y
—_— 8(dz?) 6(dz?)
3 §(dy2) g(dyz)
Ground State (GS) +f ~ n(dxz) n(dxz)
4 Uy) Udxy)

A(d?)

Figure 1.1 Schematic demonstration [%]A - [%]B and[%]A - [0], transfer integrals and

their resulting stabilization in ground states. Theand m in this examples are 3 and 1,
respectively.
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1.6 Conclusions

As a summaryunderstanding the metaietal interactionsan be acheived throughe
combination ofexperimental measuremeand theorictal modellingAnderson's model has
provided the framework for connecting the sppin interaction with charge transiexcited
states, which is more suitable for systems that noagrpially undergo metainetal charge
transfer. On the other hand, Kahn's model treats such magnetic interaction as weak bonding
interactiors, and is more applicable for systems with closednnétallic distanceMoreover,
such model is based on localized magnetic orbitals and would simplify the virtulization of such
spinspin interactionsThrough the disccusion of this thesis, both models will be concerned
and explained on a cabg-case basis
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CHAPTER 2

Mono-oxido-bridged heterobimetallic and heterotrimetallic compounds

containing titanium(1V) and chromium(lil)
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2.1 Abstract

A series of oxidebridged heteroband tri met al | i ¢ comR@Clades (tn
[ (t mt aa) Fo) ¥@VBJr (t mt é&natda] = 7,16dihydro-6,8,15,17
tetramethyldibenzo[b,i][1,4,8,11]tetraazacyclotetradecine; Por = 5,10,15,20

tetraarylporphyrin) have been synthesized. To our knowledge, these complexes are the first
structurally characterized exampleath cont ain a Ti 80YCr or Ti 80"
motif. Crystal structures of representative heterobimetallic compounds, including the
Ti 80YCr bi nuc2lasmar tovompsleegpxar at e t r i rgéOasd, [ Ti ©
[ Ti 80Y Cr Y A are rppOrted. Thieimetallic and trimetallic molecules have similar
structur al parameters, Il ncluding TiilO, CriC
Ti 80YCr geometry. Magnetic" =82 ceaterisprésentv t ha't
in both the binuclear and taelear molecules. The redox potentials fot/¢r( o E32GmV)
andPor/Pof ( qpE 60=mVPcan be tuned by altering the identity of the porphyrin ligand. By
determining the thermodynamics and kinetics for the formation of these complexes using
titration and electrochemistry, it was found that the bimetallic and trimetallic species undergo
isomerization in solution, allowing for easy substitution of the apical cldgend.
2.2 Introduction

Heterometallic oxido bridged complexes remain an understudied of synthetic
transition metal chemistrySeveral recent studies addressing the assembly of-bxidiged
heterobimetallic molecules on the surface of hetereges supports have revealed that such
systems can be used as chromophores for phirtean chemistry, including water oxidation
or CQ: reduction?!! Absorption by metato-metal charge transfer (MMCT) transitions is
believed to be responsible for the observed photochemical reattititgowever, molecular
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systems containing unsupported mamado bridges of firstow transition metals are rare.
Structural reports for heterobimetallic meaxido bridged compounds with-alectrons
include ®Tii COYN¥OO0YFPeYOOYMACrT1 OFPE&e1 OCo,
Fel OFP@uth a singul ar ?thataas eteetly reforted by oud gralip.
Only two structures of heterotrimetallic oxiboidged compounds are known to date, each
containing a lifkage?3%1 Ruil OT Fe

Synthesis and characterization of solubl e,
are ofinterest to obtain a further understanding of chromophores based on MMCT from
chromium(lll) to titanium(IV)*® Goedken reported a synthetic method for morialo-
bridged heterobimetallic complexes where a titaniann tmi n a | oxido compl ex
(tmtaa = 7,1&ihydro-6,8,15,1#etramethyldibenzolb,i][1,4,8,11]tetraazacyclotetradegine
was used as a Lewis base to form coordination complexes with Lewis acidic metal centers such
as Ct'salen and Ctporphyrin’ However, the structural, spectroscopic and electrochemical
properties of these complexes have not yet been reported. Here, we report the synthesis and
characterization of a series of heterobi met.
finding that theeactivity and physical properties of this system are more complex than initially
described.

This is the first definitiveeportof heterobimetallic and heterotrimetallic complexes utilizing
(tmtaa) Ti 80. By ri gor ous | y ofdhisaystantg weehave lzeénn g t h
able to rationally control molecular properties such as electrochemical potential and
absorptivity?3!

2.3 Results andliscussion
2.3.1 Synthesis and spectroscopic characterization
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Ther eacti on bet we e nPofCtcanpeeegdiia f@Deitlzentlte bi@eta]lic
or trimetallic species depending on the stoichiometry. As shown in Scheme 2.1, the
heterobimetallic complex, Ti®&&OYCr, is obtair
chromium ratio of 1:1 is used. The heterotrimetallic compound is obtained as the primary

product when the titanium to chromium ratio

t he Ti 80YCr bi nucl ear compl exes al so for
[Ti ®80YCr YO®Ti ][ Cl]. As discussed |later, chl
equivalent of (tmtaa)Ti©®©0. Therefore, mor e ¢

exchange of the chlodt o yi el d the [ T, ®OH@dindtionoof thg [ Sb F

chloride using anion traps such as calix[4]pyrroles.

=
o — N—Cr—N_ |
~ N _/
R — R
— N—Cr—N_ | o
— Ny |
R — R
i |
(0] ‘\AN/TI\N/“\%
’ M
”\7I\N/Ti\N/“\7,
/K?'\

Heterobimetallic

1: R = phenyl

2: R = 4-methoxyphenyl
3: R = naphthyl, (TNAP)

Heterotrimetallic

R = phenyl, (TPP)

R = 4-methoxyphenyl, (TMP)
R = 4-fluorophenyl, (TFP)

R = 4-(trifluoromethyl)phenyl,
(TFMP)

Scheme 21. Synt hesi s of Ti 80YCr 1-3 iandu trimeria r Cotl
[ Ti 80YCr Yo®Flexdg#-11i ) 1: 1 ratio of (tmtaa)Ti 80
of(tmtag Ti 90 and Cr ( Por) CIl , i) 1:2:161 ratio

20



As shown in Scheme 2.1, the hetef-ddanbmet al | i
obtained when a titanium to chromium ratio of 1:1 is employed. The yield varies from 50% to
73% depending on the porphyrin used. When synthesizing comdlexet2, t he Ti 80YCr
binuclear complex is the major product. However, a small amount of the
[ Ti 80YCr YOSBTi ][ CI ] trinucl ear compl exes
([ Ti T OF*®is]alkd observed. These side products are much less soluble than the
binuclear complexes, and are thus easily s#pdrby filtration from the reaction mixture.
Complex3 precipitates readily from solution in both high yield and purity. We were unable to
observe the formation of the corresponding heterotrimer of con3pken after addition of
excess (tmtaa)Ti ©0.

By adjusting the stoichiometryof 8P or phyr i n and (t mt ad7kcahi 90 t o
be obtained as dark green precipitates in a one pot reaction. The isolated yield after further
recrystallization varies from 46 % to 65% depending on the porphyrimpGonds8-11,
which contain a hexafluoroantimonate anion instead of cldoaice obtained by adding 1.1
equivalents of NaShfo the synthesis, with isolated yields ranging from 37% ~ 53%. Complex
12 (Scheme 2.2)vas collected aX-ray qualityorangeplatecrystal on flask wall when excess

H4sTFMP was added into a refluxing solution of complex
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HyTFMP ’ SRS, R
RONH /0 HNR
Trimetallic complex 7 e ~ N—Cr—N__| /I)/%lti\( ‘/
~ N1 '/ N\
R s R I | / Y \\
‘O
| T"
1\¢1\N/ I\N/“\¢’
/K&\

12: R = 4-(trifluoromethyl)phenyl

Scheme22Synt hesis of [ Ti ®&0YCr YO®Ti ]12Qhel trinucl
anion trap HTFMP is further described in ESI Figure 2.S1.

Although complexwas reported by Goedken from a reac
we have found that the reaction is more complicated than previously described. In particular,
Goedken indicated thatthe o OYCr fAheterobi metallico compl e
at 454 nm in addition to two (tmtaa)Ti 90 ba:
observe similar peaks in the Ti®0OYCr* binuc
trinuclear complexes,thenokr absor ptivity of the (tmtaa)Ti
reported by Goedken ar e §trinndlebr@ampléxdTaklel?d). [ Ti OS¢
We conclude that the molecule reported by Goedken is actually the heterotrimetallic4pecies
(presumablyseparated due to its low solubility), and not the claimed heterobimetallic species
1 The EAS spectra comparing the precursors
1 and trimetallic complexX is depicted in Figure 2.1. The Soret band is red shifie~ 8 nm
due to deformation of the porphyiThe (t mt aa) Ti 80 based absorp
(LMCT) and-"8y7anen ¢§ignificantly red shifted
upon coordination to the chromium center.Ha trimetallic species these bands have a molar

absorptivity twice of that for bimetallic species, consistent with our assignment.
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Table 2.1 Comparison of binuclear complexit) @nd trinuclear complexj with the proposed
bi nucl ear compl ex of Goedken. The (tmtaa)Ti
normalized to Soret peak to facilitate comparison.

Absorptivity, nm (tmtaa) T, 90 b as e d Soret,

Binuclearl 344 (0.50, 396 (0.53) 452 (1.00)
Trinuclear4 344 (0.94), 390 (1.04) 456 (1.00)
fi Biuclead!® 342 (1.26), 388 (1.20) 454 (1.00)

[a] Normalized intensity[b] Trinuclear complex, but was assigned asuclear complein
previous workt’

Solid state ATRFTI R s pect r umshows a ginglenshar@bpnd aréued 920 cm
13%which i s aiss®Y This pedik ig kmows to red shift by 060 cmi! when
(tmtaa) Ti 80 is coor di Hwehawe found thad in dofmpoundd2t L e wi
this peak is located between 9167t 894 cmt, which further confirms the formation of a
e-oxido bridge in these complexéfigure 21 andESL. T he | o werfl oipdiceies gy o f
t hat when the oxygen interacts with chromiurm
0 donati ng /acceptingnteractonsaron thegoxygen to the chromium. Thus, a
| arger redommliifds od sstronger Ti 80YCr interac
complex3has a particularly weak Ti80YCr bond, w
of the bulky naphthykubstituents on the porphyrin. Although the other complexes have
rel ati velriysows iamiableato observe electronic effects from the porphyrin
substituents. For example, electron donating substituents weaken the dative interaction
betweenthe ckrmi um and oxygen ¢ies 2@ cmfor meteogyP). t i ng i
Electron withdrawing substituents such as fluat6)( d i s pil s@aty894a&m and are
consistent with stronger dative interactions to a more elepwon Ct' center. These

obse vati ons are consistent santdhdafot and sugggesiEi 90 a
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t hat in this case such bi ndaccegtor bebadidlsFord o mi n a
complexes8-11, an additional peak around 656 ¢is observed, which is assighe tsp@.%¢ 3
Despite the smal |l 1ddedtweenbimetadlieand tiimetallec speaieg, we of 3
find that the relative intensity of this peak is doubled in the trimetallic species when compared

to that of the bimetallic complexes. This behavior is similar to what is observed in the EAS for

the intensityo f the (tmtaa) Ti ©OmxG84btnm rarel @90 ab)sThis pt i or

observation also distinguishes between the bimetallic and trimetallic complexes. (Figure 2.

Cr(TPP)CI (A)
120000 4| — (tmtaa)Ti=O

80000

40000

Molar extinction coefficient [cm™ M™]

/L
771

T T T T T T
300 400 500 600 700

Wavelength (nm)
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Figure 2.1 A) Mol ar alscr pptrievciutrys(otriit Grag) mHaRE @C In,

di c hl or o nSolidstates KTRFT-BR)spectrao f bi met allbnd tommeéeal

comp4d ewsd 904if ccrmllam&h The intensity has been
1010. cmwlelctra can be found in the ESI

2.3.2 Crystal structures

We were able to growrystals suitable for XRD study @f a direct analog df and3. The
growth of Xray quality single crystals using TMP was used in early structural studies of
metalloporphyrins’ The chloride salts of trimetallic complexes®) afforded poor quality
structures in all cases, with badly disordered chloride and solvent positions that were
unresolvable. We conclude from our equilibrium constant studies (see next section for detail)
that their instability precludes the formation of suitable crystals in most cases. Introduaing SbF

increases the stability of trimetallic compleX8e$1 andfacilitates the growth of single crystals.
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Table 2.2 Selected bond lengths and andg@sCr ( T MP »QC2,10,12

Summary Cr ( TMPYQ 2 10 12

Cr-Cl distance (A) 2.3225(10) 2.3577(6) n/a n/a

Ti-O distance (A) n/a 1.6829(16)  1.683(3) 1.6877(15)
Cr-N avg. distance (A 2.034(3) 2.0324(19) 2.027(3) 2.0194(12)
Ti-N avg. distance (A) n/a 2.037(2) 2.033(3) 2.0307(14)
Cr-O distance (A) 2.066(3) 1.9413(15) 1.938(3) 1.9277(14)
Ti-O-Cr angle (} n/a 176.99(11) 178.18(18)

O-Ti-N avg. angle (} n/a 109.35(8) 109.23(13) 109.46(4)
O-Cr-N avg. angld)  88.29(11) 88.96(7) 90.00(12)

However, the large void spaces and the unresolved solvent positions still posed problems for

structure refinement. A reasonable structurdd®fvas obtained by use of SQUEEEEo

remove unresolved electron density. Connecfiwtyy stiuctures foil8 and9 were also found

that corroborate the trimetallic structur@®ther large anions including tetrakis[3,5

bis(trifluoromethyl)phenyl]borafé were used, butatisfactoryX-ray quality crystal was still

not obtainedThe problem okolvent and anion disorder was ultimately addressed by adding

the \TFMP calix[4]pyrrole as an anion trafc¢heme 2.25cheme 2.S1 and ségure 2.5,

crystal structure of2 for details).
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Figure 22 X-r ay <cryst al st r w@.tThermal elipsoidsCdragviT atl BOC | A H
probability. Hydrogen atoms (except those ofOHand solvent molecules are omitted for
clarity.

We found that HTFMP occupies previously empty space in the unit cell as wélapging
the chloride anioA®* For comparison with the structure of bimetallic compx
Cr(TMP) C bOAWAs prepared according to the literattreCrystals suitable for Xay
diffraction were obtained in slow vapor diffusion fromrdbutyl ether to dichloromethane.

Cr ( T MP »Q0d kawn, but its structure (Figure 2.2) has not been previously reported.
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ryst abli neettZzautddgiruumal odl | i psoi d pl ot s

Figure 23 X-r ay ¢
i ty. Tsheel vheyrdtr omgoelne cauloemss ar e omitted

probabil

The crystal structure & is depicted in Figure 2, confirming the bimetallic configuration
shown in Scheme 2.1. (tmtaa)Ti ©0 coordinates
e-oxido bridge. An interesting feature of all of the heterometallic structures is observed with
the tmtaa ligand, which undergoes a complete saddle inversion when compared to the structure
of (t mtlaTao) TowO.knowl edglowndudh ganiip gemynet ry
observed once before for tmtaa complexes, in the structurally similar bime@tipound
(( TPP)Cri Oi Fe(t mt &@omplex2heapso rat eTd &0O/ bWensdt .| engt |
(Table2.2land Cri1 O bond | ength of 1.9413(15) i . T
than that of (t mt'da)sTsor@cthar ib thé praviodsly regoited
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bi metallic molecul éanfi 3OYPé Ct P THsGHbTI®NI2) ) | ) .
l ength indicates that the Tio90 stildl retai
significantly longer than previously described bimetallic molecuees OT Cr (1 2776 ( 11
and Ti 1 OT Cr #dndis ®rsibténwith the yproposed dative interaction. However,
the bond I ength is shorter todhann i 6r GChMP )sa | nf
(2.066(3) A) and any other axial-@nor coordinated ®r porphyrins, suggesting that
(tmtaa) Ti 80 i s mor e -dohoglrewis base®*oTuthned Tti a0 Cat hoeol
angle is nearly linear with an angle of 176.99(11); which issiderably larger than in the
bent TiTOiCr Ilinkage of “Dbhval €Enf Clsybbams | ¢
2.3577(6) is found 0. 03 jO,Whchig23225(10) & 1Thet h at
increase of the Cri1Cl bond -tlaesinfyend?, which isc ons i s
described in detail elsewhef&?®

The structure of trimetallic complex&® and12 are depicted in Figuresand5, and have
similar Ti1TOITZXr Tgveo re tmt ia@a9 TaOO groups are cc
center in a staggered geomet r ylDandlhaeealmosnd | en
identical to those observed faand are summarizedin Tat#2. The (tmtaa) Ti 90
a shorter Cr10 distance (1.9413(15) i) than
PhsP © 83 (2.033(4) A) and HO* (2.057(2) AA.\Thi s suggest s stalbettér ( t mt

ligand under these conditions than other simple oxygen donor Lewis bases.
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S ]

Figure24X-r ay c¢cryst al struct wwrCEhef malr i enletiaps oicd <
at 50% pHydabgknt .t odns ,anadnisoonl viehbtF mol ecul e
clarity

In complex12, the chloride was immobilized in a porphyrinogen calix[4]pyrroleTFMP)
anion trap. The structural parameters of the anion trap consistent with previous“ttidies.
52 From the packing map of complé? (Figure 26), we find the HTFMP has comparable
sizeas the trimetallic complex, and they align linearly to form an organized architecture in the
solid state. Although porphyrinogens are known to be air sendito@mplex12 is stable in
both solution and the solid state when expdseedir. We believe that the electron withdrawing

groups may play a role in this stabilization.
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Figure 2.5 X-ray crystal structure of trimetallic complé®. Thermal ellipsoids drawn at 50%
probability. Hydrogen atoms (except thds@lrogen bonding with chloride in the anion trap)
and solvent molecules are omitted for clarity.

Figure 2.6 Packing view from the 001 plane B2. Hydrogen atoms and solvent molecules are
omitted for clariy.
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Table 2.3 Crystal data and structure refinement detail<for ( T M P »QC 2,110,312

Identification code Cr( TMP) 2 10 12
20

CCDC 1001312 999173 1000580 999100

Formula Cs4H47N70sCl C72H62ClsCrNsO CggHeaN1202F10Ti2C  Cis50H113CICTrR4N2:0
Cr s5Ti rSh 2Tl

Mw 961.43 1396.44 1785.09 2880.86

T/K 110(2) 110.1 110.1 110(2)

Crystal system monoclinic orthorhombic monoclinic tetragonal

Space group Pn P22:2, P2/n P4/n

alA 14.8022(6) 16.0177(7) 16.0036(8) 23.1810(7)

b/A 9.1685(4) 19.5409(8) 24.1922(10) 23.1810(7)

c/A 18.1960(7) 20.1114(9) 23.4013(12) 12.5405(4)

ar 90 90 90 90

b/ 99.490(2) 90 92.667(2) 90

a/° 90 90 90 90

Volume/A3 2435.66(17) 6294.9(5) 9050.3(7) 6738.7(5)

z 2 4 4 2

} cadng/mn? 1.311 1.473 1.31 1.42

m/mnt! 0.346 0.573 0.654 0.311

F(000) 1002 2884 3620 2954

Crystal size/mm 0.28 x0.2 x 0.876 x0.285 x  0.345 x0.299 x 0.26 x0.2 x0.12
0.097 _ 0.174 0.151 5

Radiation MoKU (& MoKU (& MoKU (& = MoKUa = 0.

i 0.71073) 0.71073) 0.71073)

2U range f 3.294to 3.251t0 62.844° 3.018 to 54.094° 4.08 to 59.16°

collection 56.564° . . . . o

Index ranges -19 O h 23 O R8¢(-20 O K00 (-28 B1,K 20 C
12 O k O k @91710 39 O | O 3127 O |
24 O | O 29

Reflections collected 38323 140213 135401 72806

Independent 11094 [Ry = 20785 [Rx = 19818 [Rx = 9429[R(int) =

reflections 0.0522, Rgma= 0.0338, Rgma=  0.0426, Rigma= 0.0293]
0.0511] 0.0259] 0.0307]

Data/restraints/param: 11094/2/621 20785/0/883 19818/0/1053 9429/1/487

ters

Goodnesof-fiton P 1.046 1.043 1.054 1.047

Final R indexes R1=0.0479, R;=0.0347, R1=0.0676, wR=  R;=0.0437, wR=

[ I >=208 (1) wR:=0.1231 wR,=0.0892 0.1528 0.1147

Final R indexes [all R1=0.0529, R1=0.0416, R1=0.0894, wR= R;=0.0617, wR=

data] wR;=0.1274 wR,=0.0936 0.1669 0.1268

Largest diff. peak/hole 0.50+0.36 0.78+0.54 1.98£3.50 0.56+0.58

/e A3
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2.3.3 Equilibrium studies

In order tounambiguously determine the stoichiometry and binding constants that enables
the synthesis of these compounds, we utilized a titration method previously reported by
Hoffman and coworker¥. They found t hat t he Cri ClI bi nc
Cr (TPP)CI (S) (wher ®orSmidazold) wasaysite largeshavint a laver H
limit of 6.71%* (See ESI for a full description of this method). The stoichiometry of both
Cr(TPP)Clad Cr ( TNAP)CI with (tmtaa)Ti 90 is deter
(tmtaa) Ti 90. The fir sty werg tound itobbe i3.d2mandc338,st a n't
respectively(Table 2.4) In contrast to the work by Hoffman, who were unable to dispgleee
chlorido ligand with any N O- or Sdonor>* we found that addition of a second equivalent of
(t mt aa) Tdleény fotms the heterotrimetalld The equilibrium constant for this
second step (logk= 2.67) is significantly smaller thandliirst step (logKk= 3.72). This result
is consistent with the ability to isolate bimetallic compourdd3, and implies that an

equilibrium is present between the trimetallic and bimetallic complexes in solution.

Table 24 Equi |l i bri um constants for thef reacti
(tmtaa) Ti 80YCr (Por ) Cl and (t mtaa) Téi 80 +
[ (t mtaa) Ti 90YCr (Por ) YOOSTi (t mtaa)] ClI

Acceptor Product N log K

Cr(TPP)CI 1 1.04 3.72

Cr(TNAP)CI 3 1.03 3.32

1 4 1.04 2.67

3 No product N/A N/A

formed
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At this point, it is necessary to comment on the previously observed strong binding
constant for6.Crli)Clan(d oags kk why t he second equ
to displace the chlorido ligand under these conditions. In our opinion, the chlorido replacement
in our system is explainabl e lahilize$ theohlonda y s . Fi
ligand via a donating ( présSaecond, thérapscimplexas G and
are stabilized via a pugbull mechanism (@ s u ma b | y intefaatian¥®§°>A°that is not
possible with the previously studied,ND- and S donor ligands.

It has been proposed that (tmtaa) Th ®Ok alcd 5d ¢
with transition metald’ Since thechloridl i gand is a 0 donatiX¥g | i ga
the O donating interact i o thenfaintactorthatntribitesst (t
to destabilimg the bonding betweerhé chromium and chlorido. This labilization wéns

ligand via 0 donating path in porphy®fn has

a’ kadonding interaction between (tmtaa)Ti ©
would result in a situation where it is | ess
vs. even the weakly °~ donating aehd BefCGoo. Thi

Ru%and O8porphyrirs, wh e r eaceeptar lmands are destabilizing when locataas

to one another. In contrast, thecde e a sri® in ® énd43compared td and2 respectively,
suggest t hat the bonding il nteractions betw
strengthened in these trinuclear complexes. The equilibrium constants also quantitatively
indicate that the second (t ranchlariafierdhe firsts si g
(t mt aa) Ti O Q@hechsomiand cbred. Therefore, an additional interaction must be
present to further stabilize the trinuclear
“-donating ligand, which serves to weakdme  Cr iddabdér bohd and enable the
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displacement of the chlomdigand. Here, this interaction allows for the addition of a second
equivalent of (tmtaa)Ti 90, but other | igands
"-donor -aeceptbr of theewo trans( t mt aa) Ti 90 | i gandmll al so
interaction as previously observed in other syst&rs>° This effect also can furthstabiliize

the trinuclear complexes.

Theequi |l i brium constant of the reaction bet
Cr(TNAP)CI (log Ki=3.32) was found to be slightly smaller than that of Cr(TPP)CI (log
K=3.72). Unlike the other heterobimetdal |l ic c
did not generate the corresponding trimetallic species. We propose that the presence of the first
(tmtaa) Ti 90 bl ocks the binding of a second
substituents on the porphryin. Even addition of excess NaShkifich facilitates the
dissociation of chloride, was unable to induce formation of the trimetallic compound. Further
discussion of this effect can be found in the ESI.

In summary, although the binding constant for the first ligand to Cr(TPP)CI is redatesl t
magnitude of ¥%REndinglofiagsecand gand s Kot only simply linearly
relatedtoitspk®*but al so influenced by °~ do#Ewsi ng/ ac
it is not surprising that (tmtaa)Ti ©90si s caf
are unable to do s@he combinatom f 0 donating ef f elddnatimgnd mu't
effect of (tmtaa)Ti 90 all ows vaan du(st mtyge)sTio
to be stably isolated. From the equilibrium
to the QO¥Y@taéa)ydg®ent i s -16.2ldmg)eariore tawtableythaf (G =

binding of chloric. We propose that this effect can be used to symzaasymmetric six
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coordinated chromium porphyri-€ as a mpversak e s u
precursor.
2.34 Electrochemicalcharacterization

Cyclic voltammetry data for trimetallic complexe§ and9-11are summarized in Table 2.5
and depicted in Figure 2.84( t mt a awaslabser@ed to be irreversibly oxidized at 0.53
V (vs. Fc/F¢, as for all other reported potentials) and be reduc&d28 V. Sincd t mt aa) Ti 80
has d configuration in the metal, the oxidation at 0.53 V must be ligand center@ddMction
is observed for tmtaa, thus th€.36 V wave is assigned as theV4f couple. The
electrochemical processes of the chromium porphyrin monomers was assigned as previously
reporte®>’The redox pr oc e® atpotehtialdof O OTWIHRLH G128 \H-
1.73 V,-2.40 V are assigned as the eletrogenerationgbtber phyr i n °~ cation r
Cr(11), porphyrin °~ anion radical and porp
cyclic voltammetry data of-7, 9-11 are based on perturbations of the conclusions from the
monomers. Recent studiésf the chromium porphyrin oxidation states are also considered,
where it is suggested that Cr(I))TPP is more accurately expressed as CrdiiyT&most all
cases.

When comparingCr(T MP ) GO Mith binuclear complex2, the formation of the
Ti ®8@¥bonding cathodically shifts the ~ <catio
magnitude of change inthe® coupl e (0.36 V to O0.313W) and
to-1.72V)arer el ati vely smalll . I n contrast, the cat
0.72 V) is relative smaller than thatof®f c oupl e (0.36 to 0.22 V) ar
1.73 V t0-1.86 V). These abnormal variations of potentials are the fie¢inte of porphyrin
def ormation and electron donating effect fro
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0.79 V to 0.69 V is mainly from removing one electron from porphyio®ital. Ruffling of

the porphyrin caused by the fifstt mt a aapdtion®i destabilize thesy orbital of the
porphyrin34In the trinuclea®, this potential shifts less anodically (to 0.72 V) even though the
porphyrin is more ruffled relative to the binucl€aiThis could be explained by includy an
interaction between theydof Cr and the ain of the porphyrirf® These orbitals are of the
same symmetry ithe Dxq point groupand are likely to have similar energies when the ruffling
degree is larg®’ The resulting interaction betweeg dnd a, would stabilize a, causing the

observed anodic shift.

Table 2.5 Electrochemistryf (tmtaa)Ti=Q Cr ( T MP20a47 &n#io-11.120]

Compound Eox3 Eox2 Eox1 Eredl Ered2
(tmtaa) Ti=O - - 0.53 -2.36 -
Cr(TPP)CH 0.91 0.44 -1.67

Cr ( TMPO®I AH - 0.79 0.36 -1.73 -2.40
1 - 0.81 0.43 -1.70 -

2 0.69 0.33 -1.72 -

3 - 0.74 0.48 -1.70 -

4 - 0.85 0.38 -1.78 -

5 - 0.74 0.25 -1.83 -

6 - 0.88 0.41 -1.74 -

7 - 1.01 0.59 -1.60 -

9 1.10 0.72 0.22 -1.86 -2.37
10 1.07 0.86 0.39 -1.76 -2.32
11 1.23 0.98 0.54 -1.60 -2.16

[a] Cyclic voltammetry were perform in degassed, dry >Cll with 0.1 M
tetrabutylammonium hexafluorophosphate using glassy carbon working electrode, platinum
counter electrode and silver wire quasi reference electrode. All signals were referenced to
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ferrocene/ferrocenium(Fc/Fc+) at 0 V. [b] CompouBddecomposesni CHCl> when
tetrabutylammonium hexafluorophosphate is present

[c] The CHM'" is irreversible for porphyrin monomer in GEl;, C'"" of Cr(TPP)CI and
Cr(TMP)Cl is observed atl.47 V and-1.45 V respectively.

The cathodic shifts of & andthe ani on are not surprising
the G and®%(tdno madnd th@resultingncreased back bondi ng
chromium dt o p o r p°h espéctively.Nodteworthy, the change from binuclear to
trinuclear species is more significahaan that from porphyrin monomer to binuclear species.

In addition, the change in the tmtaa ligasehtered oxidatiors large (0.53 V to 1.10 V i)
when( t mt a ais)cdordi@daed to chromium porphyrin. This lagyedic shift is causdualy
the largestructural change of the ligand geometry in (thtdai ,@i@on formation of the
complex (acomplete saddle inversian)

When comparing the relatively electron donating porph9rio the relatively electron
withdrawing porphyrin inl1, all of the potentialsvere anodicallyshifted by 0.26~0.32 V,
except for the tmtaa centered oxidation peak, which did not undergo a significant change (0.03
V). This relative small influence otmtaa oxidation is expected, as only therphyrin
energetics are being synthetlgahodified3* The Ti'' couple is beyond the solvent window
and was not observed. The potentials observedl E V to-2.37 V in compoun@-11are due
to further reduction of the chromium porphyrin, forming eithet-Bor or the porphyrin
dianion. The change in the potentials across the series is consistent with this assignment.

The one electron reduction of'€porphyrin is directly related to its axial substituents and
can be used to identify the ligated ligaritisn order to determine the stability dfiese
complexes,cyclic voltammetry of5 was performed at varying scaates. For the quasi

reversible Por/PércoupIe?0 a single peak was observed at a relatively slow scan rate (50
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mV/s), which became two distinctive reversible peaks at higher scan rates (200 mV/s). (Figure
2.7) This resulcan be explained using the square scheme mechanism proposed by*®adish,
As shown in Figure 2.S8, a trimetallb can generate reduced bimetaltign two discrete
pathways. In the presence of chloride, ligand exchange to form a bimetallic intermediate can
occur. The Por/PércoupIe redox potential of the bimetallic species is similar to that of the
trimetallic ecies, and two close peaks are observed at high scan rates. We propose that this
is a direct observation of the ligand exchanged intermetiatenore detailed discussion of

this effect is found in the ESI.

1l ——50 mvis
004 —— 100 mV/s
1| —— 200 mV/s

-
>
S 024
N
+—
c
L 04
=]
@)
2 06-
N
©
E s
>
b
1.0
T T T T T T T T T T 1
16 1.7 1.8 1.9 2.0 2.1

E (V vs Fc/Fc)

Figure 2.7 Cyclic voltammetry of comple% in degassed, dry dichloromethane with 0.1 M
tetrabutylammonium hexafluorophosphate using glassy carbon working electrode, platinum
counter electrode and silver wire quasference electrode. All signals were referenced to
ferrocene/ferrocenium(Fc/Fcat 0 V. The arrows andb show the increasing current of
process Il and | in Figure 2.S8, respectively.
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2.3.5 Magnetic susceptibility

Several experimental techniques hheen used to determine the magnetic susceptibility of
heterobimetallic and heterotri met &l(1l)c comp
electron paramagnetic resonance spectroscopy (EPR)8) and using a superconducting
quantum interference device (SQUIP{S).

The effective magneaere memsenred (¥ia Evanbod
tempeature and are summarized in Table 2.6. Diamagnetic correction parameters were
calcul at ed f r o’fiwitiPaalditionallcdrsction being ap@tiras reported for
metalloporphyring® The heterobimethli ¢  c omp | e x e s eschloows ea @, 0o v3e.r8a
which is in agreement with high spin (S = 3/2)'CThe heterotrimetallic complexes show an
overealn tehe r ange kreThavdative snill efetive8magnétic moment
compared to théinuclear species either suggests that the trimetallic compound is a mixed
ground state electronic configuration (S = 1/2 and S = 3/2) (presumably due to porphyrin
deformation) or there is a systematic underestimation of the diamagnetic correction in the
trinuclear species. Such an effect is known in large supramolecular asseéhibtienfirm
the ground state electronic configuration of!'Cthe magnetic properties 8fwere further
studied using SQUID magnetometry. As shown in Figure 2.1828netization saturation was
performed at 2 K fromd 0000 Oe with the maxi mized val
consistent with the presence of 3 unpaired electro®s Tremperature dependent magnetic
susceptibility was measured from 2 K to 300 K (See leiduS14). There is no observable
contribution from S = 1/2, ruling out the presence of a mixed S = 1/2 and S = 3/2 state.
Therefore we conclude that the'Ccenter is high spindat all temperatures for these
molecules.

40



This assignment is further corfied by powder Xand EPR. The and EPR spectra of
Cr'" porphyrin has been studied and discussed in detail in previous publicatibiihie
magnitude of zero field splitting (ZFS) in S= 3/2 tetragondl' @ known to result in
gualitatively distinct EPR signals. EPR specttaor epr esent ati ve )jonomer
binuclear complext and trimer8 are shown in Figure 2.8. Each has a similar appearance,
which indicates similar electronic configurations for thé' @n in each case. This result is
consistent with previous res where Cr(TPP)CI was ligated with axiaid®nor ligands*
Visual comparison of this data with known ZFS parameter values foc@mnplexes® "8

indicates that the ZFS parameter |D| is approximately 0.23aéth an isotropic g = 1.98’

Table 2.6 Magnetic moment 01-11

Compound geff( € B)
1(TPP)& 3.87
Binuclear complex 2 (TMP) @ 3.70
3 (TNAP) & 3.61
4 (TPP)® 3.39
5(TMP) @ 3.70
6 (TFP)[I 3.20
7 (TFMP)[! 3.82
Tinuclear complex
8 (TPP)® 3.30
9 (TMP) 3.03
10 (TFP)IP! 3.37
11 (TFMP)P! 311

[a] In CDCk [b] In CD2Cl2
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Figure28X-band EPR s pect 1Oalaul8at 298 K. T faP g btbhdertsignal
at around 3500 G which is due to minor paramagnetic impurities.

2.4 Conclusions

Twel ve CriO1Ti heterobimetallic and heterot
our knowledge are the first structurally characterized heterotrimetallic examples containing
this molecular configuration. Although the heterobimetdlliwas previouslyreported’ we
find that the chemistry of this system is more complex than initially realized and the trimetallic
4 was most likely the compound isolated under the published conditions. Structurally, these
molecules have linear, unsupportedxido linkages with bond lengths consistent with dative
interactions between chromium and the Ti=O ligand. We were also able to block formation of
trinuclear species through the presence of sterically demandingmapbtyl groups. Both the

bimetallic and trimetallic complexes are shown to be high spif (3 =3/2). The obtained
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ZFS constant (|D| ~ 0.23 ¢n g = 1.98 is in good agreement with previous literature for a
Cr'" porphyrin with axial Gdonor ligands.

It has been reported the Cr(TPP)@l8 an unusually str¥bug Cr 1 C
we have found that (t mt aa) Diiglnd. Teefefuililmriune nt | y
constants at 298 K for the "porphwinisshaw fobeal ent
log K1 = 3.72 and the second equivalent is log¥2.67.The analysi®of cyclic votammetry

data of1-7 9-1T reveals the redox potential is affected by addtiof of mt a aandlr i © O

porphyrin deformation. The redox properties ofs( @E = 320 m¥| p&End P60/
mV) can be tuned by altering the identity of the porphyrin ligand, while the electrochemistry

of the ( t mt a afragme@Oremain relatively unchanged. Variable scan rate cyclic
votammetry study d indicates that a fast equilibrium is presdwadttgenerates both trimetallic

and bimetallic complexe3hese results demonstrate that we can independently vary the redox
potentials of heterobimetallic complexes, which will assist in the future design of tunable
MMCT chromophores.

Synthetically,the ility to selectively make both heterobimetallic and heterotrimetallic
compl exes suggests that (tmtaa) Ti 80 can be
C'porphyrins. We anticipate that t h-dosorsappr oa
and metalloporphyrins
2.5 Experimentalsection
2.5.1 Generalprocedures.

All reactions were performed under an atmosphere of nitrogen in an Innovative Technology
glovebox or using Schlenk techniques. All used chemicals were purchased from VWR

International, Sigma Aldrich, Alfa Aesar, and TCI America and were used withoutrfurthe
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purification except as noteeuterated NMR solvents: benzeme(CsDes) and deuterated
chloroform (CDC3) were purchased from Cambridge Isotope Laboratories, Inc. All solvents
were stored over 4A molecular sieves prior to use. Dichloromethane, permtade,
tetrahydrofuran, were sparged with &hd dried over an alumina column using the method of
Grubbs’® Toluene, diethylether andsBs were dried over purple sodium benzophenone ketyl,
then vacuum transferred and fregeempthawed before storing in Teflesealed Schlenk
bombs. Aetonitrile was dried over Catdnd distilled prior to use. CD&Wwas deoxygenated
with three cycles of freezgumpthaw and stored over 4A molecular sieves prior to use. Water
free dimethylformamide was purchased from VWR, and was briefly exposed tawacioun

to use. ¢’ twast paepayed iac®ddding to literature procedures. The 5,10,15,20
tetraarylporphyrins employed in this study are represented by the following abbreviations:
TPP, tetraphenylporphyrin; TMP, tetrakisf@ethoxyphenyl)porphym; TFP, tetrakis(4
fluorophenyl)porphyrin, TFMP, tetrakis(ifluoromethyl)phenyl)porphyrin;  TNAP,
tetranaphthyl porphyrin. The free base porphyrinogen 5,10 48&te4kis((4
trifluoromethyl)phenyl) porphyrinogen is represented asHVIP.

14, 33C and'®F-NMR were recorded on a Varian Mercury 400MHz spectrometer. Chemical
shifts are reported with reference to solvent resonatideBIMR (ref GDe: 7.16 ppm;
CDCl:7.26 ppm,) C NMR (ref CDCy = 77 ppm) andF NMR (ref 4
(trifluoromethyl)benzaldehyde %627 ppm)8 Absorption spectra were recorded on an Olis
RSM-1000 spectrometer using Teflgealed quartz cuvettes. Attenuated total reflectance
(ATR) FT-IR spectra were recorded on a Bruker Vertex 80V infrared spectrometer equipped
with a Pl at i nu tdehmént. Sea &Sl tr répiesentadideNMR, 3C NMR
and ATRFTIR spectra. Electrochemical measurements were acquired on a BioLeg@OSP
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potentiostat/galvanostat using a glassy carbon as working electrode, "Aggfsgence
electrode, and Pt wire countelectrode. Cyclic voltammetry was performed in a N
atmosphere glovebox in dichloromethane solution and referenced td E@R¢, with 0.1 M
tetran-butylammonium hexafluorophosphate (TBAHFP) electrolyte. The scan rate was 200
mV/s unless otherwise nateHigh resolution exact mass spectrometry measurerad@ts
(HRMS-ESI) were carried out on a high resolution mass spectrometer (MS) (Thermo Fisher
Scientific, Exactive Plus mass spectrometer) using Heated Electrospray lonization (HESI).
Samples were diss@d in dry dichloromethane and acetonitrile and analyzed via flow
injection into the mass spectromefwasusedt a f I
to measure the magnetic moments. Diamagneti c
constant;* with extra correction for porphiyrn ssia =( -@x10°2 emu/mol) as previously
described! Magnetic susceptibilities were measured on a Quantum Design MRMS
SQUID Magnetometer. A saturation plas measured at 2 K with an applied field varied

from 0~70000 oe. A Curie plot was obtained from varying the temperature with an applied
field of 7000 oe. Crystalline samples (ca-3® mg) were loaded into gelcap/straw sample
holders and mounted to thengale rod with Kapton tape for temperature dependence
measurements. Electron paramegnetic resonance spectra were taken on a Bruker ELEXSYS
E500 spectrometer operating at approximately 9.86 GHzapx) at room temperature with a
modulation amplitude of 10 &1d a modulation frequency of 100 kHz. The experimental time
constant was set at 81.92 ms with a 117.19 ms conversion time and a 120 s sweep time. A
typical collection of 1024 data points is performed under 2 mW incident microwave power in
arange from @ 8000 G. Recrystallized polycrystalline solid samples (1 ~ 2 mg) where loaded

in Wilmad® quartz (CFQ) EPR tubes (O.D. 4 mm, L 100 mm) and sealed undéfhi
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approximate zerfield-splitting parameter |D| is determined by comparison with the schemes
aspreviously reported*’"’®
2.5.2 XRay crystallography

Crystals wereanounted on MiTeGen mounts and cooled to 110 faxintensity data were
measured on a Bruk&ionius X8 Kappa APEX Il system equipped with a graphite
monochromator -Aomdua MeKUed i habe (& = 0.7107
were determined fromymmetry constrained fits of the reflections. Frames were integrated
with the Bruker SAINT software package using a narfawne algorithm. Data were corrected
for absorption effects using the medtan method (SADABS). Structures were solved using
dired methods (Bruker XS) and refined using the Bruker SHELX %bd@ftware package
using fulkmatrix leastsquares refinement on F. All ndrydrogen atoms were identified in the
original solution, or located from the difference map from refinement results. Hydrogen atoms
were placed at idealized posit®and allowed to ride on the nearest-kbatom. Figures of
the molecular structures were created using Olex2 Crystallographic information files for all
structures are avail bl e in the ESIA and from the Cambr
(www.ccde.can.ac.uk). CCDC reference numb&r ( T MP »QC(1081812),2 (999173),
10(1000580),12(999100).
2.5.3 Synthesis of chromium porphyrins

Free base porphyrin liganddz(P), (P = TPP, TMP, TFP, TNAP, TFMP) were prepared
following the method of Gonsalvest al® and Sun et & with several modifications. In
particular, nitrotoluene was used irapé of nitrobenzene. A solution of glacial acetic acid (90
mL), propionic acid (45 mL) and nitrotoluene (60 mL) was prepared in a 500 mLrtacke
roundbottom flask which was equipped with a reflux condenser and two 100 mL dropping
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funnels. One of the dpping funnels was charged with the corresponding benzaldehyde (30
mmol, dissolved in 60 mL nitrotoluene), and the other addition funnel was charged with freshly
distilled pyrrole (2.09 mL, 30 mmol, dissolved in 45 mL propionic acid). After heating the
nir ot oluene mixture to 110 eC, the correspond
to this solution, resulting in Bnal ratio ofglacial acetic acid: propionic aciditrotoluene of
3:3:4.After refluxing for an additional 3 h, the black solutwas cooled to room temperature,
transferred to an Erlenmeyer flask and further cooledt6 e C for 1 h.- The r
pink crystalline solid was then collected and washed with methanol until the filtrate was clear.
The final product was then dried t 80 eC wunder Thise ablurcne d proe
chromatographyree method affords free base porphyrin in reasonable YeXPP* (Yield:
0.70 g, 15%), HTMP® (Yield: 1.17 g, 21%), HTFP**(Yield: 2.08 g, 40%), LITNAP®® (Yield:
0.75 g, 12%), and AFMP®’ (Yield: 1.76 g, 26%) have been previously reported spéctra
are consistent with previous repdtts’

Chromium porphyrin metallatioil;he metallatiomprocedures of Grov&&was fdlowed with
minor modification. In a 500 mL thregeckroundbottom flask equipped with a reflux
condenser, the corresponding porphyrin (1.6 mmol) was dissolved in 150 mL
dimethylformamide. After the solution was heated to reflux, anhydrous, @&10.541 g,
3.2~6.4 mmol) was separated into 5 portions and added to the solution every 10 minounder N
atmosphere. Reaction progress was monitored by UV/Vis until all free base porphyrin was
consumed. The solution was then cooled to room temperature and tethgdean Erlenmeyer
flask. A 150 mL saturated NaCl solution was added and this was stotedbat e C over ni g
The resulting purple crystalline solid was collected on Celite. This was subsequently washed
with 200 mL deionized water, 200 mL hexane and lfjnaextracted with 200 mL
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dichloromethane. After removal of dichloromethane, the product was dried under vacuum at
80 eC for 1% (Yield: 0®9 ¢, T889%), GR(TMP)EF (Yield: 1.27 g, 97%),
Cr(TFP)Cf® (Yield: 1.23 g, 99%) and Cr(TFMP)€I(Yield: 1.41 g, 91%) have been reported
previously. All spectra of the above compounds are consistent with previous fépbfts.

Yield of Cr(TNAP)CI: 1.42 g, 99%, UV/Vis (CI€l2) ,max(®n m) “en})), 8IS(3160),
454(17000), 524(6600), 567(10200), 605(7400), 635(7400), HEBIS(MY) : cal cod f
CeoH36CrN4 864.2340, found: 864.2316
2.5.4 Synthesis RofNCIinudedramanpldxesd0Y Cr (

(t mtaa) Ti 8O0 YIE dn(tHE avebax) (tmtaa)®BO (50.0 mg, 0.12 mmol) and
Cr(TPP)CI (86.0 mg 0.12 mmol) were added to 12 mL of a 1:1 acetonitrile:toluene mixture in
a50mLTeflors eal ed Schlenk flask and heated at 80
slowlytoroomtempext ur e and was filtered to remove th
trimer (compoundt)a n d [ T # {th® diMdridation product ¢f t mt a a.}°TA fideO)
green powder was obtained from the filtrate after removal of the sotveatuo The final
product was obtained after recrystallization via layered diffusion of pentane (15 mL) into a
dichloromethane (3mL)solutat-2 5 e C. Yi el d after recrystalldi
(CH2Cl) ma( n m) -enth), 8481 (44400), 396 (51800), 430 (31400), 452 (115500), 526
(5400), 581 (8600), 618 (14000), 634 (8000), ATRIFRmi=g®(cm?) : 903 (s). Anal
CoeHsoCICINsO T i A 0.CI5 €, B9.52; H, 4.47; N, 9.75. Found: C, 70.27; H, 4.52; N, 9.66.
HRMSESI (M) c al cedldCrNe®Tri :C 1070. 2987 . sE®CDCH): 1070 . :
3.87.

(t mtaa) Ti 80 Y. MeTdvmpour@lwas synthesized and purified by following
a procedure similar to that described abovelfasing Cr(TMP)CI ( 101.0 mg 0.12 mmol),
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(tmtaa) Ti 90 (50.0 mg, 0.12 mmol ) -reyqudlityl 2 mL
crystals were olained via vapor diffusion of pentane into a solution of 6 mg of this solid in
0.5 mL dichloromethane. Yield after recrystallization: 74.9 mg, 50%. UV/ViSQBH ,max o
( nm) (cir®)), (3M0(54600), 396(64800), 454(182600), 524(7500), 572(12300),
612(1500). ATR/FTI Rr=d(cm?®) : 9 03. An aHssCICNgObTd AAdtOGIHD, r C
65.02; H, 4.61; N, 8.54. Found: C, 65.19; H, 4.71; N, 8.75. HEA88& (M") cal cdéd foc
C7oHseCrNgOsT i @ 1190. 3409 . HeODAL):3.20190. 3389. ¢

(t mtaa) Ti 80Y @)r ThélcmpBundwas synthesized by following a procedure
similar to that described abovefbu si ng Cr ( TNAP) CI ( 110.8 mg O
(50.0 mg, 0.12 mmol) and 5 mL 1:1 acetonitrile:toluene mixture. C3uwd@ be obtained as a
precipitatewhen cooled to room temperature. The resulting solid was purified similatly to
Yield after recrystallization: 114.0 mg, 71%. UV/Vis (8tk) ,max(@n m) ('din?)) 346
(63100), 395 (71900), 458 (158700), 525 (13000), 575 (14900), 623 (176004) 3200)(1
ATR/FT-l Rrizs3(cm®) :  916. An adHssCICANsOsTci 6Ad0 2GB:aOrH73.Q2; H,
4.83; N, 8.27. Found: C, 73.42; H, 4.88; N, 8.53. HREAS (M) c a | cBblsdCrNeQIic C
1270.3613. Foui(eCDCL)23mw0.. 3622. ¢
2.5.5 Synthesisof (t mt aa) TPorp®® e ( ( t"imnualea)chmplexes

[ (t mtaa) Ti 80YCr ( TP P®.Y Th® Ttompaundt was )syniBdsized by
following a procedure similar to that described abovdfors i ng (t mt aa) Ti 90 (
mmol), Cr (TPP)CI (43.0 mg 062 mmol) and 5 mL 1:1 acetonitrile:toluene mixture. After
reaction, solidt was collected out of this mixture by filtration. The resulting solid was purified
similarly to 1. Yield after recrystallization: 52.3 mg, 56%, UV/Vis (&) maa{ nm) ( U ( M
lemt)): 344 (75300), 390 (83000), 423 (38600), 456 (79800), 527 (4700), 582 (6800), 616
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(9200), 636 (5700). ATR/FT R 1= (cm?) : 901(s) . Anal . C
CagH72CICrN1202Ti2A 1 GG#b: C, 66.91; H, 4.67; N, 10.52. Found: C, 66.16; H, 4.64; N, 10.96.
HRMSESI MY) cal c 6sgH2ClNigxTi.: C 1476. 4260. F Oetd n d 14
( §)(CDCl): 3.39.

[ (t mtaa) Ti 80YCr ( T MP®).Y Ol@Tconjpoumdt eaa syhtiekized and
purified by following a procedure similar to that described abov4 éising Cr(TMP)CI ( 50.5
mg 0.062 mmol ), (tmtaa) Ti 90 (50. 0 mg, 0. 17°
mixture. Yield after recrystallization: 65.7 mg, 65%, UV/Vis (@) ma{ N m) ) ( M
1)): 346 (70300), 390 (89000), 423 (31700), 458 (980(&B,(8600), 586 (7100), 620 (14300),
636(12400). ATR/FTl Rri=s3(cm™®) : 900 ( s) . AdseCICIN TR ¢ €08 f or C
C, 65.02; H, 4.81; N, 9.78. Found: C, 64.94; H, 4.77; N, 9.97. HREEB(M") cal cd6d f c
CoaHsoCrN1206Tiz: 1596.4682. Found 1596.47Q e ( 85)(CDCls): 3.70.

[ (t mtaa) Ti 80YCr ( TF P®).YTO® Tampour t wasa $yhti@sized and
purified by following a procedure similar to that described abové @ming Cr(TFP)CI (47.5
mg 0.062 mol), (tmtaa)Ti ©0 (50.0 mg, 0.12 m
Yield after recrystallization: 47.0 mg, 48%, UV/Vis (&E2) ,max@n m) enth): 4
(71600), 391 (77400) 417 (47200) 455 (86000) ®290), 579 (9000) 616 (11300) 636 (7700).
ATR/FT-l Rri=gg(cm®) : 901 (s) . AshHaCICIFaNeGTiA B @Hb: fCp56.59C
H, 3.91; N, 8.36. Found: C, 55.94; H, 4.16; N, 8.41. HRES (M") cal codd f C
CesHesCriaN120,Tiz: 1548.3883. Found. 1548.385 ( &) (CD2Clo): 3.20.

[ (t mtaa) Ti 80YCr ( TF MR?). Mi@admpoundnwaa ayptheSided and
purified by following a procedure similar to that described abovel fasing Cr(TFMP)CI
(47.5 mg 0.062 mmol ), (tmtaa)Ti o0 (50. 0 mg,
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mixture. Yield after recrystallization: 45.0 mg, 46%, UV/Vis (CH) ,max(@n m) tnd ( M
1)), 341(80700), 392(81100), 425(39400), 454(95100), £2H]), 576(8500), 613(9600).
ATR/FT-l Rri=8(cm?) : 899 ( s) . A aHsCICFLN0TRMA.5CH.GLo €, C
60.8Q H, 381; N, 9.20. Found: C,59.96; H, 393 N, 9.21. HRMSESI (M) cal c6d f c
CosHesCrRaN10:Tiz: 1748. 3755. FeaUs(ODLCLLI82.8. 3729. £

[ (t mtaa) Ti 80YCr ( TP R)8Y D Tcompountt veas yhtiRsized and
purified by following a procedure similar to that described abové.for Usi ng (t mt aa)
(50.0 mg, 0.12 mmol), Cr(TPP)CI (43.1 mg, 0.062 mmol), NagGbF5mg, 0.068 mmol) and
8 mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 54.2 mg, 53%, UV/Vis
(CHCl) ma2( n m)  “tcial)), (3886(44200), 390(52700), 424(22900), 456 (56400),
530(3200), 585(4700), 621(8100), 635(7200). ATRIFRti-8(cm™) : 9 Os@:(cerd):, 3
653, Anal .sHeCaRNe@SbTEA b GG, 59.45; H, 4.15; N, 9.35. Found: C,
58.66; H, 4.05; N, 9.68. HRMESI (M") c al cgéHebCrN1OTi2: 1476.4260. Found
1476. 472 BE&DCLE 3.30.

[ (t mtaa) Ti 80YCr ( T MPs)(9Y. Ol@Tconfpountt was dyhtlgesized and
purified by following a procedure similar to that described abové @ising Cr(TMP)CI (50.5
mg 0.062 mol ), (tmtaa) Ti 94017.5 ihdh ©.06&mMmoIYand & . 1 2
mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 48.7 mg, 44%, UV/Vis
(CHCl)) map-( n m)  citi?), (385(48600), 391(59400), 422(26200), 459(59300),
531(3700), 585(5500), 620(9000), 635(6800). ATRIFRti-g(cm?) : 9 Os&(csrd):, 3
658cm’, Anal . otHaCreNLDsSHTRAr4 GGH: C, 53.06; H, 4.08; N, 7.74. Found:
C, 52.88; H, 4.13; N, 7.97. HRMBSI (M") ¢ a | coBlgCrN06Tiz 1596.4682. Found
1596 . 41 &EDCkE 3.03.
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[ (t mtaa) Ti 80YCr ( TF RJ10;, OeTconipbumd \eaa syhtisebized and
purified by following a procedure similar to that described abové tming Cr(TFP)CI (47.5
mg 0.062 mmol ), (tmtaa) Ti 9€117.5 {hd 0.06® mmolyand 0 . 1 2
8 mL 1:1 acetonitrile:toluene mixturX-ray quality crystals were prepared similarly2o
Yield after recrystallization: 42.9 mg, 40%, UV/Vis (€Bh) ma( N m)  Tcrdd), ( M
347(54181), 391(58700), 424(32000), 454(62400), 526(5400), 577(7000), 613(8400),
635(6300) . A rshldgCrRiNa@Budiild GG, 5201; H, 3.61; N, 8.94.
Found: C, 52.04; H, 3.54; N, 8.77. ATRHFTRri=s3(cm?) : 8 9sdr (car)):,654am’.
HRMS-ESI (M") c al c GeHesCria 10, TiC 1548. 3883. F oed n d . 1
( §)(CDJCly): 3.37
[ (t mtaa) Ti 80YCr ( T F MR(LIY.TO& dingoundch was ayntheSizedr and
purified by following a procedure similar to that described abovel fasing Cr(TFMP)CI
(60.3 mg 0.062 mmol). (tmtaa)@O (50.0 mg, 0.12 mmol), NaSbE7.5 mg, 0.068 mmol)
and 3mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 43.5 mg, 37%, UV/Vis
(CHCl)) map( n m)  citi?), (3W7(60700), 391(60000), 424(33000), 454(66000),
527(3700), 578(5800), 612(6100). ATRHFTRri=cg(cm™) : 9 G (cre™): 657can’. Anal.
c al c B6oeHesCriersN1202Ti-ACH.Clo: C,49.6Q H, 330; N, 7.23. Found: C49.13; H, 3.63;
N, 6.53. HRMS-ESI (M") Cc al cofHeCrRiMN1#0-TiE€ 1748.3755. Found: 1748.3729.
HRMSESI(M) cal c Gd X4. 8S8DF8. Fep(uefGD:Cl)2334 . 8938. ¢
[ (t mtaa) Ti ©80YCr ( TF MP,JFKIR|O [12).( That eompolnd Cwa
synthesized by following a procedure similar to that described abovkusing7 (25 mg
0.014 mmol), HTFMP (18. 7 mg 0.021 mmol ), (tmtaa)Ti 9
1:1 acetonitrile:toluene mixture. Pure material was obtained as orange plates after slow cooling
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of the mixture. Crude yield: 9.1 mg, 25%. UV/Vis (&) eomax ( nm) , 343,

(@)
o

529, 577, 611. ATR/FT R 1= (cm): 906(s), HRMSESI (M) cal co

CooHesCrFioN120O-Ti:  1748.3755. Found: 1748.3762. HRMESI (M) cal cé

(@)
o

CagH32CIF12N4: 927.2129. Found: 927.2141.
2.6 Supportinginformation

The SI containsynthetic details fothe anion trap (WTFMP), details of the titration
experiments and use of the Hills equation, electrochemical detaiisy Xrystallographic
information, details of the SQUID experiment, solid state ARIR spectrum and molar
extinction coefficients o1-12.

Synthetic detail for the anion trap, the porphyrinogehF1P

Synthesis of 5,10,15,2@trakis((4trifluoromethyl)phenyl) porphyrinogen @FHFMP,
Scheme 2.S1) follows the previously reported method of Lintlsepder the potection of
N2, freshly distilled pyrrole (0.35 mL, 0.01 M) anetdfluoromethyl benzaldehyde (0.69 mL,
0.01 M) were dissolved in 500 mL dichloromethane. After stirring for 5 min, trifluoroacetic
acid (0.38 mL, 0.01 M) was added. The reaction was fudtieed for 3 hours under room
temperature at which time the solvent was removed under a vacuum. The black residue was
transferred to a column with silica gel. Elution with dichloromethane: petroleum ether (6:4)
affords the porphyrinogen (0.088 g, 7.3%)ths first fraction. TheH NMR is similar to
porphyrinogens with other substituents as previously reported by DSfphin.
H NMR (400 MHz, CDCJ): 7.89~7.81(N-H, m, 8H), 7.59 (metaphenyl,d, 2H,J = 8 Hz),
7.34(o-phenyl, d 8H, J =8 Hz), 5.79~5.73(b-pyrrole md 8H, J = 2.8 Hz), 5.48(mese6H, s,
4H).
13C NMR (400 MHz, CRCl,): 145.65,132.00, 128.83, 128.66, 125.64, 108.37, 44.05.
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1% NMR (376 MHz, CDCI3):80.5 (bs)

F3C CF3

C )

(0 (2

F3C CF3

H,TFMP

Scheme 251 Molecular scheme for thg10,15,26tetrakig(4-trifluoromethyl)phenyl)
porphyrinogen

Details of the titration experiment

A titration experiment wagerformed following the procedure of Hoffman and coworkérs.
The Hills equation, below, was used to determine reaction stoichior(®ét=y[C]/[C]o, [L]:

concentration of unbounded ligand) The results are discussed in the text of the manuscript.

IC——= €2l 0
Cg ¢
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Figure 2S1 Visible spectral changes upormrMthe ad
Cr(TPP) ClI in dichloromethane at 298 K. The c
(x10%) 0.24, 0.48, 0.7.2, 0.95, 1.17, 1,391, 1.82, 2.03, 2.24 M , respectively.

55



b .

()

-5.2 -4.7 -4.2

y = 1.0364x + 3.7178
R2=0.9968

Cr(TPP)CI + (tmtaa)Ti 90

-3.7

-0.2

0.4 -

-0.6 -

-0.8 -

-1.2

1.4 -

-1.6 -

-5.2 -5 -4.8 -4.6 -4.4 -4.2 -4

y =1.0313x + 3.312
R2= 0.9962

Cr( TNAP)CI + (tmtaa)TioO

-1.5

-2.5 -

56



()

01

y = 1.0393x + 2.6725

R2= 0.976 -0.2 1

-0.3
-0.4
-0.5
-0.6 -
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-0.8 -

c.l+(tmtaa) Ti 90

Figure 2.52.a . Cr (TPP) CI solution titrated with (t
(tmtaa) Tt ©Or at ed with (tmtaa) Ti ©80. Th® chanc

and474nm (for®) are used to fliG— i ©zlo Hi Jwhetes Gequat i
is set to X axis anl G— is set to Y axisln c, the curve is not perfectly linear, puenably

due to the isomerization between heterobimetallic compolindnd heterotrimetallic
compound as observed from electrochemistry.

(a) aaaa (b) aBap (c) BBBB

Figure 2.S3.Possible atropisomers of compoudittom the thermal rotation of the naphthyl
rings. For (a) and (b) the naphthyl rings have pamtirection that may prevent the binding
of a second equivalent of (tmtaa)Tio®0. Altho
for an incoming (tmtaa)T © O, t he n-dogvih gebmetry makes thid atropisomer
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unlikely to be significantly present in solution. In a summary, the directional steric bulk of the
napht hyl Substituents appear to prevent the
explaning our observations that the bimetaBidoes not react to form a trimetallic compound.

Electrochemical Details

Cyclic voltammagr ams f opOcofhpoomtla a7, B-Llcae, Cr (T
depicted in Figure 2.587. At 50 mV/s scan rate, the trime@itompounds typically have
one quasieversiblepeakal . 83 V ( @E = 0. 2"2VBher\hjghevseansmte s t o
is applied, this quasieversible peak will convert into two very close reversible pebk8 V
(E = 0. 0-2888 ) V at@h). In-conirastlt® the trimetallic compourk
bimetallic compound4& and3 have only one reversible peak atarouhd 70 V ( @E = 0
V), but are irreversible at ~1.89 V. Since titration experiments indicate that a second
(tmtaa) Ti 80 can be add,andordér to awwid the interferéncecof ¢ o mp
trimetallic impuities 3was used as a control. As shown in Figure 2.S7, the cyclic voltammetry
spectrum of compoungistill has one reversible and one irreversible peak.

The different electrochemical behavior of bimetallic and trimetallic complexes can be
explained vighe square mechani§frshown in Figure 2.S8. At fast scan rates (> 200 mV/s),
two reaction paths way are obseme when external potential is applied to
[ (t mt aa)"THolpO®ET i ( t nitfissappth @rbcess | in Figure 2.S&)direct
reductionoccursto form[( t mt a a ) T(P&FP VYOO Ti (]ClLihisspefiess then in
equilibrium with bimetallic [(tmta ) Ti © P&y 1 C hfter isomerization between
chloride and( t mt a a Hlowevé,Gsomerization between chloride gnd mt a acanl i © O
occur before electron transfer reaction. The resulting bimefalticmt a a ) ™{P@OYr
will undergo electron tmsfer in a second path (process I1jo form

[ (t mt aa)"{Fof) QO YaAt]slower scan rates (<50 mV/snly one quasieversible
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p e alE=@§AR8V)is observedThissuggests that electron transfer and ligand isomerization
reach equilibrium This isomerization process is consistent with the observed small second

( t mt a aayldition@dilibrium constant (log= 2.67).

—9
(tmtaa)Ti=O
— Cr(TMP)CIH ,O

T T T T T T T T 1
E(V vs Fc/FS)

Figure 2S4Cycl i ¢ voltammetry of 0(comptex® i pefassed) , Cr (
dry dichlaoomethane with 0.1 M tetrabutylammonium hexafluorophosphate using glassy
carbon working electrode, platinum counter electrode and silver wire quasi reference electrode.

All signals were referenced to ferrocene/ferrocenium(Fy/&c0 V. The labeled curreare

the redox process suggested as following: &, CeY CrV; b, CVPor- €Y CrVPor’; c,

(t m'g aa kY ®@mt aa’)dfCrPa@] + e Cr''pPof; Cr'Por* + Y Cr'Por* or

Cr''Por.
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—5

Fc/F¢ — 6
~]

T T T T 1

1 0 -1 -2 -3
E(V vs Fc/Fé)

Figure 2.S5.Cyclic voltammetry of compleX-7 in degassed, dry dichloromethane with 0.1

M tetrabutylammonium hexafluorophosphate using glassy carbon working electrode, platinum
counter electrode and silver wire quasi reference electrode. All signals were refemenced t
ferrocene/ferrocenium(Fc/Fecat 0 V.
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—9
—10
—11
I T T T T T T T T 1
2 1 0 1 2 3

E(V vs Fc/F¢)

Figure 2.56.Cyclic voltammetry of comple®-11in degassed, dry dichloromethane with 0.1
M tetrabutylammonium hexafluorophosphate using glassy carbon working electrode, platinum
counter &ctrode and silver wire quasi reference electrode. All signals were referenced to

ferrocene/ferrocenium(Fc/Fcat 0 V.
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0.014
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15 10 05 00 -05 -10 -15 20 -25
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Figure 2.S7.Cyclic voltammetry of complef and3 in degassed, dry dichlorometieawith
0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working electrode,
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platinum counter electrode and silver wire quasi reference electrode. All signals were
referenced to ferrocene/ferrocenium(FC)jFat 0 V.

I

e -
(tmtaa)Ti=O— Cr'{(Por" ")« O=Ti(tmtaa)

l(tmtaa)Ti=O — Cr'(Por)= O=Ti(tmtaa)] *
-e

+ (tmtaa)Ti=0O ” - (tmtaa)Ti=O + (tmtaa)Ti=0O n - (tmtaa)Ti=O

-Crl +CI -CI +Cr
11

(tmtaa) Ti=0 — Cr'"(Por)— Cl1 - l(tmtaa)Ti=O — Cr''(Por’ )—(1 l -

-€
Figure 2.S8.Square mechanism adopted from previous work that describes the different
reduction behavior of the bimetallic and trimetallic compounds. Process | are |l stand for two

reversible redox processes az0.100V)tSpedtively;, pE

Crystallography

0

Figure 2®.Number ed mol ecul ar 0. Thermal ellipsidsbaivnaCr ( T MP

50% probability. Hydrogen atoms (except bridging hydrogen fro@ &t axial position) and
solvent molecules are omitted fdarity.

63



A dark black platdike specimen of €H47N7OsCICr, approximate dimensions 0.097 mm x
0.200 mm x0.280 mm, was used for thera§ crystallographic analysis. Ther&y intensity
data were measured.

A total of 1513 frames were collected. The totgd@sure time was 26.73 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a monoclinic unit cell yielded a total of 38323 reflections to
a maxi mum d a n7$ R resolatibn), Bf8vhich 81294 weredindependent (average
redundancy 3.45, completeness = 92.3 %, Rint = 5.22%, Rsig = 5.11%) and 10147 (91.46%)
wer e gr e a t)eThe finahclhcondtdn(s Bf a = 14.8022(6) A, b = 9.1685(4) A, ¢ =
18.1960790A, B = 99.490(2) A, 3parebasé@lopdnthev ol um
refinementoftheXYZ ent roi ds of 9979 reflections above
Data were corrected for absorption effects using the +acéth method (SADABS). Thatio
of minimum to maximum apparent transmission was 0.7377.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group P n, with Z = 2 for the formula unitHz-N7OsCICr. The final anisotropic
full-matrix leas-squares refinement on Wwith 621 variables converged at R4.79%, for the
observed data and wR 12.74% for all data. The goodnesisfit was 1.046. The largest peak
in the final difference electron density synthesis was 0.50% and the largestdie was-
0.361 e/A3 with an RMS deviation of 0.067/43. On the basis of the final model, the

calculated density was 1.311 gftand F(000), 1002 e
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Figure 2.S10. Numbered molecular structure @& Thermal ellipsoids drawn at 50%
probability. Hydroge atoms and solvent molecules are omitted for clarity.

A dark black platdike specimen of &Hs2ClsCrNgOsTi, approximate dimensions 0.174 mm
x0.285 mm x0.876 mm, was used for thery crystallographic analysis. TherAy intensity
data were measured.

A total of 1691 frames were collected. The total exposure time was 14.93 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a orthorhombic unit cell yielded a totdD@f1B reflections
to a maximum d angle of 31.428A (0.68 | re:
(average redundancy 6.75, completeness = 100.0 %, Rint = 3.38%, Rsig = 2.59%) and 18893
(77.07%) wer e ?.ghedimlical constahtsaiofral @077 (F) A, b = 19.5409(8)
A, c = 20.1114(9) A, volume = 6294.9(5)°Aare based upon the refinement of the XYZ
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centroids of 9511 reflections above 20 a(1)
for absorption effects using the medtan metbd (SADABS). The ratio of minimum to
maximum apparent transmission was 0.8645.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group FP22:, with Z = 4 for the formula unit, SHe2ClsCrNgOsTi. The final
anisotropic fulmatrix leastsquares refinement on With 883 variables converged ai R
3.47 %, for the observed data and#R9.36 % for all data. The goodnesisfit was 1.043.

The largest peak in the final difference electron density synthesi®© %as e/A® and the
largest hole wag0.538 e/A% with an RMS deviation of 0.067/43. On the basis of the final

model, the calculated density was 1.473 d/and F(000), 2884.0.e

Figure 2.S11.Numbered molecular structure df0. Thermal ellipsoids dwn at 50%
probability. Hydrogen atoms, anion and solvent molecules are omitted for clarity.
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A dark black platdike specimen of €sHesCrFioN1202SbTk, approximate dimensions 0.345
mm x0.299 mm x0.151 mm, was used for theray crystallographic analysi¥he X-ray
intensity data were measured.

A total of 1412 frames were collected. The total exposure time was 21.76 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using amaclinic unit cell yielded a total of 135401 reflections to
a maximum d angle of 27.047A (0.78 | resolut
redundancy 6.83, completeness = 99.8 %, Rint = 4.26%, Rsig = 3.07%) and 15256 (76.98%)
were greater thap G {). Fhe final cell constants of a = 16.0036(8) A, b = 24.1922(10) A, ¢ =
23.4013(12) i, U = 90A, b = 9%arsbaseduponke o =
refinementoftheXYZ ent roi ds of 9265 refl ecti 865 above
Data were corrected for absorption effects using the acéth method (SADABS). The ratio
of minimum to maximum apparent transmission was 0.8891.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group12/n1, with Z = 4 for the formula unit, ggHssCrFioN1202SbTk. The final
anisotropic fullmatrix leastsquares refinement on» with 1041 variables converged at R
6.79%, for the observed data andawR16.78% for all data. The goodnessfit was 1.(%7.
The largest peak in the final difference electron density synthesis was HA7&md the
largest hole was3.501 /A3 with an RMS deviation of 0.098/43. On the basis of the final

model, the calculated density was 1.310 ¢/and F(000), 3620 e
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FigureSkngliLgstaly Xtructure o012Thermalnelipsads!| i ¢ ¢
drawn at 50% probability. Hydrogen atoms (except for hydrogen bonding) and solvent
molecules are omitted for clarity

A dark black platdike specimen of @oH115CICrR4N2102Tiz, approximate dimensions
0.120 mm x0.200 mm x0.260 mm, was used for theay crystallographic analysis. The X
ray intensity data were measured.

A total of 960 frames were collected. The total exposure time was 23.07 hours. The frames
were integrated with the Bruker SAINT software package using a ndresae algorithm.
The integration of the data using a tetragonal unit cell yielded a total of 72806 reflections to a
maxi mum d angl e of 29.58A (0.72 dent(average!l ut i o
redundancy 7.721, completeness = 99.6 %, Rint = 2.93%, Rsig = 2.07%) and 7343 (77.88%)
wer e gr e a t)eThe fihahcallcongtants 6 a = 23.1810(7) A, b = 23.1810(7) A, ¢ =
12.5405(4) A, volume = 6738.7(5)Aare based upon the refment of the XYZcentroids of

9847 reflections above 20 G(I1) with 4.785A =<
68



effects using the mutscan method (SADABS). The ratio of minimum to maximum apparent
transmission was 0.889.

The structure was satd and refined using the Bruker SHELXTL Software Package, using
the space group P 4/n, with Z = 2 for the formula uniggh@i 1sCICrF4N210-Ti2. The final
anisotropic fulmatrix leastsquares refinement on with 487 variables converged at R
4.35%, br the observed data and wR12.63% for all data. The goodnessfit was 1.042.

The largest peak in the final difference electron density synthesis was @A8arel the
largest hole wag0.576 e/A% with an RMS deviation of 0.059/&3. On the basisf the final
model, the calculated density was 1.421 ¢/and F(000), 2958 e

Details of the SQUID experiment

3.04
m m E H

2.5 "
2.0- -.‘I'

1.0
0.5

1 | ]
| ]
0.0 ' )

. ——
05 00 05 10 15 20 25 30 35 40
H/T(oe/K)

FigureSa&at 18t i8onT p3¥ o2 K.If Applied filed varie

69



- 140

120

100

Qwa/sjow) 9/T

(=] (=] o
[c°) © <

0.8

0.6 1

T
< N
o

(jow/nwa) 2

0.0+

0.5

0.4

0.3

0.2

0.1

0.0

UT

Figure 2.S14.6-T plot of 8.

70



Solid state ATRFT-IR spectrum and Molar extinction coefficientslef 2

[ —— cr(TNAP)C]
1.0+
El
S
o 0.8
(&)
c
3
5 0.6 1
2]
o]
<
- 0.4-
]
N
T
E 024
S
2
0.0

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
il |[—— cr(TNAP)CI|
=
"= 160000
=
L,
c
© 120000
(]
g
(]
S 80000+
c
(@]
5
C 40000 -
=
x
m - k
—_ P
o 0- N———
o
2 T T T T T T T T T T T
300 400 500 600 700 800

Wavelength [nm]

Figure 2.S15Solid state ATRFT-IR spectrum and Molar extinction coefficients of
Cr(TNAP)CI
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Figure 2.516.Solid state ATRFT-IR spectrum and Molar extinction coefficientslof
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Molar extinction coefficient [cm™ M™]
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Figure 2.S17.Solid state ATRFT-IR spectrum and Molar extinction coeféats of2
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Molar extinction coefficient [cm™ M™]

Figure 2.518.Solid state ATRFT-IR spectrum and Molar extinction coefficients3of
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Figure 2.522.Solid state ATRFT-IR spectrum and Molar extinction coefficients7of
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Selected HRMEESI result o2 and5 andtheir [M]" and [M+H]" simulating patterns.

1190.33890
C70HsgOsNgCrTi
-1.70539 ppm
100 PP
50 1193.35257
e ~ e h 1195.35814
0 ' L 1 s
1190.34093
C70Hs58 05 Ng Cr Ti
0.00000 ppm
100 PP
50
1188.34561 119234764
L 1 l i
1191.34875
100
50
1189 35343 1193.35546
|||||||||||l||||||||l|||||||||||
1186 1188 1190 1192 1194 1196 1198
m/z

NL:

3.23E5
131321_009_POS#27-189
RT:0.12-0.84 AV:163T:
FTMS + p ESI Full ms
[500.00-1700.00]

NL:
2.77E5

C70Hs8 05 Ng CrTi:
C70HsgOs Ng Cra1Tiz
paChrg 1

NL:
2.77E5

C70Hss Os Ng Cr Ti +H:
C70Hs9 05 NgCraTi1
paChrg 1

Figure 2.528 HRMS-ESI result o2, the top one is experiment result ([M] 1190.33890).

Its corresponding simulation pattern of [Mind [M+H]" are shown.
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o3 150347502, | | 18048245 160348577
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0 b
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paChrg 1

Figure 2.529 HRMS-ESI result o, the top one is experiment result ([M] 1596.46699).

Its correspondingisiulation pattern of [M] and [M+H]" are shown.
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Table 2.S1Solid state ATRFT-IR and molar absorptivity df-12in dichloromethane at 298
K. The representative starting materi al (t mt

(t mtaa) Tem@0O Cr'porphyrin base@max, nm( | 0 g 3ri-ocm?
nm(1l og 0)

[ 328(4.44), 377(4.64) 920

[b] 448(5.09), 523(3.71), 565(3.91),
605(3,92), 633(3.83)

1 344(4.64),396 (4.71)  452(5.06), 526(3.73), 581(3.93), 903
618(4.14), 634(3.91)

2 340(4.73)396(4.81) 454(5.26), 524(3.87), 572(4.09), 903
612(4.19)

3 346(4.80),395(4.86)  458(5.20), 525(4.12), 575(4.17), 916
623(4.24), 640(4.12)

4 344(4.87),390(4.91)  456(4.90), 527(3.67), 582(3.83), 901
616(3.96), 636(3.75)

5 346(4.84),390(4.95)  458(4.99)533(3.66), 586(3.85), 900
620(4.15), 636(4.09)

6 341(4.85),391(4.89)  455(4.93), 525(3.80), 579(3.96), 901
616(4.05), 636(3.89)

7 341(4.91), 392(4.91)  454(4.98), 529(3.62), 576(3.93), 899
613(3.98)

8 345(4.64),390(4.72)  456(4.75), 530(3.50), 585(3.68), 901
621(3.91), 635(3.85)

9 345(4.69), 3901(4.77))  459(4.77), 531,(3.57) 585(3.74), 909
620(3.95), 635(3.84)

10 347(4.73),391(4.77)  454(4.80), 526(3.73), 577(3.85), 894
613(3.92), 635(3.90)

11 347(4.78),391(4.78)  454(4.82), 527(3.57), 578(3.76), 906
612(378)

12 343, 392 455, 529, 577, 611 902
[@]( t mt a a[p] Ci(TRR)CI
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CHAPTER 3

Ferromagnetic Coupling intdf® Linear OxideBridged Heterometallic
Complexes: Groun&tate Models of Metatlo-Metal Charge Transfer

Excited States
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3.1 Abstract

Convenient strategies have been developed to synthesize heterobi/trimetallic oxido
compl exes containing Vilv)yrorCr (L 11),
V(I V)1 Oi Cr (Icdores) These soMmpoingds can serve as ground state models for
probing the magnetic properties of metaimetal charge transfer excited states. Each of these
complexes represents the first experimental demonstration of ferromagnetic couplirtg in a d
d® oxido-bridged compound, which confirms a long standing theoretical prediction for such a

linkage. Structural characterization reveals a similar structure for each of the bi/trimetallic

complexes with i1 dentical V=0 bond dtrgfhgt hs
Cr1O distances (1.943 ~ 1.964 ) dransaxigli gni f i
positions. Ferromagnetic coupling between t

temperaturalependent magnetic susceptibility, showing J 2.540 +50.7 cd (H = -2JY,0
“¥r). This is further supported by variable temperatwtgaXd EPR. The values of J are found
to be consistent with the function J =PAA = 9.221 x1Fand b =1, &here DiFthe;
Cri1 O bond di st andelehatlinkéeeithprifeorgmagnetic oa antifeoromagentic
exchange coupling with long excited state lifetimes in retahetalcharge transfer (MMCT)
chromophores.
3.2 Introduction

Molecules with heterometallic cores demonstrate physical and chemicaltgepe
that are not observed in their monometallic analdgSooperative effects between two
covalently linked metal sites have been extensively explored in cocatalystagle
molecule magnet$*2and the solid stat€:'*The unsupported oxido lbiged motif1°16

is one of the simplest frameworks among heterometallic complexes and is known to
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serve as a structural and functional model for many metalloenzymes and cocatalytic
reactions»1?1” Despite their seemingly simple structure, unsupportedoobridge
complexes remain synthetically challenging tardétswith a limited number of
structurally characterized exampfest>16.1&3

Measurement of exchange coupling within oxlatdlged heterobiand trimetallic
complexes is important for fully understanding the magnetic, optical and redox
properties of both the ground and excited st&t@smong structurally characterized
examples, only four include magnetic studies and all possa#fer@magnetic
coupling between the metal sites with J values varying frb7 toi 150 cmt.1416:24
Ferromagnetic exchange coupling is anotheriptesspathway for magnetic coupling in
other heterometallic complexé&¥®’ Empirical, semiempirical and theoretical
calculations have beeperformed on unsupported oxuboidged heterbimetallic
species, and suggest that moderate ferromagnetic interactions should exist irHinear d
d® complexeg®3° To our knowledge nexperimental data confirming this hypothesis
has been reported. Here, wescribethree examples of unsupported oxido heterobi
and trimetallic complexes that are ferromagnetically coupled, allowing experimental
determination of the properties in such &teyn for the first time. In addition, we
propose that such molecules can serve as grstated models for probing magnetic and
other properties of metéb-metal charge transfer excited states.

We previously reported the synthesis of heteradnd trimetdic complexes
containing | inear?®Therd((lolmt)aiaQiviaq Ic\Ww)mpcl oerxe s(.
omtaa: 7,1&lihydro-6,8,11,12,15,17,20,24ctamethyldibenzol[b,i][1,4,8,14]
tetraazacyclotetradecine) is a structural anadaaf d° (tmt a a ) That&a® similar
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reactivity.1®2® The V(IV) center intoduces an additional unpaired electron into the
resulting heterometallic systems. The magnetic orbital of this unpaired spin is strictly
orthogonal to the occupied orbitals on Cr(lll), as suggested by Kahn (Sch&me 3.
Such an orientation of orbitals is known to result in ferromagnetic coupling of
paramagnetic metal centers and is discussed in depth elséwHefde singly
occupied ¢, orbitals of V(IV) and Cr(lll) do not directly interact duettte absence of

a symmetrically available orbital theoxido bridge!

Exchange Mechanism: V-0-Cr, C,, symmetry

A en.
.' ”

d,

Y

G
D
S e(dxz'dyz)

b,(d

b,(d,,)

xy)

Scheme 3.1Simplified molecular geometry o¥/ViOT1 C¢'rin Csv symmetry. he d
vanadium(IV) b(dyxy) andd® chromium(lll) e(d, dy,) orbitals involved in magnetic coupling
for linear VY1 O 1 ('are orthogonal (only one Cr magnetic orbital is shown for clavityich
resuls in a dominant ferromagnetic (FM) exchanmteraction througla “-superexchange
pathway?>3!

3.3 Result and discussion

Synt hesi s of bi metallic V38OYCareaagheded t r i me
in similar reactions to those previously describadth careful control of vanadium and
chromium stoichiometry (Scheme 23.. Wh e n Cr (Por) Cl and (

combined in a 1:2 ratio, the trimetallic spe@as isolated with a yield of 62%. In order
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t o synt hesi ze bi metallic vaoYCr , t he el e
tetrakis((4trifluoromethyl)phenyl)porphyrin) was utilized. Mixing this more reactive
precur sor wi th (omtaa) &a&iOl to be separafed Witha at i o
yield of 22%. As proposed in our earlier stidhe titanium containing bimetallic
(tmtaa) Ti 80YCr ( Por ) CI can undergo a furt|
chlorido ligand. Thus, the unsyme t r i c a l tri met al tomglex3 Ti 80Y
can be prepared in 39% yield via a sequentialmstaeaction where one equivalent of
(omtaa) V0O is added to Ti 80YCr 3wiaxopear ed i
step, onegpot synthesisusinga 1:1:at i o of (omt aa) VOO, (t mt ac
were not successful, yielding a mixture of symmetric trimetallic species.

Crystals suitable for XRD study df3 were obtained by slow vapor diffusion of
pentane into a dichloromethane solution. Representatmlecular structures of the
bi/trimetallic species are shown in Figure 3.1. Selected structural parameters and XRD
experimental details are listed in Tabléd @nd Table 3.8 As can be seen in Figure
3.1, the crystal structure dfindicates that the CH(l1 ) porphyrin and (o
connected by a V8OYCr i nteraction. The o
inversion when compared to the structure of vanadium monomer (Figure 3.S5) and the

Vi O1 Cr bond angle is near by | inear with &

97



Cl
\ vio A
| Ay
N—Cr—nN__| 2%.(&
S / 0
R — R4
O
, , — N——Clr—N |
| =N, A4
/I\A /V\ /“\7'\ Ry —_— R,
N N o
/“\&‘\
Heterobimetallic I l
1: Ry = 4-(trifluoromethyl)phenyl /I\AN/V\ M
/”\¢’\‘l\
Heterotrimetallic
i 3 2: R, = phenyl

—|+

— N/
R, by R,
|
M/\/‘\%
/“\&‘\
Heterotrimetallic
(omtaa)vV=0 3: R, = phenyl

Scheme3.B3ynt hesis of VaOYdanhi m&©IICrtdme@ddihp | e x
complexes2 M =V)and3 (M = Ti ) . (i) 1:1 ratio of (o
acetonitrile:toluene (1:1); (i) l1:2in1. 1 r
acetonitrile:toluene (1:1) (iii) a seqguenti
Cr(Por)CI in acetoitrile:toluene (1:1) followed by b) an additional 1:1.1 equivalents of

(omt aa) VoOeand NaSbF
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Table 3.1 Selected bond lengths and angleslfos.

Summary (omt aa) 1 2 3
VIO di star 1.6120(8) 1.640(2) 1.649(4) 1.644(4)
Cri N avg. d n/a 2.025(3) 2.026(5) 2.023(4)

2.0280(9) 1.996(3)  1.997(5)  2.003(5)

VI N avg. d

1.954(4%
Cr1 0O dista n/a 1.964(2) 1.943(4)
1.929(4%
V1 O1 Cr ang n/a 179.10(15) 177.5(3) 177.3(2)
OT VI N avg. 108.82(4) 108.18(11) 107.94(2) 107.96(19)
OrCri N avg. n/a 88.47(10) 89.98(18) 90.00(16)
a, Cri OV Ilinkage; b, Cr1 O1 Ti Il i nkage

These structural details are consistent with previous eidiyged bimetallic
structuressupported by tmtaa and porphyrin ligaddaVhen comparing bimetallit
with (omtaa) VoO, the VOO bond | ength incr
i) and t hteis shortsned by abgut 0.03 A (2.028% 1. 996 ). A
distance of 1.964 A is observed, which is shorter than that of some weakly bonded O
donor Lewis basé$ but significantly longer than other unsupported oxido bridged
complexeg:>'® This explains our observation that bimetalliccan dissociate in
solution. The Cr 1Xls Ileonnggtehr otfh a2n.G(atDadt i ni N
A®#pbut shorter than that in?S®%bimetallic Tidé6é
We conclude that the bond strength of the oxido linkage in Cr(lll) porphyrins falls in
t he order of (tmtaaTi @ th ComOaa)¥d@nee

1.964 A, and 2.239 & respectively. Such axial structural trans influences have been
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reviewed in detail elsewhe?&The molecular structure of trimetallzis depicted in
Figure 3.S3 where two (omtaa)VoO groups

porphyrin in a staggered geometry. A similar geometry is observed for the unsymmetric

tri metallic [*B(BOYGr ¥0O3VR), where (tmtaa,
are axially connected to the Cr (l11) porp
l i nkage (1.929 j) t han t hat in the Cri1OT1

bonding strengths of theansl i gand s, the bond | en3 h of

is:2(1.943 A) <3 (1.954 A) <1 (1.964 A).

Figure 3.1 X-ray crystal structures dfand3. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, counter ions and solvent molecules are omitted for.clarity

The temperature dependence of thel3magnet
were measured in the temperature ran@®@ K under a constant magnetic field of 0.7
T.In Figure3 . 2 A, t he v al-3lieshawh asa furectioa af terhperaturelT.
For 1-3 , GparaT increases monotonically fron

Thi s i s typical for ferromagnetically C
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decreases as thenperature drops to 2.00 K, which can be attributed to weak
intermolecular interactions and zefield-splitting. The fielddependent magnetic

behavior data measured at 2 K (Figure 3.2B) shows that the ground state is S = 2 for 1
and 3, while S = 5/2 for 2n order to investigate the exchange coupling between Cr(lll)

and V(IV), we applied a simple isotropic spin Hamiltonian (equation 1), to fit the data.

The final expressiohi (equation 2) is derived from the Van VIéekquation where N

is Avogadro'snumbergk s t he Bol tzmann constant, T i
magneton, g is the electroAfga ct or , d i1 s t he Weiss consi
net magnetic interaction between chromium and vanadkifects of zerefield-

splitting, spirorbital coupling, intermolecular interactions and experimental error are

reflected in the small differences of the fit value for g.

1
(A) o 2 ;
! N . (C) !
2 ' —Fit ’
~ . - - 504,47
E 3 2
-, 48
% 2 =y o
= g 46 - J=Axe
— = 1 A4=9221x10° 4
w1 “1 p=-8607 3
83 0 1 2 3 4 424 pas
0 T T T II/TI T T T T T T T 1 T
0 50 100 150 200 250 300 1.940 1.945 1950 1955 1960 1.965
T(K) Tepo (A)
Figure3.2( A) , Mol ar magnetic susceptibli3d ity (
Black lines represent the fit. (B) Variable field dependence®&i2 K. (C), Exchange
coupling J versusl1lri1 0O bond distance for
@/Oz-ZJ@ﬁr,ﬁ:%,ﬁr:g (1)

101



22
_ Ng?b*T (6+30e'") (2)
3k (T- q) B

(3+5e ")
#VQV-='2J(§,§5+§W£,), §, :;F,VV :%, VCr :g ( 3)
(3J (SJ ﬂ
o7 = NGOT 1410”7 +10e”T +35e" (4)
2s(T- ) (2iJT) (2iJT) (%)
2+4e " +4e7 +6e®
J=As¢” (5)

Using this equation fot, the values J = +42.5 ¢cin  €0.2EK, g = 1.97 with R=
0.9892 were computed. A similar result was obtained for trimetallic
[ Ti 80YCr YHBeérkJ=+449chh 0.26K, g =1.95 andR= 0.9947.
Trimetallic ["2a®staiedy & sinilar approach, but the presence
of the second vanadium (JWiecessitated the use of a different isotropic symmetric spin
Hamiltonian (equation 3). We omitted any contribution from!al'dintramolecular
interaction when computing our results since the distance between the vanadium centers
in 2 is quite long (7.23). A simplified expression (equation 4), derived from previous
reports3® was applied to fit the experimental data. Using this equatio®, fd= +50.7
cm?l,  eD.2GK, g = 1.90 and = 0.9950 is calculated. These valdesJ in1-3 are
in good agreement with bothe sign and magnitude of J in previous computational

reports for such a'et?® linkage?°3°
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Table 3.2 Molar absorptivity of 13 in dichloromethane at 298 K and solid state AHRIR.

UV,emax, nm (log 0) 3v=0 crm!
[a] 316(4.10), 377(4.44), 420 (3.90) 972
. 321(4.58), 377(4.73B93(4.69), 446(5.20), 519(3.60), 033
562(3.97), 599(3.84)
, 329(4.67)386(4.74), 408(4.82%64(4.53), 535(3.75), 010
576(3.85), 613(3.92), 636(3.80)
5 344(4.76), 399(4.82), 423(4.5965(4.71), 526(3.76), 928

574(3.89), 615(3.96), 635(3.86)

[ a] (omt aa) VO

The distance dependence of the observed exchange coupling was fit to equation 5,
withrbeingt h e Cr T C'ltchas beerarepored that J is correlated with the longer
met al oxi de bond I-oxidogcorhplexesh Weatbeyeformentlyr i ¢ ¢
considered the distance dependence caused
A=9.221x1CFa n d -886074is obtained by fitting the expienental data to equation
5 (Figure 3.2C)A linear fit is provided in the Sl for comparis@figure 3.S9)We find
that our result is consistent with the similar empiregdonentiabxpression computed
by Weihe and Gidel for oxido bridged binuclear gmss. Using the metric parameters
for 1-3, their model predicts that A = 2.739:48 n d -70909=A.2° The close match
between our experimental result and the theoretical prediction lends support to both our
experimental interpretation and their computational mddeiever, due to the small
variatiorsin Cr 1 O b o n, dhis Is entygah imitialtreatment for experimentally

understanding magnetic coupling in such compleféslitional compounds that have
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significantly different bond lengthand/or anglewill be necessaryo fully model such
geometric control of exchange couplir@ince the mainteuctural differences between
compoundsl-3 are in the axial ligands, we conclude that the axial ligands influence
exchange coupling directly by influenci i
conclusion i s consi st en ty=owadrostshhistsdnies, whdres e r v e
the largest red hi f t from t he mo n ¢-0 & @12 @), and o mt a a
therefore the stron®éad=9C2rcmO tpo rY.Alei s mf o
smal l est shi §=4=983xm'f oagqy n<?),deichicabs (tshe | onges
bond as determined by crystallography (See Talde 3.

Ferromagnetic coupling in the ground state2dfS =5/2) is further confirmed by
variable temperature EPRigure 3.3) As seen in Figure 3.3, signals observed at 298
Katg=15.7and g = 3.60 disappear when the sample is cooled to 77 K. This is attributed
to the differences in Boltzmann populations of the magnetic states, which we calculate
utilizing spin ladder energies obtained using the J value determined by magnetometry.
The gound state E(5/2,1% populated at 69.6% at 298 Kut rises to 96.7% at 77 K.
The signals at g 15.7 and 3.60 are assigned to the EPR response from the nearest
excited spin statE(3/2, 0) is calculated to be 16.8% populated at 298 K and 2.9% at 77
K. Simulation of these states was performed using the Easyspin pdtkagaling in
g=1.97, |D| = 0.041 crh |E| = 0.019 crhfor E(5/2, 1) and g = 1.96, |D| = 0.191¢m
|E| = 0.010 cm for the E(3/2, 0) state.

This work confirms the long standing prediction of ferromagnetic exchange coupling
in linear oxidebridged d-d® systemg®*°Thi s V(1 V) %d®axiGorbtidgdd! ) d
system provides the first examples of a ground state analogue fdrdhextited state

104



that results from MMCT of a%d* species such as Ti(IVDT Mn(lll) (Scheme 3.3}
We propose thaneasuring properties such @schange coupling in these models can

provide guidance when designing species with {lved MMCT transitions.
]

experiment of 2 at 298 K HS =0

experiment of 2 at 77 K 3
—— simulation for E(5/2,1)of 2 = E(E
—— simulation for E(3/2,0) of 2 ——— E(E,U] __s5J

1) ==3J

0 2000 4000 6000 8000
Field (G)

Figure 3.3 Experimental CW EPR spectra »fat 77 K (blue) and 298 K (green). Simulated

spectra are also depicted for the E(5/2,1) ground (red) and E(3/2,0) first excited (magenta)
magnetic states. B, "¥) is denoted aS{="Y + Y s+ "¥r, ¥="Y + Y5

Processes for light induced MMCT are depicted in Scheme 3.3. In case A, the ground
state has the quint&fd®-d*.g with a high spin fl metal site (Scheme 3.3a). Other
systems containing MMCT transitions, such as CHIHYi(IV) (d°-d®),*? Mn(ll)-O-

Ti(IV) (d°-d°),*3 can be modeled in a similar manner. In this simplified model, the initial
ground state[d’-d*g can be excited into the correspondifid!-d®] MMCT excited

state. Depending on the sign of the exchange coupling between &mel & metal
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centers in this state, the initially populafgdf-d®] can intersystem cross to forni[d*-

d’] state of relatively lower energy. If thét dnd & sites are antiferromagnetically
coupled in the excited state (2J < 0), the triplet-d®] will be lower erergy than the
quintet®[d!-d®] (Scheme 3.3a). As suggested by McClure and Frei, this subsequently
populated spin state would create a spin forbidden barrier for back electron transfer,
slowing the rate for repopulation of the ground staténown examples of such long

lived chromophores, analogous to organic andjanic triplet excited states, have been
reported?* It has been shown theoricalyand experimentalf that antiferromagnetic
coupling values increase as the angl e of
determination of a significantly bent'fi O 1 M'nstructure (=110} in surface bound
MMCT chromophored?%® we propose that such excited states should exhibit
antiferromagnetic coupling between the photoexcitdddiand Md''-d* metal centers.

This geometrically enforced afgiromagnetic coupling is the origin of a low lyif{g*-

d¥ state, which ultimately slows BET to regenerate aé-d°] ground state in such

chromophores.
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Scheme 3.3A) Formation of a #d® MMCT excited state from a’Ht* heterobimetallic
chromophoreB) Intersystem crossing to energetically lower stafd&xthange couplingf

this excited stateandetermined byl'-d® heterobimetallic molecules ground state analogues.

In all systems, ground states are shown in red, lietieited states are shown in blue and spin
trapped states are green. Ground state analogues of thHeagpied states are shown in orange.

A similar spin forbidden BET barrier can be imagined for systems with ferromagnetic
coupling, such as the linearstgms reported here. As shown in Scheme 3.3b, such a
complex would require a ground stdfd@®d*s] with a low spin d metal site, such as
low spin Mr" .4’ This initial ground state[d°-d(Is)’] can be excited to form its
corresponding’[d*-d®] excited state. In this case, ferromagnetic coupling would be
present between the excited stataud & centers (2J > 0). Therefore, the quinfdt-

d’] state will be lower in energy when compared with a trifjiftd?] state. It is known

that spin multiplicity can be altered in the excited state, with MMCT inducing
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magnetization changes in sokthte cyandridged assembli€$>® This new model
suggests that such linear heterobimetallic complexes, wittspoavdonor metal sites,
can also be synthetic targets for realizing chromophores with-livedy MMCT
transitions.

Experimental measurements of exchange coupling in MMCT excited states are known
to be complicated'>? As demonstrated here, measuring exchange coupling in ground
state analogues of the excited states is much more straightforward. We speculate that
the sign and magnitude of excited state exchange coupling may play important role on
the BET rate of MMCT excited states. The sign and magnitude of exchange coupling
in charge transfer exeid states is known to influence BET in organic chromophdres,

58 with ground state analogues able to predict such effé®=cently, our group
reported the synthesis of-d* (x = 5-9) unsupported oxido bridged complexes with
various M-O-M; angles (156-17®) and MO distances (1.94~2.09 R)which could
also serve as ground state analogues of additional MMCT excited states.

The connection between the sign and magnitude of J and MMCT lifetimes in such
heterobimetallic compunds remains speculative, however the compounds reported
here represent an important step toward providing the quantitative measurements
necessary to experimentally and theoretically model the influence of excited state
magnetic coupling on the lifetimes MMCT-based chromophores.

3.4 Conclusion

In summary, we have developed approaches to synthesize the first examples of
V(I V)YTOTCr (111), V(I V)TOTCr (111)TOTTi (I V
species. Ferromagnetic exchange coupling is observed between the metal centers in
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these &d® (1), d*-d3-d° (3) and d-d3-d! (2) systems. The magnitude of this interaction

is found to be influenced by thens axial ligand and is consistent with an empirical
distance dependent equation: J £ Aehere A = 9.221x18andb -8607AL. To our
knowledge this isthe first direct experimental evidence of ferromagnetic exchange in
an unsupported oxido bridged heterometallic species and confirms tleatancal
relationship which depends angular anddistancedependece can be applied to
predict exchange coupljbetween two different paramagnetic centers. Such data is of
particular importance for understanding magnetic control of MMCT excited state
lifetimes in oxidebridged heterobimetallic chromophores in both homogeneous and
heterogeneous systems.

3.5 Experimental section

3.5.1General procedures.

All reactions were performed under an atmosphere of nitrogen in an Innovative
Technology glovebox or using Schlenk techniques. All chemicals were purchased from
VWR International, Sigma Aldrich, Alfa Aesar or T@merica and used without
further purification. All solvents were stored over 4A molecular sieves prior to use.
Dichloromethane and pentane were sparged withnd dried over an alumina column
using the method of GrubB%Toluene was dried over purple sodium benzophenone
ketyl, then vacuum transferred and fregeempthawed before storing in Teflesealed
Schlenk bombs. Acetonitrile was dried over GaHd distilled prior to use. Absorption
spectra were recorded on an Olis R&®00 spectrometer using 1 cm Teflsmaled
quartz cuvdes. Attenuated total reflectance (ATR)MFTIR spectra were recorded with
either a Bruker Vertex 80V infrared spect
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ATR attachment or a Bruker Alpha ATRTIR. Magnetic susceptibilities were
measured on a Quantum DgsIMPMSXL7 SQUID Magnetometer. A saturation plot
was measured at 2 K with the applied field being varied from 0~70000 oe. Temperature
dependent magnetic susceptibilities were performed fr@@2K. Crystalline samples
(ca. 1030 mg) were loaded into gelp/straw sample holders and mounted to the sample
rod with Kapton tape for temperature dependence measurerfentsompoundl-3,
multiple measurements were performed. The fitting results (sucHas gt or , d an
from these separate data sets are ctamdisThe reported error bars for J are based on
several separate fitting results from different data Eé¢siron paramagnetic resonance
spectra were taken with samples at either at room temperature or at 77 K in a Bruker
ELEXSYS E500 spectrometer opgng at approximately 9.86 GHz (Kand) with a
modulation amplitude of 10 G and a modulation frequency of 100 kHz. The
experimental time constant was set at 81.92 ms with a 117.19 ms conversion time and
a 120 s sweep time. A typical collection of 1024 dadsnts is performed under 2 mwW
incident microwave power in a range from 0 to 8000 G. Recrystallized polycrystalline
solid samples (1 ~ 2 mg) were loaded in Wilfhadartz (CFQ) EPR tubes (O.D. 4 mm,
L 100 mm) and sealed undes.N

Theligands studied inhis report are representday the following abbreviations:
TPP, tetraphenylporphyrin; TFMP, tetrakisf{(#dluoromethyl)phenyl)porphyrin;
tmtaa: 7,1edihydro-6,8,15,1 #tetramethyldibenzo(b,i][1,4,8,11]tetraazacyclo
tetradecine, omtaa: 7,i6hydro-6,8,11,12,15,17,20,2bctamethyldibenzo[b,i][1,4,8,

11]tetraazacyclotetradecin€he ligands are synthesized according to the reports of
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Weare and coworketand Goedken and coworkeéfsCr(l1l) porphyrin?®, (tmtaa)li® O
and pmt a a )!\a @ynthesized as previoyséported.
3.5.2 X-Ray crystallography

Crystals were mounted on MiTeGen mounts and cooled to 116rKy ¥tensity data
were measured on a Brukidonius X8 Kappa APEX Il system equipped with a graphite
monochr omator afnalc uss MoeeKal eddi neube (e = 0
dimensions were determined from symmetry constrained fits of the reflections. Frames
were integrated with the Bruker SAINT software package using a ndiraone
algorithm. Data wex corrected for absorption effects using the madan method
(SADABS). Structures were solved using direct methods (Bruker XS) and refined using
the Bruker SHELX 2013 software package using futhatrix leastsquares refinement
on F. All norhydrogen atoms were identified in the original solutimnlocated from
the difference map from refinement results. Hydrogen atoms were placed at idealized
positions and allowed to ride on the nearest-Hoatom. Figures of the molecular
structures were created using Olex2 Crystallographic information filedl &iructures
are avalabl e in the ESIA and from the Cambr
(www.ccdc.cam.ac.uk). CCDC reference numbgr:(104924), 2 (10492%), 3
(10492%), (omtaa} © O(1049243.
3.5.3 Synthesis ofgmtaa)vVeo OY Cr ( R) CI| cdomplexes, | e ar

(omt aa) VB8OYCr ( T ANPsyrthesjs is(atigpted from a previous
publication’l n t he gl ovebox, (omt aa) VORMP)CI50. 0 1
(1044 mg 0.11 mmol) were added to 5 mL of a 1:1 acetonitrile:toluene mixture in a 50
mL Teflonrs eal ed Schl enk fl ask and heated at {
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cooled slowly to room temperature and was filtered to remove side psodufihe
green powdr was obtained from the filtrate after removal of the solvent in vacuo. The
final product, which is of Xay qualty, was obtained after recrystallization via layered
diffusion of pentane (15 mL) into a dichloromethane (3 mL) solutio2 & . éield
after recrystallization43.6mg, 28.26. UV/Vis (CH2Cl2) ma{ n m) “tnth), G2m
(38300, 377 (53500), 393 48500, 446 (1600M), 519 (4000), T2 (9400), 599 (6900).
ATR/ FTdoRm3: 933(s)Anal . ¢ aHuCiCdFNs@\W 0.4CH.Cl.: C,
60.58 H, 3.75; N, 7.59. Found: C60.16; H, 3.63; N, 7.67. HRMS-ESI (M") cal cod
C74H54CICrF12NgOV: 1401.3068 Found #01.3049
3.5.4 Synthesis of fmtaaVo O Y Cr ( R)Woth@a)]* tri nuclear complexes

[ (omt aa) VOBOYCr (TPP) YOBV ( dhat aompolns b was,
synthesize@nd purifiedby following a procedure similar to that described abové for
using two equivalents ofofntaa)/© O 0.Q(ng, 0.1 mmol), one equivalent of
Cr(TPP)CI 87.6 mg 0.64 mmol) and 1.1 equivalents ™aSbk (17.5 mg, 0.067
mmol). X-ray quality crystals were obtained via vapor diffusion of pentane into a
solution of dichlorometharet room temperatur&’ield after recrystallizatior60.9 mg,
62%, UV/Vis (CHCl2) maf n m) (‘dorh)): 329 (46300), 3B6 (55400, 408 (66000,
464 (33700, 535 (5600, 576 (7100), 613 (8300), 6FH (630 0) . AT Rb(EM) R 3
912( s ) . An al geHssCrasN1gOESHV, €, 66677 I, 4.28; N, 8.11. Found: C,
56.10; H, 4.04; N, 8.40. HRMS-ESI (M") c al coeHECrNi2ON2: 16945432

Found 5945423
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3.5.5 Synthesis of fntaa)Ti©o O Y Cr ( R) Woh@a)]* tri nuclear complexes

[ (t mtaa) Ti @80YCr ( TPP) YO8V ( Thent canapdpuhdS bwhs6 |, (
synthesized in a sequential tstep, ongoot procedure utilizing methods similar to
those described above fbrin the glovebox, equimolar amounts of imEB& O ( 50 . O
mg, 0.12 mmol) and Cr(TPP)CI (86.0 mg 0.12 mmol) were addd@ toL. of a 1:1
acetonitrile:toluene mixtureina50 mL Teflsne al ed Schl enk fl ask a
for 12 h.Following this step, one equivalent(@mtaa)/© O 7.2(m§g, 0.12 mmoland
1.1 equivalents of NaSkK35.0 mg, 014 mmol) were added into mixturand the
reaction is stirred for an additional 12t 8 The splGtion was then cooled slowly
to room temperaturandwas filtered to removside productsAfter filtration, afine
green powder was obtained after removal of the solvemacuo The resulting solid
was purified similarly tdl. X-ray quality crystals were obtained via vapor diffusion of
pentane into a solution of dichloromethaia¢ room temperatureYield after
recrystallization85.6mg, 39.26. Attempts to mak8 in a single stp by adding all of
the starting materials at once yielded a mixture of the Ti only (compg®umikference
5) and V only @) heterotrimetallic compounds as identified by B&$. UV/Vis
(CHCl2) ma N m) (*dur)): 344 66900, 389 (65800), 423 (3860Q)455 (51000),
526 (5800), 574 (7700), 65 (9100), 65 (730 0 ) . A T Rb(EnT) R8(Y,31i o0
(cm™):911(3 . Anal . oldseCiFetN6CdS bf ToDrSCARCIL: C, 61.16; H, 5.00;
N, 9.35. Found: C, @.22, H, 450, N, 9.26. HRMSESI (MY cal cod f

Co2HgoCrN1202TiV: 15354845 Found 5354857.
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3.6 Supporting information

Details of electronic absorption spectra
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FigureA)3 Md1.ar abs(oanmpttaag)i\CHQ DPP)Y Gla,ndbi met al | i
tri me8Bahl dcchl oromet hane.

The electronic absorption spectrdled are depicted in Figure 3.S1 and summarized in Table
3.S1. As can be seen in Figure 3.S1, the change of the absorption specttush raft
significant when compared to itsnimseaesnalr sor s.
red shift from 316 nm to 321 nm and the porphyrin based Soret band and Q bands remain

similar to the Cr(lll) porphyrin precurséf.The small differences in electronic absorption

spectra is i n contrast t o pr ewWedelisve thex a mp | e
(omtaa)VvoO in this bimetallic species can di
VB8O0OYCr is relative weakly bonded. Contrary t
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Soret band in trimetallic species isdrshifted to 464 nm and the intensity dramatically
decreases. The (omtaa) VoO based absorption ¢
intensity. This intensity borrowing suggests a configuration interaction between these two
chromophores. Detailedusty of this unusual configuration interaction is still in progress. By
comparing the electronic absorption spectrum2¢ with the precursor molecules and
bimetallic specied, we conclude the trimetallic species remains stable in solution otherwise
thesesignificant differences in electronic absorption spectrum would not be observed.

Solid state ATRFTIR spectra ofl-3 are depicted in Figure 3.96and summarized Table
3.S1. The V8O0 str et c hwhescoardindteddorchrdmium,dvhidhiys 4 0 ~ €
in agreement with Goedken and coworké&r§.h e | o we soie 2 iadicates that a
stronger bonding interaction ocgadbsersed byn VOO
Goedkerf? As shown in Table 3.S1, the bimetallic speclel a s soat 933 cmt while
trimetallic specie® has v @drequency at 912 crh This shows a stronger interaction in the
trimetallic species than the bimetallic species which is presumably due to different electronic
properties of axial ligands as proposed in our previous Studytrimetallic species, the
(omtaa) VOO is believed t o s ttardstoitselfviapash s econd
pull mechanisni*®*®This observation is also consistent with the suggested instabilitnof

solution as observed using EAS.
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X-ray Crystallography

Figure 3.S2 X-ray crystal structure df. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms and solvent molecules are omitted for clarity.

A dark black blocKike specimen of gHesCl13CrFi2NgOV, approximate dimensions 0.568
mm x0.391 mm x0.274 mm, was used for theray crystallographic analysis. Ther&y
intensity data were nasured.
A total of 1097 frames were collected. The total exposure time was 21.53 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a orthorhombic unit cell yieldethhdf 102867 reflections
to a maximum d angle of 26. 373A (0.80 re

(average redundancy 5.61, completeness = 100.0 %, Rint = 4.28%, Rsig = 3.87%) and 13275
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(72. 45%) wer e ?.ghedinaltcel constath af = 13.1820F5) A, b = 13.6961(6)

A, ¢ = 27.0875(11) A, volume = 4485.3(3)*Aare based upon the refinement of the XYZ
centroids of 9681 reflections above 20 a(1)
for absorption effects using the medtan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.8347.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group-P, with Z = 2 for the formula unit, &HesCl13CrF2NsOV. The inal
anisotropic fullmatrix leastsquares refinement on With 1092 variables converged at R
5.56 %, for the observed data andawR16.55 % for all data. The goodnedsfit was 1.044.

The largest peak in the final difference electron density synthesis was 0A%&rel the
largest hole wasl.005 &A% with an RMS deviation of 0.094/43. On the basis of the final

model, the calulated density was 1.442 g/¢and F(000), 1972.0.e
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Figure 3.S3 X-ray crystal structure &. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, SkFnion and solvent molecules are omitted for clarity.

A metallic dark black blockike specimen of @oHoeClsCrFeN1202SbV>, approximate
dimensions 0.716 mm x 0.598 mm x 0.296 mm, was used for thayXcrystallographic
analysis. The Xay intensity data were measured.
A total of 465 frames were collected. The total exposure time was 24uré. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a orthorhombic unit cell yielded a total of 108776 reflections
to a maximum d angl e of \hish IBED Were (inbepeshdent | re:

(average redundancy 5.82, completeness = 99.8 %, Rint = 8.37%, Rsig = 4.66%) and 14133
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(75.59%) wer e ?.ghedinaltcal constahtsioha =2113129(7) A, b = 22.2548(7)

A, ¢ = 24.0941(9) A, volume = 9869.3(6)°Aare based upon the refinement of the XYZ
centroids of 9996 reflections above 20 a(1)
for absorption effects using the medtan method (SADABS). The ratio of minimum to
maximum apparent transmission was4d4.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group R2, with Z = 4 for the formula unit, 6oHeeClsCrFeN120.SbV>. The final
anisotropic fullmatrix leastsquares refinement on With 1251 variable converged at R=
8.26 %, for the observed data anda#R2.82 % for all data. The goodnesisfit was 1.081.

The largest peak in the final difference electron density synthesis was ¥A8%med the
largest hole wasl.599 &A% with an RMS deviatiof 0.067 gA3. On the basis of the final

model, the calculated density was 1.461 ¢/and F(000), 4427.9.e
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Figure 3.S4.X-ray crystal structure d3. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, SkRnion and solvent molecules are omitted for clarity.

A metallic dark black platéike specimen of HgoCrFsN120-.SbTiV, approximate
dimensions 0.506 mm x 0.465 mm x 0.120 mm, was used for thrayXcrystallographic
analysis. The Xay intensity data wemmeasured.

A total of 2337 frames were collected. The total exposure time was 42.80 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a orthorhombic unit cell yieldethhof 203167 reflections
to a maximum d angle of 25.027A (0.84 re
(average redundancy 12.28, completeness = 100.0 %, Rint = 4.09%, Rsig = 2.29%) and 12900

(76. 74%) wer e 2 ihedinak gell coataats of & & (1§4365(8) A, b =
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22.6229(10) A, ¢ = 24.1293(10) A, volume = 9523.6(5) dre based upon the refinement of

the XYZcentroi ds of 9054 reflections above 20
corrected for absorption effects using thalthscan method (SADABS). The ratio of
minimum to maximum apparent transmission was 0.8833.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group RZ, with Z = 4 for the formula unit, $2HgoCrFsN120.SbTiV. The final
anisotropic fullmatrix leastsquares refinement on» with 1109 variables converged at R
7.74 %, for the observed data andawR1.22 % for all data. The goodnessfit was 1.150.

The largest peak in the final difference electron dersjtythesis was 0.820/83 and the
largest hole wasl.006 e/A% with an RMS deviation of 0.090/83. On the basis of the final

model, the calculated density was 1.474 d/cnand F(000), 3624.0 “e

Figure 3.S5X-r ay crystal st r uct udlipsoids fire draavmdt 808%) VS O.
probability. Hydrogen atoms and solvent molecules are omitted for clarity.
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A metallic dark black platéke specimen of €Hs3CI2NsOV, approximate dimensions
0.575 mm x0.320 mm x0.212 mm, was used for theaX crystallograpic analysis. The X
ray intensity data were measured.

A total of 2547 frames were collected. The total exposure time was 18.43 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.

The integration of theatta using a orthorhombic unit cell yielded a total of 43863 reflections

to a maximum d angle of 32.577A (0.66 | r
(average redundancy 4.77, completeness = 100.0 %, Rint = 1.47%, Rsig = 2.05%) and 8578
(93.33%)werg r e at e r ?).{THe &inal cel constants of a=8.5779(7) A, b =12.0788(10)

A, ¢ =12.8219(11) A, volume = 1263.52(185,Aare based upon the refinement of the XYZ
centroids of 9734 reflections abovere@ed 0(1)
for absorption effects using the medttan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.8669.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group-P, with Z = 4 forthe formula unit, &H32CI2N4OV. The final anisotropic
full-matrix leastsquares refinement oy with 343 variables converged ai R 3.30 %, for
the observed data and wR 9.81 % for all data. The goodnesfsfit was 1.057. The largest
peak in the finkdifference electron density synthesis was 0.588%and the largest hole was
-0.813 e/A% with an RMS deviation of 0.072/&3. On the basis of the final model, the

calculated density was 1.447 gftamd F(000), 574.0 e
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Electronic absorption and solid state AFRIR spectra of-3
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HRMS-ESI results ofl-3 including simulated patterns for [Mand [M+HT'.
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Additional Table 3.

Table 3.S1 Crystal data and structure refinemdatails for 13

Identification (omtaa 1 2 3
Ccdc number 1049244 1049246 1049245 1049247
- CoH32CloNs - CgoHesClisCrFioNg  CiooHesClsCrFsN1202S  CoaHgoCrFsN1202Sh
Empirical formula oV oV bV, Tiv
Formula weight 550.4 1947.19 2171.11 1772.27
Temperature/K 110 110.1 100.07 110.1
Crystal system triclinic triclinic monoclinic Monoclinic
Space group P-1 P-1 P2/c P2/c
alA 8.5779(7)  13.1820(5) 19.3129(7) 18.4365(8)
b/A 12.0788(10) 13.6961(6) 22.2548(7) 22.6229(10)
c/A 12.8219(11) 27.0875(11) 24.0941(9) 24.1293(10)
O/ A 79.362(4)  101.953(2) 90 90
b/ A 78.253(4)  95.065(2) 107.631(2) 108.861(2)
o/ A 79.424(4) 108.123(2) 90 90
Volume/A? 1263.52(18) 4485.3(3) 9869.3(6) 9523.6(7)
Z 2 2 4 4
} cacg/c® 1.447 1.442 1.461 1.236
e/ mm 0.633 0.685 0.845 0.629
F(000) 574 1972 4428 3624
. 0.575 x0.32 0.568 x0.391 x 0.506 x0.465 x
Crystal size/mrh x0.212 0274 0.716 x0.598 x0.294 012
- MoKU ( MoKU (& - _ MoKU (& =
Radiation 0.71073)  0.71073) Mo KU (& = (71073
2U range 3.47to
collection/® 65.154 1.558 to 52.746 2.212t051.36 2.948 to 50.054
12 O h-16 O K70 . R . .
- N N -18 O R70 C-21 O K60
Index ranges -18 O k k 0-3137 ,0 N - N N
19 O | 33 27,-29 0O | Ok 0-22886,0 I
Reflections collected 43863 102867 108776 203167
Independent 9191 [Ru = 18323 [Rx= 18697 R, =00837, 0810[Rw=
reflections 0.0205, Rigma  0.0428, Rigma= Rsigma= 0.0466] 0.0409, Rigma=
=0.0147] 0.0387] sigma= & 0.0229]
Etzt;”es”a'myparam 0101/0/343  18323/0/1092  18697/1/1251 16810/11/1109
Goodnesof-fiton P 1.057 1.044 1.081 1.15
Final R indexes 3};2'0330’ R1=0.0556, wR R;=0.0826, wR= R1=0.0774, wR =
[1>=28 (1) Joos =0.1421 0.1926 0.1933
Final Rindexes [all 0= 09%%% R,=00840,wR  Ri=0.1166,wR=  Ry=0.1012, wR=
data] 0.0081 = 0.1655 0.2282 0.2122
Largest diff. 0.58/0.81  0.96+1.00 1.19/1.60 0.82+1.01
peak/hole / e &
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CHAPTER 4

Tuning MetalMetal Interactions with a Simple Molecular Twist
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4.1 Abstract
A twisted heterobimetallic oxidb r i d ge d ¢ o mMh(BI)x(2) Wds Iswithasizzed

and structurally characterized. Temperatdependentmagnetic susceptibility and variable
field magnetization indicate a ferromagnetic coupling betwé&f{lY) and d* Mn(lll) with a
weakJ of +3 cm! (H = -2JSySwn). This exchange coupling constant is an order of magnitude
weaker than in previously reportedn al ogues wi th similarl)struct
and V(1 V) 13Din Mhich J # 343 ¢m! and +37 cri, respectively. This result
significantly deviates from previous empirical models that describe magnetic interactions in
mononucleabridged bmetallic molecules. We ascribe this result to the impact of a molecular
twist, which results in poor-ep- orbital overlap through the oxido linkage. The torsion angle
for this twist was determined to be 2.89.37 and 9.5%or 1-3, respectively. The lge torsion
angle in2 diminishes electronic coupling between the paramagnetic centers, suggesting that
molecular twisting, and the resulting changes #p-dverlap, can be used to modify electronic
or magnetic coupling in simple mononuckmiidged spe@s.
4.2 Introduction

Materials with controllable magnetic behaviors are vital as components in modern
technologies. As such, exploration of molecules with tunable molecular magnetic
properties continues to be a fertile area of study. Efforts which utiidecules for spin
transport®> molecular switchés’ and single moleule magnet§'2 show promise for
achieving molecular scale electronics, magnetic data storage and quantum cofiputing.
15 The search for molecules that exhibit interesting magnetic behaviors has evoked
considerable attentionnocontrollable synthetic approaches for functionalized and

magneticallyactive molecule$?
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Transition metal oxides are known to be promising magnetic mat&rfaldowever,
their properties are difficult to tune on a molecular level. In contrast, homometallic and
heterometallic complexes have been extensively employed as structural models for
understanding and contriniy the quantum chemical basis for molecular magnetism.
This includes determining the sign and magnitude of exchange coupling within
polynuclear center¥;?® theoretical analysis of the origins of such interactiétisand
the establishment of magnettructural relationship¥.

Heterometallic complexewith unsupported oxiddridges have been synthetically
challenging target¥®3* The development of additional synthetic strate§iemnd
improvements in their structural characterizatfonave significantly expanded the
availability of such compounds, particularly for hetero bi/trimetallic species corgainin
first row transition metals. This has provided an opportunity to model and explore the
magnetestructural properties of such simple bridges. For example, askamgling
theoretical prediction for a dominant ferromagnetic pathway in linear oxido
heterobimetallic species was recently confirm&and a correlation proposed that links
the groundstate magnetic properties in such complexes to the electronic coupling in
metatto-metal charge transfer excited state®

In contrast tothe many welstudied bridged systems with geometries that are
relatively rigid?® an unsupported brige has the flexibility to allow rotation or
twisting 3%43 Altering geometries via bridge rotation in coupled paramagnetic systems
has been found to control spspin interactions and can influenceypltal properties
such as electronic coupling, electron conductance and charge tfdi%feo. the best
of ourknowledge, demonstration of magnestouctural relationships which result from
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geometric twisting in imple mononucleabridged metallic compounds remains
unknown. Such twisting would result in variation of the overlap betwegnar d -d

orbitals, which should modify the magnetic and electronic properties of these

molecules.
Here we report thesynt hesi s and structur e of a
heterobimetallic oxido c¢omgp(,egomtaa =716 mt aa)

dihydro-6,8,11,12,15,17,20,2dctamethyldibenzo[b,i][1,4,8,11]tetraaz
acyclotetradecine, TMP = tetrakis{{dethoxyl)phenyl)poiphyrin). We compare the
magnetestructural properties of2 with two similar untwisted systems:
(omt aa) VOOYCIHTFaPd CK t mt a aMe(STOX Bn Thsy
comparison illustrates, for the first timbaat exchange coupling can be controlled using

by varying the torsion angle along these simple bridges. (Figure 4.1).

J . =+43 cm’? J . =+3cm? J =437 cm?

exp exp exp
— -1 - -1 - -1
J g = 84 cm Jogie= 187 cm Jogie=*72 cm
Average torsion angle Average torsion angle Average torsion angle
of N-Cr-V-N’=2.6° of N-Mn-V-N’"= 39.3° of N-Mn-V-N"=9.5°

Figure 4.1 Comparison of the magnestructural properties df-3. kac is computed using
previously reported empirical parameters with corrections from an angular overlap
model30:3247
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4.3 Result anddiscussion

The synthesis of2 was achieved through the reaction of one equivalent of
(omtaa) VOO with one e g in idichdotomathtine atfroonMn ( T M
temperature under Nprotection (Scheme 4.1). Suitable crystals for singleay
crystallographic analysiscan be obtained using vapor diffusion in a
pentane/dichloromethane system2fi°C. The structure dtis depicted in Figure 4.S1,
which shows a MnA@Ond evw@d® hl erk t2hT @0 VI .Od Svin
angle is 163.9 which is slightly bent. The stctural parameters &is similar to that
previously reportedfatand3, i n whi ch t he MWMa@208&ntet hs ar
VOO | engt hsanhlr6B8 dn & 40he VI OT M °“amid366,s ar e
respectively. A summary of structural param®ie included in Table 4.S6. The torsion
angle of the oxido bridge i2, which is defined by N/-Mn-N, is 39.3. This is
significantly larger than in (2.6°) or 3 (9.5°). The saddle inversion observedLii=’48

is not seen i or 3.%°

SbFg

— —|\/in—N I
DCM, r.t. ~ N 1
=
N (6] |N /I\AN/ \N/(\¢i
Y, L _J
7\
N N

M R = 4-methoxyphenyl

66.0%
(omtaa)v=0

Mn(TMP)SbFg

Scheme 4.1Molecule 2 is synthesized in anhydrous dichloromethane with equimolar
(omtaa) VoO angd Mn(TMP) SbF
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Measurements of the temperatalependent magnetic susceptibility and the variable
field magnetization were perfmed in order to determine the sign and magnitude of the
exchange interactions between the oxdclged paramagnetic metal centerg-{8. As
depicted in Figure 4.2, t he ma3dbdlkundec s u s c
a constant magnetic field 6.7 T. The product of molar magnetic susceptibility and
temper at ur e 1@ mcfeasevnionomcally o a smmaximum value at 50 K,

5 K and 40 K, respecti viSghryfoundiihhbe 5 méd&andnu m 6
2.8 emuK/mol, which are in agreement with the sfpnly magnetic moments for
paramagnetic centers with S = 2, 2.5 and 3, respectively. This is consistent with
variablefield susceptibility measurements, where a fit of thell@rin function

(equation 4 in the SI) further confirms that the ground statés3dfave spin values of

S = 2, 2.5 and 3, respectively. Application of an appropriate Van Vleck egtfation

allows for the determination of J values 10fJexp = +43 cm?), 2 (Jexp = +3 cm?) and3

(Jexp = +37 cmb). Further experimental and fitting details are provided in the SI,
specifically equations-3.

We therefore conclude that the magnetic irdeoas in 1-3 are dominated by
ferromagnetic coupling between the paramagnetic centers. The magnitude of this
exchange interaction iis at least one order smaller than that ahd3. Qualitatively,
the magnitude of the J in thé-d* electronic configuration d should be similar to that
in the d-d®° configuration of3 (see Figure 4.S2). The additional unpaired electron in this
d'-d® system is localized in a diw?) orbital and therefore has only an insignificant
contribution to theexchange interaction due to negligible orbital overlap between the
d(x?-y?) orbitals of the metal centers.
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Figure 4.2 Temperaturalependent magnetic susceptibility and varidldel magnetization
(in-set) of 1-3. For comparison purposes, this data is not corrected for diamagnetic
susceptibility.1 has been previously report&d.

In order to consider alternative explanations for the observed smal] duch as the
MT Ot M bending angle or MI O bond | engths,
examples with similar electronic configurationsla3. We utilized a kinetic exange
mo d e | based on 3oreaed with mrd angularowedap yngddbr
oxido-bridged complexes as reported by Weihe and GitfélAccording to this model,
the kinetic exchange teraction is much larger than the potential exchange interaction
in oxido-bridged complexes. Therefore, it is safe to ignore potential exchange
contributions®®324” The splitting of high and lowspin states cartherefore be
understood as a kinetic exchange (also described as a sedemn@ffect through virtual

electron transfer between the metal ions) as described by Andér$ae. kinetic
142



exdhange interaction is caused by mixing of the single electron transfer excited states

with the ground states. This allows for the derivation of a theoretical expression for J

based on the electronic configuration and molecular sym#aiétd/ of 1-3 (equations

157117, Table 4.S1, Table 4.S2). Since the effective electron transfer intgtfia) Is

an orbital representati on -14inthéSl and Figlre 30, 6, ¢

4.S3) can be related to the ligand field parametensgjas angular overlap mod@E247

(equation 182 in Table 4.S3) an angular dependent numerical expression af-3 for

with effective ligand field parameters can be determined (equati@d #8Table 4.54).

Empirical values for the resulting effective ligand field parameteds -, &0, « @rd

| 6 have been p%asdvarecsunrsnarized indgble 4.6% The bending

angle (G itshaedrnglead dfy M OT M (Table 4. 1).
Using the empirical parameters (Tabl e 4.

value for J can be computed for untwisted metallic compléxekac = +84 cm' (d*-

@), 2, Fac= +87 cm! (d*-d% and3, Jac= +72 cm! (d*-d®). When compared with the

experimental results fdr (Jexp= + 43 cmt) and3 (Jexp= +37 cm?t), we find a consistent

2 fold difference. We believe this systematic error is reasonable since the empirical

effective ligand field parametergs (0 ,e 6 G@ad d | 0) W esingesysteimge ai n e

with similar MI O bond | eng®thhgdMiO aLilddi r o X

a 1. 80 | ,1)3the oxitoi bridge is highly unsymmetric, with a significantly

shorter VSO bond vs. the MIi O bond (eg, \Y

The magnitude of J has been shown to decrease exponentially with an increase of the

| onger MO J s oamdalized (Figure 4.S4), the relative miaigde of Jaic

and Jdxpin 1 and3 are similar. Therefore, we propose that these equations can be used
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to establish a calculated J value frin an otherwise untwisted geometry. The
calculation (duc = +87 cmb) is significantly larger than the observglp, = +3 cm?)
for 2 (Figure 4.1, S4 and Table 4.1), suggesting that an additional parameter is necessary

to accurately describe the magnetic coupling.in

Table 4.1 Selected structural parameters andldesforl-3.

# V-O-M(} Torsion(y Jealc (cm?) Jexp (1Y)
1 179.1 2.6 +84 +43
2 163.0 39.3 +87 +3
3 166.0 9.5 +72 +37

The most striking structural difference betwekn2 and 3 is the unusual twisting
geometry observed between the individual ligand plane&. dbince the kinetic
exchange interaction relies upon electronic coupling between the two spin centers,
(equation 914) overlap between the magnetic orbitals is necessasyéh interactions
to occur. The observed twist ihshould therefore result in smaller magnetic coupling
between the two paramagnetic metal sites. As can be seen in Figure 4.3A, we propose
that the oxygen atom prbitals are coupled to the geometryrag vanadium center due
to the multiple bond character of Voo, a
as the oxido bridge twists. This yields-apd mismatch between the oxygengrbitals
and the corresponding manganeserdtitals. Due to the degeracy of d and p, this

influence of this twist will minimize the e overlap as the torsion angle approaches
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45? Unbalanced mixing of the bridging orbitals to metal centers appears to be necessary
to observe this effect, since we are unable to ifletite impact of torsion in any of the
previously known twisted oxido/hydroxid®idged bimetallic species. (Table 4.S8)

Although the twisted linkage & was unexpected, a comparison of theaX crystal
structures reveals the origin of this structuraltiee. Tetraazacyclotetradecine (tmtaa
or omtaa)ligands are capable of undergoing a structural isomerization, with metal
complexes exhibiting both wingp** and wingdown*® geometries> 3’ As shown in
Figure 4.3B, the winglown geometry has fewer possible steric interactions when
bound to a Lewis acid since the phenyl roi
other structural isomer, winggo, has the phenyl group directed toward the keaid.
When interacting with a chromium porphyrin aslinthe wingdown configuration is
more stable since it has | ess steric rept
MT O bond i s too weaawn gebmetryatd He chermddynamigali n g
accessed, the resulting whog configuration will twist in order to minimize the steric
interactions as observed2nWe suggest that such structural isomerism is an additional
synthetic strategy for utilizing torsion angles to tune exchange coupghgeen
paramagnetic centers. Other synthetic strategies have been reported that use torsion
angles to modify pp- overlap? which may also be applicable for influencingm

overlap.
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(A)

Figure 4.3 (A) Schematic illustration of torsion effects on exchange coupling between two
metallic sites. The-dp- overlap is minimal at a torsion degree of 45°? (B) The wing and
wingdown configurations of (omtaa)V90O. This r

the origin of the twisted geometry 2n
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4.4 Conclusions

Our results show that Andersonds kinet.
rationalizing the sign and magnitude of J. Since the magnetic orbit2l®lody the
strictly orthogonality rules proposed by Kahff?® even when in its twisted
configuration, the small J value observed suggests that the potential exchange
interaction is negligible. Therefore, consideration of the appropriate kinetic interactions
Is required for a fundamental understanding efrttagnetic coupling in such linkage.

In summary, we have prepared the first example 'ed*cheterobimetallic oxido
bridged M Oi Mn complex and demonstrate that a molecular twist can significantly
alter the magnitude of ferromagnetic coupling between payaet& metal centers, in
this case IMn(ll) and d V(IV). This result confirms that ferromagnetic coupling in
such heterobimetallic molecules can be explained using a kinetic exchangé&iicfel
where the magnitude of magnetic interactions are determingwelamount of orbital
overlap between the paramagnetic sites. Therefore, this work represents a step forward
in understanding and modelling all of the interactions that participate in magnetic
coupling between paramagnetic centers. In particular, thiéyabitune d-p- overlap
using a simple geometric twist through a single atom is a potentially powerful new
method for influencing magnetic and electronic coupling across the shortest of bridges.

We believe that this result, coupled with known importaote -p- overlap?*4°
suggests a general mechanism for utilizing molecular geometries to modify the
properties of systems with coupled spins, including those dominatedydg-p- and

d -d- interactions. The influence of such twisting geometries on the bridging orbitals
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will need to be considered when designing fgeteration, moleculbased systems
that rely upon metainetal interactions to improve performance.
4.5 Supportinginformation

Experimental details

General Procedures.

All reactions were performed under an atmosphere of nitrogen in an Innovative
Technology glovebox or using Schlenk techniques. All chemicals were purchased from
VWR International, Sigma Aldrich, Alfa Aesar or T@merica and used without
further purification. All solvents were stored over 4A molecular sieves prior to use.
Dichloromethane and pentane were sparged withnd dried over an alumina column
using the method of GrubBsToluene was dried over purple sodium benzophenone
ketyl, then vacuum transferred and fregeempthawed before storing in Teflesealed
Schlenk bombs. Acetonitrile was dried over GaHd distilled prior to use. Absorption
spectra were recorded on an Olis R&®00 spectrometer using 1 cm Teflsmaled
quartz cuvdes. Attenuated total reflectance (ATR])IR spectra were recorded with
Bruker AlIpha ATRFTI R i nfrared spectrometer equi pj}
ATR attachment. Magnetic susceptibilities were measured on a Quantum Design
MPMS-XL7 SQUID MagnetometerA saturation plot was measured at 2 K with the
applied field being varied from 0~70000 oe. Temperatimeendent magnetic
susceptibilities were performed from3P0 K. The reported errors of fits for magnetic
data were obtained from two separate measuresme@nmystalline samples (ca. -BO
mg) were loaded into gelcap/straw sample holders and mounted to the sample rod with
Kapton tape for temperatutependent measurements.
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Theligands studied in this report are represenbsd the following abbreviations
TMP, tetrakis((4methoxyl)phenyl)porphyrin); TFMP, tetrakis¢(4
trifluoromethyl)phenyl)porphyrin; tmtaa: 7,46hydro-6,8,15,17
tetramethyldibenzo[b,i][1,4,8,11]tetraazacyclotetradecine, omtaa: -dmi@ro
6,8,11,12,15,17,20,24ctamethyldibenzo[b,i][1,8,11]tetraazacyclotetradecineThe
ligands are synthesized according to the reports of Weare and cowbaker§oedken
and coworkers? compoundl,®’ 3*® and pmt a a )*Aa@ Gynthesizd as previouyl
reported.
X-Ray crystallography

Crystals were mounted on MiTeGen mounts and cooled to 106r&y Kitensity data
were measured on a BrukemMNonius X8 Kappa APEX Il system equipped with a
graphite monochr ordmuseenld atnulbea Ma» K 0.  he073
dimensions were determined from symmetry constrained fits of the reflections. Frames
were integrated with the Bruker SAINT software package using a ndiraone
algorithm. Data were corrected for absorption effects udwmegnultirscan method
(SADABS). Structures were solved using direct methods (Bruker XS) and refined using
the Bruker SHELX 201%3 software package using futhatrix leastsquares refinement
on F. All norhydrogen atoms were identified in the original solution, or located from
the difference map from refinement results. Hydrogen atoms were placed at idealized
positions and allowed toide on the nearest ndt#h atom. Fig.s of the molecular
structures were created using Gl€xystallographic information files for all structures
are available in the ESIA and from the
(www.ccdc.cam.ac.uk). CCDC re@arce number2 (1453972
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Synthesis of Mn(TMP)Shf

The synthesis is adapted from a previous public&tiarthe gloveboxMn(TMP)CI (230.0
mg, 028 mmol) andNaSbk (81.0mg 031 mmol) were added t8 mL of a 1:1 acetonitrile
toluene mixture ina 50 mL Tefleme al ed Schl enk fl ask and heat
solution was then cooled slowly to room temperature and was filtered to rétaQleA fine
green powder was obtained from the filtrate after removal of the solveatuo. The final
productwas obtained after recrystallization via layered diffusion of pentane (15 mL) into a
dichloromethane (3 mL) solution & 5 . MSbRETMP (2). Yield: 260.5 mg, 90.9%Anal.
c al c 064HsefsMnNNOS 2BH,Clo: C,50.32 H, 3.38; N, 4.69. Found: C50.24 H, 3.32;
N, 4.81 HRMS-ESI (M") c al cblaMnN40sr 7872112, Found’87.2086
Synthesis of (omta@)VaOYMn(TMP) SbF

In the glovebox,dmt a a ) \¥400mg,(0.03 mmpland Mn(TMP)SbFs (30.7 mg 0.03
mmol ) weredissolved in5 mL dichloromethanen a 20 mL glass vialand stirred at room
temperatdor 5 min. A small amount obolution wasdropped onto a FATR sample holder
and allow dry. The IR spectrum was then taken from this dried sample to monitor the reaction
completeness usj the disappearance ®fs oat 972 cmt. When reaction is complete, 15 ml
pentane was slowly added onto this solution and stored?hea @eezer for three day&reen
crystallinesolid was obtainedfter filtration. The final X-ray qualty product wasobtained
after recrystallization via layered diffusion of penta®& (nL) into a dichloromethand fnL)
solutionwith 4 mg samplet -20 e CYield afterrecrystallization:29.5 mg, 66.0%. UV/Vis
(CHCl) ma@{ n m) -enth)), B30 (34000), 379 (46750398 (46320), 485 (29750), 524

(5040) , 578 (6500), v»a@mMH(:858298(s)ATRARTIR
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Cr4HseFsMNNsOsS b V ACI#C, 57.23; H, 4.35; N, 7.12. Found: C, 57.43; H, 4.32; N, 7.31.
HRMS-ESI(M") c al cBledMniNgOs¥: 1252.3971. Found252.3947.

X-ray Crystallography

Figure 4.S1 X-ray crystal structure &. Thermal ellipsoids are drawn at 50% probability.
Anion, hydrogen atoms and solvent molecules are omitted for clarity.

A dark black blocKike specimen of &H74ClsFsMNNgOsSbV, approximate dimensions
0.725 mm x0.322 mm x0.221 mm, was used for theay crystallographic analysis. The X
ray intensity data were measured.

A total of 1579 frames were collected. The total exposure time was 19.85 hours. The frames
were integrated wit the Bruker SAINT software package using a naffimme algorithm.
The integration of the data using a triclinic unit cell yielded a total of 162410 reflections to a
maxi mum d angle of 27.877A (0.76 resol uti c
redundancy 5.61, completeness = 99.9 %,R3.92%, Rig = 2.52%) and 16834 (83.01%)

wer e gr e a t)eThe fihahcallcongtants 6f a = 16.1779(6) A, b = 17.0517(7) A, ¢ =
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17.8263(7) 0o W = 19166.0551343( 92@lurBe2=542523}3) &, are
based upon the refinementofthe X¢Ze nt r oi ds of 9643 refl ecti
< 2d < 56.732A. Data were <corr e-sdarerdethddor
(SADABS). The ratio of minimum to maximum apparent transmrsgias 0.7732.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group-P, with Z = 2 for the formula unit, ££H74ClsFsMnNgOsSbV. The final
anisotropic fullmatrix leastsquares refinement on Wwith 1044 vaiables converged at:R
6.12 %, for the observed data andawR1L7.46 % for all data. The goodnedsfit was 1.084.

The largest peak in the final difference electron density synthesis was 1A9arel the
largest hole wasl.117 A3 with an RMS devation of 0.138 #A3. On the basis of the final
model, the calculated density was 1.427 d/and F(000), 1854.0.e

SQUEEZE of PLATON was applied to deal with disordered solvent. Analysis revealed 512

cubic angstroms of void space and 211 electrons haisedin. This approximates to 5

CHClI> per unit cell, or 2.5 per formula unit.

Magnetic Data

|JI=:12=-2J§§ ( 1
c =)
c = -3 . - NP’ (30+10%"T) | ,
- (e T T- 9 & (
N, ntg 8+12e %)
(ﬂ) _79 n-gv _5g n+gv
. - Nb*  (30g+84gie’”) O =M = (3
M = 6J ] )
3k.. (T - 63
s(T- ) (5+7e(kBT))
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m =gSB (x)

B, (X )_ﬁl th(&ﬂ 9”%8 H SCOth%s %ﬁs ﬂ)
B

(4
T

I n order to determine the exact v&aa® of th
we applied a simple isotropic spin Hamiltoni
final expuasisomans2(and 3) are deidwiverde fMNoims

Avogadr o'eg snumkkeerBolk zmann cobisg atnhe Hohrs mae

g is thef aedteicst,r onheg Wei ss constant, C repre
temped4 adeperadamtagneti ¢ susceptibilitygndTI P)
J corresponds to the net magnetic interacti
fislpditt-onhbitalpiaoupling, i ntermol ecul ar in
reflected in the smal.l di f § ee &inc elsheatsd i blteleenf f

previous! Y/Ad enefeimeriich eadlppr oxi mati on (equation

gual i2yTher asymmetri cal contributionoBd3n the
(equation 4). Thi & daddiltuiecmrcael tthree alt nveanltu ed is
including this treatment allows a slight i mp

Using the exyuahieonma(2pstdrd.3¥2.% KN. ®W1K, cgn =
-3.05 N e.nu4 nio Jd CGa=n d\Dz00.504W9 t&mM R . 9852 wer e con
Using the ejjuathicoma( desf'dred.=2F7 N3va8 0B. KQc g
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N 0.0d¢=andody N .05 &ndwiGids IR .1M&Bd comput ed.
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Electronic configurations fat-3

ot
_T_

4

1' (Crlll_le)

Figure 4.52.Schematic demonstration of the electronic configuration$-tor

ot
+

4

2’ (Mnlll_le)

A

+
S —
-+~ 4+

3, (Mn'-vV)

g(dx2-y?)

6(dz?)

n(dxz) §(dyz)

{(dxy)

154



Details for the empirical computation of J

Table 4.S1.Expressions for the kinetic exchange interaction of J

InteractionTypée? Expressiof® Label
S Gle = 1nhU ©)
Sl [0, ni[j—u'— ©)
W~ e +ni[j—L'J— ©
- O, -ta) _f5 | ®

S (n,+1)(ng +) U U

2 nteraction type represents the virtual electron transfer from site A to site B. For ex

the half to half transfer[é] A" [%]B) represents the process which transfers one ele

from A to an orbital on B, which then then pairs up indHgtal on B. This electron transf
process would result the formation of low spin excited state, which is represented
negative sign in this expression.

b The original expressions are basedfggg = +Jab§a§5, while we usel"i_:ab =- ZJabgaﬁ.

The2o fold difference is applied in th
°na andng stand for the number of unpaired electrongis the transfer integral (see Figu
4.S2 for detail) andl is the energy required for this electron transfer to occur.
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h = qal\EBlzb > :znl\EAB|Za> (9)

h,»= 9, \Bg |1, > = 5 [\Eg | A, >

h = 96 NBe > =X [\ L, > (11) Ko Mg o

_(1::1.‘ ............. Do
A e
. . — s L —
h o= GV lg,> = VB lg, > (13) he
A B

N, o= 4. \Eg g, > = & V&g |1, >

: 0 (14)
! ﬂal\EABlha> :/%l\EAqua>

Figure 4.S3 Schematic illustration of important oedectron transfeintegrals. The transfer

integrals oy phe 21 shq ¢ ha &Nd Iy Aare shown using double arrows.

Table 4.S2.Theoretical J values for electronic configuration4-Gf

mn d° J 2P Label
1,3 [ 6 d3 -%h;z+%h,;,,l'+%h;Al'+%h,;t)' (15)
14 ¢ edsd -%h;;%h,;hl'+%h;J'+%h;4'+%h;J' (16)
15 & edsd0-Ih eI eoheohgeIng eIl @7)

2
2due to U being unknown, the effective parametﬁlrs= h',- andUI— =" are used

b expressions are derived from the @ectron transfer integrals: equatio5
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Table 4.S3. Angulardependent ligand field parameters used in the transfer intéytals.

Equations Label
h, {7) = Je,e,, (sin(F)) (18)
h, {f) = &, +&,,(cos()) (19)
h, A7) =&, (- cos()) (20)
h (f)=¢, (21)
h, (f) =x(180- 7) (22)

Table 4.S4. Theoretical J values based on angualependent ligand field parameters 18

#0020 Label
2 1 1 1 .

1 - §x'2 (180- £)? +§e'pzco§(f)l '+§e'p2 | '+§e'p e, sin’(F)1' (23)

2 - %x‘z (180- £)? +%e'p2co§(f)l '+%e'p2 I'+%e'p €, sin*(f)l +%(e’ss+e'sp cos))’l' (24)

3 - gx‘z (180- £)? +ée'p2co§(f)l ‘+%e'p2 I '+%e'p e, sin’(f)l '+%;(e‘ss+e‘sp cosf))’l' (25)

. € esp 1 €, X II [
AT h e effectljée:e', ra ,tfzrszgss;—:x,—:lare
U pi}u 5 U vU u
PA graphical presentation o t he$se perge

wo rk
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Table 4.S5 Previously reported empirical effective parametérs.

Parameters Value
X 6 1 0.19 |
| 6 0.29
e 20.86
€lis 18.42
€lip 39.46

INjs di menk§eNp Mipe adjd e i n u)li?ts of (cm

Tabl eSd4mBéry of selected strutl3 ural paramet e
# System V-OR) M-0R) V-O-M(® Torsion(® Jeac(cm?)  Jexp(cm?)
1 d-BCr(l)-v(v)  1.640 1.964 179.1 2.6 +84 +42.5
2 d-d*Mn(ll)-V(IV)  1.654 2.080 163.0 39.3 +87 +2.6
3 d-d®Mn()-V(V)  1.658 2.087 157.0 9.3 +72 +37.3
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HRMS-ESI results o including simulated patterns for [M]
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Additional Tables

Table 4.S7 Crystal data and structure refinement detailfor

Identification

Ccdc number

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/ A

b/ A

o/l A

Volume/A3

4

} cag/c®

e/ mm

F(000)

Crystal size/mrh
Radiation

20 range for
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters

Goodnesf-fit on F2

Final R indexes

Final R indexes [all data]

Largest diff. peak/hole / e A

dat a

[ >=240

coll ecti

(1)

2

1453972
C78H74ClsFeMNnNsOsShV
1828.68

100.08

triclinic

P-1

16.1779(6)
17.0517(7)
17.8263(7)
116.513(2)
96.514(2)

98.825(2)

4255.3(3)

2

1.427

0.885

1854.0

0.725 x0.322 x0.221
MoKU (& = 0.
2.608 to 55.754

21 O W20 @130 &2,

162410

16834 [Rut = 0.0392, Rgma= 0.0252]

20279/0/1044

1.084

R1=0.0612, wR=0.1612
R1=0.0768, wR=0.1746
1.793f1.117

23
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Table 4.S8.Previously reported oxidbimetallicspecies with torsion angles.

CccDC System V-0 (A) M-O(A)  V-O-M(®)  Torsionf)  Jexp Ref

Refcode (cnth)

HEDTIT B-d®  Cr(y-o- 1.774 1.760 176.5 9.4 -150 48
Fe(lll)

LAQNOG dB-d5  Cr(ll)-o- 1.775 1.751 177.7 29.9 -150 54
Fe(lll

HETHIN dB-d5  Fe(ll)-O- 1.7918 1.7918 180.0 7.1 -116 43
Fe(lll)

FESZEI d-d®  Fe(lll)-O- 1.759 1.759 176.1 30.3 -129 39
Fe(lll)

WIHSAH dB-d5  Fe(ll)-O- 1.785 1.785 174.7 27.1 -116 49
Fe(lll)

KETBOB d“d*  Mn(lll)-O- 1.751 1.757 168.5 26.0 -120 40
Mn(lll)

CAZNEX d“d*  Mn(lll)-O- 1.789 1.789 173.0 16.2 -115.8 55
Mn(lll)

ZOVREH d“d*  Mn(lll)-OH-  2.041 2.015 159.8 29.9 -37 4a
Mn(lll)

ZEKTUE d“d*  Mn(lll)-OH-  1.998 2.024 152.7 4.3 -30.5 42
Mn(lll)
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CHAPTER 5

PhenoxideBridged Heterometallic Mn(l#)/(IV) Complexes: Synthesis,

Structural Characterization, Magnetic and Electronic Property

This manuscript is prepared to submit to Inorg. Chem.
Tao Huang, Xinyuan Wu, Natalie T. Rice, Walter W. Weare and Rogenin&o
Huang, T performed all general characterization and magnetization work. He worked with
Sommer, R. D. to conduct-My diffraction experiment. The synthesis was peréaiby
Huang, T, Natalie T. Rice and Wu, X.
Department of Chemistry, North Carolintat&® University;

Raleigh, NC, 27698204
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5.1 Abstract

3-carboxylic acid substituted Schiff base ligands-I_4) are preparetb supporphenoxide
bridged heterometallic complexes containirgMh(ll) and d V(IV). Increasing the steric
hindrance on the ethylene backbone is found to alterthkeemodynamically favored
coordination position of V(IV) from the innerR; site (L and2) to the outer @0; site @ and
4). Complexation of Mn(ll) to the &, sites of2 forms heterometallic complex which has
a polymolecular chain structure as demonstrated byHHRMS. A monomeric comple® is
obtained wherchelating Mn(Il) into the NO- site of4 andhas beerstructurally characterized
by X-ray crystallogaphy.This Mn(ll) centerdisplays aetragonal bas&igonal base seven
coordinate geometrywhich represents the first manganese complex in this unusual ligand
enviroment When compared to the previously reported ferromagnetically coupled
Mn(I)LOLV(IV) complexMnbObLY (J = +37 cmt, H = -2IY,0Yan) with a slightly bent
geometry KInbOLV = 1560 MnbV = 3.66 A), the paramagnetic centers @& are
antiferromagnetically coupled with J-5 cnl. We propose that this change in J is due to the
structural differences between the bridging linkagedrmbOLV and6, with Mn(ll) and V(1V)
in 6 being connected through a bis(phenoxido) bridge that has both a shorter bond distance and
significantly more bent geometry (MOLV = 102.3 MnbV = 3.24 A). This result
demonstrates that the sign of magnetic coupling between heterobimetallic centees can b
manipulated through careful selection of bridging geometries.

5.2 I ntroduction

Bi nucl ear stalmpl iexed by St hipghthhdalvaes eas alinngigan c
hi st®Day its ss mplaneiaissmd di f i abl et hfirsa meiwghaarsd s ¢

been utilized in &owimdel whirngtlyi mdt alefSiear kwihf
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!%i ol ogi cal e ntZaywnda tnmacg nnea.t%e®B-draagbexiyalis aci d s
Schi f fwhbiacshe $dreoriin ovBmy | sal i cylawe-sbdcaidd edepr asmemw
for binuclear c¢&npohpelxexse § Skcahsmeed S5anl )t.hese 10 g
formul atuendanmeent &l theories of masgtnreutcitcur a lo
rel at?dhB meg.al |l ic systems based on Sdch 1
Cu( 11 F203u((I111))2E€¢ (I 1Y in(@u ()! | $8Cuh(ildh) e mport ant

experiment al systemst whi gharstupmpome c lmamdi g ush :

magnetiAmseful feature of the bis(phenoxido)
met al i1 ons into al odegmede dgleelodmesttrayn cwei.t hT hai s |1 n «
el ectronic coupling and results in models fo
in polymetallic systems. However, heterobi me
transmetabs ions (eg: Sc, Ti, V, Cr, Mn) r ema
their relatively |l arge ion sizes that make i
this |Iigand framewor k.

Her ei n, we descri be allhye cfhiarrsatctex a melda befd ( Pt
heterometallic complexThenmagnebhgcVahd) eaed:!

bet wév(nl \d) °Mnn(dl 1d) are quantified using magnet

voltammetry, whi ¢mf oematail onin mpmotettant he i nte
transition metals that are held in close pro
t hat |l igand modi fication can be wused to con
cavi tozers2@ Nof swuch Schiff base | igands. Thi ¢
of bi metallic systeMBl efcarr octdeiene f£sadpafpniddit c at i o
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demonstrate d& haft MmEl Ip)r eisceifpicoendachar glkee tranes

processsesch.mol ecul es
5.3 Experiment al
5. 3. 1 @eonceerdaulr es .

Al l chemicals were purchased from VWR Inter
America and used without further purificati
RSMO0O0O0O spectromet-spabeidnquarc¢m Telfvlederf ¢ £.c t Atnt
( AT-RTYTI R spectra were recoFdeR. wMagnat Bcukasc
were measured on a -QW7an$QuUn DeMad ggme tMPMVESt er . A
was measured at 2 K with the appkempdr dt el &
dependent magnetic suscep3tOiObiK.i tGreyss twaelrlei npee |
180 mg) were | oaded into gelcap/straw sampl
Kapton tape for temper at ur e deeapseurr deemmecnet s mena
perfor med. The fitacthamg ebultsomisukcdseass gpa
consistent. The reported errors are based on
set El ectrochemical me as urcmena s Biwekodi ca c ql
potentiostat/ galvanostat usi ng a‘tmge fasrsen ccea |
el ectrode, and Pt wire counter el ecterode.

at mosphere glovebox in di metthoy IFes uBlcfVg x iwd & hs c
M tewbuayl ammoni um hexafl uorophosphate (TBAHF
mV/ s unl ess olthheerliwigsaen dmsotsetdudi ed in this re
foll owing alfbh menYlidat i oNBdBs (-d8aH bsoaxlyi c yll,-i2d e n e)

di ami no e thfameern, )(L2) HN, ObNi (a3 bSemxeyt 8 pl i cyll,-i2dene)
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di ami noed ha anefhs) H Nb i siNa3 bsoaxlyi ¢ y2I,-03d ene-2 p § |

but anedi y | d(ifamsi amgién) a n &b, i HalNa3 bSerxeyt 8wl | c y21,-i3dene)
di med fBut anedi?d®l*di ami ne.

5. 3:RayXcrystallography

Crystals were mooauwnntsl @amd Mec FeiGe di nboeddi0t K. d

measured oNona uBr uk8rKappa APEX I system ¢
monochromat obf imed ua Mgkl esd Of.)7bleOm3i t cel | di

were determined freamfgymmedtfr yt hoeo nrsetfrlaeicnt i ons
with the Bruker SAINT sbfamarel packagm. ubahg
for absorption afcfasmctmethoidnd StADABBY .t iSt ruct
direct met hSojdsan(dBrruekfeirnexd usi nfsof hwaBeupackaE&
usi ngrnatuwulii&gqguaass refinéemanmtogem Rt oAdsl wieorne i
original solution, or |l ocated from the diffe
were placed at i dealiizded omodihtél caress mersdl halolfiad v
of the molecul ar struCtryrsesal wemge apheat e fwgir
structur-adl aredavwdhief E&GMm the Cambridge Cryst

(www. ccdc. canm afce rukn c31AGEHE®HA 5 3)97 4
5.3.3 Prelpéaation of

3f ormyl sal i cyfl orcMyddir-Bbxegtnhdy | ®enzoi ¢ aci d wel
usi ngs Dap f°fToraeeChBOH subst it utla-ds) wsecrhei f@r ebpaasreesd
refluxing one equival ent -foofr nay lasma Iniet garnidyg It avcoi
2-hy drSmxeyt hy !l ben zeoti hcd Hagtl®Lof taini®® Alave been previ

reported. The chlaksactterciontsi ctemelanivg d ho & hhar & ¢
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in a similar fashion, using M€t gandBERIMt AER
(cnic-=7023%s)627HBMR {[dnso, ppm,): 8.85 (2H,
7.90 (2H, br, s, C(6)H), 7. 85 (2H7,breglsH, CY

The OH and COOH protons are not observed.

e

N OH OH N OH OH N OH OH ° N OH OH
N OH OH N OH OH N OH OH °¢ /° N OH OH
1 2 3 4

Schemé&chelmati c representatiombsand carbon at ¢
5.3.4 General procedure of wvanadium(Il V) 1ion

Mononucl ear oxovahaei umeldlofmpa mex epr epared ac
pr evikonuoswny ap’pmicahc sdsi ght modi f i ¢taitsi osne.l eTchtee dp
an example: in a 100 mimmolumas bottitrome d | ass ka
into a refluxing solution of 30 ml methanol
mmo | ) vanadi um(lIl V) oxi de sul fate hydrat e,
approximately 10 mhes.r dhleuxektfuore 1s5 fhouar

Desired 4#iosmpsoeupnadr at ed as solid via vacuum fi

HaV O ( foesral). (
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lis separated as orange red sBTIRYws-t8h vyi e
17 333-=51)6,3 0305989 (s) . aAnfaokhNOV&H,@,C, 49.22; H, 3.
6. 38. Found: C, 49. 52ESIH, )M+ 9 fc o N NO/B:. 7 7 . H
422.0313. Found 422.0306.

HV O ( f pesn@)) . (

2is separated as ora@gt00ed, sBPBHli RAHWeALNR yi e
17 353=51)6 30368989 (s) . a@Anfab.NCVaC,c 53. 46; H, 4.04
Found: C, 53.24; HE S | 3 . (P\e+dda NfcobtoN.GM:. HRMSO0 6 2 6 .
Found 450.0613.

HoV O( fatsmae d) ,. (

3i's separated as green sol-i @y wgual iytiyel dr yd
obtained via vapor diffusion of diethyl et he
ATHETI RY (- 62 73¢=sd)60 738977 (s) . @A nfGokt. N.CeVa C ¢
55.35; H, 4.65; N, 5.87. Foum3ll: (QV+dm6fc8O; H
CobHoN0OV: 478.0939. Found 478.0937

HaV O ( f shsmeed)., (

4i's separated as green sol-FTI RYH(:b-nky6i 35 (ds )o, f
3c=dd 58234977 (s). @Anfaokh.pN-GeVaC,c 57.03; H, 5.19; N
C, 57.08; H, 5:E1S9; (WM+d&da | féght. NoONRMS506 . 125 2, F
506.1249,;

5.3.5 Complexation of manganese (Il 1) 1ion.

Mn V O ( faens5a ) (
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I n a 20 ml vial ,2wa.s0 3s0t igr r(eGd. Oien7 Smmoil ¢ et h an
suspension, 5.6 AhO wa8s l18ddemdl andi ®©Hdar k gree
After that, a 1 ml aqueous AHO uwa sunadodepd s .
The dark green solution tgmrreed tpo egalpe t gt ee
after addpangl uthieonMnNnCllhe pol ymeric product wa
and washed with water and MRETH KRG le-nd 6Y1 2(l =d): 1
3ccd 59 13(e6) ,990( s)ad AoRMCHNON&E&LC,C, 46. 17; H, 3.49
Found: C, 46.18; HESI3+@®,; @, fchhiz MBNO Mo-RMS

502.9850. F o u n+d2 M5 0@la |9fBedrs WIGN{OM/ 3 753.9739. F

753. 97:8@fH) (i |foobta MGNsO2Vs: 780. 4351. Found 780. 4
Mn V O( fammeas), (

A similar S5appusadh ton a 20 miAwag adt i 0r. @b 1li n
met hanol. To this green sM®pwasi ahdedgr. edeammhga (
solution was formed. After that, a AHMI ague
was added dr ogprweiesne .s ofllhuetribogno €t ugrrneeedn toov elr a p e
Continuous »eaddungomMmncCésul ted in formation of
was further separated by vacwuwuawm Gubhtrayionys
obtained via dapbobhyldi ethseronnbod a solution

temperature under UW evCHr oCeHo Ao m) Jo:f (N8200) ,

(970) .-FTARRY(:cors 1621 (359, 983(s). d@Andlor C
CoiH2Mn BONVAHO) C#H)C,7.494; H, 5.15; N, 4.47. Fou
4.61. -EFBRMI)M+dda | feo, MEBMOVAGH),SO: 637.0616. Found

cadl cf oFh MEBONVAZH)L,SO: 715.0755. Found 715.0768.
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5.4 Redus$tusasidon

5.4. 1 Symrcthhegsxicsd eandati on

R, Ry
g@Yo ]
Ri o |
N O\ /O R‘l
R4 \. 7/ H R, N /O\ /O
R, R /V{O H O=V. Mn
1 N o o R4 N/ \O/ N
Rl Ry
o) 0 o)
Ri |N OH OH 1eq.VOSO, 1) 2 eq. LiOH
R4 —_— R _—
R4 2 2) 1 eq. MnCl, Rz
g, N OH OH 1R B
Tl ‘Ri=H,Ry=H 5:R,=H, Ry = CH,
(6] 2: R1=H, R2=CH3
R
R, 2
R2
o o}
Li:R;=H,R,=H R I
‘R, = - Ry N O O
Lz. R1—H, Rz—CH3 1 N (0) e) R1 N / N2
B = _ R4 SHON, / LsMn” V=0
L3 Ry =CH; R, =H nVo R, ¥ \o/ \o
L4Z R1 = CH3, R2 = CH3 R1 N/ \O/ \O R1 |
Ri | o
0
R
R, 2

3:R;=CHg, R, =H

4:R; = CHj, R, = CHy
Scheme Syrthesis oMn@bliimebapadc¢iTens/61 VB achi eve
maki ng mononucl e&4usVi(nlgV)S chhrLefcfuTrbseosr&61 V) i on
N2O2sites twhednlaR2 but bOsd & etso; w@ €18 a R 4).
Corresponding heNMre(lolb) mecbdrafd rece S/ nltVhZasnidz ed f
4dr especdtiisvdlhye. repeat unit of the poBhyanser i c
seven coordinate Mn(l1l) and shows L = DMSO
et her .o B:(58i%2l d

6: R1 = CH3, R2 = CH3

Thec&r boxylic acid suwulystanateprde Barhed ff hames
by refluxingft hceieagwintelg&dntval ent s of the cori
aldehyde®4n etHaenot o s teudyyltenees ibmiclkidnéprintee o o f
met al ation reactionsdl,-2Skwynl ¢ ha dih sletisth jelPearmevtehdy | f
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1,2t hyl enadeamiompar ed. Mononuedll SahemMel B) 2t o
prepared by reacti awi tlh etqguea vad reméa s podn dd hgyoO |
pyr i-ddtnteanol (1:120, wv/v) solution. Add tion
andThis is achieved b2anddhiet s t2e pewgi usiev arleeancttsi oonf
by 1 equi €hilne nme tohfa nhnl ( Scheme 1-6i.s2 )c o nlfhier nceodn
el ement al aESMEsi St andt HRal i nformation such

i's further -FSTtIuRd i (eFd-9Biyr ey S8 r yst al l ography (

Me t alnaltelfar esul t s in selective x0foma ddiem Oei ndi
depending on the steric bul k of the | iganc
met al alt1a mlehy iod| ds products with V(O9i toe)c.uplyn
contrast, V(Us&hdmesal asiiom VYfl V) oockspiyehg t
ATHTI R spectrastorfettdli mar fblemayrdleaxpidaast aofxoyrl itch e
groupldAchbofirm thedAs aasei grogenetesl.d n2t, hsek @ r
appears fatndl 71F3bcincsn t ypi-cadr difnamtoemd car boxyl
and indicates that t hHo weuteafro3rx mdairtey oibs em avte dc
1607'acmmd 1582spmctively, suggest iOnsgi tteh.atT hvi(sl
conf i r mealy bcyr yXst 8d 4 oghrawrmyi mBFi\ulr\e) 5c Ar. di na
the osét eOand assumes a squwa0 eb eryd alme da@atl h g
i.The ability of V(IV)  x:xo0awiiny omOgele hewyt ¢ B ¢
controlled by the backbone substituent s, pr
backbone met3dmanll gteupstingthavelemapareedah
i som8r sohfowi ng coordinatixai We .Vl Vv entlmat ht

observecetack product , and wunder our conditio
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thermodynamic prodOsi twitRFrdMm Yhiisnreper® an
t hat bodxhnd:®®i Nes are accessibl e, howsveées cC

necessary to produce the desired product.

—1
1.0 -0 —g
—~ U n
2 /N
s Neo |
8 '
[
]
2
(@]
[7)]
0
< 05-
e}
(O]
N
3
£
(]
Z
0.0_ T T //// T T 1
1800 1600 1000 800

Wavenumber (cm™)

Figure 5.1 ATR-FTIR spectra of-4.  Tdgmt ~3d733 cita n d-oat ~ 899 crit of 1 and

2 indicate norcoordinated carboxylic acid groups with V(IV) binding to thgOblsite. The
3c-o at ~ 1600 crmt a n @&-o0 & ~ 977 crt of 3 and4 indicate the coordinated carboxylate
groups with V(IV) binding to the €D- site.

The inter mpAV=0ad Kifmfy oxovanadi um seems to be
that influencesr a hfédMemot ercall ade sthhiusthased on
3vaof requenci elandlmde cr8bad4dsrud( green) . As seen i
to the metal ati on 3dsdi sd if fofuenrdéfrafta @i Gaditaimstnesg d t h
found atf o&w4 cWe propose t hmdobeéhwe2adndd er enc

suggest AV Ot sVvaOkilRQuexi st3d.bsletnthasn been sug
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a weaker backbone sterix@shoobddehaeaechhBatbkn
The shovbof r ogc @7d 8 9i9s cam ssiostceont with a change
five coordinate V(IV) té&VaOpoAgmiemilkansi xedaos
3veoal so occurs when V=0232&monrsdisn aetnds wtid hL ewiess
such structur eed,)y mea icch exrdweahda tu mpd], VIvhi | e mc
3andare YTreeneasing the r edaaddo nnate mpletreart utrtee

of V(IV) metal ati on.

Figure 5.2 X-ray crystal structures of mononuclear V(IV) comp8§/=0 = 1.59534) and
heterometallioMn (1 1 ) T V( | 8/(Y=0cd.B989Re x Mn T V A, Bn 12Q&711\6 =
102.3). Thermal ellipsoids are drawn at 50% probability. Hydrogen atoms andbomaed
solvent molecules are omitted for clarity.

SubsemetaltoaMn (olnRa ndlya el ds )Vl e VMn hlelt er omet al |
5an@wi th yields of 37.3 % and 58. 2% (Ir\e)spec
het eromet abilsi cs hcoowmp liex Fi gure 5. 2B, confir mi
NoOocavity. The Mn( Igle) oiust fodu mpd atnce hda wsdp &liaacne ene

t heO Nl anéfhree DMSO sol vent mol ecul es are f
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resulting in unusual seven coortddtnraagd nvanl( 1D a
tri gon(adr bda:s3a)t i oo rgeibpmme t b g kKtnOavi edgg, a si ngu
previous example Jdf(cyc3Iasn)vagLdberanrmpbalted
geoméThgtdnee between MmndnditO¥W Mengd.d,4i s 10
suggestingmatwéabomelt may exi st between Mn ar

4dangdare summarized in Table 5. S1.

Unl B keal | attemphasvet obecanysumduazeessful . How
3c-@t 17Bchondmrms coordi nat.Dosn tedv-avid( 98D € mt o
confirms five coordysiag ef w(tl Wgr &Edrfmemmalt e
a 1:1 stoichiometry -B$SMSMna naanldy sV.$ nihbosweevéeir & e tHy
exists in a polymeric structur e, since the
found to be(doxbRR¢ ewhahgendz = 780.4337. This
of s{NMh], where M is the repeatedbuMnBiDNof the
(Scheme 5. 2). Ot her signals such as m/z = 7
represemt sf wadrh coxpB@lsiatd@ M dfetfaMl ed mass
simul ations arel2)n. SA p(rFoipgousreed 5p.08 lylmer i ¢ str
5.8S10, which is in agreement wi-¥V hst dieg il @met
while also being able to generate the frag
proposed structure, the Mn(1l1) i's shared a
mol ecul ar chain with the sabeavi i geesn d5.F31g0u)h i
This is consistent with the relativefOy | ar ge

pocket, and is able toEg¥MIebywttehd hleoszs =0f2 @&n

species may have a si milrayr aei @ibts ead oveerddfi ma tae p
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5.4.2 Magnetic properties

I n order to understand the magnetic exchang
geometrempkeapamudent magneti c -fustdpmageredt yaht
measured. As can be seen BIn dreicgrueraes ebs. 3wWA t(hr eto
of temperature from 4.2 to 2.7 emu*K/ mol i

Mn(Il 1) amd V(IV) in

(A) « Mn-0-vV (B) . mnowv
s« 6 T
b5 Fits
3
E
hd
-):3 4
£
Q
: 6 Mn
*83_
Vv
' 100 200 300 O 1 2 3 4
T (K) HT/TK”

Figure 5.3 Comparison of magnetic behavior dfaP bimetallic Mn(11)-V(IV) under different
conditions.(A). Temperaturalependent magnetic susceptibility tofred) and a previously
reported oxido bridge heterometallidni O7 V (blue)® The fit is based on exchange spin
Hamiltonian: H =2JYJYin. (B). Variable field magnetization &andMn1 OTV at 2 K. The
structuré?® (in-set) and magnetic stuthof Mn 7 O Th&ve been previously reported.

The Hei-Biemdaoar /1 eck Hami tTtdemii avre de 52 [id¥ms sH o=n
with anivaoééd(emiuatgon 1) is used to fit the ¢

kei s the Boltzmann comssanhhegBehenmhge temple a

facdiosr, the Weiss constant, C repiesepesdehte
paramagnetic susceptibility (TIP) and di amac
magnetic interambigoretbet wveamnetrise ghrabest fi
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equation 1,4.r%sfuta.=b.ixnd IJN s0=01. K6 vig a. @B, Ng
0.02 a®d32C £ Fed3n@/ Moll0=wi O h9RI9. Thee sJ val

antiferromagnasitctoi hhe ferromagnetic-coupl.

bridged heterometallic &d nepl ceucntdr o twii ¢ h ¢ d rfei
MNPYMO(t mMa@y, (J = %BI7ue8 icom Fi gure 5. 3A).
B
Nb? (309’ +84gse '’ 7Qun - S9wn + 9y
“n T3 (T-c7)(ogl 4?62% }+C. g, = gMne 20, = gMG . (1
° (5+7e’")
l = gS% (X) B\J (X) = 28+1c0th(28+13 g”éSS ﬂ)- icothéB %3 ﬂ) ( 2
Nm, 2S k, T 25 25 kg T

Anti ferromagneits cf eotulpérn ngomfmi rmed by vari e
shown in Figure 5.3B, whMme®V.i sT hdei sBiritnlctt uftrhoe
function (equation 2) yields a spin value o
bet ween the Mn(l1l) and V(isY)y ucdnfrial mg edmtii g
3d transition metal s, -ode feemtsiomatgineg i thatoupb
obtained by modifying bridging geometries.

Wei he antt hégdelticalhyapteainsf ed maucon from
antiferromagnetic coupling in heterohietallic
(x -5) 2 This transition was suggested to occu
l inear (see Figure 5.S827). Thégs kwaneti &t iexrcd
mo d e | (also known as the orajh*®goealgiumadd t mta
eguations describing the kbrniedgecd ehxecthearnognee tcaol

can be derived baKedamarit heulGesdandughe wor |
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(equation 15 an“Dwel tinm tSHeifrorc adrertelidt)i.dh t o
accur at emagmaitcda ural ationships can bB¥bestabl

unknswistems. According to this rneoddeels,c rkiibneedt

the virtual el ectron transftemetladét wehear gewa r
MMCT) . Such MMCT excited states may miXx Wwi
stabilization of ground statecorNumegritdal ed x

configuration and mol ecular symmetry (Figur

MnO-V, with the elecdthonac bCendxpguesasednusing

5.4A, where the antif eém;zdn&argm)etciocmemmfltrlrcérd) utt h

half ht@l f4%ttrhaen sefleerct r on -fiiesldl t aarkkeint & Ir oam da rheaV & d
hadifll ed orbit-8l |ns&é)eqguatibesebmol ecul es,

interaction Ibegotrweietnaltsheont woandyanese and van.

contributions (théh,l,}p)osdrté vfec d iraghtfe tsou gzhe raos t

where the el ect rfoinl liesd tarkleint dIr oamm chbih®a atfr ad &

overall J value is expressed as the sum of
the dominant term. When ferromagnetic ter ms
previously in>féemeamagreeotmed ré¢@spl i nYi ti si Db s

possible to creatienga tnheeg aatnitvief eJr rboymaigritertd a&s ¢

syste425qhéz(), which can be &agthjoebed abyToheehhap

bi s(phemroixdged het er oned althiec fcompl eexxampl e

hypot hesi s.
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A. Orthogonalized Magnetic Orbitals B. Natural Magnetic Orbitals )

$°¢& ¢ ) *8
_2, Y @ L4 ®
57 z

1, Q
EIHJ a, >\< Yy b,
X

e® * Qo x* ° ) * *
‘ ;h;n]'.. %;,;:p ~ ‘ "
b, aQ
» » o _© L P
N w3 oo
51756]' ghm;[‘ . ‘. ~ ~ ‘

a
2 1o, 1 1 1 1. 1
Joate = ’gh;; +ghmy[ +§h§f‘r +§hq61 +§haa[ +ghss[ (3) Jm{c = E(Jalq +Ja1b: +J , +J:z,:z'1 +Ja1a1) (4)

aa

Figure 5.4 (A). The orthogonalized magnetic orbital description Nowr-O-V384! based on

kinetic exchange in ymmetry®*The d orbitals are |aBwl |l ed a
xy, Xz and 2, respectively.(B). The natwal magnetic orbital description fd based on

potential exchange inZ& symmetry?’ The magnetic orbitals are labelled asey) for the

V(IV) centered orbital andiéxy), a6 @),za(yz), bi(x>y?) and b(xz) for the Mn(ll) centered

orbitals.

An i mportant assumption for the kinetic ex
interaction is negligible. Thi s appaargsedt o
systtémb it for molecules with different brid
interaction, whicmagoetrcbouoepg!| PAgfataernottb
gualitative description for describing magne
inter &dt i'®Kisn’Ce t he Wirs (dppheainoonxgisdot)lids ewe If la mi
the antiferromagnetic coupling between Mn(I I
potenti al exchange interactigons (tégeu ataitaurr a4
or bi talantiff erromagnetic contributijiwmisi al se

of both Mn(1l 1) and V(I1V) wh iy)c,h wbhoitlhe hfaevrer otmt
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contributions origi mhat eve ¢ moormbni tt lad iomt eV (alcM)i

ort hogopnaeabndarmwbi tals on Mn(I1l). It is known t

by si mil a@t hlaitgandes casnt ri but iJgnasnd rfoemw raonma o ree
Jpare the domi "famrn ii meteamaed,i otndgei nf ear rCounfal gl n) evt(l
system 12$wh5i9 ecmt he aontt dpins3d0md~gBe'tcim sever al

V(I V) V(I V) Bsyisntge mshesk, adfjass af st arting poi

therefore beld n- tYheecocomdgegof o equation 4. TI

the observed m&,g-hi @ b.ddni sf r ds udlotr al so sugge

antiferromagnetic coupling shoul d beel eocbtsreornv e
countds @x = 2~4), since thelfiesramagmi@etwkero
yv’or bit al is unoccupied (Figure 4).

According to such analysi s, we can simply

Mn(-M[) V) centers in tMreOManaf eTheagstgromgtferrrs
couplindMnoVilsi peamarnég kytmirxing the charge
which stabilizes the S = 3 state. |6 xotnhe as
net result from combining a strong antifer
i nt eractn oxny boertbwieteal s of the same symmetry a
interaction that ari ses?yF(rMnng ldr)t)loadgdrrnall sxy A
t wo approaches are based on different model s
di fferences have b%teme exltteinmatve | yu eletsicon baed,

treatment for describing magnet We beteemet it
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carefully wutil ibaoitrhg tae chomigiuresst iadrd oovMs f or mor
magnettrouctur al relationships for heteromet al
5. 4. 3 vlClytcd mmetry

The redox propertLyyesandf ia st ywpiraeals pkoedgla chdy (me t
6were studied wusing cyclic voltammetry in D
selected redox potentials being summari zed i

phenol and carboxylic acid groups.

Table 5.1 Redox potentials for 4,4 and6. Signals are referenced to Fc/t 0 V.

V(V/IN Mn(I T L1 LY x LY & Mn (11
Lsa - - - Eb=-1.% E=-1.8 -
Ep=-1. ¢
4 Ec= O - Ep=-0.1 Eo= - E=-1.9 -
0.2 0
6 E= 0 E=0.2. E&=0.:t - E=-1.9  Fc> -
' e pem e T ! ' 2. 43
aDet er mi ned i POrhliyg ho bsscearnv eedatien t he second scan

As shown i nLsdiegnomests . a$Sks, an i1 rrewelsibl\e re
and a reversibl=e1r8do0¥ eakhtpwi ehtFEAL s Addeti

of excess LiOH does not change the redox pro

Oxovanadi uds hoomsp ltewo si mil ar | igoafhideébaVednde

EEofl. 94 V r espeasttiiytedtyh.e lim reoretrrsi bile 6100e dduct
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results in an additional I rrever spi=bd.el 0o xM dat
(Figure 5.S22) in the second scan. This may
thei almiteductiofd. Ol = tOhdsiaé; el heecfter ochemi cal |
oxidati g Wavwue VE) andp,alOréda8licarenowaeeveEet.
response at 0.12 V is assigned twi tthh et yopxiicda:
V(V/I1V)3%cohphewer , tinocepntervdaous oxovanadi um
have reversible V(V/IV) couples, the wave at
irreversiblepxre@ediu8tVYyeawpear § Et o be associ at

event (F20Q)u.r el t5.1i' s possible that a quick cf

oxidation of V(IV), generating a different
respoges-e. 1T& V) . Repetitive scanning di)d not
which suggests that these irreversi b eWeroce
propose an intramolecular charge transfer re€

oxovanadi um( V) 9%iosmpfl cerxme[dV (Wp d(nl Vo)X k=dtalt Elo2n \o f
However, the JYmapylhavng 4VENVNOILL | ifeimemaland
charge transfldt Thef oximdf Yeidmmod hemn [bE( i VYl
reducgd-0atl8EV to r exdfoowamadhieum(nliv)i®Cacddhopl Bk g¥ 0
oxidized intermediate is presumably a phenox
are commonly observed in simiPB% ntegasdi malv
variable scan rate study (Figure 5.Sdm®t) fro
changes for these two processes, indicating

the scan rat el with the Kk
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L ¢ >
+ 2+ & 2+
o) -1 o} o)

| ki>>1s | : kf=0.1~1s'1 o
N 7 —_— ‘ 7
"

/ Mo Ne/ N\

Schemd)5SZhematic illustration 4daftpssEeQuE2tV al
andc=ED. 18 V. No changes were observed when v
mV/ s B) The irréavesEsO bl &y Mbaupd eB. olfthe cat hodi
relatpsnag0t D0 EV ips-0si4f tVe hscd Bt &t es .

Addition of Mn(ll) resulted in signi6icant
and As can be seen in Figure 5.23 and Tabl
irreversi bl el .pbelaxkls. Lenddrfoours@tintpr dut t he reve
based redox-1e9@nV e&nEstil]l be observed. An
event i s pbzesIed, athiEch may be related to M
couple ohser222dinsetdag€soi Mn (I I 1/ 1 1) (Figure 5. S
irreversible predoawictoru ptlhee iisr rsepgrl9i BI0e Vawbd
the cathodpe-Op&8k Vi sAlathd&ugh separated by al
remas associated with the anodic peak (Figu
similar to #hathemep2Berd However, a variable
the charge transf @trhadAen diso wre cibn SRiégwert hien c ¢
curré@ntb9aty continuously disapp@ad0s2wWidppaan
faster scan rates. We proposgditshdathetrred oclea r

magnitude to tibeiOaglan- rlahts swiigiimi fkk cam¢ek and

189



po

S u

n

tenti al -Oc.hla8n-\ 5t9or ¥mof t he same cHhamt cal r
ggest the additi caadateMs( bbb}l hcobedredbxopot

tramohacgkatransfer process.

.5 Conclusi on

Thegperi ment alt hdpgmoneflneyat s @eth t ®i gmaofgeex blea

co

be

w h
Th
d’ (
5/
ge

el

upd o gl-ddx d= 2 ~5)p ostyesngteimaelirlsyl . tWea tp rtohpioss emo d e
a phpolti eodnl d/e resXx @amalnge coupling i ncaambsod st
usedmbgneéesicgoouplsiolg MIMCTe x hirtbdid phtasted e e r

ggested t hattr agpepneedr aMN Ty esxpdint ed states i s

cited stfatseuclhi fcehbridhmdat pdidrzésn.g ground6 st at e

ables the estimation of sign and magnitude
d can thus provide guidance drogs twWwlet raldo om
arge separated states. For instance, sSince
i-bdroi dged geowi¢txr mFed~w)apbpddpsnate can only
e corresponding’ (ggr 2B s$atheé gbof sdin. For
r o mo®dthhoirse ,results in a 5/2 ground state an
enlda( xd = 1~4) complex is in a |linear geome
erefoteappesipismate can onl gt aeeopis’ oed vl
y = 2~5), which for a Mn(IlI)Ti(lV) chr omoj
2 MMCT &excited state. Ulti mately, det er mi
ometries and excitedignegt evipr omdrl toiwe & o(rs ac

ectronic and magnetic coupling in polymeta
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through the determination of magnetic coupl.

similar to thoeed ocff MHEST saxd as

I n summhaye weepared and str uecctaurrbaol xlyyl i cch aar
Substituted Schiff bases and studied their I
and Mn(l1l). The steric hindrance group i s al

out edc@Qvity -wshetecnbnndrance gr ouQc avhiotwy .t hTeh d

el ectrochemical properties of these systems
The influence of addition Mn(tlelnt icad mpal nedx arta te
intramol ecul ar charge transfer. The magnetic

in this bis(phenoxi do) Mn®©e/ment rlyi niesar c ognepoanreet dr
reveals the bridging geomketey tbBetbegrpsetnecx
such system. This is the first experimental

couple.
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5.6 Supportinginformation

X-ray Crystallography Detail

Figure 5.S1 X-ray crystal structure d3. Thermalellipsoids are drawn at 50% probability.
Hydrogen atoms except theMlbond and solvent molecules are omitted for clarity.

A clear light brown platdike specimen of &H22N207V, approximate dimensions 0.567 mm
x0.445 mm x0.225 mm, was used for thery crystallographic analysis. Thetdy intensity
data were measured.

A total of 994 frames were collected. The total exposure time was 8.32 hours. The frames
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integréion of the data using a orthorhombic unit cell yielded a total of 72056 reflections
to a maximum d angle of 33.727A (0.64

(average redundancy 7.36, completeness = 99.9 %, Rint = 3.72%, Rsig = 2.07%) and 8305
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84. 84%) wer e 32yThefinal eell cortstantsof a2 27(5418(7) A, b = 12.2049(3)
i, € = 14.58940p 45F o29°woluBed= 4904®(2) A are based upon the
refinementoftheXYZ ent roi ds of 9778 reflections above
Data were corrected for absorption effects using the +acéth method (SADABS). The ratio
of minimum to maximum apparent transmission w&300.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group Pccn, with Z = 8 for the formula unitHeSN207V. The final anisotropic full
matrix leastsquares refinement orp with 301 variables converged B: = 5.05 %, for the
observed data and wR 12.87 % for all data. The goodnexsfsfit was 1.157. The largest peak
in the final difference electron density synthesis was 0.5&f and the largest hole was
0.598 A3 with an RMS deviation of 0.078/83. On the basis of the final model, the
calculated density was 1.293 gftand F(000), 1976.0.e

SQUEEZE of PLATON was applied to deal with disordered solvent. Analysis revealed 1126
cubic angstroms of void space and 348 electrons house therein. Thigieygpes to 12

CHsOH per unit cell, or 1.5 per formula unit.
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Figure 5.S2 X-ray crystal structure d. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms and solvent molecules (except for coordinated) are omitted for clarity.

A clear light green platdike specimen of HssMn2N4O20S6V 2, approximate dimensions
0.514 mm x0.371 mm x0.084 mm, was used for theay crystallographic analysis. The X
ray intensity data were measured.

A total of 2737 frames were collected. The total exposore was 19.47 hours. The frames
were integrated with the Bruker SAINT software package using a ndiraowe algorithm.
The integration of the data using a triclinic unit cell yielded a total of 211781 reflections to a
maxi mum d angl e eoutio)8of whioh2lA327(were independent (average
redundancy 12.22, completeness = 99.9 %, Rint = 2.97%, Rsig = 1.34%) and 15536 (89.66%)
wer e gr e a t)eThe fihahcallcongtants 6f a = 11.1241(3) A, b = 16.1706(5) A, ¢ =
20.3298(6)1302;, B = B®728 88 (9AILrBesB462.35(18) A are
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based upon the refinementofthe X¢Ze nt r oi ds of 9559 refl ecti
< 2d < 74.068A. Data were <corr e-sdarerdethddo r
(SADABS). The ratio of minimum to maximum apparent transmission was 0.7554.

The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group-P, with Z = 2 for the formula unit, &gHgaMN2N4O20S6V2. The final
anisotropicfull-matrix leastsquares refinement orp with 891 variables converged ai R
3.42 %, for the observed data andxwR9.34 % for all data. The goodneasisfit was 1.095.

The largest peak in the final difference electron density synthesis was JAY&rel the
largest hole was0.709 &A% with an RMS deviation of 0.078/43. On the basis of the final

model, the calculated density was 1.520 ¢/and F(000), 1648.0.e
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Table 5.S1 Crystal data and structure refinement details3fand6

Identification 3 6
CCDC number 1453973 1453974
Empirical formula CooH22N207V CooHgaMNoN4O20S6V 2
Formula weight 477.35 1585.43
Temperature/K 99.86 100.0
Crystal system orthorhombic triclinic
Space group Pccn P-1
a/A 27.5418(7) 11.1241(3)
b/A 12.2049(3) 16.1706(5)
c/A 14.5894(4) 20.3298(6)
u/ A 90 107.130(2)
b/ A 90 96.888(2)
o/ A 90 90.948(2)
Volume/A3 4904.2(2) 3464.35(18)
Z 8 2
} caig/cm? 1.293 1.520
e/ mm 0.446 0.872
F(000) 1976.0 1648.0
Crystal size/mrh 0.567 x0.445 x0.225 0.514 x0.371 x0.084
Radiation MoKU (& = 0.71(MoKU (& = 0. 711
20 range for dat 459 to67.454 2.64 to 56.804
Index ranges 4 2 O hL9O ™ 3k2 20 -‘1 4 O Rh10 A 42 70

O 12 O 27
Reflectionscollected 72056 211781

] 9789 [Rnt = 0.0382, Bgma= 17327 [Ry = 0.0297, Rgma=

Independent reflections

0.0207] 0.0134]
Data/restraints/parameters 9789/0/301 17327/6/891
Goodnesf-fit on P 1.157 1.095
Final R indexes R;=0.0505 wR= 0.1226 Ry =0.0342, wR = 0.0885
Final R indexes [all data] R1=0.0612, wR=0.1287 R1=0.0402, wR = 0.0934
Largest diff. peak/hole / e & 0.50£0.60 1.4810.71
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Solid state ATRFTIR of 1-6 and electronic absorption spectrabof
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Details for the empirical computation of J for lind&m-O-V systeni'+?

Table 5.52. Expressions for the kinetic exchange interaction of J

Interaction Typ@ Expressioh® Label
Eh- Gl -nAlthg”z ©)
51~ [0, +ni[j—L'J— ©)
Wa- e +ni[j—L'J— ™
1, [0 bl AL ®

(DM +D U U

2Interaction type represents the virtual electron transfer from site A to site B. For ex

the half to half transfer[%]A - [%]B) represents the process where you transfer one ele

from A to an orbital on B, which then pair up in the orbital on B. This electron tra
process would result the formation of a low spin excited state, which is represente
negative sign in thse expressions.

> The original expressions are basedtip = +J,&&, while we usetF,, =-2J,, &% .

The2doi fold difference is applied in th
“ na and ng stand for the number of unpaired electrons, is the transfer integral (se
equation 914 in Figure 5.S15 for detail) is the energy required for this electron trans
to occur.
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hzz: qal\EABlzb> :zol\EABlza> (9)

o= 4, gl > = Bl > 0) o Pee ()
. o — S — 2
hx x: Q(a |\EAB |Xb > = )% |\EAB |Xa > (11) N h g 7 e(dz )
G e {{dy2)
h =€ \Bole>=6\Ele,> (12) —€ H,gg """""""" I n(da)
. . — [].'J...........)— {(dxy)
h,= 4 1\Gelg,> = g \Bglg, > (13) hy;
A B

hhq: ¢7a |\EAB|qb > :% |\EAB|ha >

: g (14)
Lo, B lh, > = B g, >

Figure 5.S15 Schematic illustration of important oeéectron transfer integrals. The transfer
integrals v phs 51 chy ¢ ha And Iy |re shown using double arrows.

Table 5.S2.Theoretical J values for electronic configurations of lildarO-V4142

mn d" Joac®P Label
0 2, 1. 1. 1. 1. 1.
15 3dU -—=h,,+=h J+=h )+=h, J+=h J'+=h | 15
b e dq 5 5 b A 5 ! 5 b 4 5 , J 5 ! (15)
: |
@due to U being unknown, the effective parametl(jéfs= h; andU =1|"' are used

b expressions are derived from the @ectron transfer integrals: equatio5
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Table 5.S3 Angulardependent ligand field parameters used in the transfer intégfals.

Equations Labe
h, {F) = &€, (sin(f) (16)
h, {f) = e, +e,(cos()) (17)
h, (f) =e,(- cos()) (18)
h (f) =g, (19)
h, (7) =x(180- 7) (20)

Table 5.S4.Theoretical J values based on angulependent ligand field parameters for
linearMn-O-V
#0Jd..2P° Label

2 1 1 1 . 1
1 - gx'2 (180- £)? +ge‘pzcosz(f)l '+ge'p2 I'+ge'p e, sin’ ()l '+g(e‘ss+e'sp cosf))?1" (21)

dexpression i s d&8Bsea d’tabé@uétiSGna%d:e'g,f

esp—e' S —¢ X =y l l'are used
\/U sp’\/U SS,\/U ,U .
PA graphical presentation of these e@!

0. 19 :®rmhm= 0'=220.88we'm 8.%2peec'm39.Ybarc mbe
(Figure 5.5 YspWeiviheoetsndvoGkdel
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Electrochemical Details dfs4, 4 and6

T — T T T T 1
05 00 -05 -10 -15 -20 -25

-3.0

Figure 5.S16.Cyclic voltammetry ofI(4), 4 and6 in degassed dimethyl sulfoxide (DMSO)

with 0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working electrode,
platinum counter electrode and silver wire quasi reference electrode with scan rate of 200 mv/s.
All signals were referenced terfocene/ferrocenium (Fc/Bcat 0 V. The asterisk labelled

peak represents the residuglsignal in DMSO. Ferrocene has been addecheasurement

for comparison.

L

4

L, +4eq. LIOH

Fc'lFc

0.5 00 -05 -1.0
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Figure 5.517.Cyclic voltammetry of complex 4 with 4 equivalents of LiOHn degassed
dimethyl sulfoxide (DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using
glassy carbon working electrode, platinum counter electrode and silver wire quasi reference
electrode with Fc/Fcset at 0 V (scan rate: 200 mv/s). Ferrocene has been added

measurement for comparison.

-0.04 LY/
4 Ve
i Lo
-0.02 - VAL te VA0 X
__0.00 —
E scan direction
"~ 0.02-
* -
-e
V4+L04’ V5+L0
0.04
0.06

05 00 -05 -1.0 -15 -20 -25
E(V)

Figure 5.518.Cyclic voltammetry o# in degassed dimethyl sulfoxide (DMSO) with 0.1 M
tetrabutylammonium hexafluorophosphate using glassy carbon working electrode, platinum
counter electrode and silver wire quasi referencdrelde with Fc/FEset at 0 V and scan rate

of 200 mv/s. The proposed electrochemical processes are depicted. The asterisk labelled peak
represents oxidation of the residualHn DMSO.
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Figure 5.S19 Cyclic voltammetry o# with variable scan rates degassed dimethyl sulfoxide
(DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working
electrode, platinum counter electrode and silver wire quasi reference electrode witrs€t/Fc
at 0 V. For better comparison, the currentsranenalized to the square root of scan rat&)(v

The asterisk labelled peak represents oxidation of the resid@anHDMSO.
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Figure 5.520.Cyclic voltammetry of4 with variable scanning voltage range in degassed
dimethyl sulfoxide (DMSO) with 0.1 Metrabutylammonium hexafluorophosphate using
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glassy carbon working electrode, platinum counter electrode and silver wire quasi reference
electrode with Fc/Fcset at 0 V and scan rate of 200 mv/s.

-0.02

-0.01 ~

0.00
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0.01

0.02 +

0.03
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Figure 5.S21 Cyclic voltammetry o#t with repetitivescanning in degassed dimethyl sulfoxide
(DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working
electrode, platinum counter electrode and silver wire quasi reference electrode withrs€t/Fc

at0 V and scan rate of 200 mv/s.
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Figure 5.522.Cyclic voltammetry of4 with variable scanning voltage range and repetitive
scanning in degassed dimethyl sulfoxide (DMSO) with 0.1 M tetrabutylammonium
hexafluorophosphate using glassy carbon working electrode, platinum counter eleatrode a
silver wire quasi reference electrode with F¢/6et at0 V and scan rate of 200 mv/s.
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Figure 5.523.Cyclic voltammetry of6 in degassed dimethyl sulfoxide (DMSO) with 0.1 M
tetrabutylammonium hexafluorophosphate using glassy carbon working eéegbtatinum
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counter electrode and silver wire quasi reference electrode with'BefFat 0 V and scan rate
of 200 mv/s. The proposed electrochemical processes are depicted.

-0.01 - \/_\_/’
oo / ————
0.01 ~
<
E
= 0.02 —-153~0.21V
-1.53~0.097 V
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T T T ' ' ' I
0.0 05 1.0 15
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Figure 5.S24.Cyclic voltammetry of6 with variable scanning voltage range degassed
dimethyl sulfoxide (DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using
glassy carbon working electrode, platinum counter electrode and silver wire quasi reference
electrode with Fc/Fcset at 0 V and scan rate of 200 mv/s.
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Figure 5.525.Cyclic voltammetry o6 with repetitive scanning in degassed dimethyl sulfoxide
(DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working
electrode, platinum counter electrode and silver wire quasi reference electrode/ithsEt

at 0 V and scan rate of 200 mv/s.
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Figure 5.526 Cyclic voltammetry ob with variable scan rates in degassed dimethyl sulfoxide
(DMSO) with 0.1 M tetrabutylammonium hexafluorophosphate using glassy carbon working
electrode, platinum counteregitrode and silver wire quasi reference electrode with Fe#ic

at 0 V. For better comparison, the currents are normalized to the square root of scaff)rate (v

100

50

-100 +

-150 T T T T T T T T T
100 120 140 160 180

)

Figure 5.S27.Schematic demonstaration of ferto antiferromagnetic coupling change
according to angular overlap mod@l.
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6.1 Abstract

Modeling the exchange interaction of oxidodged heterometallic complexes argortant
to understand their metaletal interactionsThe magnetic exchange coupling for all of the
structurally known monaxido-bridged teterdimetalilic MY O & ¥ complexes, where M =
cr'' 1), mn"" (2), Mn" (3), Fé' (4), Cd' (5), Ni" (6) and CU (7) are summarized.
Ferromagnetic coupling is observed for all complexes ex&epith J values ofr42.5 cmt
(1), +2.6 cmt (2), +38 cm? (3), +39 cm! (5), +22.5 cmt (6), and +11.7 cm(7), respectively
(according to the spihlamiltonian H =-2JS:S 2). Due to the presence of low spifike!, 4
shows no exchange interaction betweéhand F&. The observed ferromagnetic interactions
are rationalized usingkanetic exchangenodel.A leastsquaredit using these experimental J
values allows forhie parameterization of the transfer integrals for the kinetic interactions that

lead to ferromagnetic coupling across such moxido-bridges. Empirical values for the
transfer integrals based éninteractions &', ,I' = 58.5 cm)  a n @hteractio ', ' =

88.1 cm!) are obtained and used to model the magnitude of ferromagnetic coupling in these
moleculesThe presence of ferromagnetic coupling@is rationalized by altering the ordering

of its magnetic orbitals due tihe JahrTeller distortion. This increases the’ athid
exchange interactions betweelf \and CU, which otherwise should exhibit weak magnetic
interaction.This model can therefore be used to identify unusual interactions across such
oxido-bridges.

6. 2 I ntrodcution

Pol ynucl ear metallic mol ecul enso daerlest oftlogs i gni
and undefgssntdaanent abwitthangeeef fohemiThals pmad e

natocalu¥ oirng ydichagtal ysts that, uméintalzle cohapeg:
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transfer ( MMCT) chromophor!é&éanfdor modretciufliacri a

electronic dageéecandoquamfamscomput

Table 6.1 Expressions for the kinetic exchange interaction’®f J

Interaction Typ@ Expressiof® Label
S Gle e 1n[j— ®
Sl [0, +ni[‘J—L'J— @
W~ e +ni3—l'J— ©
- O, o, -1a) T | @

S, +1)(n, +) U U

2 Interaction type represents the virtual electron transfer from site A to site B. See ref 65 for
detail.

b The original expressions are basedign= +Jab§§b, while we uselJEab:-ZJabgaﬁ. TRe n

fold difference is applied ithe final expressions.

¢ na andng stand for the number of unpaired electroihg,is the transfer integral) is the
energy required for this electron transfer to occur, see Weihe and Gidel'SYépadetail of
parameters’ meaning.

Bi met al |l i c c¢amuplfterxeerssidadrmswistheét aulnpaonsed spi |
significant rol e i nsefl uekdhthnggb ett hwearad acthian!
par amagnei®e icseenPbdanddpcn,d Van VI o avé HOVVWn t h
exchangegc actiapd alsecadegf f ect i ve HaZmdiS t owmieare, t He=
knowhheexschange coupling con&Gt awPAnvond diersg bt
apot entakalnedanad cernthabgei on and the total e X (

be decomposed intor>8)f @aadbomhgnedmagh)e.t mchea er
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potential aCout kiomdop utoenbmmisween t he unpawagd sp
resul f einmomagnet itco ctomda r oibred taibdr Jartiékredent | on
transferring awmnmdpadierleodcvad ii gavinrgotrush,é |l v shown a
charge transfer gaxwintde ds tathetsesa dihriteo telid ehenr f
antiferromagnedampxgendongr idrut it dr bridging ge
configurations of. tThhei smoklienceutliea os h GO enrt gecreeicsa o r
to Ander son;KarGodrretoo wgiVeo he ar’d % %st he
combi neateiveerhadfge transfeflpoealefsheasd cbceu pMeeed
orbithadats€éc (Ri)ed and( E)mpd yupir dédtcatud,headl for bi t a
(4)uddcupied and empty o4pitals (Table 1, eqlu
The firs(tedqsuiaml@adipwotner acti ons between two de
el ecwhibaob raens ualntt iifrer r o ma.¢nn entansct eccounl tarti hbsugt si toenn
hat®al f timaregfach é odotingsrhmatnhkei nexich A% ge ot her
situations relevant to this work (equation
rel hgmael er f ewrtredmagn eotnisc cianprbeaco B8 FPpIEATr (W
a spwlerldesi s domi nexrcth alnygeki mettiid er mosmaghekety
to be observed duthhdad -btath ¢ doeermimgif @ vathogoeir e ot fh an
tranofter acti ona . r Slyat iewnab evtowtede nd itshtea nscpei N c en
t hpeot enti atteremctha PP OXFHor ddged compl exes sati
anchost -oxidoeod exem are foendomagnbeet*fadatl | y ¢
However, strong fcearnr ocbnea goba tatti cromtdogilepmgmnentgr i es a
electronic confidfbamdadowms . ex @aeasr ipreandiadntidey i n
herteebi met abrlii cgpeaxg |44 »*és .
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| n orudnedre rtsof @nd oimhgnetsi ¢ hian tf @ kangnieita bce eixtc h an
i's I mportant to further explore this model
el ectronic Iloonfhiigurvadii bwmasgveetaxancoupling fo
heterometal Iwiid hdd aimptexeni ¢ conHifYyQiornastiisotnesnt (
ferromagnetic J val'©@¥¥3) ar®&/oghs ONUiVEeY , f and Mn
CUOVV(? , with J eduataiohg+R2%.6Hcom!]l. Tesmecti ve
FEOVVY4) °¢gy is found to 'kcaeme ea lamw ¢ fpiemeFer e

i nteractions are observed. Empirical par am

determined bassedmbhasystem8b)y arhe punly fdimed eirrs
58. 5'aahlhl'= 88 Thim rearhtewseemasor exchahnge pat

(h',,) anda(h orbital 1t h\YeOoW dtyisa resmefmiprhes eal tr a

aq)
integrals can bevatfeothx ¢t bangeirmodmupgepihdges ved

d-dtCcroV Ymo | e (lyd retde s ttiemat he f dortvheelrueesl ectroni ¢ cCc
t hat currently | acWe ekxpeei mervabuekxyamat ebi z
i de mtdidfi ypiao manlempearst ant f or , esatbrAeo e cud ap | it nvg
d-dt Ml OV V(2)“"Her e wiet usedi denti Dpfiehéeirndhi seoce
orbital dddeVif@)gioofour k hoialheed gd ofsttt lsed urdaygn et
i nteract i bvnasn abdeituwne eann dd | astuec ht raasn sFiet,i oCro , meNti g |
€-0 X i-bdroi dged G bomedaahyi.@wpt h uine @ ftshteandr i gi n

ferromagneuscngoaplkimgtic exchange model . C

kinetic exchange i nteractions i n chkhaige tr
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interactions camr slea vfeora smagn dtafddhraengttee rtarca n so
exciteld 't ates.

6.3 Experimental
6. 3.1 [eonceerdaulr e s

Al | chemicals were purchased Albém YWRalnoDer
America and wused without further p&dTil Ri cat.i
spectra were recorded-FWwli R.h MagBreutkiecr sAul spcheap
measured on a QuadLk7unS @klisD ghha ghiPeMSmMmepgleot Wa s
measured at 2 K with the applied #dieepledn dbeenitn g
magnetic susceptibilBODe&. w€r g spatl t300n emegd) a mp |
were | oaded into gelcap/ stmrsawmpsdamploa ol dhe Ka
for temperature dependence measurements. Mu
|l edagtuar es fittings wer e perfor médTjehy mi ni
(Balflc/ BYse Timangvagl udar eoreastroi dthe2rhnge avolil
overfitting. Di-ama@ghAemil/Omalorir @.c &Tohpeni feidt ttion g
(suchH aacdaogd, J) from these separate data sets
based on severnalg sepad atse fiBioemm dréparedt adabd
previously reported®dOapproach using (omtaa)V
6. X:Ray crystall ography

Crystals were mounted on Mi FredGye ni moamdist ya ndl
measur ed o-Nona uBr uxk8er Kappa APEX 11 system
monochromat of ihed ua Mgel esd Of.)7bleOUm3i t cel | di

weret eédir mi ned from symmetry constrained fits
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with the Bruker SAINT sbf amaral packagm. ubDanhg
for absorption eafcfasmctmethidnd StAIDAABBe U t B irrug t
direct methods (Bruker XS) andbsopéefivaed pack
usi ngnatuwulii&gqguaeaassts refinéemanmtogem R.t oAsl wieorne i
original solution, or |l ocated from the diffe
were pl aadeaed eat piode ti ons and alH cawedn.t oFirgiud e
the molecular struct?ures were created using

6.4 Regdustussidon
6. 4.1 Meseanrsatrieane nt

The sign and magnitude of 3hagemedetteremicdeacdc g
measurements -doefpetnemmer amaugneet i c susftiepltdbi l
magneti zati on. The expredDsirdarrs Mlead kv e Ha mirlotr
expr €§esguant b ane d)AIBLBANRri Il ouin function (eq
to fit the magnetic datal dIlspltihtt if m(d)h D)) .quWd
anisotropic g tensors have beeuwi rteak e nMaigmted
properties of two ptdyvonmnuadk)gVv (EpMP) @bt meci e

(omtaAY)MW ( TMPgy(BbBre included for comparison.

Es)
A S(S+1)(2S+1)e ke’
B Ngzbz as. ( )( e

(5

3kBT . (E)
a (2S+le'e’

S
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Figure 6.1 Temperatural e pendent magnetic suscepfield bi | it

magnetization at K (in-set) for3. The simulated Brillouin function is plotted with S = 3 and
g = 1.93 for comparison.
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As shown in Figure 6.1, 3wdae magnernred &tuso:
temper at ur3e0 Or akn.geT hoef p2r oduct of mol ar magnet
(B)f ospIacriiesses monotonically to a maxi mum val
pl ateau undTivVvallbe Kt h@hedecr easwesakon nftuerrtnhoelre
interactidnspdndbeegna xesli mvmal Ba sf droun be 5.°
emulLK/ mol , which is onlggmagmeni cwmbmenbhhse &
centers with S = 3 and?®a Tphriesviroeussullyt ri-espoirnt el
field susceptibility measurements, where a
confirms that 3bhase gpoondabkbktaseobfS =6B. The
T plot i s on vie,n valse reeg uM tii sgi Av otghaed rBoo' | st znmuanmbne rc
i's the tRimpetrtadg uBehlr smabgereWenandcgpsesent ¢
el ectfracnt og for S = 2 and S =3 states,- C rep
indeppmademtagneti c susceptibility (TIP) and
equation, the best fitting?ireduR?7s Nal=08h&wr

1.93 N=0201,0 f80391K “®nul niol2=0 an@9RY.
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Figure 6.2 Temperatural e pendent magnetic suscepfield bi | it

magnetization at K (in-set) for4. Diamagnetic susceptibility has been corrected according to
Pascal conants’® The simulated Brillouin function is plotted with S = 1/2 and g = 2.00 for
comparison.

The magneti dwps opleart aetsewmifzed and depicted

magneti zation response in the range of 200~:
the ra2@e@ kf &hevrael tehse retain close to 0.29
10 K angdomhenue to decrease cGvhes fTousd!| bweb:
to t hoenlsypimnagneti c moments for paramagneti c
t hat®Fehendéhrasoft he | ow spin el ectizanii o nc orefsipg
i s fivbm T™Whe r esuflitelodf nvaagrnieatbilzeat i on at 2K su

well, showing the number of wunpaired spins ¢
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Il n the5 cdeerofimagneti c coupling i scTobhseerved.
increases monotonically and reaches its maxi
consistearl ¥ hmagmetnic moments for paramagnet
GIT val ue decreases dramaticalinyyi futeheor amege
splitting. This is also in |i'd@nwiorldeoct her th
zero filed splitting into consideration, tr

(equati oh"BHhe ifsi uasledexpression (equation 9)

J = +39.10 W.2570 Kt 024 0k8, Ng1 0201 N Ce.ntud nollo
D = 1.20 R=00.1998&and R
s 5
3
=
=
X 2+
-
£
2
|_
*
2
. J=39.0cm’
g=2.09
5 1 .5 3  D=120cm’
| ' | ! IH'T-1ITIK-1' | ! I ! | !
0 50 100 150 200 250 300
T (K)
Figure 6.3 Temperatural e pendent magnetic suscepfieldbi |l it

magnetization at K (in-set) for5. The simulated Brillouin function is plotted with S = 2 and
g = 2.00 for comparison.
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=-23,&& +D(M?2- sot<sot+1)) (8

2p

63420, 6J+D 30
_ NbZQZ (24e kT +6€‘ kT +6e kgT ) ( 9
M T 1 2
3Ke T 3P 6J-2D 3P 6J+D 6J+2D

kT

(e +e kT + 2e kT + 2e kT + 2e kgT )

The magnet i6i sbelle@vicaredofin Figure 6. 4% showi
dINIOVYspecies &@E wallue iThhereases monotonicall

point of 2.28 emulLK/ mol at aoonbwdmag@gn&ti whimo

for mareama centers with S = 3/2. This i1Is a:
var i-faibdled magneti z-aetdPn (Figure 6.4, 1in
m 6
Fit
2

J=225cm’
g=2.25
' J T y J T T y T T T
0 50 100 150 200 250 300
T (K)
Figure 6.4 Temperatural e pendent magneti c s uswadablefield bi | i t

magnetization at X (in-set) for6. The simulated Brillouin function is plotted with S = 3/2
and g = 2.00 for comparison.
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The equation 10 is wused for fitting the mac

<

cm @.561 Ng@G. @1 2k, N1 0101N ®.nuy mo PECGM.A9 RI 6 .

=)
_ Nb°g® (3+30e k")
M 3J

11
3k.T () (
° (4+8e*T)

The magnet i cldiCrl®éY €y ti @ salosodstudi ed and dep
6T value increases slowly wintalxitmuen ded ruea soe
emulLK/ mol at about 10 K i s -omltyaimaegnetwihd crho m
paramagnetic centers with S = 1. According t
N 0.1 em=07 N .. a1 8&3, Nt 0302N “@.ntud nmoll108nd wit

0.9995 are obtained.

(2
_ NG (1+6et")

M 2J
3k, T 55)
®(1+3eT)

(1.
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m 7
Fit
1.0 —
J=116cm’
g=1.83
l 1I H.T1/'I‘éK'1 I
0.0 T T T T T T T T T T T T T
0 50 100 150 200 250 300
T (K)
Figure 6.5 Temperatural e pendent magnetic suscepfield bi | it

magretization at X (in-set) for6. The simulated Brillouin function is plotted with S = 1 and
g = 1.96 for comparison.

6.4.2 Determination of transfer integrals

According to model dev3! ®tpleed tbhye oWeeith ec ad n de x

VIYOOM complexes with different electronic co

corresponding transfer integrals basdadd o th
by this work, the theoretical -2ebx p(rTeasbslees 6c.adn)
shown in Tabll&dabl 3desmpesieatefrelative | inea

bending angle of 163.0A5JamWl,,1AwhTkcé aranskenr
by Weaklydx)i-dx}aer‘rdixa_g-tdx'g_ym,g are believed to be smal
Previously study alsonsegpgaswbadchhas tbheetm
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overldgyd, ofcan be ignored when bridging geome
inte@,raanlluigare similar magnitude in such | inea

the same. Ther efhé,,r:da;,)arwde meagvlee atsesdi nberdad’p,s f er i |

anh,, i n thwe nfgoldioscussions to reduce the para

6.4) .

Table 6.2 Expressions for the kinetic exchange interaction of J

m,n  d" d" Jearc? Label
13 2z zh i %h;z+%h,;,}'+%h;y+%h”' (12)
14 z  zh ; %h;z+%h,'7,7|'+%h;y+%h,',[;'+%h;[;' (13)
15 =z zhx i %h;;éh,'ﬂj'+éh;J'+%h,;ql'+éh;J'+:F1)h;;' (14)

S AL AL INLR B
1,6 z ’h +h I'+=h J'+=h |'+=h ]'+=h_ |]'+=h_|' 15
z X ( zzl 4 h/) 4 X)l 4 /HJ 4 l?J 4 e'!‘ ( )

1 1 '
+

1 1 1 l 1 1 1 1 1
1,7 z p? +h,J'-=h J'+=h_|'-=h, J'+=h ~h I 16
z X q zzl 4 h/J 3 X)(l 4 hz) 3 qJ 3 eL ( )
Z°h°x%q « o e 1 e 11
1,8 z +h J'-=h J'-=h_]'-=h |'+=h |'+=h 17
zzl 6 hhl 6 X/\l 6 hJ 2 qJ 2 e! ( )
19 z ZhXg'e wp J+h | (18)

2
2T he effecti%‘—eh}paé—am(atr@rwsed as defined fro

Orbitals arez (eplegdytgedz,asantg) . Expressi ons
deri ved f-galoanc ttrhen othreansf er Hnt er acti ons from
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Table 6.3 Selective structure parameters or.

System V-O (i M-O( i V-O-M () Tor s9%  Ref
1 1.64¢ 1.96. 179.1 2.6 44
2 1.65. 2.08" 163.0 39.3 45
3 1.64 2.04' 166.0 2.3 This w
4 1.65 1.95" 167.4 4.1 23
5 1.64: 2.02. 168.1 3.1 23
6 1.64. 2.03. 168.0 3.3 23
7 1.65 1.95: 170.7 6.2 23
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Table 6.4. Expressions for the kinetic exchange interaction of J in relative linear geometry

m,n dm d N Label
2 ! 1
-, 1.,
1,4 z z h Homd (20)
2,0, 1
1,5 z z hx +ghh/J +§h"J (21)
) 1.1,
1,6 z z°h x « +—h,)'=h, ] (22)
2 4
242 1.1
1,7 z z°h°x q +l—2h,,,J +§th (23)
Z°h°x? (N
18 =z 9 - gMA 5 (24)
1,9 z Z°h*x*g’e 0 (25)
; |
2The effective parameterlsJ’— =h andU =|"' are used as defined from previous work.

b Expressions are derived from the alectron transfer integrals: equatiow 1

Il n order to extract the tramBhaedarientwesgad.l sA
noticed in the expresses in Table 6. 3, t hey

l engt h2. 0@602@d bendi nd68ehhAre, THv@BeuGoer t hert

perform | inear | east sguawvastueesegrdbei beasod t
those |inear model 24slyowh disntdeueatifaeaplt'2le 23
= 58Mtankpy'= 8811 rcepresenting the tamdsfer

directions. It I's worth noting that, the tr
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angul ar overl ap mo d e | has been used to

i ntcarnon®’®\VWe 881 so include such model , however

closed to linear, closed fitting results are
6. 4. 3. Esti matemih olfedt mdnide fédonfigurations
Accding to the obtained transfer integrals,

configurations and the results are summari ze
previously reported T(eky onmbPynetvam FrBpEDAOCEBC
Jarc +39'0eicnny computed. Application of this
theoretical J values ndtVobbhaiitnhe dhiignh tshpiisn wec
configurat +6dH@EIhe mrtehteioc al f¥I1'Me'¢cofupde is n

consistent with the unug8uawhiscnhalHha se xbpeeern meetnt

mol ecul*@rnttewiesstt.i ngly, the computation7 resul
as well. A noticeablact ibogewa®(rJopb avalglat)e7d i cEno i r
which is in contrast with the prediction. TF¥T
be small owing to theh;Zrarfs;dn,alWhaitmldaensa‘peprroipnrtie
orbital overl ap.
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Table 6.5 Comparison between calculated and experimental results.

System Jea(ccin Jexp cn
! © +39.0 C +42.5 |

2 +51. 3 +2. 6

3 +41.0 +38.3

4 +51. 3 N. A.

5 +34.3 +39.0

6 +24.6 +22.5

7 0 +11. 7

This ferromagn7tsi o uirntherracetxipdmianfed. As sho\
Jafiel l er effect, the Cu center ﬂxzayzldrsbiitnala opf ¢
Cu lies parall ellO thm ntdh e (ftchjirpre aitgi teenr @dtriGant awi t

of oxygmarbiThak also forms dgsitmonige i whateeardc ti inc

Simil adgloy bt he@bohdi mgowbi hal in the oxygen, i
d,in the vanadium. As noticed in Table 6.1, s
coupling, and theoretd, c=ath, leXpdres sTihohe | dJachunl d
di stortion is found to an enhancement of t

effective overl ap betweenUdrmdpsae hpvaryamagnetic
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(A) (B)

Table 6.6 Schematic demonstration of proposed kinetic exchange pathwaks(Af The
[%]A- [Ogt ransfer interaction ctx)z_aylz}a.@(dz)aud"i\/(dzlj).()v erl ap

The[1], - [%]Bt ransfer interaction 03%9&dandvd,). overl

The final expression derived from these transfer integr@ivés asl ,. = +h', ,1'+h’, I".

6.5Conclusion

As the summary, we have shown the fé&dromagn
VIYOIM complexes. This result is rationali zec
i nteracti on abnedt wieiecne eaxgpreereimmeenntt and cal cul at
integr bf,$=038"5 aombil adl=s 881 arme obtained a
used to successfully repr odulciengantdh reosutgihmatthei
bridged geometry with other electronic confi
7i s further ratiTehdleirzedd sao®rthenJawhich al't

magnetic orbitansdiexmd ainger e mses acti ons.
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6.6 Supporting information

Figure 6.S1 X-ray crystal structure d3. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, solvent molecules and anions are omitted for clarity.

A clear light orange needlke specime of GsgHs7/CloFsMnNoO7SV, approximate
dimensions 0.839 mm x 0.169 mm x 0.145 mm, was used for thrayXcrystallographic
analysis. The Xay intensity data were measured.

A total of 994 frames were collected. The total exposure time was 31.12 houfsambe
were integrated with the Bruker SAINT software package using a ndraove algorithm.
The integration of the data using a triclinic unit cell yielded a total of 88438 reflections to a
maxi mum d angle of 25.681A (efein8ependentfaesmgel ut i ©
redundancy 7.67, completeness = 99.9 %, Rint = 4.63%, Rsig = 3.43%) and 8910 (77.40%)

wer e gr e at)eThe fihahcallrcongtants 6f a = 13.1778(5) A, b = 13.7937(4) A, c =
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18.4058(2) % B = 3sa0B8IERD®INmMe =3037.44(19)%Rare
based upon the refinementofthe xX¢Ze nt r oi ds of 9946 refl ection
< 2d < 52.424A. Data were <corr esdarerdethddor ab
(SADABS). The ratio of minimum tasnaximum apparent transmission was 0.9360.
The structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group-P, with Z = 2 for the formula unit, £Hs57CloFeMNNoO7SV. The final
anisotropic fullmatrix leastsquares reiement on EFwith 823 variables converged ai R
6.18 %, for the observed data andawRL7.61 % for all data. The goodnedsfit was 1.048.
The largest peak in the final difference electron density synthesis was HA3%md the
largest hole wasl.346 ¢/A3 with an RMS deviation of 0.110/43. On the basis of the final
model, the calculated density was 1.473 d/and F(000), 1384.0.e
SQUEEZE of PLATON was applied to deal with disordered solvent. Analysis revealed 95
cubic angstroms of void spaaad 6 electrons house therein. This approximates tgOlpdr

unit cell, or 0.5 per formula unit.

Table 6.S1 Ordinary least squares result for transfer integrals.

Fitting Result Estimate Std Error Pr(>|t|)
h, I 58.479 11.274 5.187 0.1212
h oo 88.140 9.387 9.390 0.0675

Multiple R? = 0.9902, adjusted?R 0.9706, pvalue = 0.09899
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CHAPTER 7

Synthesis, Structure and Olefin Epoxidation of Manganese Porphyrins

with Targeted Axial Modifications
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7.1 Abstract

Manganese(lll) porphyrin with targeted merand bisaxial substituents are synthesized,
structurally characterized and applied as catalysts for olefin epoxidation. Different target
groups such a3 ,t ivtanmydp)|ifipieMgp@sphine x i d e 6{/)P 20,
and imidazole (Im8-13) are utilized as axial ligands to generate peatal hexacoordinate
manganese (lll) porphyrins.-kay structures of monaxially substitutedy, 4, 6, 9-10) species

were obtaind, exhibiting norplanar saddkshape geometries with M#X (X, axially bonded

atom) bond |l engths of 2.034 ;, 2.080 ;, 2.

respectively. On the contrary, structures of-dgally substituted §, 7, 12-13) species
demonstrate nedistorted plaar manganese(lll) porphyrins with longer Mnbond lengths

of 2.251 i 2.162 i and 2.262~2.277 i
effectiveness of penteand hexacoordinate manganese(lll) porphyrins as the epoxidation
catalysts are evaluated usiogclohexene with iodosylbenzene as the oxidant. Memxally
substituted species demonstrate superior reactivity and selectivity oxsediddly substituted
complexes. Such cationic moaaially substituted manganese(lll) porphyrids4, 6 and8)

also $iow excellent yield and selectivity in the epoxidationtrahs-b-methylstyrene (up to
97.2% epoxide formation in 0.5 h) acd-b-methylstyrene (>33:tis:trans for 6) in mild
conditions. Moreover, onl§ is found to promote the situisomerization otrans andcis-b-
methylstyrene oxide to form Meinwald rearranged carbonyl species. This is attributed to the
ability of the P3O group i n-mangaadse(lll)paphynrg t

adducts.
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7.2 I ntroduction

The metall opos ptfyrfiinrctompdw xteransition met a!
in catalyzing oxidat i*Dhuer etacc tti loen ss torf u chtywrr aolc
naturally octdP wiidaneineg mesforts have been
mechani sms and i nter med ¥28Tthees nmiamwyoalnwisneg piomr prhe
been empl oyed as catal ysts i n ol efin epoxi
st abPSluicthy.catal gsgnsibpnuwiart attention from bor

other reacti ons?Zsnudc hc yacsi?dhaadlda gt & noant.i o n

The axial Ilhiegleenke sypstbamseare known 2t ®°be ¢
oxi dant lZmtdi voaxtwignegm t fTahnes ftearrrgientgeed modi fi cat i
porphyrin in the axlilay Ipoasd tiontr vaaft deeip@pe e

substitutemagpms iPhé®bheh as oxygen or thyaloofgetntse

met al cemteevri.e WReicne nmtan g%ands me p b a pohfy nhiiasgshu dvi ael se
manganese porphysonputd emphasss on the impor
i S possi bl e t hat reactive I ntermedi at e ma \

modi fi¢tati on.

l't is known thatY(LhX) pPatpapvahdatf @crMneutr al
X stands for anihenimaianx irad acdtiigvaend®sXi dantt i n

' igands such PG, i@Oxidleg ohave Pal so-cheahysttadi

met al |l oporphyrinoorn mpatowey enonmpaeta® san’d?®pr odu
320ne r erastomi § oenhancement of reactivity is e
l i gand, which can | ead to tharettexdygddrnbomgd ai

O=M1t PdThe | engt hemxiyngege nofbomedt als al so consi st
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result in high val dtHowavgane sdeueoxm o pheciheis
O=M L/ X) (Por) speci es, spectroscopic and st
alternative MKctgmpVéa¥¥éden OhMmgh these specie
catalyze oxidative reactions '"é¢LT&X3(iPoely.i sP
documarst ed precursor, andi n stsobtefiarem etdh & or ebaec
val ent/( OFXnCPdh¥s, the structural study and
of the penwvateotdmaagenesie porphyrin might

of the higWL/aX)gnPtorQ=NMmter medi at e.

Addition of | arge excess ambodhde €%&n c2hoo rfionlgd
donating group in porphyrin |ligand via synt
achieve axially Iigated metall oporphyrin. Si
precursor whichxwidlalnt i aineain Bgxic evusirstattaex i a | I i g
result i n reducing the turnover rate due
adddfettfhus, target synthesis of pentacoordin
effective donors POucasaaximi dazgaedomayhpr o
precursor and facilitate the samlsy qfuewmte x e&mp
of cationic pentacoordinate mangdhded pewph)

of them has been applied in catalytic react.i

Our group has been focusing on the target s
axli amodi3®cPaetsipoint.e the difficul-twmdi hekheosegi
metall oporgherciemts pe wiidggs suggests thatoutl de f o
be controll abl e 3%h eshe ostiruuc tpwrrepsh ysrigngest t h

(BO o®O)YV can be used as axi al substituents a
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previously KroowhPthfTrhiedhdz dliey of cthrigprossdei ah ol
with significant bofdthelredatei, onsuichr oeg and Ve
included as axi al Substituents to study the

oxygen atom transfer reactions.
I n this work, we have sucaclelsys faHhdrya cstyenrtihzees
pentacoor di nfaatned Mne(xLa)c(oPoosidpitn)awleerMn (L PG> (t mt

( BO) , (oot fam®Bn aP™®) , sPOPEOP and i midazole (I m

axial adducts are found riacbsueatt ay lysztey rod red )i ne (
effectively using iodosyl benzene as the o0oxi ¢
influenced by the axi al | i gagds ~wi(tthmttalag Ti €

(omt &Ca)>=(t mtaa) V=0 Suprreocyygli eh ex eamadlase | ect i
met hyl styrene epoxidation were achieved uti

Meanwhil e, web6(fLowP@htdhani eaMayil yeael d rearrang:

t rlabsmet hyl st yrfemen oxiade atnged carbonyl produ
axi al modi fication would dramatically enhanc
in epoxide formati on, and promote the reac

rearrangement .
73 Experi ment al

7.3.1 General

All reactions were performed under an atmosphere of nitrogen in an Innovative Technology
glovebox or using Schlenk techniques. All chemicals were purchased from VWR International,
Sigma Aldrich, Alfa Aesar or TCl America amded without further purification. All solvents

were stored over 4A molecular sieves prior to use. Dichloromethane and pentane were sparged
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with N2 and dried over an alumina column using the method of Gri#shsuene was dried
over purple sodium benzophenone ketyl, then vacuansterred and freegzgumpthawed
before storing in Teflorsealed Schlenk bombs. Acetonitrile was dried overGedd distilled
prior to use. Attenuated total reflectance (ATR)IR spectra were recorded with either a
Bruker Vertex 80V infrared spectromete equi pped with a Platinu
attachment or a Bruker Alpha ATRTIR. The ligands studied in this report are represented
by the following abbreviations: TPP, tetraphenylporphyrin; TMP, tetrakis(4
methoxyphenyl)porphyrin  TFP, tetrakisfdiorophenyl)porphyrin; tmtaa: 7,k8ihydro
6,8,15,1#tetramethyldibenzo[b,i][1,4,8,11]tetraazacyclotetradecine, omtaa: -dhy@ro
6,8,11,12,15,17,20,24ctamethyldibenzo[b,i][1,4,8,11]tetraazacyclotetradecine. The ligands
were synthesized according to the mpoof Weare and coworkéPsand Goedken and
coworkers*(t mt aa) Ti 80, ( t mt*sandMi(@MP)SbEwermsyrtheizedd O
as previously reportedH-NMR were recorded on a Varian Mercury 400MHz spectrometer.
Chemical shifts a reported with reference to solvent resonatidd$MR (CDCk:7.26 ppm).
The epoxidation reactions were perform in J. Young NMR tubes and was monitored directly
via 'H-NMR. A concentration of approximate 0.1 M olefin was prepared in €&@l mixed
with the corresponding catalyst and oxidant. The typical ratio of catalyst [C] : substrate [S] :
oxidant [O] is 5:100:200 unless otherwise mentioned. Due to low solubility in B
mixture was ultrasonically mixed for 5 min at the beginning.
7.3.2 Synthesis
Synthesis of Mn(Por)SkF

The synthesis is adapted from previous repohtsthe gloveboxMn(TPP)CI(200.0mg,
0.28mmol) andNaSbFs (81.0mg 031 mmol) were added to&mL of 1:1 acetonitrile toluene
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mixtureina50mL Teflos eal ed Schl enk fl ask and heated a
then cooled slowly to room temperature and was filtered to reiMa@¢ A fine green powder
was obtained from the filtrate after removal of the solventaicuo. The final produatas
obtained after recrystallization via layered diffusion of pentane (15 mL) into a dichloromethane
(3 mL) solutionat2 5 . e C
Mn(TPP)Sbk: Yield after recrystallization: 244.5 mg, 95.36. Anal . cal cdd
CasH2sFsMNN4S b ALCIH C, 54.69; H, 3.06; N, 5.67. Found: C,55.03 H, 3.16; N, 5.92
HRMSESI (M) ¢ al c#l@Mnk.0667.1689 Found 667.1676.
Mn(TFP)Sbk: Yield after recrystallization: 226.0 mg, 81.6%, An al . calcdd
CasH24F10MNN4S BORSCH.Cl,: C,53.33; H, 2.48; N, 5.62. Found: C53.53 H, 2.52; N, 6.06
HRMSESI(M) c al cbldVni0789.1812 Found: 739.1300.
Synthesis of MNSEAPPTIOTMTAA, (1)

The synthesis of mor@and bisaxially substituted manganese(lll) porphyrin is adapted from
previous report® In the glovebox, ttaa)lli® O 0(05ng, 0.2 mmol) andMn(TPP)SbFs
(1122 mg 0.2 mmol) weredissolved in5 mL dichloromethanén a 20 mL glass vialand
stirredat room temperatéor 5 min. A small amount ofolution wasdropped onto an ATR
FTIR sample holder and allow dry. The IR spectrum was then taken from this dried sample to
monitor the reaction completeness using the disappearaste sdt 930 cmt. When reaction
is complete (c.a. 10 min), 15 ml pentane was slaslged onto this solution and stored in a
20 ¢ @reezer for three day&reencrystallinesolid was obtainedfterfiltration. The final X
ray qualty product was obtained after recrystallization via layered diffusion of pen2ahe (
mL) into a dichlorom#hane { mL) solution with 4 mg sampleat -20 e CYield after
recrystallization: 138.8 mg, 86.1%. ATR-F T | Riso fcm?): 900(s). An al . cal cod
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CesHsoFsMNNsO S b T i 2&C0457.7Q H, 3.76; N, 8.03. Found: C57.26; H, 3.82; N, 8.38.
HRMS-ESI (M") ¢ dor @CseblsgMnNgOTi: 1073.2962Found D73.2925
Synthesis of MNSHPP(TIOTMTAA), (2)

The compound was synthesized and purified by following a procedure similar to that
described above fatusi ng two equivalents of (tmtaa) Ti
equivalent of Mn(TPP)SkK24.5 mg 0.027 mmol). Yield after recrystallization: 35 mg, 75.0%.
ATRFTI Rao@mMY) : 905 (s) . AdfradVnN0.80TicAG2dcCH: G, 59.36;

H, 4.14; N, 9.33. Found: C, 59.14; H, 4.10; N, 8.38. HRES (M") c aforc 6 d
CegH72MNN120-Tiz: 1479.4235, Found: 1479.4198
Synthesis of MNSFPPVOTMTAA (3),

The compound was synthesized and purified by following a procedure similar to that
described above fotusi ng one equivalent of (tmtaa) VO
equivalent of Mn(TPP)Sk§~(44.1 mg 0.049 mmol). Yield after recrystallization: 60.0 mg,

93.6%. ATRF T | Reo(@m?) : 928 (s) . AdlaFtMNNs@ 30 \¢ 6 &R CHr C
55.09; H, 3.67; N, 7.56. Found: C, 56.12; H, 3.43; N, 7.82. HHE@S8 (M") cal cdd foc
CesHs50MNNgOV: 1076.2922. Found 1076.2898.

Synthesis of Mn(TPP)SB¥OOTMTAA, (4)

The compound was synthesized and purified by following a procedure similar to that
described above fotusi ng one equivalent of (omtaa)VoC
equivalent of Mn(TPP)Shé(43.7 mg 0.048 mmol). Yield after recrystallization: 47.8 mg,

72.2%. ATRF T Reo8m?) : 908 (s). AdazRMINsQSH \¢ 0ARCHTr C
56.20; H, 4.06; N, 7.28. Found: C, 56.41; H, 4.06; N, 7.33. HE8E (M") calcdod fc
C7oHs5sMNNgOV: 1132.3548. Found 1132.3520.
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Synthesis of Mn(TPP)SREVOOMTAA)2 (5)

The compound was synthesized and purified by following a procedure similar to that
described above fat using two equivalents of (dma a ) 2@&mg, 0.045 mmol), one
equivalemof Mn(TPP)SbE(20.2 mg 0.022 mmol). Yield after recrystallization: 39.2mg, 95%.
An alternative the onpot synthesis can be adapted from our previous réptit.o mt aa) V8O
(50.0 mg, 0.1 mmol), Mn(TPP)CI (38.0 mg 0.055 mmol) and Nagik.4 mg, 0.060 mmol)
were added to 5 mL of 1:1 acetonitrile:toluene mixture in a 50 mL T-s#aied Schlenk flask
and heated at 80 eC for 12 h. The sohduti on
was filtered to remove side products. A fine green powder was obtained from the filtrate after
removal of the solvent in vacuo. Yield after recrystallization: 67.5mg, 68%. The firay X
quality product was obtained via similar approach.a8TR-FTIR 3y s o(cml): 909(s). Anal.

c al c 0 d@HssFsnN120z2SbV2 A 4 GOHb: C, 54.46; H, 4.41; N, 7.73. Found: C, 54.06; H,
4.51; N, 7.75. HRMESI (M") c al odblggMnN1gsV2: 1597.5408. Found 1597.5369.
Synthesis of Mn(TPP)SBBPPHhH (6)

The compound was synthesized and purified by following a procedure similar to that
described above fdrusing one equivalent of BPO (21.6 mg, 0.078 mmol), one equivalent
of Mn(TPP)Sbk (70.0 mg 0.78 mmol). Yield after recrystallization: 86.5 mg, 94 .7A8é.final
X-ray quality product was obtained via similar approach &§R-F T | R ¢an?): 1153(s).
Anal . ¢ aHgddNOPSb: C,63.02; H, 3.67; N, 4.74. Found: C, 62.26; H, 3.60; N,
4.37. HRMSESI (M") ¢ a | aBl4VnfsOR: 946.2550, Foun@45.2523.

Synthesis of Mn(TPP)SkfPPh) (7)

The compound was synthesized and purified by following a procedure similar to that

described above fdrusing two equivalents of BRO (43.2 mg, 0.156 mmol) and one
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equivalent of Mn(TPP)SEkK70.0 mg 0.78nmol). Yield after recrystallization: 96.5 mg,
85.2. The final Xray quality product was obtained via similar approach. #sTR-FTIR
padcm?) 1 1174 (s) . skisRNMNNOLS b AL C,I6272; HC3.91; N,
3.56. HRMSESI ([M-L]*) ¢ dor @Bl8MnNsOP: 945.2550, Found 945.2522. (W]
c al c 0gHssMmNsOP£1223.3410, Found 1223.3378.

Synthesis of Mn(TPP)Slgknidazole 8)

The compound was synthesized and purified by following a procedure similar to that
described above fot using ame equivalent of imidazole (3 mg, 0.044 mmol) and one
equivalent of Mn(TPP)SkH40.0 mg 0.044 mmol). Yield after recrystallization: 27.8 mg,
64.7%. ATRFTI| Rw @E®mY) : 3422 ((emY),: 31538 (w). Anal
Ca7H32FsMnNgSb: C, 54.57; H, 3.24; N,.96. Found: C, 54.97; H, 3.06; N, 8.47. HRISI
(MY c al ablEMnNeo785.2a64 Found 735.2046
Synthesis of Mn(TMP)Shiffmidazole Q)

The compound was synthesized and purified by following a procedure similar to that
described above fot using one quivalent of imidazole (5.0 mg, 0.073 mmol) and one
equivalent of Mn(TMP)Sb§(75.2 mg 0.073 mmol). Yield after recrystallization: 78.7 mg,
98.1%. The final Xray quality product was obtained via similar approach 26/R-F T | R 3
(cmY): 1532(w). Anal.c a |l ¢ 6 eHaoFsMMsOSS b A 2QLHC, 50.46; H, 3.52; N, 6.66.
Found: C, 49.22; H, 3.36; N, 7.13. HRMESI (M") c al csgHebMnNeQ4a 85322486.
Found 855.2468
Synthesis of Mn(TFP)Skknidazole (0)

The compound was synthesized and purified by following a procedure similar to that
described above fdrusing one equivalent of imidazole (5.0 mg, 0.073 mmol), one equivalent
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of Mn(TFP)Sbk (71.6 mg 0.073 mmol). Yield after recrystallization: 54.8 mg5%d. The
final X-ray quality product was obtained via similar approach.a&TR-F T | Ry (card):
3384 (nmdmY) :3 1534 (w) . AdibMnNeS a ALIB @, 51£08; H, 268;
N, 7.45. Found: C, 51.77; H, 2.66; N, 7.59. HRIESI (M") c al €HHdsFsMnNer
807.1687. Found 807.1665.

Synthesis of Mn(TPP)Slkffmidazole) (11)

The compound was synthesized and purified by following a procedure similar to that
described above fo# using two equivalents of imidazole (5.3 mg, 0.078 mmol), one
equivalent of Mn(TPP)SkH35.0 mg 0.039 mmol). Yield after recrystallization: 34.5 mg,
85.7%. ATRF T I Rw (Bm?) : 341k ((emb),: 31532(m). Anal
CsoHasFsMNNsS b 8HaN2: C, 57.47; H, 3.64; N, 12.65. Found: C, 56.10; H, 3.43; N, 12.27.
HRMS-ESI ((M-L]") c a | cafHebMnNe0 #35.2064 Found 735.2053. [M] cal c 6d
CsoH3sMnNg: 804.2516 Found 804.2650
Synthesis of Mn(TMP)Shfimidazole) (12)

The compound was synthesized and purified by following a procedure similar to that
described love for4 using two equivalents of imidazole (4.8 mg, 0.071 mmol) and one
equivalent of Mn(TMP)Shé=(34.8 mg 0.035 mmol). The final-Kay quality product was
obtained via similar approach &sYield after recrystallization: 35.8 mg, 69.8%. AFRIR
3m(Cm?Y) : 1532(m). AHaFMINs@RH A O 05 CHS4.45;E, 3.77; N,
9.32. Found: C, 54.54; H, 3.85; N, 9.65. HRIESI ([M-L]*) ¢ a | csfHdMnNe®s C
855.2486. Found 855.2499M]") ¢ a | BldMnNgOar 9242939. Found 924.3071

Synthesis of Mn(TFP)SkHmidazole} (13)
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The compound was synthesized and purified by following a procedure similar to that
described above fo4 using two equivalents of imidazole (5.2 mg, 0.076 mmol), one
equivalent of Mn(TFP)Sh(37.6 mg 0.039 mmol)The final Xray quality product was
obtained via similar approach &sYield after recrystallization: 31.6 mg, 72.6%. AAFHIR
avn (cm?) @0 338 2AqmW):, 13533 ( m) . AdnaFloMnNgsSa C,64608; Hf or C
2.90; N, 10.08, Found: C, 53.35; H,72; N, 10.72. HRMSESI ([M-L]") calcod f C
Ca7H2sF4sMnNs: 807.1687. Found 807.1679. ([M] c a | c fHbFsMnblsr 87622139.

Found 876.2271.

7.4 Redustussidon
7.4.1 Synthesis and characterizati on

The synt hesild vefr ec amphlseexesl avi aparoach® repor
The cationiswaMny Peod )&BDHLFt he precursor to reac
of target axi al groups (Scheme 7. 1). Desirec
at low te@dpeCddumwelt h~otheb64. 7% ~ 93.6%. One o
i ndi ¢dtei fgogr mati on of desistocd X pr ofdp e &Fkrsoan tPh e
their monomer i &0,4d-A)e, O0V8S) taoBQ BRI addiucts (Tabl
whi chr montthe binding via oxygen atom. This i
species from3%Pfd oaudsd uddtBo rsofo W m dentisncal sSi
nand the imidazole ring skahdtall86restpeititng e
whi chonasriestcent with *drPdviisowco ndsd gimpn mérret . ndi
group. I nt er &dTtliRn gleys,p otnlrsee sATboRased on the vil

appear to have strongeri ni ntheen shil ts3bd{dhfc@r o/ x i ma
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cC omp a oe dreoxnioa |

when t he

Laxial +

‘ SbF6 2 eq. Laxial
~ N—Mn—N__| -
=N DCM, rt.

Laxial

2: L@@ = (tmtaa)Ti=O ; R = phenyl
5: L®@l = (omtaa)V=0 ; R = phenyl
7 : L®@ = PhyPO ; R = phenyl

11 : L@@ = |m ; R = phenyl

12 : L@@ = |m ; R = 4-methoxyphenyl
13 : L®#@ = |m ; R =4-fluorophenyl

(tmtaa)Ti=0O :
(tmtaa)V=0 :
(omtaa)V=0: M =V, R = CH;

B 841 6) &1t Js,

stoichiometry

Mn(Por)SbFg

(suggesting a

bet ween axi al

Laxial

1eq.
B
DCM, r.t.

N
0y

Im

+
SbFg
— N—Mn—N__|
—~ N 1
R — R
Laxial

1: %@ = (tmtaa)Ti=O ; R = phenyl
3: 2@ = (tmtaa)V=0 ; R = phenyl

4 : @ = (omtaa)V=0 ; R = phenyl
6 : L2 = Ph;PO ; R = phenyl

8: 122 = m; R = phenyl

9: 2@l = |m; R = 4-methoxyphenyl
10 : L2 = |m ; R =4-fluorophenyl

(0]

o}

Ph;PO

Scheme 71. Synthesis of monaxially substituted, 3-4, 6, 8-10 and bisaxially substituted

2,5 7,11-13
Table71ATR-FTI R assi gadoré-nts of 3
(t mtady 1 2
3reo( cn 930 900 905
(t mtaoa® 3 4 5
3veo( cn 972 928 908 9009
P8P O 6 7
3peo( cn 1182 1153 1174
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The exi stence ofswictalh i ding tc-ea M IPveg | [BdtRixti mént s
Substituents are furahecrgsesnhir m¢ed-8BjoameEb ¢
structures of pedmi8BadPoat i deme nsshpatpast setsoar( tsiaodnd |
t heplpyrin plane, -oplt@nendiodbpli @acement around |
7.2). The structure s®&goe@Ot} btrhiadtg ende tcaol mpilce X
rel ati veiOs haorntde rl 2eMegdt.408,00Wwharceohnsi st ent with t
in oxidm(chrpmpor phyheiOMbobhuwcthie2rgd B4 o0f) is f
to be the shortest among all tst Mndqtidrlgl Ipy rkpi
whi ch may suggest a strong interaction betw
Unl i ke t he previously known bi-mevearftted

tetraazacycl ot ettwiardppwooaf i ¢ t®atitenfiahdli gand

shoiws ugpconf i gur afivi eupc.onThiga demtaat ohe®f t he r e
repor®CMn (([PR6Tas well . Interestingly, the isor
triggered under a differehat cromam tt{ eemRerAadtCuyerm
yield products t hatFThlaR er etsoptoanlsley fdriofni etrheen to nA
temper a2@r ACY.< As shown in the Figure 7.S26
~1500mam be assdogmfed( a®.4dWdiGans recr ystalli ze
t emper askeNire ,f dithred?, atwhli=ch0 icsmconsi st ed0f* wi t h

(en=1530Y ¢mindicating fwieugtcnotnafai grue taaii osn st haes
Figure 7. 1A. lweoswepreeparwedcnat Bceondlse rf otuendp eart a tl
cm. This is in agreement VvOOIitCh (PdIE GGCUcltua2al | vy
cm , which has thdwitmg @monfiigg@aurdatiinoprtshg Pr el
structure (resolution ~ 1.0 j) was obtainec
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hypot heti-caV éfiwt aldgpdodhimeé aa | i gand. However, | a
appropriate quality and highl yt hkki c@mMpd ree ke g &
of this structure. Structur al and refinemen

purpose.

Al t howR® &md i mi dazole have been extensive
reacif onsé, st r uePt@VMme P 'ooorf) INIPtPare)mfai ns unknown
mo nraox i al | y 6shuabss trietvuetaelded a rare exampiC of s
di stance of 2. 04570]Mmnan @l a Ad@ltl et 8 A.nemal IPe

ouddp | ane deinstpliasceonbser vwidt &h B0 cva chg a c € s .

| mi dazol e substituted manganese porphyrin a
enzymatically catalytic rehbpftiprviotpyhhyamasnswvel i g
i midazole have been?®?s8Y% ued tmamddddyeoniomart a att eer if;
exampl es ofMn(rRoard)dlent s[ I mhich is closely re
myogl obins that have s°WVha a$addlod odiictadr taipp
pl anes ar eQamfdéaesr vweedl Ii nwi t h -oafbloadrities P| A€ e me Wt t
MAiN2*Fbnd | ©agdé adbis in the range of 2.170~2
| onger tiDani sheoOM®Yod®@.i PThe i midazole ring
perpendicular to the por phymwiinihipritNddreep Mamde .t h
seems to have a slightly |larger axdib&ll2r.o5tAat i
i Bvs. B5.D5A wihich might be due to the crystal
oandmatch exc¢eéhl emtel wtwucturally kndofwn Mn(

wher e iNhkorMd | engths i s -@pRkRa@neg @&insplaa e men tj
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proxi mal Hi s93 group i s observeact iTvhiitsy naisg

bi ol ogical systems 8b0 pentacoordinate speci

Table 7.2 Summary of structural parameters for Mn(lll)Por with mommd bis axial
substituents.

# (M:L ratio) Mni X MnT1 N MnT1 OT X oD
1(1:1) 2.034 2.017 163.7 0.242
42 (1:1) 2.080 2.007 163.0 0.230
5(1:2) 2.251 2.012 158.1 0
6(1:1) 2.059 2.006 170.8 0.190
7(1:2) 2.162 2.019 171.5 0
9(1:1) 2.170 2.007 - 0.174
12(1:2) 2.277 2.012 - 0
10(1:1) 2.185 2.005 - 0.177
13(1:2) 2.262 2.021 - 0
Mn"'"Mb(H20)° 2.22 2.042.08 - 0.18
[Mn(TPP)(HO)]OTf®  2.105 1.994 - 0.19
[Mn(TPP)(H:0)2]ClOs3%¢ 2.271 2.004 - 0

3 Structuraparameters are from previously known system with Mn(TMP3SbF

b Structure is reported with 70% (coordinated) and 30% (uncoordinated) occupancies for
proximal HO trans to His93 groud.

c. Outof-plane displacements were computed based odistence between thesldlane

and axially ligated atom.
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Figure 7.1 Crystal structures of mor@nd bisaxially substituted specigé(1), B(5), C(©6),
D(7), E(10) and F(3). Thermal ellipsoids were drawn thie 50% probability levelSlovent
molecules, hydrogen atoms and anions are omitted for clearirity.

I n contras-axital ltyhes umbnante xiua leldy $Spiebcz tei$ss u tbe ds
show planar porphyrin withisitebtel defsr mat ic
chromium(Il1l1) porphyrin species, wher® signi
owing to the | arger cationic size of chr omi

appearm ttdhebeaange ofwRi dlo2anetmmuht207 anhgee rmocnoon
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