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Abstract
Different metalsand metal complexelsave been useds cataly$s in many industries such as
commodity petrochemicalsfine and specialty chemicals, polymeenvironmental services
agrochemicals and pharmaceuticals. Although these catalystsfalloncreased reaction rates
and selectivitythey can also be toxic, expensive and of limited suflyrt group metals)This
has led researchsto the intensive study dfrst row metalcatalyss, with nickel standing out as
the most widely studietd o dat e. As found for ot heasyacfessr st r
to oxidation state0-3 allows for a number of differedne and twoeelectronmechanisms and
novel transformationsn Chapter 2 we use a phosphirfeee, tridentate N,N,N ligantd generate
an active catalyst for th€-N crosscoupling reaction of aryl halides with aminde catalyst
demonstrated excellent turnover numberst484) for the amination reactiottsat are proposed
to proceed through a NiéNi(lll) cycle. In Chapter 3 we investigate the Ni coordination
chemistry of a biomimetic SNS thiolate ligand. Protonation of the Ni bis(thiaateplex, Nik?-
SNS), removes one SNS liganaifording crystals ofa thiolatebridged dimer dication, {{Nm
k3-SNS)}}2* that exhbits uniqueanionic tridentatdigand dynamicsDissolving these crystals,
even in weaklycoordinating solvents such as dichloromethane, givesmi xt ur 6 28f o6 nal
and paramagnetictrinuclear{[Ni( mk3-SNS}].Ni} 2*. Although this equilibrium lies fato the
right (no diamagnetic dication visible in NMR), addition of ancillary ligands proceeds smoothly
to provide several monoand dinuclear Ni thiolate products, [M}-SNS)L}, i potential
bifunctional catalysts for further studies. @hapter 4 we demastrate using chemical and
electrochemical techniques that eglectron reduction of NK?-SNS) triggersquantitativeimine
C-C bond coupling, forming [Ni(#2)]” with a redoxactive ligand.Spectroelectrochemical
studies indicated reversible oxidationdameduction steps ige three stable redox states
([Ni(S2N2)]%7?), that were characterizédsly NMR, EPR and UWis spectroscopy, Xay
diffraction and computational chemistry. While the Ni(0) dianion (and not the Ni(l) anion) reacted
reversibly with pheal and carbon dioxide, results froBhapter 5 showed that reactions with
strong electroracceptor fluoroalkenes proceeded more cleanly with the Ni(l) anion. The latter
reactions afforded a mixture of fluoroalkenyl and fluoroalkyl products resulting fréhb@nd
activation ancelectron transfeH atom abstraction, respectively. Ghapter 6 we discuss our
results in the context of the current state of the art sughest some avenues for future

development.
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Chapter 1. Introduction

1.1 Introduction Summary and Brief History of Nickel in Catalysis

Nickel was discovered ithe 1750s is presentin metallic meteoritgsand has been used since
ancienttimes® Nickel and its complexes have been shown toffextve catalysts for a host of
important chemical transformatiof$lickel metalwas first isolated in 175ith Swederby Axel
Fredrik Cronstedand its name is derived from the Gernkaipfernicke] meaning either devil's
copper or StNicholas's coppet The first pure samples were obtained in 15 Torbern
Bergmanln the 1890s, Mond observed unusual reactivity of nickel and carbon monoxide (CO) at
room temperature to give the toxic, ldwiling, green liquid Ni(CQ)* In 1912 Sabatier, Nobel
prize wimer in chemistry, discovered the first hydrogenation of ethylene using nickel®metal.
Years later, Wilke and his group at the Max Planck Institute in Germany expanded the
organometallic chemistry of nickel complexes by synthesizing Ni(allfi{C2Ha4)z and Ni(cod)

and examining catalysis of olefin and diene oligomerization reactions (coecydg®ctadienes.
Further work on ethylene oligomerization led to the Shell Higher Olefins Process (SHDR)
nickel phosphite catalysts were also employed by Dupont for hydrocyanation of butadiene to
adiponitrile, a precursor thlylon 6,6%1° Following award of the Nobel prizr Pd-catalyzed
crosscoupling catalysis in 2005, increasing numbers of nickel catdlysthese reactionsere
developed and shown to be more mechanistically compfeas detailed in the following sections

as an introduction to Chapter 2 of thisdiseNickel has also been found to play key roles in several
metalloenzymes including superoxide dismutase, CO dehydrogenase,-@oétysynthase /
decarbonylase and [NiFe] hydrogen&&eurther details are provided below as an introduction to
Chaptes3 and 4 which feature some coordination chemistry of biomimetic SNS thiolaBaNnd
dithiolate ligands. Finally, after discovering that the NNg complex discussed in Chapter 4
exists in three stable redox states, we investigated in Chapter 5 their selective reactivity with
prototypical electroracceptor fluoroalkenes, CFX=EX = F, Cl, Ck, OCR) for which a brief

introduction is also provided here

1.2 Typical Modes of Action forNickel Catalysts.
Before going into depth about the applications and reaction mechanisms for nickel eomplex
catalyzed crossoupling, we compare the typical reaction steps with those for Pd cat&igsise(

1.1). As a less electronegative metal, oxidative addition is facilitated for zerovalent Ni complexes



and thought to proceed by singdectron transfer through Ni(l) intermediates, in contrast to the
threecentered transition state typically invoked for Pd(0) oxidaiilditions**>This also allows
Ni catalysts to effect crossoupling with less reactive electrophiles such as phenol derivafives,

18 aromatic nitrile$® and aryl fluoride®

a) b)
Nickel Palladium — NIO) o A N — I -
10+ 42 43 44 041 42 +3 # Ar—X Ar—Ni(l)—X Oxidative addition
Smaller atomic radius Larger atomic radius o _ )
Less electronegative More electronegative Ar—Ni(ll) M=—Rg  Ar—Ni(ll) + Mx Transmetallation
Harder Softer |
Facile oxidative addition Facile reductive elimination X R
Facile migratoryinsertion Facile hydride elimination Ar—Nitll ) ) o
Radical pathways more accessible r l'( ) —— Ar—R +Ni(0) Reductive elimination
R Me
Me / lR Migratory insertion
=|——/ — X—Ni(ll)
X—Ni{ll)—R Me
Me -/
/—(—R — > X—Ni(II)R Hydride elimination
X—Ni(II)H |1|

Ar—Ni(II) HoAL Ar—Ni(”) + HX C-H activation

X Ar
R
\/Ni(O) R CNi(II) Oxidative cyclization
) - Ni(l) Disproportionation
2Nl -—— +
Ni(ll) Comproportionation

Figure 1.1(a)Basic properties of Ni andld(common oxidation statés bold). (b) Fundamental reactions
of Ni complexes in catalytic cycle$.

Nickel has a number of oxidation states thah de involved in crossoupling catalysis
whereas Pd typically employs Pdor Pd' "V couples in catalytic cyclet addition to NY"', easily
accessible Ni'" couples have been invoked to account for different react¥iBetahydride
elimination is also frequently slower with Ni relative to Pd, allowing for a broader scope of alkyl
aryl and alkylalkyl couplings? Finally, nickel isroughly 2,000 times less expensive than Pd.
In a recent exampleDiao et al reported that a Ni-catalyzed twecomponent reductive
di carbofunctionali zation of al kenes praceeds
radical chain mechanisiischeme 11).2* Redudtion of PhenNi(ll) dibromideto Ni(l) by Znis
followed by reaction with bromobenzene to afford N@B(phen}hat also gets reduced by Zn to

active catalyst NiPh(phen) h€ latterthenreacs with alkyl bromide to formaradical which



“Sequential Reduction” Mech. Cr\ *
\ (/\
N

_Br
~Br

ZnBry tls

(N:Ni"

>N
PhBr N<. ., (N’ Ph
(N/Nt—Brﬁ
Cyp—/
Scheme 11. Di aodbs sequenti al reduction® mechanism for

cyclizes and subsequently adds NiBrPh(phen), forming the Ni(lll) intermediate prior to
reductive elimination. In 2020 Liao and-emrkers prepared arybnd vinyl nitriles from aryl
halides and alkynes using Ni(bipy) to catalyze cyanation and hydrocyanation in which the
mechanism inviwed Ni(O)}Ni(ll) and Ni(I)-Ni(lll) transformations within the same cycle using

Zn as reducing ageft Weix et al. reported that the selectivity observed in nickéhlyzed cross
coupling of aryl halide with alkyl halidelectrophilesarises from an unusi catalytic cycle that
combines both polar and radical steps to form the n&@vk@nd Scheme 1.22° These reaction

pathways clearly show the versatility of nickel catalysts vs their Pd analogs.

Nil 3*xH,0

@ NV, @Ay 44ditbutyl-2.2-bpy & N

" Mn ~
N T
" ‘@ + Ayl

Alkyl

polar radical chain

Schemel.2 Combined polaradical mechanism for Niatalyzed cros®lectrophile coupling®

1.3 Nickel-Catalyzed Cross-coupling Reactions

Sincethe 1970s, nickel complexes have been the most effective first row transition metal catalysts
for crosscoupling reactions. While these reactions were initiallyettgged as a means to
synthesize biaryls from aryl halides and aryl metal reagents, the scope efaupag reactions

has been extended in recent years to involve many other types of coupling as addressed below.
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1.3.1 Crosscoupling of aryl halides

TheSuzukiMiyaura reaction is the most popular cressipling reaction due to the stability of the
arylboron reagents employed. The advantage of using nickel in these reactions stems from their
ready oxidative addition of carbdreteroatom bonds that ultimbteindergo protodeboronation

under basic reaction conditions and/or elevated reaction temperature. Hartwig and Ge, used readily
activated catalysd to obtained coupled heterocycle produ@sheme 13a)?’ and Garg and co
workers extended and improved danireactions of both heteroaryl chlorides and bromides by

applying a green solven¢hemel.3b).%®

a _-. vy o~ {dppfMilcinnamyl)C!

-l } BOH)2 4 x—IL “““J (3, 0.5 moi%) e -l--"'f o
L=, - = T . - ] )—
Tt = N§ KaCOgz#1.5 HaO (4 aquiv.) Y. . f u& ,‘Jaﬁ
1 2 CHyCN, B0 *C. 12 h 4
¥=0,5 NH X=Cl, Br T0-07%
b {PCya)aMiCl; (5 mol%)
KaPOy (4.5 equiv.)
(Hetwr-X + [HO)z:B—{Hat)Ar - [Het)Ar —{Hat)Ar
t-amyl alcohol or 2-MaTHF
X = Cl, Br, OCONEtz, OMs, 47=100%
GSGI—QNMEQ.DPEN s 100 or120*C, 12 h
) [PCy g} 2NiClz (0.5 mol%:) _
IJN=\‘ “-'-"-'l KaPOy (4.5 aquiv) ,-’N:” -'-'.'.-_ul
& B HOB | Yo/ N\ o
"N ~ 2-MeTHF, 100 *C N/ =
5 [ T, 97%
gram scala

Schemel.3 Nickel complexcatalysedSuzukiMiyaura reactions of heteroaryls.

1.3.2 Crosscoupling of phenol derivatives

Although GO bond activation byickel was originally reported in 1979, since then a host of
developments have been disclog&.In 1989, Kocienski and Dixon developed the first effective
Ni(0)-catalysed crossoupling of vinyl carbamates with organomagnesium reatfeasl later
Snieckus and caevorkers developed analogous reactions of aryl carbafiated tertiary aryl
sulphonamideS with organomagnesium reagenankwardt described the cressupling of aryl
ethers with arylmagnesium reagents in a Kurm@daiu-type coupling* (Schemel 4a) followed

by Chatani and cavorkers who described the first SuzdMiyaura crosscoupling of aryl ethers
and boronic estersSchemel.4b).>® The Shi and Garg groups reported Suzdkjaura cross

coupling of aryl acetates and aryl pivalates with boronic a8idsgme 1.4).%6%"



(PCy3)2N|C|2(5 mol%)

a) PCy3(10 mol%)
1— Ar2MgX > Ar'mmAr?
Ar'—OMe + 9 (Et0),CH,
23-100 °C, 15 h
b)

o M Ni(cod), (10 mol%)
/ e
Ar'—OMe + Ar—8, :>< POYS(0 MO%) e a2
Me CsF(4.5 equiv.)
PhMe,120 °C, 12 h

c)
O R PCy;)oNiCly(5 mol%
AT 4 a—B(on), TIICEO MO
0 KoPOy (4.5 equiv.)

PhMe, 80 °C, 24 h

R =t-Bu

Schemel 4 Nickel-catalyseecrosscoupling reactions of aryl etheand esters.

1.3.3Crosscoupling of electrophiles with benzylic@bonds

A variety of electrophiles with benzylic-O bonds including ethers, esters, carbonates and
carbamates can be activated by Jeabent nickef® In 2011 Jarvo and eworkers used the first
example of Nicatalyzed alkylalkyl crosscoupling to prepi dt or tri-arylalkanes as drug targets
(Schemel.5a)* including anticancer agent6. The same group demonstrated Sudvkiauara
crosscoupling of benzylic esters, carbonates and carbamates with boronic derivatitiesng
1.5b).4° Subsequently, Watsoand ceworkers demonstrated a similar method for synthesizing

diarylalkanes and triarylmethanes from benzylic pivalates and boro8obsrfiel 5c).4

1
OMe 1 Me
a) Me i oM
)\/Me Ni(cod),(5 mol%) = i e
-BINAP(10 mol9 ~ Me !
Ar + RMgX rac (10 mol%) > /\/ ¢ i
PhMe, RT, 24 h Ar ! OMe
! OMe
anti-cancer agent, 16
b)

OC(O)R

) o) Ni(cod),(10 mol%) ~ R
- Me . PN -3,
PR Ph 4 Ar—B/ Ligand > Ph o :’i Ph
] - \ Me KOt-Bu ( 2 equiv.) (U NP
T o) n-BuOH ( 3 equiv.) <
THF/PhMe, RT, 20 h

L=PCy;(20 mol%) L=SiMes(11 mol%)
© OPiv

Ni(cod),(5 mol%) Ar?
Al ) + (Ar?BO), NaOMe(2 equiv.) = )\
Ar? R

PhMe, 70 °C, 3 h

AL (PCy3)aNiClo(10 mol%) -
o OHa Pcy3(20 mol% S R
'L’ Qﬁ * RMgX e,
~e? n-Bu,0/PhMe (1:3) <o

60°C,24 h

d)

Schemel.5 Ni-catalyzed crossoupling of electrophiles containing bgtiz C-O bonds.



1.3.4Crosscoupling of aziridines

The activation of aziridine ®l bonds by N’ complexes has been known for some y&ausd in
2012 Huang and Doyle demonstrated the successful Negishi coupling of alkyl anccdrglas
to styrenederived Ntosyl aziridines to fornb-disubstituted amine$.(Schemel .6)

2
© NiCI.DME(5 mol%) R
0,
{ 5 + R2ZnBr dimethyl fumarate (10 moIA;) R1J\/NHTS
R! dioxane/DMA, 23 °C, 2-34 h
R' =Aryl
NHCn
Cn . 0 2 P 1
N NiCI.DME(7.5 mol%) ; R ! o. 0 '
. . N H
1 { \ + R2ZnBr LiCl (5 equiv.) - R ] :' VLL/LS |
THF, 23°C, 12 h inear ! Cn= i
1
R =Alkyl R2 5 \ l
1
1 1
R1J\/NHCH i____i\/l_e_?2c _E
Branched

2.5:1 to 4.9:1 linear/branched ratio

Schemel 6 Nickel-catalysed Negishi crosmupling of aziridineg?

1.3.5C-N crosscoupling
Many heterocyclic moleculegspecially those containing nitrogen atorae important due to
theiroccurrencén many natural productand their propensity fanteresting biological aitity.*
Formation of aromaticC-N bondswas originallychallenging in the medicinal fief due to
limitations of the original Ullmann couplin(Figure 1.2).%64” Since chapter 2 focuses oRNC
cross-coupling reaction, background for these reactions follows.

Ullmann Coupling since 1903

Stoichiometric amount of [Cu]

Buchwald-Hartwig procedure since 1990s
Catalytic [Cu] and Ligand

(:—x + H Buchwald-Hartwig procedure since 1990s - GN
Ry "Ry Catalytic [Pd] and Ligand ‘R
2

Other transition metals

Metal free

O = aryl or heteroaryl
x = halides or H

Figure 1.2C-N bond formation using different metdfs.



1.3.6 Nickelcatalyzed @N crosscoupling

Nickel was first used for amination reactions in 1950 nvbié company researchers were
investigating different metal salts as catalysts for the reaction of methylamine with
chlorobenzené’ Although Cu and CU chlorides were the most effective catalysts under basic
reaction conditions, NiGlalso worked, albeat higher temperatures ( > 200 °C). Cramer and
Coulson then reported a comprehensive study on the effect of changing reaction conditions and
catalyst composition for the nickeatalysed amination reacttdnThey found that Ni

complexes such gbli(CO)2(dppe)] and [Ni(CO)PPh)2] were almost as effective as NyBr

Since 1997, Buchwald and other researchers have developed many nickel complexes for cross
couping amination reactions using a variety of different Ni precursors, ligands and reaction

conditions 8chemel.7 andFigure 1.3).5%°6

Br, Br

[Ni(acac),] (5 mol%) R
0,
(Het)ArCl + HNR'R2 — L (10mal%) oy one )=
PMHS/NaOtBu Rr2 Br \ Br
=N N

DME (2 mol%), Toluene (53-96%) L

130°C, 18 h
[Ni(cod),] (1-6mol%)
Ni(OAc), (10 mol% R’
( - )2 (20 > o) ArCl+ HNR'R? —_LA-10mol%) o
+un N- ipy(20 mol%) 7N NaOtBu, 15-36 h :
ArCl + HN N-R NaH/NaOW Ar—N N-R a u, R2
j— an/vattam _/ Toluene, 70-100 °C

THF, reflux, 9-14 h

[Ni(acac),] (5mol%) 1

1 R
ArBr+ HNRTR2 INiBra(bipy)l (5 mol%) _ R ArCl+ HNR'R2 —SIPr-HCI(S mol% Ar—n
165°C 18 h —N NaOtBu, 5-10 h 2
DME, ' R2 THF or dioxane
H [Ni(acac),] (5mol%) 4
A—N ) AT~NC>—Ph AN ArCl + HzN—@ SIPr-HCI(5 mol%) Ar_N.R
95% 7% 75% —/R NaOtBu, 5-10 h R2

THF or dioxane

Schemel.7 Nickel catalysed amination reactiott$®

Amination Reactions

s Mediated by Nickel
Ar—OTs
Ar—OMe
o R! R’
Ar—obteu Tt H-N Ar—N

Ar—0SO,NMe,
1]
Ar—OP(OAr),

Ar—OCNE,

Figure 1.3 Different substrate used for nicketatalyzed aminatiof¥.



1.3.7 Nickelcatalyzed amination of phenderived electrophiles

In 2008, Gao and Yangdescriled the first example afickelcatalyzedamination of aryl
tosylatesreporting short reaction time usifigi Cl(1-naphhyl)(PPh);].>” Chatani and co
workerslaterreported the more challenginglCformation of aryl methyl ethers catalysed by
Ni(0).%® Tobisu,Chatani and coworkethenextended this methodology to tamination of N
heteroaryl methyl ethetsand arylcarboxylate®Gar g6s group reported
sulfamates and carbamatesh secondary cycliand acyclic amines, as well as anilines
although sterically hindered examptesjuired higler catalyst loading8-°? In 2011, Huang and
Yang reported the use of aryl phosphates as coupling parSereniel 8).53

ri INi(1-naphthy)CI(PPhy)] (5 mol%) R
ALOTs + tn IPr-HCI (5 or10 mol%) =N, ,
RN, NaOtBu,dioxane R2(H)
R2(H -
(H) 110 °C, 15-30 min (37-92%)
r! Ni(cod), (20 mol%) R
/
(Het)Ar-OMe + HN' —IPEHCI(A0 mol%) o (Heja—N.
\Rz NaOtBu( 3 to 6 equiv.) \R2
Toluene, 110 or 120 °C1 (26-91%)
12 0r45h
0 R Ni(cod), (5 mol%) /R*
1] | ) |
(Ar-OL-Bu+ uN’ IPr-HCI (10 mol%) . Ar—N]
R NaOtBu R2
Toluene,80 °C,3 h (56-99%)
Ni(cod), (5-20 mol%) R
- - 1
Ar OSO?Z NMe2+ HN/R SIPr-HCI (20-40 mol%)_ Ar—N]
\ NaOtBu R?
Ar-COC-NEt 2
2 R® Dioxane,80°C,3 h (50-96%)
o , INi(1-naphthyl)CI(PPhs),] (5 mol%) R
R Ar—N
Ar_o,g(OAr) N IPr-HCI (10 mol%) =
2+ HN ) NaH,dioxane R%(H)
RA(H) 110°C, 0.5-1h (47-95%)

Scheme1.8 Nickel-catalyzed amination of phenderived electrophile®:®®

1.4 Cross-coupling reaction mechanisms
The conventionainetatcatalyzedcrosscoupling mechanism follows a thrkséep proces@-igure
1.9):
1) oxidative addition of the electrophi(®-X) C-X bond to the lowvalent metal center, causing a
formal oxidation state change of two;
2) transmetalation, in which the nucleophile MR 6 |, of t en a c istranshetediatheb y
metal center;

3) reductive elimination of the coupled produdth regeneration of the lowalent metal center.

t

he

addi



Coventional Coupling

R-R R-X

X
M = Ni, Pt, Pt
2a M =B, Zn

XMY RMY
transmetalation

Figure 14 General metatatalyzedcrosscoupling reaction mechanism.

1.4.1 Mechanisms of Nickeatalyzed amination reactions

Mechanistic studies for nickehtalysed anmation hae not been investigated to the same level of
detail as those for PAThe easy access differentnickel oxidation states maksich studiesnore
challengingand bothNi%Ni" and NI/Ni"' cycles havéseen propose® 4. In 2014, Hartwigand

his group reported the firah-depth mechanisticstudies of theamination of chlore and
bromoarenes with aliphatic primary amines catalyzea by§° complex(Figure 1.5).”°> Stewart

and ceworkers investigated the same mechanism using different techniques including NMR and

[(BINAP),Ni]

BINAP PhCN

PhCN, BINAP

2.NCPh)(BINAP)]
Arnpr N0 X 1

PhCN
-/
PhCN
ArBr BINAP

B|NAP)N, phon  (BINAPNi — N (BINAP)NI]

NHR
tBuOH
NaX ArCl
(BINAP)N

NaOtBu

RNH,
2RNH,
BINAP
1/2[Ni(BINAP)(X)],  INIATX)(RNH3),]
+1/2 Ar-Ar

Figure 15 Har t wi gb6s pr opos edtalysae antination o eryl hatides wNh primary
amines’®



reaction kinetics as well as computational stuffiealthough they agreed with the $Ni"

catalytic cycle, there was someaf | i ct with the findings from
oxidative addition was not the ratietermining step and the reaction rate was dependent on the
concentration of aryl chloridd=(gure 1.6). These are just two examples out of many that prove

investigating nickel catalytic mechanisms still remains a challenge.

Ni(BINAP)[(P(OPh)sl,

Ar-NHR
BINAP
BINAP

Ar

P(OPh)3]2N| Nil(P(OPh)sl2
NNHR
tBUOH
NaX
P(OPh) N|
NaOtBu k2
RNH,

Figure 16St ewart 6 s pr o p discatalysednmiodicm ofiargl hralidesowith primary
amines’®

As we have seen for other cressupling reactias, nickelcatalyzed amination need not
be confined to Ni?cycles.In 2019 Matsubara and-eeorkers reported @ crosscoupling of aryl
halides witha variety ofamines’’ They used®,2- bipyridyl to stabilize Ni(I) NHC complexes,
which efficiently medated amination of aryl bromidesmploying aNi(l) -Ni(lll) pathway.

1.5 Biomimetic NSThiolate Ligands for Metal Coordination Chemistry

1.5.1 Nickel metalloenzymand their synthetic models

Thiolate and NS thiolate ligands play pivotal roles in a numbermetalloenzyme$®
Hydrogenases, for example, are the most efficient enzymes for reversible conversion of protons

and electrons to dihydrogen (Eq. Epr the [FeFe] hydrogenase, both experimental and theoretical
2H" +2e === H, 1)

studies show that the amin®tif of the bridging dithiolateRigure 1.7) is essential for hydrogen
production/’while the [NiFe] hydrogenaggpically oxidizes hydrogen to protoi$Both Ni- and

Fe-bound thiolates are proposed to be involved in theghtting step $cheme 19).8!
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Lo LA e
’," } _ CN /' ;:
Nizriigey lFe< tHa, - e -~ /NI ngegfe _ Ni- ,,S””\Fe(CN
Cys Cys Cys

Scheme 19 Hydrogen activation by [NiFe] hydrogendse.

Several functional mimics of [iRe] hydrogenase have been repditétas well as a series of
mononuclear Ni phosphine complexes that employ a pendanrharaled amine to assist proton
transfer step%

Superoxide dismutase (SOD) enzymes control reactive oxygen species in cells by

converting superoxide and protons to oxygen and hydrogen peroxide @§vBijle metal active

2H+ + 2 (()2)- E— H202 + OZ 2)

sites in Mn, Fe and Cu/ZRSOD are all bound toNand Gdonors, in NiSOD nickel is bound to
N- and Sdonors® In the oxidized érm, the active &e includes a lowspin = %) Ni(lll) center
ligated in an NS, square pyramidal geometry with an axial imidazole gréuguie 1.8a). In the
reduced form the imidazole is dissociated and the active site is square planaFigigi¢ (.8b).
Using metdbpeptide modelsTietze, Buntkowsky and eworkersrecently showed that this axial
ligand improves catalyst stability to air, but is not required for catalytic actfvity.

Ni SN2 coordination is also employed by the acetylAceynthaseenzyme ACS; Figure
1.9) whichremarkably involves organometallic intermediates witfCNind CeC bonds®# This

inspired a number dfli N2S; model studies such as those by Holm anavodkers®

11



H H .
N_ His1 N His1

7 T
(] \ !
o)
HoN?, CYS2 H,N?, IN—CYs2

//// 3 ////N 2+\\ J

Cyse\S/ \ Cyss~s® g
H,0, 2H"+ 02
Ni-SOD,, (a) Ni-SODyeq (b)

Figure 1.8.0xidized (a) and muced (b) 6rms of NiSOD.

Cys oy
(o)
\\\S'I,
NN S\Nl [FesS4]
. p\s
Gly N L \
o] 0 Cys
Cys
ACS
CH,4 0

I
|, + co A5, Hic-C-sCoA + Co

Co

Figure 1.9Active site of acetyto-A synthas€ ACS) enzyme?®

1.52 Hemilabile NS ligands

The hemilability of multidentate donor ligands refers to the ease of revgid@deordinationof

at leastone of the donorstaking advantage of the different strengths of the metal heteroatom
bonds®! Metal complexes that take advantage of hemilability have been shown to be more active
in many transformations such as hydrogenation, carbonyldtyainpformylation of olefins and
epoxides, allylation, olefin metathesis and romening metathesis polymerizatithMetal NS
complexes can undergo a ringening process through the cleavage of the weakest boinl (M
vs. M-S) and can be reversibl€igure 1.10a) so that the ligandan provide a vacant metal
coordination siteduring a catalytic cycle®® Alternately, hemilability can be effected by external
ligand addition which can also be reversibleaircatalytic cycle Figure 1.10b). Although
hemilability of aminethiolate NS ligands would involve reversible coordination of théoNor,

most examples consist of reversible thioether coordindBiassetti et al. reported such an example

in which hemilability of a benzythioethergrouphelped promot¢he oidative addition of methyl

12



iodide toa cationic Rh(l) complex $Scheme1.10).%* Reversible dissociation of thihioether
generates an equilibrium with the solvent adduct that undergoes addition of Mel much more
readily. The authors did not speculate whethemilability also plays a role in the subsequent
methyl migration to the CO ligand.

b)

()

Y Y x
L“M / > + L LnM/
\ X \ L

/Y> Y x
LM —_— LM

Figure 1.10 Hemilability via ligand dissociation (a) or addition of external ligand{b).

+
+ Ph_|

Ph
sr— K(slow)

- ’ ’ _co

N-Rh—CO N

\ 1 l HOMe
S
\—ph

VK,

\~Ph
K, \Mel +
(slov& Pn | th—|

\’ Migratory — ’ COMe
\ /N —Rh—-CO insertioﬂ N—Rh'—l
{ |
S

l&/?h \
\ph

Schemel.10 Role of benzykhioetherability in reaction of Rh(l) with Mef?

In another example reported by Kaim andworkers hemilability occurs concertwith
an oxidation state change of the metal center. Oxidation of thecéaudinate cationic Cu(l)
complex gives rise to a fiveoordinate Cu(ll) complex due to thioether bindiBgleme 111).%
Kaim et al. also reported a reversible intramolecular ligasskd oxidation that was accompanied
by coordination of the thioether group to the Ir(lll) cerf@aheme 112).%
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Scheme 112 Hemilability of redoxactive ligand upon oxidatiofs.

Kinoshita et al. showed thatelthioether in their dinucleating tetradentate lige®@dN )
canbe reversibly replaced with a CO ligarScheme 1.3).°7 Interestingly, addition of PM&h
results in CO evolution and formation of monomeric, pseactahedral Fé-
SCNS)(CO)(PMePh).

R = Me, Ph

Schemel.13 Hemilability of thioethetuponcarbonyl ligandaddition toiron complex’

1.53 Conversion of M(NS)nto M(S&N2) complexes

In the 1960s Busch and -weorkers conducted extensive stsliin nickel macrocyclization
reactions of Ni complexes with NS ligands that yielded tetradentse li§ands®® They also
demonstrated that reactions with electrophiles could occur at the thiolate sulfur. In one example
the intermediate thioether spec[ds" (NS?)2]?* rearranged to a trinucleeomplex with a central

14



NiSs core® later structurally characterized by Dahl and Weg(re 1.11).1%° A variety of Ni

SN2 metalloligands have been synthesized based andbémembered ringsHigure 1.12).1*

—‘z+

Figure 1.11 Two Ni(S:N2) metalloligands bound to a centraPhi®

T A R N
Es/m"’sj ES/NI"’sj l:s”‘i"’s} <:s/m"’s}

Figure 1.12 Ni S;N> complexes with different ring sizé%.

1.54 Metrical details in NiSSN2 complexes
The correlationshown inFigure 1.13 uses the & and NN distances to show that tt&®Ni-S

angle varies inversely with the-Ni-N angle in NiS;N> complexes? The distances range over
DO4andD0. 6 | for the ST S .PRienmgtogsthetiéniiogens @psnpthect i v e |
S-Ni-S bite agle More influence on $Ni-S angle comes from modifyinghe N to S linker;

changing from 2 to 3 carbons increases tHdiNN angleanddecreasethe SNi-S bite angle

S---S Distance

29 ( N’N"s y=-0.73x +5.12
R?=0.92
2.8
25 2.6 2.7 2.8 2.9 3 3.1

N---N Distance

Figure 1.13 Correlation between-8i-S and NNi-N bite angles portrayed through £ bond distance$?
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1.55 Nickel complexes with redox namocentSN; ligands

In 1997, Kawamoto and Kushi reported the thermal conversioitkél and cobalt thiolatemine
complexes into the MEBl;) complexes via imine € bond formation $cheme 1.4).193
Moreover they recognized that two electrons had been transferred to theaetilox SN2 ligand,
giving an open shell singlet ground stathe same authors reported a series Nk complexes
(1-3 in Figure 1.14) with extendeep-conjugation that allows them to serve as near infrared
absorption dye&* Several monauclear NiS;N> complexes 4-9 in Figure 1.14) have been
reported that &ive sixmembered NiNES rings with phenylene ring linked by N t0%1%® In the
reactivity aspect of thesel$% ligands, one thiesalen ligand ofg) is converted into a thiazole
upon connection of a thiolate sulfur with the cyanide on the phenylendeaving only one N/S
donor site binding to the nickel center which then needs two salen ligands to forsNilu®&or

set!t0
s s 7 S\M/S N
M/ N
N toluene N N
N N

reflux

L e s

Schemel.14 Thermal conversion of M(SNJo M(S:N>) via imine GC bond formation.

\N_/

-

1.56 Applications of NiSSN> complexes

In 2007, Daresbourg and ceworkers showed thatthe Ni-S:N2> complex, N,NN;j
bis(mercaptoethyleng,4-diazacyclooctane nickel(ll), Nbomedaco), can support olefin/CO

coupling on palladium, via the [Ni(braaco)PHd(CHs)(OEL)]* catalyst,(Scheme1.15),1t in

which the Ni metalloligandmimics thediimii ne | i gand i n Brecatatydt har t 0 :
developed for the production of polyketoethyléfeMoreover, Ogo and eworkers reported that
coordination of a N&S;N2 metalloligand to Rt generates a functional adel of [NiFe}
hydrogenaseSchemel.16).112113
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Figure 1.14 Ni-S;N, complexes with mercapianiline andhiolatesalen ligands$®

AQN' =" QN, ) _l o

Tt \"CHs ( N s*Pd ...c/
OEt, e

(o]
’/=/(*()
QN' ‘Ni »S,

N’ ‘s'l"" //o ik
Pdu mC

(o)

Schemel.15 Ni-S:N, complexas metalloligand for Rased ethyler€O copolymeriation catalyst!!

17



i

2+

H——Ru%

n,
,QN, oS N Kl
/N’ s H,0, o0 /N’ \3

~1 atm
HzO

Schemel.16 Thiolate-bridged NiS;N2-Ru complex serves as a functional model for [NiFe]
hydrogenasé'?

1.6 Fluoroalkene Chemistry Mediated byTransition Metal Complexes
1.6.1 Overview
In Chapter 5 of this thesis we investigate thactivity of reduced NigBl2) complexes with
easily accessed electraceptor fluoroalkenes. In this section we discuss the various ways in
which metal complexes have been shown to interact with fluoroalkenes.
Fluoroalkenes are currently seeing acrease in their study and applications due to:

1) The need to replace molecules containing long perfluoroalkylated chains currently
employed in a number of industrial and materials applications with smaller ones that
could also include hydrogens to reduceitienvironmental persistenée.

2) The pursuit of greener unsaturated hydrofluorocarbons to expand the ctirrent 4
generation of refrigerants, propellants and fdaowing agents®

3) The competitive cost of commercially available fluoroalkenes comparetthér
chemicals used for installing fluoroalkyl groups on organic molecules for fine chemicals,

pharmaceuticals and agrochemicafs.

1.6.2 Fluoroalkene Coordination to Metals and Coupling to Form Metallacycles

1.62.1 Metal fluoroalkene complexasdmetallacyclopropanes

When Parshall and eworkers at DuPont CR&D prepared the first metal complexes of
tetrafluoroethylene (TFE), they already recognized that the bonding in Rh cofpésembled
that for hydrocarbon alkenes such as ethylene [a)] whest@ssive backonding in Ir complex

B led to significant metallacyclopropane character [B)jre 1.15).2'8119 ater work by Stone

and ceworkersexpanded the scope of metal centers and fluoroalkéhts.
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PPh, c c
/ )cz J e ./TFZ Rh f
S
—o Wc .H,) OC lph:Fz AN C
A B a) b)

Figure 1.15 a) First metal complexes of TFE. b) Bonding schematic for metal alkene complex vs
metallacyclopropane.

1.6.2.2 Metallacyclopentanes and bridged complexes

An early report of Fe(CQTFE), by Nobelist G. Wilkinsot*? was shown in 1961 by Stoltéto
instead be the first example of a fluorometallacydtegre 1.16). The same group published
another 8 example with Co several years latéand then showed thsieric bulkof the ancillary
ligands dictated the size dfi d® metallacycle formedScheme 1.7).}?°In contrast, reaction of
TFE with the zerovalent bis(diene) complex Pt(codjforded the bigC.Fs)*-bridged Ptil)
complex(cod = 1,5cyclooctadieneFigure 1.17a).12° A similar reaction with hexafluopropene
(HFP) gave the carbereridged diplanum product resulting from a fluoride shifEigure
1.15b).127

& e
~ ~—
/ CF, S / CF,
(OC)Fe l ) l
\g—CF2 oc \C/CFZ
F2 F2

Figure 1.16. First perfluorometallacyclopentane complekgd*

F F
F\e/\ F F\e/\ F
LzNi\TF4 <~F  Nigp—F—> LNi —F
=
L, =cdt
= CypCHaPCy, b2 =2 PPhs
= Cy,P(CH,)4PCy, - ; g';“zw'e
2o
= P(OMe);

Scheme 1.T: Ligand effects in nickel perfluorometallgde formationt?®
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F,C—CF,
a) b)

Figure 1.17. Fluorocarbon bridged complexes from TFE and HFP reactions with Pt{&tdy

1.6.2.3 Metallacyclobutanes from metal fluorocarbenes

Baker et al. showed that nucleophifocobalt fluora@arbene¥8such as Cpo=CR(PMePh) react
with TFE to form stable fluorometallacyclobutatiés/ia an unusual radical pathw&¥.In the
presence of M&IOTT fluoride abstraction gives theans-alkenyl complex whereas reversible
fluoride abstraction usga catalytic amount {8 mol%) of HNT% gave the metallacyclopropane
via isomerization/ring contractiors¢hemel.18). Synthesis ofi*® nickel fluorocarbene's! then
led to the first example of metal fluorocarbene nietsis (Scheme 1.9), shown to be an

independent pathway to that which gives the metallacyclobdtane.

Me,SiOTf @

—_—
-Me,SiF Tfo\u-Co
¢

m&“

i £
P e

F  L=PPh,Me F @: il

= |
HNTY, o—7"F
— LY
3-6 mol% \
F
CF,

Scheme 1.8 Formation and & bond activation of perfluorocobaltacyclobutane compigx

1.6.3 Fluoroalkene GF Bond Activation by Metal Complexes

Although GF bonds are typically stronger tharHbonds'*® the polarity of the former allows for

its activation via fluoride ion abstraction as described for metallacyclobutanes above. Although a
comprehensive review of-E bond activation is beyond the seopf this introduction, several
examples will be discussed so the reader can understand the potential impact of the work reported

in Chapter 5.
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metallacyclobutane

(|-Pr-0)3P\ R )
Ni'l o * POP,
(i-Pr-0),P
(i-Pr-0),P., _P(O-i-Pr), .,
/i CF=CR, F CF;
(i-Pr- O)3P/ \ Benzene metathesis products
CFCF, RT

(i-Pr-0),P,, _P(0-i-Pr)g
R=H,F " Ni? + R,C=CFCF,

(i-Pr-O)3P/ \\\\c

F2

R =F (ratio of 2 to 3 =9:1)
R =H (ratio of 2 to 3 = 5.4:1

Scheme 1.9 Stoichiometric metathesis of nickel fluorocarbene and FEE.

1.6.31 C(sp)-F bond activatior(stoichiometric)

A number of studies have demonstrated the Lewid promoted fluoride abstraction from
fluorometallacycles such as the Pt exampleSéheme 120.1** Burch and ceworkers showed

that treatment of a perfluonickelacyclopentane with BRnduced phosphine migration tcaC

(Scheme 121).1*°In 2013, Baker 6s group demonstr algsged a si
nickel complext*® Treatment of the resulting phosphonium zwitterion with the xigighitrile

ligand induced cleavage of the-E bond affording a ringpened product. In contrast, hydrolysis

affordeda single isomer of the TFE dihydrodefluatdonerization product§chemel.2?2).

b)

F
Ph F
th \\“F Phs . . JoF th
_saCly \Ni \ 3 \N_ _onr
/N Vs ! R
P

”’/CF cl CF, Ph,P s
3 F
th Ph, X th

Schemel.20 Lewis acidinduced GF bondactivation in Pt perfluorometallacyclopropari&s

. . —\2 BF
F PEt, Ph, F_PEt,

Et,P_ Fs Et, \@A BFs P_

—_— i L e Ni —F
/NI Fg dppe P/ 4
Et3P Et;P Ph
2

7
F F PEt,

Schemel.21 Ca-F abstraction in Ni perfluorometallacycfé.
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FF g \( CBFActlvatlon >’ N F CyF Activation F g [
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FfF F

Schemel.22 MetallacycleCa-F bondactivationand resulting reactivit}?®

1.6.32 C(sp’)-F bond activéion (catalytic)

Ogoshi d6s group r epor f)-Fdctivatibnan trifluorotslteneavkichmp | e
oxidatively adds to the nickelHC (N-heterocyclic carbene) complex to affotthns
difluorobenzyl Ni(ll) fluoride. Using silanes to convert-RNito Ni-H allowed for catalytic
hydrodefluorinatiorproceedingvia asynSy 2 tyjpe mechanism $chemel.23).13’

CF;
FF lpr
- —_—
, ~-COD F,c@ ./%(N
i
[le[I’Pr}q[md]] ’F-'r lipr I Pr
cycle 1:
C-F bond cleavage of CF5
CFzH F F |pr
Me
F‘h $|—
i F
|P" Mc'"Sll -Me + CsF
Ph™1 ,
F Cs

cycle 2: CFH: cycle 3: -::H1
C-F bond cleavage C-F bond nlnavaga
of CF:H af CF u2

Schemel.23 C(sp)-F bond activation of fluoroarenes catalyzed byNWC 23"

1.6.33 C(sp¥)-F bond activationgoichiometric)

Il n 1997, Perut z~6s ¢ rFoband activatiproof flucgithted hieteronsaecs e ct | v
in which reactions of Retrafluoropyridine ( R=H, F) with a nickel (0) complex successfully gave

the desired produéé® (Scheme1.24) . I n 2002, Br a u n 6 snedigtedo u p r

chemoselective X bond cleavage in which the bulkier @phine ligand led to exclusive-iE
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bond cleavag¢Schemel.25.1%° The samegroupshowed thaRhH(PEts)s effected vinylic GF
bond activation of hexafluoroprope(t¢FP) in the presence of bagehemel.26).24° Presumably

the extensive baekonding from Rio HFP allows for the RFH to be removed as a proton.

F
R F N R
F F Ni(COd)2 N
fT PEt, (4.5 eq) Z>F
SN F Hexane Et;P-Ni-PEt;
25°C, 3 h F
(R=ForH) (R=F, 49%)
(R =H, 63%)
Schemel.24 C-F activation by nickephosphinecomplex*®
X
Ni(cod)
F. N__F 2 X
and PEt, N| N
CI\/\\\ N Hexane, rt F/H)\F
F Cy;P-Ni-PCy,
cl
F. N__F
HCl g
> x~._N
F._N_F Ni(cod), F._N__F Cl

o g Ay o
oIy Hexane, rt cl = ]
F

H
F_._N__F
Cy,P-Ni-PCy, Iy “
| e |
F =~ _N
Cl
1

Schemel.25 Phosphinedependent chemoselecti@eX activation by nicketomplex*®

CF,
F
F CF, NEt, Z ~F
CsCO
>=< + RhH(PEt3); beTe:e> Et3P—R|h—PEt3
F F -HF PEt,

80%

Schemel.26 FluoroalkeneC-F bondactivation byrhodiumhydride complex#°

The traditional pathway of nucleophilic substitution in organic synthesis goes through
substitution at carbon that has halide anama good leaving group. Another possibility is
nucleophilic attack at halogenn@sial) with carbanion leaving group, first reported by Witting
and Schollkopf*! and Sunthankar and GilmdAafor organolithiums in organic reactions known

as halogenophiliceactions*® It was demonstrated that for reactions of halopentafluorobenzenes,
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bromotrifluoroethylen¥4'°° and other substrates, coupling of the carbanion and metal carbonyl
halide intermediates is found to be a second reaction step giving the nidesyibstitution
product Scheme1.27a). Moreover, many other cases of nucleophilic vinylic or aromatic
substitution with metal carbonyl anions undergo the traditional carbophilic adeitimmation
(AdNE) pathway? 10 (Schemel.27b).

a) The halogenophilic mechanism of nucleophilic vinylic substitution

-n
- } e

b) The addition-elimination (AdyE) mechanism

z Z u z Nu
— — < — -
s | 2| = )~

Y z Y

z Y

v —

Hal

Z or/and Z' are EWG
Schemel.27 Two different nucleophilisubstitutionmechanisms.

Transition metal carbonyl anions, carbonylmetallates, contain a large family of metal
centered anions that are relatively stable and easily accessible due to strong charge delocalization
on the carbonyl ligands $cheme 1.8). Thus, he counter cation Min complexessuch as
M*[M(CO)nL] can coordinate to the carbonyl oxygen atom, as reportdelstskayaet al. for
lanthanide salts that can form i) ion pair with sémdging CO groupKigure 1.18a); ii) complete
insertion of CO (Figure 1.18&) or iii) direct covalent LAV bond®! ( Figure 1.1&). Hanna et

al *?investigatedsupernucleophiles, such as [CpFe(gQnd even more powerful nucleophiles

such as [Re(C@) demonstrating the viability of single electron transfer (SET )naali@rnative
to the usual & mechanism.

1.6.3.4. Nucleophiliginylic substitution

The first report otarbonylmetallate reactions with polyfluorinated alkenyl halides by
Beletskayaet al in 2003 showed the nucleophilic vinylic substitutmoceededhrough the
halogenophilic mechanism. They reported that reacti¢@l&f)sCCF=CFX (X=Cl, Br) and
CFR=CFBr with Na[Re(CQj] formed halo(acyl)rhenates, Na[RF=CFC(O)Re(CQX], derived
from alkenyl anion attack on the coordinated CO lig&@zhéme 1.2p%2 Using the ame

24



[Mn(CO);]

[Re(CO)5] [W(CO); Cp]

[Mo(CO), Cp]

[Fe(CO), Cp]
Aryl(vinyl) halide

NuHal + c C
© %
Nu  Hal
Halogenophilic pathway ( Addition-elimination pathway
[Nu]

Fe(CO),Cp cl
;dji [CpFe - ;<ji ;iji

Nu = RO", RS, carbanions ~ NU

Scheme 128 C-X bond activation by halogenophilic (SET) or additelimination(AdnE) pathway

ch'-"-----/M(CO).,.1L Cp,Ln <«— OCM(CO),,L Cp,Ln M(CO) L

b) c)

Figure 1.18 Bonding inlanthanide cadnylmetallate salt$!

L x

c"Re\co o /

>_< Na[Re(CO)]

TTHRE R

OoOC co
R = (CF3)3C", X = Cl, 70%

X = Br, 80%
Rf=F, X = Br, 90%

Scheme 1.2 Reaction of Na[Re(C@)with polyfluorinated alkene¥?3

substrates with K[CpFe(Cg))gave a more complicated product slate resulting from competing
halogenophiliand AdE pathwag. (Schemel.30).2>* The ready dimerization of tH@pFe(CO)
radicalallows for some fluoridelimination from the fluoroalkenyl carbanion, thus generatieg

25



reactive fluoroalkyne that gives rise to alkynyl iron produ€pFegC=CPh)YCO) or
[CpFe(CO}2(mCy) from CR=CFCI. As expectegho acetylenalerivedproducts vereformed in

presence oh proton source.

AdE substitution pathway

Ph F e oso  PM F

»>= + KICpFe(CO);] — =

F cl ) F Fe(CO),Cp

86%

Ph cCI Ph Fe(CO),Cp Ph

Y=+ KICpFe(cO)) BT == e o= -

—_—
P 2 KCl, -KF
F F F F F Fe(CO),Cp

\ 17% 8%

Ph PhCH(Et)CN Ph H
> [CpFe(CO)l, +| Y—=% FUEN o =

-KCl 50% F F F F
3%
KF
halogenophilic pathway
K[CpFe(CO),]
[Phc=cF| < > PhC=CF(CO),Cp

9%
Scheme 130 Reactions of Zhloro-1,2-difluorostyrenesomerswith K[CpFe(CO})].*>*

1.6.35 C(sp)-F bond activaibn (catalytic)

The catalytic hydrodefluorination of hexafluoropropene was reported first by Hollahdreéey
demonstrated that a catalytic amount of Fe(ll) fluoride in the presence of triethylsilane yielded a
mixture of1,1,3,3,3pentafluoropropene(Ejand 1,2,3,3,pentafluoropropenesthemel .31).1%°

NMR data and stoichiometric reactions showed that an iron(ll) hydride was the active

hydrodefluorination catalyst. n 2020, Tomsonds gr oucpuplinggopor t ed t

F F Et3SiH ( 1 equiv.)
>_< 9.1 mol% [Fe(ll)-F] _ 4‘ < > (
THF-dg, 100 °C, 3h

F CF,
TON =4.9

87% 2%
(E/Z= 2.2/1)

N\ F.
[Fe(ll)-F] = C Fe %
N
Scheme 131 Hydrodefluorination of hexafluoropropene catalyzed by iron comistex.
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aryl Grignard reagents with fluoroarenes proposed to proceed through a pdliadiginesium
bimetallic intermediateJchemel.32).1%°
Kumada Coupling

5 mol% Pd(OAc),
/ Nle 4 @ _10 mol% DavePhos “
O R T ()<=
1 A Cpr—Pd—MgBr

Heteroblmetalllc ‘ * Mild Conditions
MeO

Transition State CyzF’—F,?d—I}n'lgBr * High yields (up to 99%) |

c F
Me0© DFT calculated TS

Schemel.32 Bimetallic RI-Mg intermediate in catalyzed Kumadeosscoupling of fluoroarene¥®

1.7 Scope of Thesis Work

The workdetailedin thisthesisis the result of two different research experiences. FirstRvibh
AnindyaGhosh atheUniversity of Arkansaat Little Rock(USA) (Chapter 2and tha with Prof.

R. Tom Baker athe University of OttawaChapters &). In Chapter 2 we applied an anionic

nickel complex with a tridentathl,N,N ligand as a precatalyst forlXCcross coupling amination

of aryl chloridesThe facus of the work was on catalyst lifetime so all reactions were conducted
for 3 h using just 0.2 mol% catalyst. Our substrate scope included both primary and secondary
alkyl- and arylamines with both electroich and electroipoor aryl chlorides. Kinetictsdies and
examples from prior publications pointed to a NNiiYIIl) catalytic cycle.

In the Baker group a previous PhD student investigated the iron coordination chemistry of
an easily prepared, biomimetic SNS thiolatene-thioether ligand. 'Chapter 3 we explorel the
analogous chemistry with nickiat includsisolation of the first bis(thiolate) compl€3-1) with
this ligand. Protonation of this compleigsa crystalline dicationic thiolatbridged dime|(3-3)
thatis converted int@a paramagatic trinuclear complex upon dissolution in all solvents tested.
The hemi lability of the thioether donor proved to be the source of the observed ligand dynamics.
Nonetheless, addition of ancillary ligantis3-3 gave a variety of monaand dinuclear catits
containing strong-donor ligands such as Pdandp-acceptors such as P(OMand CNxylyl
Using a strong donoN-heterocyclic carbene ligand, we demonstrated an altern@éb&d
cleavage pathway to the one known, allowing accesthdoneutral, monauclear dithiolate

complex
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Another feature of the SNS ligand is its ability to convert to a reatixe SN» ligand via
imine GC bond formationln Chapter 4 our electrochemical studies 8fl led to an improved
synthetic route to the Ni@#$,) complex(3-2). We identified three stable redox states and showed
that doubly reduced [Ni(}.)]* reacts reversibly with both phenol and carbon dioxide, although
we did not investigate its use as an electrocatalyst fer&fdiction. InChapter 5we discovered
that singly reduced [Ni(b&)] reacts cleanly with four different electracceptor fluoroalkenes,
leading to a neutral Ni(ll) fluoroalkenyl complex derived from Egpbond activation and/or an
anionic Ni(ll) fluoroalkyl complex resulting from electroahsfer and H atom abstraction.

In Chapter 6 we assess our results in light of the current state of the art and comment on

future prospects for our work.
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experimentsParnellobtainedthe ESIMS datafor intermediatecomplexesThe st of the co

authors were involein cleaning up the manuscript and fixing the figures.

X 2-2(0.2 mol %)

e DMSO ‘ (j SR,
| + RyR;NH —rrrr——————— R——
# LIHMDS S
110°C, 3 h, Ar
Ry= Alkyl, Aryl
R, and R'= Alkyl, Aryl, H
X=Cl, Br, |
©
N A Li

Abstract

An approach to ON crosscoupling reactions of aryl halides with amines in the presence of an
amidebased pincer nickel(ll) catalys2)(is described. For 3 h reactions at 110 °C with Co4n
catalyst, aryl bromides gave higher turnover numbers (TON) than the corresponding chlorides or
iodides. Both primary and secondary amines could be used with the former giving higher TON.
However, sterically hindered amines showed lower TON. In eluoglahe mechanism of this
nickel complexcatalyzed €N cross coupling reaction it was found that the rate of reaction was

unchanged in the presence of radical quenchers and a plausibl&INilll) pathway is proposed.
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2.2 Introduction

Using transitiormetal complexes for amination of aryl halides to form arylamines has become a
prevailing methodolody In this context, heterocyclic compounds containing nitrogen atoms are
of significant importance due to their abundance in natural products and thgimrbielogical

and bieinspired reactiorfs Carboriinitrogen (GN) bondcontaining aromatic and aliphatic
compounds have also found multiple applications as polymers, dyes, and agrocfémicals
However, one of the primary avenues for explorationidfl @ond-containing molecules is their
value in medicinal chemisttySome prevalent pharmaceutical compounds contairiihgb@nds

are shown irfFigure 2.1). Due to these and many more potential applications, it is highly desirable

to develop improved methodolieg for facile and economical generation dNCbonds.

Abilify Lipitor Oxycodone

Figure 2.1 Significant pharmaceutical compounds of different classes contaiiiiNgbGnds

Development of versatile catalyzed processearfgamine synthesis took chemists over a century
to achiee success. In 1903, Ullmann and Goldberg showed that cspfterenabled reactions of
activated aryl halides witaminenucleophile&’. However, these reactions used stoichiometric
copper and typically harsh reaction conditionghim 1990s, Buchwald and Hartwig®*worked
independently to successfully develop palladium cataly&@dylation using phosphine ligands.

Since that time théuchwald Hartwig amination has brought great advance£iilN cross
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coupling reaction€*3 In attempts to reduceatalyst loading and reaction times, design of new
catalystgfor efficient Q' N coupling reactions continues as a vigoroesearch aréé In a recent
example, aryl chlorides, bromidasd iodides could be efficiently coupled using 1 m&@uBr
with a simple8-oxyquinoline Noxide ligand®.

With a view to performing CN coupling catalysis otarger scales, recent interest has
focused on advancing nickehtalysi$®*® beyond the original repoff&*. In contrast to Pd and Cu
catalysts, nickel catalyzed ® bondformingreactions often proceed through paramagnetic Ni(l)/
(1) intermediates via redox proces$&d althoughsystems have been developed recently to favor
Ni(0)/(11) 172> Therefore, developing new nickehsed catalystsvith geometrical constrais
enforced by pincer ligandmay allow for improved catalysts. We have previously uaed
diamidopyridineligated nickel complex for crossouplingreactions of multiple OCI bondg®and
activation of spand sp Ci H bonds in alkylation and arylatiéh In this study, we show that the
nickel complexeffects the selectiverosscoupling amination of unactivated aryl halides with

various aliphatic and aromatic amines with low catdbyatling and short reaction times.

2.3 Experimental Section

2.3.1 Materialsand instrumentation

All reactions were carried out under an inert (Ar) atmosphsneg overdried glassware. All
solvents and chemicatich as anhydrous dimethylsulfoxide (DMSO), amiedyydrous aryl
halides, KCBu, and all chemicals for liganslynthesis were obtained from Sigrfsdrich, USA,
Acros Organics, USA, and Alfa Aesar, USA and were usedeasived without any further
purification unless otherwisstated. All amines were purified by passing through activated
alumina prior to use. Gas chromgtaphymass spectrometr§fGCi MS) spectra were collected
using a Shimadz@P2010 GCMS, where parameters were maintaine@# °C interface, 3
injections at 24 and 50 min. Characterizatidrihe ligand and metal catalyst were performed by
electrospray ioization mass spectrometry (EMS). The fouriertransform infrared spectrometer
(FT/IR), and nucleamagnetic resonance (NMR)struments used weas reported previousiy?’.
2.3.2 Synthesis of N, NN bis(2,6 di) i sopropylop
The ligand was synthesized according to a previous synthetic route with slight modiffé&tions
In a 100 mL round bottom flask with a stir bar,-pygidinedicarboxylic acid (5 g, 0.03 mol) and
15 mL 1,2dimethoxyethane were added followed by additbthionyl chloride (5 mL, 0.07 mol).
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The reaction mixture was refluxed for 3 h. After completion, the excess solvent and thionyl
chloride were removed under reduced pressure to obtain a white product, followed by
crystallization from concentrated hexatoeobtain 2,epyridinedicarbonyl dichloride. The acid
chloride was then treated with Zjsopropylaniline and triethylamine of anhydrous

©
@) z o . =
iPr N iPr iPr © ||\| 0O iPr
NH HN N—Ni—N
iPr iPr ipr C1 ipr
2-1 2-2

Figure 2.2 Structures of ligand and pincer nickel(ll) catalys.

tetrahydrofiran (THF) cooled to 0 °C and stirred for 3 h. On warming the reaction was further
stirred at room temperature for another 9 h. The reaction mixture was then filtered and THF was
removed under reduced pressure ttambthe crude ligand2¢1) (Figure 2.2). SeeFigure A2.1

and A2.2for 'H NMRs.

2.3.3 Synthesis of Pincer Nickel(ll) Complex (2)

Our previous work has described the synthesis aipinickel(ll) complex @-2) (Figure 2.2)26:2".

In short, a 100 mL Schlenk flask fitted with a magnetic stir bag etearged witt2-1. The flask

was sealed with a septum and stirred for Sut@swhile purging with N. Dry THF was added

using a gas tight syringe, anebntyllithium was added to the ice batboled (0 °C) reaction
mixture to deprotonate the ligand, fmNed by addition of anhydrous nickel(ll) chloride to yield

the deep red nickel(ll) complex2 ( Figure2.2). The catalyst was characterized usiHgNMR,
ESIMS, FT/IR, and ultraviolétvisible (UVi Vis) spectroscopy as described in the previous
reportg®Z,

2.3.4 General Amination Procedure of Aryl Halides Using Different Amines

A representative amination method using chlorobenzene, pentylamine, dBd KAMSO is
described here. Albther amination reactions including different aryl halides, primary &htl
secondary (2°) amines, solvents and bases were performed using a similar method. A 4 mL reaction
vial containing a magnetic stir bar was charged with 1.4 mL of anhydrous DMSO. The reaction
vial, after being sealed with a septum and parafilm, waspusgth Ar for 10 min. Chlorobenzene

[0.4 mL, 3.9 mmol, 2.25 equivalent (eq.)], pentylamine (0.21 mL, 1.8 mmol, 1.0 eq.), anhydrous
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powdered KCBu (70 mg, 0.63 mmol, 0.3 eq.), and 2 (2 mg, 0.2 mol%) were added sequentially.
The reaction mixture was stirrédr 5 min while continually purging with Ar. The vial was then
sealed with a Teflon screw cap. The reaction mixture was stirred for 3 h at 110 °C in a preheated

oil bath, then allowed to cool to room temperature and filtered by passing through Celitete r

the base and the catalyst. 30 €L of the solut
10 L of decane was added as an internal st a
using GG MS.

2.4. Results and Discussion

2.4.1 Optimization ofeactionsolvent andbase

To best facilitate the amination, reactions conditions were optimized by changing solvents and
basesTable 2.1). Many solvents gave low TON (Entries3) most likely due to the low solubility

of the catalyst and/or base. The lbwiling point of the solvents may also have played a role in
the product conversion. Solvents with high polarity and boiling point, such as dimethylacetamide
(DMA), produced modete results (TON 69) (Entry 8khereas none of the desired product was
obtaned using dimethylformamide (DMF) (Entry 1), presumably due to thermal decomposition.
DMSO proved to be the most effective solvent, yielding a TON of 243 (Entry 7). Therefore,

DMSO was used to further optimize theNCcoupling reaction conditions.

Cl H
2-2 (0.2 mol %) _N
Py Solvent SN
+ —_—
Base

110°C, 3 h, Ar

3a da Saa
Entry Solvent Base TON
[ DMF KO'Bu NR
2 MTBE KO'Bu 31
3 Dioxanc KO'Bu 2522
4 THF KO'Bu 36+7
5 Toluene KO'Bu 68+ 14
6 DMA KO'Bu 6945
7 DMSO KO'Bu 243429
8 DMSO Cs,C0, NR
9 DMSO K,CO, NR
10 DMSO DMAP NR
1 DMSO DBU NR
12 DMSO KOH 20

Table 2.1 Amination of chlorobenzene usiwgrioussolvents and bases.
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One of the requirements for many cressipling reactions, and particularly for aminations,
is the use of a ba€&° None of cesium carbonate ¢C€s), potassium carbonate 4&Qs), 4-
dimehylaminopyridine (DMAP) orDBU (1,8diazabicyclo[5.4.0]lunde@-ene) yielded any
product (Entries BL1), while relatively stronger bases suashKOH gave high yields (Entry 12).
Results showed that KBu was most effective (Entry Presumablydue to itsbetter reducing
powerand was thus used for all subsequent reactions.
2.4.2 Optimizing eactiontemperature andaryl halide comparison
In reactions run at temperatures ranging from 70 to 120 °C, increasing the temperature resulted in
higher yields an@ONs (igure 2.3). The TON of the reaction increased slightly from 70 to 100
°C with values of 169, 174, 181 and 19&spectively. Similar trends were observed at 110 and
120 °C, with values of 212 and 219, respectively, with maximum TON observed at 120 °C.

230

220 %
&

20

200

180

TON

180 <

170 %

65 ?-.T} 3-5 '9-5 "H;E "I"-IE 155

Temperature ('C)

Figure 2.3 Effect of temperature (70 to 120 °C) on the amination reaction @strand KOBuU in
DMSO. Yields represent an average of two runs after 3 h.

After identifying the optimal amination conditionsing2-2, we investigated the amination
of chloro, bromoandiodobenzene with morpholine in DMSO with K&D1. In order to focus on
low catalyst loadings and shadaction times, all reactions were heated at 110 °C foudder
argon {Table 2.2). Bromobenzene yielded the desiprdduct with highest TONf 484 (Entry 3)
compared tehlorobenzene (361, Entry 2) and iodobenzene (317, EntNote that 484 turnovers
amountto 97% conversion dhe bromobenzene limiting reagent with a selectioft95% dueto
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2-2(0.2 mol %

)
X /\ DMSO QN/ \,
+ HN o] -
O/ \__/ KO'Bu __/
6a

110°C, 3 h, Ar 5ab = Cl
Sac =Br
Sad = |
. Entry | x |  TON
LT ] l 316.943.8
O cl 361.3+0.07
3 Br 484.1%1.1

Table 22 Evaluation of various electrophiles

a small amount of biphenyl formation. Nonethelesygl chlorides were chosen as the major focus
of this work as they are less expensive and more widely avatladéetheir bromo and iodo
analogs.

2.4.3Chlorobenzene amination scopeth aliphatic/aromatic amines.

A series of 1° amines were tedtfor crosscoupling reactionssing chlorobenzene undeetiame
conditions as previouslgtated $cheme2.1). Good TONs were obtained fonost 1° amines
tested. Amonghe series of linear aliphatamines Tai h), there was nalearcut trend for the
smallercompounds {ai ¢). However, as the amine chain lengticreased, a rise in TON (from
173 to 365) was obserd (7dih). All linear aliphatic amines were found to react with
chlorobenzene to prodache desiregroducts (14B365TON). Octyl and decylamines yielded
high TONs of 331and 365, respectively7{, h). The steric bulk of the aminasas found to
negatively inflence the outcome of the desimducts, as-butylamine produced low TON of
55 (7i). Similarly, other sterically bty amines also showed dimishadtivities ], k). Two of
the amine products(, m) were isolated from the reaction mixture for the purpos#iaind*C
NMR analysisand these characterizations areluded inthe figure A3.

Reactions of chlorobenzene with alkyl and aromatic 2° amines with varying degrees of
steric bulk and nucleophilicity were also investigat®dhieme 2.2 Alkyl amineswith relatively
less steric hindrance furnished the desired products with TONSs in theofabi@ 215 Bai d, f),
while more hindered amines showed lower activity, as in the case of diisopropyl8sjine (
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cl 2-2 (0.2 mol %)
DMSO

110°C, 3 h, Ar
H
N § H
o g g
Ta, 243+ 285 7b, 180+ 6.6 7c,143+11.2
(49% GC yield) (34% GC y|e|d) (27% GC yield)
7d, 173 £14.7 7e,210+ 56 7f, 331 £ 3.8
(34% GC yield) (39% GC yield) (49% GC yield)
8 8 H
O O 0
79,320+ 125 7h, 365 + 25.8 75; 95+97
(65% GC yield) (73% GC yield) (12% GC yield)

\_,/\/ \@ O)\ /O ©/\N ~ :j
H
7Tk, 122 + 8.7 71,254 +23.8
7j, 196 £ 6.5 ,
(3‘;% GC yield) 4% GC yield) (50% GC yield)

Scheme2.1Pincer nickel catalyzed amination of chlorobenzene with 1° amines. Yields represents an
average of two runs. TON was measure@{ by using decane as an internal standard.

2.4.4 Scopef substituted aryl jalide aminatiomvith aniline
Establishing optimal conditions for nickehtalyzed amination of substituted arybimides has
proved challenginggenerally requiring complicatedatalyst systems and oftegiving low
yields?®2°Indeed, using compleX2 with varying ratios of KCBu gave insignificant conversions.
However, using 1 eq.fdiHMDS as a base, the desiredupling products were obtained from
aniline and several substied aryl bromides in poor to fair yieldss @%9ai c, (Scheme 2.3
Applying a similar protocol (but using 2 eq. of LIHMD®) the amination of several
substtuted aryl chlorides catalyzdal 2-2 gave fair to moderate yields of the coupled products
(7, 21% 10a b).
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cl Ra 2-2 (0.2 mol %) N
©/ I KO'Bu ©/ R,
+ N —_—
R H DMSO
110°C, 3 h, Ar 8
R1,R, = alkyl, aryl

/O T s
P N @
8a,188+7.0 8b, 215+ 6.0 8c, 156 +31.0
(35% GC yield) (45% GC yield) (30% GC yield)
SA® o oore
8d, 192 + 31.0 8e,38+13
(39% GC yield) (7.5% GC yield) 8f, 230+ 3.2

(50% GC yield)

Scheme 2 Pincer nickel catalyzed amination of chlorobenzene with 2° amines. Yields represent an
average of two runs. TON was measured in GC by using decane as an internal standard.

2 (0.2 mol %) iy
__bmso oS
R'_
T Lhwos Nz
110°C, 3 h, Ar

9a, R'= Me, X= Br 10a, R'= Me, X= Cl
9b,R'=NO,, X=Br 10b, R'=NO,, X=ClI
9¢,R'=MeQ, X= Br

SRCIBCACINOAS

9a, 70.8 + 17.1 9b, 14.8+ 0.7 9c, 147.9+ 84
(14.18% GC yield) (3% GC yield) (30% GC yield)
H N
/©/ \O O,N
10a, 36.33 + 3.3 10b, 100.2+ 11.5
(7.3% GC yield) (21% GC yield)

Scheme2.3 Pincer nickelcatalyzed amination of substied aryl bromides and chlorides with 1° amine.
Yields represents an average of two runs. TON was measured in GC by using decane as an internal standard.
10aand10b, LIHMDS (0.66 mL, 2 equiv. to substrate).
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2.4.5 Kineticstudy of chlorobenzeneamination using aniline and catalyst 22

Initial rates of chlorobenzene amaition using aniline an&OtBu in DMSO at 110 C were
measured with respect tatalyst, aryl chloride, amine drbase. Plots of concentrations of
diphenylamine versusme at various concérationsof amine, catalyst, base, and aryl chloride
along with tkeir reaction schemes are show i n o ur  Pupdworting tnrmatiorA Thes
first observation of notevas that no reaction wadwgerved for the first Z2B0 mindepending on
the ratio ¢ base tocatalyst precursor, suggestititat the active catalyst is slaw form, even at
110 °C. Plotof the initial amination rate verstisne at various concentrationfamine, catalyst,
baseand aryl chloride are shown figure A2.4. The results i@ consistentvith a first order rate
dependence on the concentratiafiscatalyst and aryl chloridend zero order for the based
amine. Similar observatisnhave been reported previously with other Ni catalysfs high
concentrations of aryhloride using2-2, however, the ta is suppressed, likely due ¢atalyst

deactivation.

25Pr oposed Reaction Pathway of Pincer Nickel

Halides with Amines.
As mentioned in the literature for different-Nind Pdcomplexesyeactions usually occur via

oxidative additionof aryl halides followed by reductive elimination from raetatamido
intermediaté®. While catalysts have beeesigned to accomplish thesteps exclusively through
Ni(0i I1) intermediate¥’, mary Ni(ll) pre-caalysts are proposed instead to invopaganagnetic
Ni(I7 1) intermediatesn which the baseesves as the initial reductdh®> We propose a similar
scheme using anionic catalyse.

In our reaction system, loss of chloride fr@A is likely requiral before the conipx can
be reduced to the Ni(nion, where either amines or KD can reduce thenetal by sigle
electron transfer proce$s?, likely present as the amine complexFigure 2.4). Following aryl
halide oxidative additiorhalide eliminsion would agairbe required to recooithte the amine in
intermediateB. Deprotonation of theoordinated amine will also avored from the neutral
Ni(lll) intermediateB and subsguentreductive elimination of the product and recoordinatbn
the amire regeneates the active Ni(l) catalyst The slow reduction &-2to A presumably gives
rise tothe long induction periogvhereas ratéimiting oxidative addition of the aryl halide is
consistent with the first ordeate dependence dioth catalyst andryl halide.The reaction was

also perforred in the presence of a radigalencher, namely 2,2Btetramethy1-piperidinyloxy
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(TEMPO)to assess its effect adhe rate. The rate of reactiovas found to be unadtted in the
presence of TEMPOTherefore,it can be inferrd that organic radicals are niotvolved in the
catalyst cycle.
2.6 Conclusion

Nickel pincerbased catalysp-2 was used for the first time iI€I N cross coupling
aminaton of aryl halides with amine3he catalyst is stable and relativelgsy to handle unde
atmospheric conditions aradter an induction period, lowatalyst loading (0.2 mol%@nd short
reaction times afforaignificant product yieldsor both 1° and 2° amines with\ariety of
substituted aryl alides. Various amines andyh halides were examined, and tleatalyst

demonstrated moderatie highTONs (up to 40Q)Kinetic studies revealed thidte reaction

/ N 1
lu
N'—‘i‘ e C
\ N
le
R{RNHIKOBu
Cl [no«C
T-
N
I
N—Ni—N
|
Rz’?‘\n;:
H
A
R, = alkyl aryl
Ry= alkylaryl H
R,R.NH
HO'By / N\
\m X
N=—Ni—N
KO'Bu \
R~y
N\
H R,
B

Figure 2.4 Proposed mechanism for the nickel catalyzed amination of aryl halides with amines using
catalyst2-2.
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proeedswith firstorder kinetics with respedb catalyst and aryl halideoncentrations while
amine andbase concentrations did naffect the overall reaction rat&dhe proposed reaction
pathway involves the oxidative addition of aryl halides to the aniNi(l) catalystA and loss of
halide to give a neutral Ni(lll) amine intermedi&eDeprotonation of the coordinated amine in

B is followed by reductive elimination of the-&rylamine product. The reaction does not proceed
through organic radical interrdiates as revealed by radical quencher studies. In future studies,

generationisolation and reactivity of the reduced versadr2-2 will likely be informative.
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ChaptNMirc@edNS Thi ol ate Compl exes: React.i

3.1 Published Contribution

Yahya M. Albkuri, Jeffrey S. Ovens, Jessica Martin and R. Tom Badkerg. Chem.2021,
acceptedDOI: 10.1021/acs.inorgchem.1c00446

Albkuri performed all the experiments, Martinllected and analyzdtle ESIMS datafor some
complexesandOvens was responsible forrdy diffraction data cdlection and structure
refinementAlbkuri and Prof. Baker wrote the manuscript.

_|2(NTf2) N N )
e Q 2 (NTF. S S
N ./ < N= NI(Nsz)z MeS( | /S\ _S< |_/SMe (NTE) ( / w
' NI b MeS™ | ~g—"IN /’\|“\SMe + N—Ni—N
Me \¢ J S¥NJ &S/ \SJ/\
[3-4] FN/\S—\'/—S N‘\
\Hsz / MeS\\ v /NI\ \N/i/SMe
- MPB S S +[3-3] Ni—g g— NI
N Mes” ) “ [ “sMe
N/ \N \/N N\_/

N\ J [3-5]

MeS SMe SMe
[3-1]

Abstract
Nickel coordination chemistry with a biomimetic thiokimeine-thioether SN¥° ligand is

accompanied by diverse reactivitydsanionictridentateligand dynamics. Reaction of Ni(acac)
with two equiv of 2(methylthio}phenytbenzothiazolidine (MPB) affords the bis(arylimino
phenyleneghiolate) complex NK2-SNS"¢), (3-1; acac = acetylacetonat@hermolysis of3-1 in
refluxing toluene is accompanied by imine@bond formation, yielding [Ni(b&)] (3-2) with a
redoxactive ligand. Protonation 8f1 with NHTf. at low temperature released one equiMéB,
yielding crystals of the dimeric dication {[Nitk3-SNS"®)] }(NTf2)2 (3-3; Tf = SGCFs) in high
yield. In contrast, the same reaction at room temperature gave also paramagnetic c§Niplexes
Ni(k3-SNS8),]H(NTT 2)2 (4-3) and{Ni[ mNi(k3-SNS"®);]3}(NTf 2)2 (3-5) that feature coordination
of two or three pseudoctahedral, paramagnetii(k3-SNS"¢), units to a central Ni(Il) dication
via thiolate bridgesRemarkably, dissolution -3 in a variety of solvents, including weakly
coordinating CHCI», rapidly generatesa mixture of3-4 and Ni(NTfk. This transformation is
apparently fully reversible as reactions 38 with Lewis bases L gave high yields of dimers
{ [Ni(mk3-SNS"8)L] }(NTf 2)2 for L = CNXylyl (3-68) and {[Ni(mk3-SNS"®)]2(mdmpm)}(NTf2)2
(3-6b; dmpm = bis(dimethylphosphino)methana) monomers Nli(k>-SNS'€)L](NTf2) for L =
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PMe;: (3-7a), P(OMe} (3-7b). Addition of 2 equiv of the strong dondkheterocyclic carbene
ligand, IPr, to3-3, however, led to methylium cation abstraction from the coordinhiedther,
affording neutral dithiolate complex, Mi-SNS)(IPr) 8-8). Reaction products were characterized
by NMR, IR and U\vis spectroscopy and mass spectrometry and compBeies), 3-6a,b, 3-
7aand3-8 by singlecrystal X-ray diffraction.

3.2 Introduction

Transition met al compl exes bearing O6pincero6 |
reactivity and catalytic activity /selectivity when compared to their monodentate akalogs.
Inspired by a plethora of multiple N,S coordination metries in metalleenzyme$® and their

synthetic model&)*we have been preparing new first row metal SNS compl&igsre 3.1)>

%in order to assess and compare the roles of ¢

ligands in catalysil’

Figure 3.1First row metal SNS thiolate and amido complexes.

The thiolate SNS proligan@&;(methylthio}phenytbenzothiazolidine (MPBScheme3.1),
is readily prepared in a single step from the appropriate aldehyde and aniline preginessrs.
Bu' analog prepared by Bouwmaneté howed a sol ution equiHl i briu
and cyclic NH tautomers?® With iron we isolated cationic SN'Sthiolate complexes in which
two neutral F& bis(thiolate) units are coordinated to a cenffal* ion (Scheme3.1A).%? In
contrast, using ameut r al Fe precursor bearing an 06int
bis(thiolate) complex, but an Fe{8$) product due to facile imine-C bond formation%cheme
3.1B). The latter contains a redaxtive liga and proved to be an efficient and selective catalyst
for hydroboration of aldehydé$.In contrast, copper complexes with rheterocycliccarbene
ancillary ligand showe&2-SNS"¢ binding with the thiolate complex also serving as an efficient

(0.5 mol%, RT) outesphere carbonyl hydroboration cataly8tlieme3.1C).16

56



In another finding relevant to this work, we showed that elegictnancillary ligandsed
to selective Gy-S bond cleavage with subsequent formation of a coordinated dianionic CNS
pincer ligand $cheme3.2).1>2°

2Tf0 —~
{:.f \:}?Ms
B =/ S
?M |.ﬂ°s°""FB - 7_ H
@ XA,
FB[N(SIMEQ 2]2
Fe(OTf),
NaOBut "SMe
CuCl( IPr}
Q_( D KOBu N..
@E Cu—<(

R =2,6-Pr-Ph

Scheme 3.1Synthesis of first row MSNS thiolate complexes.

— Et2

| ¥

‘\

_—N—

THF Co—PEt,
*+ (SNSMey  —
[Co(depe),] ( ) “depe |
SMe
depe = (Et,PCH,), \ Y,

.
’:/I TM% (OTH)
s

/N—F|§—P|\/|e3
"\ PMe,;
\_/

For nickel, there are three relevant previous reports. Bouwman et al. prep&e8Ng &), from

[Fe(k3-SNSMe)(PMe;);]OTf THF, 60°C

Scheme 3.X5elective Gyi-S bond cleavage.

Ni acetate and showed that heating in toluene effected seleefeg ond cleavage, affording
dithiolatebridged [Nimk3-SNS)}E presumably by release of isobutene and protonated ligand
(Scheme3.3A).*8 Using phenyliminephenylenethiolate NS ligand, first reported with nickel by
Kochin et al2! Kawamoto and coworkers described the facile thermal conversion it N).

to Ni(N2S2) via imine GC bond formatiof? as discussed abovE¢heme3.3B).1* In later work
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they extended the aryl i n-apnjugation to prepare nemfrared absorbing dyes.In this work
we detail the nickel coordination chemistry with the SRIgjand, including solid state molecular

structures, reactivity studies and ligand dynamics.

A
S\ /S
/Ni\ toluene s )
5 N\ N reflux i N N=
\ R / \S/NI\
@ —N S

Scheme 3.Ni(ll) SNS thidate complexes.

3.3 Results

3.3.1 Synthesis and structure of neutral Ni(ll) bisthiolate complex

Synthesis of Ni bis(thiolate) Comple31): Treatment of Ni(acag)with 2 equiv of the MPB
proligand afforded NK?>-SNS'®), (3-1) as an akstable red solid Scheme 34; acac =

acetylacetonate).

H
N

ead
/Nl\
) Q_< j@ N:)(acac)z N\\ N
S 40°C, 12 h
SMe THEF, -2acacH @
; eS SMe

3-1, dark red, 77%

Scheme 3.45ynthesis of Ni bis(thiolate) compléx

The molecular structure &1 determined by single crystal-bay diffraction shows a
distorted square planar (12.2(1)° twist betwehe two NNi-S planes vs. 18.6(3)° in theB&(
analog$® geometry about Ni witltis-thiolate and imine donors=igure 3.2). The NNi-S bite
angles average 86.6° with the bulkier N centers giving rise teN&-INl angle of 100.0°. The
arylimino groups & located on the same side of the p8Nunit with a faceto-face interaction
between the aryl rings as seen in the NiSMmplex?1?2The NiS and NiN bond distances are

within normal ranges for fouroordinate iminethiolate complexe&2°
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Figure 3.2Molecular structure 08-1. H atoms are omitted for claritgelected bond lengths (A) and
angles (deggan be found iTable 3.1.

Bond Lengths (A) Bond Angles (deg)

NiT S(1) 2.174(7) S()-Ni-S@) 87.%(3)

NiT S@) 2.17(7) S()-Ni-N(1) 86.2(6)

Ni-N(1) 1.944(2) S()-Ni-N(2) 169.3(6)

Ni-N(2) 1.99(2) S@)-Ni-N(1) 17014(6)
S@)-Ni-N(2) 8659(6)
N(1)}-Ni-N(2) 1001(8)

Table 3.1Selected bond lengths (A) and arsg(deg) for3-1.

TheH NMR spectrum oB-1 is consistent with effectiv€, symmetry giving rise toa
single imine GH resonance at 8.4 and just 8 different aryl H resonances, including one doublet
at low field @ 10.4,%Jw = 7 Hz) Figure A3.). A similar resonance ai 10.95 for the SBu'
analodg® was suggested to be due to interaction with the Rlbdaital, as observed in the solid
state structure (avg. N = 2.55 A vs 2.58 A for NH(10,24) and 2.42 A in the Ni(SK)

complex)??

3.3.2 Synthesisind comparison of neutral Ni(l)(S2N2) thiolate complex

Thermolysis oB3-1: For the previously reported Ni(ShNromplex, conversion to the NifS)
product Scheme3.3 B) was achieved after 1 d in DCM at room temperature or 10 min at toluene
reflux in yidds of 30 and 56%, respectivefy/ln contrast3-1 is stable under ambient conditions
andconversion to the analogous NiB) complex3-2 required 12 h at toluene reflux to obtain
just a 20% yield $cheme3.5). The molecular structure &2 is similar b that determined by
Kawamoto et af? (Figure A3.2). The'H NMR spectrum oB-2 includes a singlet at 7.1 ppm

due to the backbone hydrogens. The ground state electronic struc32€9% 0)is in contrast
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S e
NIQ Toluene
N\\ N _ Reflux

eSS SMe

3.1 3-2, purple, 20%
Scheme 3 Synthesis of Ni(NS;) complex3-2.

to that of the isoelectronic [Cof&)]” anion which has a doublet ground state, suggesting that the
two ligandbased electronm the redoxactive ligand constitute a singlet diradi¢ak. a and

b sping in 3-2. A full analysis of the electronic structure3:® and its two reduced spin states will
appear irchapter 4.

3.3.3 Synthesis of di(3-3), tri- (3-4) and tera (3-5) nuclearnickel thiolate complexes
Protonolysis ofl: In previous work, we showed that pro&dion of the Fe SNS bis(amido)
complex occurs at nitrogen, facilitatind!®8I"S"® ligand loss and providing access to cationic
[Fe(S"eNSMe)L]* complexes with ancillary ligands .Protonation of3-1 with one equiv of
bi s (tr i pusulfooimaetNHajrate36°C in a toluendCM solvent mixture occurs at
sulfur with subsequent release of the MPB proligand and precipitatiainoélear thiolate
bridged complex {Ni(mk3-SNS")]}(NTf2), (3-3; Tf = SO.CFs; (Scheme3.6)(Figure A35 &

A3.6). In contrast, protonation &1 at room temperature also afforded targstalline

s. S
@i b :@ (N'\ F\ Nsz
NT N Me ,\\‘/s

N
NHT
J 2 33 + MeS | s~ \s/\\s
DCM, 2 h, RT N_/ N_/
3-4

+ I\W\ SMe —|2+

MeS SMe
341

. . — 2 (NTfp)
NHT?, lToI.DCM, 8:2 N—Ni— N 2
-30°C,1h N
! N
. \’\3 \/_SFIDSMe
2+ MeS—_ | ~ Nl\ >Ni
2 (NTF,) | / / | “SMe
Me MeS\IN k, -/
S<yieS\ N=
'NI‘S’Ni\ 3-5
=N S
Me
%
S@ MeS
3-3,88% SMe

Scheme 3.6°rotonation oB-1 to givedinuclear thiolatéoridged complexs-3 or a mixture of3-4 and3-5

paramagnetic products shown by -r&y diffraction to be tri and -tetranuclear
{Ni[ MNi(k3SNS"e),].H(NTf 2)2 (3-4) and{Ni[ mNi(k3-SNS"®),]s}(NTf 2)2 (3-5). Alternatively, the
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triflate salts3-4 @nd3-5 @an be generated by treating Ni(Q:IWith 2 equiv and excess (ca. 5
equiv) of3-1, respectivelyFigureA3.12).

The molecular structuref dication3-3 (Figure 3.3) consists of two distorted square planar
Ni centers (N,S bite angles of &d 6membered rings = 80 and 96.5 °) linked by a bent dithiolate
bridge (angle between best NipN&juare planes is 103°), resulting in a fairly shoriNNdistance
[2.792(5) A]. Thek3-SNS"¢ ligand is meridionally coordinated {8i-S = 172.4(3) °). As in
Bouwmands neut r ai®thedNiSnibiborid distacesans to phe ieniwe N (avg
2.200(6) A) are longer than thosansto thioether (avg 2.178(8) A).
The moleculasstructures oB3-4 and 3-5 feature central NiSand NiS units coordinated by two
and three Ni bis(thiolate) metalloligan¢igs 3.4 and 3.5).%° The progressive flattening of the
NiSzNi bridgesis accompanied by longer centrakSlibonds going fror-3 (avg 2.18A) to 3-4

Figure 3.3 Molecular structure 08-3 showing bent bridge. NTtounterion andH atoms are omitted for
clarity. Selected bond lengths (A) and angles (deg) can be fodrable 3.2

Bond Lengths (A) Bond Angles (deg)

Ni(1)¢ - Ni(2) 2.792(5) S(2)Ni(2)-S(3) 80.0(2)
Ni(1)T S(1) 2.178(8) S(2}Ni(2)-S(4) 94.2(2)
Ni(1)-S(2) 2.171(8) S(2)Ni(2)-N(2) 167.7(5)
Ni(1)-S(3) 2.204(6) S(3)Ni(2)-S(4) 172.4(3)
Ni(1)-N(1) 1.90(1) S(3)Ni(2)-N(2) 89.8(5)
Ni(2)-S(2) 2.196(6) S(4)Ni(2)-N(2) 96.56).
Ni(2)-S(3) 2.165(7)

Ni(2)-S(4) 2.163(6)

Ni(2)-N(2) 1.94(2)

Table 3.2Selected bond lengths (A) and angles (degBar
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(avg 2.23 A) an@-5 (avg 2.454). Moreover, the iminesansto thiolate in3-3 lead to shorter Ni
N bond distances (av1.92(2) A) ascompared tahosewith trans imine donorsin 3-4 (avg

2.057(3) A)and3-5 (avg 2.126(8) A)

Figure 3.4 Molecular stucture of3-4. NTf;
counterion andH atoms are omitted for clarity

Selected bond lengtlgd) and

angles (deg) can be foundTable 3.3

Bond Lengths (A)
Ni(1)¢ - Ni(2)
Ni(1)-S(1)
Ni(1)-S(3)
Ni(2)-S(1)
Ni(2)-S(2)
Ni(2)-S(3)
Ni(2)-S(4)
Ni(2)-N(1)
Ni(2)-N(2)

3.3131)
2.246(1)
2.22q1)
2.357(1)
2.431(1)
2.369 (1)
2.420 (1)

2.062(3)
2.052(3)

Figure 3.5 Molecular stucture of3-5. NTf;
counterion andH atoms are omitted for clarity
Selecte bond lengthgA) can be found ifTable
3.4

Bond Angles (deg)

S(1)-Ni(2)-S(2) 166.90(4)
S(1)-Ni(2)-S(3) 82.82(4)
S(1)-Ni(2)-S(4) 94.78(4)
S(1)-Ni(2)-N(2) 93.76(9)
S(1)-Ni(2)-N(2) 86.17(9)
N(1)-Ni(2)-N(2) 177.71)

Table 3.3Selected bond lengths (A) and angles (deg)Bfdr

The diamagnetic nature 8f3 was confirmed by its solid statéC{*H} NMR spectrum

(FigureA3.5). In contrast, dissolution &3 in a number of solvents, including weakly
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Bond Lengths (A)

Ni(1)¢ - Ni(2) 3.475

Ni(1)-S(1) 2.4592)
Ni(1)-S(3) 2.4342)
Ni(2)-S(1) 2.390(2)
Ni(2)-S(2) 2.511(2)
Ni(2)-S(3) 2.359(3)
Ni(2)-S(4) 2.434(4)
Ni(2)-N(1) 2.144(8)
Ni(2)-N(2) 2.108(8)

Table 3.4Selected bond lengths (A) 8¢5.

coordinating CHCI,, gave brad resonances in thel NMR spectrum that were identical to those
due to3-4 (Figure 3.6). Although several of the resonances sharpened and shifted on codling to
30 °0), no evidence for diamagne8e3 was providedMoreover, melting a heterogeneous ranet

of solid3-3 and frozen acetonds in the NMR probe af75°C gave onlB-4 after just a few minutes
of data collection (FigA3.14).

3.3.4 Solution dynamics of (3), (4) and (5) complexes

Conversion 0f3-3 to 3-4 upon dissolution involves an increaddlte ligand:Ni ratio from 1:1 to
4:3, suggesting some formation of Ni(NF{Scheme3.7). Attempts to further elucidate this
dynamic process using UVis spectroscopy met with limited succebgy( A3.10. An alternate
stoichiometric route to trinucle&4 involving reaction of3-3 with 3-1 also gave a small amount
of 3-5which has a ligand:Ni ratio of £(Fig.A3.13). The latter could also be obtained by reaction
of 3-3 with one equiv of the (SNS) anion Fig. A3.15).

-30°c | il
AN ) (B N

2% | A\ I Al |
)W A Nl L A A .
Figure 3.6 300 MHz'H NMR spetra of 3-4 obtained by dissolution &3 in acetoneds. * toluene DCM
and THF solvents.
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The equilibrium between the dications ®4 and 3-5 was confirmed by reactions of
[NiI(NCMe)4](OTf)2 with 3-1 (Fig. A3.12. Finally, reaction of [Ni(NCMg)](OTf)2 with one equiv
of Na(SN'®) gives produc8-4 directly (Fig. A3.19 aswith the iron reaction shown iicheme
1. Unlike Fe, however, addition of a second equivalent of ligelednly affords bis(thiolate

complex3-1.

S D
MeS / | \ / l\ / l \ SMe
\_,N\/ [3-4] \JNJ
+N|(NTf2)2

- [3-3] | +[3-3]

Me Me

2 Na(SNsMe)

OO
\ S—Nl———S

MeS—_\ / \N./SMe
NI\S S/ I

SMe
J [3-5] N\/

+ Ni(NTfp),

Scheme3.7Ligand dynamics of complexés3, 3-4 and3-5.

3.3.5 Reactivity of3-3 with co-ligand Ar-NC

In spite of the observed rapid conversior8<f to 3-4 in solution, addition of donor ligands L to
dicationic Ni dimer3-3 afforded several classeswell-defined products depending on the nature
of L. Treatment o8-3 with two equiv of 2,6dimethylphenyl isonitrile gave dinuclggNi( mk3-
SNS")L]}(NTf2) (3-6a)in 62%yield (Scheme3.8). The molecular structure @t6a consists of
square bipyramidal nickelenters with a planar bis(thiolate) bridge and isonitrile ligdraissto
imine nitrogens omwpposite sides of the NiNi bridge Figure 3.7).
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3-6a, red, 62%

Scheme 3.8Synthesis of dinuclear, thiolabgidged Ni isonitrile comiex 3-6a.

Figure 3.7 Molecular structure o8-6a. NTf, counterion andH atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg) can be fourithisle 3.5

Bond Lengths (A) Bond Angles (deg)

Ni(1)7 S(1) 2.125(8) S(1)}Ni(1)-S(2) 166.41(3)

Ni(1)-S(2) 2.188(8) S(1}Ni(1)-S(D 98.97(2)

Ni(1)-S(D) 2.1904(8) S(L)}Ni(1)-N(1) 88.61(6)

Ni(1)-N(1) 1.924(2) S(2)Ni(1)-N(1) 88.92

Ni(1)-C(15) 1.8232) S(2}Ni(1)-S(2 94.42(2)
N(L)-Ni(1)-S(2 90.71(9
Ni(1)-S(2)Ni(1) 85.58(2)

Table 3.5Selected bond lengths (And angles (dedr 3-6a.

3.3.6 Reactivity of3-3 with co-ligand dmpm
Addition of chelaing bigphosphingdmpm to3-3 gave dinutear compleX[ Ni(mk3-SNS'€)]o(m
dmpm)}(NTf2)2 (3-6b; dmpm =bis(dimethylphosphino)methan8cheme3.9) in 84 % yield. The
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molecular structure @&-6b also consists of a planar NI bridge with P trans to imine N that are

now on the same side of the bridgégUre 3.8).

+
MeZP/\TMez (Nsz)_

| S~
dmpm MeS/Ni\ZS/Ni‘SMe

DCM
3-3 —_— ‘ \
RT, 12 h NE
/ NS

3-6b, red, 84%

Scheme 3.9 Synthesis of dmprbridged dinuclear Ni thiolate compl@x6b.

Figure 3.8 Molecular structure 08-6b. NTf, counterion andH atoms are omitted for clarityselected
bond lengths (A) and angles (deg) can be fourithisle 3.6

Bond Lengths (A) Bond Angles (deg)

Ni(L)T Ni(2) 3.158(2) S@)-Ni(2)-S@) 171.50(9)
Ni(1)-S(1) 2.191(2) S@)-Ni(2)-P(2) 91.409)
Ni(1)-S(2) 2.179(2) S(3)-Ni(2)-N(2) 93.42)
Ni(1)-S(4) 2.850(3) S@)-Ni(2)-P(2) 85.899)
Ni(1)-P(1) 2.190(2) S(@)-Ni(2)-N(2) 88.2(2)
Ni(1)-N(1) 1.954(6) P(2)-Ni(2)-N(2) 170.62)
Ni(2)T S(2) 2.846(3) Ni(1)-S(1)-Ni(2) 76.62(7)
Ni(2)-S(3) 2.192(2)

Ni(2)-S(4) 2.176(2)

Ni(2)-P(2) 2.191(2)

Ni(2)-N(2) 1.952(6)

Table 3.6Selected bond lengths (A) and angles (degB{6b.
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3.3.7 Reactivity of3-3 with co-ligands PMes and P(OMe)3

Addition of monodentate ligands 83 afforded mononuclear cationic thiolate complelsik>-
SNS'®)L](NTf) with L = PMe; (3-7a; 80%), P(OMe) (3-7b; 73%) Scheme3.10). The molecular
structure of3-7a consists of a distorted square planar geomalgut nickel with SNi-N bite
angles of 88.7(1) and 93.1(1)° for theahd 6membered rings ana short NiStniolate distance of

2.154(2)A. Figure 3.9).
2 CNAr @\\ /Q (NTf,)"
DCM N

3-3 —_—
RT, 12 h l
MeS”\l“_S

L
L = PMej, 3-7a, green, 80%
L = P(OMe)3, 3-7b, red, 73%

Scheme 3.10Synthesis of mononuclear Ni thiolate cations.

o &

Figure 3.9.Molecular structure of the cation @&-fa). NTf, counterion andH atoms are omittedf
clarity. Selected bond lengths (A) and angles (deg) can be fouFabie 3.7

Bond Lengths (A) Bond Angles (deg)
Ni-S(1) 2.182(1) S(1)Ni-S(2) 173.33(5)
Ni-S(2) 2.154(2) S(1}Ni-P 92.59(5)
Ni-P 2.188(1) S(1)Ni-N 93.06(9)
Ni-N 1.954(3) S(2)Ni-P 85.91(5)
S(2)Ni-N 88.7(1)
P-Ni-N 173.9(1)

Table 3.7Selected bond lengths (A) and angles (degpfaa.
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3.3.8 Reactivity of3-3 with NHC co-ligand IPr

In contrast to the PRdonor ligands addition of the NHC ligand IPr (1,3bis(2,6
diisopropylplenyl)imidazot2-ylideng to complex3-3 afforded amixture of productsUsing 2
equiv of IPr per Ni, however gave a clean reaction that resulted in seleeBive Geavage,
forming neutral compleNi(k3-SNS)(IPr)] 8-8) in good yield along with N-Me-IPr]NTf;

(Scheme3.11).
4 equiv IPr, DCM q\ ;

3-3 e
Rt, 12 H S N'
-2(IPr-CHa)(NTf,)
R = 2,6-Pr’,-Ph TN

3-8, Green, 62%

Scheme 3.1Bynthesis of neutral NHC Ni bis(thiolate) comp&=8.

The molecular structure &8 exhibits a similar distorted square planaometry to that oB-7a
with similar Ni-Sniolate bOnd distances and a somewhat shorteNNiistance (1.915(6) vs
1.954(3)A;Figure 3.10).

Figure 3.10.Molecular structure of38). H atoms are omitted for clarity. Selected bond Ieng&)sand
angles geg) can be found ihable 3.8
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Bond Lengths (A)

Ni-S(1) 2.164(4) S(1)}Ni-S(2)
Ni-S(2) 2.153(4) S(1)}Ni-N
Ni-C 1.910(4) S(1)}Ni-C
Ni-N 1.915(6) S(2)}Ni-N
S(2}Ni-C
N-Ni-C

Bond Angles (deg)

Table 3.8Selected bond lengths (A) and angles (degB@r

3.4Discussion

Comparing the rich coordination chemistfyd® Ni SNS thiolate complexes to that of thFe

analogs reveals a number of stark differences. The psmdbedral Fe bis(thiolgtenoiety has

173.7(2)
88.9(2)
90.7
97.1(2)
833(2)
179.63)

only been accessed as components of the trinuclear dication as attempts to prepare it directly

yielded instead the FefSs) complex exclusively Scheme 3.1).1228 In contrast, the Ni
bis(thiolate) complex is stable as a distorted square plaoraplex with uncoordinated SMe

donors. Upon protonation, however, loss of one MPB proligand affords crystals of the thiolate

bridged dinuclear dicatio8-3 with k>-SNS"® meridional coordinatiori a similar structure to

Bouwmanods neut r ar(Scheme3.d).t® Rémarkablyg tissoluton of erystals of

..3-3 even in weaklycoordinating solvents such as DCM drives its conversion to an analogous

trinuclear complex in which now two paramagnetic, pseactahedral Ni bis(thiolate) moieties

coordinateto a square planar {ication. Indeed, the minimal steric requirements of the Ni

bis(thiolate) unit even permit formation of the tetranuclear dication that includes an octahedral

centralNiuni t. These |l igand

d y n a mi onsstahilized Niderntee

as demonstrated by reactiong Bf(NCMe)](OTf)> with neutral Ni bis(thiolate) comple3-1 to
generate multinuclear complex@g!l @nd3-5 .OMoreover, reaction ofNi(NCMe)](OTf)2 with

one equivalent of Na(SNS) affords 3-4 diredly, just as observed for the Fe syst&ém

form

Intermolecular dynamics of multidentate, anionic ligands have been little studied, especially for

their potential role in homogeneous catalysis.

The reactivity of these Ni SNS thiolate complexes can be cadpa those introduced
previously. Inclusion of the SMe group prevented therm& Rond cleavage to the dithiolate
l i gand as s een'ahawng?itB sugpusinghat hcusigBfithertho-SMe group

has such a stabilizing effect on the bis(thiolate) complex (relative to Ni(SNjhat slowly
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converts to Ni(NS;) via imine GC bond formation even at 25°€)While these isomerizations
are also accompanied by sidEctions that limit reaction yields (56% from Ni(Sldihd just 25%
from 3-1), work in the next chapteshows that this coupling can be effected quantitatively upon
le reduction of3-1.

Although we were unable to detect any diamagri&8adn solution, the fact that it can be
recrystallized from concentrated DCM suggests that deversion to3-4 is reversible.
Nonethelessarcillary ligand additionsnay proceed directly fror®-4 as observed previously with
Fewhich also gavéoothmono anddinuclear thiolate complexé$With the most electronich
NHC ligand, howeverdemethylatbn of the coordinated thioether affords neutral dithiolate
complex3-8, returning us once Balpgeitpresumablpro@edingoyan dés r
different GS bond cleavagmechanisnt® Note that this selective-Sve bond cleavage contrasts
with the GSaryi bond cleavage depicted for electnich Fe® and Co precursof$in Scheme3.2.

3.5Conclusion

The work reported herein reveals further the versatility of the simple thiolaie-thioether
tridentate SNS pincer liganBrotonation of th&?-bis(thiolate) Ni compleg-1 affords the dimeric
k3-thiolate bridged dicatioB-3t hat exhi bits a similar structur
dimer. Addition of a variety of ligands ®3, greatly expands the ancillary ligand coordination
chemigry of these SNS ligand complexeshich differ from their pseudooctahedral Fe
analogues? Using a strong donad¥-heterocycliccarbene ligand, we demstnated an alternate S
C bond cleavage pathway to the one known, allowing access to additional concpletessing
Bouwmands dianionic dithiolate pi B-8undergdées gand.
facile anionic tridentatbgand dynamicsn which coordination of the hemilabile thioether donor
construcs multimetallic, thiolatebridged arrays conitsing paramagnetic, pseudooctahedral Ni(ll)
centers. Although there are a number of studies of bideataaic ligand dynamics such as
carboxylates? such studies with tridentate-lgands are raré'

With a variety of neutral and cationic Ni SN$allate complexes in hand with ancillary ligands
ranging from strong donors to powerfplacceptors, we are currently in the process of

investigating their potential as homogeneous catalysts for reductive transformations.
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3.6 Experimental Section

3.6.1 General Considerations All experiments were carried out under nitrogen, using a Schlenk

line or an MBraun glovebox unless otherwise stated. All solvents were deoxygenated by purging
with nitrogen. Toluene, hexanes, diethyl ether, and THF were dried on columns of activated
alumina using a J. C. Meyer (formerly Glass Contour) solvent purditaystem. Anhydrous

benzene (Aldrich), De and acetonels were dried with activated alumina (ca. 10 wt %) overnight,
followed by filtration. Dichloromethane (DCM) and CRx@Vere refluxed over calcium hydride

under nitrogen, collected by distillation, eldli further by passing through activated alumina (ca.10

wit%), and stored over activated 4rdolecular sieves (heated 280 °C for 3 d under vacuum).

Ligand precursor Zmethylthioybenzaldehydé and the SNSY® (MPB) proligand? were

prepared according tiderature procedures. Other chemicals were used as obtained commercially:
2-(methylthio}aniline (Alfa Aesar, 98%), Ni(acac)(Oakwood chemical, 95%), 2,6
dimethylphenyl isonitrile (CNxylyl, Aldrich, 96%), bis(dimethylphosphino)methane (dmpm,
Strem, 98%),trimethylphosphite [P(OMe) Strem, 97%], trimethylphosphine [PbleStrem,

98%], trifluoromethane sulfonimide (NHZf Aldrich >95%) and 1dis(2,6
diisopropyl phenyl )i midazol i tHn° cahdf'® MMRdbgectra | Pr AH
were recordedn a 300 MHz Bruker Avance or Avance Il instrument at room temperaturgg21

°C) and®*C{*H} NMR and MAS NMR spectra were recorded on a 500 MHz Bruker Avance
instrument*C and'H NMR spectra were referenced respectively to solvent carbons and residual
protons(GDs, U 7.4 5% D) with resipexitaaddP NMRt r a met
chemical shifts were referenced to external GR@Id HPQy at 0 ppm. UV vis spectra were

recorded on an Agilent Cary 7000 universal measurement spectropbtdn IR data were

collected on a Thermo Scientific Nicolet 6700-R spectrometer. Mass spectra were recorded

on an AB Sciex Q1MS mass spectrometer with electrospray ionizatiotM&Bh positive mode

(ion spray voltage: 5000.0 V, TEM: 400 °C, declustering potential: 11.00 V and focusing potential:
300.0 V) with samples ppared toca. 0.05 mg/mL in acetonitrile or dichlonmethane. For

electron impact (EI), solid sarngs were prepared by drying products under vacuum, and spectra
obtained using a Kratos Conc enydifffaction datasvere u me n t
collected on a Bruker Smart or Kappa diffractometer equipped with an ApexIl CCD detector and

a seald-tube Mo K sourcel (= 0.71073 A)Elemental analyses were performed by University of
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GuelphElemental Analysis service (all charged products gave poor results likely due to incomplete
combustion of the (NBJ anion).

3.6.2 X-ray Crystallographic Details. Crystallographic data collection andopessing were
performed via theX-Ray Core Facility at the University of Ottawa. Crystals were mounted on
MiTeGen sample holders using Parabar oil. Data wellected on a Bruker Sma-(, 3-4, 3-

6a,b, 3-7a and 3-8) or Kappa 8-2, 3-3 and 3-5) diffractometer equipped with an Apexll CCD
detectorand aseaktddu be Mo K source (o = 0. 7 Wer&@®oled) . Du i
to approx.200K. Sample cooling was effected via a refrigerated, dry compressed air stream. Raw
data collection angrocessing were performed with the Apex3 software package from Bfuker.

I niti al uni t cel | parameters were dete+rmined
empirical absorption corrections based on equivalent reflections were aipSgdtematic
absences in the diffraction dagat and unitell parameters were consistent with the assigned
space groupCompound3 crystallized as aonrmerohedral twin. The twin law was discovered

using CELL_NOWS2 and accounted for in the absorption correctiontwiaabs®* The twin law

was also accounted fand twin fractions refineduring final refinements. The initial structural
solutionsfor all structuresvere determined using ShelxT direct meth&dmyd refined with ful

matrix leastsquares procedures leason F using ShelXI€® Carbon and nitrogebased kidrogen

atoms were placed geometricallydarefined using a riding model, all other hydrogen atoms were
placed via the difference map and refined with restraints. Structures of complexets5

containg& solvent molecules which could not be rationalized by the XRD data. The electron density
was thus accounted for using Sque&ze.

3.6.3 Synthesis of Ni (k>-SNS"¢)2 (3-1). A 50 mL roundbottom Schlenk flask was charged with
Ni(acac} (149 mg, 0.58 mmol) in 10 mL of THF and a solution of the MPB proligand (300 mg,

1.16 mmol) in 20 mL of THF was added dropwise. The color changed rapidly from green to red
brown. After stirring for 12 h at 60 °C, the solvent was removed under vacuum. The resulting red
solid was then washed with hexane (3 X 5 mL), benzene (3 X 5 mL) and dried in vacuum yielding
255 mg (77 %). Crystals of3{(1) suitable for Xray crystallography @ere obtained from a
concentrated DCM solution 885 °C.1H NMR (300 MHz,CDC§) G 1 0. 7 0-H, &87 7, 1F
(br s, imine GH), 7.40 (d, 7, 1H, AH), 7.32 (tr, 7.5, 1H, AH), 7.24 (d, 1H, AH), 6.98 (tr, 7,

1H, Ar-H), 6.75 (tr, 7, 1H, AiH), 6.67 (tr, 7, 1H, AH), 6.31 (d, 8,1H, AH), 2.66 (s, 3HS CHs)

(Fig. A3.7). ®*C{*H} NMR (125.8 MHz,CDC}) U 165.0, 150.8, 145.0 (C
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131.8,131.3,129.0 (br), 127.6 (br), 126.1, 121.5, 117.4, 17CHEB(Fig. A3.2). Anal. Calcd for
CogH24N2NiSs: C, 58.44; H, 4.20; N, 4.87. Found: C, 38, H, 4.45; N, 5.10.

3.6.4 Synthesis of Ni(NS2) (3-2). A solution of 100 mg, 0.17 mmaB1in 15 mL of toluene was

heated at reflux overnight undee With no noticeable color change. The solvent was removed

under vacuum and the resulting residue dv&tbin ca. 5 mL of dichloranethane and filtered.

The filtrate was then purified by chromatography on silica gel eluting with DCM to provide 25 mg

of violet solid (3-2) (25% vyield). Single crystals were obtained from concentrated DCM by
layering with hexae at-35°C.*H NMR (500 MHz, GDs) U 7. 56 ( eHy, 7.464ddt , 4 H,
8, 1, 2H, ArH), 7.10 (s, 2H, backbone-B), 7.04 (d, 8, 2H, AH), 6.76 (tr d, 7.5, 1, 2H, AH),

6.62 (ov mult, 4H, AH), 6.36 (tr d, 7.5, 1, 2H, AH), 2.12 (s, 6H, BCH3) (Fig. A3.3).1°3C{*H}

NMR (126 MHz,GDs) U4 162.7 (Ar1C=N), 161.1 (AriC=N),
(Ari1 C), 126.7 (AriC), 126.1 (Ari1C), 123.1 (Ar
CHa) (Fig. A3.4).Anal. Calcd for GgH24N2NiSs: C, 58.44; H, £0; N, 4.87. Found: C, 58.16; H,

5.11; N, 4.79.

3.6.5 Synthesis of {[Nifrtk3-SNS"€)2}(NTf2)2(3-3). A 20 mL scintillation vial was charged with

3-1(100 mg, 0.17 mmol) in 2 mL of DCM cooled 485 °C. To this cooled solution, was added
dropwise 49 mg (0.1™mol) of bis(trifluoromethane)sulfonimide, NHJfin 8 mL of toluene.

The resulting bright brown solution was stirred for 2 h at room temperature with precipitation of

red solid3 that was filtered, washed with toluene (3 X 10 mL) and dried in vacugineé®7 mg

(88 %). Crystals 08-3 suitable for Xray crystallography were obtained from a concentrated DCM
solution ati 35 °C. SelectedH NMR resonances (actually due3et; 300 MHz, acetones) U

15.8 (br s, 4H)14.5 (br s, 4H), 9.9 (ov br s, 8H), 3.8 (br m, 4H), 1.9 (b11s§ (br s, 4H);3.3 (or

s, 4H)(Fig. A3.5.°C{*H} MAS NMR (126 MHz,) 167.5dovs), 30 (00v 166 .
s), 140.2 (ov s), 136.1 (ov s), 134.4 (ov s), 133.0 (ov s), 132.1 (ov s), 130.3 (ov S), 124.8 (s), 123.6
(ovs), 121.1 (ov s), 26.4 (ov s;(F3) (Fig. A3.6) MS: [M*-2Me] 601.9 Calcd 601.910 (Fig. S8)

and [Ni(SN$')]* 315.736 Ckd 315.977 (Fig. A3.8

3.6.6 Isolation of {Ni[mNi(k3-SNS"€)2]2}(OTf) 2 (3-4 Yoand {Ni[ mNi(k3-SN3"€)2]s}(OTf) 2 (3-

5 6A A 20 mL vial was charged witB-1 (100 mg, 0.17 mmol) in 15 mL of DCM and to this

solution was added a solution of [Ni(MeGNDTf)2 (0.5 equiv for3-4 @nd 0.2 equiv foB-5 )an

5 mL of DCM. No significant color change was observed. The resulting brown solution was stirred

for 2 h at room temperature and the solvent was removed under vacuum. The remaining red solid
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was washed witherzene (3X 10 mL) and hexane (2 X 10 mL) and dried to obtain 75 mg (72%)
and 52 mg (80 %) yield of complé&4 and3-5 drespectively. Selectéd NMR resonances for

3-4 @300 MHz, acetongls) U 15 .14.85 (br,4,r1Q.07 €, s), 7.55 (br, s), 6.76 (br, s), 6.43
(s), -0.83 (br, s),-1.89 (br, s)-3.47 (br, s)4.34 (br, s)(Figure A3.12. ®F NMR (282 MHz,
acetoneds) -78.5 ppm (br, s, OT{Fig. A3.12.SelectedH NMR resonances f8-5 §300 MHz,
acetoneds) U 15.8 (br s), 7.5879bhy;4R)brs).6. 75 (br s)
3.6.7 Reaction of complex(3-3) with (3-1). To an NMR tube charged with a purple solution of
(3-1) (10 mg, 0.017 mmol) in 0.5 mL of acetedewas added3-3) (10 mg, 0.016 mmol, 1.0
equiv). The NMR tube was shaken continuously for 10 min affording a dark red solution that was
characterized bjH NMR spectroscopy (FigA3.13).

3.6.8 Reaction of complex(3-3) with Na(SNS¥€). A 10 mL scintillation val was charged with

11.0 mg ofS"eNHS ligand (0.04 mmol) in 10 mL of THF. To this solution was added Ala@Bu

(0.04 mmol) in 3 mL of THF. The resulting yellow/brown solution was stirred for 30 min and
solvent was removed under vacuum. The residue isaslded in 0.4 mL of acetors and added

to an NMR tube containing 24 mg 8f3 (0.04 mmol) in 0.4 mL of acetor# yielding a red
solution. Continuous shaking of the NMR tube for 10 min gave a red solution that was
characterized bjH NMR spectroscopyfFig. A3.15).

3.6.9 Synthesis of {[Nifnk3-SNS"¢)(CNxylyl)] 2}(NTf2)2 (3-6a). A 20 mL scintillation vial was
charged with3-3 (100 mg, 0.16 mmol) in 10 mL of DCM and 41 mg (0.32 mmol) of 2,6
dimethylphenylisonitrile in 3 mL of DCM was added dropwise using a nsgrimge. The red
solution was srred for 12 h aftewhich the solvent was removed and tkenaining red solid
washed with hexane (3 X 10 mL) and cold diethyl ether (4 X 15 mL). Drying under vacuum gave
92 mg (62%). Crystals suitable for-rdy diffraction were obtained by layering hexarmon a
concentrated dichloromethane solution at room temperatdr8lMR (300 MHz, acetonds) U
8.21 (brs,2H), 751 (br s 2H), 7.36 (br s 2H), 7.13 (ov br 5 4H), 6.91(br s 2H), 6.65 (ov s, tr,

4H), 6.52 (d, 7, 6H, CNAH), 6.31(br 5 2H), 2.54 (s, 6H, SCH3), 1.72(s,6H, CNAr-CHy), 1.27
(s,6H, CNAr-CHs) (Fig. A3.16). 1°F NMR (282 MHz, aetoneds) 1 8.6 (br,s, NTf). ESFMS
[Ni(SNSVe)(CNATr)]* 447.0491 Calcd 447.05@Big. A3.17).

3.6.10 Synthesis of {[Nifrk3-SNS"¢)]2(mdmpm)}(NTf 2)2 (3-6b). A 20 mL scintillation vial was
charged with3-3 (20 mg, 0.03 mmol) in 20 mL of DCM andsldimehylphosphino)methane (4

mg, 0.03 mmol) was added dropwise using a msyminge. The resulting red solution was stirred
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for 12 h, the solvent was removed under reduced pressure and the remaining red solid was washed

with hexanes (3 X 10 mL) and cold digtlether (4 X 15 mL) and dried under vacuum to yield 20

mg (84%). Crystals suitable for-bay diffraction were grown from concentrated DCM layering

with pentane solution a85 °C.*HNMR (300MHz,CDCJ) G 8. 62 (br s, 2H),

7.55 (br, 2H), 7.44 (br, 4H), 7.03 (ov mult, 4H), 6.75 (d, 7.5HAr4.44 (br, s), 3.12 (br, s), 2.50
(br, m), 1.96 (br, d), 1.72 (br, nfFig. A3.18) *'P{*H} NMR (121 MHz, CDC}) -45.5 ppm (S)
(Fig. A3.19) 1F NMR (282 MHz, acetones) -78.6 ppm (br, s, NBJ. ESFMS [M-Me]* 752.9844
Calcd 752.986%Fig. A3.20.

3.6.11 Synthesis of [Nik3-SNS"¢)(PMes)](NTf?2), (3-7a). A 20 mL scintillation vial was charged
with 3-3 (80 mg, 0.13 mmol) in 15 mL of DCM. To this gtbn, trimethylphosphine (19 mg, 0.25
mmol) was added dropwise using a misgginge. The resulting red solution was stirred for 2 h
after which the solvent was removed and the red solid producvasised with cold diethyl ether
(3 X 2 mL) and hexanes (8 3 mL). Drying in vacuum afforded 45 mg (80%). Crystals suitable
for X-ray diffraction were grown from a concentrated DCM solutioin3& °C.*H NMR (300
MHz,CDCk) U 8. 4 H), 1.98(d, 75HH, AB), 7.92 (d, 8, 1H, AH), 7.78 (t, 7.5, 1H,
Ar-H), 7.68 (t, 7.5, 1H, AH), 7.41 (d, 8, 1H, AH), 7.33 (d, 8, 1H, AH), 7.18 (t, 7.5, 1H, Ar

H), 7.02 (t, 7.5, 1H, AH), 2.84 (s, 3H, CHa), 1.54 (d, 11.5, 9HP-CHa) (Fig. A3.21). 3'P{'H}
NMR (121 MHz, CDC4) -8.6 ppm (s)Fig. A3.22. 1% NMR (282 MHz, CDCJ) -78.6 ppm (br

s, NTh). ESIMS M+ 392.0166 Calcd 392.02@QFig. A3.23.

3.6.12 Synthesis of [Nik3-SNS"€)(P(OMe)s)](NTf2), (3-7b). A 20 mL scintillationvial was
charged witt8-3 (70 mg, 0.11 mmol) in 15 mL of DCM. Trimethylphosphite (27 mg, 0.22 mmol)
was added dropwise to the solution using a msyminge. After stirring for 2 h the solvent was
removed and the red solid washed with cold diethyl ethét 23mL) and hexanes (3 X 3 mL).
Drying the solid gave 40 mg (73%)H NMR (300 MHz, CDCJ) U 8. 6 41),8.60(d, 71 H,
1H, Ar-H), 7.90 (d, 7, 1H, AH), 7.76 (tr, 7, 1H, AH), 7.70 (tr, 7, 1H, AH), 7.55 (d, 7, 1H, Ar

H) 7.33 (d, 7, 1H, AH), 7.17 (tr, 7, 1H, AH), 7.04 (tr, 7, 1H, AH), 3.92 (d, 11.5, 9H,®CHy),
2.83 (s, 3H, SCHa) (Fig. A3.25). 3'P{'H} NMR (121 MHz, CDC}) 106.7 ppm (sfFig. A3.26.

1%F NMR (282 MHz, CDGJ) 1 78.6 ppm (br, s, NBj. ESFMS M* 4400023 Calcd 440.0054 (Fig.
S27)(Fig. A3.27).

3.6.13 Synthesis of Nik3-SNS)(IPr), (3-8). A 20 mL scintillation vial wagharged witt8-3 (100

mg, 0.16 mmol) in 15 mL dPCM. To this solution, 42,6-diisopropylphenybimidazol2-ylidene
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(245 mg, 0.64 mmolin 5 mL DCM wasadded dropwise. The resulting red solution was stirred
for 12 h at room temperature after which thivesot was removedrheresiduevasextracted with
toluene, filtered through Celite and the solvent removed. Aésting with cold diethyl ether3

X 2 mL) andhexanes3 X 3 mL), drying in vacuum afforded 87 mg @). Crystals suitable for
X-ray diffracion were grown from a concentratBeCM solution at room temperaturd NMR
(300 MHz, GDe) d 7.97 (d, 8, 1H)7.86 (s, 1H, imine GH), 7.71 (d, 8, 1H), 7.11 (ov mult, 4H),
6.96 (ov mult, 3H), 6.79 (d, 8, 1H), 6.70 (d, 7.5, 1H), 6.66 (s, 2H, IPr backbét)e €56, 2H,
IPr), 3.62, 3.45 (sept, IFPr GH, 2H), 1.66, 1.57, 1.10, 1,08 (d, 6.5, 6H, PrCHs) (Fig. A3.28)
EI-MS [M-1]+ 603.33.
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Chapterd.Spectr os Elogpdtcr motneamiacaler i zati on
Reacti Vhrt®edoBxat es ,N)f Ni (S

4.1 Contribution for publication
YahMaAl bkudief fre$t éph anw e8a heri insntaonphla @RIBuTdmr
Bak'¢o be s uhnein.t ofdugtus 2021 .

Albkuri performed chemical and some electrochemical experiments with Bucher. Steinmann
performed computational chemistry and Ovens collectedyXdiffraction data and solved the

structure. Bucher, Steinmann, Baker and Albkuri all wrote the manuscript.
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Abstract

Metal thiolateimine complexes, M(SN)are known to undergo imine-C bond formation to
M(S2N2) complexes (M = Fe, Co, Ni) containing redoxactive ligand. Although these
transformationsvith nickel are accompanied by sidgroducts we demonstrate here that ene
electron reduction of a related Ni bis(thiolate) complex affords the corresponding paramagnetic
[Ni(S2N2)]” anion(2) exclusiwely. Moreover, spectroelectrochemical studies indicate that a second
le reduction affords the diamagnetic dianidm.this work, we characterize and investigate the
electronic structuresf the threeNi(S2N2) redox states o2 by DFT and compare their reavity

with phenol and carbon dioxide.
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4.2 Introduction

Firsti row transitionmetalcomplexes are increasingly playing a broader role in both hanmb
heterogeneous catalysis as their unique-alaetron transformations continue to be more
efficiently harnessed For molecular catalysts, novel transformations have been effected with the
assistance dfinctionalligands? In a recent exampl¢he Chirik group showed that an Fe complex
containing the redeactive bis(imino)pyridine ligand catalyzdmth the [2+2] cycloaddition
oligomerization of 1,3 ut a di e n-@viny)aigodyclobutaideand its deoligomerization,
demonstrating the first closédop recycling of a hydrocarbon polymer.

In 1992, Kawamoto and Kushi demonstrated the thermal conversemNbbis(thiolate)
complex, M(SN) to its M(SN2) isomer via imine € bond formation $cheme4.1).* They
recognized that the resultinghg ligand was redox nemnocent and likely a dianionic ligand
with two electrons in the ligand framework. Subsequwenmtk by Wieghardt and eworkerson
Fe, Co and Zn complexes applied a combination of spectroscopic, crystallographic and theoretical
techniques to more accurately assess the oxidation state of both the metal and th8cligamd (
4.2).>% For the Co casehey showed that intimate sharing of the electrons by the nearly
isoenergetic metal and ligand orbitals prevented a clear assignment of the Co oxidatidn state.

Ph‘ Ph

toluene
/> <\ reflux

/Y
(LK 7 Ij

Scheme 4.Thermal conversion of Ni(NgJo Ni(S:N2) complex.

Ph H
!\Il/Ph .
JQCIR @E D
(L) L*
+4L-e
Ph H Ph H

@Q@D

Scheme 4.Z'hree ligand redox states derived from imin€ ®ond coupling ofNS)" ligand.
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Square planar metal complexes with redoxive ligands have been employed extensively
as catalysts for multielectron transformations such as the hydrogeriew reaction (HER) or
oxygen evolution reaction (OER) in order to obtain powerful sdteven or electrochemically
driven systems for hydrogen geneitifrom water’>% In a recent example by Sakai and co
workers? two-electron reduction of a Niifpy dithiolene complex occurs into both Ni d and bipy
p* orbitals, rising the basicity of the Ni d orbital and promotihg protorcoupled electron

transfer needed to generatgftbm protons(Scheme 43).

ET-PT (PCET)

Scheme 43. Proposed pathway for HER catalysis using Ni(ipf)(dddt), in which E or ET is the
electron transfer process, and C or PT is the protonatioi®step

In this chapter we employ spectroelectrochemistry, NMR and EPR spectroscopy and
computational chemistry to access and characterize three stableNA)i{®dox states and

investigate their electronic structures and reactivity with phenol and carbon dioxide.

4.3 Results and Discussion

4.3.1 Electrochemistry of4.

The electrochemical properties dfi(k-SNS*), (4-1; same as3-1 from Chapter 3) were
investigated in THF in the presence of tewbutylammonium hexafluorophosphate ().
Initial studies revealed that the electrochemical respdegends oscan rates shown irFigure
4.1 The curve reorded at a low scan rate (10 #sV) displays two consecutive irreversible
reduction wavebelow- 1 V while thatrecorded at 100 mf&?* exhibits only one broad electron

reduction wave dEpc = - 1.125 V(Figure4-1B). Another key feature of the Cslurve fiown is
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n=100mV/s

-1.6 1.4 -1.2 -1 08 0.6 - 05 0 05
Potential (Volts vs. E,;, [DMFc*/DMFc]) Potential (Volts vs. E;;, [DMFc*/DMFc])

Figure 4.1CV (full lines) and RDE (dashed lines) curves recorded{bin THF (1 mM, TBAPFE 0.1
M) at glassy car bon wotaknidn gB)e |1d0d0t rmouBlessnmgtfoB M0 T @ Anr
RDE, E vs dimethylferroceri’.

the fully reversibleoxidation wave ata Ei»=-0.27 V, which is only observed when scanning
back from- 1.5 V to the initial open circuit potential. On first examination, these drastic effects
could beattributed to the limited stability of the oxidized and redusigecien the time scale of

the CV experiment and to the existence of coupled chemical reactions yieldingarijex
products.More specifially, these features are consistent with an ECE mechaimishding a
chemical step (C) coupled to the initialeeslectron reduction (E) eF1 atEy.=-1.125 V yielding

a new species that can be both reduced rightéfteand oxidized aEi2=- 0.27 mV.These data

are consistent wittan electrortriggered dimerization ofi-1 to [Ni(S2N2)]” (4-2) proceeding

through the unstable intermediate, (RSNS');] ~ (4-1°) (Scheme 4.3

—l@

geied o 1) @ Q

Ni_ NI \

N\\ N e N\\ N ,\% »
@(@ @d@ 0

eS SMe eS SMe
4-1 (4-1y (4-2)
[4-1Ni(I1)] [4-1Ni(O] [4-27INi(1)]

Scheme 4.£lectrontriggered dimerization of-1to (4-2) via unstablg4-1)-.
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Further support for this conclusion came from additional investigations involving
exhaustive electrogmical reduction ofl-1 monitored by electrochemical methods coupled to
time-resolved in situ UV-visible absorption measurements. The potentiostatic coulometry
experiment was carried out at a platinum plate working electrsattiepotential held constant at
Eapp=-1.6 V. The U\visible spectra recorded throughout the electrolysis are showigume
4.2. In the first stage of the electrolysis, up to a charge corresponding to addition of one
electron/mole, reduction led to the progressive disappearance bfdad MLCT band dtmax=
460 nm at the expense of two bands growmet| max = 696 and 903, along with a clean isosbestic
point at 581 nmreaching maximum intensities after additionlef per molecule o#i-1 (Figure
4.2A).

Electrochemical measurentsrconducted in stationary and transient regimes furthermore
showed that the wetlefined intermediate compoundH2)] formed in solution at this stage of
the electrolysis undergoes two Nernstian electron transfers between D&M a one electron
oxidation atEi2=-0.27 V to4-2 as well as a orelectron reduction &1,=-1.17 V to @-2)*

(thin solid line inFigures 4.3AandB).

|
1 g A-INI(D] (4-1Ni(I1)] 1 g [A-INI] - [4-209Ni()-
%) XYY [0S n s s BT A T
Q0 NN @ | NN - o erN_N O = O )
< 19 AR q / A N < 1.6 \ (Exolt wes” 1\ \\w
1.41 A 1.4 N
1.2] _ Y 1.2]
1.0] 101
0.8 )] 0.81 4-2Ni(ny]*-
06 [4-265Ni(0] 0.6 [4-2Ni(O)2
0.4 0.4 1
[4-1Ni(11)] [2Ni{i)]?
0.2] 0.2]
00— ————————— 0.0, . . S .
400 600 800 1000 1200 400 600 800 1000 1200
A (nm) A (nm)

Figure 4.2 Superimposition of UV/Vis spectra recorded during the exhaustive reductéeh affEa,, =
-1.6V after addition of A) 1 electroper mole and B) 2 electraper mole. (THF + 0L M TBAPFK;, 1

o

mM,10mL,I= 1 mm, t a 30 min, Pt ) .
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[4-2Ni(1)]* /A~ [4-2Ni(11)]

o)

b) et .
; 10 pA
) [4-2Ni(11)]
! : ’ ! ! ’ ! ' ! ! ’ ' T B T " B i B T " } i i T i i N i T
-1.5 -1 -0.5 0 15 -1 0.5 0
Potential (Volts vs. £, [DMFc+/DMFc)] Potential (Volts vs. E;, [DMFc+/DMFc)]

Figure 4.3 [A] RDE curves recorded before a) and after b} and c) tweelectron reduction of-1 at
Eap=-1.4V(Pt,1 mM in THF+TBAPE); [B] CV and RDE curves recorded at a glassy carbon working
el ectrode (1 "% 80 ;mnafeerklaredotioh s-1at Ep=-1.4V(Pt, 1 mMin
THF+TBAPFs). CV and RDE curves recorded at glassy carbon working elec@ode mm at 100

mV A CV) or &t 3OO0 hiRoEE ®vsrDMFe ©).

4.32 Electrochemistry of-2.

While the reversible reductions 42 shown inFigure 4.4are attributed to Nbased reductions

from Ni(ll) to Ni(l) and Ni(0), on the artdic side, the shape and relative position of the CV

curves are consistent with two successive-@eetron oxidation processes centered on both
mercapteaniline moieties$chemed.5a). Under this assumption, the shift in potential observed

between both waas can be attributed to througbnd orthrougls pace A communi cati o
processes occurring between both mercapibnes, the oxidation of the first one making the

oxidation of the second harder. This attribution relies on i) the number of electrongdirolv

these waves (2x1e) ii) DFT data indicating that the organic subunits of the complex are more

likely to beoxidized than the metal center.

The reduced speciest-R)’> were further characterized by spectroelectrochemistry
measurements, upon collegitimeresolved U\vis spectra during the successive reduction of
4-2. As can be seen Figure 4.5 accumulation of4-2)" in solution during the electrolysis Bipp
=-0.8 V led to the progressive disappearance of the broad signal centered at 88ferem@ense
of less intense ones atax =697 and 902 nm. Observation of a clean isosbestic poi®7atnm

also confirms that no secondary reactions occur over the considered timd-tattys. reduction
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of the sample aEapp=-1.4 V led to the disappeance of the signals attributed ®2) - at the
expense of new bands developing at much higher enérgydQ nm) attributed tod¢2) > .

15 1 05 0 05
Potential (Volts vs. E;, [DMFc*/DMFc])

Figure 44 CV measuremerf reduction and oxidation of neutrdl2. CV and RDE curves recorded in
THF (1 mM, TBAPF; 0.1 M) atglassy carbon working electrodesat 0.1 Vs (CV) or 10 m\i&! (RDE,
500 rdfnin™) (@ = 3 mmE vs DMFc¢/DMFc).
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Scheme 4.%xidation and reduction a@f-2.
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Figure 4.5Superimposition of UV/Vis spectra recorded during the exhaustive reducdedaifA) (Eapp:1

=-0.7 V (1 electropermole) and B) Eapp1=-1.4 V (1 electropermole).(THF + 01 M TBAPF6, 1ImM,
10mLlI= 1 mm, t & 30 min, Pt) .

4.3.3 Stefby-step ESR studies of reducea.

Formationof Ni(l) and Ni(0) was further demonstrated B$R measurements carried out at each
stage of the electrgdis. The spectrum collected after addition of one electron per mole is shown
as a full/bolded black line irF{gure 4.6A). Based on simulation analysesdaon experimental
literaturedata reported for relevant Ni(I) compourts® we assign the intense signals observed
at g=1.995 g=2.022 and g= 2.118 to(4-2) with an S= 1/2 spin state. This attribution was
further supported by simulation studies showing that the multiplicity of the siggal results
from hyperfine coupling with two equivalent nitrogen atoms<8.8G, full black line in Figure

4.6B). ESR measurements carried out on thedeatron reduced complex gave a silent spectrum
featuring only a residual signal attributed to traces of the Ni(l) intermediate (dashedHigerm
4.6A). This absence of signal is in agreement with formation of diamagdelig-.

4.34 Electrochemical reactivity studies of redud¢ifs:N2) complexes.

Noting that both #(4-2) and d° complex(4-2)? cannot achieve their preferred psedewahedral
geometry when coordinated to the tetradentasi{}3 ligand, we were interested in investigating
their reactivity with the weak acid phenol and challenging reactant carbon dioxide. As shown in
Figure 4.7, performing the CV experiment @2 in THF in thepresence of phenbhs little effect

on the first reduction wave. In contrast, #eeond quasireversible reduction takes place about 80
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Figure 4.6A) experimentaK-band EPR spectra (110 K, microwave power = 6 m\W; modulation amplitude
=2 G) recordethefore (dashed line) and after exhaustive electrochemical reducde?iofTHF (0.1 M
TBAPFs) at Epp=-0.8 V (bolded black line) and at§=- 1.4 V (thin black line) B) experimental and
simulated EPR spectra @f-2)*.

mV before that of(4-2) indicating formation of a new produthat is easily reversed upon
reoxidation tq4-2). In Figure 4.8we sedhat a second irreversible reduction occurs unde®a
atmospherat a slightlyincreasedvoltage, relative to that g#4-2). Again reoxidation Bows
reversibility of the reaction of4-2)> with CO.. These promising reactivitfindings will be
expanded oim chapter 5 towards fluoroalkenes.

4.3.5Synthesis and molecular structure of NNg complexes.

Building on theabove electrochemical ressilive treated purple solution oEomplex4-1in THF
with one equiv osodium benzophenone to affggeen crystals of4-2)- as the [Na(THR]* salt
in high yield Figure 4.9). On comparinghe molecular structures 42 and(4-2)" we sean Table
4.1thatthe bond alternation in theercapteanilinering is consistenvith the (LA)&' formulation
in Figure 4.1(cf.avg N-C1 = 1.356vs1.475 A for the NC7 single bond)This similarity between
the two structures is consistent with a méi@sed reductiofrom Ni(Il) to Ni(l).

In Chapter 3 we showed that heatiid in refluxing toluene gavd-2 in low yield as
formation of byproducts necessitated a chromatographic separation to obtain pure product.
Similar results were obtained by Kawamoto and Kushigusia Ni(SN) complex shown in Figure
4.1 (56% yieldy As oneelectron reduction of-1 affords(4-2)  as the only product, subsequent
chemical oxidation should afford neutr&d2 in high yield. Indeed, treatment @#-2) with
[Fe(GsHs)2](BF4) in THF gave 4-2 in 80% yieldafter simple workup.
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-1.8 -14 -1,2 -1 EwelV 0.8 0.6 04 0.

Figure 4.7 Cyclic voltammogran{ 1 0 0 s“no¥42& + phenolin THF/ TBAPFs on cathodic side

EwelV 08 06 0.4 -0.2

Figure 4.8 Cyclic voltammogram( 1 0 0 sY)o¥4A2 in THF / TBAPFs on cathodic side under a €O
atmosphes.

Figure 4.9 Molecular Structure of4-2)[Na(THF)] with 40% thermal ellipsoids. H atoms are omitted for
clarity.
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Table 4.1Bond distancenetrics for4-2 and(4-2)

N iS(N,) [ NSN,) ]
NC1l = 1.352( NC1 = 1.362(
NC7 = 1.4709( NC7 = 1.464(
sce6 = 1.723( SC6 = 1.755(
CiC2 = 1.417( Ci1C2 = 1.388|
C2c3 = 1.368( cC2c3 = 1. 41):
C3C4 = 1.390( C3C4 = 1.39(:
C4C5 = 1.364( C4C5 = 1.364|
C5C6 = 1.407( C5C6 = 1.396|
CiC6 = 1.423( Ci1C6 = 1.415|
C7-C76 1= %45 1 C7-C76 1= F75 6
NiN = 1.811(2 NiN = 1.8209( ¢
NiS = 2.1310( NiS = 2.154(:

S
CEC

The clean generation of yellow solutions of diamagn@i2)> wasbest effected using
Na/K alloy in THF The!H NMR spectrum (Fig. A4 Pshowed significant shifting of the ligand

7
\
7

resonance to high field vs. those for neuf4a).

4.3.6DFT calculations of Ni(SNS§4-1) and Ni(SN.) redox states(§-2)1/2].

Densityfunctional theory computations have been performed to stoed light on the electronic
structures, reactivity and spectroscopic propertieg4ef) and (4-2)°/2, By analogy to the
complexes described by Wieghardt efdthe ground state @2 is an opershell singlet, while
4-1is a closed shell compleXhe optimized geometries are very danito the crystal structures
(Figure 4.10. The geometry of transiefd-1) shows more conformational flexibility with a near
tetrahedral conformer being only 1.7 kcal/mol higher in energy than the near-ptpraeone.

The oxidation of4-1) leads taa doublet ground state at a potential of 0.9 V vs SHE. The oxidation
is centered on the organic ligand, as clearly visible in the dediiégyence with respect to the
neutral complex shown fRigure 4.11A A second oxidation process is predicted to patu+1.6

V vs SHE, i nvol vi n gthiolate @hisdakter fohding is wohin agreemant Viith r e e 0
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the experimental data displayedHigure 4.4, showing two successive and very close-eleetron
oxidations in the accessible potential range.

[4-1Ni(11)] (Top) [4-1Ni(11)] (Side) [4-2@9Ni(11)] [4-2Ni(Il)]

Figure 4.10 Overlay between >ay (color) and DFT (grey) geometries

[4-2CNi(I1)]* [4-2Ni(I1)]2*

[4-1Ni()]-

[4-2Ni(11)] [4-2@)Ni(I1)] [4-2INi(11)]* [4-2Ni(11)]2*

Figure 411 A: Isodensity surfaces (0.005 a.u.) of the charge difference of various complexes with respect
to the neutral complex. Charge accumulation and depletion are depittie@ and orange, respectively.
B: Spindensity isesurfaces (0.005 a.u.); blaeelectron excess, rel:electron excess.
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The first reduction ofi-2 occurs at0.4 V vs SHE, generating a doublet grotstdte. The charge

is mostly accumuting on the nibgen atoms (

Figure 4.11B), with the spirdensity being dominant on Ni, in agreement with the ESR
measurements. A second reduction{af V vs SHE) generates a closdtkll dianion, where the
additional chargesilocated on Ni, N and, to a minor extemt,the mercaptaniline ligand The
reduction of4-1 also leads to a doublet, but tadditional charge is mostly located on the C=N
double bond of the imine moiety, with the largest contribution on the carben ato

4.3.7DFT calculations of intramolecular € bond formation frord-1 and (4-1)"

We also studied the electroinggered coupling reaction with DFT methods. The transition state
for the GC bond formation has been identified for both thatreg and ragtal anion stated~gure
4.12). The geometry of this TS is very similar in both cases, except that the foraing C

8. 8 i SR 1~
savollew e
N N U°=1 5V N N
& / SMe " | & / SMe
SMe - SMe -

AG?* = 31.4 kcal/mol
A,G = 5.6 kcal/mol

AG* = 17.1 kcal/mol
AG = -21.2 kcal/mol

_ 0
MeS Vo SMe =04V s \ SMe| U=17V
s~ N2 \\/| 2
S S s s

Figure 412 Left: Summary of theoretical results at the PBEO/dEZXP, SMD(THF) level of theory. &

vs SHE; the value for ferrocene/ferrocenium is, at the same level of theory, equal to 0.8 V. Right: Transition
state for the € bond formation in the radical anion state. In the neutral state, the geometry is very similar,

except that the forming-C bondis reduced to 2.05 A

bond is2.24 A in the radical anion, while it is shortened to 2.05 A in the neutral complex. The
activation energy of 17.1 kcal/mol in the radical anion is compatible with the reactivity discussed
in the experimental part, especiatiyce @-2) is 21.2 kcal/mol more stable théd1), revealing
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Intensity/a.u.

a significant thermodynamic driving force. This contrasts with the situation for ndegrah

which not only is the barrier (31.4 kcal/mol) excessively high at room temperature, butealso th
reaction energy shows a complete reversdlis 5.6 kcal/mol more stable thdr.

4.38 TD-DFT studies of three redox statesde?.

Time-dependent density functional theory (TDDFT) was applied to investigate the spectroscopic
properties ofd-2, (4-2) and(4-2)>. The computed spectra are summarize@Figure 4.13. A
gualitative agreement with experiment is obtained: The most intense transition in the visible region
is located at 615 and 763 nm for the neutral and radical anion, respectivelytheldianion has

no transitions in this region. The nature of these transitions has been characterized via the
corresponding natural transition orbitals, shown FKiggre 4.13. They reveala mixed
metal/ligandcharacter, i.e., the electron is delocalizethbin the ground and excitstate across

the square planar complex. The strong involvement of the metal center in this transition
rationalizes the absence of the corresponding transitiq@d-)- for whichthe Ni dorbitals are

filled and thusno longer available
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Figure 4.13 Left: UV-Vis spectrum fo#-2, (4-2) and(4-2)* at the TDPBEO/def2TZVP level of theory.

Right: Isosurfaces (0.05 a.u.) for the dominant natural transition orbitals for the hole (top row) and
particle (bottom row) for thenost intense transition. F¢4-2) only the beta electrons participate

significantly in the corresponding transition

4.4 Conclusion

Employing a combination of CV, rotating disk electrode and controlled potentiometry, we showed
that reduction oNi bis(thiolate) complex-1 led to reductive coupling of the imines, forming

exclusively paramagnetic Ni(lgomplex (4-2) that contains the redeactive &N2)? ligand.
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Moreover, thiscan be reduced by a secorideeform diamagneti€4-2)>. Furthermore(4-2)-
undergoes reversible oxidation and reduction, providing three different redox sithesigh the
valence electronsredelocalized btween the metal and ligand orbitals in bgrtbund and excited
states, the reductions are largely mel@sed, suggasg a novel square planar Ni(0) complex for
(4-2)%. The latter reacts readily with both the weak acid phenol and carbon dioxide, indicating a

potential role in multielectron electrocatalysis.

4.5 Experimental Section

4.5.1 General Considerations

Syntheic chemistry was carried out undetrogen, using an MBraun glovebox. TldRd hexanes

weredried on columns of activated alumina using a J. C. Meyer (formerly Glass Contour) solvent
purification systemNMR solventCsDe wasdried with activated aluminzg. 10 wt %) overnight,

followed by filtration. Sodium, potassium and benzophenone were obtained from Aldrich,
ferroceniumtetrafluoroboratédrom Stremand complexX-1 was prepared as described in Chapter

3.1H NMR spectra were recorded on a 300 MHz Brukeance |l instrument at room temperature

(211 25 °C) and referencdd residual protons (De, U 7. 15) with respect t
ad 0.00.

Electrochemistry: Electrochemical studies were performed in a glovebox (Jacomex){@pm,

H>O < 1 ppm)with a homedesigned 3electrode cellCyclic voltammetry (CV) curves were

recorded using a SP300 Biologic potentiostat. All studies were conducted in a standard one
compartment, threelectrode electrochemical cell using an automatic ohmic drop comigensat
procedure. Vitreous carbon (@ = 3 mm) working electrodes (ALS instrghvesite systematically

polished with 2mm diamond paste (PRESI SA) before recording. Theauumeous reference

electrode (ALS Instruments) was made of a silver wire dipped in aOAghlution (10 M +

TBAP 10 M in CHCN). The counter electrode was a platinum waed ferrocene or
dimethylferrocene served as internal refereficédF  (anhydr ous, -fre€ %és. 9 %, [
purchased from Aldrich and further purified on activated maha before use.
Tetrabutylammonium hexafluorophosphatéTBAPFs) was synthesized from tetm
butylammonium hydroxie and HPE; recrystallized several timé®m EtOH/H.O and then dried

under vacuum at 60°C for 24 before useSpectroelectrochemical (SEG)easurementaere
carredoutma At hin | ayero (0.5 mm) SEC quar-300cel | (
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potentiostat equipped with a 1 A/48 V booster and a linear scan generator. Absorption
measurementaere carried out in remote mode with the SEell coupled to an MCS 500 UV

NIR Zeiss spectrophotometer through optical fibers. All measurements were carried out at room
temperature iMHF (anhydrous, 99.9%\ crosea) usingTBAPFs as the electrolyte (0.2 M). The
Ag+/Ag reference electrode was madaddlver wire immersed in a solution containing a known
concentration of Ag+ (AgN&(102 M) + tetrabutylammonium perchlorate (M) in THF). The
counter electrode was a large surface platinum grid isolated from the main solution through a
homemade eletolytic bridge.

Computational details. All computations have been performed with Orca 4.2.1. The adopted
density functional was PBED3 applied in conjunction with the defZVP basis set. The
RIJCOSX option was activated to accelerate the computafitresnumerical grid quality was
increased with respect to the default and set to Grid6 and GridX6. The SMD implicit solvent model
was used with parameters corresponding to .THF

X-ray Crystallographic Details: Crystallographic data collection antbpessingvere performed

via the X-ray Core Facility at the University of Ottawa. Crystals were mounted on MiTeGen
sample holders using Parabar oil. Data veeléected on a Bruker Smatiffractometer equipped

with an Apexll CCD detector and a seatethte Mo Ksout e ( & =A). Duriiglcdléction,

crystal was cooled toapprox. 200 K. Sample cooling was effected via a refrigerated, dry
compressed air stream. Raw data collection and processing were performed with the Apex3
software package from Bruké&tInitial unit cell parameters were determined from 36 data frames
from sel ect-empirical absanpsion coBextioms based on eqgeivateflections were
applied?! Systematic absences in the diffraction ésgtiand unitell parameters were consisten

with the assigned space grouparbon and nitrogebased kdrogen atoms were placed
geometrically ad refined using a riding model, all other hydrogen atoms were placed via the
difference map and refined with restraints. Data collection and structure refindetails are
provided in Table A5.1.

4.5.2 Synthesis of three Ni{{Sp) redox states

Synthesis off4-2][Na(THF)e]. A 20 mL scintillation vial was cha@ed with 1@ mg of4-1 (0.17

mmol) in 15mL of THF. To this solution was added dropwiserig of sodiumbenzophenone
(0.127mmol, 1 equiv) in 5mL of THF. The resulting yellow/brown solution was stirred¥6rh at

room temperaturandthe solvent was removed under rediipeessure. The resulting gressiid
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was washed with hexanes (3 X 10 mL) and dried umdeuum to yiel®7 mg ©3%). Crystals
suitable for Xray diffraction were grown from concentraf€dF layering withhexanest-35°C.
'HNMR (300 MHz, GDs, Fi g. A4 . 1),4H) Ar-HR7.46 @id, 2Hy AeH),1B.84 (lir,
2H, backbone &), 7.42 (d, 2H, AH), 7.03(tr d, 2H, ArH), 6.89 (s, 4H, AiH), 6.66 (ov mult,
2H, Ar-H), 3.15(s, 6H, S CH3).

Generation of [4-2](M")2 (M' = Na*, K*). A 40 mL scintllation vial was charged wité-1 (300
mg, 0.52 mmol) in 2%nL of THF. To this solution, was addettopwise 64 mg (1.0dhmol, 2
equiv) of sodiumpotassium alloy, NaKThe resulting brighbrown solution was stirred for 16
at room temperaturafter whichthe yellow solution was filtered, solvent was removed and the
remaining yellow solidiried in vacuunto give 328mg (85 %). *H NMR (300 MHz, CRCN, Fig.
A4. 2) U§1H9Ar-B)37.38 @, 2H, backbone-B), 7.25 (mult, 1HAr-H ), 7.227.06 (ov
mult, Ar-H), 6.46(dd, Ar-H), 6.14 (tr, ArH), 5.61 (dd, br, 2H), 4.45 (br, 2H, backbon&i{; 2.50
(s, 6H, S CHa).

High-yield synthesis of[Ni(S2N2)] (4-2). A 20 mL scintillation vial was charged witf-
2][Na(THF)s] (70 mg, 0.12 mmol) in 10mL of THF. Ferroceniurretrafluoroborate
[Fe(GsHs)2]BF4 (32 mg, 0.12mmol) was added dropwise to the solution using a nsgringe.
After stirringfor 16 h thesoluion was filtered andolvent was removedrhe resulting violesolid
waswashed with coldHF (2X 1 mL) and hexane@ X 1 mL) anddried to yield 54ng 80%).
4.5.3Reactions ophenol and C@with Ni($N2)”* anions

In the glovebox a solution @BAPFs (970 mg, 2.5 mmol, 0.1 M) in THF was placed ihane
designed 2lectrode cellAfter CV blank measurements were rursodution (6 mg, 0.01 mmaol,
1 ¢ M) 4-2infTHF was added and characterized by a reductive scan. This step waptaad
in the pesence of phenol (0.9 mg, 0.01 mméliglre 4.7). In another experiment with tiie2 +
TBAPFs solution in THF, he Ecell was taken to pre-set up $hlenk lineconnected to two dry
THF bubblers to ensure a dry source of2C® cannula transfetine was nserted into the3-

electrode celand after a 1 min Cpurge the CV measurement was takieigijre 4.8).
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Chapter 5. Reactions of Fluoroalkenes withd® Nickel-SNS Tholate Complexes

5.1 Contribution for publication
Yahya M. Albkuri, Jeffrey S. Ovens and R. Tom Bakemmunicationn preparation.

Albkuri did all the experimets and Ovens did the-bay diffraction data collection and structure

refinement Albkuri and Prof. Baker are writing the manuscript.

Abstract

Fluoroalkenes (FAs) are strong electamteptors that are also prone to reductivé Gond
activation. Reducton of bis(thiolate) complexNi(SNS} using 1 or 2 equiv ofNa/K alloy
generates the Nig8l>) mono and dianion, respectively, which have been evaluated for their
reactions with CFX=CF where X = F, Cl, OCfand CEk. While reactions of the dianion with
these FAs give a number of products, the monoanion reacts cleanly to afford a mixture of neutral
ciss and transNi(S:N2)(CF=CFX) and anionic [Ni(S:N2)(CR-CFXH)]. The reactions are
proposed to proceed via initial electron transfer, followed by hydrogenadistmraction or fluoride
elimination. High dilution was required to cleanly obtaithe alkenyl productfrom

hexafluoropropene.

5.2 Introduction

Catalytic routes to organofluorine compounds offer an attractive target considering the
environmental downs@&associated with current synthetic methods. Installation of fluo#fifg (
trifluoromethyl ¢CFs)?, difluoromethyl (CHF)3 and difluoromethylene-CF>-)® to organic
substrates typically proceed throughbr M-R" intermediatesising electrophilic or nucleophilic
fluorine or fluoroalkyl sources that have been studied extensively. With the advent of photoredox
catalysis, efficient metahediated transfer of fluoroalkyl radicals has also been achfeved.
However, stoichiometric stlies of MR™ complexes obtained by singédectron transfer (SET)

from the metal center are less common, especially for metal alkenyl comBeketskayaand
co-workers employed metal carbonyl anidifi§1(CO)nL]" to investigate halogenophilic versus
carbghilic reactivity of aryt and alkenyl halide3.They proposed a pathway involvirigjtial

attack at halogen with subsequent coupling of carbanion and HalM(@®}rmediate$.While

reaction of K[CpFe(CQ) with polyfluorinated alkenyl halides gave somgbstituted products,
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CpFe(CO)}(CF=CFR)], Na[Re(COj] afforded the acyl product with selective@ and GBr
activation versus & ( Scheme 5.1 In 2001,the same authomsxamired less reactive alkenyl
chlorides, RCF=CFCI (R= Ph, F)with the same metatarbonyl anionsand showed thaho
substituted productsere derivedrom direct attack othecarbonylmetallate at thenylic carbon

atom’

Ry F
\EG/"':-:

Ry F X
\ ( NalRe(CO)_ | ¢ ) X co | co
——
£
F X THF. 1t Na+D[:—F'.é—CO F Re—CO|Nat
oc” | Goc/|
Co co

R: = (CF3)aC-, X = Cl, T0%
¥ = Br, 80%
Rr=F, X =Br, 90%

Scheme 5.Reactivity of fluoroalkenes with Na[Re(C4y

In this chapter, we demonstrate that reduced INi{Scomplexes react readily with
fluoroalkenes affording both neutral -Nuoroalkenyl and anionic Niluoroalkyl products.
Moreover,with chlorotrifluoroethylene H[Ni(S2N2)]" exhibits high selectivity for & versus €

Cl bond activation.

5.3 Results andDiscussion

5.3.1 Synthesis of reduced NN complexes

In the previous Chapter we demonstrated the accessibility and staftitig/i(SN2) mone and
dianions generated electrochemically. Chemical reduction was achieved conveniently using

sodium benzophenone or Na/K alloy, affording compléyie8 throughNi-6 (Scheme 5.2

j Na(THF)g \ T K(THF)e
1. equiv. /
Na. Benzophenone \

1 equlv NaK \
C[ THF,16 hr B C[ Q
g \s' =SSMe
Ni-5 Ni-1 Ni-3
T ?N;)Z(THF)12 or T (K)2(THF)4
Q_\Q 2. equiv. Q—\Q Q_\Q
~ | &% .NaBenzophenone | < . |20quivNek
QN\Ni/ND THF,16 hr L S N N- S THF 16 hr
~s" s” C[ NG Q
Ni-6 s s Ni-4

Scheme 5.Zhemicalreduction of Ni(SNS)or Ni(S:N2).
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The'H NMR spectra showed that the dianiorNin4 andNi-6 is diamagnetic; the EPR spectrum

of the monoanion was displayed and discussed in Chapter 4.

5.3.1Reactions ofeduced Ni(8\2) complexesvith chlorotrifluoroghylene (CTFE)

NeitherNi-1 nor neutralNi-2 showed any reactivity with CTFE, wheredianionicNi-4 andNi-6

both gave a mixture of products (yellow to green colour change) even when the addition was
performed at-78 °C Figure 5.1). In contrast,monoanimic Ni-3 and Ni-5 both gaveclean
reactions with CTFE even at Ritcompanied by a colour change from green to goaenafter

16 h Scheme 5.3 The!®F NMR spectrum indicated formation of three producis: andtrans-
Ni(S2N2)(CF=CFCI)(Ni-7) and[Ni(S2N2)(CRCFCIH)]M' (Ni-8), where M= Na', K*, in a 5:4:12

ratio (Figure 5.2). The alkenyl products are distinguished by tR&ir coupling constants which

are 15 Hz forccis-Ni-7 and 140.5 Hz fotransNi-7. Thediastereotopic & resonancefor Ni-8
include a largeJee coupling constant (219 Hand small*Je of 8 and 4 Hz, whereas thefc
resonance ha&k of 38 Hz confirming attack of the Miased nucleophile at the £&roup of
CTFE followed by H atom abstraction fromseht. The expected doublet of doublet of doublets
resonance of the terminati€ was observed at 5.90 in the!H NMR spectrum (Fig. A5.1)0n
consideration of these reaction products we surmise that formatiin/as accompanied by loss

of M'-F whereadormation ofNi-8 involves hydrogen atom abstraction from the solvent. The 3:4
ratio of GF bond activation to hydrogen atom abstraction was not significantly affected by
switching to acetonitrile solvent €H bond dissociation energy = 91 vs. 92 kcadl fior THF),

but no reaction at all was observed in toluene (benzyktBDE = 88 kcal/molf suggesting that

solventpolarity mayalsoplay a keyrole.

I T T T T T T T T T T T T T T T T T T

-65 -60 -65 -70 -75 -80 -85 -90 -95 100 -105 -110 -115 -120 -125 -130 ppm

Figure 5.1 NMR (282 MHz, GD¢) spectrum of reaction products frawi-4 (Ni°, d*% + CTFE in
THF.
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Figure 5.21% NMR (282 MHz, GD¢) spectrum otis- andtrans-Ni-7 andNi-8.

in these reactions. Moreover, in formihNg-7, we might have expected activation of the weaker
C-ClI (vs. GF) bond but similar observations have been attributed to better carbanion stabilization
by Clvs. F°

5.32 Reactions ofeduced Ni(2\2) complexesvith perfluoro(methyl vinyl ether) (PMVE)
Substituion of the Cl in CTFE with the OGFRgroup in PMVE did not significantly affect the
reaction courswith the reducedNi(SoN2) complexes.As above, dianioiNi-4 gave a mixture of
products and a brod@ NMR spectrumFigure 5.3 whereasNi-3 showed a clear reaction to

cis- andtrans{Ni(S:N2)[CF=CF(OCE)]} (Ni-9) and{Ni(SzN2)[CF.CHF(OCR)[}M " (Ni-10) in
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a 12:10:5 ratio(Scheme 5.% The alkenyl complexes were again distinguished by tA&i
coupling constants (26 Hz fars-Ni-9 and 129.5 Hz fotrans-Ni-9) but onlyoneF of the former
was coupled to the OGEroup (J= = 4.5 Hz), in contrast to the latter in which both alkenyl F
resonances were doublet of doubléls-@nd®Je= 4.5 Hz) (Figure 5.4). The diasterepic GF>
resonancefor Ni-10 included a largéJs coupling constant (226 Hand smallfJs of 12.5 and
13 Hz, whereas thewE resonance (also coupled to QLRas?J of 54.5 Hz, again confirming
attack of Ni at the CHgroup of PMVE followed by H atom alattion from solventAlthough
there were several unidentified -pooducts (one major), th€F NMR spectra provided no

evidence for a Ni[CF(OGICF:H] group. In an effortto control the selectivity, theeaction was

T T T T T T T T T T T T T T
-20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140  ppm
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Scheme 5.&RKReaction olNi-3 with PMVE.
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Figure 5.4 NMR (282 MHz, GD¢) spectrum ofi-3 reactionwith PMVE (red is protortdecoupled).

performed at 78°C but the relative selectivity for-€ bond activation and H atom abstraction (>
4:1) was unchanged. Longer reaction times also had no effembduct selectivity.

5.33 Reactions of reduced Ni(&\2) complexes with tetrafluoroethylene (TFE) and
hexafluoopropene (HFP)
As with the other fluoroalkenes, TFE reactions with diamod afforded green solutions

that gave broad® NMR spectra of a mixture of unidentifigdoducts (Fig. A5.3). Attempts to
improve the reaction by changing solvent, temperatuck stoichiometry were unsuccessful.
However, Ni-3 and TFE afforded both perfluorovinyN{-11) and tetrafluoroethyl Ni-12)
products in a 3:10 ratiidcheme 5.5

104



\ IK(THF)s
QIK THF)s F \
IN N »
?F S S
TFE @N\N_,ND

W NI + O/ D + Ni-13+ Ni-14

Q NI j:j THF,RT s s ST

s” s 16 h -/ F

Trace
Ni-3 H
F F
Ni-11 Ni-12
" -KF
Fw -~
\H\CFB
F HFP \
N N », \S S/
> S N. N
25 equiv. TFE O’KN\N{ND @f/‘Ni'\ D
1 equiv. HFP 57 [ Ny + S S

THF.RT J—F FA/H\ F
3 days CF; L
3

-KF F
Ni-13 Ni-14
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The %F NMR speatum of this reaction mixtureF{gure 5.5) showed two additional
alkenyl products dis- and transNi(S2N2)[CF=CF(CE)] in a 1:2.5 ratio)(Ni-13) apparently
derived from hexafluoropropene (HFP) which is a 3% impurity in the TFE gas. The parihyb
group inNi-11 is distinguished by the largeans 3Jer coupling constant (124.5 Hz) and the
tetrafluoroethyl group iNi-12bythe 3.5 and 54 HzJ coupling constants for thexEz and GF2H
groups, respectively. Both fluorinestirans-Ni-13 (3Jsr = 146 Hz) are coupled to the €§roup
(Jrr= 21 and 12 Hz) as they aredis-Ni-13 (3Jr= = 6 Hz; #rto CR= 11 and 10 Hz). The large
amount ofNi-13 shown in Figure 5.5 reflects the mugigher reactivity of HFP relative to TFE.
Indeed, using 25 equ of TFE gaveNi-13 almost exclusively (Fig. A5.4). In contrast, direct
reactions ofNi-3 with HFP gave no colour change and brd& NMR spectra (Fig. A5.6)
indicating a mixture of products, due again to the high reactivity of the Iaiteitar behaior was
observed usinili-4 (Fig A5.7).

5.34 Reactions ofeduced Ni(2\2) complexesvith 1,1-difluoroethylengVDF) and3,3,3
trifluoropropene(TFP)
In a last attempt to obtain clean products from dianied,Nve investigated less reactive Si@F

(VDF) and CH=CF(CR) (TFP). Although both gases effected a colour change from yellow to

green, no diamagnetic products were observedm}MR.
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Figure 5.5%%F NMR spectrun{282 MHz, GDe) of Ni-3 + TFE:HFP (97:3).

5.4 Conclusion

This work has expanded our knowledge aboti &tivation of fluoroalkenes. Starting from
simple Nibisthiolate and reduced by one electron has shown great reactivity that can be seen by
Ni(I)-SNS complex to give different type of fluorinated nicB&NS conplexes. While treatment

of Ni-3with CTFE led to different products, one of them favor HAA, but the other one favor the
usual vinyl product, thali-3 reacted with PMVE differently and favor the HAA pathway to

make two isomers. Variable temperature hadffexeon the selectivity. Moreover, using a poor
source of proton also did not improve the selectivity. Finally and interestiigB/has shown

great and different reactivity towards TFE, changing the TFE ratioNwithshowed different
products®F NMR confirmed that there are two intermediates form in sl that led to the
unusuaNi-11 andNi-12.
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5.5 Experimental Section

5.5.1 General Consideration8ll experiments were carried out undetrogen, using Schlenk

line or an MBraun glovebounless otherwise stated. All solvents were deoxygenated by purging
with nitrogen.Toluene, hexanes, diethyl ether, and THF were dried on columns of activated
alumina using a J. C. Meyer (formerly Glass Contour) solvent purification syat@mydrous
benzae(Aldrich), CsDe and acetonels were dried with activated alumina (ca. 10 wt %) overnight,
followed by filtration. Dichloromethane (DCM) and CRx@Vere refluxed over calcium hydride
under nitrogen, collected by distillation, dried further by passingigiractivated alumina (ca.10
wit%), and stored over activated 4 A molecular sieves (heated &C2f60 3 d under vacuum).
Glassware was ovetlried at 156C overnight Ligand precursor 2methylthio}benzaldehyde

and the SNSY® (MTB) ligand® were prepared according to literature procedarss reduced
Ni(S2N2) complexes were gendeal as described in Chapter 4 Experimental sect@ther
chemicals were used as obtained commeyci&bdium cubescpntains mineral oilAldrich,
99.9%), Potassium cubesd@ntains mineral oilAlfa Aesar, 99.%6), NaK reagent was made K:Na

4:1 ratio. Tetrafluoroethylene was made Iyyrolysis of polytetrafluoroethylene (Scientific
Polymer Products, powdered) under vacuum,us;xga ght ly modi fied I itera
mTorr, 650 °C, 30 g scale, product stabilized with (R)-limonene (Aldrich, 97% giving TFE

of ca. 97% purityf:° *H and'®F NMR specta were recorded on a 300 MHz Bruker Avance or
Avance |l instrument at room temperaturei(23 °C).'%F and*H NMR spectra were referenced
respectively to solvent carbons and residual protosBC U CDClL 50 7. 26) with r
tetramethylsilane at 0 Mds®spectra were recorded on an AB Sciex Q1MS mass spectrometer
with electrospay ionization (ESMS) in positive mode (ion spray voltage: 5000.0 V, TEM: 400
°C, declustering potential: 11.00 V and focusing potential: 300.0 V) with samples prepeaed to
0.05 mgmL in acetonitrile or dichlonmethaneX-ray diffraction data wereollected on a Bruker
Smart or Kappa diffractometer equipped with an Apexll CCD detector and a-s¢ladeo K
source [ =0.71073 A)Elemental analyses were performed by University of GuElpmental
Analysis service

5.5.2 Reactionof CTFE with (Ni-4) and (Ni-6). A 50 mL oneneck vacuum flaskitted with

rubber septum was charged wiNi4 (40 mg, 0.061 mmol) in 15 imof THF solution. CTFE (1.5

mL, 0.061 mmol, 1 equiv.) was added to the solution uaisgringeat room temperature. The

yellow color solution was immediately turned green. The reaction mixture was stirredifat 16
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room temperatureafter which he sohent was removed undaracuum and the remaining
green/blue solid was dissolved in cold hexane2 and THF (1mL) and keatt-35°C for 3 hrs,
solution was filtered and remove the solvent under vacuum toagimexture ofproductsas a

green/blue solid.

Same experimental procedure was followed ublir§

5.5.3 Synthesisof cis- and trans-Ni(S2N2)(CF=CFCI) (Ni-7) and [Ni(S2N2)(CF2CFCIH)]M '
(Ni-8) (M' = Na', K*). A 50 mL oneneck vacuum flaskitted with rubber septurwas charged
with Ni-3 (40 mg, 0.065 mmol) in 1&L of THF. CTFE (1.6 mL, 0.065 mmol, 1 ely.) was
addedo the solution using a syringé room temperature. The resulting greelution was stirred
for 16h at room temperatusdter which he solvent was removed undeicuumand the remaining
blue-green solid was dissolved in cold hexanen? and THF (1 mL) and kepit -35 °C for 3
hrs. The solution was thdfiitered and the solvememovedunder vacuum to giva mixture ofcis-
andtrans-Ni-7 andNi-8 as a purple solidtH NMR for Ni-7 andNi-8 (300 MHz,CsDs) 8.89 (by
Ar-H), 8.258.33 (dd Ar-H), 7.57 (m, Ar-H), 7.42 (s Ar-H), 7.056.99 (m, ArH), 6.78(m, Ar-
H), 225 (s, SCHs) (Fig. A5.1).%F{*H} NMR (282MHz, CsDe): cis-Ni-7: -85.5,-112.9 ppm (d,
33k = 15 Hz);transNi-7: -103.2,-123.8 ppm (d3Jer = 140.5 Hz);Ni-8: -84.9 (ddd 2Jer = 2109,
3F = 20,31 = 4 Hz, 1F, &), -89.0 (ddd2Jer = 219,33 = 18,°Jn = 8 Hz, 1F, &), -146.8
ppm (ddd*Jrr = 20, 18,33 = 38 Hz,1F, CH-CI).

Same experimental procedure was followed to synthésizeandNi-8 usingNi-5.

5.5.4 Reactionof PMVE with (Ni -4).

(20 mg, 0.031 mmol) oNi-4 dissolved in 0.5 mL of THF vgatransferred to an NMR tube
equipped with a septum. To the solution, a 1.0 equiv portion of PMVE (0.75 ml, 0.031 mmol) was
added, giving an immediate colour changed from yellow to green. The NMR was shaken
vigorouslyfor 10 min, the solvent was removedvicuo and the residue-dissolved in GDes.

555 Synthesis of ciss and trans{Ni(S2N2)[CF=CF(OCF3)]} (Ni-9) and
{Ni(S2N2)[CF2CHF(OCF3)[}M ' (Ni-10) ( M' = Na', K*). A 50 mL one-neck vacuunilask fitted

with arubber septumvas charged witiNi-3 (40 mg, 0065 mmol) in 15mL of THF. PMVE (1.6

mL, 0.065 mmol, 1 equiv.) was addemthe solution using a syringg room temperature. The
resulting greemsolution turned into blue in 10 min and was stirred foh &fter which he solvent

was removed undeacuumand the remaining solid was dissolved in cold hexamel(?zand THF
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(ImL) and keptt-35°C for 3 h Thesolution waghenfiltered and the solvent under vacuum to
give a mixture ofNi-9 andNi-10 as a prple solid.**F{*H} NMR (282 MHz, CsDs) cis-Ni-9: -
59.4 (d,°Jer = 4.5 Hz, OG3), -90.3 (dq, 3Jer = 26, °Jer = 4.5 Hz),-128.4 ppm (d, 26)rans-Ni-9:
-59.0 (tr,°Jr= 4.5 Hz, OE3), -108.7 (dg3Jer = 129.5 °Jrr = 4.5 HZ) -134.5 ppm (dq129.5,**

= 4.5 Hz).Ni-10: -59.6 (d,*Jre = 4.5 Hz, OE3), -89.0 (ddd 2Jrr = 226,3)¢ = 13,331 = 4 Hz, 1F,
CF>), -90.0 (ddd, ,226%)r = 12.5,3J = 8 Hz, 1F, &), -140.0 ppm (dddJer = 13, 12.53F =
54.5 Hz,1F, CH-CI). Additional resonances59.5 (d, 4.5);88.3 (dd, 62.5, 10),134.5 (dg2Je

= 55,J¢ = 4.5 Hz),-139.3 (br d mult?Jey = 54 Hz).

5.5.6Synthesisof Ni(S2N2)(CF=CF2)] (Ni-11)and [Ni(SzN2)(CF2CF2H)]M ' (Ni-12) (M' = Na',
K™). A 50 mL oneneck vacuuntflask fitted witha rubber septumvas charged witiNi-3 (40 mg,
0.065 mmol) in 15nL of THF. TFE (1.6 mL, 0.065 mmol, 1 equiv.) was addedhe solution
using a syringet room temperature. The resulting greafution was stirred for 16 at room
temperaturafter which he solvent was removed undexcuumand the remaining purple solid
was dissolved in cold hexanerfl.) and THF (1 mL) and ket -35 °C for 3 hrs The ®lution
was filtered and the solverémovedunder vacuum to giva mixture ofNi-11 andNi-12 as a
purple solid *H NMR for Ni-11 andNi-12 (300 MHz,CsDs) 8.87 (s, AfH), 8.26 (m, AfH), 7.57
(d, Ar-H), 7.407.14 (ov mult, ArH), 7.03 (s, AfH), 7.06.8 (ov mult, ArH), 6.836.64 (ov mult,
Ar-H), 5.52 (t, 1H;CR-CRH), 5.34 (t, 1H-CR-CRH), 5.17 (t, 1H-CR-CFRH), 3.16 (br), 2.26
(s, SCHs) (Figure A5.2)%F{*H} NMR (282 MHz CsDe): Ni-11: -87.1(dd, *r = 44, 33Hz), -
105.9 (ddl2Jre = 124, J¢=44 Hz) -150.1 (dd 124, 33 Hz).Ni-12: -92.3(trd, 2Jer = 10, 34 = 3.5
Hz), CaF2), -132.5 ppm(dtr, 2Jrn = 54 Hz, 2Jr= = 10 Hz).

5.5.7 Synthesis ofcis- and trans-[Ni(S2N2)(CF=CFCF3)] (Ni-13). A 50 mL oneneck vacuum
flask fitted with rubber septuwas charged witiNi-3 (40 mg, 0.065 mmol) in 15L of THF.
TFE (38.8 mL, 1.625 mmpR5 equiv.)HFP (1.3 mL, 0.065 mmol, 1 equiv.) was addedhe
solution using a syringat room temperature. The resulting greetution was stirred for 3 days
at room temperaturater which be solvent was removed und@cuumand the remaining purple
solid was dissolved in cold hexanen2) and THF (1mL) and keptt-35°C for 3 h Thesolution
was filtered and the solvent remaoMender vacuum to giva mixture ofcis- andtrans-Ni-13 as a
purplish solid.*H NMR (300 MHz,C¢De) 8.25 (ov mult, ArH), 7.48 (d, AkH), 7.42 (s, AfH),
6.926.80 (m, ArH), 6.77#6.63 (ov mult, ArH), 6.626.33 (ov mult, ArH), 2.25 (s, SCHy)
(Figure A5.9. %F{*H} NMR (282MHz, CsDe): cis-Ni-13: -64.9 (dd, g = 11, 10 Hz)-99.8 (qd,
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JF=10, 6 Hz)-135.4ppm @Qd, }-= 11, 6 Hz).transNi-13: -67.3(dd, }r= 21, 12 Hz);120.4

(dqg, Fr= 146, 21 Hz);156.0 ppm (dg,r# = 146, 12 Hz).

5.5.8 Reactiorof HFP with (Ni-3) and (Ni-4).

Two NMR tubes was prepared with rubber septa: the first tube was chargedigit20 mg,

0.033 mmol). A 1.0 equiv portion of HFP (0.8 ml, 0.033 mmol) was added to the NMR tube and
it was shaken vigorously for 10 min and kept inside the glovebox for 16 hrs; no color change was
observed. The solvent was removed and the residdisselved inCsDe. The second NMR tube

was charged witiNi-4 (20 mg, 0.031 mmol). A 1.0 equiv portion of HFP (0.75 ml, 0.031 mmol)
was added to the NMR tube and it was shaken vigorously for 10 min; the colour changed
immediately from yellow to green. After 16 hrs, #udvent was removed and the residue dissolved

in CsDe.

5.5.9 Reactiorof 1,1-difluoroethylene, 3,3,3trifluoropropene with (Ni -4) and (Ni-6).

Two NMR tubes were prepared and each filled Witk (20 mg, 0.031 mmol) dissolved in ca. 1

mL THF. A 1.0 equiwortion of the fluoroalkene (0.75 ml, 0.031 mmol) was then added to the
NMR tube giving anmmediatecolour change from yellow to dark green. After 16 h, THF solvent
was removed from each NMR tube and the residue dissolvesgDin C
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Chapter 6. Conclusions and Future Outlook

The work presented in this thesis adds to our understanding of phefigleiméckel catalysts for cross

coupling catalysis, nickel coordination chemistry and dynamics of thiotate-thioether SNS

ligands, and electronic structuaed reactivity of a nickel 8l> complex in three redox states. In this
Chapter we consider these advancements in the context of the current state of the art and suggest some
ideas for future development.

In Chapter 2 our work builds on earlier catalysisgpects from the Ghosh group employing
the diamidopyridine pincer liganid. Advantages offered by our Ni precataly2t?) include: 1) ease
of ligand @-1) preparation (single step from pyridine dicarboxylic acid and 2 equiv of the disubstituted
aniline); 2) stability to air and water; 3) potential thermal stability; and 4) ease of Ni separation (vs.

Pd) from resulting organic products. Although anionic nickel(ll) halide complexes are unusual
precatalysts for aryl halide aminations, addition of KO&anes the function of both halide removal
and reduction to Ni(f)which is competent for oxidative addition of the aryl halide substrate. It is
understood that the base also deprotonates the metal amine complex to an amido ligand that
subsequently undergoesductive NC bond elimination with the Naryl* Although more effective
nickel catalysts have been reported previously by the Stradiotto Yfthggr designer Dalphos ligands

are considerably more complicated to make. In order to stand out from biipe yet effective
catalyst systems such as CuBmglroxyquinolineN-oxide development of a catalyst separation
strategy that takes advantage of the negative charge could be avgarae Bulky phosphonium
based ionic liquids that are compatible wstlong bases may offer one promising possitfiFinally,
application of inorganic chemistry characterization techniques such asfnpeezeh EPR studies, may
allow for characterization of paramagnetic Ni(l) and Ni(lll) intermedidtes.

In Chapter 3 we investigate the nickel coordination chemistry of an ¥NSncer ligand
containing thiolate, imine and thioether donors. Previous studies of this ligand by other members of
the Baker group have focused on'®éand Co'? and more recently Cu and Zn. Thegin of this
|l igand type can be traced to Bouwhusimts Bwor k on
substituent instead ofBe. Although she did isolate and characterize a bis(thiolate) complés- Ni(
SNSBY),, analogous t@-1, reaction of her ligad with some Ni salts afforded instead a thiolate
bridged dinuclear complex [Nitk3>-SNS)hbdue t o O6deprotectiond of the
dianionic, iminedithiolate SNS ligand. In our work, we obtained a structurally similar dicationic,

thiolate-bridged dinuclear complex {{Ni¢k3-SNS"¢)],}2* (3-3) by protonation of the bis(thiolate)
complex, Nik>-SNS"), (3-1). In her 1998 paper, Bouwman noted that attempts to cleave their
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dinuclear complex with donor ligands were underway but a fellpygaper has not appeared. In
our case, ligand addition proceeds smoothly, affordingrdinononuclear cationic produc6a,b
and7a,b, depending on the ligandising2 equiv ofthe IPrN-heterocyclic carbene ligancevealed
an alternate & bond cleavage gthway in which the strong NHC nucleophile abstracts a
met hylium cati on, forming the same dianionic
dimer, but now in a mononuclear(kf-SNS(IPr) complex 8).

An unexpected and remarkable feature of our dinuclear dicat&dna its ligand dynamics
in solution.Even dissolving the crystals -at8°C yields no evidence for its diamagnetic structure
in solution. Instead, the hemilabiledbther group allows for the formation of the paramagnetic,
pseudeoctahedral Nk3-SNS. unit, two of which bind to a central square planaf*Nenter
through thiolate bridges in trinuclear comp@® and three to a central octahedrat'Nienter in
tetranuclear compleg-5. As the SNS ligand:Ni ratio increases from 1 to 1.33 to 1.5 h going from
3-3to 3-4to 3-5, the coproduct must be Ni(NBj. although we were unable to identify a WA
signature for the | att edigan don dsypn anei cosf, tahd dsi tuin
ligands L provided no evidence for formation of [D(INTf2). and reaction with CNXylyl even
afforded a thiolatdridged dimer, seemingly derived fra38. We showed that conversion &f
3to 3-4 + Ni(NTf2)2 proceededn a variety of solvents, including acetone, TldEetonitrile and
even weaklycoordinating DCM. Although we were able to generate triflate salts of the
multinuclear Ni complexes from reaction Mi{(OTf). with multiple equiv of3-1, in future work,
it would be interesting to employ more wealdgordinating anions by performing the protonation
of 3-1 using HBR or HB(Ar")4 [ArF = 3,5(CFs)2-Ph]. Perhaps dissolution of these salts in DCM
would then allow for the observation of diamagn@8ti@ structure in soldion.

In comparing the Ni SNS coordination chemistry with thatotifer first row metals
reaction of Fe(OTHwith 2 equiv of the (SNSanion affordsa similartrinuclear dication in which
two diamagnetic, pseuductahedral Fg3-SNS, metalloligands bid to a central tetrahedral #e
via thiolate bridge$® All attempts to isolate the iron bis(thiolate) complek by reaction of
Fe[N(SiMe&)2]> with two equivalents of the MPB proligand) afforded instead the fSgfN
complex via imine € bond coupling st shown in Scheme 3'*.The lone exception is the
carbonyl complex, R&3-SNS'®)(k?>-SNS'®)CO, formed reversibly by carbonylation of Fe@).
With Co, reaction of MPB or th€SNS) anionwith a number of Co(l) or Co(ll) salts and neutral

precursors all afford the [CoffS,)]” anion?? In more recent unpublished work, Baker gpo
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researchers have shown thedction of CuGlwith the(SNS) anionalso involves metal reduction,
affording monovalentthiolatebridged tetramer,[Cu(mSNS")]s. Only zinc affords a stable
bis(thiolate) complex, Zk@-SNS"e),, with the expected distied tetrahedral structure. Several of

these complexes have been shown to be effective bifunctional catalysts for hydroboration of

carbonyl compounds such as aldehydes, ketones and amides. Although we showed that dication

3-3 catalyzes the hydroboration pyridine, sluggish activity, poor selectivity and no discernible
ligand effects caused us to discontinue this study. For future studies, bifunctional
(de)hydrogenation catalysis should be pursued with our nickel complexes to identify a system that
takes dvantage of the basic thiolate ligand and hemilabile thioether.
In Chapter 4 an electrochemicastudy of3-1 revealed quantitativesomerizaion of the
Ni bis(thiolate) anion to [Ni(8N2)] (3-2)". This is an important observation as thermal
conversion 63-1 (and its Ni(SN)analog$to 3-2 (and the corresponding NilS2) complexes)
proceeds in moderate yield at best (max. 56%). In contrast, chemical redu@&itmusihg
cobaltocenéollowed by oxidation using ferroceniutatrafluacoborate afforde®-2 in 85%
yield. The electronic structure of @1 is consistent with an opeshell singlet with the two
ligand-based electrons paired (i.e. amand oneb) . This is in cbdntrast
[Co(SN2)], which is arS= 1 openshell triplet (i.eboth ligand electrona).'® Note, however,
that thedegree of electresharing between the ligand and metal d orbitals is so extensive in
these complexes that the concept of oxidation state becomes blurred and thus less useful.
Presumably the differencetween Ni and Co electronic structure arises from the energy
difference between the metal and ligand orbitdisteover, the two characteristic short C=C
bonds (1.36 A) in the mercapémilide portion of th€S;N2)? ligand in3-2 and(3-2)” are absent
in [Co(SN2)]” which shows nearly equivalent€ bonds of ca. 1.40 ur understanding of
this class of complexes would likely benefit from a kigbel ab initio molecular orbital
calculation of the four redox states of &2 ligand shown in Scheme 4.2.
Spectroelectrochemical experiments demonstrated three stable redox st@aridr
DFT studies suggest predominamntigtatbased reductions from Ni(ll) to paramagnetic Ni(l) to
diamagnetic Ni(0). Nonetheless, an inspection of the frontier orbital®foBk2 andradical
anion(3-2)" shows the intimate participation of the reelxtive SN2 ligand Figure 6.1). This
was also confirmed by the TDFT studies which demonstrated that the most intense electronic
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transition in the visible region has mixed alfigand character. (Scheme 4.11). In a preliminary

reactivity study, we performed the CV experimen8&in the presence of weak acid phenol

aHOMO bHOMO
-4.3eV 4c S

. T,
omwm v

Figure 6.1DFT frontier orbitals fo3-2 and @3-2).

to assess its ability to generatglyy dectrocatalysis. Although no reaction was observed (@ith
2), the dianion(3-2)* clearly reacted with phenol but no catalytic wave was observed and the
reaction was shown to be reversible upon reoxidation. Further studies should investigate stronger
acids with weakly coordinating anions such as lutidiniBfy or p-toluenesulfonic acid (cf.
Castill ob6s st-bridged[NiESNS) gatalyst ih whiclo SN& ts an amino dithiolate
ligand)!* Performing the CV experiment witB-2 under a CQ@ atmosphee again showed no
reaction with(3-2) but the second reduction occurred at an increased voltage and was only
guasireversible. This promising observation should be followed up in the presence of a weak acid
to see if3-2 shows promising selectivity for G@eduction products. This is an increasingly well
studied target as heterogeneous catalysts such as flnooiiéied solid coppenave been recently
shown togive high yields of gproducts ethylenandethanol*®

In a second attempt to distinguish tleactivity of the three redox states of [Ni{B)] (3-
2) we turned to strong electratceptor fluoroalkenes (FA8) Chapter 5. In this case, dianion

(3-2)*- proved to be too reactive, generating complex reaction mixtures wkAsiitried except
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for CH,=CF, and CH=CH(CRs) with which no reaction was observed. In contrast, radical anion
(3-2) underwent reasonably selectivansformatios with TFE, CTFE, PMVEnd HFP although

the latter required high dilution. Based on previous work by the Beletskayp igr&®ussia® we
propose that all reactions proceed by initial electron transfer {8a2y to the FA, followed by
either fluoride elimination to give the neutral Ni alkenyl product or hydrogen atom abstraction
from solvent which vyields anionic fluordall complexes. The observed F elimination/H
abstraction ratio depended on the FA but further quantitative experiments will be required to

eliminate possible solvent and concentration effects.
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Appendices

Chapter 2
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Figure A2.1*H NMR spectrum (300 MHz, CDg)lof ligand(1).2

Figure A2.2H NMR spectrum (300 MHz, CDg)lof nickel complex2)%°3
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