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Abstract

The chemistry of PSiBincer complexes of secondnd thirdrow transition metals
has been well established within the context of bond activation chemistry and catalysis.
Recent developments have begun to establish the chemistry of theMirgtansition
metals in conjunctio with PSIiP ligation, with examples of Fe, Co, and Ni demonstrating
capable catalytic performance in a variety of hywinctionalizationreactions.This
document details theevelopment of PSiP and bidentate R8pported Co and Ni
complexes for highly ante catalytic hydrogenatiodditionally, an example of mixed
phosphinephosphonite ligation is shown to support Co catalyzed asymmetric
hydrogenation.

In terms of (PSiP) Co chemistry, work in this document has improved on previously
reported alkene hydgenation catalysis through the synthesis of (PSiP)Co complexes
supported by alkyne ligation. These complexes are shown to be active catalysts for a
broad scope of functionalized alkenes under mild conditions (1 aimrdém
temperature). Acomputational widy into the mechanism of alkene hydrogenation by
these complexesggests that the silyl donor can act in ammocent manner to improve
catalyst turnover.

A (PSIiP)Ni hydride complekas been shown tact as a catalyst for thE)selective
semihydrogenation of alkynes. This catalyst operates under exceptionally mild conditions
(2 atm H, 1 mol % Ni, room temperature) and demonstrates excellent selectivig){for (
selective semihydrogenationf alkynes across a broad substrate scope. A brief
mechanistic investigation reveals facile insertion of alkynes into thé Idind, and that
electron withdrawing substituents on the substrate hinder the reaction.

A mixed phosphinghosphonite ligand was coordindt® a series of Co complexes
that could support the asymmetric hydrogenatiod-déhydroamino acid derivatives. A
cationic Cd complex was synthesized and applied towards this transformation where it
was found to provide high enantioselectivity acrodsr@ad, functionalized, substrate
scope. Deuterium labeling experiments provide evidence for a dihydride mechanism
resulting from oxidative addition of dihydrogen.

Lastly, a new class of chiral ligand featuring chirality at Si has been developed and
applied towards the Ni catalyzed asymmetric hydrogenation of functionalized enamides.
Chiral phosphino(silyl) (PSi) ligation is shown induce enantioselectivity and high
catalytic turnover fothe asymmetric hydrogenation of a dehydroamino acid methyl ester
and a trisubstituted carbocyclic alkene. Ansitugenerated species is shown to provide
the highest activity and enantioselectivity.

XV
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Chapter 1:Introduction
1.1Overview

The ability of transition metal complexes to catalyze chemical transformations has
become one of the fundamental applications of organometallic chenhisipgrticular,
homogewrous catalysis has been widely recognized as a usefplicagon of
organometallic complexeas demonstrated by the 26812005, and 2010Nobel Prizes
in Chemistry awarded for asymmetric catalysis, olefin metathesis, acatélgzed cross
coupling respectively.Efforts continue today towards the discovesf new transition
metal complexes caple of improving on these catalytic transformations, as well as the
development of new methodologies and further applications for organometallic complexes.

Despite the high activity and low catalyst loadings afforded by the ydatwmfum group
or @mo nigd., R, Bh, Ir, PdP1), their low abundancandhigh cost has made their
continued use prohibitivén an effort to develop more sustainable synthetic methods, there
has beernncreased global interest in the development of the organometadiaistry of
the much more abundant fingiw transitiono r 6 rnedats®dIée loweractivity of many
first-row transition metatatalystsas well as the propensity faften undesired single
electron chemistry represent serious issues to be considered when developing complexes
of these metalto beused as catalyst$hese issuesanhinderthe adoption of firstow
transition metal catalysts for large scale applications, as the economic benefit of employing
a cheaper metal is quickly offset by the amount of catalyst requiretior the cost of
spedalized ligands.

Ancillary ligand design represents the most straightforward way to overcome the

inherent limitations of base meteatalyst performancdue to the ability of ligands to



modify the coordination environment about the metal cehtggrovemets can be made
throughrational modification ofthe ligand scaffold to afford control ahe steric and
electronicfeaturesof themetal complexed.igands capable of coordinating in a tridentate
O0pi ncer fypidalyy aneridiomal) are particularly us@ul, as they have multiple

tuneable sites to tailor the reactivityaometal complexo the desired transformations.
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(e}
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R =alkyl or aryl

Figure 1.1.1. Common tridentate pincer ligand motifs.

The research outlined in this document builds on previous work done in the Turculet
group eploring the ability ofbis(phosphin®ilyl (PSiP)first-row transiton metalpincer
complexes for the catalytieductionof unsaturated substratéSigure 1.1.2) Chapter 2
describes the synthesis of bis(phosphino)silyl (Figure 1.1.2 A) supportedlkyoe
complexes that display excellent reactivity for alkene hydrogenation under mild reaction
conditions Previous work by fomer Turculet group student, Dr. Luke Murphy, established
the ability of a (PSiP)Caomplex supported by exogenous phosphine ligation to support
alkene hydrogenation cataly$ihe work describeth Chapter 2 improweon this through
the synthesis of alkyne supported (PSiP)x@mplexes that were found to be exceptionally
active toward alkene hydrogenation. An investigation into the potential mechanism was
performed employing DFT methods and supports the hypothesis that the silyl donor can
act in a cooperative manner with thetad center.

Chapter3 describesthe application of bis(phosphinoindolyl)silyl(Figure 1.1.2 B)

supportedNi complexes inalkyne sentiydrogenation catalysi®revious work fronthe



Turculet groupestablished the ability of (PSiP)Ni complexescatalyze e selective
hydroboration of CQ@ to the formaldehyde level of reduction using HBPin as the
reductant® The reactivity of these complexes could be extdridesupport E)-selective
alkynesemihydrogenation under mild conditions across a broad scope of diarylacetylenes
and TMS protected terminal phenylacetylenes.

Chapter 4 investigates the utility of mixed phosphine/phosphonite ligands (Figure 1.1.2
C) in supporting Co catalyzed asymmetric hydrogenatiottdehydroamino acidshis
work builds uponthe PhenDalPhos class of ligands previously employed in Ni catalyzed
C-N cross coupling by the Stradiotto grothpn enantiopure form, thiggandplatformwas
found to support Coband Cb complexes that were capable of mediating highly sekectiv
asymmetric hydrogenation across a scope of substithitighydroamino acidgsinally,
Chapter 5 details the synthesis of chiral bidentiatgolylphosphingsilyl ligands (Figure
1.1.2 D) that are capable of supporting the Ni mediated asymmetric hydiogeof
functionalizedenamidesThis work combines the high catalytic reactivity observed in base

metal supported bis(phosphino)silyl catalysis with high enantioselectivity through ligand

design.
A B c D
Ph ,Ph
PCy, N PiPr, P N PiPr,
| N ) N
. \ /M \
MeSi—M MeSi—M 4 Ph o—Si—™
| N | gy 0QOBU Ph |
PCy )PP Q Y
Q O nlléph
%0 Ph
Cy-PSiP iPr-psipind (S)-Ph-PhenDalPhos (R,R)-IndDOLSi

Figure 1.12. Ligands employed in this warkhe demistry of CyPSIiP A with Co is
described in Chapter, 2he chemistry of Pr-PSiP" B with Ni is described in Chapt&;

the demistry of §-PhPhenDalPhosC with Co is described in Chapter, 4nd the
chemistry of(R,R)-IndolSi with Ni is described in Chapter 5.



1.2 BaseMetal Pincer Ligand Design

While second and third rowransition metalsfavor two-electronchemistrysuch as
oxidative addition and reductive eliminatidhe propensity of firstow metal complexes
to undergo one electron chemistry can lead to complex and often undesirable rebctivity.
this regard, ligands featuring strefigld donors that enable logpin ground state
configurations have been shown to promote desirable reac@titgies by the Chiri#
and Fout® groups have demonstrated the efficacy of strong field ligands (FigureA).2.1
to enable nolle-metal like reactivity in base metal catalysis. Chirik andvookers showed
that a bis(arylimidaze®2-ylidene)pyridine ligand in conjunction with F&-{) can facilitate
the hydrogenation of challenging-tand tetrasubstituted alkenes under madditions (4
atm H, 23, 5 mol % catalyst}> Work by Fout and cavorkers further demonstrates the
effectiveness of strong field ligands in base metal hydrogenation catalysis through
application of their monoanionic bis(mesitygnzimidazo2-ylidene)phenyl ligand
(MesCCC) in Co mediated catalysis (compleR).' Through extensive NMR studies they
determined that it was likely that the catalysis proceeded by/€doredox cycle, and
found the catalysis talso proceed under mild conditions (4 atm om temperature, 2
mol % catalyst).

In addition to ligands that incorporate strefirgd donors, acillary ligands that become
directly involved in the chemistry being performed the metal centeft e r merd 6 n
i n n o)haveemérgedn recent yearas a key tool to contrthe reactivity of base metal
complexes* Non-innocent ligands are capable of aiding reactivity through rligtaid

electron transfeii.g., redox norinnocence) or through tandem mdighnd substrate bond



breaking {.e., metatligand cooperativity).Due to the strong chelate effect and their
modular naturek3-pincer ligands capable of engaging éither redox norinnocent
behavioror metatligand cooperativity havemergedas capable ligands for first row
transition metal catalysi$

The redox noxinnocent pyridine diimine (PDI) ligands extensively studied by the
Chirik group have become a privileged class of ligand&#oth abundant metal catalysis
(Figure 1.2.1B).*® Work by Chirikand ceworkers has established that PDI complexes of
Feand Co are ampetentcatalysts for [2+2] cycloadditiot,hydroboratiort® and alkene
hydrogenatiorreactions®?The abil ity of these |igands t
during catalysis enables the metal to perform in a manner that resembles a ditayeala
two electron pathwagfigure 1.2.1A). By contributing one electron the ligand allows the
metal to supplynelectron in a singlelectron oxidatiomprocess that isnore favorable for

the firstrow metals?®
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Figure 1.21. (A) Examples of Fe and Co complexes featuring strong field ligands that
support tweelectron reactivity at the metal centéB) Examples of Fe complexes
supported by redox neinnocent PDI ligation

Ligands that engage in meiajand cooperative substratbeavage have also found
popularity in base metal cataly$isSuch coopeativity typically features ligand metal
proton transfer processe3he Milstein group has established the use of ligand
aromatizatiofrdearomatizatiorvia ligandi metal proton transfeas a means to cleave
substrates and form new borfdsindthey have utilizedhis concept to perform the Fe
catalyzed hydrogenation of ketoAesnd CQ (Scheme 1.2.1A).?" In Fe catalged
hydrogenation examples, Milstein and-workers employed bfphosphingpyridine
(PNP) tridentate pincdigandsfeaturingrelativdy acidic protons in the methylene linker
(pKain THF of approximately 35). By employing a catalytic amounstodngbase, they
were able to deprotonate this linker and disrupt the aromaticity of thérmaaimhor. Under
hydrogenation conditionsHk spgit cooperativelyinto a proton (H) and a hydride (Hl by
theligand and the metal respectivehgstoring aromaticity and furnishing &e hydride
capable of inserting a coordinated carbonyl. Deprotonation of the linker by the ensuing
alkoxide isproposed to once again-deomatize the ligand and turn the catalytic cycle over

(Scheme 1.2.B).
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dearomatization/aromatizatio(C) Metaktligand cooperativéi, cleavage across an e
amido bond1-8).

Metatligand cooperativitycan also bechievedby incorporatingamidogroupsin the
ligand frameworkFor example, worltrom Hazari and cevorkershasdemonstrated that
employingan amido groupas a central daw in a (PNP)Fe complex allowed;Ho be
cooperatively spliinto a proton at theamido donor and a hydride at the metanter
(complex1-8, scheme 1.1.2 C¥ This allowed them toatalyticallyhydrogenate C@with
high turn over frequencies and low catalyst loadings.

In a reversal of the strategy where the ancillary ligand functions as a proton reservoir,
the Petersgroup hasdemonstratedhat by incorporating a boryl group into the ancillary
ligand it is p@sible to transfer a hydride equivalent to the ligand in a cooperative f$hion.
30This type of netatligand cooperativityvas showrthrough use of ais(phosphino)boryl
(PBP)type ligand in conjunction with C@Gcheme 1.2.2)Thereaction of aeduced Cb
dinitrogen complex1-10) with two equivalents of bled to theformation of all-borate
complex(1-11) which features twaerminal Cohydrides and two bridging hydrideBhis
reaction was reversibland upon exposure to an atmosphere 0141 convertsback to
1-10. Complex1-10is an active precatalyst for thgdrogenation of terminal alkenes and
styrenederivativesas well as amindorane dehydrocoupling and transfer hydrogenation
all of whichare suggestelly the authorso go through mechanisms involving reactivity at

the ligand boryl groupThis boryl mediated reactivity has not been further explored.

PBu, PBu,

N \ 1 atm H, N \H,,\ H
@ B-Co-N, E S B Co,
N , 1 atm N, N \Hl’ H

P'Bu, P'Bu,

1-10 1-11

Schemel.22. Metalligand cooperative cleavage of: kb afford borohydridespecies
capable of hydrogenating nqolar bondgi.e, terminal alkenes, styrenes)
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The utility of metalligand systems designed to take advantage of hydridsféras has
thus far remained an underexplored area of study. The utiliudiligandsfeaturing
electropositive hydride acceptor fragmewntth first-row metals offers an untapped area of
chemistry that could lead to more active catalySificon is amther example of an
electropositiveslerrentthatcan beemployed in ligand desigas a hydride acceptdn this
regard, PSIiP silyl pincer ligation has the potential to engage in-sigiatooperativity,
which may facilitate reactivity involving 46 bond activation/cleavage for catalytic
applications such as alkene/alkyne hydrofunctionalization. The feasibility of such metal
silyl cooperativity has not been rigorously demonstrated, although the formatiosHof Si
d-complexes is well establishétdSuchi-complexes are especially favorable férraw
metal complexes due to the orbital mismatch between the contraetatld orbitals and
the SiH U orbital. The Turculet group is broadly interested in developing and studying the
utility of metaltsilyl cooperativity in base metal catalyzed hydrofunctionalization reactions,
with the goal of accessing new reactivity nfaliis as well as increasingly efficient
catalysis. Tridentate PSIP silyl pincer ligation developed in the Turculet groups offers both
strongfield donor groups (P and Si) that have proven effective at promotingpgow
configurations, as well as the pdsbty for metaktsilyl cooperative reactivity. The work
described in this document as part of our ongoing studies in this regard.

Although silyl ligands are welbrecedented in transition metal chemistry, such ligands
have typically been studied as reaetiigands in transformations such as hydrosilylatfon
By comparison, the utilization of silyl fragments in multideatancillary ligands is less
developedA tridentate bis(phosphino)silyl ligaridaturing a benzylic backbone wast

synthesized n t h eby 5tébardahd cavorkersin an effortto rigidify previously



studiedbi dent at e p h o digands (Figusei 1.2y2§°> Thé Ra&ki ob steric
hindrance in the bidentate systerdexl to unreactive bis(ligated) complexeshile
tetradentateris(phosphino)silyl PsSi) systems were found toprovide too much steric
hindrance and thus wetmreactivein catalysis

Petersand ceworkers synthesized a variant of tetradentat ®herein theyeplaced
the benzyliclinkers present irthe Stobartwith o-phenylene linkerg® This effectively
removed the possibility ofb-hydride eliminationin the ligand backbonewhile
simultaneously increasing the rigidity of the ligandisTinis(phosphino)silyframework
hasproven tdbeparticularly robust, and héeen extensively studiedthe context of base
metal coordination chemistry witm@&mphasis placed on the stoichiometric and catalytic
reduction of N.3+3°

Turculet and ceworkersintroducel a tridentate PSIP ligand featurilmgphenylene
linkers (Figure 1.2.2§° This once again served to remove the possibilityp-bfydride
elimination, and rigidified the ligand to reduce the amount of conformational flexibility.
The Turculetgroup has established that the PSIP ligand platform supports electron rich,
coordinatively unsaturated complexes of the secand thirdrow platinum group metals
capable of performinghallenging bond activation chemistry and can enforce unusual
geometies. For example, an'lispecies supported by @SiP (Cy-PSiP = p*-(2-
Cy2PCsHa4)2SiMe]) ligation generated from (G¥SiP)IrHCI (-12) could performfacile
N-H bond oxidative addition of ammonia furnish the amido hydride species {(Cy
PSiP)IrH(NH) (1-13) (Scheme 1.2.3 AY-*8 FurthermoreCy-PSiPligation was found to
enforce an unusual-@ordinatetrigonal pyramidal geometryat Ru as a result of the

stronglyd-donating silyl donofcomplexesl-14 and1-15, scheme 1.2.3 BY
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Figure 1.22. Structuresof mono, bis, and tris(phosphino)silyl ligand precursemorted
by Stobart? Peters’® and Turculeg®

Qs AT . QT
HL|CH2S|Me3 | NH3 | H

(A) MeSn—Ir MeSi—Ir —> MeSi—Ir<
-Me4S| | | NH,
PCy2 PCy2 PCy2
1-12 - - 113

(B) [(Cy-PSiP)RuCl], LNRR

1-14: R = R'= SiMe;
1-15: R = H, R = Ph, 2,6-Me,CgH3

Schemel.2.3. (A) Oxidativeaddition of ammonia by GPSiP supported'lr(B) Unusual
4-coordinate, trigonal pyramidal geometry enforced by PSIP ligation.
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1.3First Row Silyl Metal Pincer Complexes

Thereactivity of 3d-metal silylpincer complexes hamly recentlypecome an area of
interest>1% 4041 The majority ofsuchstudies have focused on the chemistry of (PSiP)Ni
species? 4246 |n 2009 Turculet and cavorkers described the first example supported
by PSIP ligatiorf! Previous investigations into the coordination chemistry dia@tled to
the isolation osquare planaiCy-PSiP)Pt complexas with silyl, aryl, or alkyl substituents
transto the central silyl donoHowever, attempts to prepare analogoualkfl complexes
led toa mixture of products consisting of the terminal Ni alkyl completfor alkyl =
Me) and the rearrangespecies1-17 resulting from SiC(sp) cleavage in the ligand
backbone. Complexe&-16 and 1-17undergo chemical exchange in solution, which
implicatesreversible SIC(spf) and SiC(sp’) bond cleavage process&sis reactivitywas
proposed tanvolve a netSi-Me reductive eliminatiofirom complex1-16 to afforda Ni°
intermediatehat carthenundergceither reversibl&i-C oxidative addition of the ST(sp)
phenylene linkagén the ligand backbon® afford complexl-17 or S-C(spf) oxidative

addition to refornil-16. Such reversible SC bond cleavage reactivity is unprecedented.

PCy, Si-C (sp®) PCy, Si-C (sp?) PCy,
o cleavage 0 cleavage .
MeSi—Ni-Me  ———= | Me,Si Ni <~——= Me,Si—Ni—PCy,

PCy2 Pcyz
1-16 - — 1-17

Schemel.3 1. Reversible rearrangement bfl6to 1-17 involving multiple StC cleavage
steps!

Further investigation into gup 10hydridecomplexes supported by #SiIP(Ph-PSiP
= [8%-(2-PhePCgH4)2SiMe]") ligation by lwasawa and eworkers led to the isolation off-

(SiH) complexs of Ni® (1-18) (Scheme 1.3.2Y Solution NMR studies H and 2°Si
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spectroscopy) support the agsinent oft?-(SiH) coordinationin solution, asndicated by
the observation afoupling of the SH protonto both phosphosinuclej as well ago the
methyl protons on silicon. Furthermore, tlen coupling constants of 110 Hwas
consistent with amP-(SiH) assignmentvhile an analogous Pd complek19) was also
isolated, his phenomenon was not observed in the case ofwRé¢re thetrigonal
bipyramidal complex (PP SiP)PtH(PP4) (1-21) was isolated instedg&cheme 1.3.2) his
reactivity suggests thahe intermediacy ofi-SiH complexes in catalytic transformations

involving PSiPi ligated3d-metal complexes is indeed viable.

Me

_Me _Me PPh, Ni(PPh), Si—H
1 i Si 1 1 Si or 1 ~ \
5| 77| H P(PPhs)s  MeSi—H  Pd(PPhy), 5P\
“Pt—PPhy <—— P e——— — AMNeen
P” | P” 'pPhy| -3PPh, Q,Pphz -3 PPh, P 3
1-21 1-20 1-18: M = Ni
Stable at -20 °C 1419: M = Pd

P = PPh2

Schemel.3.2. Synthesis of group 10 complexes featuriigSiH) interactions (Ni, Pd)
and possibl&iH oxidative additior{Pt) reported by lwasawa and-amrkers.

Nova and Hazarsubsequentlyeported their attempts to synthesize variants of the Ni
(and Pd hydride complexes reported by Iwasawa and -weorkers without
triphenylphosphin@s a cdigand?** Treatment of (P#PSiIP)MCI1-22 (M = Ni), 1-23 (M
= Pd with LiAIH s or LIBEts3H did notafford the expected hydride complexes, but instead
led tothe evolution of Hand formation of thenusual dinucleazomplexesl-24 and1-25
that featurepentavalent silicor{fScheme 1.3)3 Complexesl-24 and 1-25 both exhibit
square pyramidatoordinationgeometryin the solid state, as well asequivalent silicon
atoms with one long and one shoriNbicontact. Theseomplexes represent an example
of 4-center2-electron (4€2e) bondinginvolving the SiM-M-Si core. The 2°Si NMR

spectraof these complexes eatdature two resonances corresponding to the inequivalent
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Si atoms while thé'P{*H} NMR spectracontain2 broadresonances. Decoalescence was
observed at60 , with the inequivalenckeing attributedby the authorso slight changes

in the orientation of thbgandbackbone anthe phenylsubstituent®f the ligand.

P
Cpm v LT
or 1 Me
MeSi—M—CI  LiAlH, MeSi< 3Si
L, o O
Cotme " QLK

1-24: M = Ni
1-25: M = Pd

1-2
1-2

N
P

2: M i
3 M d

Schemel.3.3. Synthesiof the1-24 and1-25 from 1-22 andl-23.44

Furtherwork by Hazari has shown that the use of alkylphos donors in placef
aryl phosphinogroups allows isolation of (PSiP)Ni hydridewithout subsequent
decompositiorf> 46 It was found that treatment ¢€y-PSiP)NiCl with LiBEtH afforded
the expected product (€EBSIP)NIH (1-26) in moderate yieldUpon coordination of
dinitrogen, it was found thahis complexunderwentreversiblereductive elimination of
the Sii H unit to afford a formally Ni N, i bridged dimer featuring two d?-(SiH)
interactiors (Scheme 1.3, 1-28). The authors investigated this dynamic process through
kinetic analysis, DFT, NMR, and-Kay crystallography. Together, thedstademonstrate
thatin the presence of a donor such a®NCOinterconversion between a'Niilyl hydride
species and Nisilane complex is faciléScheme 1.3.4)The authors concluded that under
an N> atmosphere ambient temperatuthe two dominant species in solution are ke
T bridged dimerl-28 and he terminal silyl hydridel-26 (Cy-PSiP)NiH while the
monomeric N adduct1-27 (Cy-PSI'P)Ni(N.) can be observeshly under a large pressure

of N2 (ca. 14 atm).
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The 2°Si NMR chemical shift ofl-26 and 1-28 proved characteristic of the-Ni-Si
coordination modeAn examination of thé®Si{*H} NMR of a solution of1-26 and1-28
under 1 atm of Nshowed chemical shifts of 60.7 ppm a1d.8 ppm respectively. The
authors note that these values are in good ameewith?°Si chemical shift values for
group 10 metal complexes supported by PSiP ligands, and that for complexes il the M
oxidation state th&Si chemical shifts typically range from 55 to 66 ppm while complexes
in the M oxidation state typically fure chemical shift values around 0 ppm.
Furthermore, in the absence®f decouplinga 'Jsin coupling constant of 101.3 Hz can
be measuredor theresonancat-11.8 ppm while ndsi.1 coupling could be resolved for

the peak at 60.7 ppm.

PCy, Me Me\ l/\/le

s.-H \:Si— H—Si,
\ v X =
MeSi—Ni—H + N, B \ / X
_— ) P P P

‘ NI=N=N —= _Ni=N=N- N\

PCy, P P

1-26 1-27 1-28
P= PCy2

Schemel.3.4. Equilibrium between terminal (GRSiP)NI' silyl hydride and dinitrogen
adducts of (CyPSHP)NK.

In 2017 the Turculet group disclosed the synthesis of a bis(indolyl)phosphino silyl
PPSiP ligand and its coordiation chemistry with group 10 metgBigure 1.1.2C).%°
Hydride complexes of the type”PSiP"™)MH (M = Ni, Pd, Pt) were targeted as potential
pre-catalystsor the reduction of C® The chloride complexe®PSiP"Y)MCI (1-29M =
Ni, 1-30 M = Pd, 1-31 M = Pt) were first synthesized and subsequently trewiti¢al one
equivalent of NaBEH to afford the corresponding metal hydrjgeciesl-32, 1-33, and
1-34 (Scheme 1.3.5)Like 1-26, 1-32 was found to undergo reversible reductive

elimination of the SH upon coordination dfi, to affordthe dinuclear Ni(0) silane adduct
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1-35 (Schemel.®). The major species in soluti@ ambient temperature and pressure
was determined to be theNilyl hydride1-32 as shown by th&Si NMR chemical shift
of 59.8 ppm, withl-35 present in small amount&%i NMR chemical shift =10.5 ppm).
Both complexes displagpectroscopifeaturessimilarto 1-26 and1-28 respectively yide
supra, with no Jsin coupling observed fol-32 while 1-35 features a'Jsi=n coupling
constant of 89 HZ-urther support for the assignmentled5 is shown by the solidtate
Raman spectrum which displays a relatively intense band at 2078vhioh is assigna

as coordinated N

PiPr, g\gf iPr,
ML,Cl, N

T
_ONEty MeS| |\|/| cl
P

MeS|
N
PPI'Z / IPI'Z
1-29: M = Ni, L, = DME
1

N—pipr,

N
Prpgijplnd -31:M =Pt L = SEtp NaBEt;H MeS\i—M H

0.5[(n°C3H5)PdCl], 7
N .
/ PIPI'2
PPr2
-32: M = Ni

MeS| Pd Cl

-34: M = Pt
PPI’Z
1-30

Schemel.35. Synthesis ofjroup10PPSiP" complexes.

To further caoroboratethe assignmesf 1-32 and1-35 the coordination chemistrpf
1-32was investigated through addition ofdonors(Scheme 1.3.6)Jpon addition of one
equivalent of DMAR clean conversion to the correspondind® Nomplex 1-36 was

observedComplex1-36 featuresd®(SiH) coordination and adopts a distorted tetrahedral
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geometry in the solid state. TESi NMR shift of-24.1 Hz andJsi.1 coupling constant of
-69 Hzare consistent with these structural features

By contrast, the additioof one equivalent oPMes to 1-32led to a 2:1 mixture of the
Ni® d>-(SiH) and N silyl hydride complexed-37 and 1-38. The major product]-37,
features similar geomédr featuresin the solid states 1-36 and displays &°Si NMR
resonance of 6.3 ppm and&i+ coupling constant of82 Hz The minor product]-38,
however, displays spectroscopic and geometric features that are somiker trigonal
bipyramidal Pt complex 1-21 reported by Iwasawa and -@mrkers yide supa). This
assignment is further supported by sloéid-statestructureof 1-38 which shows a distorted
trigonal bipyramidal structure with the hydride oriented trans to the silyl donor, as well as
the?°Si NMR chemical shift of 65.7 ppm afdsi. coupling constant 081 Hz.This data
further supports the hypothesimt the’®Si NMR chemical shift can act as a predictor for
the extenbf Si-H interaction folPSiRsupported group 1@ etal hydrideswith complexes

that feature an?-(SiH) interactim displaying relatively upfield®Si NMR resonances.

o 73 & S ne

N l . —c l

iz J\\r AP st sy
i, N)=

NSy /
NS MeSl =(N" _Ni-N=N-Ni,, N)=
DMAP” \/ )_ - ““/‘I IV’P'_ >
T CQ By
1-35
PMe3
/m
e =0
Hosi.) J\f| e N2\~
/ N X SiI—=NJ_
Me3P” I\'"P')__\ T Megp—Niz P
YS\Y Y\
1-37 1-38

Schemel.36. Coordination chemistry involvingomplex1-32.
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The utility of complexed-32, 1-33, and1-34 aspre-catalysts for the hydroboration of
CO, was subsequently investigatéd/hile the Pd and Pt derivative4-82 and 1-33
respectively) proved to be poor pratalysts in this regard, the Ni comple82, was found
to be both highly reactive and selectwith 84% conversion of C&Xo the bis(boryl)acetal
product arising from reduction with two equivalents of HBRUptimization of the
catalytic conditions led to 97% conversion to the bis(boryl)acetal product after 4 h at room
temperature employing only 0.2 mol%32. These results are notable as no products
arising from further reduction to the methoxyboraneductwereobserved and establish
1-32 as the most selective catalyst for the reduction of 8@hebis(boryl)acetalevel of
reduction.

While the chemistry of PS#Bupportedfirst row metalcomplexeshas beerargely
dominated by NigxampledeaturingFe and Co have becomenore prominent in recent
years Examples of FeandCo PSiP complexes were first reported by 8od ceworkers
who preparedomplexes of the form (PRSIP)M(PMe).H (n =1 for1-39M = Co, n =2
for 1-40 M = Fe) from the corresponding M(P&)eprecursors. Thekfforts led tafurther
isolation ofthe complexes (PH#PSiP)CoCI(PMg¢) (1-41), (PhPSIiP)®HCI(PMe) (1-42),
(Ph-PSiP)CoHI(PMeg) (1-43), and (PHPSiP)Co(PMe)2 (1-44) which highlightthe ability
of PSIiP ligation to support Co in a range of oxidation states frontoQ0d". The Fé
complex1-40 was used to catalyze the hydrosilylation of a small scope of aldehydes and
ketones (1 mol % catalyst, 1.5 equiv. triethoxysilaré,hlreaction time}®

Another recent example of (PSiP)Co chemistry was reported by Kim, Lee, and co
workerg?® andhighlightedanunusualexampleof and*-(Si-H)-Cointeraction The autors

investigatedhereactionof tertiary silanes'{PSRP)H (PPSRP = [e°-(2- Pr.PCsH1)2SIR],
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R = Me, Phwith CoBpr, finding that the initially formed speciés45is acomplex wherein

the PSiPligand h& coordinated to the Co center through both phosphidwusrsas well

as through and!-(Si-H) interaction (Scheme 13. The authorswere able to
crystallographically characterize this complex and faether support their assignment of

an d*-(Si-H) interactionwith data from botlEENDOR and DFTstudies. Complex1-45
subsequently reacted to afford compl&x6, in which both phosphorus donors are
protonated. In tepresence of an excess of NEt-45 reacts to form the cyclometalated
Co(ll) silyl pincer complexl-47. This reactivity highlights an important aspect of PSiP
complexation involving firstow transition metald/Vhile SikH oxidative addition is facile

in the case of platinum group metals, it proves more challenging in the c2denefals

such as Co and Fe. UnlikeHEfragments that feature an acidic HiFBgroups are hydridic

and cannot be readily deprotonated to facilitate coordination to a metal center. However,
pre-coordination of the SH bond to the metak(g, via the formatia of d*-(Si-H) species)

may render it acidic, such that a simple amine base can readily deprotonate it, thereby

leading to the formation of a metal silyl.

PHiPrz CoBr42'
®

R-Si-H
GPHiPrZ
PPry Pr2 ® 46
COBFZ
R-Si-H R-Si-H- Co NE
S A Y
r2 N2
1-45 R-Si—Co—Br
(P'PSiRP)H n1-(SiH) P'Pr,

Coordination 1-47

R = Me, Ph

Schemel.37. Synthesis of a (PSiP)Co complex featuringja(Si-H) interaction and the
subsequent transformatioitsan undergo with (bottom) or without (top) bé43e.
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A recent report from Sun & eworkers details the synthesise¢ and Co complexes
supported by Nheterocyclic silyl PSiP ligatioand their use as catalysts Kumada cross
couplings(Scheme 1.3.8° Treatment bthe neutal silane with Fe(PMg4 afforded
(PSiP)FeH(PMg2 (1-48) whereasCoMe(PMe)s gave (PSiP)Co(PMg (1-49), which
could be converted into (PSiP)CoHCI(P§g1-50) upon treatmentwith HCI, or
(PSiP)Col(PMeg) (1-51) upon treatmentvith Mel (Scheme 1.8 A). It wasnoted that the
Fe complexperformed more poorly imydrosilylation catalysisthan thepreviously
discussed-40, whichthe authorsttribute to the electronegative nitrogen atoms bound to
silicon, which renderdghe dissociation of PMeunfavorable making the generation of a
vacant coordination site for catalysis less feasible. Q43§ wasa competent preatalyst
for the desiredKumadacross couplings, and the authors found thavas capable of
coupling a varietyof aryl chlorides, bromides dniodides to several aryl Grignards in

moderate yields employing 5 mol % catalyst a&@0 (Scheme 1.8.B).

H

N\S{,N\\

|
Mel PhyP— do—PPh,

|/ \PM
- CoH €3
CoMe(PMes),  Piley 1-51

@ NN Ton o N @
\ HCI

PhoP [} PPhy .2PMe; PhP—d,—FPPh,

N. /N
Me3P PMe3 -PMe3 I/ \\
1-49 thP\/CO\/Pth
ClI" H PMe;
1-50

5 mol% 1-51
@ ) ) e I
40-50°C

20



Schemel.38. (A) Synthesioof Co complexesupported by Meterocyclic PSiP, an@)
Kumada crosgoupling of chlorobenzene wititolylmagnesium bromide?

Iwasawa, Nishibayashi, and-emrkers further expanded the chemistry of Fe and Co
with PSiP ligation through synthesi§ ecomplexes supported b@y-PSRP ligands(Cy-
PSRP = [@>(2-Cy2PCsH4)-SIR] ,R = Me, Ph)YScheme 1.3.P! In similar fashion to Sun
and coeworkers®® the authorstreated (Cy-PSRP)H ligands with Fe(PMae). to afford
complexes of the type (G§SRP)FeH(N)(PMes) (1-52 R = Me, 1-53 R = Ph) While
relatedCo complexes could not be prepabgda similar route(Cy-PSRP)Col (1-54 R =
Me) wassynthesizedy treatment of thailane ligand precursavith Cok in the presence
of excess triethylamingScheme 1.3). SubsequenKCs reduction in the presence of a
phosphine under an :Natmosphere afforded th€o(l) complexes of the typéCy-
PSRP)Co(PR)(N>) in low yields(Scheme 1.3.9, complex&s5i 1.57). TheFe and Co
dinitrogen complexes were investigated as catalysts for the reductiontofahmonia
with KCg as a reductant and [H(OI[B(CeFs)4] as a proton source. Only 1e@uiv. of
ammonia was generated using this methGdtalytic silylation employing Na as the
reductant and MgSiCl as the silylating ageptroved more viablegeneratingl5-26 equiv

of N(SiMe3)s for Fe and 2311 equiv of N(SiMes)s for Coat a 0.2 mol% loding of each

pre-catalyst respectively.
0
KCg < ? PCy, QPCY2 < \>7H PCy,
PR3, N, , Coly, NEt3 ] Fe(PMe3), : 1,
-«—— R-Si-Co—| -———— R-Si-H —_— R—Sl—Fe:Nz
| | “PMe,

PCy, PCy, PCy,
1-55: R = Me, R' = PMej 1-54: R = Me R = Me, Ph 1-52: R = Me
1-56: R = Me, R' = PMe,Ph — 1-53: R = Ph

1-57: R = Me, R' = PMePh,

Schemel.39. Synthesis of Fe and Co dinitrogen complexes supported b 81¥) ligand
variants>?
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Work by the Turculet group has furthexpanded the scope of catalytic Fe and Co
chemistry supported by ERSIP (Cy-PSiP =[a%(2-Cy,PCsH.).SiMe]) ligation in two
recent publicatins® “° Having improved the synthesis of the Co com@des5 by using
Mg as the reductansubsequenexposureof 1-55 to Hx was observed to affd a new
diamagneticCo hydrideproduct featuring two broattP{*H} resonancesThe 'H NMR
spectrunrevealed a broad hydride resonanceldt51 ppm integrating to two hydrogen
This complexproved stable for several days under an atmosphergafdtegeneratett
55 when exposed to an atmosphere of Siven that his complex could have the
formulation of a Ctl dihydride or a nonclassical Gtihydrogerspecies (Figure 1.8), *H
Timinymeasurements as well as measurement ofltiiecoupling constant of the partially
deuterated complexvere undertaken in an effotd further characterizé¢he product
resulting from addition of K While the Tyminywas low (less than 35 ms) attterefore
consistent with a nonclassical dihydrogen complex, the proximity to nuclei with a high
gyromagnetic ratio like Co can lead to misleadingly low relaxation tmésThe *Jup
coupling constantanthusbe a better indicaton such a situatiorgs values between 15
35 Hz are consistent with a nonclassical formulation and have been correlateidotonid
distances of the coordinated.?>® Upon preparation of the partially deuterated complex
by treatment of1-55 with HD gas two broad overlapping resonaneese observed
between13 and-14 ppm by*H NMR analysis however naliscernible HD coupling could
be observedwhich is in line with a Co dihydride formulatioxariable temperaturdMR
experiments weralso performed Complex coalescence/decoalescence phenomena were
observed for this complex in both thé and*'P{*H} NMR spectra over the range of +80

- -80°C, whichhighlights thedynamic nature ahis Co hydride speciemd suggests that

22



multiple hydride/dihydrogen species may be rapidly equilibrating in solytagure
1.31). The utility of 1-55 as a precatalyst focatalytic alkene hydrogenatiowas
subsequently evaluated. It wimund thatcomplex1-55 was capable of hydrogenating
terminal alkenes under moderate conditions (10 atm5Hnol % Co, 60 , 4 h) but

struggled with internal alkenes and those featuringarail moieties!

Figure 1.31. Possible structural formulations for the species arising from exposutre of
55to an atmosphere bf.. (Top) examples of Cbdihydride complexes (bottom) examples
of nonclassical Calihydrogen complexes.

Subsequent work frortine Turculetgroup targeted the synthesis of loaordinate (Cy
PSiP)Fe complexe¥ Initial attempts to prepare four coordinate halide complexes of the
type (CyPSiP)FeX (X = ClI, Brhpy treatment of FeXprecursors with (G SiP)H in the
presence of baggwe rise tamixtures of products includinganFe'" dihalide complexhat
was crystallographically characterized. These results hightightpotential for single
electron transfer in this chemistmnalogous reactions witthe addition of donor ligansl
swch as PMeand COled to the isolation of the Fe&omplexes (CyPSiP)FeCI(PMg (1-

58) and(Cy-PSiP)FeCIl(CQ)(1-59) in high yields.Treatment ofl.-58 with NaBEgH under
an atmosphere ofNfforded (CyPSiP)FeH(PMg (1-60), which upon standing converted
to the previouslyeported compleg-52.>! Furtherreactivitywas observed if treehydride
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complexes were allowed to stand in solution, giving risa third diamagnetic hydride
complex,1-61, featuringthreebroadhydrideresonancein theH NMR spectrum of the
reaction mixture Direct synthesis ofl-61 was achieed if the reactionof 1-58 and
NaBEg&H was performed under an atmosphere ef Xtray crystallographic analysis
revealed the structure 4f61 to be (CyP(d?-(SiH))P)Fe(Hk(PMes) which features two
terminal Fe hydrides and a third appardfi{Si-H) interaction {Jsih = 65 Hz) (Scheme
1.310). NMR studies including NOESY!H-*Si HMBC, and variable temperature

experimentdacilitated the unambiguous characterizatiod-@fl in solution

, _ClI NaBEt3 H ,
K

MeSi—Fe MeS|—Fe —’ MeSi—Fe N2
| “PMe, PMes
PCy2 PCy2 PCy2
1-58 | 1-60 | 1-52
Hy
PCy2
IH\
MeS|'--\Fe
H . H
PCy2

1-61

Scheme 1.310. Synthesis of (CyPSiP)Fe hydride complexefacilitated by PMe
coordination

Complexes without stabilization fromadditional phosphine donoligands were
subsequentlyargeted Towards thisend, (py)FeCb and (Cy-PSiP)Hwere reacted in the
presence of BnMgCI tgenerateahe paramagnetic complé€y-PSiP)FeClgy) (1-62) in
moderate yield. Treatment of this complex with NajBEted to the formation of the
diamagnetichydride compleXCy-PSiP)FeH(py)X1-63), which coud be further reacted

with triphenylborane to abstract the pynid donor andafford (Cy-PSiP)FeH(N). (1-64)
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in good yield(Scheme 1.31). X-ray crystallographic analysis 1-64 revealedctahedral
coordination geometrat the Fe centdeaturingtwo N2 ligands as well ag hydridebound
cisto the silyl donor. The acute-Ee-H angle of 78.8(7)°relatively shorSi-H distance of
2.44 A (less than the sum of the van der Waals rafi84 A for H and Si), andJsix
coupling constant of 70 Hz are all indicative of a nonclassicHl Bteraction i e. d>-(Si-

H) interaction. However, the downfietdsi shift of 69.0 ppm as well as the-Restretching
frequency of 2012 crhby IR specstroscopgremore in line with a traditional metal silyl
hydride complexAs such, the SH interaction is likely best formulated as a secondary Si

H interation®®

Qe s O o Qe
| NaBEtH | H |

MeSi—Fe MeSi—Fe —p MeSi—Fe—N,
N BEt3 - BPh3 py >N
Py - NaCl Nz 2
PCy2 PCy2 PCy2
1-62 1-63 1-64

Scheme 1.311. Synthesis of (CyPSiP)Fe hydride complexes lacking exogenous
phosphine donors.

As 1-64 can be viewed as a surrogate for the lovordinate (CyPSiP)FeH it was
evaluated as pre-catalyst forthe hydrogenation of alkene€atalytic conditions were
optimized to 10 atm K 5 mol % Fe 65 : and 4 h reaction
cigltrans internal alkenes, 1;dlisubstituted alkenesnd an example of a trisubstituted
alkene were all hydrogenatedith near quantitative conversions. Furthermore, the
functional group tolerance was expanded to include examples featuring ether and ester
functionalities. An alkyne was also sehydrogenate to thecorrespondindgrans alkene
underthese conditions, with full hydrogenation being observed when the temperature was

i ncreased t dhis9ark represeats a rére examples of Fe catalyzed alkene
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hydrogenation anderves to expand the scapfePSiP supported first row transition metal
catalysis.

Of the chemistry reported thus for base metal complexes supported by PSIP ligation,
trends that emerge includét) low coordinate complexes are accessible although their
synthesis can be challengir(@) low coordinate complexes are generally more reactive in
catalytic applicationsand lastly(3) there is significant evidence for the formationddf
(SiH) species. In an effort to advance the application of pholphino(silyl)complexes
in hydrofunctionalization catalysis, this document describes the utiliBSdP supported
Cd alkyne complexes in alkene hydrogenation catalysis as shown in Chapter 2. Chapter 3
describes how PSiRi-H speciesan performalkyne semihydrogenain catalysiswvhile
the work inChapter 5 achieves the Ni mediated asymmetric hydrogenation of carbocylic
enamides through the development of chiral (indolylphosphino)silyl ligation
1.4 First-Row Metal Catalyzed Asymmetric Hydrogenation

Transition metal catgzed asymmetric hydrogenation of prochiral alkenes remains one
of the most effective methods to access single enantiomer compounds. This fact was
recognized in 2001 as Knowles and Noyori were awarded the Robeln Chemistryfor
their work on asymmeitr hydrogenatiort.Until recently, however, this reaction has been
restricted to the platinum group metals due to their high catalytic activity, high
enantioselectivity, and wedistablished ligand design.

As noted previously in this chapteride supra, the utility of the firstrow transition
metals is offset by theijpropensity to undergo single electron transfers, adopt multiple
oxidation states, artieir difficulty in performing tweelectron chemistry such as oxidative

addition Ligand desigrhat incorporates redox nennocent motifandheteroatoms that
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facilitate metalligand cooperativity have emerged as potent strategies to offset this
behavior Thesestrategeshave proven useful for a variety of catalytic reactidfs® ¢° but

have not been applied towardhie asymmetric hydrogenatioof alkenes Instead, a
common strategy has been to employ rigitter ligandghat incorporate chiral motifsr

to repurpose privileged chiral bis(phosphines) that have been used in Rh catalyzed
asymmetric hydrogenation.

The first example ohighly selectivebasemetal catalyzed asymmetric hydrogenation
of alkenesvasreported in 202 by Chirik and ceworkers'® By incorporating chiral amines
into the bis(imino)pyridine ligand architecture Chirik and-workers were able to
synthesize several (PDIl)CoGHcomplexes that could perform the asymmetric
hydrogenation ofyjeminatdisubstituted alkenesComplex1-65, which features any-
cyclohexylmethylaminamoiety, could hydrogenata small scope of styrergerivatives
witheeds as hi gh as (a9.€émplexd-65hvasmalso sHowmto stipport the
asymmetric hydrogenation of minimally functionalized alkenes suckpagdytl-indene
and Utetralone deved alkeneg® This work was notable as minimally functionalized
alkenesare challenging substrates owing to their lack of coordinétingtionality.

In 2013 the Chirik group disclosetthe use ofchiral bis(phosphines) commonly
employed in Rh catalyzed asymmetric hydrogenation as ligands for Co catalyzed
asymmetric hydrogenation.High-throughput screeningidentified several chiral
bis(plosphines) that could support t6e catalyzecdasymmetric hydrogenation of methyl
2-acetamidoacrylate, methyl 2acetamide3-phenylacrylate, andU-acetamidostyrene
(Scheme 1.4.1b)).%! Ligands such asR,R-QuinoxP*, R,R- BenzP*, §9-Pr-DuPhos,

and R R)-Et-DuPhos were shown to gport highly enantioselective hydrogenation for
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these substrategshen combined witltatalytic amounts o€oCk and LICHSiIMes as an
activator

Further work from the Chirik grouglemonstrad the capability of Ni toeffect
asymmetric hydrogenatid. High-throughput screening of a library of chiral
bis(phosphines) ideniéd the combination of Ni(OAc) and §,3-Me-DuPhos as capable
of hydrogenating a scope bfb-unsaturated esters with high conversion and moderate to
good enantioselectivity (11 examples @B yield, 7296% ee Scheme 1.4.1 (c)An
investigation into the mechanism of this transformation identified the role of intermediate
Ni carboxylatesn facilitating heterolytic cleavage of dihydrogen. Furthermore, MeOH
(the solvent) was found to be a proton source to complete product fmnmakiis work
demonstrates that firsbw transition metals can employ rtmaditional mechanisms while

still achieving good enantioselectivity.
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5 mol % 1-65

4 atm Hy, [0.2 M],
s N °
| N 22°C, 24 h /©/\(
P Me,N Benzene Me,N

0, H 0,
(a) Dipp/N_CIO_NY 98% yield, 96% ee
CHj

Cy 5 mol % 1-65
1-65 4 atm Hy, [0.2 M],

Dipp = 2,6-diisopropylphenyl 25°C,16h

_ = 3
L ) O‘ Toluene ©i>

98% yield, 94% ee

4 1\
O‘ 5 mol % [Co]
R™\p” R 0 34 atm H,, 22 °C o
(b) \ ) 12 h
/Co(CHZS|Me3)2 R OMe —> R OMe
P NHAc THF NHAc
\ R = Me, Et, Pr ) R = Me, Ph R = Me, 92.3% yield, 94.2% ee

R = Ph, >99% yield, 92.7% ee

1 mol % [Ni]

O_ 34 atm H,, BugNI
Mer= Me

P\ R (0] [0.5 l1\/I8],h50 °‘C R - O
c .
© ©i Ni(OAc); NN0Et —— OEt
o MeOH
Meﬁ_‘.\nMe
R = H, MeO, CF, etc

11 examples
Up to 95.6% ee

Schemel.4.1. (a) Asymmetricalkene hydrogenation enabled b¥5. (b) Chiral DuPhos
supported Co catalyzed asymmetric hydrogenation of prochiral acrylamides discovered by
high-throughput experimentatior(c) Ni catalyzed asymmetric hydrogenation @b-
unsaturated estedsscovered by higithroughput screening.

The Co precatalysts discussed thus far have all featured tHeogidation state. While
this has proven effective for catalysis, the Chirik group became interested in accessing the
Cd oxidation statedue to its ptential similarity to the Rhoxidation state found in
privileged catalyst&3 By once again employing highroughput screening, Chirdnd ce
workers discovered thain-situ reduction of Cb salts in the presence of a chiral
bis(phosphine) in MeOH afforded rapid reductionCd complexes that could support

enantioselective hydrogenation catalysis. Furthermore, they discoverezhtdigically
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relevantlow-spin C8 complexesstabilized by diene coordinatiotould be accessed
through furthereduction Complexed-66 and1-67, Cd and C8 complexef (R,R-Ph
DuPhosrespectively were isolated and shown to perform the asymmetric hydrogenation
of dehydrelevetiracetam to providevetiracetanfKeppra), a medicabn for the treatment

of epilepsy.The active speciesuld alsde generateth-situand applied to the 26@ram
scale gnthesis of Keppra in 97% isolated yield and 98e&4sing only 0.084 mol¥&R,R-

Ph-DuPhosand 0.08 mol% CoGin tandem with 0.8 mol%n dust(Scheme 1.4.2).

4 1\
0 0.5 mol % 1-66 or 1-67 0 Ph'O""Ph Ph’O"'Ph
34 atm Hy, 50 °C P cl P
T UNH 12h NH, N\, Gl 7
(a) ) Co" Co
MeOH P. P.
Ph---Q4Ph Phn...Q_.ph
dehydro-levetiracetam Keppra
1-66: >99.9% yield, 98.2% ee 1-66
1-67: 99.1% yield, 97.5% ee High spin, S=1, 16 ", Co'
0.084 mol% (R,R)-(P"DuPhos) Ph'Q""Ph
0 0.08 mol% CoCly-6H,0 0 \CO(COD)
0.8 mol% Zn, 34 atm H,, 50 °C /
A NH, NH, P.
(b) ! 12 h . N Ph...Q‘Ph
Cr wor (P
1-67
dehydro-levetiracetam Keppra Low spin, S=1/2, 17 ", Ca°

97.0% yield, 98.2% ee

Schemel.42. Co catalyzed asymmetric hydrogenation of a pharmaceutically relevant
enamide enabled through single electron reduction as shown by Chirik-amleas. (a)
Asymmetric hydrogenation mediated by isolatedqatalystsl-66 and1-67 in the +1 and

0 oxidation state respectively. (Bi-situ generatedpre-catalyst for thelargescale
asymmetric hydrogenation dehydrelevetiracetam.

The Chirik group next targeted cationic'@mmplexes as analogs of the Schrock
Osborn typed?d?-diene complexeshat are privileged catalyst architectures within
asymmetric hydrogenatidfi Starting from compleg-68, the R,R-iPr-DuPhos analog of
complex1-66, halide abstraitin by NaBAI7, in the presence of several dienes led to the

formation of complexe$-69, 1-70, and1-71, which featured 1;8yclooctadiene (COD),
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norbornadiene, and® - benzene ligationrespectively (Scheme 1.4.3). These complexes
were found to be diamagnetid6-electron, Cb cations and were characterized by
multinuclear NMR spectroscopy as well asay crystallographic analysis.

When complexesl-69, 1-70, and 1-71 were evaluated as poatalysts for the
asymmetric hydrogenation ohethyl 2acetamidoacrylateand methyl 2acetamides-
phenylacrylatejuantitative conversions and essentially complete enantioselectivities were
observed. The conditions employed (4 atenHmol % Co)were mild whercompared to
the previously reported asymmetric hydrogenation of the same substededed bya
Cd' pre-catalyst yide suprd. Moreover, the enantioselectivity was higher (>968oas
was the conversiom 2-acetamidoacrylatéound intermediate was isolated and exposed
to 1 atm of H wherein the authors observed liberation of tBehfydrogenation product,
the opposite that was observed under catalytic conditions. The authors profostd a
Hammettregime wherein substrat®ordination is fast and reversible as compared to the

oxidative addition of i
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"O "ipr ’Pr-'o vpr
‘\\\Cl,, /
Co-"‘ 'Co
/7N N\
P cl Pl

1-68
coD NBD CeHs
NaBArF, NaBArF, NaBArF,
23°C,2h 23°C,2h 23°C,12h
Et,0 Et,0 Et,O

iPI’"Q""PrTEArFJ "O ”Pr_| BAfS ippw 'Q"Pr _l
©i >C0(COD) ©i > > @
"Pr...GA’Pr iPri.- P

1-69 1-70 1-71
86% yield 92% yield 92% yield
0 1 mol % 1-69, 1-70, or 1-71 0
4 atm H,, 50 °C, 12 h
RNy “OMe > R/\)J\OMe
NHAc THF NHAc
R=H, Ph R = Me, >99% yield, >99% ee

R = Ph, >99% yield, >99% ee
Schemel.4.3. Top: Synthesis of cationic Coomplexes reminiscemf SchrockOsborn
type catalyst for asymmetric hydrogenation. Bottom: Asymmetric hydrogenation of methyl

2-acctamidoacrylateandmethyl 2acetamide3-phenylacrylatenediated by complexels
69, 1-70, and1-71.

Since the seminal reports by Chirik andweorkers establishing the ability of Co and
Ni to perform highly enantioselective asymmetric hydrogenatontinuedresearch in
this areahas lent further support ftine utility of Co- and Nibased hydrogenation catalysts
thatcan operate across a range of oxidation states. Furthemmnagae reactivity can be
achieveddue to the smaller size and different oxidation states available to theo¥irst

metals
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Huang and cavorkers described th€o-catalyzedasymmetric hydrogenan of
vinylsilaneswith a chiral PNO phosphirgyridine-oxazoline ligand® The corresponding
C0o' halide complexl-72 was shown to reastith NaBHES% to generate the cataigally
active species thatould, in turn, hydrogenate a broad scope of asybstituted vinyl
silanes with moderate to high enantioselectivity-99686 e€ under 2 atm klat room
temperatureThe enantioenriched products were then further derivatizedojptioally
active silolanevia Ru-catalyzed E€Si bond formatior{Scheme 1.4.4 (a)).

The utility of Co in the asymmetric hydrogenationtfi-unsaturated carboxylic acids
was demonstratedoy Zhang and cevorkers®® These substrates are exceptionally
challenging when compared tt/b-unsaturated esters due to the stability of the
intermediate metallalactone that can form uporb@aylate coordination. Nonetheless,
Zhang and cevorkers were able to demonstrate that by employing Co(aradhe
presence of,3-PhBPE andZn dustunder 40 atm blat room temperatuydigh yields
and enantioselectivities could be achieved for adhsrope offb-unsaturated carboxylic
acids (Scheme 1.4.4 (b)yhis included the synthesis of the enantiomer of Naproxen, a
nonsteroidabntrinflammatorydrug, in 99% yield with 96%e

When investigating the mechanism through deutetalraling experiments the authors
found that no deuterium incorporation occurred when isoprogneas used as the
solvent. Furthermore, when 40 atm of Was used in place of dHthe corresponding
deuteriumlabeled product was obtained with no eviderigeroton incorporation from the
solvent (MeOH).No reaction occurred vem the hydrogenation of an ethg$ter was
attempted, indicating that for this system the intermediate metal carboxylate is required for

high activity. Finally, the authors propose aama&nism wherein the catalyst is activated
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via carboxylateassisted hydrogen deprotonation followed by subsequent migratory
insertion to the substrate, sigrfhand metathesis of the intermediate alkyl, and substrate
turnover that is assisted by protonatidntlze intermediate Co carboxylate by another
equivalent of substrate.

Chirik and ceworkersalsoreported on the Co catalyzed asymmetric hydrogenation of
Ub-unsaturated carboxylic acidsmultaneously with the Zhang graBpdisclosuré’
While the Chirik group also identifiedR,R-Ph-BPE as the optimal ligand for this
transformationthe oxidation state, operative mechanism, and reaction conditions differed
from thosereported byZharg. Employing 2 mol % of comple%-74, a C§ complex of the
form (R,R-(Ph-BPE)Co(COD), 20 mol %Zn dust and one equivalent of N&tinder 34
atm of B at50 °C in MeOH Chirik and ceworkers were also able to achieve high isolated
yields and enantioselectivity for the asymmetric hydrogenationU/bfunsaturated
carboxylic acids (Scheme 1.4.4 (cPharmaceutically relevant compounds such as
Naproxen, andS)-Flurbiprofen were isolated witkevalues of 99% and 97%espectively.

The authors were also able to perform the asymmetric hydrogenatitehgdroU-
amino acids such a&)-dehydreN-acetylphenylalanine and (ZehydreN-acetyt(4-
acetoxy3-methoxy) phenylalanine when the Czomplex R,R-(BenzP*)Co(COD) {-

75) was used insteg@cheme 1.4.4 (d)Xhe products for both substrates were isolated in
high yield (95% and 92% vyieldespectively) with almost perfect enantiasgivity (99%
egd. The asymmetric hydrogenation of {dg&hydroN-acetyl(4-acetoxy3-methoxy)
phenylalanine g particulaty notable as the product is theprecursor toD-DOPA, the

biologically inactive enantiomer of the drugDOPA that is used in the trimaent of

Parkinsonoéknawlsesad ewor k on t hedetydrodammot r i ¢
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acids led to the first commercigyntheticroute forthe direct synthesis of enantiopure
DOPA. The prevalence of such amino acid motifs in the pharmaceutical industry renders
suchdehydreU-amino acidsubstrates desired targéts basemetal catalysts

A probe into the mechanisofi(R,R-(Ph-BPE)Cacatalyzed asymmetric hydrogenation
by theChirik group provided support for a differeptathwaythan was reported by Zhang
and ceworkers yide suprd. Like Zhang, Chirik did not observe any proton incorporation
into the product arising from thmethanokolvent and deuterium was only included in the
products wherD> was used. Additionally, when no triethylaminezr dustwas addegd
the same deuterium incorporation was observed, suggesting that the intermediaoy of
ammonium carboxylates is unlikeljyhese could not be definitively ruled out, however, as
under catalytic conditions minute amounts of these species may be unobservawalcachd
in catalyst turnoverThe authorsisoproposedhat homolytic cleavage of #by the C8
complexes wageneratig a transient Codihydride, although this could not be observed
by EPR spectroscopy due to the relatively low pressures of hydrogen employed for the
spectroscopiexperiment (4 atm). Migratory insertion of the alkene followed by C

reductive eliminatia would afford the observed products.
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5 mol % 1-72

\ 10 mol% NaEt;BH
Nig | 0 R 2 atm H,
(a) Buth—C‘o—N\) SiHPh, 25 °C,5h SiHPh,
CI/ \CI ;’Bu Pentane
1-72
A\ J/
( ) 1 mol % 1 73
phn_O—ph 10 mol% Zn(0
AN 40 atm H,, 25 °c R
(b) ( Co(acac), 24 h
Ph—Q wPh MeOH
1-73
A J
( N 2 mol % 1-74
PhHw- O_ 20 mol% Zn(0)
1 equiv. NEt3
( Co(COD) R 0 34 atm Hp, 50 °C g
() o N __1h
Ph —wPh OH
R' MeOH
1-74
A\
( N 10 mol % 1-75
Me ,Bu 100 mol% Zn(0)
P 1 equiv. NEt;
\Co(COD) 34 atm Hp, 50 °C g
(d) o W _1h
‘B0 Me HNAG T weon ENA
1-75

29 examples
R = Et, F, MeO, etc.
86-98% yield, 46-99% ee

30 examples

R = H, Me, CF3, MeO, etc
OH R'=Me, Ph, OPh, etc

80-99% yield, 80-98% ee

21 examples
85-97% yield, 30-99% ee

R =H, 95% yield, 99% ee
R = 3-MeO-5-AcO, 92% yield,
99% ee

Scheme 1.44. Asymmetric hydrogenation of alkenes featuring various substitution
patterns mediated by Co. (a) Asymmetric hydrogenation of vinylsilane reported by Huang
and coeworkers (b) Asymmetric hydrogenatioof Ub-unsaturated carboxylic acids

reported by Zhangnd ceworkers. (c) Asymmetric hydrog

enation of @b-unsaturated

carboxylic acids reported by Chirik and-amrkers. (d) Asymmetritiydrogenatiorof U-

dehydr@mino acids reported by Chirik and-amrkers.

The Zhang grougas alsadisclosed an example dfie unique selectivity that can be

achieved when using a basetal catalyst systeff.When R,R-QuinoxP* was used in

conjunction with catalyticamounts of CoGl (1-76) and Zn dust both cheme and

enantioselective hydrogenation of conjugated enynes could be achieved (Scheme 1.4.5).

The authors targeted conjugated enynes bearing amide functipralityis class of

substrates is difficult to reduce chemoselectivélell established Rh catalysts were found

to be incapable of selecting foeduction ofthe alkene, affordingnly the conjugated
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enamide producitdue to the large atomic size of RMith the use of Co, howeveneellent
enantioselectivity chemoselectivity, andsolated yields were obtained for the chiral
propargylamine product® small mechanistic study concluded that the active oxidation
state was likely a cationic €species as noreaction occurred in thabsence of Zn.
Furthermore, when CoCl(PBlBwasused as the Co soura® reaction occurred unless a
catalytic amount of ZnGlwas also includetb the reaction as a means of halide abstraction.
Deuterium incorporation was fourekclusively at the positions resulting from alkene

reductionwhen & was used

p N 1 mol % 1-76 R = H, MeO, CF;, etc
By Me NHAC 40 mol% zn(0) NHAC 25 examples
P R 40 atm Hy, 02 M] R 91-98% yield, 93-99% ee
P = 2. [0. = '
NN Z 50 °C, 21 h Z
| CoCl, —_— Smaller metal enables
N" p/ CHZCN chemoselective
ve  “Bu reduction
1-76

- / NHAG

[Rh] Catalysis Rh catalyst reduces
- both alkene and alkyne

Schemel.4.5. Highly cheme and enantioselective hydrogenation of conjugated enynes
enable by the use of a baswetal catalyst as reported by Zhang andvookers.

Another class of substrates that has proven to be particularly challenging for platinum
group metal catlysts is carbocyclic tsubstituted enamides. The chiral products of these
reactions are important structural motifs in pharmaceuticals such as Tametraline
(norepinephrinelopamine reuptake inhibitpr Sertraline (antidepressant), Rotigotine
(dopamineagni st ) , and Rasagi |l i neéeWokkayde VriesPaadr ki n s ¢
co-workers sought to access €Catalyzed asymmetric hydrogenation of these substrates
as existing catalysts based on precious metals struggled to achieve high

enantioselectivity®
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De Vries and cavorkersfound that by employing 5 af% CoCb in the presence of 5
mol% (S,3-Ph-BPE under 60 atm Hat 60°C in MeOH high enantioselectivity could be
achieved for a broad scope ©Bf and b-cyclic enamides (Scheme 1.4.6)jx and seven
membered rings as well as those bearing heteroatomitatibstcould be hydrogenated
with good to excellent enantioselectiviys with the examples discussed previousigé
suprg, the use of MeOR); as solvent did not lead to deuterium incorporation into the
products while the use of 60 atm: Bid for both U and b-cyclic enamide substrates.
Through the use of EPR spectroscopy and mass spectrometry the authors identified
plausible substrate bound intermediates and proposed a mechanism wherein the oxidation
state of Co remains as Eowith subsrate turnover occurring through a sigimand
metathesis pathwayhe authors were able to isolate 1,2&#ahydronapthalefi-amine

on a gram scale following deprotection of the anwdéh full retention of configuration.

»e e
5 mol% CoCI2
5 mol% ( -(Ph-BPE)
60 atm H2 60 °C, 18 h 32 examplets
R = Me, Et, 'Bu, Ph, etc
MeOH 89-98% yield, er as high as 99:1

98

@O

Scheme 1.46. Co-catalyzed asymmetric hydrogenation of carbocyliesitvstituted
enamides as reported by de Vries andavookers.

The examples discussed thus far have shown that Co can support asymmetric
hydrogenation across a range of oxidation states. However, few examples employ well
defined precatalysts, instead opting for the generation of the active specgt and
determning the active oxidation state after the fact. The Chirik group sought to expand

synthetic methodology to access cationi¢ €p@cies in a reliable way such that they could

38



be rapidly screened with a library of chiral ligarftisAs a result, the Chirik group
established a general reaction sequence that could be performed to access catipnic Co
arene complexes of the form [(PP)Gbérene)][BAr4).

When bis(pyridine)Co(CHSiMes), was oxidized from Cbto Cd" by ferrocenium
tetrakis(3,5bis(trifluoromethyl)phenyl)borate  ([Fc][BAs]) in the presence of a
bis(phosphine), diethyl ether, and arene, the correspondinga@an could be isolated in
high yield. These Cospecies arise through oeéectron oxidatiosinduced reductive
elimination from the resulting Clbdialkyl complexeswhich are then trapped by arene
coordination (Scheme 1.4.%p). This method was fouwhto be general for most chiral
bis(phosphineskexcept forthose bearing ferrocene substituti@uch as the JosiPhos
family, where the ligand was oxidized instead. This method afforded the previously
discussed compleg-71 in high yield as well as the nesomplexesl-77 - 1-84. All
complexes were found to be diamagnetic, crystalline solids that were characterized by
multinuclear NMR spectroscopy as well asa§ crystallography.

These complexes were screened ascptalysts for the asymmetric hydrogeoatof
dehydreSitaglipin which features an unprotected enamine. The Rh catalyzed asymmetric
synthesis of Sitaglijph (a treatment for type Il diabetes) was a transformative advancement
in the field of homogesous asymmetric hydrogenation catalysis andiesn a saalled
fiholy graild for basemetal catalyst$! While all Co precatalysts provided some degree of
enantioselectivity for this transformation, compleX1 provided >99% yield of Sitaglipt
with near perfect enantioselectivity (974 under screening conditions (0.5 mold4’1,

68 atm H, room temperature, [0.03 M], THF). When this reaction was performed on a
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gramscale a similarly high yield was obtainetbeit with a slight loss of enantioselectivity

(92%e¢6 (Scheme 1.4.7, bottom)
SiMes _l BAr,

F P
P \| [FCl[BAr 4] \Co
+ Py 2CO EtzO/C6H6 /
) \/SIMeg P

Me ,Bu + -
iprw ’O"Pr BAI, 4 Ph"O*F’h BAI, 4 4 BAr",

S 5 4
50" E8 e

1-71 1-77 1-78
99% yield 97% yield 98% yield

8 + - - + -
BAr4 p- u BAr",4 p- u BAr",4

CEI -0 E 0 0
Me" \fBu P~y P~y

1-79 1-80 1-84
99% yield 92% yield 94% yield
F 0.5 mol % [1-71] F
F 67 atm H,, 50 °C g
NHz O [0.1 M], 48 h NH; O
—_—_—

XN =N THF NN
F q\/(" F Qi{”

CFs >99% yield, 92% ee  CF3

Gram scale

Scheme1.47. Top. Synthesis of cationic (PP)Carene complexesia oneelectron
oxidationrinduced reductive elimination from a Estarting material.Bottom: Co-
catalyzed asymmetric synthesis of Sitagipising1-71 asthe precatalyst

When compared to Co, the use of Ni in theect catalytic asymmetric hydrogenation
of alkenes is relatively underdevelop&d Zhang and cavorkers were able to achieve the
diagereoselective hydrogenation of tetrasubstituted fluorinated enamides using a mixture

of Ni(OAc)2 and §)-Binapine under 50 atm ofat 80°C using trifluoroethanol as the
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solvent’? Exceptionally high enantioselectivity was observed-4960 e for all
substrates, as was selectivity &ymhydrogenation. The authors found that use of acidic
solvent (trifluoroethanol) was crucial, abe reaction rate and diastereoselectivity
decreased significantly when the less acidic methanol was used instead.

W. Zhang and covorkers disclosed a simildransformation wherein Ni(OAg)in
conjunction with an axially chiral ligan®-DM-MeO-BIPHEP was able to perform the
asymmetric hydrogenation ofdénidoacrylates across a broad substrate scope (Scheme
1.4.8)" This work also identified the crucial role offtmoroethanol in achieving high
catalyst turnover, and demonstrated that when deuterated trifluoroethanol was employed
as the solvent deuterium was incorporated into thesttion of thehydrogenation product
The authors surmised that the proton incoaped into the Jposition originates from H
while the proton inthe 2-position originates from Hin the reaction medium
(trifluoroethanol and/or catalytic amounts of acetic at@dved form the acetate ligand
Furthermore, the authors identified commwpll-85 as the precatalyst species while also
observing an oftycle species resulting from Higation of the bis(phosphine) ligand that

was not catalytically competent.

( 7\

0 2 mol % Ni(OAc), 0
R R

O éfz 2.1 mol% (S) - (DM-MeO-BIPHEP)
MeO \N' OA A OMe 30 atm Hy, 50 °C, 24 h Y OMe
MeO Ni(OAS), HN._O > HN.__O

P TFE
h OMe R = H, MeO, CF, etc OMe
= - =i ] 3
Ar=3,5-xylyl 25 examples

1-85 Up to 96% ee

(. J

Schemel.4.8. Ni-catalyzed asymmetric hydrogenation edididoacrylates as reported by
W. Zhang and cavorkers.

The examples outlineaboverepresennearly allof the recent reports on €and Nk

catalyzed asymmetric hydrogenation déeades As such there issignificantopportunity
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to expand the space of ligands that can support this transforiregtiomll as increase the
scope of functionalized alkenes that can be hydrogenated with high selecti8t by
metals. Almosall the examp#s outlined above take the approach of repurposing privileged
bis(phosphines) that have been employed irc&halyzed asymmetric hydrogenation for
basemetal catalysis.Work describedin Chapter 4 of this document describes the
development of a chiral midegphosphine/phosphonite ligand that is readily prepared from
a commercially available chiral diolhis ligand was applied towards the -Catalyzed
asymmetric hydrogenation of a broad scope Ublehydroamino acids with high
enantioselectivity.

Work desctbed in Chapter 5 of this document further expands the space of ligands that
can support basemetal catalyzed asymmetric hydrogenation and achel@sgstanding
goal of research inthe Turculet group to combine thereactivity of (phosphino)sily
ligated 3-metal complexes in hydrofunctionalization catalysis with  high
enantioselectivity. Work in this chapter details the development of a new class of chiral
ligands that can support the -batalyz2d asymmetric hydrogenation @inctionalized

enamides
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Chapter 2:Synthesis and Characterization of (CyPSiP)Cd Complexes for
Catalytic Alkene Hydrogenation
2.1Introduction

As outlined in Chapter 1 of this document, basstal complexes supported by
tridentate pincer ligands have been shown to be exceptionally reactevesariety of
catalytic applications. Ligands incorporating redox -momocent motif$* or basic
heteroatoms to facilitate metiijand cooperativit§# have emerged as powerful tools to
control the reactivity of firstow transition metal complexes. By comparison, the synthesis
and catalytic application ofrBtrow metal complexes supported by bis(phosphino)silyl)
(PSiP) ligation have been relatively unexplored until recently. In particular, reports of
isolable (PSiP)Co complexes have been limited to a small number of examples from the
Sun#859 | ee® Nishibayash?! and Turculet group$The incorporation of silydorors in
the coordination sphere of Co has the potential to give rise to-gilgtatooperativity
involving the formation ofl-Si-H complexes via the transfer of hydride equivalents
between Co and the electropositive Si center. Such reactivity could, in principle, allow Co
to maintain a preferred lower oxidation state in the coursetbbBnd activation processes
(E = main groupelement) and may facilitate turnover in hydrofunctionalization catalysis.

In this context, this Chapter targets the synthesis of new, coordinatively unsaturated Co
complexes supported by @BSiP Cy-PSiP =g%(2-Cy,PCsHa).SiMe) for application in
alkene lydrogenation catalysis. Alkene hydrogenation is one of the most important and
widely employed catalytic reactions known, and has applications ranging from
petrochemistry to fine chemical synthe$igraditional catalysts for this transformation

are dominated by the platinum group metals, however recent advances have been made in
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the development of earttabundant metal catalysts capable of performing this
transformatiort> Cobdt in particular has come to the forefront as a capable metal for

alkene hydrogenation catalysis, and has seen extensive development in recent years (Figure

2.1.1).
=z | =z | Prm- P\ Pr BArS,
N N
LN YN Y (:[/00@ (B
_N—Co—N__..Cy N Co N , PL t I t
Ar I j / | \ Pr -u'Pr BuP—Co—PBu,
Me R Ar Me Ar |
N
Chirik 2012 Chirik 2013 Chirik 2019 Peters 2013
Chirik 2016 Chirik 2022
Ar = 2 6-diisopropyl Ar = 2,6-diisopropy!
R = Me, Bu
OO - [Li(THF)3 5] +
| - Ar
Yeaasy, - =L
P oo, S
Ar/ N, \Ar Ar-N( /N\Ar /N—C‘o—-N\
Co By Bu
\ oTf
&7
Fout 2016 Turculet 2018 von Wangelin 2019 Anderson 2022
Ar = 2,4 6-trimethylphenyl Ar = 2,6-diisopropylphenyl Ar = 4-methylphenyl

Figure 2.11. Selected examples of homogeneous Co catalysts for the hydrogenation of
alkenes featuring redox nennocent ligands, ligands capable of engaging in migiahd
cooperativity, and strong field ligands.

Work from the Chirikgroup has shown that bidentate bis(phosphines) as well as
tridentate pyridine(diimine) and bis(carbene)pyridine ligands are all capable of supporting
alkene hydrogenation at Co (Figure 2.1 6467707577 Notably, this has led to active
catalysts capable of hydrogenating sterically hindered alkenes such as 1,2
dimethylbuten€? indene derivatives, and stilbene derivatives under exceptionally mild
conditions (4 atm & 5 mol% Co, 2850°C, 18 h)?° The Fout group has shown that strong
field ligands that do not engage in mdighnd cooperativity can also support
hydrogenation catalysis at Co, including both alkene hydetgen and alkyne

semihydrogenation (Figure 2.1%)®7 A phenyl bis(cebene) (CCC) supported Co(l)
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triphenylphosphine complex (CCC)Ca{kPPh) was shown to hydrogenate a small scope
of alkenes under mild conditions (4 atm, Ffbom temperature, 2 mol% Co) while an
increase in temperature to 60 was required to hydrogenatgctic alkenesExposure of
the (CCC)CoN(PRs) complexes to an atmosphere ofled to the reversible formation of
the nonclassical dihydrogen complex (CCC)CeJtPRs), the formulation of which was
confirmed via extensive NMR studies. Further mechanistiestigation was performed
through use of parahydrogen induced polarization (PHIP) trawsiieh determined that
substrate coordination and oxidative addition efadcurred in a concerted manner and
was reversible.

Work from von Wangelin and eworkers has shown that a redox nomocent
bis(imino)acenapthalene ligand (BIARansupport highly reduced Cad) complexes that
displayed good activity for olefin hydrogenation as well as the hydrogenation of imines
and quinolines (Figure 2.1.3y Catalysiswasperformed under generally mild conditions
(2-10 bar H, 3 mol % Co, 260 °C, 24 h) and included challenginglstrates such as
substituted dcyclohexene derivatives, a-Bubstitutedfb-unsaturated ester, conjugated
imines, and substituted quinolines. An investigation into the mechanism allowed for
isolation of a tri(hydrido)Co dimer [(BIAN)Co(H] that the authors speculated was a
catalyst resting state (Figure 2.1.2). Despite the highly reduced nature of the Caloenter
authors propose a homogens catalysis mechanism as evidenced by immediate catalysis
onset, steady conversion, and a zewder rate with respect to substrate. Furthermore, a
plot of the initial rates versus catalyst concentrations showed a first order rate in Co and
the attempted amalgamation of the catalyst with 300 equiv. Hg had only a small effect on

the rate.
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O'O Ar Ar, _I- [Li(THF)3(Et,0)]*

O N\ /H\ /N
T 3 equiv. LIBEtzH (= Losfor)
N Ney, ———— N™ TN N
Ar7\ /T Ar C-H v H /
Co 616 Ar Ar
Br’ \Br

Ar = 2,6-diisopropylphenyl
Scheme2.11. Synthesis of the trihydride complex (BIAN)Co@fjom (BIAN)CoB,.&°

Anderson and cavorkers have recently disclosed a dihydrazonopyrrole (DHP) ligand
that is capable of supporting hydrogenation at Co through lkbasdd storage of
dihydrogen (Figure 2.1.8}. The authors found that exposing the triflate complex
(DHP)Co(OTf) to an atmosphere of dihydrogen gave rise to ratable complex
formulated as the doubly protonated (BHBP)Co(OTf) complex that arises from
protonation of the hydrazone linkage. (DHP)Co(OTf) was an active cafalyshe
hydrogenation of a small scope of alkenes under mild conditieh® (dol% Co, 14 atm
H2, room temperature). The complex was largely intolerant of substrates that did not feature
terminal alkenes.

H,

A

N H
5\1 Co
BU ot BU BU

H><
H\)\R 2R

Figure 2.1.2. Ligand based Hstorage as a metajand cooperative strategy.
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The utility of electronegative elements embedded in the framework of ligands has been
well established in the literature as shown by the above examules(pra. Conversely,
the utility of incorporating electropositive elememit® the architecture of ligands has only
recently begun to be explored as a possible means to leveragdigaetdicooperativity.
The Peters group has shown that an anionic bis(phosphino)boryl ligand was capable of
supporting catalytic alkene hydrogeoat at both Co and N*° while work from the
Turculet group has begun to establish the utility of bis(phosphino)silyl supported base
metal complexes as active catalystsifgdroelementatiotransformationgFigure 2.1.1¥:
10, 40, 82

Previous work from the Turculet group has established the ability of (Cy
PSiP)CoN(PMes) (1-55) to react with H and perform thecatalytic hydrogenation of
terminal alkenedThe catalysis required moderate pressure and tempei@afferd good
conversion(10 atm H, 2.55.0 mol% Co, 60 , 18 h, Schemepefasl. 2) ,
limited to terminal alkenes with little functional group tolerance. The authors hypothesized
that the lack of lability associated with the P)\e-ligand prevents its dissociation and

thereby inhibits catalytic turnover.
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cat. 1-55

H R2 10 atm H,
>:< 4 h, 60 °C _
R" H benzene-dg
H
a H H p
2.5 mol% 1.0 mol% 2.0 mol%
96% yield 73% yield 27% yield

Scheme2.12. Substrate scope and conditions previously employed in the catalytic
hydrogenation of alkenes Hy55.°

In this chapter, the synthesis of @BiP)Cbcomplexes lacking exogenous phosphine
donors $ reported. A reliable protocol to synthesize €%iP)Céd alkyne complexes in
good vyields and high purity is disclosed, as is the application of these complexes in the
catalytic hydrogenation of alkenes bearing a variety of functional groups. The high
catalytic activity of these species allows for the use of 1 atmdtHoom temperature
employing low catalyst loading. Furthermore, an investigation into the relative stability of
(Cy-PSiP)Co hydride species as well as a potential mechanism for catgtyibgbnation
employing DFT methods is reported. The apparent involvemeirSeH and secondary
interactions between silicon and hydrogen atoms (SISHA) in the transfer of hydride
equivalents to the substrate lends support to the notion that PSiP ligaedfd potential

to act in a cooperative manner in such hydrofunctionalization reactivity.
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2.2 Results and Discussion

2.2.1Synthesis and Characterization of (CyPSiP)Cd Alkyne Complexes

Previous work towards the synthesis of (PSiP)Camplexes led exclusivelyot
coordinatively saturated, idlectron species that typically feature exogenous phosphine
donors? 48 50518384 \While such phosphine coordination is useful for stabilizing the Co(l)
center, the lack of lability associated with their coordination can be a hindrance to catalysis.
To improve upon the catalysis previously disclosed by tiveulet groupide supra this
work sought to synthesize (SiP)Co complexes that did not feature phosphines, CO, or
other nonrlabile donors as ebgands.

Single electron reduction of (ERSIP)Cd (1-54) with excess Mgwas performed in
the presencef a variety of -donor ligands. Reduction in the absence of additional donor
ligands was attempted prior to this, however this led to intractable mixtures of
paramagnetic products from which no clean material could be isolated. Pyridine and 4
(dimethylamno)pyridine were unsuccessful at supporting -&SiP)C4 as were
acetonitrile and 2:6dimethylphenyl)isocyanidélhe previously reported synthesis of the
Ir' ethylene complex (GPSIP)Ir(GH4)3" prompted investigation into a possible Co
analogue. M@reduction of (CyPSiP)Cbunder an atmosphere of ethylene led to a color
change from dark red to dark blue. Analysis of the crude reaction mixtut® andH
NMR revealed the likely formation of a diamagnetic ethylene complex of the type (Cy
PSiP)Co(GH4) after 18 h at room temperature. A single resonance was observed in the
31P{*H} NMR spectrum at 69.0 ppm, and tHé NMR spectrum revealed a singlet at 2.39
ppm integrating to 4 protonthat likely correspond® coordinated ethylenélowever, in

the absence of ethylentae complex rapidly decomposed to form paramagnetic products
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and could not be isolated. Migeduction of (CyPSiP)Colin the presence of 1,5
cyclooctadiene ands-stilbene led to the formation of paramagnetic species that could not
be successfully isolated.

By comparison, M@ reduction in the presence of the alkynesbu®yne or
diphenylacetylene led to the formationisblable diamagnetic complexes formulated as
(Cy-PSiP)Co(2butyne) @-1) and (CyPSiP)Co(diphenylacetylened-g) in 81% and 85%
yield, respectively (Scheme 2.2.1). For both complexesyXcrystallographic analysis
revealed a distorted square pyramigedmetry at Co in the solid state (Figure 2.2.1), with
Si occupying the apical positidransto a vacant coordination site aod-disposed PCy
donors in the basal plane. Significant distortion of the alky@®ICC b ond angl es f
idealized 180° to 38.13(19)°133.98(19) and 137.12(2)°/137.46(12)for 2-1 and 2-2,
respectively,suggests significant-backbonding into thé” antibonding orbitals of the
al kynes. Furthermore, the elongated CIC bor
2-land2-2) , respectivel vy, deviate significantly

1.20 A, with values closer to the idealized-sp? bond distance of 1.34 A typical for an

alkene.
PCy, PCy,
| Mg(0)
MeSi—Co—lI —_— MeSi—Co
THF
PCy, PCy, R

L — 2-1: R =Me, 81%
2-2: R = Ph, 85%

Scheme2.21. Synthetic route for the preparation2i and2-2.
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Figure 2.21. (Left) Crystallographically determined structure 21, with thermal
ellipsoids shown at the 30% probability level. Hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (€) 1.8535(18) Co-C(3)
1.8976(18) C(2)}C(3) 1.3112(18), C#(1) 2.2091(5) CoP(2) 2.1977(5) CosSi
2.1884(5) C(1)}C(2) 1.492(3), C(2C(3) 1.296(3), C(3(4) 1.495(3), SLCoC(2)
91.14(6) SFCo0-C(3) 107.90(6) P(1}Co-P(2)107.959(18) P(1}Co-Si 88.879(7), P(2)}
Co-Si84.837(18) P(2)Co-C(2) 102.69(6) P(1}Co-C(3) 111.05(6) C(1)C(2)C(3)
138.13(19), C(2)C(3)-C(4) 133.98(19)(Right) Crystallographically determined structure
of 2-2, with thermal ellipsoids shown at the 30% probability level. Hydragems have
been omitted for clarity. Selected interatomic distances (A) and angles (Q(Z3o
1.8817(13) CoC(3) 1.8609(13) C(2)C(3) 1.296(3), Co(P1)2.2091(4) CoP(2)
2.2423(3) C(2)C(3) 1.3112(18), C(2(81) 1.4645(17), C(3E(71) 1.4636(17), C&i
2.2062(4) SFCo-C(2) 110.12(4) SFCo-C(3) 101.39(4) P(1}Co-P(2)114.731(14) P(1}
Co-Si86.603(13) P(2YCo-Si84.808(13) P(1)yC0o-C2103.49(4) P(2yCo-C(3) 100.69(4)
C(3)>C(2)C(81) 137.12(12), C(2¢(3)-C(71) 137.46(12).

With the alkyne complexe2-1 and 2-2 in hand, their reactivity with Hwas
investigated. Exposure of a degassed solution of either complex to an atmosphsdre of H
a sealed-Young NMR tube led to a rapid color change from the respective dark purple or
blue to yellow. Analysis by use 8H and3P{*H} NMR spectroscopy revealed complete
conversion to a new diamagnetic product within minutes in both cases, with concomitant
formation of the fully hydrogenated alkane product (butane ordipfzenylethane,

regpectively). In both cases, a broad resonance at 100 ppm corresponding to a hew (Cy

PSiP)Cecontaining product was observed BY{H}, while the 'H NMR spectrum
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(benzeneals) showed a single, broad, hydride resonanc®.84 ppm integrating to four
hydrides. Variable temperature NMR studies were conducted, with no decoalescence
phenomena observed down 480 . Increasing the temperature to 80 led to no
observable differences in thid and*'P{*H} NMR spectra of the reaction mixture, and no
decompositionwas observed upon cooling the sample back to room temperattiemmpts

to isolate the observed polyhydride complex formulated adP@&l?) Co(H) have thus far

been unsuccessful as rapid decomposition occurs upon removal ofdatrad$phere.

Given the Ighly fluxional nature of the observed (B®8iP)Co(H) complex several
formulations featuring a Cor Cd" oxidation state are possible (Figure 2.2.2). Co(lll)
dihydride species, neclassical dihydrogen adducts, as well as species that féaBiid
interactions, are all possible isomers to consi@er inability to isolate this complex
coupled with a lack of observed decoalescence by variable temperature NMR spectroscopy
prompted the use of DFT calculations to probe the potential energy surface.

Qe Qe O
\\H2 AN \\H

MeSi— Co H, MeSi—Co—H MeSi'--ICd—H
H' | H
PCy2 PCy2 PCy2

P(:y2 <j%7|:*cy2 Q—PCyz
, H2 / \, \\H
O

MeSi—Co—H2 MeSr-Co H2 MeS|--Co H MeS|

H, ¥y |
PCy, PCy, F>Cy2 PCYz

Figure 2.22. Possiblestructures of a (G*SiP)Co polyhydride species. Top: Complexes
in the Cd' oxidation stateBottom: Complexes in the Coxidation state.

Geometry ptimization and frequency calculations using the B3LXPM 88 method

led to several possible formulations for (E$iP)Co(H). Three (CyPSiP)Cd
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polyhydride isomers withimp Gel = +/- 2.8 kcal/mol of one another were found (Figure
2.2.3), while no local minima corresponding td Gamplexes were identified. The lowest
energy isomer (Figure 2.2.3 (A) features twais-disposed terminal hydride ligands and

a coordinated molecule of ditirogen with a meridionallgoordinated PSIiP ligand.
However, an isomer featuring tweoans-disposed terminal hydrides and a dihydrogen
molecule coordinatettansto silicon was only +0.4 kcal/mol relative £o (Figure 2.2.3,

(a) B). A third isomer featurig a(-(Si-H) interaction and three terminal Co hydrides
(isomerC) was found to be +2.4 kcal/mol relative to the isoehe barrier for the
interconversion of these isomer ¢=+4188 ough
kcal/mol (Figure 2.2.3 (b))Thesedata suggests that it is possible that all three of these

isomers are in equilibrium when a large excess of hydrogen is employed experimentally.

A B
PCy2 PCy2 PCy2
, ~H2 \\H
(@) MeSi—ICcS—H MeSi—/Cd—Hz MeSn--Co H
H | H |
PCy2 PCYZ PCYZ
AG = 0.0 kcal/mol AG =+ 0.4 kcal/mol AG = + 2.8 kcal/mol
(AH = 0.0 kcal/mol) (AH =+ 0.9 kcal/mol) (AH = + 3.2 kcal/mol)
B BE:
PCYZ
| IH\
MeSi—/C|6\ H
PCy; H | H PCy, t_
Q, F @—pcyz Uz | 467=+438 koalimol
(b) MeSi—ICo—Hz - - MeSi—/Co—H AG = - 0.4 keal/mol
H o H -
PCy, PCy, (AH = - 0.9 kcal/mol)

Figure 2.23. (a) ComputedyG andgH values for (CyPSiP)Co(H) isomers (kcal/mol).
(b) The calculated kinetic barrier for isomer interconversion through metathesis.
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2.2.2(Cy-PSiP)Co Catalyzed Alkene Hydrogenation

With the precatalyst2-1 and2-2 in hand, their effectiveness in alkene hydrogenation
was evaluated. In initial studies;ottene was employed as a model substrate to compare
the reactivity of2-1 and2-2 to that of1-55 (vide suprd. Using 5 mol% of either alkyne
complex under &atm H led to complete conversion to octane after 4 h &% MDue to the
ease with whicl2-2 could be purified relative t8-1, subsequent optimization was done
exclusively with the former preatalyst. Optimization of conditions witk-2 for the
hydrogenation of 1octene 2-1a) led to the use of 0.5 mol % Co under 1 atgrfdd 4 h at
25 to afford quantitative yields of octane (Scheme 22-23). These conditions could
be extended to includas- andtrans-4-octene and provided quantitative yields of octane
(Scheme 2.2.2-1b-c). Furthermorel}methylstyreneZ-1d) was hydrogenated to cumene
in quantitative yields under the same conditions with a catalyst loading of 0.1 mol%, while
an increased loading @fmol% was required for the hydrogenatiortiststilbene and the
tri-substituted alkene ethylidenecyclohexane (Scheme 2212, -f). Performing the
hydrogenation ofcis-stilbeneon a 1.0 mmol scale allowed for the isolation of-1,2

diphenylethane (96% gid) and demonstrates the efficacy of this catalyst on a larger scale.
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Y= AnBT gy £y ng,,,,,._% ol

H R benzene-dg H R®

|\ J
H H H H H
/\)\/\/ /_)_Q_\ H H H H
T T i — o O)\ /T\
21a 2-1b 2-1¢ 2-1d 2-1e 2-1f 241g
0.5 mol% 0.5 mol% 0.5 mol% 0.1 mol% 1.0 mol%? 1.0 mol% 0.5 mol%
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/\/\ H/\)LN
H H H H H
F Faak H
2-1h 2-1i 2-1j £ -k 2-11 2-1m
0.5 mol% 1.0 mol% 1.0 mol% 1.0 mol% 1.0 mol% 2.0 mol%
>99% 81% >99% >99% 19% >99%
H
o H H o) H
Ph
H/\)LNHZ Ph O/\ H
H H H H
2-1n 210 2-1p 21q 21r
1.0 nlol% 7.5 mol%® 5.0 mol%? 2.0 mol%® 2.0 mol%®
21% 86% 57% >99% 0%

Scheme2.22. Substrate scope for the hydrogenation of alkenes @#fh Reaction
conditions: alken€0.5 mmol),2-2 (specified mol %), 1 atm £l benzeneals (volume to
achieve 0.5 mL total volume), 2&, 4 h. Yield of product determined on the basi&bf
NMR integrationvs 1,3,5trimethoxybenzene internal standard (0.5 mmol; average of two
runs); a relaxation delay of 60 s was used to ensure accurate integraRieastion
performed on a 1.0 mmol scale, isolated yield in parenthBReaction performed at 50
°C under 1Gatm H.

The substrate scope was further expanded to assess the functional group tol&ance of
2. Allyl ethers were well tolerated with no observed®ond cleavage (Scheme 2.22,
1g-h), as were ketones and esters with no observable reduction of the carbonyl (Scheme
2.2.2,2-1i-j). A secondary acrylamide featuring a bulkyeutyl substituent wacleanly
hydrogenated to the corresponding alkyl amide (Scheme 2:2tR), however a primary
acrylamideanalogueafforded only only 21% conversion (Scheme 2.2-2n). An alkene
featuring an alcohol achieved similarly low conversion (19%, Scheme 2228,

indicating the limitations of this catalyst.
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Extending the substrate scope to include sterically hinderednti tetrasubstituted
alkenes was met with some success (Scheme 2-:2@r). TransUmethylstilbene was
cleanly hydrogenated to theroesponding alkane with 86% conversigmth unreacted
alkene comprising the remaining masgance) butequired an increase in catalyst loading
(7.5 mol%) as well as increased temperature and pressure (10,d&0°8). Substrat@-
1p 1-methyt1-cyclohexene was similarly hydrogenated with 57% conversion using these
conditionswith 5 mol% 2-2 while 3,3dimethylmethacrylate21q) was hydrogenated in
guantitative NMR yield. The tetrsubstituted olefire-1r afforded no conversion to the
corresponding alkane and further identifies sterically demanding substrates as a difficult

class for this catalyst.

2.2.3DFT Mechanistic Investigation

The high catalytic activity of the (GRSIP)Cb alkyne complexes prompted an
investigation into a potential mkanism using DFT methods, The potential mechanism by
which (CyPSPP)RH (R = OTf, Me) performs alkene hydrogenation was recently reported
by Taylor and ceworkers, where thegpbserved that competitivibond metathesis and
reductive elimination pathwaysere operativé’ Furthermore, they determined that
series of Rh dihydrogen and dihydride complexes are viable intermediates in the presence
of Ho, and they demonstrated the potential for unusual bonding scenarios between the
hydride ligand and the silyl donor. The authors also disclose a series-&fRRN"
polyhydride isomers similar to those reportdzbvein above in section 2.2.2. The most
stable isomer in this case was shown to be one that featameslisposed hydride ligands
as well as a molecule of dihydrogen coordindtads to silicon. h contrast, the lowest

energy polyhydride isomer calculated for (E$iP)Cd' featurescis-disposed terminal
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hydride ligands and with a dihydrogen ligand coordinadlto the Si methyl (Figure

2.2.4).
PCy> PCy>
,‘\\Hz M , ~H
Me:si-Co—H €' Si-Rh—H,
4 4
H | H
PCy2 PCy2

Figure 2.24. Lowest energy configurations calculated for {E€$iP)Co and (G SiP)Rh
polyhydride complexe¥’

When monitoring catalytic hydrogenation experiments it was noted that (Cy
PSiP)Co(H) was the only species that ¢de observetby >'P{*H} NMR and is likely
the catalyst resting state. As the hydride ligands were observed to undergo rapid exchange
under 1 atm of KHand the relative energies of the polyhydride isomers are close, (Cy
PSiP)Co(H) isomerB (vide suprg Figure 2.2.3 (a)) was chosen as an entry point to the
catalytic cycle due to the labile nature of the dihydrogen ligeants to the silyl donor
(Figure 2.2.52-3). Dissociation of HHwas found to give intermedia2avhich displays two
transdisposed hydride ligands and a vacant coordinationirsitesto silicon (Figure 2.2.5

2-4).

The hydride positionedynto the Si methyl irR-4 was calculated to possess an acute
Si-Co-H angle of 69.3 and an SH distance of 1.752 A which is consistenttiwi
secondary interaction between silicon and hydrogen atoms (SI8E#9ma complexes
of the form d?>-(Si-H) can be vied as a 3@-electron bond arising from reductive
elimination of the SH moiety. SISHA, on the other hand, are noted as having values
between 1.9 2.4 A and can arise due to the tendency of Si to become hyperaatent

engage in bonding interactionstivboth the metal and the hydrigfeT his becomes notable
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when there are hydride ligands present on the metal center, leading to interactions between
the Si, M, and H atoms that can be difficult to classify. While thid 8istance ir2-4 is
somewhat shorteghan the range presented for SISHA, it is difficult to definitively assign

in the absence of & coupling constants from NMR spectroscopy.

The model substrate, propene, was found to coordinatz4dhrough a barrierless
transition state and led toelpropenyl hydride complex5. The Sii H distance ir2-5
was calculated to be slightly longer tham (1.864 A), albeit still within the range for
SISHA. Migratory insertion of the alkene involving the hydride positiosytto the Si
methyl group in2-5 was found to proceed through a low energy transition Jigt
Conversely, the barrier for migratory insertion involving the hydride ligaritto the Si
methyl was found to have a significantly higher barffeS( 206G = +9.79 kcal/mol), and
led to he relatively unstable produets 6 G = +13. 7 kcal/ mol ). Fur
2-5 @vere not pursued. The lower barrier associated W&l2 could be due to the SISHA
between the hydridsynto the Simethyland the silyl donor. Subsequent coordioatof
H> to 2-6 was found to be barrierless and led to the slightly destabilized octahedral product
2-7. The higher energy product is likely due to PSIP ligation favoringdoadinate
trigonal bipyramidal complexes as noted by Taylor andvorkers®” a result of thérans
labilizing influence of the silyl donor. Subsequent sigma bond metati&# (vas found
to possess a low barriep(@ = +1.59 kcal/mol) and regenerat2d as well as a molecule
of propane. Unlik the (CyPSiP)Rh system described by Taylor andwaokers®’
reductive elimination was not found to be a competitive pathway for substrate ré@igase (
3 Y and instead was found to have a significantly higher barriesthara bond metathesis

( PG +8.64 kcal/mol). These results further corroborate thencby Taylor and co
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workers that the properties of PSIP ligated metal complexes favor metathesis elimination

pathways.
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Figure 2.25. Proposed catalytic cycleighlighting relative free energies (kcal/mol) of
intermediates and transition states calculated for the hydrogenation of propene mediated
by (Cy-PSiP)Co(H).
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Figure 2.26. Free energies (kcal/mol) of intermediates and transition states calculated for
the hydrogenation of propene mediated by-RSiP)Co(H).

2.3Summary and Conclusions

The results presented in this chapter detail the synthesis tfeg@@y-PSiP)Cbalkyne

complexes that are uniquely primed for hydroelementation catalysis. The use of alkynes as

stabilizing ligands for the electron rich Quetal center allows for the facile isolation of

Co complexes that can act as a source ofRGP)Cd. The alkyne complexex1 and2-

2 are both active preatalysts for alkene hydrogenation. The improved -catalytic

performance of the latter complex towards alkene hydrogenation relative to the previously

reportedl-55is remarkable. The utility of th22 complex in hydrogenation catalysiss

demonstrated through a diverse scope of substrates, including functionalized alkenes that

contain ether, ester, ketone, and secondary amide groups. All such substrates were

hydrogenated under exceptionally mild conditions, including room temperatdriow

hydrogen pressure (1 atm), as well as low catalyst loading @3 mol%). Employing
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more forcing conditions (10 atmpHb.0-7.5 mol% Co, 65 , 24 h) led to good conversion

for sterically hindered tsubstituted alkenes suchteans-U-methylstibene and 4nethy}t
1-cyclohexene. The steric hindrance associated with th@ &l ligand likely inhibits
coordination of bulky tr and tetra substituted alkenes, impeding catalysis in these
instances. Despite such limitations involving especially bulibgsates, the (GPSIP)C6
pre-catalysts reported in this chapter are among the most reactive for the hydrogenation of
simple terminal, internalis/trans, and functionalized alkenes. The high yields and ease of
purification associated with the alkyne qolexes (CyPSiP)Co(alkyne) represent an
important advance in the catalytic utility of PSiBpported base metal complexes.

A DFT investigation into a potential mechanism for alkene hydrogenation as well as the
potential noAnnocence of the silytlonor was also explored. Universally low barriers
compkement the observed reactivity, and NMR studies combined with computational data
corroborate several (E§SiP)Co(H) isomers as the resting state of the catalyst. Multiple
species featuring CoH---Siinteractions were found to be catalytically relevant, including
a dihydride species featuring SISHA that was implicated as the catalytically active species.
The intermediacy of sudBo---H---Si species appears to be crucial for catalytic turnover,
consistat with the premise that met8l interactions in phosphino(silyl) ligated complexes
play a key role in facilitating hydrofunctionalization reactiviSubstrate coordination,
migratory insertion, and sigma bond metathesis all proceed with relativelyitatick

barriers to hydrogenate propene as the model substrate.
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2.4 Experimental

2.4.1General Considerations

All experiments were conducted under nitrogen in a glovebox or using standard Schlenk
techniques. Tetrahydrofuran and diethyl ether were distilled itafbenzophenone ketyl.
Benzene, toluene, and pentane were first sparged with nitrogen and subsequently dried by
passage through a douldelumn (one activated alumina column and one column packed
with activated @6). All purified solvents were stored ov&A molecular sieves. Benzene
ds was degassed via three fregmempthaw cycles and stored over 4 A molecular sieves.
The ligand precursor (GRSiIP)H® and (CyPSiP)Co! were prepared by previously
reported methods. All other reagents were purchased from commercial suppliers and used
without further purification. Unless otherwise statdéld, *3C, 1B, 3P, and?°Si NMR
characterization data were collectdd380K, with chemical shifts reported in parts per
million downfield of SiMe (for H, *C, and?°Si), BR-OEt (for 'B), or 85% HPQ, in
D20 (for3'P).H and'*C NMR chemical shift assignments are based on data obtained from
13C{1H}, BC-DEPTQ, H-H COSY, H-*C HSQC, andH-*C HMBC NMR
experiments?°Si NMR assignments are based ¥#2°Si HMBC and!H-?°Si HMQC
experiments X-ray data collection, solution, and refinement were carried out by Drs.
Michael J. Fergusoand Yugiao Zhowat the Universit of Alberta Xray Crystallography
Laboratory, Edmonton, Alberta.
2.4.2 Synthetic Procedures and Characterization Data

Synthesis of Cy-PSiP)Co(2Butyne) (2-1). 2-Butyne (21.5ni, 0.275 mmol) was
added to a solution oCy-PSiP)Col (0.195 g, 0.250 mmol) in camk THF and allowed

to stir for 10 minutes. Magnesium powder (@AY, 2.50 mmol) was then added as a
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suspension in ca. 2 mL of THF. Within minutes a color change was observed from dark
red to black, and the reaction mixture was allowed to stir for 18shdure volatile
components were then removiedvacuoand the resulting residweastriturated with 3

3 mL pentane. The residue was then extracted with 12 ndyadhexaneand filtered
through Celite to give a clear purple solution. The solvent wasvesio vacuoand the
resulting dark purple solid was washed with 2 mL of cold pentan® afford2-1 (0.143

0, 81% vyield) as aatk purple solid. Single crystals suitable forrXy diffraction analysis
were obtained from a concentrated diethyl etheutsni at-35 C. *H NMR (500 MHz,
benzeneals): d7.66 (d,J=7 Hz, 2H Haron), 7.58 (dJ=7 Hz, 2HHarom), 7.16 (overlapping
resonances, 2HHarom), 7.13 (t,J = 7 Hz, 2H,Haron), 2.60 (M, 2H, By), 2.45 (s, 6H, €3

), 2.13i 0.94 (overlapping resonances, 42 P 0.43 (S, 3H, $H3). 13C{*H} NMR
(125.8 MHz, benzendg): d 157.9 Carom), 157.5 Cautyne), 147.8 (apparent d,= 39 Hz,
Carom), 131.2 (M, Elaron), 128.2 CHaron), 128.1 CHarom), 126.5 CHarom), 30.5 CHacy),
29.8 CHacy), 29.4 CHacy), 28.5 CHacy), 28.3 (M,CHacy), 28.0 (m,CHacy), 27.9 (m,
CHacy), 27.7 (MCHacy), 26.8 CHacy), 26.5 CHacy), 16.3 (t3Jp.c = 4.0 Hz,Mezuynd), 3.16
(s, SCHa). 3P{H} NMR (202.5 MHz, benzenek): d 74.4.%°Si NMR (99.4 MHz,
benzeneds): d 48.9. Anal. Calcd. for GiHe1P.SiCo: C. 70.06; H. 8.75. Found: C. 69.80;
H. 8.39.

Synthesis of (PSiP)Cddiphenylacetylene) (22). Diphenylacetylene (0.046 g, 0.257
mmol) was dissolved in ca. 4 mL of THF and added shiraing solution of (PSiP)Col
(0.200 g, 0.257 mmol) in 5 mL of THF and allowed to stir for 10 minutes. Magnesium
powder (0.063 g, 2.57 mmol) was then added as a suspension in ca. 3 mL of THF, and the

resulting mixture was allowed to stir for 18 hours. TVmatile components were
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subsequently removed vacuoand the residue was triturated wit 3 mL of pentane.
The residue was then extracted with 12 mL of a 1:1 pentane: cyclohexane mixture and
filtered through Celite to give a clear, dark blue solutildre solvent was remové&tvacuo
and the resulting dark blue solid washed with 2 mL of cold pentane to affor22 in
85% yield (0.218 g, 0.133 mmol). Single crystals suitable foaydiffraction analysis
were obtained from a concentrated benzematisa. *H NMR (500 MHz, benzendds):
d7.76 (d, J = 7 Hz, 2H,Harom), 7.54 (M, 2HHaron), 7.32,d = 7 Hz, 4H,Haron), 7.22
(apparent tJ =7 Hz, 2H,Haron), 7.15 (apparent § = 7 Hz, 2H,Haron), 7.06 (apparent g
=7 Hz, 4 HHarom), 6.98 (apparertt J= 7 Hz, 2 HHaron), 2.56 (m, 2H, PECY), 2.32 (m,
2H, PCHCy), 2.07 (m, 2H, PB.Cy), 1.89 (m, 4H, PE..CY), 1.75 (M, 2H, PE,CY), 1.55
i 1.23 (overlapping resonance, 34H,HRCy), 0.77 (s, 3H, Sif3). 1*C{*H} NMR (125.8
MHz, benzenele): d 163.8 (M, Cawyne, 158.7 (apparent d] = 52 Hz, Carom), 147.0
(apparent dJ = 38 Hz,Caron), 141.2 (SCarom), 131.5 (apparent d,= 20 Hz,CHaron), 128.9
(s,CHarom), 128.5 (SCHarom), 128.4 (SCHarom), 128.3 (SCHarom), 126.5 (SCHarom), 125.8
(s, CHaram), 37.3 (m,CHcy), 37.0 (apparent dl = 23 Hz,CHcy), 30.0 (s,CH2cy), 29.6 (s,
CHacy), 28.8 (s,CHacy), 28.21 27.9 (overlapping resonandeéH>Cy), 27.8 (apparent d,
= 9 Hz, CHacy), 27.47 27.3 (overlapping resonanceé3tacy), 26.8 (s,CHacy), 26.4 (s,
CHacy), 4.09 (s, STH3). 31P{'H} NMR (202.5MHz, benzenalk): d 73.5. 2°Si NMR (99.4
MHz, benzenads): d 51.5 Anal. Calcd. for GiHesP.SiCo: C. 74.07; H. 7.92. Found: C.
73.82; H. 790.

General Procedure for Catalytic Hydrogenation of Alkenes.All hydrogenations
were performed on a 0.5 mmol substrate scale using anb@dtal reaction volume2-2

was dispensed as a stock solution into-draim vial and the substrate added
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microsyringe. Benzends was then added to bring the total reaction volume to /00

The vial was then equipped with a stir bar and closed with a B€&Ed cap. A needle

was then inserted through the septum to allow for introduction.glld. The vial was then
transferred to a Parr reactor which was sealed and purged wigimdHsubsequently
pressurized to 1 atmzhpressure (10 atm where specified). The Parr reactor weesdhea
25°C (50°C where specified) in an oil bath for the duration of the reaction time. Afterward,
the Parr reactor was removed from the oil bath and depressurizedlofthle glovebox,
400 m of a 1.25M stock solution of 1,3tf8methoxybenzene waslded to the reaction
mixture as an internal standard, and the mixture transferred to an NMR tube for data
acquisition. For calculation of NMR conversion, a chosen diagnostic product signal was
integrated relative to that of the internal standard. An ekadgdong (60s) relaxation

delay was used to ensure accurate integrations.

Procedure for the Hydrogenation ofcis-Stilbene and Isolation of2-1e. A 1 dram
vial was charged with 0.007 231 (0.01 mmol) and a magnetic stirbar and closed with a
PTFEsealeccap.Cis-Stilbene (1787, 1.0 mmol) and cyclohexane (106D) were added
viamicrosyringe, and a needle inserted through the seal to allow for introductiegas H
The vial was then transferred to a Parr reactor which was sealed and purged awvith H
subsequently pressurized to 1 atm. The Par
4 hours, then removed from the bath and depressurized. dild reaction mixture was
then exposed to air, diluted with 3 mL of hexanes, and filtered through affdiigagel.
The filtrate was concentrat@avacuoto afford bibenzy(2-1€) as a crystalline white solid

(0.175 g, 96%).
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General Computational Information. Geometry optimizationsand frequency
calculations were performed on all species withBB&YP functioralt>8 889 gnd the
XDM dispersion correction. Mixed basis set was used, consisting-8f1l&* for C and
H and 631+G* for all other elements. Singgint energycalculations on theptimized
geometries were carried out using the same B3XD® method with the 6
311+G(2d,2p) basis set. The XDM dampiayameters wera = 0 A anda = 3.7737 A
for the geometrpptimizations andy= 0.4376 A anda = 2.1607 A for he singlepoint
energies. All calculations were performed using the Gau$sfisoftware package, along
with the postg program for thiispersion energie$he postg program can bewnloaded

from http://schooner.chem.dal.ca
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Chapter 3:(PSiP)NiCatalyzed E) i Selectve Semihydrogenation of Alkynes
with Molecular Hydrogen

3.1Introduction

The selective semi hydrogenation of al kyne

for chemical synt hesi s, wi t-shc aal pep | si ycnatt hi eosniss
chemi oallsacmgée indust%’®°@Gontproddte ngestche st
chemoselectivity of this reaction is chal/l
(E)-and)-al kene i s oantearsma taisernddift eadv earl kane prod

3 DI number of approaches have been de
semi hydrogenation, i-ht%¥UWdidn g oendadirepal éeasli yosfi sh,
as wel | '%Asy dtrroagnesnfaetri on met hods that utilize

as sPYIEBtT @Y c oYY or mi ¢%2%fwed tdé+272% nd ami ne

bor d%%Pespite advances in the devel opment
protocols, direct hydaomgealdlty oof fuesrin s1ga mmad re
economi cal apeproadhctibomrml kiyn thisbaegdr d,
Lindl ar %% &t adamsesng t he mo s t commonly use

semi hydr tgermrsatliecn pa¢lkegnaf poodu¢cts. 22Good s
al kenes can also be obtained using classic

Wil kinsondsnd Sticlhdr vtk / Os B d%3%°Boya tcao nypsatr.i s on,
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stereocomplimentary semk)Haydeogesnhtl nmeoorgif na@

and is therefd%e underdevel oped.
catalyst H H
H, H H H R R
R——R ——> >=< + >=< + H
R R R H RHH
(Z2)-alkene  (E)-alkene  alkane
L —pph,

P
(\Ph

Fe
PPh, PPh, < PPh;

triphos/Ni(NO3), * 6H,0  dppf/Ni(OTf),

A B
Beller, 2019 Teichert, 2020
'd 1\
' .RPr S—PPr,
ProP—Ni b 2 N '
| ~RPe \ |
N/M""N'\ Meil—Nl_H
PH N Ph N |
Ph / PIPFZ
M=Sc,Y, La, Ga J
C 1-32
Lu, 2020 This work

Figure 3.11. Ni catalysts for theK) i selective semihydrogenation of alkynes with H

The most wutilizBEdal henhleed ftr @ mateydtpdey sreesd uics |
with #HNaas/ NeH st oi chi ome’Buichh hadshi mgaage mn. c
compati bl e wietnlsimamnwy bBBadvestr adtelsgd asuf fasr @
|l ack of functional group tolerance, as wel
systems have bEesrl|ldeveéelvepsemihydfogehati on
Asransi ti on mmtdali tmeodn dtdoetdy Hi cal ly i nvol ves
of the two hydrogen &tad mse,newiftolr nmmadr e ne X g

i someri zati on of2-atlhkee nieniptrioad ulcyt .f dhGemeddoa(d chief
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complexity of dBHvel epiingecaemiyydcogenati o
this challenge, Fo'rflleawd opead &Komansiem ca
compri seRlb/&f @rPdal kyne semi hydryofgeernaal baenaea
i somerization. A het ®@dsbiwmét alalsi @ xRumpAeg sc @
Ruyl®PP diéHnd-cdtral®yB)-edl ecti ve semi hydrogenat.i
reported. I n addivor 8¥f8ave sdaeel mamald cRuU ¢

operate via an unusBrall kenreed aarn s mf, o wihed ediyr

need for an isomerization step.
Whil e such examples of platinum group met
devel opment of increasingly 3dgtaamisndbloen ana

is a cur $°%5% 4P nprtiharsi tryegard, efficient first
the atom Ecehemitcal Gemi hydr ocgemrathi ghl gf sa@|
after. Yet only a smal/l number of such cat
cavor#edri sclosed awaexdmpzleedd ofeaEe i vity, whe.
Fe cattaley meedni hydr ogenat pme 99 uidleGa rhydir 4(10k. y6n
4 mol % Fe-729M)ACEst2r, nitrile, and chloro
high yieldsEwetbcexovelklyeoSed¢reeallask ymweedu eved
effectively t o af fB)-aldk etnhees . ¢ dvorr eesepdo eact eemdg |
semi hydrogentmas oal swo t HE&WAA rpeipsoorEpdod T ¢
compl ex di spEsyddkecedxwveltlyentow@a@ards a small n
well ¢psosiekyled ter minal al kynes, i ncluding
substi®umobm CB, A0 aA’Gn HL7 h) .

Al t hough catalysts employing Ni have been
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the hydrogenation of a Wa% /¥ty whswmasauotai
recently that tchaa aflkEyszsetdeex ampl al @y nHi s e mi h)
Hrwas reported -wygr Bedd 2 (lRAMAMhecss wor k det ai
stereodivergent S yap/tterm pwhhear es in%t a&Nm Ni( @&NfOmo r
sel ecti viEtayl kfemre, t Wi hbet Ne( MOsence of t he
generated nanoparticl egmemntpdredil kee rod ips ordairc.i
al kyne substrates-dooatangi-aptthdt Bwéhgaoagr on|
reduced with high selectivity, and the cat
groups, such as hydroxy, hal i de, boronic e
system was selectivehandl héherdeddbcgh yte
rather forcing reactionlBom)ditto o gd.20SAICS
andwopo K& resported on a related semi hdppfgena
(Fi gurtB t hat pre-sededt hvighy (for a variety
al kyne substrates, as weél bl &gnakkyRAsarpnl t hi
the use of forcing reactioncoh&ih) omass (rec
for efficient reaceédwictiyon Ewaseobsefwedoat
ti mes, whi ch wer easreec etsa a a Ehsiieahvees blimeg hcy ( A
cyclotrimerization was also noted as a sid
terminal al kynes.

The use-deffi nneed,i mpde Ni comptexgst as was er
reported bw kiéflsasdrices of hMteModbi et aY, ilc:
Fi g8rleC) compl exes were -tatabygstEyskedoerz et vee e

semi hydrogenation of al kynes at | o@wetrhare mp
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previously reported Ni sysifem®a mpl exwasasdeh
effective at enabling t heE)-delse ateidvirteyacwe rve
for diphenyl acetyl ene and one adbtohreorni i aersytle
SsubstitutioprotSecvteed | arsyllgllkynes were al st
catal yst s, whil e operating under comparat:
broad scope or functional glrogrpouml el anwhkest
Meg-OMe, p&ndrene derivatives) was evaluated.
The Tugrcouwpethas devel oped considerabl e in
applications of first row transition m
bi s(phogpbhi(®6) 8§l n itghaits baeo nTtue xct,&pert e vgi roouuspl vy
reported on the catalytic hydrogenation of
feat (kii( ¢CpP GH.)Si Me()GRSi P) 9$4%gat iwen |l as the

reductienhoof he€Of or mal dehybdies (i @edell ylcphas$ yh
supported Ni 1BZ&#PPAEERomphexcour sEupbtul Bese
and-wopokoebrsser ved t he f acfi Iheysdirhiydeor dlonypyénsieon
the type (P&SH) WiMidndDMRP)N EMepl exe’s i nvol
Si H coorSikcihneam@)!&i'°Such an dan ebbe | enfvaicsiil ointeadt e
t he ( PteidR)aNied hydrofuncttednapecziaes onswdh ua
alkynes, by participating in the shuttling
ofP®SIMNiIIB2( Fi3gl) ef &rs etlheect(i ve semi hydrogen
al kyymsesdescri bd&dpr oGoendp Iteox be a-chait@Hlyys te fffoac
transf acmatsisom broad substrate scope, usin

Ho, 25 AC, 4 h), an2. 5owolc®tMil)ystTheali aagd
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stereosmi edtigactty, on conditions, and-rel at:]i
reducti on, estl-2adbds sh hedt egedad e f or t his c h.

transformati on.

Ni..,
/ 7
N
%
) L =2 e- donor (e.g., Ny, PMej3)

terminal Ni-H 17%-(SiH)-Ni

Scheme3.11. Interconversion of complek32 between a terminal silyl Ni hydride adé
T silane through coordination of L donors;(fWMe;).

3.2Results and Discussion

3.2.1Substrate Scope

At the tohutsyestofgat itohper eieousi i t3pdsted c
a catalyst for thevaly ¢or olpreidtait alo ns tod dliad Kk edher
32ould effectively hydrogenene aedmpaematit atgl
undemi |l d conditions wi8h2.llewtcatal §gsantodl,]
to hydrogenate internal al kene 8.u2bsternattreise sl

2 and 3). Surprisingly, upon ZAspiahbemg ¢ Hha
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3. 2, entry 5), whi | edi ploe ncyol nevtehrasnieo no ctcour £ e

i someri zaB-i ®oomémn whe dbserved prior to the

Table 3.21. Hydrogenation of alkenes catalyzed b$2.2

1 mol% 1-32
R R2 1atmH,, 1.0 M R! R2

— 4 h,25°C H > < H
R3 H benzene-dg R3 H

ent subst prod conver s
1 X "N0 Ct >99

2 /—/:\—\n-oct 11

=
4 Cer/\ C6F5/\ > 9 9
5° P Ph PR N\~Ph 0

#Reactionconditions: alkene (0.2 mmol), compl&x32 (40 mMol/L stock solution), 1
atm H, benzenals (vol ume required to attain 200 ¢
®Conversion to product determined on the basisttfNMR integration vs. 1,3;5
trimethoxybenzene inteal standard (0.2 mmol; average of two runs); a relaxation delay
of 60 s was used to ensure accurate integratf®eaction employed 2 mol% df32.
d>99% isomerization td)i stilbene observed.

Wi th the kri8w®&loeudgde stehaetctd)-steil ybEHsS®MEbeE e
t he utl-Bhist m @fat al yst f or walskynwea |l ummietdghkdt og
already obser 22 diepkenwl ¢ yetoyfl ene was ¢ hit
Ssubstrate, as it was anticipatedbabht osemo
affog-dti( bene whi ch could then H-esosmerect.i
Gratifyingly, otnheofs edmiphhyednryo gaecneattyil ene pr oce
(1 mol % N, ,4 1h,atab BASQ)i Ithoe naef fwirtdh (excel | ent
3. 2 31g >99:1 selectivity). Thesgeneaali dmwr

vari et yutodd sdiibasrty It 3a B B-ibin &1n) ,( Sicrhelmedi ng t hos
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et h®lei 3flg) , e3dhi)er a(nd3-1g mifrusmc( i onal groups, a

est &Xys3-1h) , het e3frlm,8Yng L ean@d pol ya3llmmatliinc ag rfoeu
cases, an increase in catalyst |l oading to 2
to 50 AC were necessary in order to achie
Remar kabl y, t hA-alckoemess,poasli wgl I asvproduc

hydrogenati on were not observed for these
afford eXal keneepyofucts was noted in the c
withdrawing aryl substit penitod-loiengft h@r palra
dd pni t3¥lox,( pannid B-lelee g oups. This observatio
case of l-reiscsh ed welcsttrroant e s , 2)-atl hkee nien idtoieasl | ryo tf
undergo subsequen-hydmnioeeftaicdn ittt eitd Ha shir e «
i someri zlami bme s$ e mi. h ycdhrl ebgr @prhetniydretdhfy nly 1 ) ben
interesting temperature dependence was o0b:
(BE) n)( sel ectivity waea cotbitcan nwas wdhernr itéhde out
increasing the temperature to 9B)-alAK®8hed to
k. Fur t h esuntosrter,at s ikfeet aotnuer i sn(@ldlsatnigithuhptpir mrv e d
chall enging at 500 nA@,r sdfofnortdoi ntghe<5d0e% i r ed &
E) )( selectivity. BOWe&%)y 6 wiEichkVRicgh o ttyo ( 99
achieved at 90 AC. These observations sugg
be empl ongachsawfai mproving and/ or i1 nverting
I n ant efffortther ekpaerdthi hhpdrogepati on cat al
trimethylsilyl pr ontaesc t iem v.etseAri nyiantgeld s a It koy nheysc

phenyl acnetunperncet,ecat ed ter mi nal al kyne, |l ed
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no observable hydrogenation products. When
however, theEiabtkeeaepomadiengngte agaid 2f.dr med
31071 3-12) . Bot hd cen aetcitwigoptnashida wi ng3-lg udlsvt i weeeaet s
tolerated with no decrea8¥p ia subseopaeéeetei
trimethylsilyl protectedEBbEmnnbygdr wgematois @
mai nt ai ned, with no other oBHs eNMR b aealhwydgir s
Al kynes featuring heterocycles such as thi
(31x71 3120 to the cEpalrlkesmpeon,diwmgi I(e t he 3ifufr an c
preferenti afd-dlyk d meg megdo mérre nder t he same r €
of3-1,jor tbhroomo substitution | ed to | ow conver
due t o competchag.ogsshdg@r odehal ogenati on) I
deactivation. Al dehyde substitution was al
shown 3tk kenlteaydi ng to catalyst decompositioc
product s.

Last hyernal al kynes featuring varied subs
the sd8@agen owfemi hydrogenat i dhanIlamm{ Sehéeme Su
3. 2. f eaturing ketone and ester subsitveutior
demonstrating that direct carbonyl substit)
turnover . 3Hoa wluibcsh rfagdaet ures a boronic este
conversiEpal ken¢é hwag achieveddubaaofti mganwi g
at 50 AC for 4 h. Tihdempuegnarygbbhdkpl sal b
hydr ogeikalipehce-atyd t 4diehi n hi gh yi el d under t he

conditions. Finally, t he r eoaccttyd3igipt(yvanaf lal |
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t ri met-hhyel xsyBrligyil (was eval uat ed. Both substrat
to the coIlaé¢&kpdeditngIn( | ow conved3Biohhi(sl5%
reversal of selectivity iRanpitPdedzeod eorbtseed vieyd
similar phenomenon. This suggests that, as
el ececwirtondr awidnlgéJlepupisn ¢ er t isaurb sa f)itad uhtkeee dad (K y |
i nt o -hyhcer iNde does not rcdtarddrsspmeccaeanti pnesgaeal

to hydrogenation. This hypothesis o dfurth

cHoct ened RQTddntery 2), which proceeded to o
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A i
xmol% 1 mT Pr2

1atm Hy, 1.0 M H R?
4h,25°C — MeSi—Ni—H

benzene-dg R! H N i
3-xx )—PPr,
1-32
H O H H O SiMes H OMe H
X X X A X
R SN SN (7 SN
3-1d

R'———R?

3-1a 3-1b 3-1c 3-1e
1.0 mol% 1.0 mol% 1.0 mol% 2.5 mol%? 2.5 mol%?
96% (71%), E:Z > 99:1 91%, E:Z >99:1 96%, E:Z > 99:1 98%, E:Z >99:1 >99%, E:Z >99:1
O BPin BPin NH2
N S N
3-1f 31g 3-1h 310 3-1j
1.0 mol% 1.0 mol% 2.5 mol%? 2.5 mol%? 2.5 mol%?
84% (91%), E:Z > 99:1 87% (97%), E:Z > 99:1 96%, E:Z > 99:1 97%, E:Z >99:1 >99%, E:Z >99:1
CI Me;Si
3“‘b 3-11 , 34m 31n 310 3-1p
2.5 mol%™° 2.5 mol% 2.5 mol%? 2.5 mol% 1.0 mol% 1.0 mol%
>99%, E:Z > 99:1 78%, E:Z > 99:1 96%, E:Z >99:1 85%, E:Z>99:1 98%, E:Z > 99:1 94% (89%), E,E:Z,Z > 99:1
H H H H H H
H H H H H
FsC MeO H
3-1q Foozar 3-1s 31t 3-1u OMe 3-1v
1.0 mol% 2.5 mol% 1.0 mol% 2.5 mol%? 1.0 mol% 1.0 mol%
85%, E:Z>99:1 >99%, E:Z>99:1 98%, E:Z > 99:1 96%, E:Z>99:1 99%, E:Z > 99:1 95%, E:Z > 99:1
NH, H H H H H H
N SiMes S\ J SiMeg | S, Vi SiMe; NN SiMe; X BPin X
H ~/ } 7\ lJ n H H
31w 3-1x 3-1y 31z 3-1aa 3-1bb
2.5 mol%? 1.0 mol% 1.0 mol% 1.0 mol% 2.5 mol%? 1.0 mol%
98%, E:Z > 99:1 92%, E:Z > 99:1 97%,E:Z > 99:1 97%, E:Z > 99:1 83%, E:Z>99:1 95%, E:Z >99:1
H H Me;Si H H
— H —
S
) O O O O Q ~""
F 34cc OH ON  3-1dd 3-1ee 3-1ff 3-1g9 3-thh
2.5 mol%? 1.0 mol%? 2.5 mol% 1.0 mol% 1.0 mol% 2.5 mol%2ad
97%, E:Z > 1:99 82%, E:Z>1:99 86%, E:Z >1:99 75%, E:Z 1:10 75%, E:Z > 1:99 oMol
28%, E:Z1:3
SiMeg SiMe;
SlMe3
3-1ii 3-1jj 3-1kk 311 3-1mm
1.0 mol% 2.5 mol% 1.0 mol% 1.0 mol% 1.0 mol%
15%, E:Z > 1:99 7%, E:Znla 0% 0% 0%

Scheme3.21. Substrate scope for the semihydrogenation of alkynesiagth Reaction
conditions: alkyne (0.2 mmol}-32 (specified mol%, 40 mmol/L stock solution), 1 atm

Ho, benzenals( v ol ume r e qui r tetdl votume), 23 °C, & h. €onefsion te L
product determined on the basis %f NMR integration vs. 1,3;&Fimethoxybenzene
internal standard (0.2 mmol; average of two runs); a relaxation delay of 60 s was used to
ensure accurate integrations. Isolateddgierovided in parentheséReaction performed

at 50 °C. PReaction performed &0 °C. ‘For reaction run with 1 mol%-32, 50 °C,
benzeneads, andE/Z > 1:99 YAll starting material consumed.
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The utl32nyaolfarger scal el fdt &€d .mmiosd 9| avtaesd
(E)-al kenes proved compar abn et h ®'He dViRe asfa by s i
(Sch® ®e§-1a 3-1f,3-1g,a n3dHlp) Pr od¥#lg,t obt ained in 97% vyi
as It contains a boronic ester that -can be
coupling chemistry. Trimethylsilyl-upyroaect
indicated by3lphe %BYoleddi ovn t 6f excelEEent sel

semi hydrogenation product.

3.2.2Mechanistic Inquiry

A series o f catalytic and stoichiometr.i
me c haniEpsre loefct(i ve semi hytt3dDgEmeadti meinit nofol wa
32vith one equiv. of diphenyPaNMRyl eonrev arf $io
the correspondi3igpahkmnyi 8.g2ahp ¢ HFéige NMR
spectrum B8If ecaotmprleesx a <sidnlg | pep nr, e scoonna€gicset e nt
symmetric complextHi NMRo( kd m zaennael y8i si b t h
mi xXture reveal ed t hter edsi ssmagpnpceea r aabkE2EetdioBtlet dh ew
ppm and the appearance of a new resonance
31 Thestsaotla ds BXwiacst uvorbet acifned by -vwag dfféragt
techni qoucersf iamded the formul aumaoe ¢of anai sal
speci es32(Fi gWwhrid e t he hydrogen atom attache
the differeniCé2mamterheo®Bd5d dicst andé8of L
di phenyl'dtstybaeseytent withmMdidhe@alHaemyl t 6o

degassed solutio3dlaof ralokmenylmpeompluex r esul
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Ni H3Z2and f or rRpsttiiolnb eonf&. (A .SZX hae)me

@\Kﬁ pipr, @\g—w
N 1 equiv. N '
é | H dlphenylacetylene Ph
/ / Ph
N benzene-dg
/ P PI'2 P! Pr2
1-32
T H, (1 atm), 25 °C, - (E)-stilbene
1 mol% 1-32
(b) H H 1.0 M, SfCOhdS H Ph
_ 25°C _
_— >—<
PR Ph benzene-dg  py  H
H H 1 mol% 1-32 H H A\ j
>:< 1.0 M, seconds >:< mp Pr2
(c) Ph Ph 25°C Ph Ph ‘

benzene-dg

Scheme3.22. Mechanistic experiments

Analysis of catalytic semtHhyadPdiHge nNaMR o n

spectroscopy —reveal ed -ctohnattai nhe&egoslpeciobs et
compl3aqin reactions that went to completi ol
did not proceed to completion, rEERNnspeotf r ad
species gi®Pi MgURr ireesonances -4i0n ptphre, raasn gwee |
predominantly unreacted al kyne staitsang ma
i somer i Zgsttiiolnbeonfe (coul d octUablle teme rgygb Hgn
further determined that this process is r aj

3land a 1. QdssVo Ibletnz-etmiebbefhe, whereupon | mmed
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(E)stil bene was 2aa®Rb v aANMRSchemen of the rea
coll ected within <5 minutes of the catalys
of2)til beBesti hbend. Analysis oJcP{HEheNMReact
spectroscopy al so cS3mbi it med omndé¢ g ecrodnrs aati ivann lge
speci es.

Lastl vy, a competition expelldi2nesnt avthed et o
equi mol ar Zesotliultbieonne oafn d( di p h agsyoll auctei toynl erneev ei
no isomerization o8t Hb ANeMRa | skpeencBt¢rhosBm2a)dtyec(b a s
TheP{H} NMR spectrum of this mixture is con
o f31, i ndicating preferential i nsertion o f

i someri zati on.

Figure 3.21. Crystallographically determined structure ®fL with thermal ellipsoids
drawn at the 30% probability level. Most hydrogen atoms are omitted for clarity. Selected
interatomic distances (A) and angles (deg)i i 2.785(5), Ni P2 2.1714(4), NiSi
2.2125(4), NiC51 1.9691(14), C51C52 1.346(2), PINii P2 152.644(19), RNii Si
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84.035(17), PiNii C51 97.67(5), PNii Si 84.847(16), PiNi i C51 98.71(4), $iNii C51
167.12(5), Ni C51-C52 133.04(12).

With the i nemgthhe gtaoineli dmetri,a possicllt a
cat al ytfiaar ctylcilse semi hydriomge Sahi@me Fiod | pwop
mi gratory insertion o3l trheaat ikymeoft & lye ed Idl
lwi th itbher ad-&lskderme dgnd regenerat es3 2 hTehinsi c k
step coul d padebuosnidb | nye tiantvhoel svesx i pdaatt i weey , a dadsi t
afford a Ni (I V) speAditesr nasi vhalgyh,l yweunt ake
i nt eiranceyd ddSiH)[PPI(Ni L (L = alkene ord>~ilkyne)
coordination in tha lcHh)&)lalf tkieam ec ycalme ath&th en
catalytic cy&d3z,o feaam iamg-amiotbls eir n3@elrhmld di at

can undergo rotatCi bondbauont Epdlekera&k g rt &@dkeu ot

b-hydri de elimination This isomerization oc
excell ent selectivity observed i ngesearfi hyd
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hydrogenated al kane productug g e ath-bayldrhiactat a |

el i mim@3emccurs more readily than the reactd.i
Product 2
H Ph
PH H Ph———=~Ph

p-Hydride Alkyne
Elimination Insertion
N—pipr, N—pipr,
\ \ |
Ph
Cis-/Trans-Isomerization Me? ni—H Alkyne Hydrogenation Me?' NI‘ZPh
N N
, PPr. PPr.
N—pr, % 2 / 2
N ‘ H H

1-32
o-Bond
Metathesis
Alkene
Insertion

H o H H—H
PH Ph

Product 1

Scheme3.23. Proposed catalytic cycle for th&)(i selective semihydrogenation of
alkynes.

3.3Summary and Conclusiors

I n summar-yuphmer tPSd PNRSIAANI rH cdced-3nhlaex pr ov en
t o be an efficiahystanfiorset bet Epxdaeimradte wreo
semi hydrogenat i coComfp L-&kpyemresgdcwms e pgi élnal |y
conditions, including examples ofxatodmwt en
catalyst | oadings. The substrate scope for
vari ety of substitwpedteicaeyl tarimymas ahd&y
of a diverse range of functaoniaVi gyEputplse A

selectivity, and the mil d l#3é&asc ttihaeed ksatoantdei t i
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for this transformation.

Stoichiometric and catalytic experiments show that alkyne insertion into thgdxde
1-32and alkene isomerizan mediated by-32are facile processes. These results, coupled
with the relative inability of comple%-32to hydrogenate internal alkenes, have led us to
propose a simple catalytic cycle wherein comple®2 hydrogenates alkynes to the
corresponding4)-alkenes, which are subsequently isomerized toEha@lkene products
in a highly selective manner. The role of the PSIiP ligand in the semihydrogenation process

is currently under investigation
3.4Experimental

3.4.1General Considerations

All experiments were conducted under nitrogen in a glovebox or using standard Schlenk
techniques. Tetrahydrofuran and diethyl ether were distilled from Na/benzophenone ketyl.
Benzene, toluene, and pentane were first sparged with nitrogen and subsedgigehtdy d
passage through a douldelumn (one activated alumina column and one column packed
with activated @6). All purified solvents were stored over 4 A molecular sieves. Benzene
ds was degassed via three fregmempthaw cycles and stored over 4 A moiéar sieves.
Complex1-32 was prepared by previously reported methddall other reagents were
purchased from commercial suppliers and used without eurgurification. Unless
otherwise statedH, 1°C, 1B, 3P, and?®Si characterization data were collected at 300K,
with chemical shifts reported in parts per million downfield of Sikfler *H, 1°C, and?°Si),
BFs-OEt (for 'B), or 85% HPQ: in DO (for 31P).H and*C NMR chemical shift
assignments are based on data obtained ¥6ftH}, *C-DEPTQ,'H-H COSY,H-1*C

HSQC, andH-3C HMBC NMR experiment<Si NMR assignments are based'bir?°Si
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HMBC and!H-?°Si HMQC experiments. Xay data collection, solution, and refinement
were carried out by DrMichael J. Fergusorat the University of Alberta Xay
Crystallography Laboratory, Edmonton, Alberfedditional NMR characterization data

and Xray crystallograpitc parameters are provided in Appendices 1 and 2, respectively.

3.4.2Synthetic Procedures and Characterization Data

General Procedure for the Catalytic Hydrogenation of AlkynesThe substrate (0.2
mmol) was weighed (or added via microsyringe for liquid sutestjahto a idram vial
and benzendswas added to bring the total reacti c
1-32 was then added as a stock solution in benglerand the vial was equipped with a
stirbar and closed with a screw cap featuring a PTFE septureedle was then inserted
through the septum to allow for the introduction ofdds. The vial was then transferred
to a Parr reactor which was sealed and purged witanid subsequently pressurized to 1
atm H pressure. The Parr reactor was heated toC280 °C where specified) in an oll
bath for the duration of the reaction time. Afterward, the Parr reactor was removed from
the oil bath and depressurized. I n the gl o\
trimethoxybenzene was added to thact®n mixture as an internal standard, and the
mixture was transferred to an NMR tube for data acquisition. For calculation of NMR
yields, a chosen diagnostic product signal was integrated relative to that of the internal
standard. A long (60 s) relaxatialelay was used to ensure accurate integrations.

General Procedure for the Isolation of E)-Alkenes 3-1f, 3-1g, and 3-1p. The
substrate (1.0 mmol) was weighed into-dt am vi al and 750 eL of
Complexl-32was t hen added as a stock solution it

stock) and the vial was equipped with a stirbar and closed with a screw cap featuring a
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PTFE septum. A needle was then inserted through the septum to allow for the introduction
of Hz gas. The vial was transferred to a Parr reactor which was sealed and purgeg with H
and subsequently pressurized to 1 atapiessure. The Parr reactor was heated to 25 °C
in an oil bath for 4 h. Afterward, the Parr reactor was removed from the oil bdth a
depressurized of H In the glovebox, the crude material was filtered through a plug of
silica into a tared4lram vial. The solvent was removed in vacuo and the resulting residue
was washed with cold pentane to afford tBedlkene product in the spéed yield.

Synthesis of (Pr-PSiP")Ni(CPh=CHPh) (3-1). In a glovebox, comple%-32 (0.033
g, 0.055 mmol) was weighed into adtam vial and dissolved in ca. 0.7 mL of benzene
ds. This solution was then transferred to a vial containing diphenylacetylene (0.010 g, 0.055
mmol) and the reaction mixture was agitated until the diphenylacetylas completely
dissolved. An immediate color change from dark orange to light orange was observed, and
the contents of the vial were transferred to an NMR tube, whereupon complete conversion

to 3-1 was observed b3P{*
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Chapter 4:Cobalt Catalyzed Asymmetric Hydrogenation of DehydreU-Amino
Acids Enabled by PhenDalPhos Ligation

4.1 Introduction

The transition metal catalyzed asymmetric hydrogenation of alkeneseafg®ne of
the most effective and atom economical methods for accessing single enantiomer
compounds. Hydrogenation catalysts based on the second and third row transition metals
Ru, Rh, and Ir have found widespread utility in the pharmaceutical, agraaiemi
fragrance, and fine chemical industries, as well as in academic sé#ifig’$2In contrast,
catalysts employing first rowd3transition metalsi. Mn, Fe, Co, Ni) represent an
attractive, yet underdeveloped, area of research owing to their relatively high abundance
and low cost when compared to their second and third row congértéts’? The last
decade has seen an increased focus on the discovery of catalysts employing these Earth
abundant ratals and has led to the development of severah@d Nibased catalysts that
exhibit high hydrogenation activity and enantioselectiVit, 6168 7273 7677, 19319% Thege
advances notwithstandinthis area of research remains in its infancy, and the continued
investigation of new strategies for facilitatingd-Bietal catalyzed asymmetric
hydrogenation is key to the development of efficient synthmtitocols that can supplant
platinum group metal based technology.

The asymmetric hydrogenationf ansaturated carboxylic acid derivatives is of
particular interest due to the prevalence of such compounds in the pharmaceutical industry,
with examples of drugs such BsDOPAI"1% and Pregabalif®®?°° whose synthesis is
testament to the utility of transition metal catalysis for accessing such motifs in a

streamlined fasion (Schemd.1.1). The synthesis df-DOPA anddehydreU-amino acids
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in general via Ritatalyzed asymmetric hydrogenation was the basis of work by Knéwles,

197198 for which he was awarded the 2001 Nobel prize in Chemi3tiyZ (a).

HO

HN O I NH,
o) —_— =
MeO 7 > Ho O
OH OH
L-DOPA
NN et Y NH
e 2\
CO,R COxH
(S)-Pregabalin

(Pfizer)

Scheme4.11. Examples of hiral pharmaceutical targets synthesized via transition metal
catalyzedasymmetric hydrogenation of unsaturated carboxylic acid derivatives.

While Rh and Rubased bis(phosphine) asymmetric hydrogenation catalysts dominated
this area in subsequent years, seminal work by Chirik afmwdockers in 2013 disclosed
the asymmetric ydrogenation of acetamido acrylates mediated by a family of
(DuPhos)Co(ll) dialkyl complexes with good enantioselectivity (Schdme? (b).%!
Subsequent work from the Chirik group led to improved enantioselectivity for these
substrates employing cationic C8fias well as neutral Co®@)complexes supported by
related chiral bis(phosphine) ligands. Furthermore, work from the Zhang group
demonstrated the ability of an axially chiral bis(phosphswported Ni complex to
mediate the asymmetric hydrogenation aidmylprotected acetamido acrylates with high

enantioselectivity (Schemel.2 (c).”
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(a) Knowles, 1975

@ ~\
Q Q ' ~IeF, OY 0.05 mol% [Rh] OY
MeO P//"'RG—) \\\\\\\\ Ie) /k 3.5 atm Hz o) /k

( N | ! HN" O  0.7h,50°C HN™ 0
/ o T o o)
R _OMe MeO & PPrOH MeO

@@ OH OH

L >99% conv., 94% ee
L-DOPA precursor

(b) Chirik, 2013

) (’)‘ 5 mol % [Co]
Prv /P 0 34 atm Hy, 22 °C 0

\ 12h
Co(CH;SiMes), R S0Me ——— > R OMe
P, NHAc NHAc

ipr P R = Me, 92.3%, 94.2% ee
R = Me, Ph R = Ph, >99%, 92.7% ee

(c) Zhang, 2020

(0]

o) 1 mol % [Ni] R
O ATz R 34 atm Hj, 50 °C
MeO NNiOA 7 “OMe 18 h Y~ "OMe
MeO Ni(OAC) HN_O ———= HN._-0

P
O Ar, OMe OMe
Ar = 3,5-xylyl
Yy R = H, MeO, CF3, etc

25 examples

Up to 96% ee
Scheme4.1.2. Previous notable examples of asymmetric hydrogenatfamnsaturated
carboxylic acid derivatives, including (a) Nobel prize winning work onnitdiated
asymmetric hydrogenation dihydreU-amino acids, and (b, ¢) subsequent @ad Ni
catalyzed examples.

While these latter @ metal based catalysts are dalgaof achieving high conversion
and enantioselectivity onlyhe (R,R-(BenzP*)Co(COD) complex1-75) reported by
Chirik and ceworkers in 2020 was shown to be capable of asymmetrically hydrogenating
the dehydreU-amino acid as opposed to the acetamido acrylate (Schéme(a).5” This
complex was shown to be capable of hydrogenatingd@)ydreN-acetylphenylalanine to
give (R)-N-acetylphenyalalanine in 95% yield with 99 Additionally, the asymmetric
hydrogenation of (ZpehydreN-acetyt(4-acetoxy3-methoxy) phenylalanine could be
performedto give the precursor tD-DOPA in 92% yield with 99%e This result was

noteworthy, as it parallels the Nokaize-winning work of Knowles on the synthesis of
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L-DOPA and dehydreUamino acids in general via Riatalyzed asymmetric

hydrogenatiort: 197198

(a) Chirik, 2020

4 N\

10 mol% [Co]
‘, P

N Me OY 100 mol% Zn(0) OY
R wll fo) /g 34 atm H, 0 /g
7 S iy s
~ —_—
o) o)
\‘P/ MeO 7 iPrOH MeO
Me' K OH OH

Neutral Co(0) >99% conv., 99% ee
g D-DOPA precursor

N\

(b) This work

-

e Y
Ph’:P/P:a en,
\Co OY 5 mol% [Co] OY
p/ 0 /k 20 atm H, 0 /k

- SotBu HN 8 18 h, 50 °C HN 8
MeO Z THF MeO

OH OH

Cationic Co' >99% conv., 99:1 er
> g D-DOPA precursor

- New ligand platform for base metal mediated asymmetric catalysis
- Co-catalyzed asymmetric hydrogenation of dehydro-a-amino acids
- 20 examples, e.r. values up to 99:1

Scheme 4.13. (a) Previous example of Gmtalyzed asymmetric hydrogenation of
dehydreU-amino acids, and (b) this worl§)¢((Ph-PhenDalPhos)Cmediated asymmetric
hydrogenation oflehydreU-amino acids.

The Turculet group has recently become interested in the development of new catalysts
for hydrofunctionalization reactions based on Eattindant first row transition metals.
In this regard, Ncomplexes supported by indolyl derived bis(phosphino)silyl ligation were
shown to catalyze the E)-selective semihydrogenation of a broad scope of
diarylacetylenes, as well as sHytotected terminal acetylenes, under exceptionally mild
conditions with kgh selectivity (>99:1E:2).8% In an effort to acess asymmetric
hydrogenation we sought to develop suitable new ligand platforms that could be readily
synthesized from commercially available starting mateaatinclude easily tunedteric

and electronigroperties This effort led to the synthesisdaoharacterization of a family
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of Co complexes supported by the enantiopure phosfdfinephonite ligand g-2-
(diphenylphosphino)P(Phen)  (Phen  =5,9\§,6Njetramethy3,3Njli-tert-butyl-1,1N;j
biphenyt2,2Ngliol, (S-PhPhenDalPhod,4-1). The applicationfthese complexes as pre
catalysts for the asymmetric hydrogenatiomefiydreU-amino acids is described herein.
While all three complexes displayed catalytic activity and some degree of
enantioselectivity, the cationic arene compl&-[Ph-PhenDalPhos)Cdf-CsHe)][BAr 4]

(4-3) (BArF, = tetrakis(3,5bis(trifluoromethyl)phenyl) borate) afforded both high

conversion and enantioselectivity for a broad scopkebfdreU-amino acid substrates.

4.2 Results and Discussion

4.2.1Ligand Synthesis

Prior to ths work,the racemic family of ligands with the formukec-(R-PhenDalPhos)
(R = dicyclohexylphosphino, diftolylphosphino) had been reported for application in Ni
catalyzed &N cross coupling®2° The RPhenDalPhos ligand platform was attractive for
apdication in asymmetric catalysis as the enantiopure @pb G\, ANjetramethyd3,3N;j
di-tert-butyl-1,INpiphenyt2, 2Nijliol ((S)-diol) is commercially available and can be readily
condensed with Pglo afford the enantiopurehlorophosphine§)-CIP(Phen) in good
yield (Schemd.2.1 (a). Furthermore, the synthesis 6R2P-bromobenzene derivatives is
well established and provides a useful handle for tuning the steric and electronic properties
of the ligand by varying the R ssifituents on phosphorus.

The synthesis of th€: symmetric variant®)-Ph-PhenDalPhod 4-1) was achieved in
63% vyield via the lithiation of (@iphenylphosphino)bromobenzene and subsequent

reaction with the enantiopure chlorophosphiB8eGIP(Phen) (Schee4.2.1). Compound
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1 crystallizes in the chiral space groBg12:2; andsingle crystal Xray crystallographic

analysis confirmed the connectivity in this molecule (Sché24. ()).

PCl;, NEt, -
HO Q 0°C cl N
HO —— > g, 00Bu

(a) Et,0
S W
. (S)-CIP(Phen)
(S)-diol 81% yield
1. "Bui, - 35 °C Ph oh
PPh; 5 (s)-Cl(Phen) P
(b) - =
Et,0
Br 2 P\\ ¢
gy_QOBY

(S)-(Ph-PhenDalPhos)
1

63% yield
Schemed.21. (a) Synthesis of)-CI(Phen). (b) Synthesis oBfPh-PhenDalPhoslj. (c)

Crystallographically determined structure Ioivith thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms have been omitted for clarity.

4.2.1Synthesis of Co Complexes

The ability of the firstrow transition metals to support oxidatistates that differ by
only one electron has proven to be an added variable to be considered when designing and
optimizing new catalysts. Neutral Coomplexes, neutral or cationic Co(l) complexes, and
neutral Co(0) complexes have all displayed excelleatalgtic activity and
enantioselectivity for the asymmetric hydrogenation of substituted alkenes including 1,1
disubstituted alkené$,°3 202 enamides! 6364 194195 (J _umsaturated carboxylic aciés,
67 and unprotected enaminés.

To begin investigating the coordination chemistryQ#ffh-PhenDalPhos with Co, the

Ca" chloride complex$)-(Ph-PhenDalPhos)Cogl4-1) was prepared. Complekl was
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obtained as a paramagnetic purple solid in 81% yield by treatmet-tf auspension of
CoCb with L4-1 (Schemet.2.2. Solution magnetic moment measurementgibfEvans
method, DCMd,, 300K) resulted in a calculatqds value of 3.89ug (S = 3/2 ground
state). Despite repeated attempisgle crystals of-1 suitable br X-ray diffraction could
not be obtained. As a result, we tentatively assign the structuéel afs a high spin

tetrahedral complex on the basis of the observed magnetic susceptibility.

Ph, Ph Ph, Ph Ph P Sive, Ph, Ph _

P P\ Kell 2 equiv. P\ ) BArF4
©: Gt ©: s LICH,SiMe, Co\/suwe _FelBAy] @[ CO_@

; AN Et2O/CeH6
B, Q0BY B, 00 oy B 00 By Bu oOtBu
Fomomate!
81 / yleld 79/ yleld 80/0 yleld
Hefi = 3.89 g Met=1.72 g

Scheme4.22. Synthetic route for the preparation4ti, 4-2, and4-3.
Subsequeriteatment ofi-1 with two equiv. of LICHSIMes in THF afforded the dialkyl
complex §-(PhPhenDalPhos)Co(Ci$iMes). (4-2) as a paramagnetic red solid in 79%
yield (Schemet.2.2. Solution magnetic moment measurements4f@r(Evans method,
benzeneds, 300K) resulted in a calculateds value of 1.72ug (S = 1/2 ground state),
which is consistent with a low spin, square placomplex. The solidtate structure of-
2 confirmed this assignment and displays the expected square planar geometry at Co
(Figure4.2.1). Despite the large steric profile of the phosphonite donor, tHeZJtistance
of 2.1250(15) A im-2 was found tdbe shorter than the @1 distance of 2.2171(17) A
involving the PPhd onor , p os s i bdacceptng fature of the phgsphoriites
moiety?%® Interestingly, there was relatively little difference in the interatomic distances

for either of the CeC bonds (CeC45 2.009(6) Ars Co-C47 2.017(6) A).
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shown at the 50% probability level; hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (deg):Rl02.2171(1y, Co-P2 2.1250(15), G&45
2.009(6), CeC47 2.017(6), C4%0-C47 90.3(3), C480-P2 176.6(2), C4TroP2
91.20(19), C48C0o-P1 91.8(2), C4TCo-P1 177.44(19), REZ0-P1 86.66(6).

Although cationic bis(phosphine) Rh complexes are employed industrially agstsatal
for asymmetric hydrogenatidf®2°® 204 the Co analogs were unknown until recently due
to the lack ofsynthetic methods to access them. Work from Chirik andiadxers has
shown that cationic Caarene complexes can be accessed through oxidatively induced
reductive elimination oin-situ generated bis(phosphine) €dialkyl complexe$* 7° In
this regard, exposure of (po(CHSiMes)2 to a bis(phosphine) ligand in the presence of

benzene, followed by the addition @rfocenium salts of the type [Fc][X] (Fc = &g,

X = BAr"4 , BF4 , PR , or BPh'), was found to be a general method to access 18 electron
complexes of the form [@RCo(d°® -CsHe)][X]. This protocol was successfully extended to
4-2, such that treatment with the one electron oxidant [Fc]f@An a 1:1 mixture of

diethyl ether and benzene afforded the corresponding cationic comgdexs a
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diamagnetic orange complex in 80% yi¢Bthemet.2.2. The Xray crystal structure of
4-3 confirmedd®-coordination of the benzene ligand to the Co center and revealed a slight
contraction of both G® bonds in comparison t4-2 (Co-P1 2.1570(11) A, G&2

2.0914(11) A).

Figure 4.22. Crystallographicallydetermined structure of-3 with thermal ellipsoids
shown at the 50% probability level; hydrogen atoms and th&RBAron have been omitted
for clarity. Selected interatomic distances (A) and angles (degP1Ch1570(11), G&2
2.0914(11), CeCentroid 1.36P0P2Co-P1 86.26(4)

4.2.2Catalysis Optimization

The Co complexed-1, 4-2, and4-3 werescreened as pigatalysts for the asymmetric
hydrogenation oflehydreN-acetylphenylalaningTable4.21). One equivalent of Zn(0)
was employed as an additive whed was used as a paatalyst as this has been shown

to promote increased catalytic activity and enantioselecfi%it§y% While all three pre
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catalysts affaed good conversion to produdt3 gave both quantitative conversion and
aner of 99:1 for R)-N-acetytphenylalanine with a loading of 5 mol% Co after 18 h at 50
°C in 'PrOH solution under 40 atm,HTable 4.21, entry 3; absoluteonfiguration
determined relative to an authentic sampleR}{N-acetytphenylalanine).

Table 4.21. Precatalyst screen.

x mol % (S)-[Co]
,& Hy, T°C,18 h ,&

HN" S0 0.2 M] HN” S0
Phy\fo - . Ph\/'\fo
Solvent
OH OH
4-1a
Ph Ph Ph. Ph g Ph Ph ¥
P .Cl P: )I . P( 5 BAr,
Co Co SiM @ Co
. :Fi< w O :F{< o 4
By 00Bu Bu 00/Bu By 00Bu
2-Cl 2-alkyl 2-BArF
Pre-catalyst H> T Conv.
Entry (mol%) (@m) gy SN e e

1 4-1 (5 mol%)° 40 50 'PrOH >99 94:6
_ 76:2

2 4-2 (5 mol%) 40 50 'PrOH 78 4
3 4-3(5 mol%) 40 50 'PrOH >99 99:1
4 4-3(5 mol%) 10 50 'PrOH >99 99:1
5 4-3 (5 mol%) 10 50 TFE 53 98:2
6 4-3 (5 mol%) 10 50 THF >99 99:1
7 4-3 (5 mol%) 10 50 CHsCN 29 N/A
8 4-3 (5 mol%) 10 50 DCM 33 N/A
9 4-3(2.5 mol%) 10 50 THF >99 99:1
10 4-3(1 mol%) 10 50 THF 67 99:1
11 4-3(1 mol%) 40 50 THF 85 99:1
12 4-3(0.5 mol%) 40 50 THF 60 99:1

[a] Determined byH NMR spectroscopy[b] Determined by chiral HPLC analysis on a
chiral stationary phase. [c] With 100 mol% Zn(0) as additive.
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Upon further optimization witd-3 it was found that the Horessure could be lowered
from 40 to 10 atm with no loss in conversianemantioselectivity (Tabld.21, entry 4).
Furthermore, THF antPrOH were found to be interchangeable as solvents, while-2,2,2
trifluoroethanol, acetonitrile, and dichloromethane did not afford high conversion (Table
4.21, entries 5,6,7, and 8). Lastlthe catalyst loading af-3 could be decreased to 2.5
mol% (Table4.21, entry 9) with no degradation in conversion or enantioselectivity.
However, reactions performed using 1 mai98 suffered from lower conversion (67%),
albeit with similarly high enantioselectivity (Tabe21, entry 10)Increasing the pressure
to 40 ain in the presence of 1 or 0.5 mol4a increased conversion to 85% and 60%
respectively, with no loss in enantioselectivity (Tadle1, entries 11 and 12). The
conditions employed in entry 9 were chosen as optimal for investigating the scope of the
reacton owing to the balance of conversion and enantioselectivity with moderately reduced
catalyst loadingControl experiments employing 5 mole4-1 in the absence of Co under
10 atm H, 50 °C, in TFE for 18 h led to no conversion to product.
4.2.3Substrate Scope

Having optimized catalysis conditigna library of dehydreU-amino acids was
synthesized and subjected to asymmetric hydrogenation (Sch2e The optimized
conditions could be extended to substrates bearing halégehi (4-1j) andpolyaromatic
substitution 4-1b). Substrates featuring electron donating group$j (4-1k, 4-10) or
strongly electron withdrawing group4-1c, 4-1m, 4-1n) were found to require an increase
in catalyst loading to 5 mol% to afford full conversion to piidun all cases the

enantioselectivity remained high, witimly 4-1b showinganer of less than 98:2.
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HN™ ~O
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OH
4-1a
2.5 mol%
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0]

VYO E—— Ar\)\fo
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OH OH
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| A BN A
c HN™ ~O HN™ ~O HN™ ~O
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4-1h
5 mol%
>99% (86%)
98:2

HN"0
. o

OH
4-1d
2.5 mol %
>99% (87%)
98:2

BN

HN™ ~O
O
Br

OH
4-1i
2.5 mol%
>99% (>99%)
>99:1

o
o
F OH

4-1e
5 mol%
>99% (88%)
88:12

HN/kO
O
OH

4-1j
5 mol%
>99% (64%)
99:1

HN/kO HN/kO FsC HN/kO HN/kO MeO HN/kO
O 0} O O O
OH OH OH OH OH

4-1k
5 mol%
>99% (95%)
98:2

HN/kO HN/kO AcO HN/kO a HN/kO
MeO © °  \Meo S 0
OH OMe OH OH OH

4-1p
5 mol%
>99% (92%)
>99:1

4-1|[ab]
5 mol%
>99% (80%)
99:1

4-1qfabl
10 mol%
>99% (73%)

76:24

4-1m 4-1n 4-10
5 mol% 5 mol% 5 mol%
>99% (82%) >99% (95%) >99% (84%)
99:1 99:1 98:2
o
S — (0]
OH
4-1rlal 4-1slal 4-1¢lal
5 mol% 5 mol% 5 mol%
>99% (84%) >99% (77%) >99% (88%)
99:1 >99:1 99:1

Scheme4.23. Substrate scope for the asymmetric hydrogenatiodebtfydreU-amino
acids catalyzed b¥-3. Reaction conditions: substrate (0.2 mm&iR (specified mol %),

10 atm H (unless otherwise noted), THF (1 mL), 50 °C, 18 h. Conversion to product was
determined on the basis 8 NMR spectroscopyisolated yield in parentheses). [a]

Reaction performed under 20 atrp. Ib] Reaction performed for 48 h.

Substrates featuringrtho-substitution were found to be challenging 4e8. Substrate

4-1e, which possesseasfluoro substitution, proceeded to completion under the standard

conditions at 5 mol%, but a decrease in enantioselectivity was observed, proviging an
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of 88:12. Suprisingly, substratel-1h (the Cl analogue ofi-1e) was also completely
hydrogenated under these conditions, yet afforded a higlo€©8:2. In the case of the
tolyl derivative4-1l an increase in both thexressure (20 atm) and reaction time (48 h)
were found to be necessary for the reaction to proceed to completion at 5 mol% loading of
4-3  While 4-1l displayed high enantioselectivity under these conditions (>99:1), the
asymmetric hydrogenation of subsérdtlq (o-methoxy) was found to have anof only
76:24 and required an even higher catalyst loading of 10 mol% to proceed to completion.

Heteroaryl substitution was found to be compatible withas shown by substratds
1sand4-1t which contain 2and 3substituted thiophene moieties, respectively. Under 20
atm H the reactions were found to proceed smoothly with high enantioselectivity for both
substrates (99:1). The asymmetric hydrogenation of subdtatevith Rh to produce
precursor tad.-DOPA was a key reaction that Knowles performed in the work for which he
was awarded the 2001 Nobel Prize in Chemi@cheme 4.1.2 (3} 1°“1%8 Through high
throughput experimentation Chirik and-@mrkers were able to demonstrate that a Co(0)
complex supported by the chiral bis(phosphine}dis?t-butylmethylphosphino)benzene
((R,R-BenzP*)(1-75) could also achieve this hydrogenation with high conversion (>99%)
and enantioselectivity (99% ee) to give the precursdd-DOPA (Schemet.13(a)).%’
Applying 4-3 for the asymmatric hydrogenation of this same substrate proceeded with
complete conversion and a similarly high enantioselectivity under 20 atr(B3l
selectivity for4-1r, precursor td-DOPA).

The utility of4-3 on a larger scale (1.0 mmol) was also evaluated (eq 1). Sulgsfnate
was chosen for this experiment due to its historical importance and relevant status as a

highly functionalized amino acid precursor. fegalyst 4-3 was found to cleanly
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hydrogenateé-1r on a 1.0 mmol scale to afford the precursddtDOPA in 75% isolated
yield. The hH pressure was increased to 40 atm to ensure complete conversion with no
accompanied degradation of the enantioselectivity. This is notable as increadtg the

pressure &s led to alecreasen enantioselectivity for many bis(phosphine) supported Rh

catalystg%®
5 mol % 4-3
AcO /K 40 atm H,, 50 °C  AcO /K 1.0 mmol
HN HN
g 18 h, [0.2 M] 8 >99% conversion ("H NMR)
—_—
MeO Z THF MeO 75% isolated yield
OH OH er99:1
4-1r (1)

4.2.4Deuterium Labeling Studies

Chirik and ceworkers have recently shown that in the case of alkene hydrogenation
mediated by bis(phosphine) Co(0) species a Co(ll) dihydride mechanismfisct®” 19+
195 Catalytic hydrogenation oZj-dehydreN-acetytphenylalaninainder4 atm B in the
presence of natural abundance MeOH as solvent led exclusivelydg-ih@rporation in
the produci4-1la-d>). Moreover, of the two possible diasterotopipositions, deuterium
incorporation only occurred at the position resulting fiosiD2 addition. This resulted in
a single isotopomer and is consistent with a dihydride mechanism similar to what has
previously been invoked in Rh catalyzed asymmetric rgehmation of the same
substrate&?62°7

The similarity of4-3 to the cationic Rh(l) catalystsat have been historically employed
as alkene hydrogenation catalysts led us to postulate that a similar dihydride mechanism to
both the Rh(l) and Co(0ystems described previously may be possiSi©xidative
addition of H by 4-3 would provide a cationic Co(lll) dihydride intermediate that could

then undergo alkene insertion and subsequert r€ductive elimination to provide the
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hydrogenated product (Sche#.4). When the hydrogenation aZ)¢fdehydreN-acetyt
phenylalanine was performed under 10 atam2 observed exclusive 1d incorporation

in the produc#-la-dz (eq 2). Furthermore, deuterium incorporation in the diastereotopic
b-position was confined to the position resulting froisD, addition. As a result, only a
single isotopomer was observed, supporting the possibility of a Co(lll) dihydride
mechanism resulting from oxidative addition of tid the cationic Co(l) comple4-3. To

date, efforts to observe such a dihydride complex resulting froad#ition to4-3 have

not been successful.

2.5 mol % 2-BArF
NHAG
NHAc 10 atm Dy, 50 °C ®,
2 NeOH 18h, 0.2 M) . OH

H O THF DH O

4-1a-d,
>99% (94%)

e.r 98:2 (2)
R'H Phy, L = CgHg, solvent

R S P\ @
R CoL, Hz
P\ oxidative

reductive | H

elimination BY (l)otBu addition
s L
L ‘g §
Phs Ph
PL® H R 2
\00/\/1\»\"' e H
/ R" PN
P
t \\OIBU P\\ 4 H
Bu QO gy 00BY

ei ! N\ R R'
\ Ph, R
1,2-alkene Pl _H R R
-
insertion Co ==
@ P/ @ >H R

Y
gy, 0OBuU

Scheme4.24. Proposed mechanism for asymmetric alkene hydrogenation mediated by
(9-(Ph-PhenDalPhos)Co
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4.3Summary and Conclusions

In summary,work in this chapter detailthe application of the readily prepared
enantiopure ligand(S)-Ph-PhenDalPhos and corresponding Co complexes in the
asymmetric hydrogenation afehydreU-amino acids. A series of such Co complexes
varying in oxidation state between Co(l) and Co(ll) wéreven to be active catalysts for
the hydrogenation ofZfj)-N-acetytphenylalanine, with the cationic Co(l) complédx3
supporting highly enantioselective hydrogenation. We were able to extend this reaction to
a broad scope afehydreU-amino acids displayingood functional group tolerance under
relatively mild conditions (25.0 mol% Co, 10 atm H, 50 °C). The 1.0 mmol scale
hydrogenation of (ZdehydroN-acetyl(a4acetoxy3-methoxy) phenylalanine also
demonstrates the utility @3 on larger scales, fuishing the precursor tb-DOPA 4-1r
in good isolated yield (75%) and high enantioselectivity (@8;1Moreover, this reaction
could be performed under 40 atratd ensure complete conversion with no degradation in
enantioselectivity. Deuterium labeling experiments suggest the plausibility of a Co(l/1ll)
mechanism wherein Hundergoes homolytic cleavage by the Co(l) cation followed by
alkene insertion into the QoH bond and subsequent reductive elimination to furnish the

hydrogenated product.

4.4 Experimental

4.4.1General Considerations

All experiments were conducted under nitrogen in a glovebox or using standard Schlenk
techniques. Tetrahydrofuran and diethyl ether were distilled from Na/benzophenone ketyl.
Benzene, toluene, and pentane were first sparged with nitrogen and subsegjigehdy d

passage through a douldelumn (one activated alumina column and one column packed
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with activated @6). All purified solvents were stored over 4 A molecular sieves. Benzene
ds was degassed via three fregueampthaw cycles and stored over 4 A muiéar sieves.

The chlorophosphineS|-CIP(Phen)was prepared by previously reported methétig?:
(2)-dehydroN-acetytphenylalanine, D/L-N-acetytphenylalanine, and L-N-acety}
phenylalanine were purchased from TCI. d#hydreU-amino acids were syntheed
according to literature procedui®.All other reagents were purchased from commercial
suppliers and used without further purification. Unless otherwise statetfC, 1'B, and

3P NMR characterization data were collected at 300K, with chemical shifts reported in
parts per million downfield of SiMgfor *H and'®C), BRs-OEt (for 1'B), or 85% HPQ

in D20 (for 3P).IH and**C NMR chemical shift assignments are based on data obtained
from 3C{'H}, ¥C-DEPTQ, H-1H COSY, H-1*C HSQC, and'H-*C HMBC NMR
experiments. Xay data collection, solution, and refinement were carried out by Dr.

Kat herine N. Robertson at Saint Marybés Uni

4.4.2Synthetic Procedures and Chaacterization Data

(S)-(Ph-PhenDalPhos) (L41). In a glovebox,(2-bromophenyl)diphenylphosphine
(0.48 g, 1.41 mmoNvas weighed into a-dram vial equipped with a stir bar. Diethyl ether
(12 mL) was added and the resulting solution cooled3fo °C. Simultaneously, the
chlorophaphine §)-CIP(Phen)0.589 g, 1.41 mmolvas weighed into a separateldam
vial equipped \ith a stir bar, dissolved in diethyl ether (5 mahd cooled te35 °C."BulLi
(0.564 mL, 1.41 mmol) was then added dropwise to the vial containing (2
bromophenyl)diphenylphosphine and the mixture allowed to warm to room temperature.
The resulting susperwsi was allowed to stir at room temperature for 30 minutes before it

was once more cooled t85 °C. The cooled suspension was then added dropwise to the
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vial containing the chlorophosphine. The mixture was then allowed to warm to room
temperature and stior 18 h after which it was filtered, triturated with pentane (3 x 3 mL),
and washed with pentane (3 x 5 mL) to affbAd1 as a white solid (0.582 g, 0.902 mmol,
64% vyield)."H NMR (500 MHz, benzenes): Ui 7.501 7.49 (m, 2 HHaron), 7.451 7.39
(overlapping resonances, 3 H), 7.22 (s,Hkem), 7.19 (S, 1 HHaron), 7.16 (S, 1 HHarom),
7.1371 7.05 (oerlapping resonances, 7 H), 696.88 (m, 1 HHarom), 6.8471 6.81 (m, 1

H, Harom), 2.19 (s, 3 H, E3), 2.10 (s, 3 H, E3), 1.91 (s, 3H, CH3), 1.75 (s, 3 H, 6l3),
1.307 1.28 (overlapping resonances, 18 Hl&). 13C{*H} NMR (125.7 MHz,benzene

de): U 148.8 6, Caron), 146.4 (dJcp = 7.2 Hz,Caron), 145.17 144.2 (m), 138.4 (dlcp =

2.6 Hz,Caron), 138.3 (SCarom), 137.7 (SCaron), 137.6i 137.5 (M), 135.2 (Garon), 134.7
(d,Jcp=16.7 HzCHaron), 134.71 134.5 (M CHarom), 133.2 (dJc-p = 5.7 Hz,Caron), 132.9

(d, Jcp = 5.6 Hz,Carom), 132.7 (SCarom), 132.4 (dJc-p = 2.3 Hz,Carom), 132.1 (SCaromy,
131.6 (SCarom), 130.4 (apparent @arom), 129.01 128.9 (overlapping resonances), 128.7
(s, CHarom), 128.5 (S,CHarom), 128.3 (S,Carom), 35.3 (s,CMe3), 34.9 (s,CMes), 31.7 (s,
CMes), 31.4 (dJc.p = 5.0 Hz, Mle3), 20.6 (SCHa), 20.4 (sCHs), 16.9 (sCHa), 16.5 (s,
CHs). 3'P{*H} NMR (202.5 MHz,benzeneds): ti 160.6(d, 3Jpp= 239.9Hz, PPhen)-11.4

(d, 3Jpp=239.9Hz, PPhy).

(S)-(Ph-PhenDalPhos)CoCi (4-1). In a glovebox, CoGI(0.157 g, 1.21 mmol) was
weighed into a 4ram vial equipped with a stir bar. THF (10 mL) was added and the
resulting suspension stirred vigorously for 10 minutes until most of the Gl
dissolved. §-(Ph-PhenDalPhos) (0.782 g, 1.21 mmol) was thaheddas a THF solution
(ca. 5 mL) and a color change from blue to dark purple observed. The resulting solution

was stirred until all of the Co&lvas dissolved upon which the solvent was remawned
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vacua The crude solid was washed with diethyl ether (8 xnlL) to afford4-1 as a light
purple solid (0.700 g, 0.895 mmol, 74% yiel®)l NMR (300 MHz, CRCl,): 1 12.32,
10.84, 10.12, 9.52, 9.46, 9.34, 9.32, 8.55, 7.40, 7.06, 6.55, 5.36, 5.34, 5.32, 3.59, 3.44, 2.68,
2.56, 2.43, 0.87,0.53, 0.23, 0.2d# = 389 s (S = 3/2). Anal. Calcd for SHa6Cl2.CoOP»:
C, 65.12; H, 5.99.Found: C, 61.44; H, 5.86. HRMS (ESI): calculated M)
[Ca2HasCICOO:P,] *: 738.1988; found: 739.1994.

(S)-(Ph-PhenDalPhos)Co(CHTMS):2 (4-2). Method A: In a glovebox, comple®-1
(0.101 g, 0.130 mmol) was weighed into arém vial equipped with a stir bar and
subsequently dissolved in 4 mL of THF. The solution was then coolegst8C and
LICH2TMS (0.050 g, 0.520 mmol) was added dropwise as a THRi@ol(ca. 2 mL)
whereupon an immediate color change from purple to dark red was observed. The resulting
solution was allowed to warm to room temperature and the volatile components were then
removedn vacuo The crude residue was triturated with pent&mre3 mL), extracted with
12 mL of a 1:1 mixture of pentane: benzene, and filtered thrQedjte to afford a clear
dark red filtrate. The solvent was remowedacuoand the resulting red solid washed with
cold (35 °C) pentane (2x 0.5 mL) to affodd2 as a fredlowing red powder (0.072 g,
0.082 mmol, 63% yield). Single crystals suitable feray crystallographic analysis were
obtained from a concentrated diethther solution at35 °C.

Method B: CoCk (0.034 g, 0.264 mmol) was weighed into-dram vial equipped with
a stir bar. THF (4 mL) was added, and the resulting suspension stirred vigorously for 10
minutes until most of the Coghad dissolved. §)-(Ph-PhenDalPhos) (0.170 g, 0.264
mmol) was then added as a THF solution (ca. 3 mL) and a color change from blue to dark

purple observed. The resulting was stirred until all of the @w&$ dissolved upon which

104



the solution was cooled t85 °C. LICHTMS (0.050 g 0.528 mmol) was added dropwise
as a THF solution (ca. 2 mL) whereupon an immediate color change from purple to dark
red was observed. The resulting solution was allowed to warm to room temperature and
the volatile components were then remowedacuo The crude residue was triturated with
pentane (3 x 3 mL), extracted with 12 mL of a 1:1 mixture of pentane: benzene, and filtered
through celite to afford a clear dark red filtrate. The solvent was reniowaduoand the
resulting red solid washed withlda(-35 °C) pentane (2x 0.5 mL) to affodé2 as a free
flowing red powder (0.173 g, 0.198 mmol, 75% yief#).NMR (300 MHz, benzeneds):
0 33.97, 19.96, 18.26, 17.53, 17.50, 15.37, 9.63, 5.91, 4.25, 4.05, 3.95, 2.77, 2.39, 2.22,
2.10, 2.08, 1.84, 1.70, 1.62, 1.49, 1.40, 1-6(87,-1.08,-1.54,-2.00,-2.73.Meff = 1.72p
(S = ). Anal Calcd for &HesCoO:P-Si: C, 68.39; H, 7.81Found:C, 65,16; H 7.42.
[(S)-(Ph-PhenDalPhos)Co(GHse)][BAr F4] (4-3). 4-2 (0.213 g, 0.242 mmol) was
weighed into a 4lram vial equipped with a stir bar and dissolved in 6 mL of a 1:1 mixture
of diethyl ether: benzene. Ferrocenium tetrakisi8shtrifluoromethyl)phenyl) borate
([Fc][BArf] was then added dropwise as an ethert&siuca. 2 mL) and the resulting
mixture stirred for 30 minutes where a color change from dark red to dark orange was
observed. The volatile components were remavedcuqg and the crude mixture triturated
with pentane (3 x 3 mL). The resulting oily isblvas washed with pentane until all of the
ferrocene was removed (as evidenced by the washes becoming colorless) and subsequently
extracted with diethyl ether (ca. 12 mL) and filtered through celite to afford a clear orange
solution. The solvent was remein vacuoto afford4-3 as a crystalline orange powder
(0.318 g, 0.194 mmol, 80% vyieldfH NMR (500 MHz, THFdg): U 7.78 1 7.50

(overlapping resonances, 30 H), 7.35 (broad s,HaHs), 6.93 (broad m, 1 Hiaron), 5.96
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(s, 6 H,dP-CsHe), 2.45 (s, 3 HCH3, 2.39 (s, 3 H, €13), 2.03 (s, 3 H, 63), 1.88 (s, 3 H,
CHa), 1.42 (s, 9 H, C(83)3), 1.18 (s, 9 H, C(83)s. *C{*H} NMR (125.7 MHz, THFds):
U162.5 (9.98-c = 50.1 Hz, B[3,%CFs)2CeH3]), 147.6 (dJcp= 14.4 Hz,Caron), 146.1 (s,
Carom), 146.0 (S,Carom), 145.5 (d,Jcp = 37.7 Hz), 145.0 (dJcp = 35.6, Carom, 139.7
(apparent tCaron), 138.6 (SCpher), 137.2 (SCphen), 136.5 (dJc-p = 26.4 Hz CHarom), 135.3
(br s, B[3,5(CFz)2CeH3]4), 134.8 (d,Jcp = 34.0 Hz,Carom), 133.4 (d,Jcp = 11.3 Hz,
CHarom), 132.9 (br s,Carom), 132.8 (d,Jcp = 11.2 Hz,CHarom), 132.3 (br s,B[3,5
(CRs)2C6H3]4), 131.7 (dJc-p=19.7 HZ Carom), 131.2 (SCarom), 130.2i 129.3 (overlapping
resonances, B[3;8CFs)2CsHsl4), 125.1 (q,3cr = 272.5 Hz, B[3,5CFs)2CeH3]4), 117.9
(S, CHarom), 96.9 (sdP-CeHs), 35.9 (SC(CH3)s3), 35.3 (sC(CHs)s), 32.3 (s, OCHa3)3), 31.6
(s, CCHa)3), 20.2 (s,CH3), 20.1 (s,CHs), 16.3 (s,CHz), 16.2 (s,CHa3). 3'P{*H} NMR
(202.5 MHz, THF-dg): 11192.9 (d3Jp.p= 97.4 Hz,PPhen), 77.8 (#Jp.p= 97.4 Hz,PPhy).
F{IH} NMR (376.5 MHz, THFds): U -63.4 (s, B[3,5CFs)2CsH3]4). 'B NMR (160.5
MHz, THFdg): U -6.5 (s,B[3,5(CFs)2CsHa3]4). Anal Calcd for GHesBCoR402P2: C,
58.41; H,3.92. Found: C, 56.49; H, 4.04. HRMS (ESI): calculated” ({@)sHs52CoO:P2] *:
781.2769; found: 781.2759. Calculated (M)s2H12BF24]: 863.0654; found: 863.0643.
General Procedure for the Asymmetric Hydrogenation oflehydreU-amino acids
The substrate (0.2 mmol) was weighetb a I-dram vial andlL mL of a freshly prepared
0.005 M, 0.01 M, or 0.02 MHF stock solution ofi-3 was added via microsyringe (for
2.5 mol%, 5 mol%, and 10 mol% runs respectivelyie Vial was equipped with a stab
and closed with a screw cap featuring a PTFE septum. A needle was then inserted through
the septum to allow for the introduction of glas. The vial wasubsequentlyransferred

to a Parr reactor which was sealdlpressurized to@ or 20atm H pressire. The Parr

106



reactor was heated to 50 °C in an oil bath for the duration of the reaction time. Afterward,
the Parr reactor was removed from the oil bath and depressurimedolatile components

of the crude reaction were removiedvacuoand thertreatel with 0.1 M NaOHsolution

(2 equiv. NaOH to substrate). The aquesakution was washed witkthyl acetate (3 10

mL), then acidified with 0.1 M HClsolution (3 equiv. HCI), and was subsequently
extracted with3 2 10 mL ethyl acetateThe combined ethyl acetate extraatere dried

over MgSQ, filtered, and the solvent was removiadvacuoto afford the hydrogenated
product in the specified yield. Enantioselectivity was determined by chiral HPLC analysis
on a Chiralpak ABH column using thepecified conditions.

Procedure for the Asymmetric Hydrogenation of (Z)-dehydreN-acetyt(a4-
acetoxy-3-methoxy) phenylalanine (Z)-dehydreN-acetyt(a4-acetoxy3-methoxy)
phenylalaning0.293 g, 1.0 mmoljvas weighednto a 4-dram vial andd mL of a freshly
prepared 0.005M THF stock solutionds8 added via microsyringe hEe vial was equipped
with a stirbar and closed with a screw cap featuring a PTFE septum. A needle was then
inserted through the septum to allow for the introduction efgdls. The vial was
subsequentlyransferred to a Parr reactor which was sealatbressurized td0 atm H
pressure. The Parr reactor was heated to 50 °C in an oil bath for the duration of the reaction
time. Afterward, the Parr reactor was removed fromdihéath and depressurizethe
volatile components of the crude reaction were remavedcuoand thertreated with0.1
M NaOH solution (2 equiv. NaOH to substrate). The aquesabition was washed with
ethyl acetate (3 20 mL),thenacidified with 0.1 M HClsolution(3 equiv. HCI), andwas
subsequentlgxtracted witi3 3 20 mL ethyl acetateThe combined ethyl acetate extrsact

were dried over MgS#) filtered, and the solvent was removadvacuoto afford R)-N-

107



acetyl(a4acetoxy3-methoxy) phenylalaninas a white soli¢4-1r, 0.221 g, 75% yield).
Enantioselectivity was determined by chiral HPLC analysis on a Chiralpal A&lumn
with a 91.5: 7.5: 1.0 Hexan®rOH Formic acid mobile phase at a 1.0 mL/min flow rate.

tmajor = 28.890 min, #in= 31.222 min. Enantiomeric ratio = 99:1.
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Chapter 5: Synthesis and Characterization of @iral (Phosphino)Silyl Ligands
for Asymmetric Hydrogenation Catalysis

5.1Introduction

As outlinal in Chapters 1 and 4 of this document, asymmetric hydrogenation remains
one of the most effective methods for the synthesis of single enantiomer compounds. Work
in Chapter 4 details thg)-(Ph-PhenDalPho§)o-catalyzed asymmetric hydrogenation of
dehydreU-amino acids, while work in this chapter seeks to extend the scope of base metal
catalyzed asymmetric hydrogenation by targeting new (phosphino)silyl ligation for such
application. Asymmetric hydrogenation has wide utility in synthesis, particularlyein th
pharmaceutical industry, where catalyst development in this regard remains an active area
of investigation. Examples of drugs such as Lyrica (pregabalin, Pf2é%,Januvia
(sitagliptin, Merck)’®’t and Keppra (levetiracetam, UCB)all feature asymmetric
hydrogenation in key bond forming steps in their syntheses.

Ligand design for the asymmetric hydrogenation of alkenes hgsllaconverged on
privileged chiral bis(phosphines), especially within the context of base metal mediated
asymmetric hydrogenation. Examples from the Chirik grddp&164 67 7077, 194195 209y
Zhang groug® ® X. Zhang groug® >and others® 2°have relied on repurposing ligands
previously employed in platinum group metal mediated asymmetric hydrogenation.

(Figure 5.1.1)
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fpr-Q..l\\iPr Ph—Q..muPh \‘P\t i
Bu Ar = Ph, 3,5-xylyl

iPr-DuPhos Ph-BPE BenzP* QuinoxP* MeO-BIPHEP

Figure 5.11. Selected examples of privileged bis(phosphine) ligands that have been
employed in base metal catalyzed asymmetric hydrogenation.
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The development of new, readily prepared, chiral ligands that can be employed in base
metal mediated asymmetric catalysis is an area of great interest in the Turculet group. In
this regard, we sought to develop a new class of chiral ligands that combines the high
catalytic activity of our phosphino(silyhased preatalysts (described in Chapt@snd
3 of this document) with readily prepared chiral components. Such ligands are anticipated
to support catalysis under mild reaction conditions by taking advantage ofgihdtal
cooperativity while providing high conversion to enantioenriched prsduith a broad
functional group tolerance.

Research in this chapter details synthetic efforts that have been undertaken to develop
this new class of chiral ligands. Ligand variants featuring chirality at phosphorus as well
as at silicon are presented,vasll as corresponding asymmetric hydrogenation catalysis
results involving Nibased precatalysts. While most of the poatalysts that were prepared
afforded racemic hydrogenation products, the Ni complexes featuring the new -indolyl
phosphino ligand R R)-(IndolSi)H (5-6) proved capable of supporting the asymmetric
hydrogenation of a small scope of functionalized enamiBeschiral enamideare an
important class of substrates as their hydrogenation provides access to chiral amines, a
prominent motif in pharmaceutical and fine chemical synthesis.

5.2Results and Discussion

5.2.1Synthesis of Chiral PSi Ligands

The ligands QuinoxP* and BenzP* senaslinitial inspiration for the development of
a chiral phosphino(silyl) ligand platforfd! It was envisioned that the installation of
enantiopure R)-tert-butylmethylphosphindorane on aro-bromophenylene unit would

allow access to a modular family of PSi ligamisssubsequent lithiation of the arene and
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guenching with a chlorosilane (Scheme 5.2.1). Significant efforts by Salomo and co
workers have led to the development of the gram scale synthesiR)-oért
butylmethylphosphindorane with high enantioselectivityhrough use ofcis-1,2-
aminoindanol as a chiral auxiliaf{??*3However, this reaction sequence was found to not

be amenable to reaction scales beyond one gram and was not pursued further.

1. 'BuPCl,, NEt;, reflux BH

OH 2. BH,(SMe,) O\ /BH3 MeMgBr, reflux OHP/ :

— > /P"/t - \',/tBU
THF N Bu N™ M

NH, H Toluene H e
(1R,2S) (Rp)-PON (Sp)-PN
56% yield 86% yield H2S 04, reflux
MeOH
)
Me By 1. DABCO BH, 1. "BuLi
'p/ 2. "Buli LiBu  2.0BrCoHs BH, 1. Ms;0, N-Methyimorpholine g,
3. RySiHCI “Me 3. "BuLi ! 2. ["BugN][BH,] S
/H B -~ \'/[Bu -~ { “OH
Si THF Br THF Me DCM Me
S\ '
RR R = Ph, /Pr, Bu
(S)-(P*SiR)H (S)-PhBr (Rp)-PH (Rp)-POH
N 67% yield

Schemeb5.21. Synthetic route for the preparation of enantiopure secondary phosphine
borane R)-(‘Bu)(Me)PH(BH;) and the family of phosphino(silyl) ligandS){(P*Si?)H.

For the next attempt to prepare chiral phosphino(silyl) ligands chiral diazaphospholenes
and phosphonites were considered as potential phosphorus donors as they could be readily
prepared on mulgram scales. The large scale synthesis of chiral diazaphospholenes and
their application as catalysts for the asymmetric reduction of imines has been described by
Speed and cworkers in recent yeard*?!®> Moreover, a collaboration between the Speed
and Stradiotto groups led to the synthesis of mixed phosphine/diazaphospholene ligands
that could support Ntatalyzed @GN cross coupling catalysfd® The utility of chiral
phosphonites in catalytic asymmetric hydrogenation was demonstrated in Chapter 4 of this

document.
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The synthesis of PSiP or PSi ligands that has been previously employed in the Turculet
group involves installation of the phosphine donor through Pd catalyzBdcf@ss
coupling to furnish the intermediate -k2omophenyl)phosphine. Subsequent lithium
halogen exchange and quench with a substituted chlorosilane has been used to afford a
variety of bidentate and tridentate phosphino(silyl) ligands (Scheme 5% ¥4}.As the
phosphorus atom ia diazaphospholene or phosphonite is bound to nitrogen or oxygen,
respectively, nucleophilic attack by the butyl anion during litkhalogen exchange was
anticipated as a possible side reaction. This precludes a synthetic route where the
diazaphospholener phosphonite moiety is installed prior to the silyl group (Scheme
5.2.2b). As such, the synthetic route shown in Scheme 5.2.2c was deemed the most likely

to succeed and was pursued instead.

| HPRQ 1. "BulLi

[Pd] PRz 2. 'Pr,SiHCI PR
(a) - e —_— ‘/H
Br Br Si
’PF \fPr
R =Cy, Ph R =Cy, Ph
1. "BuLi, -116 °C
[0.3 M] 1. f‘BuLi
Br CIPR, PRz 5 ipr,sitel PRz
(b) - — M
Br Et,O/THF Br Si
IPF ‘iPr
R = diazaphospholene, R = diazaphospholene,
phosphonite phosphonite
1. "BuLi, -116 °C
[0.3 M] 1. "BuLi
Br ) Br PR
2. Pr,SiHCI 2. CIPR, 2
(c) > H — H
Br Et,O/THF Si Si
’PI’C \ipr IPI; ‘ipr

R = diazaphospholene,
phosphonite

Schemeb5.22. (a) Previous synthetic route employed by the Turculet group for the
synthesis of bidentate PSi and tridentate PSiP ligands. (b) Synthetic route employing
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mondlithiation of o-dibromobenzene to sequentially install a phosphbesed donor
followed by a dicon donor. (c) Synthetic route employing monolithiation o©f
dibromobenzene to sequentially install a silid@sed donor followed by a phosphorus
based donor.

Monolithiation ofo-dibromobenzene was used to install an electrophilic halo(s#&he).
The intermediate ¢Bromophenyl)diisopropyl silane was targeted as the isopropyl
substituents would provide reasonable steric bulk and afford an electron rich metal center.
Employing the synthesis outlined in Scheme Z£2(2bromophenyl)diisopropyl silane
was isolated as a colorless oil in 89% vyield. AnalysisHhNMR spectroscopy revealed
the expected triplet resonance corresponding to thee$i4.28 ppm with &) si.u coupling
constant of 94 Hz. ThESi chemical kift was determined to be 61.9 ppm.

Ortho-lithiation of (2-bromophenyl)diisopropyl silane and subsequent quench with the
enantiopure  diazaphospholene2-bromo-1,3-bis{(R)1-(nhaghhthalenl-yl)ethyl}-2,3
dihydro-1H-1,3,2diazaphosphol§ R,R)-(DAP)Br) gave rse to the phosphino(silang&)l
(eq 1). Silane>-1 was isolated as a viscous red oil in 54% yield and features a single
resonance in th&P{*H} NMR spectrum at 86.6 ppm. Evaluation of thé NMR spectra
found a complex multiplet corresponding to théHSit 5.16 ppm and4Si NMR chemical

shift of 48.8 ppm.

La
<N
1. "BulLi, - 80°C N ///3
@Br 2.(R,R)-(DAP)Br @P )fNap
H :
si’ THF SiH >
A A (R,R)-(DAPSi)H
'Pr ipr 'Pr ipr 54% yield (1)

Ligands derived from the readily prepared and commercially available TADDOL
(U ,, W atetrbbdyt2,2-disubstituted  1,3lioxolane4,5-dimethanol) class of chiral

auxiliaries were also targeted. TADD@lerived ligands are attractive as TADDOL
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derivatives can be easily prepared in high yield from the ethyl ester of tartarf¢®dnid.
particular, TADDOL-derived phosphoramidites have found applications in asymmetric
catalysis such as Rhediated asymmetric hydrogenation andnMidiated asymmetric
cyclosisomerization of dienég> 219220

The chlorophosphine R;R-(TADDOL)PCI was prepared according to literature
procedure in 64% yield (Scheme 5.2%)The chiral chlorosilaneR,R-(TADDOL)SiHCI
was prepared in an analogous manner, whereby trichlorosilane was added to a cooled
solution of R,R-(TADDOL) and excess triethylamine (Scheme 5.2.3). fiHeNMR
spectrum of R,R-(TADDOL)SIHCI features a chartaristic resonance at 5.40 ppm
corresponding to the $i. The correspondingfSi NMR resonance was observed at 198.2

ppm.

ph_Ph

o)
PCls, NEt; O A
- ><o . P-c

0°C, THF o
Ph/gh

Ph Ph

o (R,R)-TADDOL)PCI
< :\%OH ] 64% yield

o~ , -OH
’<Ph
Ph ph Ph

(R.R)-TADDOL HSICl,, NEt, o j)\o\ H
> siZ
>< . > cl

0 °C, THF (0] 7, -0
N

(R,R)-(TADDOL)SiHCI
69% yield

Schemeb.2.3. Preparation ofR R)-TADDOL derived precursors to PSi ligands.

The TADDOL-derived (R,R-(TADDOL)PCI and R,R-(TADDOL)SIHCI were
subsequently utilized in attempts to prepare lig&rdand5-3 featuring chirality at either
phosphorus or silicon, respectively (Scheme 5.ZHg attemptedsynthesis ob-2 led to
an intractable mixture of products from which no pure material could be recovered.

However, ligand-3 was successfully isolated as &ite solid in high yield (97%) and is
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a unique example of a ligand that incorporates chirality at the sitieamed donor. No

other examples of chiral ligands featuring a chiral silyl donor have been reported to date.
The scaffold that comprisés3 features multiple sites where the steric and electronic
properties of the ligand can be tuned in a modular fashion for future iterations of such
ligands. The phenylene backbone, the phosphorus substituents, and the aryl substituents of
the TADDOL moiety can &be easily modified in this regard, as can the substituents that

comprise the acetal moiety.

Ph&\w 5
1. "BuLi, -35 °C < Ph
: , 5

O ph 5.2

B
S (R,R)-(TADDOL)PCI -
AV4 - (R,R)-(TADDOLSi)H
SiH 7N\ SiH

Intractable mixture

e Vi, Et,0 e Yy

PCy, 1."BuLi,-35°C PCy,
2. (R,R)-(TADDOL)PCI
SORLI RN S G
Br Et,0 Si (R,R)-(Cy-TADDOLSI)H
\¢Ph 97% yield

Schemeb.2.4. Attempted synthesis of ligartd2 andsynthesiof ligand5-3.

5.2.2Synthesis of Chiral (PSjNi Complexes

Ongoing work by Turculet group member Tyler Saunders has shown that bidentate PSi
ligation enables Ncatalyzed alkene hydrogenation. Readily prepared complexes of the
form (PSi)Ni@-benzyl) were shown to hydrogenate sterically hinderedatid tetra
substituted alkenes under mild conditions (Scheme 5.2.5). Considering these results,
relatedNi complexes supported by the bidentate ligands described in section 5.2.1 (above)

were targeted as pratalysts for asymmetric hydrogenation.
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x mol% [Ni] Cy;

R R! 10 atm Hp, 1.0 M R3 R P\N'
>—< 18 h, 50 °C - >_< '%
/ 2 4 2 s’
R R benzene-dg R R e
'Pr 'Pr
/k/ Ph 1)
Ph Ph
Ph Ph/K/ MO/\ —
a b c d
2.5 mol% 5 mol% 2.5 mol% 5 mol%
>99% >99% >99% 42%
(0] (0]
Ph
O/ Ph
e f g h i
5 mol% 5 mol% 2.5 mol % 5 mol% 5 mol%
>99% 85% 70% >99% (96%) >99%

Scheme5.2.5. Substratescopefor achiral (PSi)Ni-benzyl) catalyzed hydrogenation of
sterically hindered alkenes performed by Tyler Saunders. Reaction conditions: alkene (0.2
mmol), (PSi)Ni(*-benzyl) (specified mol%), 10 atm H benzenals (200 L), 50 °C, 18

h. Yield of product determined on the basis f NMR integrationvs 1,3,5
trimethoxybenzene internal standard (0.2 mmol; average of two runs); a relaxation delay
of 60 s was used to ensure accurate integrations. Isolated yields shown in parentheses.

The treatment 06-1 with one equivalent of Ni(CODR)n benzene was tmd to cleanly
afford the corresponding cyclooctenyl compEx in 80% vyield (Scheme 5.2.6a)-
Cyclooctenyl complexes of Ni supported by {P8&iP) ligation were first reported by
Hazari and cawvorkers who found that they could act as a source of thahlasNi hydride
species (P#PSiP)NiH* Complex5-4 was found to exist as a 1:1 mix¢éuof isomers that
likely arise from coordination of the PSi ligand orthogonally to the cyclooctenyl ligand.
The*'P{*H} NMR spectrum displayed two singlets at 145.8 and 147.3 ppm corresponding
to each isomer, respectively. Further characterization bymaaléar NMR spectroscopy
found the expected disappearance of the resonance corresponding tbltime5Si, and

the two isomers di-4 gave rise t3°Si NMR resonances at 60.4 and 61.5 ppm.

116



, i 54
(a) E:[‘SiH Ni(COD), Si/NI 80% vyield
’Pr\: 'Pr Coe P s \iPr
5-1
Cy,
PCy, N 5-5
@ h NiCly(dme) E:E /N'ﬁé 47% yield
b) /Si\o 2 equiv. BnMgClI . Si

a \<Ph CeHg d
BN R
Schemeb.26. (a) Synthesis 05-4, and (b) synthesis &k5.

The coordination chemistry of ligartd3 with Ni was investigated next. It was found
that reaction 06-3 with Ni(COD), proceeded slowly, affording only ca. 10% conversion
to the orresponding cyclooctenyl complex after 24 h at room temperature. This is likely
due to the large steric bulk associated with the TADDOL unit. Instgibenzyl
complexes akin to those described previously by the Turculet gride gupra were
targetedAddition of two equiv. of benzyl magnesium chloride to an equimolar suspension
5-3 and NiCk(dme) in benzentirnishedthe expected compléx5in 47% yield (Scheme
5.2.6h).
5.2.3(PSiNi-Mediated Asymmetric Hydrogenation of Enamides

The ability of complexe$-4 and 5-5 to facilitate asymmetric hydrogenation was
initially evaluated by targeting the catalytic hydrogenation N{(3,4-dihydro-1-
naphthalenyl)acetamide, a minimally functibeed cyclic enamide. Asymmetric
hydrogenation of U-tetralone derived enamides would afford bioactive chiral
aminotetralines, which few metal complexes have been capapiddcingwith high
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enantioselectivity® 22! The first example of a firsiow metal capable of performing the
asymmetric hydrogenation of this class of substrates with high enantioselectivity was only
reported recently by de Vries and-workers®® This work employed a Co@(S9-(Ph

BPE) catalyst system that was capable of achieving enantiomeric ratios as high as 99:1 for
U andb-substituted cyclic enamides, albeit it with forcing conditions (60 ain66i°C,

18-20 h). While enamides are less reactive substratedtdahydr@mino acid esters, it

was anticipated that the high reactivity of bidentate (PSi)Ni species could overcome this
limitation and allow for the first example of Ni mediated asymmetric hydrogenation of an
U-tetralonederived enamide.

Unfortunately, while comiex 5-4 displayed high activity toward the hydrogenation of
N-(3,4-dihydro-1-naphhthalenyl)acetamide, no enantioselectivity was observed (20 atm
H2, 5 mol% Ni, 18 h, 50C; Table 5.2.1). Preatalyst5-5 was not active at all under these
conditions. As nad above, few catalysts are capable of performing the hydrogenation of
this class of substrates with high enantioselectivity. Nonetheless, the high act&itly of
towards hydrogenation bodes well for further application in asymmetric catalysis.

Table 5.21. Catalyst screen of chiral RSupported Ni complexes for the asymmetric
hydrogenation oN-(3,4-dihydro-1-naphthalenyl)acetamide.

j\ 20 atm H, j\
m Mo
HN 5 mol% [Ni] HN

[0.2 M], 50 °C, 18h

Entry Pre-catalyst C((())/:;/ [S]rsmn er]
1 54 >99 11
2 5-5 <5 n/a

[a] Determine by use offH NMR spectroscopy. [b] Determidéy use of chiral HPLC
analysis on a chiral stationary phase.
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Next, dehydreN-acetytphenylalanineand g)-2-acetamide3-phenylacrylate were
chosen as test substrates Uedehydroamino acids and their methyl esters have become
standard substrates for the evaluation of a new chiral ligands for asymmetric hydrogenation
(Table 5.2.2f'' Disappointingly, neither comple®-4 nor 5-5 could perform the
hydrogenation oflehydreN-acetytphenylalanine (40 atm 415 mol% Ni, 18 h, 50C;

Table 5.2.2, entries 1 and 2), and the use of triethylamine as an additive did not promote
further conversion (Table 5.2.2, entrie§)3 The addition of triethylamine was prompted

by previous reprts showing that it promotes carboxylate coordination to the metal center
resulting in a metallalactone that can engage in cooperatigleaage” 222 When(2)-2-
acetamide3-phenylacrylate was subjected to hydrogenation catalysis instead, full
conversion to the hydrogenated product was observed when employing cdnrapiex

'PrOH but no enantioketivity was induced (Table 5.2.2, entry 7). The use of THF as the
solvent instead led to markedly decreased conversion (Table 5.2.2, entry 9). Cbfiplex
was found to be capable of supporting only moderate hydrogenation catalysig)vidth (
acetamide3-phenylacrylate, with only 13% conversion to the hydrogenated product
observed inPrOH and 32% conversion in THF (Table 5.2.2, entries 8 and 10). In both
cases the hydrogenation was found to proceed with no enantioselectivity, and consequently

no further optimization was pursued with these gatalysts.
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Table 5.22. Asymmetric hydrogenation results fdehydro-N-acetytphenylalanineand
its methyl ester employing-4 and5-5 as precatalysts.

40 atm H,
/g 5 mol% [Ni] /g

HN™ "0 0.1 M, 50 °C, 18h HN™ 7O
PhoA_O ———> ph o
Solvent
0. O.
R R
R =H, Me R =H, Me

Entry Pre-catalyst R Solvent C(?)/:;/ [(:]rsmn erl!
1 5-4 H 'PrOH 5 n/a
2 5-5 H 'PrOH 5 n/a
3 5-4l] H 'PrOH <5 n/a
4 5-5(¢ H 'PrOH <5 n/a
5 5-4c] H THF <5 n/a
6 5-5(¢ H THF <5 n/a
7 5-4 Me 'PrOH >99 1:1
8 5-5 Me 'ProH 13 n/a
9 5-4 Me THF 27 1:1
10 5-5 Me THF 32 1:1

[a] Determined by use dH NMR spectroscopy. [b] Determined by use of chH&LC
analysis on a chiral stationary phase. [c] One equivalent ofd¢Eadditive.

5.2.4Alternative Chiral PSi Ligation

The results obtained in section 5.2.3 prompted further investigation into modifications
of the PSi ligand architecture to enable enantexdidgle hydrogenation. The Turculet group
has  previously  employed the -n3ethylindole  derived  diisopropyK3
methylindolyl)phosphine as a modification to the supporting backbone of the PSIiP ligand
framework. As shown in Chapter 3 of this document, the ragutidolyl PSiP Ni hydride
complex 1-32 can efficiently catalyze theEj-selective semihydrogenation of alkynes
under exceptionally mild conditions.

The synthesis of diisopropyHi@ethylindolyl)phosphine was originally developed by
Reek and cavorkers toestablish a new library of mixed donor phosphine/phosphoramidite

ligands referred to as IndolPhos (Figure 5.22332° The IndolPhos family of ligands is
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notable, as their synthesis is short and stems from commercially avaaigthiglindole.

The rigid nature of the -Bhethylindole backbone encourages specific sulestrat
coordination through two nonequivalent donor atoms leading to high enantioselectivity.
The utility of these ligands in Rtatalyzed asymmetric hydrogenation was established
across a variety of substrates includihgndb-dehydroamino acid estetdarylenamides,

as well ad}enamido andl-enol phosphonates (Scheme 5.2.7).

0
CO,Me Ph pOMe
Ph N2 Me0,C” Ny \( RSN ome
NHAc NHAc NHAc X
N N, R
/P\O PO
s \\<Ph o) O
Ph‘7\/i PRl R
Ph o) O
o)
R ='Pr, Ph R = Pr, Ph, Cy, °Tol
R'=H, Me, SiMeg
[Rh(diene),]BF,
H,, CH,Cl,
\
0
CO,Me Ph pOMe
Ph” e Meozc/\( \( R “"~OMe
NHAc NHAc NHAc X
97% ee 99% ee 94% ee R =H, Me, Ph

X = 0Bz, NHCBz
up to 87% ee

Scheme5.27. Rh-catalyzed asymmetric hydrogenation of prochiral olefins supported by

chiral IndolPhos mixed phosphine/phosphoramidite ligation, as reported by Reek and co

workers?23

As established in section 5.2.1, the chiral chlorosil&)R){(TADDOL)SIHCI could
be synthesized through condensation RR}-(TADDOL) with HSICl; (vide supra.
Reacting this with one equivalent of the Ilithium salt of diisopropyl(3
methylindolyl)phosphine in benzene cleanly afforded the phosphino(silyl)ganaed 5-6

in 90% yidd (Scheme 5.2.8a). Despite repeated attempts single crysta&spiitable for
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X-ray crystallographic analysis could not be obtained. Compéthdisplays broadH
and®'P{*H} NMR features at room temperature, likely due to hindered rotation about the
Si-N bond. Increasing the temperature to®80allowed for resolution of these resonances

(Figures 5.2.1 and 5.2.2).

ph_Ph O\/\g—mprz
0 Q H 18 h, rt N
(a) N—pipr j)\ $iZ o \
2 + ><o vy 4 '~ci Ph  o—Si~y
N 2 CeHg Ph l 5.6
Ph" pp O (R,R)-(IndolSi)H

Q --"ﬁph 90% yield
%0 Ph

Of\g—mprz NiCl,(dme) ©\/\€*F\’iprz

N 2 equiv. BnMgCl N

Ph o8, —————> Ph O—\Si/Ni% 65% yield

(b) Phi/ I~H CeHo phi \ °ye
e} 0]

O ol Ph O ‘“‘éph
%o Ph /}—o Ph

Schemeb5.28. (a) Synthesis 0b-6, and (b) synthesis of the corresponding Ni benzyl
complex5-7.
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Figure 5.2.1. Overlay of**P{*H} NMR (121.5 MHz) spectra fo5-6 at 298 K and 353 K.
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Figure 5.22. Overlay of'H NMR (300 MHz) spectra fd6-6 at 298 K and 353 K.

Next, a Ni benzyl complex5¢(7) was synthesized employing the same procedure
outlined for complexs-5 (Scheme 5.2)8 Complex5-7 was isolated in 65% yield as an
orange solid. Employing 5 mol%7 as a precatalyst for the asymmetric hydrogenation
of (Z2)-2-acetamide3-phenylacrylate it was found that under 40 atm 50 °C, 18 h in
'PrOH full conversion to product was obtained vétrer value of 94:6 (Table 5.2.3, entry
2). Evaluating other solvents (THF, MeOH, and THF) led to decreased conversion and
enantioselectivity, identifyindPrOH as the optimal solvent for this substrate. Decreasing
the pressure to 20 atm resulted in a $okatrease in enantioselectivity (Table 5.2.3, entry
5), while decreasing the temperature resulted in a marked decrease in conversion, albeit
with similar enantioselectivity (Table 5.2.3, entry 6). When the pressure was increased to
60 atm H full converson was observed but with decreased enantioselectivity (Table 5.2.3,

entry 7), identifying 40 atm ias the optimal pressure.
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Table 5.23. Asymmetric hydrogenation results f@Z)-2-acetamide3-phenylacrylate

catalyzed byb-7.
tm H
/g 5Xmaolr1jb 52-7 /g

HN™ "0 0.4 M,T°C, 18h HN™ ~0
PhaoA_O ———- > Ph 0
\)\’// Solvent
O O
H> T Conversion b
Entry (atm) C) Solvent (%) e
1 20 50 THF 20 58:42
2 40 50 'PrOH >99 94:6
3 40 50 MeOH <5 n/a
4 40 50 DCM 14 n/a
5 20 50 'PrOH >99 92:8
6 40 25 'PrOH 42 93:7
7 60 50 'PrOH >99 91:9

[a] Determined by use dH NMR spectroscopy. [b] Determined by use of chiral HPLC
analysis on a chiral stationary phase.

Encouraged by these results, the asymmetric hydrogenatidw(8f4-dihydro-1-
naphthalenyl)acetamidevas evaluated with-7 (Table 5.2.4). Across all conditis that
were screened, the highest enantiomeric ratio achieved was 60:40 (40, &md1% Ni,
25 °C, 18 h; Table 5.2.4, entry 5). A recent report by de Vries ambdcers detailing the
Co-catalyzed asymmetric hydrogenation of carbocylic enamides finatdhe identity of
the substituents on the amide protecting group can influence enantiosel&tiity.to
the large steric bulk of the TADDOL moiety in ligatd6, it was hypothesized that

introducing larger substituents on the amide may lead to improved enantioselectivity.
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Table 5.24. Results for the asymmetric hydrogenation of-(3,4-dihydro1-
naphthalenyl)acetamide catalyzed3sy.

(0]
x atm H,
o/ B.
HNJJ\ 5 mol% 5-7 HNJJ\

[0.1 M], T °C, 18h
_—
Solvent E:@

H> T Conversion

Entry (atm) C) Solvent (%) ert!
1 20 50 THF <5 n/a
2 20 50 MeOH 63 55:45
3 40 25 MeOH 22 56:44
4 20 50 'PrOH 57 57:43
5 40 25 'PrOH 46 60:40
6 60 50 MeOH 74 55:45
7 60 50 'PrOH 56 54:46

[a] Determined by use dH NMR spectroscopy. [b] Determined by use of chiral HPLC
analysis on a chiral stationary phase.

In an effort to improve the enantioselectivity observed in the hydrogenatioycio
enamidesN-(3,4-dihydro-1-naphthalenyhtert-butylamidewas synthesizéand subjected
to asymmetric hydrogenation (Table 5.2.5). At this point it was found that an exceptionally
catalytically active species could be generateditu by simply combining catalytic
amounts of Ni(COD)and5-6. While the exact identity of thective species has remained
elusive, this method is useful as it allows for rapid screening of ligand variants and
substrates while obviating the synthesis ofqatalysts that are often difficult to purify.
While it is known that Ni(CODQ) can catalyze alne hydrogenation through
decomposition to nanoparticl&8, the observation of enantioselectivity suggests a

homogeneous mechanisserein5-6 is ligated to a molecular species.
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Table 5.25. Results for the asymmetric hydrogenatioiNe(f3,4-dihydro-1-naphthalenyh
tert-butylamidecatalyzed byb-7 or a combination of Ni(CODR)and5-6.

o x atm H, %
5 mol% [Ni]
HNJ\K [0.1 M, T °C, 18h HN)*

H, T Conversion b]

Entry Pre-catalyst (am) () Solvent (%) er
1 5-7 60 60 MeOH 33 55:45
2 5-7 60 60 'PrOH 55 53:47
3 Nl(g[E]DD)z/S- 60 60 MeOH 90 60:40
4 Nl(glg])D)zIS- 60 60 MeOH >99 83:17
5 Nl(g[;)D)z/& 60 60 MeOH >99 80:20
5 Nl(g[g])D)z/& 60 40 MeOH >99 97:3

[a] Determined by use dH NMR spectroscopy. [b] Determined by use of chiral HPLC
analysis on a chiral stationary phagg.5 mol% Ni(COD)2, 5 mol% 5-6. [d] 5 mol%
NiCOD)y, 7.5 nmol% 5-6. [e] 5 mol%Ni(COD)z, 10 mol%5-6.

The combination of 5 mol% Ni(CORand 7.5 mol%s-6 was determined to be optimal
for the hydrogenation ofN-(3,4-dihydro-1-naphthalenyhtert-butylamide providing
guantitative conversion and anof 97:3 (60 atm i 18 h, 40°C; Table 5.2.5, entry 6). To
further understand the potential identity of the active species a stoichiometric reaction
betweerb-6 and Ni(COD) was performed in THF. It was observed that after 18 h at room
temperature complete conversion to a 1:1 mixt@iieaners occurred (determined by use
of 3*P{*H} NMR spectroscopy, Figure 5.2.3). Heating this mixture t6@%or three hours

led to conversion to a major product, albeit with some decomposition, as evidenced by the

precipitation of Ni metal.
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Figure 5.23. Overlay of3!P{*H} NMR (121.5 MHz) spectra for the reaction &6 with
Ni(COD). in THF (spectra acquired in benzeths.

Attempts to purify this reaction mixture were unsuccessful, as all three products were
found to have the same solubility properties. Attempts at recrystallization led to
precipitation of material that was found to have the same product distribution. Regard
this presumed mixture of cyclooctenyl isomers (tentatively formulated as comydex
was evaluated as a peatalyst for the asymmetric hydrogenationNs{3,4-dihydro-1-
naphthalenyhtert-butylamide Complex 5-8 was found to provide slightly redute
conversion when compared to timesitu generated catalyst (62% vs. >99%) but with the
same enantioselectivity (97:3, Scheme 5.2.9a). The decreased conversion could be a result
of incomplete catalyst activation due to low solubility in MeOH or due t@mmpurities

that form due to heating the reaction mixture in the absence of substrate.
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o) 0 N p;
60 atm H, ©\/€7PIPF2
HN 5 mol% 5-8 HN N \ ,
(a) [0.1 M], 40 °C, 18h Ph. o—Si—MNi
> Ph |
MeOH O
07 N
62% Conv. #“O phPh
97:3 er 5.8

60 atm H, 1
0 5 mol% Ni(COD), o
HN 7.5 mol% (R,R) (IndolPhos HN N PiPr,
(b) [0.2 M], 40 °C, 18h N\
- Ph —
MeOH E:@ o 0P
(0]
10% Conv. Q "“ﬁph
68:32 e.r %O Ph
L (R,R) - (IndolPhos) )
Scheme5.29. (a) Asymmetric hydrogenation dfl-(3,4-dihydro-1-naphthalenyktert-

butylamide catalyzed by the presumed cyclooctenyl comg@eX (b) In-situ generated
catalyst employingR,R-(IndolPhos) in place d-6.

Next, the function of the chiral silyl donor was probed, as outlined in Scheme 5.2.9b.
The phosphine/phosphoramidite analog 3@, (R,R-(IndolPhos), was synthesized
according to literature proceddféand was employed under the optimized conditions for
the hydrogenation oN-(3,4-dihydro-1-naphthalenybert-butylamide It was found that
the use ofR,R-(IndolPhos) led to only 10% conversion and providedrasf 68:32. This
result demonstrates that the silyl donor enables significantly improved reactivity when

compared to the phosphorus analog, and also successfully facilitates enantioselectivity.

5.3Summary and Conclusions

In summary, work in this chapter details the development of chiral phosphino(silyl)
ligands for basenetal catalyzed asymmetric hydrogenation. Several bidentate ligand
motifs incorporating a phenylene backbone were investigated such as variants featuring a

diazaphospholene donor, a chiral phosphonite, and chiral siloxane, which led to the
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synthesis of Ni complexés4 and5-5. While these complexes were found to be active pre
catalysts for the hydrogenation @)-2-acetamide3-phenylacryate andN-(3,4-dihydro-
1-naphthalenyl)acetamide, they failed to induce enantioselectivity under any of the
conditions that were screened. Reacting diisopropyléghylindolyl)phosphine with the
chiral siloxane R,R-(TADDOL)SIHCI gave rise to a rigid phosphino(g)lypro-ligand
(R,R-(IndolSi)H (-6). A (R,R-(IndolSi)Ni(benzyl)complex(5-7) was found to provide
high enantioselectivityef = 94:6, >99% conversion) for the asymmetric hydrogenation of
(2)-2-acetamide3-phenylacryhte. Generation of the active catalys situ from 5-6 and
Ni(COD). led to the highly selective hydrogenation \f(3,4-dihydro-1-naphthalenyh
tert-butylamide ér = 97:3, >99% conversion). While preliminary efforts to isolate the
complex generated from treatment of Ni(CQjth 5-6 were sanewhat inconclusive, the
product of this reaction is tentatively assigned as a mixture of isomers of th&iige (
(IndolSi)Ni(cyclooctenyl) $-8). This isolated species was a viable-patalyst for the
asymmetric hydrogenation 0fN-(3,4-dihydro-1-naphtlalenyl}tert-butylamide with
similarly high selectivity ¢r = 97:3), albeit with lower conversion (62%). The,R-
(IndolSi)Ni catalyst was shown to outperform the -Bti®dsphoramidite analog of this
ligand, establishing PSi ligation with chirality at Si asnovel means to provide
enantioselectivity and high catalytic turnover for basstals complexes. Future work will
focus on elaborating the scope @Hehydroamino acids and cyclic enamides that can
undergo(R,R-(IndolSi)Ni-catalyzedasymmetric hydrogenation in order to establish the

synthetic utility of this new catalyst system.
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5.4Experimental

5.4.1General Considerations

All experiments were conducted under nitrogen in a glovebox or using standard Schlenk
techniques. Tetrahydrofuran aneithyl ether were distilled from Na/benzophenone ketyl.
Benzene, toluene, and pentane were first sparged with nitrogen and subsequently dried by
passage through a douldelumn (one activated alumina column and one column packed
with activated @6). All purified solvents were stored over 4 A molecular sieves. Beazene
ds was degassed via three fregmempthaw cycles and stored over 4 A molecular sieves.
All diazaphopsholenes were prepared by Dr. Alex Speed using literature procétiifes.
The chlorophosphine R;R-(TADDOL)PCI was preparedaccording to literature
procedure!® (2-bromophenyl)dicyclohexylphosphine was prepared according to literature
procedure® 28 N-(3,4-dihydro-1-naphthagnyl)acetamide was prepared through reduction
of the corresponding oxime by iron in the presence of acetic anhy&tid€3,4-dihydro-
1-naphthalenyktert-butylamide was prepared by TiG@hediated condensation betweén
tetralone and pivalamid@’ All other reagents were purchased from commercial suppliers
and used without further purification. Unless otherwise statéd:>C, 1'B, 3P, and?°Si
NMR characterization data were collected at 300K, with chemical shifts reported in parts
per million downfield of SiMe (for H, 13C, and?®*Si), BR:-OEt. (for 'B), or 85% HPQ,
in D20 (for 31P).XH and**C NMR chemical shift assignments are based on data obtained
from 13C{'H}, ®C-DEPTQ, H-'H COSY, H-1*C HSQC, and'H-*C HMBC NMR
experiments?°Si NMR assignments are based %#2°Si HMBC and!H-?°Si HMQC

experiments
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5.4.2Synthetic Procedures and Charactedation Data

Synthesis of(2-bromophenyl)diisopropylsilane. Note: decomposition to benzyne is
a possible side reaction and care must be taken to ensure the temperature is kept below
100 °C. Observation of a dark red color change during addition of EBli or the
electrophile component is indicative of decomposition of the intermediate (2
bromophenyl)lithium.Procedure: A threeneck round bottom flask equipped with a
pressure equalizing dropping funnel and a stir bar was charged with 3.02 mL of
dibromobenzene (25.0 mmol) and a 1:1 mixture of diethyl ether and THF (83 mL total
volume, 0.3 M). The mixture was placed in an ethanol bath and cooletl®°C
(ethanol/liquid N bath) whereupordBuLi (2.5 M, 10.0 mL, 25.0 mmol) was added
dropwise over 15 mines. The temperature was maintained14dt6 °C and a white
precipitate ((2oromophenyl)lithium) was observed after 45 minutes (note that the time it
takes for (2bromophenyl)lithium to precipitate is variable and depends upon the rate of
"BuLi addition aml overall temperature control). The precipitate was allowed to stir for an
additional 5 minutes to ensure complete reaction, after which chlorodiisopropylsilane (4.27
mL, 25.0 mmol) was added dropwise over 15 minutes. The temperature was maintained at
-116 °C for 1 hour after which the reaction was allowed to warm to room temperature.
Hexanes (75 mL) and water (100 mL) were added and the crude reaction mixture was
transferred to a separatory funnel under air. The organic phase was collected, and the
solventwas removed under reduced pressure. The resulting crude material was redissolved
in hexanes (100 mL) and filtered through a pad of silica to afford a colorless filtrate. The
solvent was once again removed under reduced pressure to afferd (2

bromophenyl)dsopropyl silane as a colorless oil (5.02 g, 18.5 mmol, 74% yi¢ldMR
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(300 MHz, benzenés): d 7.37- 7.34 (m, 2 H, overlapping resonances), 6.91 (m, 1 H,
Harom), 6.76 (M, 1 HHarom), 4.28 (t, 1 H3Jh.1 = 4.2 Hz, Si H), 1.40 (m, 2 H, €I(CHa)),
1.12 (d, 6 H3Jn-n = 7.4 Hz CH(CH3)2), 0.89(d, 6 H,3Jn. = 7.4 Hz CH(CH3)). 3C{*H}
NMR (75.5 MHz, benzends): d 138.8 (s, CHaron), 138.0 (SCaron), 132.9 (SCHarom), 131.2
(S,CHarom), 130.9 (SCarom), 126.5 (SCHarom), 19.4 (S, CHCH3)2), 19.3 (s, CHCHa)2), 11.6

(S, CH(CHa)2). 2°Si NMR (59.6 MHz, benzenes): d 61.8.

Synthesis of5-1 (R,R)-(DAPSi)H. A Schlenk flask equipped with a stir bar was
charged with (zbromophenyl)silan€0.616 g, 2.27 mmol) and 25 mL THF. The flask was
cooled t0-80 °C and"BuLi (0.908 mL, 2.27 mmol) was added dropwise. The resulting
yellow solution was allowed to stir for 10 minutes-80 °C and cannula transferred
dropwise to a second Schlenk flaskn@aning 2bromo1,3-bis{(R)1-(naphthalerl-
yl)ethyl}-2,3-dihydro-1H-1,3,2diazaphospholene (1.08 g, 2.27 mmol) in THF (30 mL)
that had been preooled t0-80 °C. The temperature was maintained&8t °C for an
additional hour and then allowed to warmeom temperature, which afforded a clear red
solution. The volatile components of the reaction mixture were remowsxtuoand the
crude material was subsequently extracted with 50 mL pentane and filtered through a pad
of silica under a N atmosphere. Thpentane filtrate (which contained an unidentified
silane byproduct) was discarded. Diethyl ether (ca. 50 mL) was then used to elute the
ligand from the silica pad, affording a clear, red filtrate. The solvent was renmovacuo
to afford5-1 as an orage oil (0.718 g, 1.22 mmol, 54% vyieldd NMR (500 MHz,
benzeneds): @8.50 (M, 1 H,Haron), 8.14 (M, 1 HHaron), 7.88 (M, 1 HHarom), 7.67 (M, 1
H, Harom), 7.59 (M, 1 HHarom), 7.521 7.47 (ovelapping resonanegl H), 7.42 (m, 1 H,

Harom), 7.2971 7.26 (overlapping resonances, 2 H) 7i2Z2.10 (overlapping resonances, 5

132



H), 7.06 (M, 1 HHarom), 5.64 (M, 1 H, €), 5.48 (m, 1 H, €), 5.36 (M, 1 H, €), 5.24
(m, 1 H, GH), 5.16 (m, Si H), 1.57 (d, 3 H3Jh.1 = 6.9Hz, CH3), 1.46 (d, 3 H3J4.u = 6.9
Hz, CHs), 1.38 (m, 2 H, EI(CHa)2), 1.187 1.14 (overlapping resonances, 6 H), 1.09 (d,
3Jun = 7.4 Hz, CH(®3)2), 1.01 (d,%Jn-n = 7.40 Hz, CH(El3)2). *3C{*H} NMR (125.7
MHz, benzenals): d152.5 (d, Jc-p = 36.4 HZ,Caron), 140.2 (dJc-p = 4.0 HZ,Caron), 139.5
(d, Je.p = 4.6 Hz,Caron), 136.9 (SCaron), 136.4 (SCarom), 135.6 (d,Jc.p = 12 HZ CHaron),
134.5 (dJcp = 12.0 Hz,Caron), 133.9 (SCaron), 132.1 (SCarom), 131.8 (SCarom), 131.1 (s,
CHaron), 130.4 (SCHaron), 129.3 (SCHaron), 129.1 (SCHaron), 128.9 (SCHaron), 128.9 (s,
CHaron), 128.4 (SCHaron), 128.2 (SCHaron), 127.9 (SCHaron), 127.5 (SCHaron), 126.0 (s,
CHarom), 125.9 (SCHaron), 125.5 (SCHaron), 125.5(S, CHaron), 124.6 (SCHaron), 124.5 (s,
CHarom), 124.3 (SCHaron), 124.2 (SCHaron), 124.1 (SCHarom), 121.4 (SCHarom), 118.4 (d,
Jop = 5.8 Hz, HC=CH), 117.5 (dJcp = 6.3 Hz, CH€H), 54.9 (d,Jcp = 25.6 Hz,CH),
54.0 (d,Jcp = 25.0 Hz,CH), 21.5 (d Jc.p = 7.8 Hz,CH3), 21.1 Hz (d,Jc.p = 9.6 Hz,CHa),
19.7 (sCHs), 19.4 (sCH3), 19.3 (sCH3), 18.3 (SCH3), 12.2 (dJc.p = 4.0 Hz,CH(CHs)>),
12.1 (d,Jcp = 4.3 Hz,CH(CHa)2). **P{*H} NMR (202.5 MHz, benzene€s): 0d86.6. 2°Si
NMR (99.4 MHz, benzends): d 48.3. HRMS (ESI): calculated (M)[CzgHasN2PS|*:
587.3006 found:587.2996

Synthesis of R,R)-(TADDOL)SIHCI. A Schlenk flask equipped with a stir bar was
charged with (& 5R)-2,2-dimethytU-U-Us Ustetraphenyldioxoland-5-dimethanol
((R,R-(TADDOL)) (6.00 g, 12.9 mmol) and 100 mL THF. The flask was cooled in an ice
bath and triethylamine (5.4 mL, 38.7 mmol) was added followed by dropwise addition of
trichlorosilane (2.6 mL, 25.7 mmol). The reacatimixture was allowed to warm to room

temperature and stirred for 2 hours. The volatile components of the reaction mixture were
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removedin vacuoand the crude residue was extracted wah100 mL diethyl ether and
filtered through a pad of Celite. Thetfdte was collected and the solvent was removed
under reduced pressure. The remaining residue was washed3\&h. pentane and 3

3 3 mL diethyl ether to afford the chlorosilane as an air and moisture sensitive white solid
(4.7 g, 8.88 mmol, 69 % yielddH NMR (400 MHz, benzeneds): d7.791 7.77 (m, 4 H,
Harom), 7.651 7.63 (m, 2 HHaron), 7.421 7.40 (m, 2 HHarom), 7.177 6.98 (overlapping
resonances, 12 Harom), 5.60 (d3Ju-n = 7.2 Hz, &), 5.41i 5.40 (overlapping resonances,

2 H, CH, SiH), 0.63 (s, 6 H, El3). 3C{*H} NMR (101 MHz, benzenelk): 146.9 (SCaron),
146.0 (sCarom), 141.7 (SCarom), 141.7 Carom), 129.6 (SCHarom), 129.4 (sCHarom), 128.7

(S, CHarom), 128.5 (SCHarom), 128.2 (SCHarom), 128.2 (SCHaron), 127.7 (SCHaron), 127.6

(s, CHarom), 127.5 (SCHarom), 127.5 (SCHarom), 127.4 (SCHarom), 127.3 (SCHarom), 114.8
(s,C(O2Me), 85.8 (sC(OSiH)Ph), 84.9 (sC(OSiH)Ph), 82.3 (sCH), 81.6 (sCH), 27.4
(s,CHz3), 27.2 (sCHa). 2°Si NMR (79.5 MHz, benzenés): d 198.9.

Synthesis of 53 (R,R)-(TADDOLSIi)H. A 4-dram vial containing a stir bar was
charged with (zbromophenyl)diclohexylphosphine (0.07 g, 0.189 mmol) in ca. 4 mL
diethyl ether.A second4-dram vial containing a stir bar washarged with(R,R-
(TADDOL)SIHCI (0.100g, 0.189 mmol)n ca. 2 mL diethyl ether. Both vials were cooled
to -35 °C. "BuLi (0.118 mL, 0.189 mmol) was then added dropwise to the solution
containing (2bromophenyl)dicyclohexylphosphine and the reaction mextwas
magnetically stirred for 10 minutes at room temperature resulting in the formation of a
precipitate. The suspension was then cooleeB%0°C and added dropwise to the vial
containing R,R-(TADDOL)SIHCI. The reaction mixture was allowed to warm ¢om

temperature. After 1 h, the reaction mixture was filtered through Celite and the filtrate was
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collected. The volatile components of the reaction mixture were removed under reduced
pressure. The resulting oily solid was triturated withBmL pentaneesulting in a white

solid that was used without further purification (0.140 g, 0.182 mmol, 96% Viel)MR

(500 MHz, benzene€s): 8.091 8.07 (m, 4 HHaron), 8.011 8.00 (M, 1 HHaronm), 7.861

7.85 (M, 2 HHaron), 7.751 7.74 (M, 2 HHaron), 7.447 7.43 (M, 1 HHaron), 7.441 6.97
(overlapping resonances, 19 Hgwon), 6.16 (d*Jn-p = 6.9 Hz,1 H, Si-H), 5.66 (d2J4-n =

7.8 Hz,1 H,CH), 5.51 (d3J4-n = 7.8 Hz,1 H,CH), 1.92i 1.07 (o\erlapping resonances,

25 H), 0.51 (s, 3 H, Ba). 3'P{'"H} NMR (202.5 MHz, benzends): d- 7.16.

Synthesis of 54 (R,R)-(DAPSi)Ni(COE-yl). Ni(COD), (0.090 g, 0.341 mmol) was
weighed into a 4ram vial equipped with a stir and suspended in 4 mL of benzene. Ligand
5-1 (0.200 g, 0.341 mmol) was added as a benzene solution (ca. 2 mL) and the resulting
orange reaction mixture was allowed to stir at room temperature for 18 h.olidev
components of the reaction mixture were then removed under reduced pressure and the
crude residue was extracted with 10 mL pentane and filtered through Celite. The orange
yellow filtrate solution was collected and the solvent was removeédcuoto afford5-4
as a bright yellow solid (0.180 g, 0.239 mmol, 70% yiebd}. exists as a 1:1 mixture of
isomerstH NMR (500 MHz, benzends): 118.26 (t,J = 7.0 Hz, 2H, Haron), 7.90 (d,J =
8.5 Hz, 1H, Haron), 7.85 (d,J = 7.2 Hz, 1H, Haron), 7.851 7.77 (M, 3H, Haron), 7.791
7.74 (m, 1H, Harom), 7.761 7.66 (M, 3H, Harom), 7.697 7.49 (M, 9H, Harom), 7.48 (d,J =
8.3 Hz, 1H, Haron), 7.43 (d,J = 8.2 Hz, 1H, Haron), 7.37 (ddJ = 8.2, 7.1 Hz, H, Haron),

7.371 7.10 (M, 15H, Haron), 6.17 (idd,J = 23.2, 11.2, 3.4 Hz, B, CH), 6.06 (dd,J =
10.7, 3.4 Hz, H, CH), 5.96 (ddJ = 10.5, 3.4 Hz, H, CH), 5.601 5.45 (m, 2H, CH),

5.35i 5.29(m, 1 H, GH), 5.09i 4.99 (m, 1 H, &), 4.92 (dddg) = 12.3, 6.9, 4.9, 2.3 Hz,
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1 H, CH), 4.807 4.70 (m, 1 H, @), 4.52 (tJ= 8.5 Hz, 1 H, ©), 4.4471 4.34 (m, 1 H,
CH), 4.1471 4.05 (m, 1 H, ®), 3.67 (tJ=8.5 Hz, 1 H, ©), 2.49 (ddtJ = 12.9, 8.5, 4.3
Hz, 1 H, H), 2.23 (ddtJ =12.9, 8.2, 4.2 Hz, H, CH), 2.157 2.08 (m, 1 H, ©), 2.08i
1.92 (m, 3 H), 1.92 1.78 (m, 1 H), 1.78 1.56 (m, 5 H), 1.59 1.22 (m, 21 H), 1.25
1.17 (m, 1 H), 1.17 (dd} = 7.0, 3.4 Hz, 3 H), 1.17 1.06 (m, 3 H), 1.09 0.98 (m, 6 H),
0.95 (d,J = 7.3 Hz, 3 H), 0.95 0.84 (m, 3 H), 0.80 (d] = 7.4 Hz, 3 H), 0.70 (s, 1 H).
13C{1H} NMR (126 MHz, benzenls): ii 156.45 (dd,) = 37.7, 34.9 HzCaron), 151.35 (dd,
J=64.0, 38.0 HzCaron), 142.17 (ddJ = 13.3, 4.5 HzCaron), 134.75 134.53 (m), 134.38
i 133.75 (m), 131.18 (d}, = 5.3 Hz,CHaron), 129.75 (dd,) = 5.4, 3.4 HzCHaron), 129.58
(d, J = 6.6 Hz,CHaron), 129.48 (dJ = 2.9 Hz,CHaron), 124.46 (dJ = 7.4 Hz,CHaron),
124.15 (d,J = 8.0 Hz,CHaron), 117.09 (d,J = 18.1 Hz,CHarom), 110.77 (dJ = 35.8 Hz,
CHaron), 82.05 (d,J = 60.7 Hz, C=C), 61.06 (d,= 27.1 Hz, C=C), 59.62 (d,= 27.8 Hz,
C=C), 53.87 (dJ = 14.5 Hz), 51.99 (dd] = 37.5, 13.4 Hz, C=C), 33.12 (d= 4.0 Hz),
32.41 (d,J = 3.7 Hz), 32.19 (d) = 6.1 Hz), 31.91 (dJ = 5.2 Hz), 24.05 (dJ = 6.6 Hz),
23.77 (dJ=5.7 Hz,CHy), 22.98 (d,J = 5.7 Hz,CHs), 21.00 (d,J = 3.0 Hz,CHa). 3'P{'H}
NMR (202.5 MHz, benzenes): d147.3 (s), 145.8 (s)°Si NMR (99.4 MHz, benzenre):
d 61.4, 60.3.

Synthesis of 55 (R,R)-(TADDOLSI)Ni(benzyl). NiCl>(dme) (0.0D0 g, 0.052 mmol)
was weighed into a-dram vial equipped with a stir and suspended in ca. 2 mL of benzene.
Ligand 5-3 (0.040 g, 0.052 mmol) was added as a benzene solution (ca. 2 mL) and the
reaction mixture was allowed to stir for 10 minutes. BnMgCl (0.104 mL, 1.0 M, 0.104
mmol) was then added dropwise and the resulting dark orange suspension was magnetically

stirred for one hour at room temperature. The volatile components of the reaction mixture
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were then removed under reduced pressure and the crude residue was twithrtéd3
mL pentane. The residue was then extracted with ca. 8 mL pentane and filtered through
Celite. The dark orange filtrate solution was collected and the solvent was removed under
reduced pressure. The remaining residue was triturated withrL pentane to afforé-
5 as an orange solid that was used without further purification (0.04 g, 0.018 mmol, 56%
yield). 'H NMR (400 MHz, benzengl): ti 8.041 8.02 (m, 4 HHaron), 7.881 7.86 (m, 4
H, Haron), 7.471 7.45 (m, 1 HHarom), 7.361 6.94 (overlapping resonances, 19 H), 6.70 (m,
1 H, Haron), 6.18 (d Jup = 7.5 Hz, 1 H, El2Ph), 6.10 (3. = 7.3 Hz, 1 H, &), 6.00 (d,
3Jun = 7.3 Hz CH), 5.44 (d Ju-p = 7.4 Hz, Gi,Ph), 1.82" 0.82 (overlapping resonances,
28 H).3'P{*H} NMR (162 MHz, benzenes): 68.3.

Synthesis of 56 (R,R)-(IndolSi)H. A 4-dram vial equipped with a stir bar was charged
with a solution of R,R-(TADDOL)SIHCI (0.627 g, 1.18 mmol) in ca. 5 mL benzehbke
lithium salt of diisopropyl(amethylindolyl)phosphine (0.300 g, 1.18 mmol), prepared
treatment of diisopropylé&ethylindolyl)phosphine with 1 equitBuLi, was dissolved in
ca. 4 mL benzene and added dropwise to the solutioR,8-(TADDOL)SIHCI. The
mixture was allowed to magtieally stir for 18 h at room temperature. The resulting
suspension was filtered through Celite and the clear, colorless filtrate solution was
collected. The solvent was removed under reduced pressure tomfas a white solid
after prolonged exposute vacuum (0.786 g, 1.06 mmol, 90% yiefd).NMR (300 MHz,
tolueneds, 353K):07.771 7.63 (overlapping resonances, 8 H), 7.4341 (m, 1 HHaron),
7.147 6.93 (overlapping resonances, 16 H), 6.28'Jdp = 6.5 Hz, 1 H, SH), 5.67 (d,
84w = 7.7 Hz, 1 H, ®), 5.41 (d,%J4-n = 7.7 Hz, 1 H, ®), 2.467 2.22 (overlapping

resonances, 5 H), 1.11 (ddu-r = 6.9 Hz,2Ju-n = 0.9 Hz, 3 H, CH(El3)2), 1.06 (dd,2Ju.p
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= 6.8 Hz,*Ju-n = 1.8 Hz, 3 H, CH(El3)2), 0.911 0.80 (overlapping resonances, 9 H), 0.64
(s, 3 H, G3 acetal) 3C{*H} NMR (101 MHz, benzeneds, 298K): 147.1 (SCarom), 146.8
(s, Carom), 142.9 (SCarom), 142.8 (dJc-p = 5.9 Hz,Caron), 142.3 (SCarom), 129.9 (dJcp =
18.9 Hz,CHarom), 128.5 (SCHarom), 128.0 (SCHarom), 127.6 (SCHarom), 127.5 (SCHarom,
123.5 (s,CHarom), 121.0 (s.CHarom), 119.2 (br sCHarom), 114.6 (SCHarom), 113.7 (br s,
CHarom), 85.6 (s.C(OSiH)Ph), 83.4 (s C(OSiH)Ph), 82.9 (sCH), 81.9 (sCH), 27.7 (s,
CHs), 26.9 (sCHs3), 26.0 (dJcp = 9.9 Hz,CH(CH?3)2), 25.6 (d Jc-p = 9.3 Hz,CH(CHa)>),
22.0 (dJcp=25.7 Hz, CHCHa)2), 21.1 (dJcp= 9.9 Hz, CHCHz)2. 3*P{*H} NMR (121.5
MHz, tolueneds, 353K): d - 6.13. 2°Si NMR (79.5 MHz, benzenrds, 298K): o 176.9.
HRMS (ESI): calculated (M)[C4sHs:NO4PSI|*: 740.3319 found:740.3319

Synthesis of 57 (R,R)-(IndolSi)Ni(benzyl). NiCl2(dme) (0.04 g, 0338 mmol) was
weighed into a 4lram vial equipped with a stir and suspended in ca. 4 mL of benzene.
Ligand 5-6 (0.250 g, 0.338 mmol) was added as a benzene solution (ca. 2 mL) and the
mixture was allowed to stir for 10 minutes. BnMgCl (0.676 mL, 1.0 M, 0.676 mmal) wa
then added dropwise and the resulting dark orange suspension was magnetically stirred for
one hour at room temperature. The volatile components of the reaction mixture were then
removed under reduced pressure and the crude residue was triturated3wghniL
pentane. The residue was then extracted with ca. 12 mL pentane and filtered through Celite.
The bright orange filtrate solution was collected and the solvent was removed under
reduced pressure. The remaining residue was triturated Witl2 2nL pentae. The
resulting orange solid was washed with an additiorfaR2nL pentane to afford-7 as a
light orange solid (0.194 g, 0.218 mmol, 65% yielt).NMR (400 MHz, benzends):

8.20i 8.16 (M, 3 HHaron), 8.05i 7.95 (M, 6 HHaron), 7.64i 7.62 (M,1 H, Harom), 7.26i
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6.86 (overlapping resonances, 18 H), 6. 867 (m, 1 HHaom), 6.41 (dJ4-p=7.5Hz, 1
H, CH2Ph), 5.95 (d3J4n = 7.6 Hz, 1 H, ®), 5.82 (d3Ju.+ = 7.6 Hz, 1 H, @), 5.07 (d,
Ju-p = 7.2 Hz, 1 H, E2Ph), 2.31i 2.24 (overlapping resonances, 4 H), 1.84 (m, 1 H,
CH(CHs)2), 1.30 (s, 3 H, Bl3), 0.86i 0.66 (overlapping resonances 15 HE{*H} NMR
(101 MHz, benzenes): 1 150.5 (SCarom), 148.7 (SCarom), 145.9 (SCarom), 143.4 (SCaromy),
140.2 (dJcp = 13.6 Hz,Carom), 136,4 (dJc-p= 7.1 HZ,Carom), 134.0 (sCHarom), 132.3 (s,
CHarom), 132.3 (SCHarom), 130.0 (SCHarom), 129.5 (SCHarom), 128.6 (SCHarom), 128.1 (s,
CHarom), 128.0 (s.CH), 127.6 (SCHarom), 127.5 (SCHarom), 127.3 (SCHarom), 127.0 (s,
CHarom), 126.9 (SCHarom), 123.7 (SCHarom), 122.3 (SCHaron), 120.2 (dJc-p = 25.0 Hz,
CHarom), 119.0 (SCHarom), 118.0 (SCarom), 117.1 (SCHarom), 116.9 (dJc-p= 2.8 HZ Caron),
112.9 (SCaron), 111.3 (SCHarom), 84.6 (SCH), 83.9 (sCH), 83.1 (sC(Ph0Si)), 81.8 (s,
C(PhOSi)), 27.9 (sCHs), 27.0 (SCH3), 26.8 (SCH(CH3),), 25.4 (d Jcr = 25.2 Hz,CH(CHa).),
20.47 20.2 (overlapping resonances), 19.9bl; acetal), 19.5 (dJc.r = 6.6 Hz, CHCH3),).
3PLIHY NMR (162 MHz, benzenels): U152.6.2°Si NMR (80 MHz, benzends): 11193.3.
General Procedure for Catalytic Asymmetric Hydrogenation. The catalyst
(complex5-4, 5-5, or 5-7, 0.005 mmol) was weighed into adtam vial and 1.0 mL of a
freshly prepared 0.1 M stock solution of the substrate in the specified solvent was added
via microsyringe.The vial was equipped with a stirbar and closdathva screw cap
featuring a PTFE septum. A needle was then inserted through the septum to allow for the
introduction of H gas. The vial wasubsequentlyransferred to a Parr reactor which was
sealedand pressurized tdhe requiredH. pressure. The Parr reactor was heatethéo
specified temperatun@ an oil bath for the duration of the reaction time. Afterward, the
Parr reactor was removed from the oil bath and depressufized.olatile components of

the reaction were remové vacuoand the crude mixture was dissolved in hexanes and
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loaded on to a silica filter. The filter was washed with 3 mL 10% diethyl ether in
hexanes and the filtrate solution was discarded. The product was then eluted off the silica
with 100% diethyl etlr. The ether filtrate was collected and the solvent was removed
under reduced pressure. Conversion was then asseasetdNMR spectroscopy relative
to residual alkene. Enantioselectivity was determined by chiral HPLC analysis on a
Chiralpak ADH columnusing the specified conditions.

General Procedure for Catalytic Asymmetric Hydrogenation UsingIn Situ
Generated Catalyst.0.5 mL of a freshly prepared 0.015 M stock solutio®-6fin THF
was dispensed into adram vial equipped with a stir bar. 0.5 mEa freshly prepared
0.01 M stock solution of Ni(COR)n THF was then added to the same vial and the mixture
was magnetically stirred for 30 minutes. The volatile components of the reaction mixture
were then removeith vacuoand 1.0 mL of a freshly prepad 0.1 M stock solution of the
substrate in MeOH was added microsyringe.The vial was closed with a screw cap
featuring a PTFE septuand aneedle wasnserted through the septum to allow for the
introduction of H gas. The vial wasubsequentlyransferred to a Parr reactor which was
sealedand pressurized tdahe requiredHz pressure. The Parr reactor was heateth¢o
specified temperatur@ an oil bath for the duration of the reaction time. Afterward, the
Parr eactor was removed from the oil bath and depressufitedvolatile components of
the reaction were removed vacuoand the crude residue was dissolved in hexanes and
loaded on to a silica filter. The filter was washed with 3 mL 10% diethyl ether in
hexanes and the filtrate solution was discarded. The product was then eluted off the silica
with 100% diethyl ether. The ether filtrate was collected and the solvent was removed

under reduced pressure. Conversion was then asséaseldNMR spectroscopyelative
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to residual alkene. Enantioselectivity was determined by chiral HPLC analysis on a

Chiralpak ADH column using the specified conditions.
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Chapter 6:Conclusions andFuture Work

6.1 Summary and Conclusions

As outlined in Chapter 1 of this document, thera ggobal demand for the development
of sustainable firstow transition metal catalysts that can complement and possibly replace
existing secondand thirdrow metal catalyst technology that is currently utilized in
chemical synthesis. The design of ligandilored to the unique properties of the fnsiv
metals has emerged as a powerful strategy to overcome thetirdgégar reactivity when
compared to the platinum group metals. The incorporation of redoxnonent motifs
or electronegative elementinto the ligand architecture to facilitate mdigand
cooperativity are demonstrated approaches for taming the reactivity a-thetals. With
such design strategies in mind, an alternative ligand design approach based on
phosphino(silyl) ligation hebeen pursued in the Turculet group. Phosphino(silyl) ligands
have been shown to engage in cooperative behavior involving the electropositive Si donor
in conjunction with 8-metals. This reactivity, in concert with the incorporation of strong
field donorsin a multidentate ligand framework, has been demonstrated to support active
and selective hydrogenation catalysts featuring Eastindant 8- metals.

In Chapter 2, significant improvements in the catalytic performance oP&R)Cd
complexes in alkeneydrogenation reactivity has been described. The synthesis of (Cy
PSiP)Cb complexes lacking exogenous phosphine donors was targeted, as it was
hypothesized that such ligands were inhibiting catalyst turnover. Complexes of the form
(Cy-PSiP)CHalkyne) @-1; alkyne = 2butyne, 2-2; alkyne = diphenylacetylene) were
isolated in high yield as diamagnetic, crystalline solids that could be readily purified. These

complexes were characterized by multinuclear NMR spectroscepy Brystallography,
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and elementalralysis. When applying complé&x2 as a catalyst for alkene hydrogenation
it was found that exceptionally mild conditions could be employed (1 atn®.Hi 7.5
mol% 2-2, 257 50°C, 4 h) for a broad scope of substituted alkenes.

Exposing either comple®-1 or 2-2 to an atm of Hled to the generation of a highly
fluxional polyhydride species that could only be observed under an atmospheréaivH
temperature NMR experiments did not aid in elucidating the structure of this polyhydride
complex, as no dealescence phenomena were observed at temperatures d@0i@o
DFT calculations were then performed, and three possible isomers of the polyhydride
complex with comparable energies were identified. A possible mechanism by 2xich
could perform alkenbydrogenation was calculated, and it was found that the intermediacy
of Co(-silane) complexes was crucial for catalytic turnover, consistent with the premise
that metalSi interactions in phosphino(silyl) ligated complexes play a key role in
facilitating hydrofunctionalization reactivity.

Chapter 3 of this document expands the repertoire of catalytic reactions thgiN{PSiP
complexes can facilitate. While the hydrogenation of alkenes was targeted initially,
complex 1-32 provided relatively poor performance for the hydrogenation of simple
alkenes. Attempts to expand the scope to include alkynes led thsttwvery that the
hydrogenation of diphenylacetylene proceeded with exclusive selectivity forEjhe (
alkene. This reaction could be made general for a broad scope of substituted
diarylacetylenes and SiM@rotected terminal arylacetylenes. Exception&davity for
the E)-alkene (>99:E:Z) was observed employing2l5 mol%21-32 under 1 atm of blat
room temperature for most substrates. Substrates featuring eledindrawing groups or

those witho-substitution required a mild increase in temperafG8e°C) to achieve full
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conversion and similarly high selectivity. Alkyne substrates bearing heterocyclic
substituentsi(e., pyridine, thiophene) could also be hydrogenated with high selectivity.
Strongly electron withdrawing substituents such as nitroyano substitution led to a
reversal in selectivity, with exclusive selectivity for thé)-alkene observed instead.
Aldehyde substituents as well as direct carbonyl substitution on the alkyne were found to
be incompatible withl-32, leading instead to atalyst decomposition. Mechanistic
experiments whereinZj-stilbene was exposed to a catalytic amount-82 led to near
instantaneous isomerization t&){stilbene. Exposure of-32 to one equivalent of
diphenylacetylene allowed for the isolation of cdexB-1, a (PSiP)Ni(alkenyl) complex
arising from insertion of the alkyne into the-Ni Exposure of3-1 to 1 atm H led to
regeneration ol-32 and liberation of E)-stilbene, presumably through isomerization of
unobserved 4)-stilbene. On the basis of ébe data, a mechanism involving initial
formation of the Z)-alkene and subsequent isomerization to afford E)gfoduct was
proposed. The exquisit&)-selectivity observed for this Miatalyzed semihydrogenation
catalysis is synthetically useful, aschuselectivity is challenging to obtain in transition
metal catalyzed reactivity where th&{somer is typically formed and full reduction to
the alkane product is often a competing reaction. The use ofbaddd catalyst at low
loading and low Hpressireis a highly desirable feature of this reactivity, contributing to
both atom economy and sustainability.

In Chapter 4 of this document, the utility of the PhenDalRhosly of ligands was
extended to include Coatalyzed asymmetric hydrogenation. The enantiopure liggnd (
PhPhenDalPhos was readily synthesized from commercially available starting materials

and was coordinated to Co. The corresponding aide 4-1, Cd" dialkyl 4-2, and
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cationic Co 4-3 complexes were synthesized and applied towards the asymmetric
hydrogenation of}dehydroamino acid derivatives. Rratalyst4-3 was found to afford

high enantioselectivity for a broad scope of phenylalanine derésafeaturing electron
withdrawing and donating substituents. Substrates featuorsybstitution were
challenging for4-3, requiring high catalyst loading (10 mol%) to achieve moderate
enantioselectivityd-F, er = 88:12,0-MeO, er = 76:24). This represé&na rare example of

the direct hydrogenation afdehydroamino acids by al8netal catalyst, noteworthy due

to the prevalence of such amino acid motifs in the pharmaceutical industry. Unlike
previously reported examples that require stoichiometric Zr§{@naadditive, the system
developed herein can operate effectively in the absence of added Zn(0), which is a
significant improvement with respect to atom economy in such asymmetric hydrogenation
catalysis.

Substrates bearing and 3thiophene substitutiocould also be hydrogenated with high
enantioselectivity (>99:1 and 994dr respectively), as coul@z)-dehydreN-acetyt(4-
acetoxy3-methoxy) phenylalanine, the precursor teDOPA. While 4-3 provided
selectivity for D-DOPA (99:1er), this substrate was notable as its hydrogenation by
Knowles and caworkers led to the first commercial routelteDOPAY 197198 When D
was employed instead oblfbr the hydrogenation o#Zj-dehydreN-acetytphenylalaning
deuterium was incorporated in the position resulting from foigyD, addition. Only a
single isotopomer was observed, supporting the possibility of'ad®ydride mechanism
resulting from oxidative addition of Ho the cationic Co(l) comple#-3.

Lastly, in Chapter 5 of this document, chiral bidentate (phosphino)silyl ligands were

developed for the Ncatalyzed asymmetric hydrogenation ofdmbstituted carbocylic
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alkenes. The chiral products of these reactions are found in a variety of pharoaégeuti
such as Tametraline, Sertraline, Rotigotine, and Rasagiline. However, platinum group
metal catalysts have struggled to achieve high enantioselectivity for these substrates, and
they have represented a notable challenge in asymmetric hydrogénafimk by
Turculet group member Tyler Saunders has identified bidentate PSi supported Ni
complexes as competent catalysts for the hydrogenation -oérd tetrasubstituted
alkenes. To extend this reactivity to includgrametric hydrogenation, several motifs
were investigated featuring chirality at both the phosphino and silyl donor positions.
Chirality was derived from readily commercially available materials such as a
diazaphospholene derived froR){1-(1-naphthyl)ethylamine, a phosphonite derived from
(R,R-TADDOL, or a siloxane also derived fronrR,R-TADDOL. While most ligands
screened for the asymmetric hydrogenationNef1-(3,4-dihydro)napthaleti-yl)-tert-

butyl amide led to racemic hydrogenation, the use®énd Ni(COD} led to quantitative
conversion and 97:8r. The (phosphino)silybased catalyst system employibg was

found to significantly outperform the Rpghosphoramidite analog in this reactivity,
demonstrating a unique new approach to ligand design &symmetric
hydrofunctionalization catalysis based on Eatlundant metals, wherein chirality at Si

can provide high enantioselectivity while also facilitating catalytic turnover.

6.2 Future Work

The research in Chapters 2 of this document described titieesis of reactive (Cy
PSiP)C6 alkyne complexes for the catalytic hydrogenation of alkenes. While these
complexes were designed with hydrogenation catalysis in mind, they are uniquely poised

to be applied towards other forms of hydroelementation casadysh as hydroboration or
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hydrosilylation. Furthermore, while the chemistry of Chapter 2 focused on accessing
reactive Cbcomplexes through reduction from 'Can investigabn into oxidationto Cd"
would be informative as coordinatively unsaturate8iP)Cd' complexes have yet to be
reported in the literature. Such complexes would be a valuable platform to investigate
chemistry akin to what was previously reported with heavier group 9 (PSiP)M
complexes/8

Cd" hydrido halide complexes of the form (PSiP)Co(H)(X) (X = halide) would be
direct analogs to the Rh and Ir complexes employed in fundamental studies on the oxidative
addition of benzene and amnia by the Turculet grouff:* Accessing these complexes
might be achieved through reaction of complexdsand2-2 with ethereal HCI, as Peters
and coeworkers have demonstrated that a similar strategy allowed access 48i g €¢€|
complex without destruction of the -Bf bond3® Dehydrohalogenation from these
complexes would allow for controlled access to the highly reactiVeir@ermediate

without the preence of excess reductant.

/l
cyu,,,,-clo.mn] HCI ) | WCl LICHySiMeg | NHs, CeHe, etc, . | oX

Et,O > -TMS, LiCl >
Cy2P/ R .C kzyne | “H l | ™H
R = Me, Ph PCy, PCy, PCy,

Schemes.2.1. Potential synthetic route towards (PSiPYGmmplexes for bond activation
chemistry.

Work described in Chapter 4 of this documetgscribed the utility of §-Ph
PhenDalPhos supported Co complexes for the asymmetric hydrogenatidh of
dehydroamino acid derivatives. Compks, a welldefined and readily prepared cationic

Cd complex, was noted as being particularly reactive and provided the highest
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enantioselectivity among the complexes that were synthesized. Applying cofplex
towards the asymmetric hydrogenation of other substrate classes would increase the
versatility aseciated with the readily prepared PhenDalPhos family of ligands. Notable
substrates that could be targeted inclsttaple N-(arylethenyl)acetamide derivatives,
dehydroamino acid esters, as welleanamido andllenol phosphonates, as these are well
estabished in Rh catalysi$?

Furthermore, the capabilities of the PhenDalPhos class of ligands should be interrogated
through catalysis with substrates that have been previously subjected to asymmetric
hydrogenation with Co and a privileged chiral bis(phosphine). Substrates such as
conjugded enyne&® Ub-unsaturated carboxylic acié&” and minimally functionalized
alkenes lacking coordinating groups such as amides are proposedattfétbis would
serve to establish the genldsaof the PhenDalPhos ligands for basetal catalyzed
asymmetric hydrogenation.

Modification of the phosphonite substituents is also proposed as a method to interrogate
the generality of the mixed phosphine/phosphonite motif in supporting asymmetric
cdalysis. While the enantiopure Phen diol is commercially available, it is relatively
expensive which precludes larger scale preparation of the[Pdi@mos ligands. To that
end, introduction of less costly chiral diols may allow for the synthesis of abseand
readily modified ligand. The enantiopure diols BINOL and TADDOL are both
commercially available and are relatively inexpensive when compared to the enantiopure
Phen diol. A BINOl-derived ligand would bear similar structural features to the hen
DaPhos ligands as its chirality is also derived from atropisomerism (Scheme 6.2.2).

Ligands derived from TADDOL would feature a large steric profile, and TADDOL
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derivatives can be easily prepared from the ethyl estfiigartrate?'® These ligands are
expected tdhave similar electronic properties t§)-FPhPhenDalPhosnd would further

expand the space of ligands that can support Co catalyzed asymmetric hydrogenation.

Ph Ph Ph Ph Ph Ph Ph  Ph * _ Ph Ph * _
—.PI B ArF4 "P, B ArF4
@ ) 3
/Co or /Co
P\O PR T > P P

S s o W
“ AR g & -
gL Tt gl

(S)-Ph-PhenDalPhos | (S)-BINOL-derived  (R,R)-TADDOL-derived
(S)-(BINOL)DalPhos  (R,R)-(TADDOL)DalPhos

Scheme 6.22. Proposed mixed phosphine/phosphonite ligands forcaialyzed
asymmetric hydrogenation.

Finally, in Chapter 5 of this document, the synthesis of a new class of chiral ligand that
employs a chiral silyl donor was described. Screening these ligands for the asymmetric
hydrogenation of (2)-2-acetamide3-phenylacrylate and N(3,4-dihydro-1-
naphthalenyl)acetamidéed largely to racemic hydrogenation with Ni. However, a ligand
derivative featuring a diisopropyKi®ethylindolyl)phosphine combined with a silyl donor
derived from R,R-TADDOL led to selective asymmetric hydrogenation. Future work
shoud involve investigation of the coordination chemistry of ligeé with Co and
potentially Fe. Most of the examples of basetal mediated asymmetric hydrogenation
discussed in this document featured €idg suprd, and work described in Chapter 2 of
this document has established the high catalytic activity of (PSiR)Kme complexes
towards alkene hydrogenation. To that end, establishing chiral (phosphino)silyl ligation
with Co is likely to lead to productive catalysis.

Cd' halide complexes of the form (PSi)CoX (X = Cl, Br, 1) could be accesised

dehydrohalogenation of the corresponding Co salt and the PSi ligand. Ongoing work in the
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Turculet group has found that the coordination of achiral PSi ligands has not proceeded
aralogously to PSIP ligands, and as a result a more roundabout approach may need to be
taken in order to prepare isolable Co complexes. Accessint)laeBayl complex utilizing

2 equiv. of BnMgCl may lead to a catalytically competent 8enzyl species (Beme

6.2.3). Furthermore, such a complex could be reacted with one equiv. of HCI in ether to
afford the corresponding ®ahloride complex, which could then be subjected to Mg
reduction in the presence of an alkyne. This would provide a-to@elinate ©' alkyne

complex analogous to the (B®6iP)Cbcomplexes described in Chapter 2 (Scheme 3.2.3).

O
" Cl Q
" Ph

2 equiv. BnMgCl
O/SIH — > Ph O/s|/C° L o— SI/CO [ o
CeHg Et,O Ph |—CO/S\I Ph

o O N

' Ph ‘ Ph ﬁPh Pr2F' \
O Ph O Ph

N RiPr,

Co' alkyne complex analogous N\ \ Mg, alkyne

to work described in Chapter 2 Ph O/Si/COQ(
Ph , THF
0 R
o} ‘.‘.ﬁph
Ph

Scheme6.2.3. Proposed synthesis of chiral RSipported Coand Cd complexes.

Further work with the chiral (phosphino)silyl ligand framework should include
modifications of the ligand architecture to improve enantioselectivity with challenging
substrates, as well as to establish a library of such ligands that candreddia a given
transformation. The diisoppyl(3-methylindole)phosphine derived ligand features several
handles that can be modified to tune reactivity. First, the steric and electronic features of

the phosphino donor can be readily changgal reaction with various substituted
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chlorophosphines. Diputyl)phosphine and d¥tolyl)phosphine are proposed as targets
for future ligand design, as these respectively increase the steric bulk of the ligand and
reduce the electron donating ability of the phosglhithile maintaining steric bulk.

As noted above, the TADDOL moiety can also be readily modified through reaction of
thed/I-tartrate ethyl ester with different protecting groups and Grignard reagents (Scheme
6.2.4). The introduction of-haphthyl moietiess proposed as a method to increase the
crystallinity and decrease the solubility of these ligands, a noted problem in Chapter 5.
Furthermore, dnaphthyl substitution would increase the steric bulk of the silyl donor,
potentially increasing enantioselegty. Finally, Reek and cavorkers have noted that
BINOL-derived mixed phosphine/phosphoramidite ligands typically outperform their
TADDOL -derived analog&®To that end, chiral PSi ligands that features BINOL or Phen

diol substitution are proposed to further improve on the results described in Chapter 5.
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Scheme6.2.4. Proposed derivatives of the chiral (phosphino)silyl framework.
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Appendix A: Crystallographic Experimental Details

Table Al. Crystallographic experimental details fod.

A. Crystal Data
formula

formula weight
crystal dimensions (mm)
crystal system
space group

unit cell parametefs
a(A)

b (A)

c(A)

a (deg)

b (deg)

g(deg)

V (A3)

Z

I caled (g cd)
p (mntl)

Ca3HeC00n. 50P2SI
739.91

0.463 0.073 0.04
triclinic
Pp (No. 2)

9.8294(2)
10.7259(2)
19.6454(4)
97.7756(9)
91.6804(8)
99.3174(11)
2022.30(7)
2

1.215

4.568

B. Data Collection and Refinement Conditions

diffractometer

radiation ( [A])
temperature (°C)

scan type

data collection 2limit (deg)
total data collected

24)

independent reflections

number of observed reflectiondQ)

structuresolution method
refinement method

Bruker D8/APEX Il CCIY

Cu Ka (1.54178) (microfocus source)
100

wandf scang1.0) (5 s exposures)
148.36

14772 ¢12¢ h¢ 12,-13¢ k¢ 13,-24¢ 1 ¢

7918(Rint = 0.0305

7591[Fg22 25(Fg2)]

intrinsic phasing$HELXT2014)
full-matrix leastsquares onF2 (SHELXIL

2017)
absorption correction method
range of transmission factors

Gaussian integration (fagedexed)
0.99990.3616

data/restraints/parameters 7918/ 288/ 456
goodnesf-fit (S)f [all data] 1.0%6

final Rindice®

R1 [Fo?2 2s(Fo?)] 0.0415

WR, [all data] 0.1131



largest difference peak and hole 0.7% andi0.69L e A3

Table Al. Crystallographic experimental details 4.

a0btained from leassquares refinement 8687reflections with8.44° < 2g< 147.90.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied Byuker.

CSheldrick, G. M.Acta Crystallogr2015 A71, 3i 8. (SHELXTF2014
dSheldrick, G. M.Acta Crystallogr2015 C71, 3i 8. (SHELXI-2017)

€The following distance restraints were applied to the inversion disordered solvent
diethylether molecule: .43(1) A 01$C1S, 01$C3S; 1.53(1) A C18C2S, C3%
C4S; 2.42(2) A 016 C2S, 018 C4S; 2.34(2) A C1€ C3S. Additionally, the
anisotropic displacement parameters for the atoms of the solvent molecule were
restrained by use of tt®HELXLRIGU instruction.

fS=[SW(Fo2 i Fc2)2/(ni p)]Y2 (n = number of datap = number of parameters varied:;
= [52(Fo?) + (0.0839P)2 + 0.1961P]-1 whereP = [Max(Fo2, 0) + Fc2]/3).

%Ry = SIFol T IFllSIFol; WRe = [SW(Fo2 T F2)2Sw(Fo*)]L2

179



Table A2. Crystallographiexperimentaldetailsfor 2-2.

A. Crystal Data
formula

formula weight
crystal dimensions (mm)
crystal system
space group

unit cell parametefs
a(A)

b (A)

c(A)

a (deg)

b (deg)

g(deg)

V (A3)

Z

Icaled (9 cd)
i (mnrl)

Cs4HegCoPSI
866.04

0.223 0.173 0.12
triclinic

Pp (No. 2)]

9.6285(2)
13.6722(3)
18.5205(4)
101.1811(10)
97.6467(12)
102.4770(10)
2296.04(9)

2

1.253

4.097

B. Data Collection and Refinement Conditions

diffractometer
radiation ( [A])
temperature (°C)
scan type
data collection 2limit (deg)
total data collected
23)
independent reflections
number of observed reflectionsd)
structure solution method
refinement method
2017)
absorption correction method
range of transmission factors
data/restraints/parameters
goodnessf-fit (S)€[all data]
final Rindiced
R1 [Fo? 2 25(Fo?)]
wR [all data]
largest difference peak and hole

Bruker D8/APEX Il CCI»

Cu Ka (1.54178) (microfocus source)
1100

wandf scans (1.0 (5 s exposures)
148.46

105925¢{11¢h¢ 12,-17¢ k¢ 17,-23¢ 1 ¢

8953 Rint = 0.0412)

8699 Fo22 25(F?)]

intrinsic phasingRHELXTF2014)
full-matrix leastsquares onF2 (SHELXL

multi-scan SADAB$
0.74810.5396

8953 /0 523

1.074

0.0270

0.0745
0.243 and 0.348 e A3
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Table A2. Crystallographiexperimentaldetailsfor 2-2 (continued).

a80btained from leastquares refinement of 9842 reflections with 4.949<247.68°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were thse supplied by Bruker.

CSheldrick, G. M.Acta Crystallogr2015 A71, 3i 8. (SHELXTF2014)
dSheldrick, G. M.Acta Crystallogr2015 C71, 3i 8. (SHELXI-2017)

eS=[SW(Fo2 T Fc22/(ni p)]L/2 (n = number of datap = number of parameters varied;
= [s2(Fg2) + (0.045P)2 + 0.428P] 1 whereP = [Max(Fq?, 0) + F2)/3).

Ry = SIFol T IFlISIFol; WRe = [SW(Fo2 1 F)HSW(FA)] 12
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Table Al. Crystallographic experimental details f&d.

A. Crystal Data
formula

formula weight
crystal dimensions (mm)
crystal system
space group

unit cell parametefs
a(A)

b (A)

c(A)

b (deg)

V (A3)

z

Icaled (9 cd)
H (mnrl)

Ca7.50H62N2NiP2SI
809.73

0.153 0.10% 0.06
monoclinic

C2/c (No. 15)

44.6555(10)
13.3640(3)
14.6990(3)
95.8471(9)
8726.4(3)

8

1.233

1.847

B. Data Collection and Refinement Conditions

diffractometer
radiation ( [A])
temperature (°C)
scan type
data collection 2limit (deg)
total data collected
18)
independent reflections
number of observed reflectionsd)
structure solution method
refinement method
20181
absorption correction method
range of transmission factors
data/restraints/parameters
goodnessf-fit (Sf [all data]
final Rindice®
R1 [Fo? 2 25(Fo?)]
wR [all data]
largest difference peak and hole

Bruker D8/APEX Il CCI»

Cu Ka (1.54178) (microfocus source)
1100

wandf scans (1.0 (5 s exposures)
144.72

191173¢55¢ h ¢ 55,-16 ¢ k¢ 16,-18¢ | ¢

8624(Rint = 0.0395

8018[Fo22 25(F52)]

intrinsic phasing $HELXTF2014)
full-matrix leastsquares onF2 (SHELXL

Gaussian integration (fagedexed)
0.93770.7080

8624 / 36/ 508

1.033

0.0313

0.0881
0.302andi 0.323e A3
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Table Al Crystallographic experimental details 4. (continued)

a@0btained from leastquares refinement &708 reflections with7.96" < 2¢g <
144.54.

bPrograms for diffractometer operation, data collection, data reduction and
absorption correction were those supplied by Bruker.

CSheldrick, G. M.ActaCrystallogr.2015 A71, 3/ 8. (SHELXTF2014
dSheldrick, G. M.Acta Crystallogr2015 C71, 3i 8. (SHELXI-2018/3

€The A C distances within the inversion disordered solvent pentane molecule were
restrained to be approximately the same by use dHELXLSADI instruction; the
C€ C distances were similarly restrained. Additionally, the anisotropic displacement
parameters for the carbon atoms of the pentane molecule were restrained by use of the
rigid-bond restrainRIGU.

fS= [SW(Fo2 i FcA2/(ni p)]Y/2 (n = number of datap = number of parameters
varied;w = [s2(Fg2) + (0.0434)2 + 8.0340]-1 whereP = [Max(Fg?, 0) + F2]/3).

9R1 = SIFol | FCllSIFol; WRe = [SW(Fo2 T F2)2ISw(Fo*)]L2
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Table A3. Crystal data and structurefmement folL4-1.

Empirical formula Ca2Ha6 O2 P2

Formula weight 644.73

Temperature 150(2) K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P212:12,

Unit cell dimensions a=8.9608(4) A U= 90°
b=17.0401(7) A b= 90°
c=23.7511(9) A 2=190°

Volume 3626.6(2) B

Z 4

Density (calculated) 1.181 Mg/n®

Absorption coefficient 1.343 mml

F(000) 1376

Crystal size 0.203 x 0.025 x 0.025 m#n

Theta range for data collection 3.192 to 68.205°

Index ranges -10<=h<=10,20<=k<=20,-28<=|<=28

Reflections collected 41010

Independent reflections 6634 [R(int) = 0.2054]

Completeness to theta = 67.679° 99.9 %

Absorption correction Semtiempirical from equivalents

Max. and min. transmission 0.7538 and 0.5118

Refinement method Full-matrix leastsquares on 4

Data / restraints / parameters 6634 /0/ 426

Goodnesf-fit on F2 1.030

Final R indices [I>2sigma(l)] R1 =0.0630, wR2 = 0.1481

R indices (all data) R1 =0.0941, wR2 = 0.1708

Absolute structure parameter 0.05(2)

Extinction coefficient 0.0031(4)

Largest diff. peak and hole 0.375 and0.398 e.A3

The crystal chosen was attached to the tip of a MicroLoop with Parbitamie

Measurements were made on a Bruker D8 VENTURE diffractometer equipped with a
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PHOTON IllIl CMOS detectorsii ng mo n o ¢ h rroandai taet di.54078 A)Hedin
an Incoatec micrdocus sealed tube at 125 Khe initial orientation and unit cell were
indexed using a leasguares analysis of the reflections collected from a pBBscan, 10
seconds per framand 1 per frame. For data collection, a strategy was calculated to
maximize data completeness and multiplicity, in a reasonable amount of time, and then
implemented using the Bruker Apex 3 software suite. The crystal to detector distance was
set to4.0cmand 60 second frames were collected. Cell refinement and data reduction were
performed with the Bruker SAINT software, which corrects for beam inhomogeneity,
possible crystal decay, Lorentz and polarisation effects. A+sedin absorption correction
wasapplied (SADABS). The structure was solved using SHEI20T4 and was refined
using a fullmatrix leastsquares method of? with SHELXL-2018. The nothydrogen
atoms were refined anisotropically. The hydrogen atoms bonded to carbon were included
at geometgally idealized positions and were not refined. The isotropic thermal parameters
of these hydrogen atoms were fixed atUkof the parent carbon atom @rSUeq for
methyl hydrogens.

An extinction parameter was refined and gave a final val@e09i32(5).

Data was coll ect ed 74.68 (0880 Arasplitiony The dataavasg | e
cut off at a resolution of 0.83 #8.21°)using a SHEL instruction during the refinement.

The crystals of this sample were very tiny rods that grew togetfearghapedlumps.
The small size of the crystalade itdifficult to center for analysis in the-Kay beam and
long frame times had to be used to collect the data teewution choserEven so the
data were weakvhich resulted in Rt (merging R) beig larger than normal (0.205) and

created a level B alert that could not be resolved in the final checkcif file.
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The molecule was found to crystallize in the chiral space gP@upn2:. The absolute
structure was reliably determined. Using the program Platon the refined structure was
calculated to have a Hooft parametero60.2 ) . Thi s value agrees wi
calculated by the program SHELXL, 6(Q) from 1534selected quitents, and with the

similarly catulated Flack parameter of 0.0h(4
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Table A4. Crystal data and structurefinement for-2.

Empirical formula CsoHeeCOOoP-Si2

Formula weight 878.09

Temperature 125(2) K

Wavelength 0.71073 A

Crystal system Orthorlombic

Space group P212:12,

Unit cell dimensions a=13.0270(6) A U= 90°
b=14.3814(6) A b= 90°
c=26.0220(9) A 2=90°

Volume 4875.1(3) B

Z 4

Density (calculated) 1.196 Mg/n$

Absorption coefficient 0.503 mml

F(000) 1876

Crystal size 0.091 x0.067 x 0.058 m™

Theta range for data collection 1.618 to 28.280°

Index ranges -17<=h<=17-19<=k<=19,-34<=|<=34

Reflections collected 75827

Independent reflections 12095 [R(int) = 0.1092]

Completeness to theta = 25.242° 100.0 %

Absorption correction Seami-empirical from equivalents

Max. and min. transmission 0.7461 and 0.5921

Refinement method Full-matrix leastsquares on 4

Data / restraints / parameters 12095/0/530

Goodnesf-fit on F2 1.052

Final R indices [I>2sigma(l)] R1 =0.0629, wR2 = 0.1494

R indices (all data) R1 =0.0954, wR2 = 0.1677

Absolute structure parameter 0.021(9)

Extinction coefficient n/a

Largest diff. peak and hole 0.773 and0.601 e.A3

The crystal chosen was attached to the tip of a MicroLoop with paritomie

Measurementsvere made on a Bruker D8 VENTURE diffractometer equipped with a
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PHOTON I 11 CMOS detector wadinatinaord fdr o mat
from an Incoatec microfocus sealed tube at 12Bhe¢. initial orientation and unit cell were
indexed using a leastjuares analysis of the reflections collected from a comp&de
phi-scan, 10 second per frame and 1per frame. For data collection, a strategy was
calculated to maximize data completehasd multiplicity, in a reasonable amount of time,

and then implemented using the Bruker Apex 3 software Sthie.data were collected

with 60sec frame times and the crystal to detector distance wasbsahtaCell refinement

and data reduction wereeformed with the Bruker SAINT software, which corrects for
beam inhomogeneity, possible crystal decay, Lorentz and polarisation effects.-&acanlti
absorption correction was applied (SADABS). The structure was solved using SHELXT
2014 and was refined ing a fulkmatrix leastsquares method dff with SHELXL-2018.

The refinement was unremarkable. The-hgdrogen atoms were refined anisotropically.
The hydrogen atoms bonded to carbon were included at geometrically idealized positions
and were not refined he isotropic thermal parameters of these hydrogen atoms were fixed

at 1.2Jeq0f the parent carbon atom bi5Ueq for methyl hydrogens.

Data was integrated to a maximum resolution @®. However, during the final
refinement a SHElinstruction was used to limit the resolution to 0.75d = 28.3°).
The largest peak in the final Fourier difference map (0.7%) afiggested that C44 might
be disordered and need to be split. However, no model could be found that improved the

overallresults by doing so.
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The molecule was found to crystallize in the chiral space gP@upn2:. The absolute
structure of the molecule was reliably determined. Using the proBtatanthe refined
structure was calculated to have a Hooft parameter c@@) T his value agregwith the

P a r swvalune@aculated by the program SHELXL, 21(®) from 3084 selected quotients.
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Table A5. Crystal data and structurefinement for-3.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections colleted
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data /restraints / parameters
Goodnesf-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

CssH72BCoFR403P2
1717.09

150(2) K

0.71073 A
Monoclinic

P2,
a=13.4622(10) A
b=17.2624(13) A
c=17.5264(12) A
4000.7(5) B

2

1.425 Mg/n$
0.359 mml

1756

U= 90°
b= 100.806(2)°
9=90°

0.124 x 0.105 x 0.041 m#n

2.111to 26.367°

-16<=h<=16-21<=k<=21,-21<=|<=21

31583

16315 [R(int) = 0.0426]

99.9 %

Semtiempirical from equivalents

0.7454 and 0.6661

Full-matrix leastsquares on 4

16315 /2329 /1390

1.034

R1 =0.0454, wR2 = 0.0945
R1 =0.0566, wR2 = 0.0988

0.039(14)
n/a

Largestdiff. peak and hole 0.322 and0.305 e.A3

The crystal chosen was attached to the tip of a MicroLoop with paritomie

Measurements were made on a Bruker D8 VENTURE diffractometer equipped with a
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PHOTON I 11 CMOS detector radid ingr nd@®d Ahr o mat

from an Incoatec microfocus sealed tub25iK. The initial orientation and unit cell were
indexed using a leastjuares analysis of the reflections collected from a complete 180
phi-scan, 3 seconds per frame andpkr frame. For ata collection, a strategy was
calculated to maximize data completeness and multiplicity, in a reasonable amount of time,
and then implemented using the Bruker Apex 3 software suite. The data were collected
with 30 sec frame times and the crystal to detedistance was set to 4 cm. Cell refinement
and data reduction were performed with the Bruker SAINT software, which corrects for
beam inhomogeneity, possible crystal decay, and Lorentz and polarisation effects- A multi
scan absorption correction was apgli(TWINABS). The structure was solved using
SHELXT-2014 and was refined using a fuflatrix leastsquares method oR? with
SHELXL-2018. The refinement was unremarkable. Themgirogen atoms were refined
anisotropically. The hydrogen atoms bonded tdaarwere included at geometrically
idealized positions and were not refined. The isotropic thermal parameters of these
hydrogen atoms were fixed at W of the parent carbon atom @rSUeq for methyl

hydrogens.

The only crystal in the samptieemed large enough for analysis was observed to be an
aggregate of several smaller components when viewed under the microscope. It was treated
as a threeomponent twin (as determined using Cell Now on the original unit cell data)
throughout the final datcollectionand processig. Refinement of the twin model was
carried out using both the hkif4 and hklf5 files generated during the data scaling using

TWINABS as implemented in APEX 4. The results were better using the hklf4 data so they
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are reported herdn the hklf4 file generation the fractions for the twin components

calculated were 0.486, 0.271 and 0.244.

Data was integrated to a maximum resolutiof.8DA (dmax= 26.37°). All of this data
was included in the refinement. Two reflections (1 1 0Jarid0) were removed from the
final refinement because they were partially obscured by the beam stop resulting in poor

agreement betwedfy,d andFcai?.

The compound was found to crystallize in the 4sentrosymmetric Monoclinic space
group,P2;, with 1 independent cation and anion in the asymmetric unit. Theykps
of the anion were disordered (rotating around their respective CC bonds) while the cation
was well ordered. The crystal was also found to contain one molecule of disordered
tetrahydrofuan solvate in the asymmetric unit. The P2 center was determined to have S
chirality. The Flack parameter, calculated during the refinement, was determined to be
0.039(14) while the Hooft parameter calculated using the program Platon was found to be

0.0286). Both values suggest that the correct absolute configuration has been chosen.

All of the CR groups in the anion were found to be disordered, which was modelled
using 2 or 3 parts depending on the amount of residual motion in each particular group.
Only the fluorine atoms were split and their occupancies were not refined; they were set to
0.50 for atoms involved in a 2 part disorder and 0.33 for atoms involved in a 3 part disorder.
The geometries of each part of a disordered group were restrainesditalbe All of the

fluorine atoms were restrained to have similar anisotropic displacement parameters and
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they were also restrained to keep these parameters more isotropic. A similar approach was
used to model the disorder of the THF solvent moleculeattisis were split over two
positions, with each part restrained to have similar geometries. All of the heavy atoms of
the solvent were restrained to have similar anisotropic displacement parameters. The
occupancies of the two parts of the solvent weraeefio total one, and gave final values

of 69.3(16) % and 30.®4 for parts A and B respectively. Finally, enhanced rigid bond

restraints were placed over all of the atoms in the structure.
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Appendix B: Selected NMR Spectra and HPLGChromatograms for Reported
Compounds

Selected NMR Spectra of Compounds Reported in Chapter 2

Figure B1.H NMR (500 MHz, GDs) for hydrogenation of -bctene (0.5 mol% catalyst,

latmH, 25 22 4 h).
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Figure B2. 'H NMR (500 MHz, GDs) for hydrogenation ofrans-4-octene (0.5 mol%

catalyst, Llatmbk 25 22 4 nh) .
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Figure B3. 'H NMR (500 MHz, GDs¢) for hydrogenation otis-4-octene (0.5 mol%

catalyst, Llatmbk 25 22 4 nh) .
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Figure B4. 'H NMR (500 MHz, GDs) for hydrogenation oflphamethylstyreng(1.0

mol% catalyst, Latm& 25 222 4 h) .
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Figure B5. 'H NMR (500 MHz, GDe) for hydrogenation otis-stilbene (1.0 mol%

catalyst, Llatmbk 25 222 4 h) .
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Figure B6.H NMR (300 MHz, GDs) for hydrogenation of ethylidenecyclohexane (1.0

mol% catalyst, Latmi 25 220 4 h) .
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Figure B7.H NMR (300 MHz, GDs) for hydrogenation of allyl butyl ether (0.5 mol%

catalyst, Latmbk 25 1 4 nh) .
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Figure B8. H NMR (300 MHz, GDs) for hydrogenation of Hiexen2-one (1.0 mol%

catalyst, LatmbE 25 22 4

h) .
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Figure B9. 'H NMR (300 MHz, GDs) for hydrogenation of ethyl crotonate (1.0 mol%
catalyst, Latmbk 25 22 4 h) .
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Figure B10. '"H NMR (500 MHz, GDs) for hydrogenation of pentafluorostyre(&.0

mol% catalyst, 1 atmfl 2 5

4

h) .
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Figure B11.'H NMR (500 MHz, GDs) for hydrogenation of allyl phenyl ether (1.0 mol%

catalyst, Llatmbk 25 25 4 h) .
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Figure B12.*H NMR (500 MHz, GDs) for hydrogenation of fiexen1-ol (1.0 mol%
catalyst, LatmHd, 25 28 4 h) .
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Figure B13. 'H NMR (500 MHz, Acetone- ds) for hydrogenation ofN-tert

butylacrylamide (2.0 mol% catalyst, Latm,H 25 227 4 h) .
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Figure B14.'H NMR (500 MHz, Acetone ds) for hydrogenation of acrylaiae (1.0 mol%

catalyst, Llatmbk 25 22 4 nh) .
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