ABSTRACT

PAULY, LIANA. SynthesisCharacterizationCatalysis,and Small Molecule Activation with Re
and Mn Complexes. (Under the direction of Elon A. Ison).

The focus of this document is twold: 1) the development of new Re(l) and Mn(l)
complexesandtheinvestigationof their reactivity towardcatalysis;and2) the studyof isocyanide
and carbon monoxide insertion reactions into Reélkyl complexes.

Chapter2 focuses omgoal 1, where a new family oéir-stableRe(l) andMn(l) complexes
bearingbidentateNNS (ENENES)ligandswith the generalformula E(CH;).NH(CH)2SR(E =
T N&HsOor1 N €Hio, R = Phor thiophenyl)is introduced. AllRe(l) and Mn(l)complexes were
catalysts for the hydrogenation of aldehydes. The Mn catalysts were active at milder conditions. A
rheniumi hydride ccsBmpHexandf éNatHurmongeti es was
insight into the mechanism for this reaction. DFT (B3PVI)&) and experimental data suggest
that there are two pathways for this system, with and without the presence of theBaaS&)

The pathway that includetdBuOK was lowerin energy providing agreaterdriving forcefor the
overall reaction. Further, the role 6BuOK, which is frequently used as an additive in many
catalytic systems, is clarified with experimental and DFT studies.

Chapter 3 focuses on goal 2, where rhenium(lll) complexes of the form
(CO)Re(DAAM)(R) (DAAmM = N-Mesityl-N?-(2-(mesitylaminojethyl)-N2-methylethanel , 2-
diamine) (R = benzyl; methyl; -O@Me-benzyl) react with isocyanides R'NC (R' = 2,6
dimethylphenyl, tert-butyl) and carbon monoxide to give iminoacyl and acyl complexes,
respectively. Interestingly, in the isocyanide insertion reactions, the hapticity of the resulting
iminoacyl complexes depends on the isocyanide and the rhenium complex used. For example, in

thecaseof m-xylyl isocyanidetheexperimentaandDFT datasuggesthattheresultingiminoacyl

N



complexes can adopt drt or h? binding modes. Whetert-butyl isocyanide was employeh?
coordination of the iminoacyl complex was exclusively observed. The reaction of the resulting
iminoacyl complexes with Lewis and Brgnsted acids was also investigated, which lead to the
isolationof Fishercarbeneshatmaybeusefulintermediates reactionsuchasalkyl abstractions
andalkaneformation.Whentheacylcomplexeseactedn situwith water,organicmoleculesvere

formed and released, and a new rhenium species was formed, which is believed to be Re(l).
Furthermorethesequentiainsertionof isocyanidesndcarbonmonoxideinto Re(lll)-alkyl bonds
wasalsostudiedby DFT, wheretheresultssuggestedhatthereis athermodynamidriving force

to form doubldansertedminoacyl complexes; howevehe samewas not observed in tleaseof

carbon monoxide.
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1.1  Background of this document

1.1.1 Organometallic chemistry

It is undeniable how essential the field of chemistry is to daily life. From providing our
basicneedsof food, shelter clothing, water,andcleanair, to contributingto major challengesuch
as energy usage and health conditions, chemistry is present in everything. Two of the main
activities of chemistry that allow us to create new materials are synthesis and analysis, and both
have had considerable progress over the last 150 y/Bars of this progress wadue to the use of
organometallideagentsn synthesis. Thefield of organometallicchemistryis fascinatingasit is
the interface between organic and inorganic chemistry, where it aims to comprehend the
interactionbetweenorganicmoleculesand metals? For the organometallic chemist, choositige
propermetalandligandthatwill work togetherto accomplishatransformations a crucialtask,as
both the metal and the ligand dictate a great portion of how the organometallic compound will

behave chemically.

Many important industrial processes were achieved due to the application of
organometallic reagents as catalysts, specifically with transition metals. A few examples of
industrial catalytic processes are the hydroformylation reaéffonlefin synthesis, olefin
hydrogenatiot® and CQ activation!! The basic definition of a catalyst is a substance that
increases the rate of a given reaction without being consumed in the process. This allows the
catalyst to be used in sigoichiometric amounts relative to the reageAtsatalytic cycle with
transitionmetal catalystss usuallycomposedf somestepssuchasoxidativeaddition,migratory
insertion, and reductive elimination to form the desired product and regenerate the catalyst.
Understanding thenechanism otatalytic reactions is essential fine study and investigation of

eachindividual stepin a catalytic cycle. The acquiredknowledgefrom this type of study can
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provide critical information for improving the reactivity and/or selectivity of the catalytic system

with the goal of increasing its efficiency.

There are often two subdivisions of catalysts: homogeneous and heterogeneous. The
formeroccurswhen the reactantsandthe catalystarein the samephaseusuallytheliquid phase,
whereas the latter occurs when the catalyst resides in a different phase from the reagents. This
present document focuses on homogeneous catalysts, which have some advantages over the

heterogeneous type, such as rapid rates for the diffusion of heat and reactants in solution.

Oneof therolesof chemistryis to find efficientandsustainablevaysto producea variety
of molecules. For example, the use of a transition metal catalyst with hydrogen gas toward
hydrogenation of carbonyl compounds is a cleaner and more cost effective approach to make
alcohols than methods that employ stoichiometric reducing agents such as lithium aluminum

hydride and sodium borohydridé?!®

Various transition metal catalysts have been generated with the purpose of hydrogenating
carbonylcompoundg?:1619.20.21,3034.2329 g ,chmetalcomplexeshavebeendevelopedasthe result
of multiple strategiesncludingthe useof cyclometalatecindpolydentatdigands,andalsoligands
that have an NH amine or redox functions that work together with the metal center toward the

activation of the substrate (bifunctional cataly$sy

The hydrogenation of esters and amides, which are two of the least reactive types of
carbonyl compounds, is quite challenging and involves the demand for harsh conditions, such as
high pressures and high temperati#feslowever, some transition metal catalysts have shown

enough succes# low catalystloadingsfor thisto beanareaof researctwith a growingdemand



for the development of transition metal complexes able to catalyze the hydrogenation reaction of

various carbonyl compoundg?!’ 4546

Another topic of high interest to organometallic chemists is the activation of carbon
monoxidefor the preparatiorof variousorganiccompoundssuchasaminesamidesandalcohols,
and it can also be used to increase carbon chain IeHdfimg56:49.6771.5056 € js a powerful C1
building blockin industryandacademiawith severaknownreactionssuchasthe FischerTropsch
proces®, GattermantKoch formylatiorf®, Monsanto/Cativa proce$$® and Pausc#hand
cyclization*"> The bond between carbon and oxygen atoms in the CO molecule is quite strong,
which makesthis gasrelatively inert, thereforetransitionmetals,especiallypalladium,havebeen

used to activate carbon monoxide.

The monecarbonylation of organic substrates catalyzed by transition metals is well
explored in the literaturedouble carbonylation is nét. This may be because metalyl
complexes are thermodynamically stable to form the product of inserti@katoacyl species.

As a result, the second CO group usually does not insert intoi athbonds.” Despite the
challenganvolvedin thesecondnsertionof a CO group,doublecarbonylatiorreactionscatalyzed
by transition metalsnay be an alternative to synthesiaeketoacids, esters, and amides that does

not involve strong oxidizing agents, such as KMre@d Se@"’

Like CO,insertionreactionswith isocyanidesanalsocreatenew Ci C bonds,which have
attractednterestfrom organicandorganometallichemists’® Unlike CO, insertionreactionswith
isocyanidesanbemorestraightforwardwhich facilitatesthe studyof thosereactionsAs versatile
building blocks, isocyanides can react with nucleophiles, electrophiles, and radicals to form

variousimine adducts’™ 82 Therefore the insertionof unsaturateccompoundssuchas CO and



isocyanides into FIC bonds of transition metal complexes is one of the most important types of

chemical reactions.

1.2  Scopeof this document

Thegoal of this documenis to studythe chemistryof Re(l), Mn(l), andRe(lIl) complexes
to have a better understanding of their reactivity toward catalysis and small molecule activation. In
Chapter2, the useof Re(l) andMn(l) complexesas catalystsfor the hydrogenatiorof carbonyl
compounds was investigated. The initial goal of this project was to explore the possibility of the
complexes shown on Chart 1.1 to perform as catalysts for various carbonyl compounds, such as
aldehydesketonesgestersandamides AlthoughtheRe(l) andMn(l) complexef this studywere
only ableto catalyzethe hydrogenatiorof aldehydesa new mechanisnfor this catalyticreaction
wasdiscoveredandfully elucidatedThis mechanisms basedon metalligand cooperationwhere
the metal and ligand work together to activate and transform the bond of interest in the substrate.
Usually,it is necessaryo usea strongbasesuchaspotassiuntert-butoxideto activatethe catalyst
and start the catalytic cycle, however, the role of the base beyond this first step was never fully
explored even though it is used in numerous catalytic hydrogenation reactions of carbonyl
compoundsPart1 of this chaptempresentshe synthesiof novelRe(l) andMn(l) complexestheir
full characterization and**C NMR, elemental analysis,-¥y single crystal), decomposition
tests, their use as catalysts in the hydrogenation of aldehydes, and a detailed investigation of the
reactionmechanisnwith experimentahndcomputationa(DFT) techniquesPart2 presents full
elucidation of the role of potassiutart-butoxide in the catalytic cycle, with experiments where
the metal of the base was replaced by other metals of group 1 (lithium, sodium, and rubidium).
Those experiments, along with some reaction pathways calculated via DFT provided some

significantinsightinto notonly therole of potassiuntert-butoxidebutalsotherole playedby base



as it executes its role in this catalytic system. In the last part of Chapter 2, part 3, the origin for
aldehydeselectivityobservedy theRe(l)andMn(l) complexesntroducedn part1 of thischapter

was studied, with the help of experimental and computational (DFT) data.

Chart 1.1 Novel Re(l) and Mn(l) complexes synthesized and tested as catalysts for the

hydrogenation of carbonyl compounds.

H H 74
N
\/Mn/Br JjMn;Br
B 0
cO co co co co coO

In Chapter 3 an experimental and computational study of the insertion of isocyanides and
carbon monoxide into the rhenivoarbon bond of various rhenium(lll) complexes is described.
The synthesisandcharacterizationf theresultantminoacylandacyl complexess presentedThe
free energy calculated (DFT) pathways for those reactions elucidated the mechanism, where the
insertion of isocyanides and carbon monoxide starts by the coordination of the isocyanide or CO
ligand to the metal, which is then followed by insertion into the adjacentimoathbn bond to
form theiminoacylor acyl complex.Interestingly for bothsetsof substrategisocyanideandCO),
the barrierfor the formation ofthe adduct was usually highér energy tharnheinsertion intothe
adjacent rheniuralkyl bond. The reaction of the resulting iminoacyl complexes with Lewis and
Brgnsted acids was also investigated, which lead to the isolation of Fisher carbenes that may be
useful intermediates in reactions such as alkyl abstractions and alkane formation. The sequential
insertionof isocyanidesndcarbormonoxideinto Re(lll)i alkyl bondswasstudiedoy DFT, where
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theresultssuggestethatthereis athermodynamidriving forceto form doubleinsertedminoacyl
complexes; however, the same was not observed in the case of carbon monoxide. Finally, the
isocyaniddansertionreactioninto Re(V)i alkyl bondswasalsoinvestigateccomputationallywith
promisingresultsshowingrelatively low activationbarriersandthermodynamicallystableRe(V)

iminoacyl complexes.
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2.1 Introduction

Hydrogenation is thaddition ofonemoleculeof hydrogen to aloubleor atriple bond of
organic compounds. This procedure, although simple in theory, is one of the most extensively
studied reactions of homogeneous catalysis involving metal complexes. Molecular hydrogen is
usuallythesourcefor thesereactionshowever hydrogendonorssuchasalcoholcanalsobeused, a

process referred to as transfer hydrotfen.

Thefirst reportedexampleof a hydrogenationmeactionwasheterogeneousyhereJames
F. Boyce of the Nathaniel Kellogg Fairbank Soap Company submitted a patent in 1911 entitled
i Pr oaf mradecinganediblec o mp o inmethtiodto his work on processingegetableils &
The reportednydrogenatiorstudiesthat followed, employecheterogeneous nickehtalyst&* and
numerous noble metal catalysts, including the fanfodsa més cat al yst , whi ch

RogerAdams in 1922 and it is still extensively used for heterogeneous hydrogefiation.

Melvin Calvin, from the University of California at Berkeley, was the first to report
homogeneoubkydrogenatiorbackin 1938.The experimeniperformedwasthe catalyticreduction
of 1,4-benzoquinonéo 1,4-hydroquinoneby copperacetatainderoneatmospheref hydrogenin

quinone solution at 100 °C (Scheme 29).
Scheme2.1Firstever reportethomogeneoubydrogenatiomeaction.

0 Cu(OAc), OH

H; (1 atm)
Quinone, 100 °C
0 OH

In 1939, M. Iguchi reportedthe first use of a rhodium complex as a catalyst for

hydrogenatiorreactionst? The kinetics and mechanism®f thosereactionswere studiedin the
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mid-1950s by Jack Halperd,whose group at the University of British Columbia performed the
first homogeneous hydrogenation of an olefin in 1961 by ruthenium catllystthe same
decadeR. J.P.Williams suggestetheformationof anM(H). speciesluring catalysiswhichwas
characterized later in the early 1980 he oxidative addition of His an important step in
catalytic hydrogenation reactions and the experiment that solidified this step was performed in
1962 by Vaska where it was found that IrCI(CO)(BPforms dihydrides by reacting reversibly

with elemental hydrogeff.

The most famous hydrogenation catalgdyst to
which was reported back in 1965 by®RThe Wil k
Wil kinsonbés catalyst has one or two triphenyl
catalyticcycle, which hasthe oxidativeadditionof H> to the metalcenterasthefirst step,thenp-
complexation of the olefin substrate, migratory insertion, and reductive elimination to afford the
desired product and regenerate the active catalyst (Scheme 2.2). The finding of this catalyst
inspiredthe nextsignificantcontributionto thefield, thefirst enantioselectivéydrogenationThe

substrates in this case were unsaturated acia audbstituted styrenés.

Scheme 2.2Catalytic mechanism of the hydrogenation of olefins with molecular hydrogen

catalyzed by Wil kinsonds catalyst.
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The hydrogenation of carbonyl derivatives using molecular hydrogen is one of the most
fundamentahndwidely employedcatalyticreactions'? Catalyticmethodsaremore costeffective
and cleaner (minimize waste) compared to methods that employ stoichiometric reducing agents

such as lithium aluminum hydride and sodium borohydrid2.

Most metalcomplexesemployedn the catalytichydrogenatiorof carbonylderivativesare
basedon the noblemetalsruthenium,iridium, andrhodium? Typically, the strategyfor transition
metalhomogeneousatalysisinvolvesthe substrate®oundto the metalcenterandthe subsequent
transformtion of these substratego the desired products (Figure 2.143 Usually processes
such as oxidative addition and reductive eliminationrageliired, which relies on the availability
of stableoxidationstateson the metalcenter,oneor two electronshigher.Furthermorethe hydride
transferfrom themetalcenterto the electrophiliccarbonof the carbonylgroupis expectedo have a
high activation barrier when the oxygen is bound to the metal due to geometric reasons (Figure

2.1b)38

The strategy of metal ligand cooperativity (MLC) has been utilized where both the
transition metal and the ancillary ligand participate in the activation of the substfdte
101,27,31,39.44.9%6 Thjs allows for the use of catalysts that involve transition metals where-a two

electron redox couple may not be available.
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Figure 2.1 a) Innersphere hydride transfer; b) hydride transfer from the metal to the carbonyl

carbon; c) outesphere hydride transfer.

In MLC catalysistheactivecenterconsistof a Lewis acidicsite (metalcenter)andabasic
site (ligand centered) that work together to recognize, activate, and transform the substrate. The
basic site contains groups like NH and OH, that are coordinating groups, hydrogen bonding
donors/acceptors, and/or protsourcesAccording to theposition ofthe basicsite relativeto the
metalcenter MLC catalystscanbe classifiedinto threecategoriesa- , b-, andg protic (Scheme
2.3)% Thea-protic type,alsocalledNoyori-type dueto his contributionto thefield,*>2*1%2gccurs
when the cooperating basic site binds directly to the metal. TRENRU pincer complexes
introducedby Beller andco-workersarean exampleof ana-protic MLC catalystwhich s efficient

in the dehydrogenation of etharibi.

Intheb-pr oti ¢ systems, t he NH/ OH groups are nq
catalyst, for example, is able to dehydrogenate secondary alcohols to the corresponding ketones by
a concerted migration of hydride and proton to the metal and ligand, respetfivéhally, theg-
protic type MLC occurswhen the aromaticligand undergoesaromatization/dearomatization to
assistin the catalysis,insteadof operatingvia protonation/deprotonatiolike the a- andb- protic
types? The PNP- andPNN-type rutheniumpincercomplexesntroducedoy Milstein makeuseof
the gprotic MLC type reactions to produce imines, amides, esters, and acetals from the

dehydrogenatiomf alcohols®®1% 107 The dearomatizatiomearomatizatiorof the centralpyridine
12



caused by the acidic side armsHCor N-H in these catalysts was also shown to be effective
towards hydrogenatingdifficult substratesuch as estersand amidest*93.91%However, recent
studies suggest that the active catalyst in those cases follow a Nygy®nmechanism instead of

dearomatizatiomearomatizatio®

Scheme2.3Differenttypesof MLC catalysts.
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Resultd21819 for the hydrogenation of difficult substrates such as esters and amides are
promisingfor somecatalyticsystemshatemploythis strategy However,it is importantto explore

other systems with different transition metals.

Transition metal complexes in group 7 such as rhenium and manganese have not been as
popular as catalysts for the hydrogenation of carbonyl compdithdgwever, in the case of

manganese, there has been intense research since 2016, and this field has been evolving rapidly
13



with several promising ligand systems to dfite3034.2229

Chart 2.1 presents some examples of rhenium and manganese complexes that have been
shown to be catalysts in homogeneous hydrogenation reactions. The PN(H)P nitrosyl rhenium
complex | was reported to have low activity for the reduction of acetophenone and
cyclohexanoné!! Also in 2007, the Berke group reported that compleis catalytically active
for the hydrogenation of olefins, imines, and ketorté€omplexIll was reported by the same
group as an active catalyst for transfer hydrogenation reactions of ketones and imires in 2
propanol, which acted as the solvent and thedtirce’® The Beller and Kempe groups reported
in 2016 two Mn pincer complexes able to hydrogenate carbonyls efficiently (comNexasd
V).113114 1n 2017, the Sortais group reported the first example of hydrogenation of carbonyls
catalyzed by a rhenium complex that presented high efficiency with a broad substrate scope
(complex VI).11°> The same group reported in 2018 a rhenium compiek) (bearing an NH
moiety that proved to be efficient in the hydrogenation of kefdfyemd in 2019, they reported an
efficient Mn(l) precatalyst for ketone hydrogenation (compléX ).%8 In 2021, a highly efficient
Mn(I)-CNP pre-catalystfor the hydrogenatiorof ketones,jmines, aldehydesand formate esters

was reported (compldx ).?°
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Chart 2.1 Reportecexampleof Reand Mncatalystdor the hydrogenation otarbonyls
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Thework in this chapterwasinspiredby areportby the Gordongroupin 2015abouta new
classof NNS ligands® (ENENES).In thatreport,severalENENESligandsandthe corresponding
ruthenium and iridium complexes were synthesized and used as catalysts for homogeneous
hydrogenatiorof carbonylcompoundgChart2.2a).This reportinspiredusto synthesizeENENES
ReandMn complexesUnexpectedlythe sulfurarmwasnot coordinatedo the metalcenter(Chart
2.2d),unlike asimilar seriesof complexegeportedoy Srimant!’ (Chart2.2b). In work reported by
the Pidko group (Chart 2.28)the high activity for the catalytic hydrogenation of carbonyl
compoundswvas proposedo be the resultof the very unique phosphinehemilability of the ligand,

which resultsin an unusualpathwayfor known Mn complexesvherethe lossof a CO ligand was
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not neededo form the hydride complexn the activecatalyst(Scheme2.4).In thework reportedn
this currentchapter sincethe sulfur armis not coordinatedo the metalcenterwe hypothesized that
this feature can also facilitate a similar mechanism to that proposed by Pidko, since it will very

likely not be necessary to lose a CO ligand.

Chart 2.2 Selected examples of ENENES complexes (a and b), Mn(l) precatalysts with a labile

phosphine arm (c), and the complexes used in this work (d).
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Scheme2.4 Synthesiof the manganesaydridecomplexreportedby Pidko?°
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Herein we introduce a new family of Re and Mn complexes bearing bidentate ENENES
ligands of the general formula E(@:NH(CH)SR, where E is selected fromCsHsO or -
NCsHio and R is Ph or part of a thiophenyl fragment. Reactions of the ENENES ligands with
Re(CO}Cl and Mn(COgBr are described, along with crystallographic studies of these new
complexes. DFT (B3PW9D3) and experimental data were collected to study the possible
mechanism for the hydrogenation of carbonyl compounds. Together these results provide new
insightsfor pathwaydor catalyticsystemghatutilize MLC asa strategyfor the activationof small
moleculesin addition,therole of potassiuntert-butoxide,(t-BuOK), which is usedasan additive

in many catalytic systems has been clarified.

2.2 Resultsand Discussion

Part |

2.2.1 Synthesisand Characterization of ENENES Ligands

As described above, homogeneous hydrogenation catalysis has been extensively studied
with transition metals from groupsI® and, in recent years, with manganese complexes bearing
pincerPNPligands.To obtainunprecedentedatalytictransformationsit is necessaryo rationally
design new transition metal complexes with novel ligands bearing tunable functions. With this
goalin mind, we preparedENENESIigandsin our laboratoryfor the first time. Theseligandsare
air-stable, their starting materials are readily available, and the preparation is a simple synthetic
procedureAlso, instead of a phosphine ligand, they feature thiophene, which does not undergo
oxidationaseasily,makingthe potentialcatalystamorerobust.Scheme2.5 showsthe synthesisof
thetwo ENENESIligandswith the generaformula E(CHz)>NHCH>CsHsS usedin this study,where

E is selectedfrom -NCsHz1o, or -NCsHgO. They were synthesizedunder the sameconditions,
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isolatedasyellow to brownliquids, andcharacterizethy *H and**C NMR spectroscopyandLC-

MS.

Scheme2.5 Synthesis othe ENENESIigands.
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2.2.2 Synthesisand Crystallographic Studies of Well-Defined Rhenium and Manganese

Complexes of ENENES

The reaction of piperidine and morpholine ENENES derivatives with Re and Mn

complexeof thegeneraformulaM(CO)sX (M = Re,Mn; X = Cl, Br) wasinvestigatedo examine

their reactivity as catalysts for the hydrogenation of carbonyl derivatives. A summary of these
reactions is presented in Scheme 2.6. Treatment of the Re(l) and Mn(l) precursors with the
ENENES ligands in benzene at 80 °C (16 h) afforded isostruckifalN , -bidehtate cis-
[M'X{k? N, -ENENES}(CO}] (M = Re, Mn; X = CI, Br) complexeRe-2a (white solid,
isolated yield 92%)Re-2b (off-white solid, isolated yield 86%Mn-2a (yellow solid, isolated

yield 41%),Mn-2b (yellow solid, isolatedyield 68%),andRe-3b (off -white solid, isolatedyield

90%), respectivelyComplexesRe-2a, Re-2b, Mn-2a, Mn-2b, andRe-3b areair-stableandwere

characterized by NMR', 13C) spectroscopy, elemental analysis, aah)X structural analysis.
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Scheme 2.Reaction of ENENES ligands with M(C&X) (M = Re, Mn; X = Cl, Br) to produce

precatalysts for hydrogenation of carbonyl derivatives.
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X-ray quality crystal structures were obtained by vapor diffusion of hexane into
concentratedolutionsof Re-2a, Mn-2a, andRe-3b in chloroform.ThecrystalstructuregFigures
2.2-2.4) of thesecomplexe<closely resembleachotheri the sulfur armis not coordinatedo the
metalcenterandthe threecarbonylgroupsarecis to eachother,featuringafacial (fac) arrangement

with an octahedral metal center.
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Figure 2.2 X-ray crystal structure foRe-2a. Ellipsoids are at 50% probability level. Hydrogen
atoms (except NH) are omitted for clarity. Selected bond lengths (A) and afjgl&eXCI1,
2.497(6); Re:N1, 2.239(3); Re:N2, 2.309(3); Re1-C14, 1.910(4); Re}-C15, 1.921(4); Rek
C16A,1.856(14);01-C14,1.152(5);02-C15,1.143(5);03A-C16A,1.161(15);,C16A-Rel-C14,
89.2(5); C16A-Re1C15, 89.0(5); C14Re1C15, 87.09(16);C16A-Re:N1, 93.8(3); C15Relk
N1,179.11(15)C16A-Re1kN2,95.3(2);C15Re1N2,99.67(14)C16ReLCI1A, 177.5(2),C15
RelCI1A, 94.36(14); N2-RelCI1A, 87.14(10); C14RekCI1A, 91.21(17); N1-ReLCI1A,

85.41(15).

Figure 2.3 Preliminary Xray crystal structure foMn-2a. Hydrogen atoms (except NH) are

omitted for clarity.

20



Figure 2.4 X-ray crystal structure foRe-3b. Ellipsoids are at 50% probability level. Hydrogen
Atoms (exceptNH) are omitted for clarity. Selectedbond lengths(A) and angles(®): Rel-Cl1,
2.4736(7); Re:N1, 2.316(3); Re:N2, 2.224(3); Re:-C15, 1.918(3); Re1:-C16, 1.913(3); Rek
C17,1.901(3);02-C15,1.150(4);03-C16,1.157(4);04-C17,1.161(4);C17-Re:C15,89.09(13);
C16Re}C17, 88.46(13); C15RelC16, 86.72(13); N2-Re:C17, 93.16(12); N2-RelC16,
177.90(11)N1-Re1C17,93.22(11);N1-Re1-C16,99.50(11);CI1-Re1C17,174.60(9);Cl1-Re L
C16,96.79(9);Cl1-ReL:N1, 84.68(7):Cl1-Re1-C15,92.46(10),Cl1-Re}:N2, 81.56(7).

2.2.3 Thermal Stability of the ENENES Complexes

Decomposition tests were performed on the new ENENES complexes. These tests
consisted of heating NMR samples in oil baths at temperatures of 40 °C, 60 °C, 80 °C, 100 °C,
and 120 °C for 16 hours. As shown in Figure &&;2b did not decompose at 120 °C. Both
manganese complexes decomposed at 40 °C, which suggests that any catalysis with these
complexes would have to be performed at lower temperatures (40 °C or below) (Chart 2.3).

ComplexeRe-2b, Re-2aandRe-3b did not decompose at 120 °C (Chart 2.3).
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a) 25 °C

[N | Mm.

b) 120 °C

Lk bk M,A.Jum

66 62 58 54 50 46 42 38 34 30 26 22 138
Chemical shift (ppm)

Figure 2.5'H NMR spectraof Re-2b in tolueneds at a)25 °Cand b) 120C.

Chart 2.3 Thermalstability of the ENENEScomplexes.

S | \ 1
N—_ | _ClI N Cl —,, ~Br N | _Br
/R|e\ 0\) /R|e\cO /M|"\ o\) /M|"\
CO €O CO ¢co CO o €O CO (o €O
Re-2a Re-3b Mn-2b
120 °C Did not decompose 40 °C Decomposed

2.2.4 Hydrogenation Activity of the ENENES Complexes

The catalytichydrogenatiorof benzaldehydevith the ENENEScomplexesvasexamined
in THF to find the mostactive catalystandthe optimal conditionsfor the hydrogenatiorreaction.
Theresultspresentedn Table2.1 indicatethatcomplexMn-2b waseffectiveasa catalystfor the
hydrogenatiorof benzaldehydat 50 barof H> moreefficiently thanthe otherENENEScomplexes
investigated (entry 4). CatalyBe-2b had similar results, however, it required a slightly higher
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temperature than 25 °C (entry 2). High yields were also observed when the presspmgasf H
decreased to 40 bar (entry 5), however, yields decreased significantly when the pressure was
decreased to 30 and 20 bar (entries 6 and 7, respectively). Other solvents such as acetonitrile,
diethyl ether,and1,4-dioxaneweretestedwith catalystMn-2b buttheydid not performaswell as

THF (Table 2.2). The base potassiuert-butoxide, t-BuOK, was necessary as a cocatalyst.
Reactions with ten equivalents ®BuOK (entry 5)weremoreefficient thanreactions performed

with two (entry 8) and five (entry 9) equivalents respectively with respéddht@b. Thus, entry 5
representshe optimal conditionsfor the hydrogenatiorreactionswith Mn-2b, i.e., 0.5 mol%, 5

mol% oft-BuOK at 40 bar K pressure and 25 °C.
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Table 2.1 Hydrogenatiorof benzaldehydaith severarheniumandmanganeseatalysts.

o Re/Mn cat.

t-BuOK oH
O
THF, 16 h
Entry Catalyst  Cat. Loading Base Pressure Temp. NMR
(mol%) Loading (bar) (°C) Yield (%)
(mol%)
1 Re-2a 0.5 5 50 40 87
2 Re-2b 0.5 5 50 40 95
3 Mn-2a 0.5 5 50 25 81
4 Mn-2b 0.5 5 50 25 95
5 Mn-2b 0.5 5 40 25 95
6 Mn-2b 0.5 5 30 25 80
7 Mn-2b 0.5 5 20 25 24
8 Mn-2b 0.5 1 40 25 ND?
9 Mn-2b 0.5 25 40 25 20
10 Re-2b 0.5 5 50 25 57
11 Re-3b 0.5 5 50 50 66
12 Re-2b 0.5 5 50 50 >99
13 Re-2b 0.1 1 50 100 16

3D = Not detected®Reaction wasonducted iroluene.
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Table 2.2 Screening ofolventsfor the hydrogenation obenzaldehydith Mn-2b ascatalyst.

0 Mn-2b (0.1 mol%) OH
t-BuOK (1 mol%)
@AL H H, (40 bar) @2
25°C, 16 h
Entry Solvent NMR Yield (%)
1 Diethyl ether 2
2 Acetonitrile ND
3 THF 3
4 1,4-Dioxane ND?

3D = notdetected

2.2.5Substrate Scope

Finally, the optimalconditions(entry 5, Table2.1) wereselectedo examinethe versatility of
this systemAs shown inTable 2.3, entrieda-4e achieved high yields under these conditions,
showing that this system is selective towards aliphatic aldehydes and aromatic aldehydes with
electronwithdrawinggroupsin the para position.Moderatelow yieldswereobtainedfor the other
aldehydedif-4i, where there were some steric hindrance and a weak elggthmrawing group
on the aryl aldehyde. A competitive experiment was also performed where aldehyde and
acetophenonwerepresenin the samereactionvessel.Undertheseconditionsacetophenoneras

not hydrogenated suggesting that this system is selective for aldehydes over ketones.
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Table 2.3 Hydrogenation of aldehydes with catalydh-2b. Yield values are in triplicate and

calculated byH NMR spectroscopy.

Mn-2b
t-BuOK
H, (40 bar) OH
Aldehydes -
25°C,16 h R'J
OH OH OH OH
v Y O
4a, >99% 4b, >99Y% FaC
' ' ¢ 4c, 96% 4d, 87%
OH OH OH
| Nx H H H
= MeO OMe
4f, 78% OMe OMe
4g, 35% 4h, 33%

2.2.6Mechanistic Investigation

4i, 32%

In catalysiscomplexeghathavefunctionalgroupsin theligandthatassistin the activation

of thesubstratearetypically referredto asbifunctionalcatalystsi® With thesecatalyststheusual

approactto activatethe pre-catalystis to usean excesf a strongbasesuchast-BuOK followed

by the addition of Klat high pressure to form the catalytically active metal hydride intermediate,

in sity12:20.118124,2123,2527.33100Thjs hydride intermediate would then be able to hydrogenate the

substrateTherheniumhydridecomplexRe-5b (Scheme2.7) wassuccessfullysynthesizedn 78%

yield. The crystal structure fdRe-5b is shown in Figure 2.6 and demonstrates that the chloride

ligand hasbeenreplaced bythe hydrideligand and thefacial arrangemenof the carbonylligands

has been maintained. The HReNH corehid tomplex resembles others that have been used as

bifunctional catalysts previously in the literature, such as those reported by Choualéhagidal
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the Sortaisgroup'® The latter complexcontrastswith Re-5b sincethe hydridein the Rei H bond
and the proton in NH bond areanti to each other, and it has been reported to most likely not be
the active catalyst®

Scheme2.7 Synthesi®of complexRe-5b from complexRe-2b.

|
TR

e C! NaHBEt; (1 equiv) . (\NE | _H
o) < \CO Toluene, 25 °C o\) /Rie\
CO 4o 16 h €O ¢o O
Re-2b Re-5b

Figure 2.6 X-ray structure folRe-5b. Ellipsoids are at 50% probability level. Hydrogen atoms
(exceptNH andReH) areomittedfor clarity. Selectecbondlengths(A) andangles(®): Re10:H2,
1.746(10);Re101N101, 2.238(6);Re101N102,2.293(7);Re101C113,1.899(8);Re101C114,
1.949(6); Re101C115, 1.922(8); 0102C115, 1.147(10); 0103C114, 1.147(8); O104C113,
1.174(10); C113Re101C114, 89.7(3); C113Re1C115, 86.4(3); C114Rel-C115, 88.2(3);
N101-Re101N102, 79.5(2); N101-Re101C113, 91.7(3); N102Re101C113, 169.4(3); N101-
Re101C114,94.4(3);N102Re101C114,96.8(3);N101-Re101C115,176.7(3);:N102Rel0%
C115, 102.1(3); N101-Re10tH2, 86.6(16); N102-Re101H2, 83(3); C113Rel01H2, 91(3);

C114Rel01H2, 178.74(10)C115Re10tH2, 90.7(17).
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To testthe participationof Re-5b in thereaction the stoichiometriareactionof Re-5b with
benzaldehydevas performed.The addition of one equivalentof benzaldehydéo Re-5b readily
formedthe newrheniumspecieRe-6b (Scheme2.8). CompoundRe-6b could not be isolatedbut
the 'H NMR spectrum (Figure 2.7) exhibited two doublets in the characteristic region for the
methylene of the benzyl alcohol, indicating that the two protons are now at different chemical
environments. This piece of evidence along with COSY (Figure 2.8), HSQC (Figure 2.9), and

HMBC (Figure 2.10) spectra helped us to tentatively assign compRettb as illustrated in

Scheme 2.8.

Scheme2.8 Reactionof complexRe-5b with one equivalentf benzaldehyden tolueneds.

Benzaldehyde (1 equiv) l s
(\N\R‘e,H - N\R*e/o\_F
(o)
O\) y |\ Toluene-d{,, 25°C o % | \CO Ph
CO (o CO 10 min CO (o
Re-5b Re-6b

5.35
5.33
527
525

J=12.6 Hz J=12.6 Hz

536 535 534 533 532 531 530 529 528 527 526 525 524
Chemical shift (ppm)

Figure 2.7 'H NMR spectrum of themethyleneregion of the benzyl alcohol inRe-6b.
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Figure 2.8COSY {*H, 'H} NMR (600 MHz, tolueneds) spectrunfor Re-6b.
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Figure 2.9HSQC{H, *C} NMR (600MHz, tolueneds) spectraof Re-6b.
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Figure 2.10HMBC {H, 13C} NMR (600 MHz,tolueneds) spectrunof Re-6b.

Surprisingly, when compleRe-5b was used as a catalyst, the yield of the hydrogenation
reactionof benzaldehydsignificantlyimprovedin the presencef t-BuOK (Table2.4 andFigure
2.11).This finding suggestshatt-BuOK is partof the catalyticcycle. To testthis hypothesisiwo
experimentavererun: 1) the catalytichydrogenatiorof benzaldehydevith Re-2b usingonly one
equivalent oft-BuOK in relation to rhenium; and 2) the stoichiometric reactiofRebb with
benzaldehyde in the presence of a stoichiometric amourB@OK. Experiment 1 (Figur@.12)
revealedhatwithout anexcessamountof t-BuOK, benzaldehydeouldnot beconvertedo benzyl
alcohol. The stochiometric reaction with benzaldehyde and base (experiment 2, Figure 2.13a)

resultedin a singletin the *H NMR spectrumin the methyleneregion, characteristiof benzyl
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alcohol.This contrasts with the stoichiometric reaction in the absent®00OK (Figure 2.13b).
Together, these two experiments show that the b&€OK is a part of the catalytic cycle.
Specifically,resultssuggesthatt-BuOK assistan the releaseof the productbenzylalcohol,since
thestoichiometricreactionof Re-5b with benzaldehyde theabsencef basdedto theformation

of Re-6b.

Table 2.4 Hydrogenatiorof benzaldehydesing thehydridecomplexRe-5b ascatalyst.

Re-5b
o t-BuOK OH
©)J\H H, (50 bar)
Toluene, 25 °C
16 h

Entry CatalystLoading Additive Loading NMR

(mol%) (mol%) yield (%)
1 5 50 >99
2 5 - 7
3 1 10 98
4 1 - 1
5 0.5 5 89
6 0.5 - 2
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—e— 5.0 mol% t-BuOK
—e— 2.5 mol% t-BuOK
—e— 1.0 mol% t-BuOK
—e— No base

[Benzyl alcohol] / mmol

- - . ] 1
0 1 2 3 4 5 6 7
Time (h)

Figure 2.11Time profile for hydrogenatiorof benzaldehydeConditions]Re-5b] = 0.0045mmol;
[t-BuOK] = 0.0045 mmol (1.0 mol %), 0.0225 mmol (2.5 mol %), and 0.045 mmol (5.0 mol %);
[benzaldehyde] = 0.9 mmol at 25 °C; pressure = 50 bar. Conversions determinedrbiNMR
spectroscop¥py integratingtheratio of the methylenepeakin thealcoholproductandthealdehyde

peak of the substrate.
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Re-2b (0.5 mol%) OH

o]
t-BuOK (0.5 mol%)
H H, (50 bar)
THF, 50 °C B

16 h ND
Benzaldehyde
Benzaldehyde
4
/|
.L 4 IL_..k
g 8323
100 95 90 85 80 75 70 65 60 55 50 45 40

Chemical shift (ppm)

Figure 2.12'H NMR spectrum of the catalytic hydrogenation of benzaldehydeReéthb and

one equivalent ofBuUOK.
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H ./ ] Benzaldehyde (1 equiv) OH /\é/ﬂ
i N

a) (\N | t-BuOK (1 equiv) . |/\\ s
o] H

R9<H Toluene-dg, 25 °C AP

co | >co 10 min CO (o CO

N R
(\ "SReH Toluene-dj, 26 °C Rel \—Ph
OJcc{ <|:o\°° 10 min o\)cg (I;O\CO
Re-6b Re-6b
5.35 5.30 5.25 5.20 5.15 5.10

Chemical shift (ppm)

Figure 2.13H NMR spectreof the stoichiometricreactionsof Re-5b with benzaldehydevith (a)

and without (b}-BuOK.

Based on these experimental results, a possible reaction mechanism was proposed for the
homogeneous hydrogenation of aldehydes catalyzed by the ENENES complexes of rhenium and
manganesatroducedn this study.Theligandbackbonen the pre-catalyst,in the presencef the
baset-BuOK, is likely deprotonated to formA (Scheme 2.9). Once formed situ, A splits
dihydrogen heterolytically by metal ligand cooperation, generating the hydride coBiplexo
pathwaysareproposedor thereactionof B with the carbonylsubstrateln pathl, theintroduction
of benzaldehyde forms the alkoxide intermediate com@exvhich then will go through a
transition state to transfer the hydride from the metal center to the electrophilic carbon on the
aldehyde and the proton from thé& Ml bond to the nucleophilic oxygen of benzaldehyde. The

dissociatiorof the productregenerateé. In pathll, t-BuOK nitially interactswith benzaldehyde
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to form an adduct that reacts wBho formD. Product is released frobto regeneraté andt-

BuOK.

Scheme2.9 Proposed reaction mechanism floe ENENES Rand Mncatalyzed hydrogenation

of aldehydes to alcohols.

O e O T] tBuO

R‘/ t-BuOK N |/
e_
N/(‘:I Co .o co
/
s H s
W |
t-BuOH
Y OH
OH H
H O co <
Ph”JH N_| CO +
[ R€__ t-BuOK
/ >Co
N
s A
W,
[N
RN
RS N (g/\
@AH/ \RL/CO Path | Path Il 3 o \’ co
o | ~co o ~co
/\\ co \ o H co
Ph7 [ H K=y
Ph
O co
C ‘/ D
\\ /\ co/{
i) + t-BuOK

2.2.7DFT studies

To examinethesepathways DFT (B3PW91D3) calculationswere employed.Figures2.14
and2.15showthe calculatedoathwaydor Re-2a in tolueneandtetrahydrofurantespectivelyThe
calculatedree energypathwayis consistentith theexperimentatesultsandshowsthatTS1, i.e.,
the heterolytic splitting of the dihydrogen molecule, is the-twrar limiting step (26.7 (toluene)
and27.3(tetrahydrofurankcal/mol). This stepproducesB which thenreactswith benzaldehyde
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in a stepwise way. First, the transfer of the hydride from rhenium to the electrophilic carbon of
benzaldehyde happens througB2 (4.7 (toluene) and 6.4 (tetrahydrofuran) kcal/mol), then the
transfer of the proton from the backbone ligand to the oxygen of benzaldehyde happens through
TS4 (-3.7 (toluene) and 5.5 (tetrahydrofuran) kcal/mol). This last step regenerates the active
catalyst and forms the desired product, benzyl alcolol-§, -5.0 (toluene) and-3.5

(tetrahydrofuran) kcal/mol).

In path II, B interacts with an adduct ®enzaldehydandt-BuOK to generatént-2 (-1.7
(toluene) and 4.6 (tetrahydrofuran) kcal/mol). This intermediate goes through a transition state
TS3 (2.2 (toluene) and 8.8 (tetrahydrofuran) kcal/mol) to fobm(-1.8 (toluene) and 4.5
(tetrahydrofuran) kcal/mol). The following transition stale&S5 (-5.1 (toluene) and 1.7
(tetrahydrofuran) kcal/mol) serves to transfer the proton from the ligand backbone to the oxygen
on benzaldehyde, forminthe desiredproductbenzylalcohol andregeneratinghe active catalyst
(Int-6, -34.6 (toluene) and26.9 (tetrahydrofuran) kcal/mol). The major difference between the
two pathways is the driving force for the overall reaction. In path Il, the overall reaction is
significantly moredownhill (-34.6 (toluene)and-26.9 (tetrahydrofurankcal/mol) thanpath| (-

5.0(toluene)and-3.5 (tetrahydrofurankcal/mol).
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Figure 2.14 Calculated (B3PW9D3) free energy pathways for the hydrogenation of

benzaldehyde catalyzed BRe-2a with (black) and without (red}BuOK. Solvation energies are

reported using the PCM solvation model in toluene.
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Figure 2.15 Calculated (B3PW9D3) free energy pathways for the hydrogenation of

benzaldehyde catalyzed BRe-2a with (black) and without (red}BuOK. Solvation energies are

reported using the PCM solvation model in tetrahydrofuran.

38



2.2.8 Alternative Pathwayswith t-BuOK

Besides the pathways presented in Figures 2.14 and 2.15, some additional pathways were
calculated to consider other routes for the mechanism of this catalytic system. In Figure 2.16, the
first two transition statesTG1 andTS3) arethe same as pathwaydhown previously. However,
after D is formed, theTS6 (4.4 (tetrahydrofuran) andl.7 (toluene) kcal/mol) transfers the
hydrogen from the ligand backbone to the oxygen of the base, and then in the last transition state
TS7 (5.3 (tetrahydrofuran) aneb.1l (toluene) kcal/mol) the same hydrogen is transferred to
benzaldehyde, where the desired product benzyl alcohol is formed, and the active catalyst is
regeneratedliit-9, -21.9 (tetrahydrofuran) ané8.8 (toluene) kcal/mol). This pathway Il was
disregarded because the final product was not as thermodynamically favorable as it was on

pathway I, regardless of the polarity of the solvent.
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Figure 2.16 Pathway Il calculated (B3PW9D3) for the hydrogenation of benzaldehyde
catalyzedby Re-2a with t-BuOK. Solvationenergiesarereportedusingthe PCM solvationmodel

in tetrahydrofuran (blue) and toluene (red).
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Pathway IV shown on Figure 2.17 considers the possibility of the dihydrogen molecule
being activated by both rhenium active catalyst and bBsgK. The activation barrierTiS8) is
relatively high (30.6 kcal/mol) in comparison to pathway Il, regardless of the polarity of the

solvent, and for this reason we can disregard pathway IV.
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Figure 2.17 Pathway IV calculated (B3PW923) for the hydrogenation of benzaldehyde
catalyzedby Re-2a with t-BuOK. Solvationenergiesarereportedusingthe PCM solvationmodel

in tetrahydrofuran (blue) and toluene (red).

In Figure 2.18, pathway V shows an alternative path for the formation of the alkoxide
rhenium complex presented previously in pathway Il. The difference here is that at first,
benzaldehydeoordinatedto rheniumvia the oxygenatom (Int-13, 29.4 (tetrahydrofuranjand
28.1 (toluene) kcal/mol), and then the hydride is transferred from the metal center to the same
oxygento form the alkoxide complexXInt-3) in transitionstateTS10 (30.4 (tetrahydrofuranjand
29.1 (toluene) kcal/mol)This pathway is higher in energy for the formatioriraf-3, therefore it

was disregarded.
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Figure 2.18 Pathway V calculated (B3PW9I23) for the formation of the alkoxide intermediate

Int-3. Solvation energies are reported using the PCM solvation model in tetrahydrofuran (blue)
and toluene (red).

Two other alternative pathways were considered where instead of following a stepwise
mechanism, a concerted mechanism was followed with both the hydride and the proton being
transferredo benzaldehydat the sametime to form the desiredproduct,benzylalcohol.Figure
2.19 shows the concerted pathway without base and Figure 2.20 shows the concerted pathway in
the presence dfBuOK. The transition states where the transfer of hydride and proton occur are
low in energyin bothcaseqTS11andTS12). The pathwaywithout base however,doesnot have
the formationof the alkoxideintermediatdnt -3, andsincethat structurewasshownto be formed

in situ, this pathwaycannotbe consideredhe correctone.In the caseof the concertedoathway
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with basethefinal productis notasthermodynamicallgtableaswhatwe observedn thestepwise

pathway of path Il regardless of the solvent, therefore we can also disregard this alternative.
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Figure 2.19 Concertedpathwaycalculated B3PW91D3) for the hydrogenatiorof benzaldehyde
catalyzed byRe-2a. Solvation energies are reported using the PCM solvation model i

tetrahydrofuran (blue) and toluene (red).
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Figure 2.20 Concertedpathwaycalculated B3PW91D3) for the hydrogenatiorof benzaldehyde
catalyzedby Re-2a with t-BuOK. Solvationenergiesarereportedusingthe PCM solvationmodel

in tetrahydrofuran (blue) and toluene (red).
Part Il

2.2.9Investigating the role of t-BuOK

In Part | of this chapter, it was shown that the difference between pathways with and without
the basdé-BuOK, lies in the thermodynamic stability of the final product. In this sectiorrotee
of t-BuOK in this catalyticsystemis investigatedThelaststepof the free energypathway 11 will
be the focus of these studies since a big difference in energy was calculdteesfoomparedo
Int-4 (Figures2.14-2.15).The primary hypothesidor this differencein energyis that the presence

of the bas&-BuOK stabilizes the desired products.
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To examinethe roleplayed by the grouf counterion, potassium was replaced with other
alkali metals such as sodium and lithium. Reactions were repeated with sodium andtétftium
butoxideunderthe optimizedcatalyticconditions(Table2.5). Resultsindicatethatthereis a clear
decreas@én theyield of benzylalcoholwhent-BuOK wasreplacedwith othergroupl tert-butoxide

salts.

Table 2.5 Comparisorof catalyticresultsusingdifferentbases.

0 Re-2b (0.5 mol%) OH
Base (5.0 mol%)
©)J\H H, (50 bar) N ©)\H
THF, 40 °C, 16 h
Entry Base Yield (%)
1 t-BuOK 94
2 t-BuONa 11
3 t-BuOLi 4

DFT calculationswvereusedto provideinsightinto theimpactof differentalkali metalson
catalyticreactivity. Calculationsalsoincludedt-BuORD,to providea full pictureof the impactof
salts in this group. In Figure 2.21, the critical step where th¢ pioton on the chelating ligand is
transferredo the boundphenoxidein the presenceof the group 1 metal alkoxideis shown.The
additionof t-BuOM (M = lithium, sodium,potassiumandrubidium)resultsin anintermediatehat
is stabilized to a much lesser extent in the presence of the potassiunmbasd0.4 kcal/mol)

comparedo the correspondingntermediatesvith sodium,int-19, (-19.4kcal/mol), lithium,Int-
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20, (-27.0 kcal/mol) and rubidiumnt-21, (-32.4 kcal/mol). This results in a significantly lower
energy barrier (1.3 kcal/mol) for the transformationmif4 to product,int-6, (-26.9 kcal/mol).
Comparatively, calculated activation energies for intermediates with sodium, lithium, and
rubidium were 20.6, 28.2, and 13.1 kcal/mol, respectively. The calculated energies of the final
productsint -6, Int-22, Int-23, andInt-24, were-26.9,-24.4,-26.6,and-49.2kcal/mol. Sincefinal
energies are similar (< 3 kcal/mol) fémt-6, Int-22 and Int-23, these data suggest that the

observed differences in reactivity are kinetic rather than thermodynamic.

20

10

Free Energy (kcal/mol)
S

—tBuOLi —tBuONa —tBuOK —tBuORb

Figure 2.21Freeenergypathwaycalculated B3PW91D3) for the hydrogenatiorof benzaldehyde
catalyzedoy Re-2a with t-BuOX (X = Li (green),Na(blue),K (red),Rb (pink)). Solvationenergies

are reported using the PCM solvation model in tetrahydrofuran.

Chart 2.4 and Figure 2.22 provide some insight into the structures of intermduliades
Int-19, Int-20, andInt-21 andtheir correspondingransitionstates Exceptfor Int-4, transferof
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the Ni H protonon the chelatingligandto the boundphenylmethoxyligandin the presencef the

group 1 metal alkoxide results in transition states that are early, i.e. resemble the reactants in that
the N'H bond of the ligand and the R@Bn bond remains intact. In contrast, the transition state
associateavith Int-4, TS5, resembleshe productin thatthe Reé OBn,andNi H bondin theligand

are cleaved and there is now anHDbond between the phenyl methoxy group and the proton
originally attached to the amine nitrogen in the ligand. In addition, the OH groti|3nis
positioned closer to the base, lika-6, and the distance between potassium and the thiophene
ring decreases from 3.33 An{-4) to 3.22 A IS5) and finally to 3.12 A lqt-6). This suggests
thatpotassiumin this case mayremoveelectrondensityfrom thethiopheneing, andincreaseahe

acidity of theNT H groupon theligand,thusallowing for facile transferof this protonto the phenyl
methoxy group and the generation of the desired prodscthown in Figure 2.23, the Mulliken
atomic charges show that theHNproton (now cleaved) iint-4 is slightly more electropositive
thanthe sameprotonin Int-19, Int-20, andInt-21, probablyindicatingthatprior to beingcleaved,

there was a higher degree of acidity on th&lNroup ofint-4. Therefore, the transfer of the
hydrogernatomto theoxygenon thephenylmethoxygrouphappensnoreeasilyin the caseof Int -

4. Except forlnt-4 andInt-6, all the other minima structures seem to show a bond between the
groupl metalcationandthe oxygenatomon the phenylmethoxygroup,which may explainwhy

lithium, sodium, and rubidium are not able to interact with the thiophene ring enough to have an
impact on the acidity of the-N group on the backbone ligand. In order to model the interaction
with the thiophene ring and the group 1 cation, a simplified version of the ENENES ligand was
used where substituents on the amine nitrogen were the thiophene ring side arm and a methyl
group. When this model ligand was optimized with the different baBe®©X (X = Li, Na, K,

andRb), lithium and sodiumseemedo havestrongerinteractionswith the thiophenearm than
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potassiumand rubidium. However,strongassociatiorwith the oxygenof the phenyl methoxy

group with these cations prevents association with the thiophene ring.

Chart 2.4 lllustrationof the minimaandtransitionstatesstructuref Figure2.21.
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Figure 2.23Calculated (B3PW9D3) Mulliken atomic charges of specific atomdni-4, Int- 19,

Int-20, andInt-21.
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Figure 2.24 Calculated (B3PW9D3) structures of simplified models to assess the interaction

betweergroupl metalcations(t-BuOX (X =Li (a),Na(b), K (c), Rb(d)) with thethiophenearm.

To further address the impact of the thiophene ring, especially in the presence of group 1
cations, the rhenium(l) complex shown in Scheme 2.10 and Figure 2.25 below was synthesized.
When complexRe-7a was used as a catalyst, the yield of the desired product benzyl alcohol was
46% (Scheme 2.11), which was considerably lower than observed for catalysis with the original

complexes that contained a thiophene ring.

Scheme2.10Synthesiof Re-7a

TN, |/\NH2
N

+ Re(CO)CI - N | ¢
U CgHg, 80 °C /R,e\
16 h CO Lo CO

L-1a’ Re-Ta

Figure 2.25 Preliminary X-ray crystal structureof Re-7a. Hydrogensatomswere omitted for

clarity.
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Scheme2.11Catalytichydrogenatiomeactionof benzaldehydesingRe-7a ascatalyst.

Re-7a (0.5 mol%) OH

o]
t-BuOK (5.0 mol%)
©)LH H, (50 bar) H
THF, 40 °C

16 h 46% yield

Figures 2.26 and 2.27 show the free energy calculated (B3®&Ppathways and the
calculated structures for the catalytic hydrogenation of benzaldehydeRe##a and Re-7a as
catalysts. Significantly, for the complex without the thiophene rng,25, the NH proton is
completelytransferredo the oxygenatomin potassiuntert-butoxidewhile potassiumhasa bond
with the oxygen atom on thphenyl methoxy group. Inontrast, as described earlierint -4, the
Ni H proton has been transferred to the phenyl methoxy ligand. Thus, as in the previous section,
the TS for protontransferfrom the Ni H protonto the phenylmethoxyligandis expectedo be late
for Int-4 (TS5), but early forint-25 (TS16). The data presented suggest that association of the
potassium cation with the thiophene saten is critical in destabilizing the intermediate that is
responsible for proton transfer from thé HN arm to the phenyl methoxy product that will

eventually lead to product
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Figure 2.26 Free energy pathways calculated (B3PW91D3) for the hydrogenation of

benzaldehyde catalyzed Bye-7a andRe-2awith t-BuOK.
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Int-4

Int-26 Int-6

Figure 2.27 Calculated (B3PW9D3) structures of the minima that come before (left) and after

(right) the transition state with the thiophene ring (a) and without (b).

The effect of replacingthe methyl groupof the thiophenering with othersubstituentsvas
also investigated (Figures 2.28 and 2.29 and Chart 2.5). Like the free energy pathway shown on
Figure 2.21, except fofr S5, all the other transition states resemble the reactants in thai the N
bond of the ligand and the R@Bn bond remain intacApart fromInt-4, all the other minima
before the transition states have the potassium close enough to interact with the oxygen of the
phenyl methoxy group, making that atom unavailable to receive the hydrogen froriiHhenN
the ligand backbone. This interaction significantly stabilizes these intermediates and results in
activationbarriersthat are higherthan Int-4 (26.1 kcal/mol (TS17), 25.4 kcal/mol (TS18), and

21.6kcal/mol(TS19) respectively).
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The calculatedoKas ofthe Ni H protons in theRe(l) and Mn(l)complexes othis chapter

are shown in Chart 2.6. The pKas are too high for deprotonatiotBayOK however the

substituents on thiniophenering may renderthe N'H bond more acidic. Ithe caseof Int-4 the

interaction between potassium and the thiophene ring likely weakenshhieddd so that the H

atomcanbetransferredirectly to the phenylmethoxygroup.The Me groupin Int-4 is relatively

electrondonatingcomparedo the groupsin Int-27, (Br), Int-28 (O

Me, inductively withdrawing),

Int-29 (H), this renders the thiophene grouplmi-4 a better donor to the potassium cation and

allows for lowering the pKa of theif¥ bond.
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Figure 2.28 Calculated (B3PW9D3) free energy pathways of
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the hydrogenation reaction of

benzaldehyde with the catalysts having different substituents on the thiophene ring. Solvation

energies are reported using the PCM solvation model in tetrahydrofuran.
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Chart 2.5Illustrationof the minimaandtransitionstatesstructureof Figure2.28.
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Figure 2.29CalculatedB3PW91D3) structures ofheminimaof Figure2.28.
Chart 2.6 Calculated(B3PW91D3) pKas of someof the Re(l) and Mn(l) complexesof this

chapter.
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To summarize, the experimental and computational data suggestBih@K lowers the

activationbarrierfor protontransferfrom theNi H bondin theligandto thephenylmethoxygroup,
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in order to generate producgignificantly the hemilabile thiophene ring associates with the
potassium atom in-BuOK. This destabilizes the critical intermediate for proton transfer, thus

lowering the activation barrier for product formation.

Part Il

2.2.10 Origins of aldehydeselectivity

Novel Re(l) andMn(l) complexeghatwerefoundto be catalystsor the hydrogenatiorof
aldehydes weretroduced in the first part @ghis chapter.The mechanism was studied fully with
experimentahnd computationatechniquesandit wasfound thatthis catalyticsystemrequirest-
BuOK to produce the desired product. Therefore, the role play@dBb®K was investigated in
thesecondartof this chapterln thethird andlastpartof this chapterthereasorfor the selectivity

for aldehydes in this catalytic system was examined.

The goal with the catalytic system presented in this chapter was to hydrogenate a variety of
carbonyl compounds, especially esters and amides, which are important functional groups in
monomers that lead to plastics. However, the attempted hydrogenation of aromatic and aliphatic
ketones, esters and amides was not successful. Thus, this system was selective for the
hydrogenation of aldehydes. To confirm the preference for aldehydes further, a competition
experiment was performed where benzaldehyde and acetophenone were present in the same
reaction vessel. Under these conditions, acetophenone was not hydrogenated.

Among ketones, esters and amides, ketones are the most reactive group of carbonyl
compoundsalthoughnot asreactiveasaldehydesDFT calculationsvereemployedio understand
this selectivity. Figure 2.30 shows the comparison of the free energy pathways between

benzaldehydand acetophenonkspectionof the calculatedtructuregFigure2.31)revealsthat
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thereis a stronginteractionin the caseof acetophenon@nt -33) with thet-BuOK baseandthe Ni

H bond ofthe ligand. In contrast, imt-4, the N H bond is transferred to thexygen atom in the
phenyl methoxy group. At the same time, as noted earlier, there is a strong interatiod in
with thethiophenering. Theassociatiorof the K atomwith the thiophenegroupin the ligand side

arm appears to dstabilizelnt -4, relative toint-33 (0.4 and-10.5 kcal/mol respectively).
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Figure 2.30 Calculated (B3PW9D3) free energy pathways of the hydrogenation reaction of
benzaldehyde (red) and acetophenone (blue) R#fPa and t-BuOK. Solvation energies are

reported using the PCM solvation model in tetrahydrofuran.
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Figure 2.31CalculatedB3PW91D3) structures otheminimaof Figure2.30.

In anattemptto hydrogenatéardercarbonylsubstratesuchasketonesgstersandamides,
the morpholine/piperidine arm was changed to a more robust ligand such as pyridine (Scheme
2.12).The synthesif Re-8 is shownin Scheme2.13,andthe preliminary X-ray crystalstructure

(Figure 2.32) confirms the expected connectivity.

Scheme2.12lllustration of theligand changéeo try to makethe catalyst more&obust.
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Scheme2.13Synthesiof Re-8.
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»/5 Nr\))
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\__ S
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Re-8
74% yield

58



Figure 2.32PreliminaryX-ray crystalstructureof Re-8. Hydrogenatomswereomittedfor clarity.

Thedecompositiortestsin tolueneds (Figure2.33)showedthatthis newrheniumcomplex
also does not decompose at a relatively high temperature such as R@afety of catalytic
conditions were attempted with this complex, however, no hydrogenated product was observed
not even with aldehydes. To understand the lack of reactivity, DFT calculations were employed
(Figure 2.34). The free energy pathways reveal that the energy of the final praniu8E.and
Int-38, areboth higherin energy relativeo Int-35 andInt-36 suggesting that this stegmould be
reversible The calculatedstructuregFigure2.35)showthatin the caseof benzaldehydethe bond
between potassium and the oxygen of phenyl methoxy makes that oxygen unavailable to receive
the hydrogen from the Idl on the ligand backbone. Instead, the hydrogen atom is transferred to
the oxygenof thebase With acetophenoneghereseemdo beaninteractionbetweerthe hydrogen
onthe O-H groupandthe nitrogenatomon theligand backbonehatdestabilizeghe final product
Int-37. Also, the activation barrier with acetophenone is considerably higher than with

benzaldehyde (15.1 versus 5.3 kcallmo
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Figure 2.33Decomposition tests d&?e-8 run in tolueneds for 16 hours at a) 120 °C; b) 100 °4hd

c) 25 °C.
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Figure 2.34 Calculated(B3PW91D3) free energypathwaysof the hydrogenatiorreactionof
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Figure 2.35CalculatedB3PW91D3) structures otheminimaof Figure2.34.
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To further evaluate the impact of the thiophene ring in the catalytic system, two different
ligands (Figure 2.36a and 2.36c) and rhenium complexes (Figure 2.36b and 2.36d) were
synthesized. In these ligands and complexes, sulfur was replaced with oxygen in the aromatic

group of the ligand (Scheme 2.14).

Scheme2.14lllustration of theligand changeo try to improvethe interactiorwith t-BuOK.
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Figure 2.36 Synthesi®of ligandsandcomplexeRe-9b andRe-10.
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The new rhenium complexeRe-9b and Re-10 were tested as catalysts for the
hydrogenation of carbonyl compounds. The yields were moderate (arou@@%§0 with
benzaldehyde as the substrate R&9b and Re-10, however, no hydrogenated products were
observedvith ketonesgstersandamides.The activationbarriersfor benzaldehyd¢20.3and22.7
kcal/mol)andacetophenong0.0kcal/moland16.6kcal/mol)aresimilar (Figure2.37).Chart2.7
andFigure2.38showhow similar to eachotherthefinal productsint-43, Int-44, Int-45, andint -

46 are.A possibleexplanatiorfor thedifferencein reactivity observednaybethe energyrequired

to transferthe protonfrom the baseto the oxygenof the phenylmethoxygroup,whichin the case
of benzaldehyde may be lower.
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Figure 2.37 Calculated (B3PW9D3) free energy pathways of the hydrogenation reaction of
benzaldehyde (red and green) and acetophenone (blue and pinkredth and Re-10 and t-

BuOK. Solvation energies are reported using the PCM solvation model in tetrahydrofuran.
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Chart 2.7 lllustration of the minimaandtransitionstatesstructureof Figure2.37.
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The intermediates before the transition state-89, Int-40, Int-41, andInt-42) have an
interaction between the hydrogen of théHNon the ligand backbone and the oxygen of the base,
which stabilizesthoseintermediatesanddoesnot drive the reactionforward, asshownpreviously.

Uponinspectingthe structuresit is not clearwhethemotassiums interactingwith thefuranring,
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thereforepurinitial assumptiorthatreplacingthe sulfuratomfor amoreelectronegativenewould

potentially improve this catalytic system may be incorrect.

Re-9b Re-10

Int-39 {Q Q Int-42

Figure 2.38CalculatedB3PW91D3) structures ofheminimaof Figure2.37.

To further investigate whether replacing sulfur with a more electronegative atom would
result in a more active catalytic system for the hydrogenation of carbonyl compounds, we
employed DFT calculations to examine the free energy pathway of catdbydtka and Re-12,

where the sulfur atom was replaced by nitrogen (Chart 2.8).

Chart 2.8 Structureof Re-11aandRe-12.
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Figure 2.39 shows the free energy pathways for the hydrogenation of benzaldehyde and

acetophenoneatalyzed byrRe-11aandRe-12. Althoughwe do not haveexperimentatiataat this
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momentto confirm theseresults the catalytichydrogenatiorof acetophenonwith Re-11aseems

very promising.
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Figure 2.39 Calculated (B3PW9D3) free energy pathways of the hydrogenation reaction of
benzaldehyde (red and green) and acetophenone (blue and pinlgenditta and Re-12 andt-

BuOK. Solvation energies are reported using the PCM solvation model in tetrahydrofuran.
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Chart 2.8lllustrationof the minimaandtransitionstatesstructureof Figure2.39.
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Inspection of the calculated structures (Chart 2.8 and Figure 2.40) revedist thatis
structurally similar tdnt-4, in that the NH bond is cleaved, and the proton is transferred to the
oxygenatomin thephenylmethoxyligand.In addition,thereappearso be a significantinteraction
between the nitrogen atom in the pyridine arm and potassium. In contrast,HhieoNd inint -

48, Int-49, andInt-50 is not cleavedandtheinteractionwith the pyridinearmis not evident.This
suggests that likint-4, the transition state foriNH cleavage and transfer to the oxygen atom of
the phenyl methoxy group is late (resembles produktspa result, this step has a low activation

barrier with this catalyst.
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Figure 2.40CalculatedB3PW91D3) structures ofheminimaof Figure2.39.

2.3 Conclusions

To summarize, several ENENES Mn(l) and Re(l) complexes were prepared and tested as
catalysts for the homogeneous hydrogenation of benzaldeAitdeugh all the complexes were
capable of hydrogenating aldehydes, the manganese coMple€b was found to be the most
efficient catalyst under mild conditions, (25 °C and 40 barpgtessure). The isolation of the
rheniumhydride complexRe-5b made it possible to study the mechanism and it was
experimentally observed that the basBuUOK, is an important part of the catalytic cycle. Based
on experimental and computational studies, two pathways have been proposed for this system:
with andwithout the preenceof the base(t-BuOK). The paththatincludedt-BuOK waslower in
energy. To the best of our knowledge, the rhenium complexes reported here are the first bearing
ENENESIigands.Further,therole of t-BuOK is clarified with experimentabndDFT studies.The
baset-BuOK drives the reaction forward and stabilizesthe final product by associatingthe

potassiumwith the thiophenesidearm.This interaction also lowers the activation energy for
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transfer of the NH bond in the ligand backbone to the phenyl methoxy group. Although this
system was not able to hydrogenate ketones, esters, and amides, with the help of DFT studies a
new Re complexRe-11a) was identified that showed promising results for the hydrogenation of

acetophenone.

2.4  Experimental section

General Considerations.Complexes Re(CGLI and Mn(CO3Br and ligand2 @vere purchased

from Strem Chemicals and used as received. Ligands, L-1b, L-1c, L-1d, andL-1e were
synthesizedhccording to published procedut@sAnhydrous solvents were purchased from Sigma
Aldrich and dried with molecular sieves before use. Potasgurbutoxide (1.0 M inTHF) was
purchased from Sigma Aldrich and used as received. Aldehydes were purchased from Sigma
Aldrich and Fisher Scientific: solids were used as received and the liquids were dried with
molecular sieves and degassed before Aiseand/or moisture sensitive materials were stored in
the glovebox. Deuterated solvents were purchased from Cambridge Isotope Labotéatcaies.

13C NMR spectravereobtainedon 500 0r 600 MHz spectrometerat roomtemperatureChemical
shiftsarelistedin partspermillion (ppm)andreferenced tahe residualprotonsof the deuterated
solvent used. Elemental analysis were performed by Atlantic MicroLabs, In@y X

crystallographywvasperformedat the X-ray StructuralFacility at North CarolinaStateUniversity.

Synthesis of Re(NNS(thiophenepiperidine)(Cl)(CO)s (Re-2a). Ligand la (299 mg, 1.26
mmol) wasdissolvedn 20 mL of dry benzeneandwasaddeddropwiseto the colorlesssuspension
of [Re(CO}Cl] (454 mg, 1.26 mmol) and 40 mL of dry benzene. The mixture was then refluxed
overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporate@gndthe residuewasfurther stirred withhexanesvernight,

filtered, anddriedundervacuumto yield a whitesolid of the Re compleRe-2a. Yield: 92%,1.4
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g. A singlecrystalwasgrownby slow diffusion of hexanesn a chloroformsolutionof thecomplex
at room temperaturéd NMR (500 MHz, CDCY) i : Jd = Bl1Mz, (LH, thiophenkl), 6.82
(d,J=5.0Hz, 1H, thiopheneH), 4.694.65(m, 1H, NH-CH2-thiophene)4.00-3.96 (m, 1H, NH-
CHa-thiophene)3.661 3.61(m, 1H, -CH,-), 3.55:3.50(m, 1H, -CH2-), 3.35(s, 1H, NH), 3.181
3.10(m, 1H, -CH>-), 2.942.88(m, 1H, -CH>-), 2.71-2.66 (m, 2H, piperidine),2.23(s, 3H, CHs-
thiophene)1.981 1.85(m, 4H, piperidine),1.807 1.71(m, 4H, piperidine).r3C NMR (126 MHz,
CDCl) d: 196.63,193.87,192.86,137.54,131.49,130.90,125.10,63.16,59.35,53.37,48.86,
23.67, 23.15, 14.17. FTIR cm®: 2015, 1871, and 1845 (Re-CO). Elemental analysis:

(C16H22CIN20sReS)Theory:(C: 35.30H: 4.04, N:5.15)Found: (C:35.05,H: 4.04,N: 5.13).

Synthesis of Re(NNS(thiophene)orpholine)(Cl)(CO)s (Re-2b). Ligand 1b (415 mg, 1.73
mmol) was dissolvedn 20 mL ofdry benzene and was added dropwis@ colorless suspension

of [Re(CO}CI] (626 mg, 1.73 mmol) and 40 mL dry benzene. The mixture was then refluxed
overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporate@ndtheresiduewasfurtherstirredwith hexane®vernight,
filtered, and dried under vacuum to yield a light purple solid of Re conipdeXb. Yield: 87%,

817 mg. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of the
complexat roomtemperatureH NMR (500MHz, CDCl) i *H NMR (600MHz, CDCls) 11 7.18

(d, J=5.2 Hz,1H, thiopheneH), 6.83(d, J = 5.1 Hz,1H, thiopheneH), 4.717 4.65(m, 1H, NH-
CHa-thiophene), 4.18 4.03(m, 2H, morpholine), 4.02 3.97 (m,1H, NH-CHz-thiophene)3.96

T 3.92(m, 1H, morpholine) 3.791 3.73(m, 2H,-CH>-), 3.521 3.46(m, 1H, morpholine)3.38(s,
1H,NH), 3.19i 3.15(m, 1H,-CH>-), 3.131 3.07(m, 1H,-CH>-), 2.83i 2.78(m, 1H, morpholine),

2.727 2.64(m, 1H, morpholine),2.537 2.49(m, 2H, morpholine),2.23(s, 3H, CHz-thiophene).

13C NMR (126 MHz, CDCls) d: 196.02,193.24,192.54,137.72,131.24,130.99,125.26,65.19,
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62.80,57.79,53.57,48.31,14.19.FTIR cm: 2016,1895,and1880(Re-CO). Elementalnalysis:
(C15H20CIN204ReS0.5CHCI,) Theory:(C: 31.63,H: 3.60,N: 4.76) Found:(C: 31.71,H: 3.47,

N: 4.65).

Synthesis of Mn(NNS(thiophenepiperidine)(Br)(CO)3 (Mn-2a). Ligand 1a (266 mg, 1.12
mmol) wasdissolvedn 20 mL of dry benzeneandwasaddeddropwiseto the colorlesssuspension

of [Mn(CO)Br] (307 mg, 1.12 mmol) and 40 mL dry benzene. The mixture was then refluxed
overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporate@ndtheresiduewasfurtherstirredwith hexaneovernight,
filtered, and dried under vacuum to yield a light yellow solid of the Mn comdiex2a. Yield:

41%, 212 mgA single crystal was grown by slow diffusion of hexanes in a chloroform soleftion
the complex at room temperatutél NMR (600 MHz, CDC) UG 7. 16 (s overl ap
solvent,1H, thiopheneH), 6.83(s, 1H, thiopheneH), 4.68(broads, 1H, NH-CHx-thiophene)3.91
(broads, 1H, NH-CH-thiophene)3.57 (broads, 1H, NH), 3.42(broads, 2H, -CH>-), 2.97 (broad

S, 2H,-CH>-), 2.737 2.48 (m, 4H, piperidine), 2.27 (s, 3HHethiophene), 1.72 (broad s, 4H,
piperidine),1.55(broads, 2H, piperidine).**C NMR (151MHz, CDCl) d: 213.52,193.65,183.75,
137.27,131.55,130.96,124.69,60.78,60.20,52.13,48.30,23.63,22.53,14.28 FTIR cm': 2013,

1923,and1892(Re-CO). Elementalanalysis:(Ci6H22BrMnN20sS 0 . .Gl L Hheory:(C: 39.66,

H: 4.64, N: 5.61) Found: (C: 40.35, H: 4.86, N: 5.99).

Synthesis of Mn(NNS(thiophenemorpholine)(Br)(CO)s (Mn-2b). Ligand 1b (314 mg, 1.31
mmol) was dissolvedn 20 mL of dry benzeneand was added dropwise acolorless suspension
of [Mn(CO)Br] (360 mg, 1.31 mmol) and 40 mL dry benzene. The mixture was then refluxed
overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room

temperaturethe crudeyellow productprecipitated,which was then filtered and washedwith
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hexanes overnight, filtered again, and dried under vacuum to yield a yellow solid of the Mn
complexMn-2b. Yield: 68%,411mg.A singlecrystalwasgrownby slowdiffusion of hexanesn a
chloroformsolution of the complex.*H NMR (600 MHz, CDCls) i 7.20(s overlappingwith the
solvent,1H, thiopheneH), 6.84(s, 1H, thiopheneH), 4.68(broads, 2H, NH-CH2-thiophene)3.71
(broads, 2H, -CH>-), 3.56 (broads, 2H, -CH>-), 3.00 (broads, 1H, NH), 2.952.76 (m, 4H,
morpholine),2.72i 2.50(m, 4H, morpholine),2.27(s, 3H, CHs-thiophene)*C NMR (151 MHz,
CDCl3) d: 213.86,197.97,189.22,131.03,124.87,64.15,63.39,60.74,58.73,57.16,52.29,47.68,

14.20. FTIR cm® 2013, 1923, and 1893 (ReCO). Elemental analysis:
(C15H20BrMnN204S 0.5CHCl,) Theory:(C: 37.11,H: 4.22,N: 5.58) Found:(C: 36.75,H: 4.29,

N: 5.79).

Synthesisof Re(NNS(phenylymorpholine)(CI)(CO)s (Re-3b). Ligand2 $100mg, 0.380mmol)

was dissolved in 20 mL of dry benzene and was added dropwise to a colorless suspension of
[Re(CO}CI] (136 mg, 0.380 mmol) and 40 mL dry benzene. The mixture was then refluxed
overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporatedndthe residuewasfurther stirred withhexanesvernight,
filtered, anddried undervacuumto yield an off-white solid of RecomplexRe-3b. A singlecrystal
wasgrown by slow diffusion of hexanesn a chloroformsolutionof thecomplex.Yield: 90%,194
mg.H NMR (500MHz, CDCl;) U 7.527 7.47(m, 2H, phenyl),7.341 7.29(m, 2H, phenyl),7.29

T 7.24(m, 1H, phenyl),4.12(s, 1H, NH), 4.107 4.03(m, 2H, morpholine),3.947 3.89(m, 1H,
morpholine),3.83-3.75(m, 2H, -CH>-), 3.451 3.40(m, 1H, morpholine),3.351 3.29(m, 1H, -

CH2), 3.297 3.22(m, 1H, -CH2-), 3.221 3.16(m, 1H, -CH2-), 3.097 3.04(m, 1H, -CH,-), 3.04

T 3.00(m, 2H,-CH>-), 2.8271 2.75(m, 1H, morpholine),2.651 2.59(m, 1H, morpholine), 2.58

2.50(m, 2H, morpholine)*C NMR (126MHz, CDCl) d: 195.92,193.09,192.42,133.26,129.92,
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128.73,65.17,62.68,57.73,54.87,47.81,34.22.FTIR cm: 2013,1914, and 1882 (Re-CO).
Elementalanalysis:(C18H24CIN2OzReS) Theory: (C: 35.66,H: 3.85,N: 4.89) Found:(C: 36.19,

H: 3.93, N:4.97).

Synthesis of Re(NNS(thiopheneinorpholine)(H)(CO)s (Re-5b). In an inert atmosphere,
complexRe-2b (102.2mg, 0.187mmol) wasdissolvedn 30 mL of dry toluenein a50 mL storage
tube.Oneequivalentof sodiumtriethylborohydrideg(0.187mL, 0.187mmol) wasaddeddropwise

to the solution oRe-2b and stirred overnight (16 h) at room temperature. The solution was then
filtered to afford a yellow solid which consisted of a mixture of the desired product (rhenium
hydridecomplexRe-5b) andthe byproductsodiumchloride.To separatdoth productstheyellow
powder was dissolved in a minimal amount of methylene chloride, filtered through celite, and
excespentanevasaddedio afford the precipitationof the desiredwhite Re complexproductRe-

5hb. Yield: 78%, 75.0mg. A singlecrystalwasgrown by slow diffusion of pentangn a methylene
chloride solution of the compleXd NMR (600 MHz, Methylene Chloriddz) G 7J=252 ( d,
Hz, 1H, thiopheneH), 6.90(d, J = 5.1 Hz, 1H, thiopheneH), 4.58 (m, 1H, NH-CH2-thiophene),
4.40(s,1H, NH), 4.13(m, 2H, morpholine) 3.98(m, 1H, NH-CH»-thiophene) 3.93(dt, J = 12.7,

3.2Hz, 1H, morpholine), 3.82(dt, J = 12.9,3.4Hz, 1H, morpholine),3.44(m, 2H, -CH>-), 3.221

3.16 (m,1H, -CH>-), 2.9671 2.89 (m,3H, overlap betweerCH»- and morpholine)2.82 (ddd,J =
11.9,10.2,3.2Hz, 1H, morpholine)2.69(dtd,J=13.2,9.7,3.6 Hz, 1H, morpholine) 2.28(s, 3H,
CHs-thiophene)!3C NMR (126 MHz, CDCls) d: 201.89,200.30,198.20,137.99,132.99,131.12,
125.44,66.49,65.82,64.30,55.79,48.12,14.35.FTIR cm’: 2016(Re-H), 1987,andbroadpeak

at 1852 (ReCO). Elemental analysis: (§121N2O4sR e S 02CI5 Thebory: (C: 33.60, H: 4.00:

5.06) Found: (C: 33.76, H: 3.98, N: 5.05).

73



Synthesisof Re(NNS(thiophenejpyridine)(Cl)(CO) 3 (Re-8). Ligand 1¢ (112 mg, 0.482mmol)

was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension of
[Re(COXCI] (175 mg, 0.482 mmol) and 40 mL of dry benzene. The mixture was then refluxed
overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporate@ndtheresiduewasfurtherstirredwith hexane®vernight,
filtered, and dried under vacuum to yield a white solid of the Re confifeeX Yield: 74%, 191

mg. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of the
complex at room temperaturgd NMR (500 MHz, CDCJ) i 9.05 (dddJ = 5.8, 1.7, 0.7 Hz, 1H,
pyridine-H), 7.80(td, J = 7.7,1.7 Hz, 1H, pyridine-H), 7.3871 7.26(m, 2H, pyridine-H), 7.23(d,
J=5.1Hz, 1H, thiopheneH), 6.87(q, J = 4.8 Hz, 1H, thiopheneH), 4.907 4.83(m, 1H, NH-
CHy-thiophene)4.28i 4.14(m, 1H, NH-CH-thiophene)3.39(ddd,J = 15.0,10.1,4.2 Hz,1H, -

CH2-), 3.32(s, 1H,-NH), 3.16(ddd,J = 15.9, 5.43.0Hz, 1H,-CH>-), 3.02(dddd,J = 13.0,10.1,

5.6,3.0 Hz, 1H, -CH2-), 2.961 2.91(m, 1H, -CH2-), 2.31(s, 3H, -CHs). 3C NMR (126 MHz,

CDCl) d: 160.40,156.82,139.17,137.60,130.69,125.76,124.91,124.06,54.15,45.23,36.64,

14.00.

Synthesisof Re(NNO(furan)-morpholine)(CI)(CO)s (Re-9b). Ligand 1d (206 mg, 0.979mmol)

was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension of
[Re(COXCI] (354 mg, 0.979 mmol) and 40 mL of dry benzene. The mixture was then refluxed
overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room
temperaturethe solventwasevaporate@ndtheresiduewasfurtherstirredwith hexane®vernight,

filtered, anddriedundervacuumto yield a white solid of the Re complexRe-9b. Yield: 70%, 354

mg.H NMR (500 MHz, CDCJ) 0 7J=41B HZ, ©H, furasH), 6.4471 6.38 (m, 2H, furan

H), 4.53(dd,J = 14.9,3.4Hz, 1H, -CH-), 4.18i 4.08(m, 2H, -CH2-), 4.05(dd,J = 14.9,10.0Hz,
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1H,-CH-), 3.99(dt, = 12.9,3.2 Hz,1H, -CH-), 3.87i 3.81(m, 2H, -CH>-), 3.73(s, 1H, -NH),
3.52(dq,J = 12.3,2.3Hz, 1H, -CH2-), 3.22(td, J = 13.3,3.3Hz, 1H, -CH2-), 3.12(ddt,J = 13.2,
5.3,2.8 Hz, 1H-CHy-), 2.86(dddd,J = 15.9, 13.09.3, 4.2 Hz, 2H,CH2-), 2.57 (tt,J = 10.8,3.6
Hz, 2H, -CH2-). 13C NMR (126 MHz, CDCl) d: 195.70,192.85,192.06, 149.52143.58,111.03,

110.84,65.03,64.92,62.59,61.70,57.48,53.18,48.38.

Computational Studies. Calculations were performed with the Gaussiaf®*L6omputational
program. Geometry and transition state optimizations were performed with3h&(6,p§2612’

basis set on light atoms and SDD basig?8&t° with an added f polarization functibi on
rheniumand manganeserlhe optimizationcalculationsincludedtight optimizationcriteria (opt =

tight) in the Gaussian 1% implementation of B3PW93$? with an ultrafine integral grid (int =
ultrafine), and Gr i fimas&@mployed is allealcslationall stcuctures e ¢t i o1
were fully optimized, and analytical frequency calculations were included on all structures to
ensure a zerotbrder (local minimum) or firsbrder (transition state) saddle point. The minima
associated with each transition state were verified by animation of the imaginary frequency. The
energyvalueswerecalculatedat 298 K with the 6-311++G(d,p)oasisset**for C, H, N, O, S, and

K atomsandthe SDD basissetwith anadded polarizationfunctiont** onrheniumandmanganese.

The reported energies utilized analytical frequencies and the zero point corrections from the gas
phase optimized geometries and include solvation corrections which were computed using the
polarizable continuum model (PCM) methBd!*¢ with toluene and tetrahydrofuran as the

solvents implemented in Gaussian 16.

Computational Procedure for pKa Calculations. The pKa calculations were based on the
equationbelow thatshows the relationshipetween pKa and the Gibbge energychange of the

protonation or acid dissociation reacti®:
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4G
"~ (In10)RT

pKa
(3.1)

R andT arethegasconstanandabsoluteaemperaturerespectivelyThe Gibbsfree energychange
is:
DG =G(M]—N~)+G(H*) —G([M] — NH) (3.2)

= MG v + AGHY v + AGSEY — AGHHY (3.3)

Where M is Re or Mn, while [MN™ and [M}NH are the unprotonated and protonated versions of

the ligand backbone. G([MY), G([M]-NH), and G(H) are the Gibbs free energy of the
unprotonated and protonated states of the ligand backbone in the metal complex, and that of a
dissociated proton, respectively. Considering the thermodynamic'tyefethe reaction (Figure

241), Equation 3.2 can be written as Equation 3.3, using the gas phase reaction Gibbs free energy,

wO , and the solvation free energy of the M}, H", and [M}NH, which areyO :

w0 ,andwO , respectively.

+ AG \ .
[M]—NHg, e M-Ng + H'

solv solv solv
AG y _nu AG |y _y- AG}:

Y

[M]_N_{sulv] + H+:sulu:

[M]”HH{sulu}

(solv)

Figure 2.41 The descriptionof the thermodynamiccycle for the deprotonationreactionof the

ligand backbone in the Re(l) and Mn(l) metal complexes presented in this chapter.
To solve Equation 3.3 and obtain the pkK¥) andwO can be calculated, whilgO
is a constant of value 255.1 kcal/mol in acetonitrile, determined by Rossini and'&r&jikola

Lambic, unpublished resuljs wO can be calculated by Equation 3.4 below, where

O and 'O are obtained by calculations, whit¢dO is a constant of value6.28
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kcal/mol=2.

gas _ ~gas gas _ ~gas 3.4
AGigy-nn = Oy~ + A6+ — Giygywn (34)

To perform calculations, the Gaussiart?®@omputational program was used. Bptimizations,

the BBPW93i*?met hod with an ultrafine integral grid
correctiort*3 wasemployedin all calculationsOn light atoms the basissetwas6-31G(d,p$2%*?*

while SDD basis sét® 1% with an added f polarization functibit was used for rhenium and
manganese. For the energy calculations, the same method was employed, however, the basis set
for thelight atomswas6-311++G(d,p)** andSDD+f1?8 0 \wasusedon thetransitionmetals.The
energyvalueswerecalculatedat 298 K, andthe solventcorrectionvalueswereobtainedusingthe
polarizable continuum model (PCM) methda*with acetonitrile as the solvent.

General Procedureof Catalytic Hydrogenation

Liquid substrates were degassed and stored over molecular sieves in the glove box. Solvents,
substrategnetalcatalystsandt-BuOK werehandledn the glovebox. Thecatalyst(0.0045mmol)
wasdissolvedin the specificdry solvent(THF, toluene diethyl ether,acetonitrile,1,4-dioxane)in

theglove box, thent-BuOK (0.0045,0.0090,0.0225,0.045mmol) wasaddeddropwise,followed

by the substrate (0.9, 4.5 mmol). The solutions were mixed in 20 mL glass vials and transferred
into Parr Instrument stainless steel autoclaves under nitrogen gas in the glove box. The system
would thenbe purgedwith H2 (20 bar) for 1 minute, pressurizedvith Ho to the specifiedpressure,

and heatedto the specifictemperatureThe reactionswere run in triplicate andthe yields of the
productswere determinedoy *H NMR spectroscopyy the ratio of the methylenepeakin the

alcohol product to the aldehyde peak of the substrate.
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NMR experimental data
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Figure 2.42 'H NMR (600 MHz, CDCl) spectrumof Re-2a. Impurities: water (1.5 ppm), n-

hexane (1.24, 0.86 ppm).
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Figure 2.44'H NMR (600 MHz, CRCl,) spectrum ofRe-2b. Impurities: benzene (7.35 ppm),

water (1.55 ppm), grease (1.23, 0.88 ppm).
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Figure 2.46H NMR (600 MHz, CDC8) spectrum ofMn-2a. Impurities: benzene (7.34 ppm),
water (1.59 ppm),4mexane (1.23, 0.88).
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Figure 2.471°C NMR (151MHz, CDCk) spectrum oMn-2a.
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Figure 2.48H NMR (500 MHz, CDCJ) spectrum ofVin-2b. Impurities: benzene (7.34 ppm),

water (1.65 ppm),4mexane (1.23, 0.88).
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Figure 2.491°C NMR (126 MHz, CDCk) spectrum oivin-2b.
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