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Abstract

The introduction of fluoroalkyl groups into organic molecules is edwn to
alter various chemical and physical properties that areriaupt to the life sciences and
materials fields. Evidence is observed in the pharmacetigtéiwhere over 40% of new
small molecule drugs in 2018 and 2019 contained fluorine. Likewise, over 5o@&wof
agrochemicals since 1998 contained fluoroalkyl functionalities. Tdrerefthe
development of synthetic strategies for introducing fluoroalkyl grospmperative in
organic synthesis. In this dissertation, new advances towards entibdngalkylation
with earth-abundant first-row transition metals copperattpland nickel, are described.
With copper, a methodology for rapidly accessing and analyzingdnikuoroalkyl
cuprates is described. A family of fluoroalkyl cobalt(ithmplexes have been prepared,
and their solution and oxidative properties have been studied. FiaalBuy strategy for

fluoroalkylation is reported using simple nickel salts supporyesbbvato ligands.



Chapter 1: Introduction

1.1 Importance of Fluorine in Organic Compounds

The introduction of fluorine into organic molecules is now well-knownltier aarious
chemical and physically properties. The high electronegativityedgadron-withdrawing
abilities of fluoroalkyl groups decrease basicity of neighboringctionalities and
ultimately alter the acidity (p& of the moleculé. Fluorine has the ability to control
conformational bias from hyperconjugation interactions of @&-Forbitals accepting
electron density from adjacent C+# bonds?> Fluoroalkyl groups offer the ability to
increase a molecules lipophilicity, thus increasing membraeemeability and
absorptior?: 4 Further, fluoroalkyl groups have been shown to increase a moleculeOs
stability by preventing metabolic decompositfoh.

Because of these unique properties, fluorine now plays a trdlean almost every aspect
of human life. Products such as refriger§rtsothpasté uranium purificatiofy, etchant

and cookwar® all contain fluorine and fluorinated molecules. One of the mgsaatful
roles that fluorine plays is in pharmaceuticals and agroch&miCaer 50% of new
agrochemicals introduced on the market from 1998-2020 contained fltibfuether,
over 40% of new small molecule drugs introduced on the market in 2018 and 2019,
contained fluorine (Figure 1a contains examples of fluorine contaihimgn@aceuticals)?

A representative example for the unique effect of fluorineuigslican be seen in the small
molecule drug aprepitant (Figure 1a), where the added fluorinatetddnalities are found

to increase central nervous system permeability and potencgniparison to non-
fluorinated counterparts. Ezetimibe, a drug used for the treatments of high blood

cholesterol was developed frofma (Figure 1b)* Compoundla was a potent lead



cholesterol absorption inhibitor, though it suffered from metaladgradation at multiple
sites** However, incorporation of fluorinated groups produced the metatiglistable

drug Ezetimibe, without affecting the potency (Figuretb).
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Figure la.Examples of fluorine containing drugs.
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potent cholesterol absorption inhibitor metabolicly stable, with the same potency

susceptible to metabolic attack in multiple sites

Figure 1b. Design of fluorinated Ezetimibe from cholesterol absorption itdnlia

1.2 Methods for Incorporating Fluorine
While it is clear that incorporation of fluorine into organiclecules is important, synthetic

methodologies are still needed for basic fluorinated groups. Topdite the need, shown
in Scheme 1lais the current industrial method to prepare onesifitpiest trifluoromethyl

containing molecules, trifluorotoluene. The method requires two synsteps and the



use of harsh chlorine gas and RFThis method is very advantageous from an atom
economy and cost perspective on the industrial scale. Howevergthedns not useful
for fine chemical production of new products like pharmaceuticalgere late-stage
functionalization can be beneficial. In the literature, tiexist a number of different types
of fluorinated groups, therefore, the focus of this section asdttésis is on perfluoroalkyl
groups. The trifluoromethyl group has been regarded as one of thempostant of the
fluorinated functionalities, as it is the most common fluorinatedigin agrochemicals,

and the second most common in pharmacuetiéals.

CCly CFs

Cl, HF
hv

Scheme 1lalndustrial synthesis of trifluorotoluene
First-row transition metals are desirable catalysts for sgmthetic methodologies for
fluoroalkylations due to their low cost and higher natural abundance in dsorp#o
second- and third-row metals. For example, nickel is over 2000peh#aan palladium,
rhodium, iridium, platinum, and gold. Furthermore, first-row titams metals tend to be
lower in toxicity® An additional benefit of first-row transition metals is thgpically
react under mild reaction conditions. If mild, catalytic methath Wist-row metals can be
developed, and late-stage fluoroalkylations would be more adeeSsie following three
sections describe representations of the pioneering work withecopickel, and cobalt
that has motivated the research in this thesis.
1.2.1 Methodologies Using Copper
For copper, a number of fundamental studies utilizing stoichionrettions with in-situ

generated or isolable LCu-@for G\Fan+1, L = ancillary ligand) complexes have been



reported to generate aryl-gproducts from aryl halide's:1° Examples of copper-catalyzed
trifluoromethylations utilizing traditional cross-coupling approaciies have appeared in
the literaturé®22For example, Hideki AmiiOs group reported a copper-cathjyotocol
for the trifluoromethylation of aryl iodides (Scheme ibHowever, methods like those
reported by AmiiOs group had low substrate scopes, gave teoyislds, required
elevated temperatures, and often only worked for aryl iodides. Theatjgmeposed
mechanism for these reactions is shown in Scheme 1b. Hste fransmetalation of the
trifluoromethyl group to copper(l) occurs, followed by an oxidatdelition of the aryl
halide, leading to reductive elimination from a copper(lll) cemteyield the desired

product and complete the cycle.
| CFs

X Cul (10%), phen (10%) AN
R 7] + TMS-CF; | —R
_ KF (2 eq), NMP/DMF (1/1) _

60 °C, 24 h.

OcF; ~— TMS-CFg + FO

Ar-CF, LCu-x

S)

transmetalation

reductive elimination

i
'—‘Clu—Af L—Cu—CFg

CF3

oxidative addition

Ar—I

Scheme 1bEarly example of copper catalyzed trifluoromethylation strategy
Key takeaways of these fundamental and stoichiometric studiesnbav&aught us that
reductive elimination from copper(lll) occurs quite readily, andlatwe addition at a

copper(l) center with aryl iodides and bromides is difficult, bam occur at elevated



temperatures. However, aryl chlorides are rather unreaditaeMillanOs group used these
known limitations and made a significant advance by using a coppérzeataadical
approach for the trifluromethyaltion of aryl bromides (Scheme?licistead of requiring

a discrete oxidative-addition step, they relied on the additionybfadicals adding to a
[LnCu(I)-CFRs] (generated from radical GFRaddition to Cu(l)) species to generate an
arylated copper(lll) species that can quickly reductively elate aryl-Ck product
(Scheme 1c). The method had a much broader substrate squgrated at lower
temperatures, and used the more widely available aryl bromidesel alternative
approaches utilizing knowledge gained from fundamental studies wiltribeal to

circumventing limitations in future methods developments.

Ir photocatalyst (0.25%)

/@/Br CF3 CUBr, - 2 LiBr (20%) CF3
+ S.
NG Mes” & Mes TMSOH (1.5 eq) NC/©/

© Na,CO3 (4 eq), acetone .
ot blue LED, 35°C, 8 h 89% yield
X
| CFs
'CF3 Z/
[L,Cu(X)] — [L,Cu"(CF5)X] —— Ln—(|:u”|—Ar
X

Scheme 1cRadical approach to the copper oxidative-addition problem

1.2.2 Methodologies Using Nickel

Methodologies for the incorporation of perfluoroalkyl groups with fitleee suffered a
different problem than copper. Oxidative addition of aryl halabsirs quite rapidly with
nickel, and transmetalation is rather facile (Scheme 1)*fef Rather the reductive
elimination of aryl-Ckhas proven to be quite challenging, particularly with nickehen t

+2 oxidation staté® A fundamental study in 2008 found that nickel complexes of the type



[(dippe)Ni(aryl)(CR)] were stubborn to undergo reductive elimination, and rather
underwent redistribution reactions (Scheme 1d ritthtlHdydrocarbon derivatives
underwent reductive elimination quantitatively, in contrast (Schenmigltit).?> The work
demonstrated an inherent challenge with developing nickel catalyraodlkylations -

the ability to circumvent the need for discrete reductive elinmmndrom nickel in the +2

oxidation state.

LNi Ar—X

oxidative addition

P)\/©
[ i 25°C @—w
¢ 5
7/ \
P CHs THF -
ﬂ 7/ quantitative
Ar
i Ar
LNI\ LNi~ \/ )\
CF3 N
X P
(s =
Ni —_—
/N THF
— 7/ (dippe)Ni(CFa), + Ni°

reductive elimination

transmetalation

RN Ocr,

Scheme 1d. Left: Common catalytic cycle attempted for nickel-catalyzed
trifluoromethylations of aryl halides. Right: Fundamental reactioasparing the
difference between hydrocarbon and fluorocarbons in reductive elionsdtom nickel
More recently, groups have begun to develop new approaches in ordeutovent this
challenge, by accessing the high-valent states of nickel in éodenable reductive
eliminations of aryl-CEkgroups. The Sanford group found that using ligands like dppf,
[(L)Ni(aryl)(CF3)] species could be oxidized to formally nickel(lll) states tt@uld do
reductive eliminations generating aryl-Cproducts (Scheme 1e tof§)However, in this
reaction, the nickel containing byproducts were unidentified. Whike proposed that a

nickel(l) species would be generated from the reductive elimmabther groups have



found that nickel(l) with wide-bite angles like dppf are detrimaéto catalysid’ SanfordOs
group also has found using the Tp ligand, nickel(ll) complexes caoxioeed with
Umemoto Reagent Il (2,8-difluoro-5-(trifluoromethyl)-5H-dibenzo[b,djgghen-5-ium)
to generate formally nickel(IV) complexes (Scheme 1e bottFrther, these complexes
can indeed undergo reductive elimination of aryb@Foducts, and the nickel containing
by products were a result of a ligand redistribution reaction (Tp¥] and
[(MeCN)2Ni(CF3)2], Scheme 1e bottom). Thus, it is clear that oxidation of nickieigher
valent states enables the difficult reductive eliminations,theitcoordinated ligand on

nickel is problematic for turning systems catalytic.

@\th Q @\th ©

:': Eh/ "cr, IS :': / CF3
2 77 % yield
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/N ok 3 Qortt q

® N
BuyN @/ A /
HB N N\ CF H- B—N _CF; g50
\ Pl 55°%C © + [Ni(Tp),]. 26%
. MeCN MeCN
&,/N \© CF, + [(MeCN),Ni(CF3),] 29%
n|ckeI(IV)

76 % yield

Scheme 1eTrifluoromethylations enabled by accessing high-valent nickel

1.2.3 Methodologies Using Cobalt

Reactivity studies of well-defined cobalt fluoroalkyl complekas only started to appear
in the literature, and initial studies have shown great promiseddéweloping new
fluoroalkylation methodologies. For example, SoperOs group has shaw@o-Ck
complexes can undergo photolytic homolysis reactions leading to tofheshyl radicals

that perform C-H bond trifluoromethyaltions of arenes (Schemep)ft Further BakerOs



group has found that CorRomplexes can undergo alpha-fluoride eliminations leading to
difluorocarbene motifs (Co=C}; that then undergo migratory insertions (Scheme 1f
bottom)3° 3! These alternative reaction pathways are of high value imegfunethods

developments, as the chemistry can complement what is knowogpercand nickel.

H CF3
n O L Oy
| | 12H,
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C‘O.»“Rf Me,SiOTf ’ /" e /
— C > 0
L~ \CF - Me,SiF % o%CFz X4 o
3

Scheme 1fUnique reactivities of cobalt fluoroalkyl complexes

1.3 Overview of Thesis

The following chapters describe my recent efforts for devetppew approaches for
developing fluoroalkyaltions with copper, cobalt, and nickel. Ehelpter is presented
with its own introduction, followed by a presentation of the new csteyn discovered.
Chapter 2 describes my work focused on developing a method foripgepaxed
fluoroalkyl cuprates that can be rapidly analyzed and screen€d bYMR for use in
new synthetic methodology developments. Chapter 3-5 document the pospafa
family of new fluoroalkylated cobalt(lll) complexes, and théiaacterization, including
oxidative stabilities towards accessing formally cobaltfiMyroalkyls. Chapter 6-9
show my work towards developing fluoroalkylations at nickel using a salvatkel

platform.



1.4 Comment on Per- and Polyfluoroalkyl Substances (PFAS)

Currently there exist a growing concern over the existence ofaperpolyfluoroalkyl
substances (PFAS) in the environment. The PFAS are long lattamgicals that break
down slowly and have now been found in the water, air, fish, andSswiie PFAS in the
environment have now been linked to harmful effects on humans and affiGalserally
the six or more fluorinated carbon chains are the class Pka®dve been well-studied,
and linked to such harni¥.Therefore, industries started to stop using the longer chain
fluoroalkyls and began using smaller fluoroalkyl carbon chains (four). Henenore
recent research has suggested that even these molecules carearaigul to the
environment? Currently, fluoroalkyl groups studied in this dissertation (one orcavbon
chains) are not of the class of harmful PFAS however, mrtant to note that these
substances exist and are harmful to the environment. Furtdesasbed in this thesis, the
ability to synthesize and characterize fluoroalkyl organometadinaplexes however, does
provide a potential opportunity to use fundamental organometallicistngrto study the
removal or break down of PFAS in the future.
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Chapter 2: Synthesis, Solution Behavior, and Computational Bond
Length Analyses of Trifluoromethyl and Perfluoroethyl Cuprate Salts

The following chapter has been adapted (reprinted) with pgionisrom: Shreiber, S. T.;
Kaplan, P. T.; Hughes, R. P.; Vasiliu, M.; Dixon, D. Ara@er, R. E.; Vicic, D. AJ.
Fluorine Chem202Q 234, 109518. Copyright © 2020 Elsevier

2.1 Abstract: Heteroleptic cuprate salts of the form [X-Cu-Y][(SIMg£3)] (SIMes = 1,3-
dimesitylimidazolin-2-ylidene, X and Y = permutations of Cl 30EFs) were generated
by equilibrating mixtures of [(SIMes)Cu-X] and [(SIMes)Cu-¥i] CD:Cl; solvent. The
solubility features of the cuprates relative to the newpakies permitted the structural
characterizations of new cuprates, including the first exawipéemixed fluoroalkylated
cuprate [(CE)Cu(CFs)][(SIMes)Cu]. Computational studies (DFT and CCSD(T)) of
fluorinated cuprates generate Cu-C distances that are sti@tethose in hydrocarbon
analogues, in conflict with crystallographically determined valbg;h show the reverse
trend.

2.2 Introduction: There is a continuous demand to develop better ways to incaporat
fluoroalkyl groups into organic molecules. The trifluoromethyl grongparticular, has
become an important replacement for metabolically sensithe gfoups attached to
aromatic and heteroaromatic rings in drug candidateBentafluoroethyl and longer-
chained fluoroalkyl groups are also emerging as novel functionalitiesiedicinal
chemistry?” and thus the transition-metal-mediated fluoroalkylation of ordaalides has
become a topic of intense research in the past two decabliesy such reactions have
been developed with copper, and the active fluoroalkylating agentsaagntake on the
form [LCu-R], where L = solvent or another type of ancillary ligand (Sch2meesq a).

Mechanistic studies of fluoroalkylation reactions with copper hatabbshed that, for



certain ligand frameworks, [LCufRcan exist in equilibria with its cuprate form as

described in Scheme 2a, ef™.

o+ 1) e o)

|
b LCU_Rf

[LzCu | Rr—Cu—R

Scheme 2aEquilibrium of fluoroalkyl cuprates and their reactivity towardd halides.

Vicic provided the first kinetic evidence that the charge neutrai {and not the cuprate)
is the more active species in copper-mediated trifluoromeibylaf aryl halide$. Others
have recently provided additional experimental and computational sufppothis
assignment>!® Despite displaying a lower reactivity towards organic halidies,
generation of [RCu-R]® cuprates can be important for providing stable reservoitiseof
more sensitive [LCu-fRat higher temperatur&sor even providing precursors of [LCu}R

at lower temperaturésin copper-mediated fluoroalkylation reactions.
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Scheme 2bExamples of known fluoroalkyl cuprates.

The characterization of bis(trifluoromethyl)cuprates began in 298én Burton reported

that addition of [CuBr] to [C§-Cd-X] led to the formation of [Cu-GFE which upon heating

[ %o(



gave rise to two new and additional NMR petiks-ormal assignment of one of these
peaks as a bis(trifluoromethyl)cuprate salt was lafsorted in 1989 by the same research
group® The first crystal structure of a bis(trifluoromethyl)cate salt was that of complex
2a, whose separation from the neutral form was enabled biikylalifferences afforded

by the NHC (N-heterocyclic carbene) ligghiihe copper-carbon bond lengthafwere
reported to be 1.970(6) ¢, which were significantly longer than ahthe known [CH-
Cu-CH;]P derivatives2e-2g (Table 2a). Recently, two more crystal structures of a
bis(trifluoromethyl)cuprate appeared in the literature. Qemp2b bears a
tetraphenylphosphonium counter-ion, and the copper-carbon bond lengéhsware
reported to be 1.930(3) ¥ The cesium compleXc has also been disclosed, however the

structure is somewhat complicated due to the presence of aliésutar CH! F and
Cul!l! Cu contactd3 Complex2chas copper-carbon bond lengths of 1.940(10) ». Because

of the substantial differences in copper-carbon bond distantesdyr®a and2b, both of

which contain no intermolecular atdin atom contacts that could influence the bond

lengths, we were interested in obtaining insights from electisinicture theory methods
about what the bond lengths in bis(trifluoromethyl)cuprates wouldnbgas phase
structures. Gas phase structures would also not be influenaedstgl packing force¥;

19 and thus more accurate bond length comparisons could be obtained at@npliy.
Additionally, we were curious to see how the copper-carbon bond lerggtll wary in
OmixedO [X-Cu-g]P cuprates. To this end, we explored the development of a new
synthetic route to prepare such mixed cuprates, including orteetiratone trifluoromethyl

and one perfluoroethyl ligand, namely [SEu-GFs][(SIMes)Cu] (2d).



Table 2a.Crystallographically determined bond lengths of various cuprates.
Compound Experimentally Determined Reference

Cu-CXz Bond Length (¢)

[(CFs).Cu][(SIMes)Cu] (2a) 1.970(6) [8]
[(CFa)2Cu][PPh] (2b) 1.930(3) [12]
[(CFs).Cu][Cs] @0 1.940(10) [13]

[(CF3)Cu(G:Fs)][(SIMes).Cu] 1.927(2) this work

(2d)
[Me>Cu][Li(12-crown-4)] 1.935(8) [20]
(2¢)
[Me-Cu][Cu(PMe)d] (2f) 1.94(1) [21]
[Me:Cul[Li(dme)] (20) 1.933(4) avg [22]

2.3 Results and Discussion

2.3.1. Synthesis of the Pentafluoroethyl CuprateAddition of [MesSi-CoFs] to the
known [(SIMes)Cu-@Bu] (2h) led to the production of [(SIMes)Cwks] (2i) in 41%
isolated yield (Scheme 2c). The solution behavior 2ofis similar to that of
[(SIMes)Cu-CE] whereby an equilibration with the cuprate fo2jrcould be observed by
NMR spectroscopy (Scheme 2c). T NMR signals of the neutral specRisappear at

I = 85.64 and 119.43 in GBIy, and the signals dj appear at = 85.01 and 118.04.



Solubility differences betweedi and2j enabled the selective crystallizationZ)ffrom

THF/pentane, and X-ray crystallography confirmed the structueeAgpendix A).

Mes Mes
N MesSi-C,Fs N
[ )—Cu—0Bu [ P—Cu—C,Fs
N THF N
Mes 2h |‘\/|es 2i

./

Mes/NTN‘Mes

0.5 ®cu od

Mes\NJx\N,Mes CoFs

Scheme 2c.Preparation of [(SIMes)CuEs)] (2i), and its equilibration with the cuprate.

2.3.2. Generation of the First Mixed Fluoroalkyl Cuprate:Having established that both
[(SIMes)Cu-GFs] (2i) and [(SIMes)Cu-C# (2k) equilibrate into the cuprate forms, we
wondered whether mixtures &f and2k would give rise to the mixed cuprate [$2Eu-
CoFs][(SIMesxCu] (2d, Scheme 2d). To our knowledge, such a mixed perfluoroalkyl
cuprate is unknown. Indeed, dissolution of a 1:1 mixtué: ahd2k in CD-Cl, gave rise

to a set of NMR signald (= 32.14, 84.98, and 118.01) that didnOt correspond to either of
the established [GFCu-CFK]® or [CFs-Cu-GFs]P salts (the ratio of the fluorinated copper
complexes in solution can be found in the experimental sectiorjuitous crystallization

of this new product from THF/pentane enabled its unambiguous stiuassrgnment by
X-ray diffraction, which confirmed the structure to be theedixuprated (Figure 2a).

In the solid state, the Cu-@Bond length of 1.927(2) « ir2d was found to be longer than

the Cu-CRCRs bond length (1.916(2) ), suggesting the perfluoroethyl exhibits larger



trans influencing properties than the trifluoromethyl group. Howevers-mase

calculations conflict with these crystallographically determingaddengths (see below).

Mes [\/Ies
N N
[) Cu—C,Fg + [) Cu—CF,
N
Mes 2i Mes

Mes /N\TN\Mes
®

|
2j +2a + Cu Sc

Mes\NJx\N,Mes CoFs

Scheme 2d.Equilibration of a mixture o2i and2k with all possible cuprate forms.

)} g
C(2)
C(3)

Figure 2a. ORTEP diagram a2d. Hydrogens are omitted for clarity. Selected bond
lengths (¢): Cul-C1 1.927(2); Cul-C2 1.916(2). Selected bond angleZéJuC-C1
178.10(10).

2.3.3. General Method to Preparing Mixed Cuprates:To examine whether the
[(SIMes)Cu] system can also be used to characterize roixechtes of the type [X-Cu-
Ri]®, where X=halides (Scheme 2e), we allowed [(SIMes)CuCH) (and
[(SIMes)Cu(CECRs)] (2i) to react. Gratifyingly, the mixture gave rise to a netvaf

signals in thé®F NMR spectrum in CECl» at! =-85.10 and -113.56, which corresponds



to the known [CI-Cu-&Fs)]? anion? In accordance with NolanOs prior results, conilex
also shows minor traces of the [(SIM&X)]" cation, suggestive th&l is also in
equilibrium with [(SIMes)Cu][CI-Cu-Cl] (20). The ability of2l to equilibrate into its
cuprate form2o would then be similar to [(SIMes)AgCl};?° although we are unaware of
any reports that specifically refer to an equilibrium prodesshe copper derivative.
Importantly, the [(SIMes)Cu] system may be useful to charaet previously unknown
mixed cuprates. A SciFinder search of the [CI-Cu){Pranion gave no hits (at the time
this work was conducted and published), so we exploited the emunilproperties of
the[(SIMes)Cu] system to determine its NMR spectrum. fwaof [(SIMes)Cu(CE)]
(2k) with [(SIMes)CuCl] @l) indeed led to the generation of the new cuprate
[(SIMes)»Cu][CI-Cu-CR)] (2n) which displayed a new resonancé¥s NMR spectrum in
CD.Cl; at! = -28.17. Table 2b summarizes #8€ NMR chemical shifts of the SIMes

copper complexes in GOl».



Table 2b. *®F NMR chemical shifts (ppm) of copper complexes in.CR

Cu-CF3 Cu-CF2CF3 Cu-CF2CF3
compound
resonance resonance resonance
[(SIMes)Cu(CR)] (2k) -33.25 - -
[(SIMeshCu][Cu(CR)2] (2a) -32.06 - -
[(SIMes)Cu(CECR)] (2i) - -85.64 -119.43
[(SIMes)Cu][Cu(CRCR)2]
- -85.01 -118.04
(2))
[(SIMeskCu][Cu(CR)(CoFs)]
-32.14 -84.98 -118.01
(2d)
[(SIMeshCu][Cu(Cl)(GFs)]
- -85.10 -113.56
(2m)
[(SIMeshCu][Cu(C)(CR)]
-28.17 - -

(2n)
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Scheme 2e.Equilibration of a mixture of a [(SIMes)CuJRomplex and| with all
possible cuprate forms.

2.3.4. Computational Bond Length AnalysisBased on of the interesting discrepancy in
experimental bond length betwe2aand2b (Table 2a), in collaboration from Russell P.
Hughes Dartmouth), and David A. DixonOs grougl@bama) a computational bond
length analysis of various hydrocarbon and fluorocarbon cuprates evisnped. In
summary of their combined efforts, gas-phase structures cdteugmions was performed,
and compared to crystallographic results. They found that fluorinafgdtes generate
Cu-C distances that are shorter than those in hydrocarbon analogaypdbkee of which
is seen in experimentally determined values. According to Deweh Hughes, it is
plausible that adventitious intermolecular packing forces inriystat would be more than
sufficient to results in intramolecular bond length variations taild confound the
predictions of gas phase electronic structure calculations. Saveancerning
crystalographically determined structures have been discussed litetbture®?’, and

should serve as a caution when using experimentally determined atdidata to validate

! &Y



gas-phase computational metrics. Analogously, a discrepancy betthee mixed
fluoroalkyl cuprate2d, found a longer Cu-GHn the crystallography data, than the Cu-
CoFs distance, and the opposite was found in the computed structure.

2.4. ConclusionsHere we describe a procedure to prepare heteroleptictegalés of the
form [X-Cu-Y][(SIMeskCu] (where X and Y = permutations of Cl, £FFs) by
equilibrating mixtures of [(SIMes)Cu-X] and [(SIMes)Cu-¥j CD.Cl, solvent. The
solubility features of the cuprates relative to the newpakies permitted the structural
characterizations of new cuprates, including the first exawipéemixed fluoroalkylated
cuprate [(CE)Cu(CFs)][(SIMes)Cu]. Computational studies (DFT and CCSD(T)) of
fluorinated cuprates generate Cu-C distances that are sti@tethose in hydrocarbon
analogues, in conflict with crystallographically determined valbg;h show the reverse
trend. Given these observations, along with the additional cthagate trifluoromethyl
group is quite often disordered in X-ray crystal structuresstvaagly encourage the use
of electronic structure methods to supplement crystallographyrddiscussions of metal-
CRs distances.

2.5. Experimental

2.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen-filled glovebox. Solventspueifeed by
passing through activated alumina and/or copper in a solvent puoifiGatstem supplied
by Pure Process Technology. Solutith NMR spectra were recorded at ambient
temperature on a Bruker DRX 400 MHz spectrometer and refeféna@sidual proton
solvent signals!®F spectra were recorded on the Bruker NMR spectrometeatoppat

376 MHz and referenced tq"," -trifluorotoluene as an internal standard<-63.7). A



Bruker D8 Quest diffractometer was used for X-ray crystacsire determinations. The
CCDC numbers 1986498, 1986499, and 1986500 contain the supplementary
crystallographic data for compounti§ 4, and13, respectively, for this paper. These data

can be obtained free of charge via www.ccdc.cam.ac.uk/dgteg#cif, or by e-

mailing data_request@ccdc.cam.ac.uk, or by contacting The Ghyalrystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
2.5.2. Preparation of [(SIMes)Cu(GFs)] (2i): In a nitrogen glovebox, [(SIMes)Cu(-
Bu)] (0.22 g, 0.50 mmol) and TMS;:Es (0.13 mL, 0.75 mmol) were stirred in 6 mL of
THF. After 3 hours, the volatiles were removed and the resultingd)\wwak washed twice
with 5 mL of toluene, and twice with 5 mL of pentane to yield 1@041% yield) of white
solid. The thermal and air-sensitivity 2ifprecluded elemental analysis. NMR (CD.Cls,
400 MHZz):!: 7.00 (s, 4H), 3.97 (s, 4H), 2.46 D 2.20 (br s, 18)NMR (CD:Cl», 376
MHz): ! : -85.64 (s, 3F), -119.43 (s, 2F).

2.5.3. NMR Spectra of [(SIMes)Cu][Cu(C2Fs)2] (2j) Present in Solutions of 2i:'H
NMR (CD:Clz, 400 MHz):!: 6.89 (s, 4H), 3.79 (s, 4H), 2.38 (s, 6H), 1.83 (s, 12%).
NMR (CD:Cl»,376 MHz):! : -85.01 (s, 3F), -118.04 (s, 2F).

2.5.4. Generation of [(SIMes)Cu][Cu(CF3)(C2Fs)] (2d) for NMR Analysis: In a
nitrogen filled glovebox, 20 mg (0.05 mmol) of [(SIMes)CeK§)] and 10 mg (0.02 mmol)
of [(SIMes)Cu(CE)] were dissolved in CECl>inside a NMR tube and mixed. Three new
unique NMR signals were observed correspondirptd®F NMR (CD:Cl2,376 MHZz):!

: -32.14 (s, 3F), -84.98 (s, 3F), -118.01 (s, 2F). 23% convertéd@eGu-CRCRs] based

on [(SIMes)Cu-CEk] added. The ratio of each species in solution was: 0.6C-(Fu-



CRCHR;]P: 0.02 [RC-Cu-CFR]P: 0.21 [(SIMes)Cu-Ck: 0.05 [CRCF-Cu-CRCF] : 0.65
[(SIMes)Cu-CECFRs.

2.5.5. Generation of [(SIMesCU][Cu(CN(C2Fs)] (2m) for NMR Analysis: In a
nitrogen-filled glovebox, 10 mg (0.02 mmol) of both [(SIMes)Ci)] and
[(SIMes)Cu(Cl)] were dissolved in COIlz inside a NMR tube and mixed. Two new
unique NMR signals were observed correspondir2o®F NMR (CD:Cl»,376 MHz):!

: -85.10 (s, 3F), -113.56 (s, 2F). 36% converted to [CI-CGEHP based on [(SIMes)Cu-
CRCFK] added. The ratio of each species in solution was: 0.36 [CIHGGR]P: 0.17
[CF;CR-Cu-CRCFR;]?: 0.47 [(SIMes)Cu-CECRs].

2.5.6 Generation of [(SIMesS)Cu][Cu(CI)(CF 3)] (2n) for NMR Analysis: In a nitrogen
filled glovebox, 10 mg of both [(SIMes)Cu(e)Fand [(SIMes)Cu(Cl)] were dissolved in
CD2Cl; inside a NMR tube and mixed. One new unique NMR signal was \@&ukser
corresponding t@n. *°F NMR (CD:Clz,376 MHz):! : -28.17 (s, 3F). 51% converted to
[CI-Cu-CFRs]Pbased on [(SIMes)Cu-GFadded. The ratio of each species in solution was:
0.51 [CI-Cu-CR]®: 0.23 [CR-Cu-CFR]®: 0.26 [(SIMes)Cu-Ck
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Chapter 3: [(MeCN)sCo(C2Fs)3): A Versatile Precursor to Cobalt(l11)
Perfluoroethyl Complexes

The following chapter has been adapted and reproduced with piemmiiom: Shreiber,

S. T.; Scudder, J. J.; Vicic, D. Arganometallic019 38, 3169-3173. Copyright ©
2019 American Chemical Society

3.1 Abstract: The air-stable fac-(MeCN):Co(GFs)3] (3a) was prepared through the
reaction of cobalt(ll) bromide with [M&i-C;Fs] and AgF. Upon reaction &a with wet
pyridine, the unexpected produdad-(H-0)sCo(CGFs)s! 6 pyridine] @b) was formed in
which water coordinates to cobalt instead of pyridine, andytheipes form short contacts
with each of the hydrogen atoms in the bound water moleculesle Eachange of the
bound acetonitrile ligands i8a with terpyridine (tpy) and bipyridine (bpy) did occur,
however, affording [(tpy)Co(&+s)3] (3€) and [(bpy)Co(GFs)s(MeCN)] (3f) in high yields.
3.2 Introduction: There is a continuous demand to develop better ways to incaporat
fluoroalkyl groups into organic molecules. Such groups can modulatest#idity,
reactivity, and conformation of the parent molecule, and thus offdiorlations are
commonly employed reactions in the materials and life-scienddsfié A critical
component for the development of new fluoroalkylation methods is a fumtame
understanding of how the reactivity of fluoroalkyl complexes is imiteel by both the
metal center and the ancillary ligand(s) of ch§idhe metal identity will influence factors
such as M-C(fluoroalkyl) bond strength, accessibility to differesdox states, and
functional group tolerances. Ligands offer the potential to tucantasite control, steric
environment, light absorption abilities, etc. In order to foigp out the reactivity patterns
of metal fluoroalkyl complexes across the periodic table, potgdor preparing new and
well-defined compounds are needed so that stoichiometric and catalttions can be

better studied.



Cobalt is a promising metal to develop for trifluoromethglatand fluoroalkylation
reactions, as well-defined cobalt fluoroalkyl complexes haven b@éemonstrated to
participate in photolytic CoRhomolysis reactions leading to €Bnd R radicals®’
Additionally, cobalt has been shown to support the Co=@M®Biety, which could
participate in unique bond-forming reactidhig. Since strong M-CfFand M-Rbonds can
prohibit commonly employed two electron processes like reduativminations,
developing first-row metal methodologies that invoke alternate waysntroduce
perfluoroalkyl groups into organic substrates is of high valueerGihe potential for the
use of cobalt in future methods development involving fluoroalkyl groupssought to
design a cobalt precursor bearing not only fluoroalkyl ligands but edsalily
exchangeable co-ligands to enable access to a series oftidesivia order to identify,
compare, and contrast basic reactivity patterns.

3.3 Results and Discussion

3.3.1. Synthesis of the Cobalt(lll) Perfluoroethyl Precursr: Cobalt(ll) bromide reacts
with an excess amount of [N®-CFs] in the presence of three equivalents AgF in
acetonitrile to afford [(MeCNo(GFs)3] (3a, Scheme 3a) in 61% isolated yield. The
silver(l) salts serve the dual role of forming a stable sibased perfluoroethyl transfer
reagent as well as a one electron oxidant to oxidize Co(Il)o(@ I MesSi-F was
detected as a byproduct ¥ NMR spectroscopy, and a silver mirror on the reactiorevess
could be observed upon completion of the reaction. The acd®odamplex3ais an air-
stable solid that, once isolated, shows air-stability evemlitisn (see below). X-ray
quality crystals can be grown from acetonitrile/ether, and BAEP diagram ofB3a is

provided in Figure 3a. The X-ray afF NMR data confirm that both in the solid state



and in solution thdacial isomer, in which all of the perfluoroethyl groups &iens to
acetonitrile ligands, is formed exclusively. The cobalt-carbond lengths if8a are
1.971(9), 1.947(10), and 1.975(9) -, with the shortest cobalt-carbon locatkedtransto

the longest cobalt-nitrogen bond of 2.005(8) .

4 MesSi-CoFs NCMe
CoBr, 3 AgF, MeCN MeCN\C’O _CoFs
- 3 Me3SiF, Ag° MeCN/ ’ \Cst
CoFs
3a

Scheme 3aSynthesis of the air-stable perfluoroethyl cobalt (Il) preoui3a).

c(10)
ci) C(9)
C(2) \ N(2)

C(7)
N(1)

C(8)
C(3)

Figure 3a. ORTEP diagram d8a. Selected bond lengths (¢): Col-C1 1.971(9); Col-
C31.947(10); Co1-C5 1.975(9); Col-N1 1.974(8); Col-N2 2.005(8); Co1-N3 1.969(8).
Selected bond angles (j): C3-Co01-N3 94.8(4); C3-Co1-C1 90.0(4); N3-Col1-C14)75.1(
C3-Co01-N1 87.7(4); N3-Col1-N1 86.1(3); C1-Col-N1 94.6(3); C3-Col1-C5 91.5(3); N3-
Co01-C5 88.0(3); C1-C01-C5 91.3(4); N1-Co1-C5 174.0(4); C3-Co1-N2 173.6(4); N3-
Co1-N2 86.2(3); C1-Co1-N2 89.1(4); N1-Co1-N2 86.0(3); C5-Co1-N2 94.9(3).

3.3.2. Synthesis of an Aquo Cobalt(lll) Fluoroalkyl Complex:With compound3a in
hand, the lability of the bound acetonitriles to undergo ligandtituiien reactions was

explored. Crystallizing a solution &a in pyridine under aerobic conditions at -5 jC

! &-!



surprisingly did not afford the expected [(p@P(CGFs)s], but instead led tofdc

(H20)3Co(GFs)3! 6 pyridine] @b, Scheme 3b). The structure3if was confirmed by X-

ray crystallography (Figure 3b), which indicates that water coatel$ to cobalt instead of
pyridine and that all hydrogens from the cobalt-bound water ligandsigisipbrt contacts

to outer-sphere pyridine molecules ranging from 1.94(2) to 2.10(2)he cobalt-carbon
bond lengths iBb were 1.9365(14), 1.9407(15), and Col1l-C5 1.9436(15) », which on
average were shorter than those found3gor The preparation @b can be standardized
by crystallizing a solution dafrom 1% water in pyridine. In contrast, the crystallization
of 3afrom a 1% water in acetonitrile mixture did not lead to the ge¢ioeraf a related
aquo complex, but instead led simply to the recrystallizatf@a as determined by X-ray
crystallography. Thus, water coordination is observed in pyridineesblbut not in
acetonitrile. Water coordination t8a to form 3b is reproducible, and an X-ray
crystallographic analysis on crystals from a second batch of syzetesnaterial
reproduces the original structure3tf. Moreover, dissolution &b in anhydrous pyridine
leads to broad and multiple signals in tPfe NMR spectrum (see Appendix B) which are
distinct from those o8b. Addition of a drop of water to a solution containing the products
of 3awith anhydrous pyridine quantitatively converts the mixturgktdy °F NMR (see

Appendix B).
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Compoundb is remarkable considering that formation constants for pyridirsifutinns

at octahedral metal hexaaquo complexes typically favor a bourdin®/* Moreover,
pyridine is typically considered to be a stronger ligand than vimtie spectrochemical
seriest®>16 |n line with such known spectrochemical data, ForniZs and co-uscskew
that the platinum aguo compl8gcan be used to prepare the pyridine compteccheme
3c) under mild, room temperature conditidhdt is unclear whether the basicity (from the
pyridine and water coordination) or the sterics of the pyridiregs role in the selective

generation of the aquo compl8k from the perfluoroethyl comple3a
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Scheme 3cGeneration of pyridine complé3d from aquo compleSc.
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Figure 3b. ORTEP diagram d8b. A co-crystallized pyridine molecule is removed for
clarity. Selected bond lengths (¢): Co1-C1 1.9365(14); Co1-C3 1.9407(15)G501-
1.9436(15); Co1-02 1.9871(11); Col-O1 2.0013(10); Col1l-0O3 2.0056(11); O1-H5
0.80(2); H5-N4 2.04(2); O1-H6 0.87(2); H6-N3 1.95(2); O2-H3 0.81(2); H3-N1 1),96(2
02-H4 0.81(2); H4-N2 2.01(2); O3-H2 0.80(2); H2-N5 2.10(2); O3-H1 0.85(2); Bi1-N
1.94(2). Selected bond angles (j): C1 Col C3 91.26(6); C1-Col1l-C5 92.03{6p 1=
C591.17(6); C1-Co1-02 89.63(6); C3-Col1-02 172.66(5); C5-Co01-02 96.08(5); C1-
Co01-01 95.28(5); C3-Co1-01 89.57(5); C5-Co01-01 172.60(5); O2-Col1-0O1 83.09(5);
C1-Co01-03 172.55(5); C3-C01-03 95.84(5); C5-C01-03 90.05(6); 0O2-Co1-0O3 83.05(5);
01-Co01-03 82.55(5).

3.3.3. Coordination of bpy and tpy to Cobalt(lll) Perfluoroethyl Precursor: Complex
3areacts with the chelating ligands terpyridine and bipyridine gvew to cleanly afford
the ligand substitution products [(tpy)Cefe)s] (3€) and[(bpy)Co(GFs)s(MeCN)] (3f),
as described in Scheme 3d. X-ray crystallographic daBa (Figure 3c) revealed some
asymmetry in the cobalt-nitrogen bond lengths of 1.890(5), 1.978(5), @8@(3) -, with
the central pyridyl ring displaying the shortest bond to cobdlhe cobalt-carbon bond
lengths in3e were on average longer than those se€aiand3b, at 2.009(6), 2.037(6),

and 2.078(6) ». The X-ray and NMR analyses 2ff confirmed that, upon addition of



bipyridine to3a, themeridionalisomer is exclusively formed that has two perfluoroethyl
groups in the axial positions and the remaining acetonitrile ligartia plane of the
bipyridine. The X-ray crystal structure 8ffis shown in Figure 3d, and the data shows that
complex3f displays cobalt-nitrogen and cobalt-carbon bond lengths compsv&aeThe
experimentally determined cobalt-nitrogen bond lengtHaf @mre 1.879(3), 1.954(3), and

1.990(3) and the cobalt-carbon bond lengths are 2.035(4), 2.047(4), and 1.982(4

CoFs
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MeCN” | C,Fs 3e
CoFs
3a | N CiFs
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Co\
THF | NT | CaFs
= CyFg

3f
Scheme 3dSynthetic route to tpy and bpy complexeS8af

The®F NMR spectrum o8ewarrants some discussion. It is known, but rarely discussed,
that NMR resonances of isolated perfluoroethyl groups commonly appdéao singlets
and exhibit little to no vicinal coupling. The absence or low values féke for
perfluoroalkyl groups has been suggested to arise in part fratoral averaging of
coupling constants of opposite sign between the vicinab@& CE groupst®?! Complex

3eis an interesting case study becausertbadionalgeometry imposed by the terpyridine
ligands affords two different types of isolated perfluoroethyl gganm 2:1 ratio with the

ability of the distinct perfluoroethyl groups to exhibit long-rangaplings to one another



despite displaying no vicinal couplings within an individual perfluoroeghgtip. Thus,
in complex3e the CEk resonance of the axial perfluoroethyl groups appears adet trip
since it couples to the sole &droup of the other perfluoroethyl situate@sto a nitrogen.
Likewise, the resonance of the £group of the perfluoroethyl that is in the plane of the
terpyridine ligand appears as a quintet since it couples toRhgrGups of the two axial

perfluoroethyls.’®F-COSY NMR confirms these assignments (see Appendix B).

Figure 3c. ORTEP diagram d8e Hydrogen atoms are omitted for clarity. Selected
bond lengths (¢): Col-N2 1.890(5); Co1-N1 1.978(5); Co1-N3 1.983(5); Col-C5
2.009(6); Co1-C3 2.037(6); Co1-C1 2.078(6); C11-C12 1.470(9); C16-C17 1.464(8).
Selected bond angles (j): N2-Co1-N1 81.1(2); N2-Co1-N3 80.8(2); N1-Co1-N3 161.9(2)
N2-Co01-C5 93.7(2); N1-Co1-C5 87.5(2); N3-Co01-C5 91.7(2); N2-Co1-C3 173.9(2); N1-
Co01-C3 101.6(2); N3-C01-C3 96.6(2); C5-C01-C3 91.9(2); N2-Co1-C1 86.5(2); N1-
Co01-C1 85.6(2); N3-Co1-C1 95.3(2); C5-Co1-C1 173.0(2); C3-Co1-C1 88.2(2).
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Figure 3d. ORTEP diagram d8f. Hydrogen atoms are omitted for clarity. Selected

bond lengths (¢): Col1-N3 1.879(3); Co1l-N1 1.954(3); Co1-C1 1.982(4); Col-N2
1.990(3); Co1-C5 2.035(4); Co1-C3 2.047(4); C13-C14 1.466(5). Selected bond angles
(i): N3-Co1-N1 174.55(12); N3-Co1-C1 90.66(14); N1-Co1-C1 94.65(13); N3-Co1-N2
92.89(12); N1-Co1-N2 81.80(12); C1-Col-N2 176.42(13); N3-Co1-C5 84.99(14); N1-
Co01-C5 93.54(13); C1-Co01-C5 92.77(15); N2-Co1-C5 87.98(13); N3-Co1-C3 87.29(14);
N1-C01-C3 93.70(13); C1-Co1-C3 92.12(14); N2-C01-C3 87.62(13); C5-C01-C3
170.91(14).

3.4. Conclusions:A synthetic protocol to the new cobalt trifluoroethyl compléac{
(MeCN):Co(GFs)3] has been developed. The acetonitrile ligands in this precarsor
labile and can be replaced by other ligands such as watengdmgyiand terpyridine. The
coordination of water to cobalt in the presence of a largesexafepyridine is remarkable,
considering pyridine is typically considered to be a stronger lighad water in the
spectrochemical series. Thus, the aquo complte&xhibits an unusual combination of

air-stability, affinity for water over a basic solvent ligridine, and a resistance to undergo

hydrolysis of the perfluoroethyls, making it an interesting platformefploring the



reactivity of the metal-bound water ligands in a variety of appbas, including water-
oxidation.

3.5. Experimental

3.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen-filled glovebox, unless othestatsefl?
Solvents were purified by passing through activated alumina acdpger in a solvent
purification system supplied by Pure Process Technology. SolttibiMR spectra were
recorded at ambient temperature on a Bruker 400 MHz specaoarad referenced to
residual proton solvent signat8F spectra were recorded on the Bruker NMR spectrometer
operating at 376 MHz and referenced o," -trifluorotoluene as an internal standard=(
-63.7). A Bruker D8 Quest diffractometer was used for X-raystaf structure
determinations. The CCDC 1936218-1936220, and 1942398 contain the supplementary
crystallographic data for this paper. These data can bénethtéree of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by e-mailing data_regeedc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Rvad, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

3.5.2. Preparation of fac-(MeCN)3Co(CoFs)3] (3a): TMSGFs (0.70 mL, 4.0 mmol),
AgF (410 mg, 3.2 mmol) were stirred for 2 hours in 5 mL ofabrgtonitrile. CoBr(218

mg, 1.00 mmol in 5 mL of acetonitrile) was added, and thengskery was stirred for 3
days. The resulting yellow B brown slurry was filtered overdagbactivated alumina,
and then the solvents were removed under vacuum. The precipitateollected by
filtration and washed with ether to yield 330 mg (61%) of a yellohds The solid can be

recrystallized by dissolving product in acetonitrile, layering vather, and placing in



freezer to give yellow needle crystai¥: NMR (CDsCN, 376 MHz)! -81.1 (s, 3F), -95.6
(s, 2F). Anal. Calcd (found) forigHoCoFisNs: C, 26.73 (26.41); H, 1.68 (1.34).

3.5.3. Preparation of fac-(H20)3Co(C2Fs)3! 6 pyridine] (3b): In a vial in air, compound
3a (45 mg, 0.083 mmol) was dissolved in 2 mL of a 1% solution of wategridine.
Pentane (15 mL) was then added to the vial. The vial was@lacfreezer, and yellow
block crystals (55 mg, 70% yield) were obtain€B.NMR (GDsN, 376 MHz):! -78.9 (br
s, 3F), -96.9 (br s, 2F). The crystal structure containe@adiéonal molecule of pyridine
in the asymmetric unit. Elemental analysis suggested parsalvadion of pyridines (two
to three pyridines) upon drying under vacuum. Anal. Calcd (found)2tbt.6CoFisN4O3
(2 minus two pyridines): C, 39.71 (39.28); H, 3.33 (2.88).

3.5.4. Preparation of [(terpyridine)Co(GFs)s] (3e): Compoundl (89 mg, 0.16 mmol)
was dissolved in 4 mL of THF. A solution of terpyridine (36 4,6 mmol) in 4 mL of
THF was then added, and the resulting solution was stirred for 8.hdhe volatiles were
reduced, and the resulting orange solid was collected by filtratian§880% yield). The
compound is thermally stable to 200 jC under vacuum, and does not sublinnéhasee
conditions. 'H NMR (DMSO-ds, 400 MHz):! B 8.76 (d, J = 8.0 Hz, 2H), 8.64-8.55 (m,
3H), 8.35 (d, J = 5.9 Hz, 2H), 8.24 (td, J = 7.7, 1.3 Hz, Z+68 (td, 7.6, 1.6 Hz, 2H°F
NMR (CD.Cly, 376 MHz):! -79.07 (p, J = 14.8 Hz, 3F), -80.78 (t, J = 8.5 Hz, 6F), -95.08
(m, 2F), -103.81 (m, 4F). Anal. Calcd (found) fosld11:CoFisN3: C, 38.85 (38.92); H,
1.71 (2.05).

3.5.5. Preparation of mer-(MeCN)(bipyridine)Co(C2Fs)3] (3f): A solution of 2,20-
bipyridine (48 mg, 0.30 mmol) in 6 mL of THF was added to r@irstj solution of fac-

(MeCN):Co(GFs)3 (164 mg, 0.304 mmol) in 4 mL of THF. The resulting mixture was



stirred under an inert atmosphere for 1 day. The volatiles there removed under
vacuum, and the solid was collected by filtration. The sodid washed with pentane and
dried to yield 144 mg (78%) of yellow solidtH NMR (CDsCN, 400 MHz):!: 8.92 (d, J
=5.7 Hz, 1H), 8.81 (d, J = 5.8 Hz, 1H), 8.24 P 8.16 (m, 3H),(&04 = 7.8, 1.4 Hz, 1H),
7.71 D 7.67 (m, 1H), 7.53 B 7.49 (m, 1H), 2.50 (s, BANMR (CD:CN, 376 MHz):! :
-79.63 (app sept, J =12.1 Hz, 3F), -81.72 (t, J= 5.5 Hz, 8B)/9 to -93.94 (m, 2F), -
99.81 to -100.06 (m, 1F), -100.57 to -100.85 (m, 1F), -104.64 to -104.9F]m105.37
to -105.7 (m, 1F). Anal. Calcd (found) forng81:CoFsN3: C, 35.26 (35.16); H, 1.81
(1.90).
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Chapter 4: Synthesis and Oxidative Stability of an Anionic
Perfluoroethyl Cobalt(l1l) Complex

The following chapter has been adapted with permission fromeilfen, S. T.; Vicic, D.
A. Helv. Chim. Act£202Q 103 €20000149. Copyright © Wiley

4.1 Abstract: Upon reaction of the versatile tris(perfluoroethyl) cobalkfhecursorfac-
(MeCN):Co(GFs)3] with potassium tris(pyrazolyl)borate (KTp) in the pmese of a
tetraphenylphosphonium salt; and! 3- adducts of the scorpionate ligand with cobalt were
observed. Heating this mixture to 50 jC induced compfet®ordination of the Tp ligand
to cobalt to afford the anionic complex [RRf * Tp)Co(GFs)3] in 81% isolated yield.
This new fluoroalkyl cobalt complex was characterized by NMRJ daJV-Vis
spectroscopies, X-ray crystallography, and cyclic voltammetriye Dxidation of
[PPHh][(! *" Tp)Co(GFs)3] occurs at much less positive potentials relative to thdéedkla

[(MeCN);Co(GFs)s] and [(tpy)Co(GFs)s] derivatives.

4.2 Introduction: Fluoroalkyl groups are known to alter the chemical stability traégc

and conformational bias of parent organic molecules, and gredtleifobeen invested to
incorporate such functionalities in molecules and materiaés variety of fields:* One
approach to methods development is to first prepare well-defireetsition-metal
fluoroalkyl complexes and then develop an understanding of the cherartsfbrmations

that are possible with such species. In such a way, ar@btain an intimate understanding

of how ligand environments affect structure, reactivity, andtr@leics of the metal-
fluoroalkyl moieties First-row metals, due to their abundance in nature and more
accessible redox states, have been investigated as agenmutanediate difficult bond

forming reactions such as reductive eliminations involving fluoroatkyups3® In



particular, high-valent copper- and nickel-fluoroalkyl complexes Is&osvn reactivities
that bode well for the successful development of new fluoroalkylatiethodologies.

For example, heteroleptic anionic copper(lll) complexes sagha were observed to
reductively eliminate trifluoromethylated products in up to 99%dgi¢6cheme 4a(aj)°
Shen has found the charge neutral high valent complex [(bpy)@u(CHs)] (4b)
guantitatively forms trifluoroethane through a difficult methyl-triflumethyl reductive
elimination process (Scheme 4a(H)High-valent nickel has also shown promise for use
in fluoroalkylation chemistries. Sanford showed that the trisgmtyl)borate compleic
(Scheme 4a(c)) undergoes two-electron oxidation with Umemoto@enRéa form the
organonickel(1V) complexd, which upon heating to 55 jC in acetonitrile reductively
eliminates trifluorotoluene in 76% yieldLater, the same group disclosed the use of a
related tris(pyrazolyl)borate nickel(IV) complex as a lyateor C-H trifluoromethylations

of (hetero)arene’s. Our group has recently reported that nickel can mediate
trifluoromethylations without the need for additional ligands other thavesbl For
example, complegereacts with the two-electron oxidant bigett-butylphenyl)iodonium
hexafluorophosphate to afford trifluoromethylated arene in 54% tfiebugh a proposed

high-valent [Ar-NIV(CFs)3(MeCNY),] intermediate (Scheme 4a(d}).
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Scheme 4a.Examples of new reactivity enabled by high-valent fluoroalkypeo@and
nickel complexes.

Electrochemical analysis of the anionic [(MeCN)Ni&EPP complex described in Scheme
4a(d) revealed that oxidation4¢occurs at a readily accessible onset potential of ca. +0.02
V vs the ferrocene/ferrocenium couple, with peak potentiat® &8 V and +0.76 V* We

were curious as to whether anation could make fluoroalkyl congplekecobalt(lll)
similarly accessible to further oxidation, as fluoroalkylationgolving the formally
cobalt(lV) state are to our knowledge unreported. Cobkdt,dopper and nickel, is also a

first-row metal with relatively low-cost and high natural abundame®l as such is a

! (&



promising platform to develop new fluoroalkylation methodologiesdate, well-defined
fluoroalkyl cobalt complexes in oxidation states less than +4 bese used as models of
cobalamins and to generate fluoroalkyl radicals and fluorocarbenesnall molecule
functionalization reaction®:?! Less is known about direct reductive eliminations at cobalt
involving trifluoromethyl or perfluoroalkyl groups. Such reductive atiations are
expected to be promoted by the higher valent states of coHaltein we describe the
synthesis of an anionic tris(pyrazolyl)borate cobalt fluoroatkyhplex and determine the

redox properties of this compound through cyclic voltammetry axgats.

4.3 Results and Discussion

4.3.1. Synthesis of the Anionic Perfluoroethyl Cobalt(lIN\Complex: The preparation of
the air-stable perfluoroethyl cobalt(lIl) precursiaci{MeCN):Co(CGFs)3] (4f, Scheme 4b)
has been previously describ®dand the lability of the coordinated acetonitrile ligands
render this complex attractive for ligand substitution studiReaction ofdf with KTp in
THF followed by the addition of tetraphenylphosphonium chloride at rooméasature
led to a mixture of two products as suggested'¥y NMR spectroscopy. However,
dissolving the resulting solids in acetonitrile and heating the mitausé jC for one hour
led to the formation of a single product ¥ NMR spectroscopy (CITN, $-78.7 (br s,
3F) and -90.3 (br s, 2F)).

The structure of the new product was confirmed by X-ray crystaldgrto be the desired
[PPhy][(! *" Tp)Co(CFs)s] (4h, Scheme 4b)The ORTEP diagram d@h is shown in Figure
4a. Complexh exhibits an octahedral geometry in the solid-state with thalizolrbon

bond lengths averaging to 1.984(5) « and the cobalt-nitrogen bond lengéraging



2.10(5) . For comparison, the cobalt-carbon and cobalt-nitrogemd dengths ir4f

averaged to 1.964(16) « and 1.982(14) e, respectively.
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Scheme 4bSynthetic route to anionic tris(perfluoroethyl) cobalt(ll) cdexh.

Isolated yields of 81% were obtained for the air-staBletris(perfluoroethyl) cobalt(lll)
anion 4h. Based on thé®F NMR data (see Appendix C) we propose that at room
temperature a mixture of products derived froth and! 3-coordination of the Tp ligand

is formed, and upon heatidg converts fully toth (Scheme 2). Compledg exhibits four

¥F NMR signals in a 3:6:4:2 ratio, indicating the perfluoroethydups are in a 2:1
symmetrical arrangement, similar to tH6 NMR spectra observed for [(tpy)Cof)s]

(tpy = terpyridine) andrher - (MeCN)(bpy)Co(GFs)3] (bpy = bipyridine) complexe¥.
The F NMR spectrum o#h, in contrast, exhibits two signals in a 3:2 ratio, consistent

with the octahedral structure determined by X-ray crystallography.
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Figure 4a. ORTEP Diagram ofthaTHF.The [PPh]* counter-ion and co-crystallized

THF solvent are omitted for clarity. Selected bond lengths@91-C3 1.979(3); Co1-

C5 1.986(3); Col-C1 1.986(3); Col-N3 2.085(3); Col-N1 2.100(3); Col-N5 2.119(3).
Selected bond angles (j): C3-Col-C5 88.79(13); C3-Co1-C1 89.82(13); C5-Co1-C1
89.35(14); C3-C01-N3 173.25(12); C5-C01-N3 97.64(12); C1-Co1-N3 88.22(12); C3-
Co1-N1 87.26(12); C5-Co1-N1 173.55(12); C1-Co01-N1 95.73(12); N3-Co1-N1
86.51(10); C3-Co1-N5 96.37(12); C5-Co1-N5 87.37(12); C1-Col-N5 172.92(12); N3-
Co1-N5 86.00(10); N1-Col1-N5 88.00(10).

4.3.2. Evaluation of Electrochemical Properties of Cobalt(lll) Fluoroalkyl
Complexes:With the new air-stable anionic perfluoroalkyl cobalt(l1l) qdex4hin hand,

we evaluated its electrochemical properties by cyclic nottatry (Figure 4b). In MeCN
solvent, the oxidation ofh is irreversible and occurs with an onset potential of +0.83 V
and a peak potential of +1.16 V vs. the ferrocene/ferroceniumecotipe charge neutral
and (tris)acetonitrile comple4f, on the other hand, undergoes oxidation at much more

positive potentials, with an onset value of +1.72 V and a peak mteht2.00 V (Figure
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4b). Moreover, the knowh tris(perfluoroethyl)cobalt terpyridine complex
[(tpy)Co(CFs)3] exhibits an oxidation wave with an onset potential of +1.58& apeak
potential of +1.97 V (Figure 4b). These results show, forfdmeily of [Co(GFs)]
complexes, that the anionic tris(pyrazolyl)borate ligand bettables oxidation of the
resulting coordination complex than do simple charge-neutral nitrdgeor ligands. For
comparison, however, oxidation éh occurs at much more positive values than non-
fluorinated organometallic complexes of cobalt(lll). Foaraple, oxidation of charge
neutral [(N*C}Co] (NC = 2-(p-tolyl)pyridine) in MeCN occurs at a half-wgvatential

of +0.15 V in MeCN?3?*and the oxidation of [Co(1-norbornyj¥in THF occurs at a half-
wave potential of -2.02KPl. Fluorocarbon ligands are well-known to stabilize the HOMO
of the metal complexes relative to their nonfluorinated congéhétrsVithin the series of
complexes investigated here, the electron donating characterigd tigand coupled with
the increased negative charge, makbs much easier to oxidize thadf and
[(tpy)Co(CGFs)3]. Similar redox trends have been observed for Tp and tpplesss of
osmium?® Trends between [PPN][(Tp)OsLI(PPN = bis-(triphenylphosphoranylidene)
ammonium cation) and [(tpy)OsLhnd4h and [(tpy)Co(GFs)s] are also evident in the
UV-Vis spectra (see Appendix C), where the terpyridine cergd are dominated by
broad and intense charge transfer bands throughout the visible regientlke Tp
complexes have finer structured bands with moderate intengtespite the more positive
oxidation potential observed fdh relative to hydrocarbyl complexes of cobalt, the redox
couple is still in the window of commonly used oxidaittahich facilitates future studies

pertaining to the generation of fluoroalkylated and formally cobélifitermediates?
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Figure 4b. Cyclic voltammograms off (blue),4h (red), and [(tpy)Co(&Fs)3] (black) in
MeCN. See Appendix C for conditions.

4.4. Conclusion: Reaction of fac(MeCN):Co(CFs)s] (4f) with potassium
tris(pyrazolyl)borate in the presence of a tetraphenylphosphoilited to the formation
[PPh][ (! * Tp)Co(GFs)s] (4h) in 81% isolated yield upon mild heating. Electrochemical
measurements were performed 4 4h, and [(tpy)Co(GFs)3] in order to fill voids in
knowledge about the redox potentials of cobalt(lll) perfluoroalkylpleres. The data
suggest that the redox potentials are highly tunable based on ligantyjdemich bodes
well for exploring the oxidatively-induced reactivity of high-valenbalt complexes in

fluoroalkylation methodology development.
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4.5. Experimental

4.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen filled glovebox, unless othestaisel.
Solvents were purified by passing through activated alumina acopmer in a solvent
purification system supplied by Pure Process Technology. SoliitibtMR spectra were
recorded at ambient temperature on a Bruker 400 MHz spectoarad referenced to
residual proton solvent signalSF spectra were recorded on a Bruker NMR spectrometer
operating at 376 MHz and referenced®4d4 %-trifluorotoluene as an internal standa$d (

= -63.7).3'1P{*H} spectra were recorded on a Bruker NMR spectrometer tipgrat 162
MHz and referenced to phosphoric acid as an external staritlar@.00). A Bruker D8
Quest diffractometer was used for X-ray crystal structure rr@tations. Cyclic
voltammetry data was collected in a nitrogen filled glovebox at rtesmperature on a
PARSTAT 4000A potentiostat. The UV-vis spectra were recordedarian Cary 5000
spectrophotometer, with a path length of 1 cm. The CCDC 201866%&ins the
supplementary crystallographic data for this paper. Thesecdatde obtained free of

charge via www.ccdc.cam.ac.uk/data_request/cif, or by e-mailing

data_request@ccdc.cam.ac.uk, or by contacting The Cambridg&llographic Data

Centre, 12 Union Road, Cambridge CB1 1EZ, UK; fax: +44 1223 336033.

4.5.2. Synthesis of [PPA[(!*" Tp)Co(C2Fs)s] (4h): In a nitrogen-filled glovebox, a
solution of KTp (48 mg, 0.19 mmol) in 4 mL of THF was added targedtsolution o#f
(0.10 g, 0.29 mmol) in 4 mL of THF. The resulting mixture wasest for 2 hours.
Tetraphenylphosphonium chloride (72 mg, 0.19 mmol) and 1 mL of THRheasadded,

and the mixture was stirred for an additional hour. The insolubie fi=red off and the



volatiles were removed under high vacuum. The resulting crude mixagelissolved in

4 mL of acetonitrile and heated to 8D for one hour, or until complete conversiordto

is observed by°F NMR spectroscopy. The solution was filtered again, andaigicn
was pumped dry. The residue was dissolved in a minimal amount gfahidpentane was
added to precipitate the product. The product is collectedtbstifiin, washed with ether,
and dried to yield 149 mg of yellow solid (81%). X-ray quality crysisse grown from
THF/PentanetH NMR (CDsCN, 400 MHZz):$ 8.03 (br s, 3H), 7.97 B 7.86 (m, 4H), 7.78
D 7.61 (m, 19H), 6.08 @=2.2 Hz, 3H), 4.50 (bq, J = 107.7 Hz, B-F NMR (CD:CN,
376 MHz):$ D78.7 (br s, 3F), ©90.3 (br s, Z4P{*H} NMR (CDsCN, 162 MHz):$ 23.9
(s). Anal. Calcd (found) for £sH30CoF:sNePB: C, 48.37 (48.57); H, 3.12 (3.24).
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Chapter 5: Synthesis and Characterization of the Dinuclear Caddt(l11)
Complex: [(CoFs)sCo(-F)]2*

The following chapter has been adapted (reprinted) with pgionisrom: Shreiber, S. T.;
Vicic, D. A. J. Organomet. Chen2021, 949, 121974. Copyright © Elsevier

5.1 Abstract: Reaction of the versatile tris(perfluoroethyl) cobalt(lieqursor fac-
(MeCN):Co(GFs)3] with [NMes]F and [PPHICI in THF formed the unexpected
fluorinated dinuclear bridging cobalt(lll) dimer [&)sCo-F)].*. The new
organometallic cobalt(lll) fluoride complex was characeutiZoy NMR, and UV-vis
spectroscopies, X-ray crystallography, cyclic voltammetry, grmbmputational methods.

In the strongly coordinating solvent MeCN, }f&)sCo(u-F)]2?° exhibited dynamic
processes on the NMR timescale which were consistent with nsobaordination.
However, in the weakly coordinating solvent £, a more static structure is observed
suggesting that the dimer retains its structure in solution sdatelectrochemical analysis

of [(CoFs)sCo(u-F)]2* was performed, and the data compared to previously reported

cobalt(lIl) perfluoroethyl complexes.

5.2 Introduction:

There has been significant interest over the past decade iogiagenew methodologies
for the incorporation of fluorine and fluoroalkyl groups into organizsgates due to the
advantageous properties these groups can cbhfédethods for fluorination and
fluoroalkylation involving first-row metals are particularly attrae due the abundance of
these metals in nature and their ability to access ar\waage of formal oxidation states.
Accessing the high-valent states of these metals has beenantpfmt triggering the
difficult bond forming reactions often associated with fluorinatedigs®® The synthesis,

isolation, and characterization of new fluoroalkylated transitietal complexes allow for
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critical understanding of the fundamental chemical transformatiatsite possible and is
an important aspect of methods development.

Cobalt(Il) fluoride in the +2 oxidation state is known to be naitiert, especially compared

to cobalt(l11) fluoride, which is capable of fluorinating hydrdmams’ Cobalt(l11) fluoride
played an integral role as an effective fluorination reagenngithe Manhattan Project,
where it was used to prepare perfluorinated lubricantsatbeg needed for the separation
of uranium isotope$® The Cok is recyclable and can be regenerated by passing elemental
fluorine through the reactor at elevated temperativesile effective for total fluorination

of organic molecules, Calhas poor selectivity and is not a viable reagent for fine chémica
production. Furthermore, Cehas poor solubility in organic solvents, and fluorination
reactions are typically performed in solid/vapor phase ge®fiwell-over 100C.7-°
Derivatives of cobalt(lll) fluoride complexes bearing novellskms could serve as a
milder reagent that allow for more selective fluorinationsplRcement of one or more of
the fluorines of Cof-could increase solubility, allow for reactions to occur umdider
conditions, and enable more selectivity in organic transformatidmecent review paper
has summarized the transformations involving cobalt fluorides tc® deithough well-
defined organometallic cobalt(lll) fluorides exist, organim$farmations mediated by
these species is limited to the transformation of acyl iclderto acyl fluorides?1?

Recently, we have prepared the air-stable perfluoroethyl tcatraicursor, fac-
(MeCN)Co(GFs)3] (5a), and found the acetonitrile ligands are labile towards ligand
substitution reaction$:** For instance, complex5a reacts with an anionic
tris(pyrazolyl)borate (Tp) ligand in the presence of [PChto afford [PPh][(&-

Tp)Co(GFs)3], whose oxidation occurs at a much more negative redox potentiddah#



In this chapter, we investigate whether reactioBaoivith a fluoride salt would lead to a
simple anionic cobalt(lll) fluoride complex with excellerdluility and an accessible
oxidation which could trigger homolyses reactions.

5.3 Results and Discussion

5.3.1. Synthesis of the Cobalt Fluoride DimerReaction of5a with [NMe4]F in THF
solvent at room temperature for one hour produces a new spedjasptbra counter-ion
exchange with [PRICI, produces5b (Scheme 5a)as an isolable solid that was
characterized by X-ray diffractometry (Figure 5a). Attemptgleanly isolatébb as an
NMes salt in the absence of any [RREI proved unsuccessful. Compl&b adopts a
square pyramidal structure in the solid state with bridging fluotitsoccupy positions
at the base of the pyramid along with two other perfluoroethyl growith apical
perfluoroethyls completing the pyramid. The solid-state straateveals that the cobalt-
carbon bonds trans to the bridging fluorides are significantly long&3(2) and 1.944(2)
*) than the apical cobalt-carbon bond (1.898(2) ), consistent wité trans influencing

properties of fluoride.

PPhyl, [
NCMe [PPhalz C,F
CoFs 2Fs
'V'eCN\C| _CoFs 2 [NMe, N A oF
2 0 P C,Fs—C0_ _CO—CyFs
MeCN” | c,Fs 2 [PPhyCI SN
C2F5 THF C2F5 C2F5
5a B 5b N

Scheme 5aSynthesis of dimesb.
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Figure 5a: ORTEP Diagram o5b. The [PPh* counter-ions and a symmetry-related
cobalt fragment in the asymmetric unit have been omitted fotycl&elected distances

(*): Col-C3 1.898(2); Col-F1 1.9123(14); ColA-F1 1.9233(15); Col-C1 1.943(2); Col-
C5 1.944(2); Col-ColA 3.0107(5). Selected bond angles (j): C3-Col-F1 99.63(8); C
Co01-C1 93.73(9); F1-Co1-C1 91.83(8); C3-C01-C5 93.19(10); F1-Co1-C5 166.58(9);
C1-Co1-C5 91.19(10).

An absence otJer coupling is observed in tHéF NMR spectrum between the £and

CFs groups. This absence may be due to line broadening from squanmagajfigonal
bipyramidal interconversions in solution, but may also be dueational averaging of
coupling constants of opposite sign between the vicinala@f CEk groups, as has been
reported for isolated perfluoroethyl grougd#-16

5.3.2. Characterization of the DimerOs Solution BehavioFhe NMR spectrum suggests
that 5b undergoes solvent-dependent dynamic processes in solution. The room
temperaturé® NMR spectrum ob in MeCN-ds displays four broad signals in the region
between D427 to D495 ppm for the bridging fluorides (see AppendReRprding thé’F
NMR at B30C provided a more static spectrum B, with signals at £80.7, 101.2 ppm,

and a lone resonancelat B427.3. Compourib appears to adopt a more static structure
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in CD.Cly, as the room temperatutf¥® NMR spectrum in that solvent gave sharp signals
at D81.4, ©101.7, and B472.9 ppm. Cobalt(lll) fluorides ezhitiide range of'F NMR
chemical shifts. Baker reporté® NMR chemical shifts for [(Cp)Co(L)@RF)] (L =
PPh, PPhMe, R = CR, GFs,Cp = cyclopentadienyl) derivatives appear in the range of b
716 to D759 ppm ingDs.1° Cobalt(lll) fluorides bearing nitrogen ligands such as fMe
tacn)Cok] &0 (Mes-tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane) and
[(tpy)CoR]&eOH&-0 (tpy = terpyridine) exhibit resonances for the Co-F maeti¢he

F NMR spectra at D149 ppm and D116 ppm, respectively,s@H

The UV-Vis spectrum obb in MeCN is shown in Figure 5b. Over various time points,
slight differences in peak positions and intensities wererebde The initial spectrum has

" maxVvalues of 363, 395, and 533 nm. During the course of 24 hours, theaatzsod 363

nm diminishes in intensity while the absorbance at 395 nm increasdsnsity and red
shifts to 401 nm, and the maxima at 533 nm decreases in int@rstyJV-Vis spectrum

of 5b in CH.CI, (Figure 5b), in contrast, showed no changes over time, exhibitalg pe
with ' max of 416 and 516 nm with molar absorptivities of 240 and 350 dvtr?,
respectively, in line with previously reported cobalt(lllyfheoroethyl complexe$?

One possibility to account for the dynamic behavioblofin acetonitrile solution is the
presence of equilibria involving solvent coordination to form dexresati like
[(MeCN).Co(GFs)3(F)]” (5¢, Scheme 5b). Time-dependent density functional theory
(TD-DFT) calculations (CAM-B3LYP/m6-31G*) were performed ftgualitatively
understand the appearance of the UV-Vis spectrudcoand the results are shown in
Figure 5¢c. While the diméib exhibits two main peaks in the calculated spectrum (Figure

5¢, black line) at 341 and 506 nm, comphexis predicted to have one main absorption
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peak centered at 411 nm (Figure 5c, red line). As the expetaispectrum obb in
acetonitrile (blue line, Figure 5¢) does show peaks at 363 andn39% is plausible that
both 5b and5c (and/or other solvated derivatives) exist in solution, which is stami

with both the experimental UV-Vis ail®F NMR data o6b in acetonitrile.
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Figure 5b. UV-vis spectrum of5b recorded in acetonitrile (top) and dichloromethane
(bottom).
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Scheme 5bProposed equilibrium db in acetonitrile solution.
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Figure 5c. ExperimentalUV-Vis spectrum obb recorded in acetonitrile (blue) overlaid
with calculated TD-DFT spectra 6b (black) andbc (red), with major transitions shown.

5.3.3. Evaluation of Electrochemical PropertiesWe next evaluated the electrochemical
properties obb by cyclic voltammetry in MeCN solvent (Figure 4, top). Oxidatof 5b

is irreversible, and the cyclic voltammogram shows a compkeetthat is likely a
reflection of equilibria processes occurring with acetonitsidvent. Multiple waves

appear at potentials below 1.0 V vs. the ferrocene/ferrocerouiple, which are relatively
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low potentials for oxidation compared to that observed for thegehagutral complexes
5a and [(tpy)Co(GFs)3]*? (Figure 5d, top, orange vs blue and black lines). The potential
required for oxidation of5b better resembles that observed for the anionic
[(Tp)Co(GFs)3]", which has a peak potential of +1.16 V vs the ferrocene/fernameni
couple (also shown in Figure 5d, top, red life)lhe CV data for comple®b in
dichloromethane (Figure 5d, bottom) appears to be less coigglexhat in acetonitrile
solvent, paralleling the trends observed for the experimentaVid\@nd*°*F NMR spectra.

In dichloromethane, the oxidation &b shifts to more positive potentials relative to
[(Tp)Co(GFs)s]”, with an initial onset potential of +0.82 V vs the ferrocesredicenium
couple. The well-defined complexes [(Tp)Cek€)3]", [(tpy)Co(GFs)s], as well asba
however, did not see such significant shifts upon changing the soleenafretonitrile to
dichloromethane (Figure 5d). The data show that oxidatih o€curs at lower potentials

in strongly coordinating solvents, likely due to the electron donating atfildgordinated
solvent. Oxidations of the cobalt(lll) complexes, whilenfally producing cobalt(1V)
species, likely involve oxidation of the non-innocent fluoroalkyl ligat§d&Because the
oxidations fall within redox potential windows of commonly used oxid&hthe
generation of a more stable and isolable oxidized species mapdséble given the

appropriate set of ligands.
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Figure 5d. Cyclic voltammograms df (blue),2 (orange), [(Tp)Co(&Fs)s]® (red), and
[(tpy)Co(CoFs)3] (black) in acetonitrile (top) and dichloromethane (bottom)taile
complex, 10 mM; 100 mM [NBYJ[PFg]; working and counter electrodes were platinum
with a Ag pseudo reference; scan rate, 100 mV/s.



5.4 Conclusionsin this report, we show that the precursor [Meg) GFs)s] reacts with
NMesF in the presence of PR to form the unique anionic bridging fluoride dimer
[PPhy]2[(C2Fs)3Co(u-F)2Co(CGFs)3] (5b). Complexsb was characterized by NMR and UV-
vis spectroscopies, X-ray crystallography, cyclic voltammednd was modeled with
computational methods. Solution studies by NMR and UV-Vis specipes revealed
that 5b undergoes dynamic processes in strongly coordinating acetonitrile solkent.
weakly coordinating dichloromethane solvent, a more static structum@dgsrved.
Electrochemical experiments show that the diabiois oxidized at much lower potentials
than related perfluoroethyl cobalt(lll) complexes. Overab, is an easily prepared
cobalt(lll) fluoride that has excellent solubility with potehtbinding sites for other
ligands. As such, dimesb offers an interesting platform for exploring applications in
fluoroalkylation reactions and the chemistry of high-valent cobalt.

5.5. Experimental

5.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen filled glovebox, unless othestaisel.
Solvents were purified by passing through activated alumina acdpger in a solvent
purification system supplied by Pure Process Technology. SolttibiMR spectra were
recorded at ambient temperature on a Bruker 400 MHz specaoarad referenced to
residual proton solvent signat8F spectra were recorded on the Bruker NMR spectrometer
operating at 376 MHz and referenced o," -trifluorotoluene as an internal standard=(
D63.7). 3P {H} spectra were recorded on a Bruker NMR spectrometerabipg at 162
MHz and referenced to phosphoric acid as an external staidar@.Q0). A Bruker D8

Quest diffractometer was used for X-ray crystal structure rd@tations. Cyclic

! *%



voltammetry data was collected in a nitrogen filled glovebox at rtesmperature on a
PARSTAT 4000A potentiostat. UV-Vis spectra were recorded oraak Cary 5000
spectrophotometer, with path length 1 cm. The CCDC 2059468 contaswupiiiementary
crystallographic data for this paper. These data can bénethtéree of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by e-mailing data_regeedc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Rvad, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

5.5.2. Preparation of [PPh]2[(C2Fs)3:Co(u-F)2Co(CaFs)3] (5b): In a nitrogen-filled
glovebox, a vial was charged with [(MeGEp(GFs)3] (0.10 g, 0.19 mmol), NM#& (18
mg, 0.19 mmol), and PE@I (72 mg, 0.19 mmol), and THF (5 mL) and stirred for one
hour. The insolubles were filtered off and the filtrate veasystallized by vapor diffusion
of THF/pentane to yield 118 mg of a red/pink crystals (804)NMR (CDsCN, 400
MHz): ! 7.91 (t,J= 8.3 Hz, 8H), 7.81-7.59 (m, 32HP {H} NMR (CD3CN, 162 MHz):

I 23.9 (s). 1% NMR (CD:Clz, 376 MHz, r.t.)! -81.4 (s, 18F), -101.7 (s, 12F), -472.9 (s,
2F).19F NMR (CD:CN, 376 MHz, -36C): ! -80.7 (s, 18F), -101.2 (s, 12F), -427.3 (s, 2F).
Anal. Calcd (found) for €H4dCosFa2Ps: C, 46.53 (46.52); H, 2.60 (2.73).

5.5.3. Computational Details:Density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations were don&lmand5c using
Gaussian09! Geometry optimization and frequency calculations were done using
B3LYP functionat?>23with the basis set m6-31G* for colrdland 6-31G** for all other
atoms. The IEFPCM solvation model with acetonitrile was employke true minima
were confirmed by the presence of no imaginary frequencies. TDvi5 performed on

the optimized geometries using the CAM-B3LYP functional withsipié basis set m6-



31G* for Co and 6-31G** for all other atoms, with the IEFPCM solvatiadel
(acetonitrile).
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Chapter 6: [(MeCN)Ni(CF3)3]® and [Ni(CF3)4]?®: Foundations toward
the Development of Trifluoromethylations with Solvated Niclel

The following chapter has been adapted and reproduced with pemmiisom: Shreiber,
S. T.; DiMucci, I. M.; Khrizanforov, M. N.; Titus, C. Nordlund, D.; Dudkina, Y.;
Cramer, R. E.; Budnikova, Y.; Lancaster, K. M.; Vicic,A.Inorg. Chem202Q 59,
9143-9151. Copyright © 2020 American Chemical Society

6.1 Abstract: The nickel anions [(MeCN)Ni(CG]P and [Ni(CF)4]?® were prepared by
formal addition of three and four equivalents, respectively, of GAY® [(dme)NiB{ in

the presence of [PHicounter-ion. Detailed insights into the electronic propertidisesie
new compounds were obtained through the use of density functional tHalBiy (
calculations, spectroscopy-oriented configuration interaction (S0d€ulations, X-ray
absorption spectroscopy, and cyclic voltammetry. The datactedly show that
trifluoromethyl complexes of nickel, even in the most common oxidatiate of nickel(ll),
are highly covalent systems whereby a hole is distributed onifilieromethyl ligands
and surprisingly rendering the metal to a physically more redueésl sin the cases of
[(MeCN)NIi(CFs)3]® and [Ni(CR)4]%®, these complexes are better described as physically
d® metal complexes. [(MeCN)NIi(GE]Pis electrophilic and reacts with other nucleophiles
like phenoxide to yield the heterolyptic [(PhO)NiI#H? salt, revealing the broader
potential of [(MeCN)Ni(CE)3s]®in the development of trifluoromethylations with solvated
nickel. Proof-in-principle experiments show that reactiof(MeCN)Ni(CFs)3]®Pwith an
aryl iodonium salt yields trifluoromethylated arene, presumalalyahigh valent formally
organonickel(lV) intermediate. Evidence for the feasibilitysoch intermediates is
provided with the structurally characterized [HBENi(CF3)4(SQy)], which was derived

through the two-electron oxidation of [Ni(€)H 2



6.2 Introduction: It was first reported (without full experimental disclogtirthat the
complex ion [Cu(CB)4]® (6a, Scheme 6a) could be generated by the oxidation of the
cuprate salt [Cu(Cdr]®. Shortly thereafter, Naumann and co-workers reported the
synthesis and isolation of [PRICu(CFs)4] as well as the X-ray structure of the related salt
[PPN][Cu(CR)4.2 The [Cu(CR)4]P core was described as having OsurpridisgDility

as it possessed a rare and formally copper(lll) center. kdge of the structure @a
stimulated studies of its electronic structure, and in 1995 Snydévrgluthe provocative
analysis that the trifluoromethyl ligands were oxidized rather tharcopper center (a
feature later referred to as Osigma non-innocéfica@d that the oxidation state of the
copper ion in6a was actually copper(l) and not copper(Pl)Such a description of the
electronic state oba has sparked debate and further theoretical stddigdut recent
experimental evidence for al®8 ground state electronic configuration and ligand field
inversion in6a®1° supports SnyderOs proposal of a copper(l) complex thatydisjiena

non-innocence of the trifluoromethyl ligankls.

i R
F3C_C|U_CF3 R_Clu_CF3 L_Clu_CF3

CF3 CF3 CF3

6a 6b 6¢c

Scheme 6a.High-valent copper trifluoromethyl complexes.

Salts of6a have not only been important for providing insights into the naturerafibg
in metal-fluoroalkyl complexes, but have also demonstrated reagcitmportant to the
development of trifluoromethylation methodologies. For examgiang and co-workers
revealed that equilibria involving ion pairs of [Cu@Mf can be exploited in reactions

with aryl boronic acids to afford high yields of trifluoromethylateghas (Scheme 6b,4).
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Menjon and co-workers showed th@a can generate trifluoromethyl radicals under
photolytic conditions, which could then be trapped by arenes and nif@ctesme 6b,b¥
Importantly, the homoleptic tetra(trifluoromethyl)copper(llinttionality in6a can also

be rendered into heteroleptic derivativeB)(by addition of nucleophiles to charge-neutral
tris(trifluoromethyl)copper complexe$¢ Scheme 6b,c). This derivatization is of high
synthetic value as eliminations fradb can render cross-coupled and trifluoromethylated
organic product$314Finally, the charge-neutral tris(trifluoromethyl)copper derivative
have also served as precursors of [LCuj&R)]*>*8 intermediatesen routeto the

generation of [R-Cff products (Scheme 6b,d).

B(OH),

[L4Cu] CFs C
FsC c| CF —>/ = @
_Cu— il
G 3 KF, O, | R

CFs 80 °C
[L,Cu][6a]
CF
[NBuy] CF3 °
| CsHe
F3C—C|u—CF3 - + [NBug][Cu(CF3);] (0)
|
CFy
[NBu 4][6b]
i
R—CU~CFs| ——= R=CF; + [Cu(CF3),]© )
CFs
6b
CF5 CF3

| |
L—Cu—CF; ——> L—C|u—R —> R-CF3 + LCu(CF3) (d)
6C CF, CF3
L = py, phen, bpy
Scheme 6b.Known applications of formally copper(lll) trifluoromethyl quogr
complexes.
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We hypothesized that a homoleptic tetra(trifluoromethyl)metatptex bearing a bona
fide d® ground state electronic configuration may be possible witkehias nickel in the
+2 oxidation state is more commonly encountered than copper in agida&ion state.
Moreover, if [Ni(CF)4]?° and [Ni(R)(CR)3]?®? complexes could be generated, then access
to their higher oxidation states would be more facile than for [Eq® and
[LCu(CRs)2(R)] derivatives, which are already highly oxidized molecula&ces. Nickel
fluoroalkyl complexes often exhibit two additional oxidations beyonddhedl nickel(ll)
state and show higher reactivity in their oxidized fotf.Access to higher oxidation
states would provide the opportunity to explore whether difficult atedrbond forming
reactions involving the trifluoromethyl group could be triggered by oxidatieans with
unsupportetf architectures at nickel.

6.3 Results and Discussion

6.3.1. Synthesis of Trifluoromethyl Nickelates:A family of trifluoromethyl nickel
complexes could be prepared by routes that all employ a cominohssarting materials
and reagents, as described in Scheme 6¢c. The reaction of Nii@mg)with two
equivalents of M¢Si-CR and AgF leads to the charge neutral (bis)trifluoromethyl complex
6d.26 Here, we reveal that reaction of [(dme)NiBwith an extra equivalent of M8iDCE
and AgF in the presence of [P in acetonitrile cleanly leads to the formation of the
new anionic tris trifluoromethyl compleée in 93% isolated yield. DiagnostiéF NMR
signals for6e arise from the two types of trifluoromethyl groups situated static and
square planar arrangement ({CIN, ! 25.2 (septef, = 4.5 Hz, 3F) and B31.1 (quartét,

= 4.5 Hz, 6F)). Gratifyingly, performing the trifluoromethylatioh[(dme)NiBr,] with

slightly over four equivalents of M8i-CF and AgF in the presence of [P leads to



the appearance of a new singlet in e NMR at! D26.2 that corresponds to the target
dianionic compleX6f. Complete conversion &f was difficult to achieve an@f can only
be generated in mixtures wifie, but the solubility properties of the dianion facilitated i

isolation in analytically pure form in 19% yield by selectivestallization.

NCMe

MeCN—Ni—CF5

6d Cr,

| MesSi-CFs [PPhy]
[0\ _Br AgF | [PPh,ICI

Br MeCN
| 6e Cr,

CF3

|
MeCN—Ni—CF5

[PPhy]>
2[PPh,]CI

P
F3C—I\|li—CF3
6f CF,

Scheme 6c¢.Generation of know6d?® and new trifluoromethyl complexes of nickel

from a common starting material. For the number of equivatératb reagents used, see
Appendix E.

The structures of the new compleXéesand6f were confirmed by X-ray crystallography,
and ORTEP diagrams of both structures are shown in FigufRdational disorder of the
trifluoromethyl groups in 6e prevented rigorous quantitative analysis of the
crystallographic bond lengths and angles, but it is clear thatithel centers of both
structures adopt a distorted square planar geometry, with codipshowing a slightly
larger distortion which is highlighted in the side-on viewebin Figure 6a. Thérans

trifluoromethyl groups ir6e are situated at an angle (C-Ni-C) of 177.90(10); while the

trans trifluoromethyl groups abf have angles of 168.10(17) and 166.49(17)j. For



reference, the angles for thanstrifluoromethyl ligands in [Cu(C#4]® were measured at

c3
cial
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!

&
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1 cl)
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ci2) c

Figure 6a. ORTEP diagrams of the nickel center$eftop left),6f (top right and

bottom right), andg (bottom left). Ellipsoids shown at the 40% level. Selebtatt
lengths (¢) for 6e Nil-N1 1.8816(18); Ni1l-C2 1.885(2); Ni1l-C3 1.938(2); Ni1-C1
1.953(2). Selected bond angles (j) 6@ N1-Nil1l-C2 177.62(10); N1-Ni1-C3 89.43(8);
C2-Ni1-C3 90.15(9); N1-Ni1-C1 90.28(8); C2-Ni1-C1 90.06(9); C3-Ni1-C1 177.90(10).
Selected bond lengths () faf: Ni1l-C4 1.924(4); Ni1-C3 1.927(4); Ni1l-C1 1.930(4);
Nil-C2 1.939(4). Selected bond angles (j)6br C4-Ni1-C3 90.40(17); C4-Ni1-C1
91.82(17); C3-Ni1-C1 168.10(17); C4-Ni1-C2 166.49(17); C3-Nil-C2 89.89(18); C1-
Nil-C2 90.66(17). Selected bond lengths (¢) G Nil C1 1.8989(13); Ni1-O1
1.9056(9); Ni1-C2 1.9342(13); Ni1-C3 1.9448(13). Selected bond angles 6g: fGd.-
Ni1l-O1 165.64(5); C1-Ni1l-C2 90.16(6); O1-Ni1-C2 89.08(5); C1-Ni1l-C3 91.62(6); O1-
Ni1l-C3 91.06(5); C2-Ni1-C3 172.23(6); C4-O1-Nil 128.35(8).

165.0(7) and 172.2(6}i.

6.3.2. Electrochemistry of Nickel ComplexesWith complexes6e and 6f in hand, we
evaluated their electrochemical properties by cyclic voltatryr{€igure 6b). Oxidation
of the monoanionic [PRIH(MeCN)Ni(CFs)3] is irreversible and occurs at the onset

potential of ca. +0.02 V vs the ferrocene/ferrocenium coupdak potentials fde appear



at +0.38 V and +0.76 V. The oxidation of comp&xwas more facile, with an onset
potential of ca. -0.10 V and peak potentials at +0.10, +0.50 afi@ %0. Interestingly,
both 6e and 6f display peak potentials in the region where oxidation occurs fdoithe
trifluoromethyl complexéd (Figure 6b), suggestive that upon oxidatt@and6f undergo
chemical transformations leading@d. However, because the waves in the CVs are all
irreversible, more evidence will be required corroborate gpeculation. The CVs are
interesting to compare with that of the copper derivative [jJBu(CFRs)4] ([NBud][6al).
Because [NBu[64] is already a highly oxidized species (irrespective of whdtieeholes
lie predominantly on the metal or ligand), no oxidation peak wasrged in the CV in the
region spanning from 0 to +1.5 V vs the ferrocene/ferrocenium cosgeAppendix E).
Thus, changing the metal identity from copper to nickel in the P(E® (and formally
d®) platform provides exciting opportunities to explore redox trigdeeactions involving

these solvated trifluoromethyl nickel sources using readily avaiaiglg@ractical oxidants.

0.00008

0.00004

current density ((mA)/cm?)

0.00000

T ! 1

0.0 ' 015 : 1.0 1.5
E (V vs Fc/Fc+)

Figure 6b. Cyclic voltammograms dd (blue),6e (red), andbf (black) in MeCN.

Metal complex: 0.5 mM. Electrolyte: [BN][PFs]: 100 mM; working electrode: glassy
carbon; counter electrode: platinum; pseudo reference: silvan rate: 100 mV/s.
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6.3.3. Investigation of Physical Oxidation State of Anionic Nkelates:We collaborated
with Kyle LancasterOs group at Cornell in order to examinehifsécpl oxidation state of
complexe$eand6f to look for evidence that the metal is in a physically reddagldctron
count, similar to copper complé&a. This section highlights the key experimental details
found by LancasterOs group and their interpretation. Full detdilnoasterOs studies,
including experimental details, can be found within the publisheort¢his chapter has
been adapted from.

The Ni Lzedge (2p( valence/continuum) XAS (x-ray absorption spectroscopy) data
were obtained fo6e and6f (Figure 6¢). The Ni 2§ 3d excitations are dipole allowed
and thus intense, but lose intensity commensurate with ligand-caditakture into 3d-
containing frontier MOs. Consequently, totalsledge XAS areas afford a convenient
means to quantify 3d participation in vacant MOs. The splittetgvéen the s and L
peaks arises due to 2p spin-orbit coupling. Thedaks forbe and6f occur at 854.3 and
854.4 eV, respectively. The,lpeaks for6e and 6f occur at 871.1 and 871.3 eV,
respectively. For comparison, typical low-spirl' Mpecies showd peaks at 853.3 + 0.5
and Lo at 870.4 + 0.5 e¥728This shift in L >-edge is consistent with what was seen when
comparingéato other Cli species in the literature, and not necessarily indicatinectdl
oxidation. Using TBusN]2 [Ni(mnt)2]?° and [E&N]2[NiCl 4]%° as covalency calibrants and
assuming that 16-electr@e and6f have a single Ni 3d-containing LUMO, the totalsL
edge intensities give 48.9 + 6.9 and 51.1 + 7.1 % Ni 3d/holéefand 6f, respectively
(Figure 6c¢). The data translates to Ni 3d vacancies of lrahdDsurprisingly, these
complexes are more appropriately described as physicaligtider than @ Ni K-edge

XAS data, hybrid DFT, and spectroscopy-oriented configuratioerantion (SORCI)



calculations’® were also performed for compourisand6f, and collectively supported

the Ni Ly,>edge XAS data of a ground state d-count of 9 for both complexes.
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Figure 6¢.(a) Ni L>,>-edge XAS obtained at 298 K from neat solid sampl&e@black)
and6f (red). Data were obtained via patrtial fluorescence yielcctierewindowed on Ni
3d( 2p X-ray emission. (b) Plot of Ni2lz area vs. Ni 3d character. A line was fitted
through zero (0,0 is included in the fit because zero d-charaititgield zero intensity)
and two calibrants with independently quantified Ni 3d covalenciédiiygea line with
slope = 5.69 + 0.45 and y-intercept = 1.69 + 4.71. TheaRie is 0.994. The summed
L» 3 areas obtained fd&e and6f are interpolated yielding 48.9 + 6.9% and 51.1 + 7.1%
Ni 3d character per hole, respectively.

6.3.4. Reactivity of trifluoromethyl nickelates: The knowledge that monoaniorée can
accommodate an additional trifluoromethyl anion to afférdrompted us to explore the
reactivity of 6e with a different nucleophile to determine if a heteroleplignionic
complex could be prepared. If so, such structures could paiterite developed as
intermediates in new nickel-mediated trifluoromethylations, akintiie emerging
methodologies involving [Cu(Gs(R)]P. Reaction obe with [NMe4][OPh] indeed led to
the production of the new dianionic nickel phenoxide comggx The solubility
properties o6g bearing pure phosphonium counter-ions enable its selective ipagoip

(80% based on available [P#hcounter-ion) as an analytically pure and crystalline solid,

and the ORTEP diagram 6§ is shown in Figure 6a. Interestingly, NMR data suggest that



when isolated crystals 6l are dissolved in MeCN, the phenolate moiety dissociates from
nickel and reaffords monoanionic complér in solution (Scheme 6d). Benzene is
generated in the process along with triphenylphosphine oxide, tindiGnon-innocent
interaction between phenoxide and the phosphonium counter-ion. Equiliprao@sses
between phosphonium salts and phenoxide-derived phosphoranes are*khotwo, our
knowledge these interactions leading to the irreversible generdtigimosphine oxide is
unknown. Control experiments show that simple reaction of [jJ&€&h] with [PPh]CI

in acetonitrile solvent in the absence of nickel indeed leasdpltemylphosine oxide, plus
benzene (see Appendix E). The source of the oxygen atom does rent tappe derived
from the phenoxide moiety, as reaction of [Nilp-fluorophenoxide] with [PPACI in
acetonitrile still yields triphenylphosphine oxide but does not produngedetectable
fluorobenzene. Thus, we suspect that adventitious water mag lseurce of the oxygen
atom in [O=PP¥. Changing the counter-ion and reacting [MEiMeCN)Ni(CFz)3] with
[NMe4][OPh] gratifyingly leads to a solution stable complex wh&%e NMR signals
(CDsCN, ! B21.2 (septefl = 4.1 Hz) and D31.3 (quartdtz 4.1 Hz)) are consistent with
the desired [NER[(PhO)Ni(CR)s] product. With knowledge of this noninnocent
interaction of [PPA* with phenoxide, it is clear that judicious choice of countesiwill

be a critical component to methods development with these hetecotpmplexes of
nickel. Utilizing an ammonium counter ion (see Chapter 7 forhgymt details), we have
found another heterolyptic nickel saéh, bearing deprotonated 7-azaindole could be
prepared (Scheme 6e). Complék is solution stable and does not show equilibrium
properties at room temperature wittf NMR signals at (CECN, ! D22.7 (septef,= 4.1

Hz) and B29.5 (quartel, = 4.1 Hz)). We are currently working to identify other



conditions and reagents that favor coordination of other organic nucleofthBesand

identify redox agents that could ultimately trigger new trifluordmletross-couplings at

nickel.
[PPhy];
[PPhy] CF4 CF;
| 1) [NMe4][OPh], MeCN |
MeCN—Ni—CF3 > O—Ni—CF3
2) diethyl ether |
CFS CF3
6e 69
bis phosphonium
A . O=PPhs salt precipitates
~ MeCN,H,O0
Scheme 6dSynthesis of heterolyptigg and resulting solution properties.
NM NMegl, [ ]
[NMe,] ?Fg [NMe], $F3
N — .
MeCN—Ni—CFs| , m MeCN N—Ni—CFs
| N7 ~Ng KO ~ |
6e CFS \ N CF3
+ NMe4CI 7
~ Bh 64%

Scheme 6eSynthesis of heterolyptic nickel séh.

Preliminary explorations of the reactivate6efand6f are described in Scheme 6f and 6g.
Complex 6e reacts with the two electron oxidant bis(4-tert-butylphenyl)iodonium
hexafluorophosphate to afford trifluoromethylated arene in 54% yieldduping
[(MeCN)Ni(CFs)2] (6d) in 75% yield as the only detectable nickel containing product
(Scheme 6f). Hypervalent iodine reagents are known to oxidireRut{tl) and Ni(ll) to
Pd(IV) and Ni(IV)33 so we speculate that the intermediate in this trifluorometbyla
reaction is the high valent [ArDN(CFs)3(MeCN)]. Such a species, upon reductive

elimination or arylDC#F product would affordéd as the nickel-containing byproduct.

! +)!



Further experiments witBf shows that oxidation to formally nickel(l1V) trifluoromethyl
derivatives is indeed possible (Scheme 6g). We observed thatelectron oxidation of
6f with potassium persulfate produced a new species detectéd BWR spectroscopy
(CDsCN, ! -19.2 (sept) = 7.3 Hz) and -30.6 (sept,= 7.3 Hz) in 11% NMR yield along
with other fluorine-containing nickel species consistent with JJE@QCF3)2(MeCN)],
[(MeCN)2Ni(CFs)4], and [(MeCN)Ni(CE)s]? (see Appendix E), however, further insights
into the identity of these higher valent nickel complexes was fabvided (see Chapter
7). Fortuitous crystallization of one of the new species fror@Nether enabled its solid-
state structure determination (Figure 6d) and confirms the ftgesftithe crystallized
compound as [PRR[Ni(CF3)4(SQy)] (6i, Scheme 6g). To our knowledge, this is the first
example of an unsupportédrifluoromethyl nickel(IV) complex, and the identification of
such a structure lends credence to the proposal that a high+valezi{l\VV) species is a
viable intermediate in the trifluoromethylation reaction desdim Scheme 6e. Further
efforts to develop trifluoromethylation chemistry wiée and 6f are planned in our

laboratories (see Chapter 7 and 9).

[PFg]
o [

2
MeCN—Ni—CF5 > Fﬁ@—é
| MeCN

CFS 80°C 54%

6e + 6d (75%)
Scheme 6fTrifluoromethylation of aryl iodonium witée

[PPhg,[
S e CFs
| K»S,0g Oy 0, | .CFs
F.C—Ni—CF — > s’ UNi
s | 3 MeCN O// \O/ ’ \CF3
CF
3 i CF3

Scheme 6gOxidation of6f generating high-valent formally Ni(I\gi.
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COA) C(2)

C(2A)

oY)

Figure 6d. ORTEP diagram ddi. Selected bond lengths (¢): Nil-C1 2.021(6); Ni1-C2
1.942(6); Ni1-O1 1.964(4); Selected bond angles (j): C2-Ni1l-C2A 97.7(4NICD1
94.7(2); O1-Ni1-O1A 73.0(3); C2-Ni1-C1 92.0(3); C1-Ni1-C1A 177.9(3); O1-320
99.5(3).

6.4 ConclusionsHerein we describe easy access to [(MeCN)NijgFand [Ni(CR)4]%®
and provide full experimental and computational analyses of trestrehic structures.
The trifluoromethyl ligands, by virtue of their highly covalent inte@tsi with nickel,
render botrbe and6f to physically more reduced states than their formal oxidataie st
implies. Spectroscopic data and electronic structukledions support ground stade
electron counts for both [(MeCN)Ni(G)]® and [Ni(CR)4]?®, and surprisingly show that
holes can be distributed on trifluoromethyl ligands even in nickelptsas bearing
formally common oxidation states. The cyclic voltammetry stushesv that oxidations
of [(MeCN)NIi(CFs)3]® and [Ni(CR)4]?? are facile, which bodes well for the development

of redox-triggered methodologies at nickel. As copper exhibitatively weak

backbonding towards pi-acceptdfs®the nickel complexee and6f may show broader



applicability than6a-6¢in emergent synthetic methods involving pi-systems of organic
substrates. Finally, two important precedents regarding#uotivity of complexeéeand

6f have been set in this report. We have shownBiegacts with a bis(aryl)iodonium salt
to afford a trifluoromethylated arene, indicating the viabilitysolvated trifluoromethyl
nickel complexes in important C-C bond forming reactions. Moretiveglean formation

of 6d as the byproduct of the trifluoromethylation reaction bodes W¥eell future
development of catalytic processes. We have also establitaedhe homoleptic
precursoref can be used to directly prepare a formally Ni(IV) compihowing for the
first time that supporting ligands are not a requirement foisaoggthe higher valent states
of trifluoromethyl nickel.

6.5. Experimental

6.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen-filled glovebox, unless othesisisel.
Solvents were purified by passing through activated alumina acdpger in a solvent
purification system supplied by Pure Process Technology. SoliitibtMR spectra were
recorded at ambient temperature on a Bruker 400 MHz specaoared referenced to
residual proton solvent signal®F NMR spectra were recorded on a Bruker NMR
spectrometer operating at 376 MHz and referencéd' {o-trifluorotoluene as an internal
standard!( =#63.7).2'P{*H} NMR spectra were recorded on a Bruker NMR spectrometer
operating at 162 MHz and referenced to phosphoric acid aseanastandard (= 0.00).

A Bruker D8 Quest diffractometer was used for X-ray crydtaicture determinations.
UV-Vis spectrum was recorded on a Varian Cary Spectrophotéoymeith path length 1

cm. Cyclic Voltammetry data was collected in a nitrogdledi glovebox at room



temperature on a PARSTAT 4000A potentiostat. The CCDC 1981245-1981247 and
1988483 contains the supplementary crystallographic data for this pEpese data can

be obtained free of charge viawww.ccdc.cam.ac.uk/data regfjestt by e-

mailing data_request@ccdc.cam.ac.uk, or by contacting The Ghyalrystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

6.5.2. Preparation of [PPh][(MeCN)NIi(CF 3)3] (6€). In a nitrogen-filled glovebox, AgF
(195 mg, 1.54 mmol) and TMS-GF0.26 mL, 1.8 mmol) were stirred in 10 mL of MeCN
for 1.5 hours. Then, 1 mL of MeCN, (dme)Nigt55 mg, 0.500 mmol) and P/#H (188
mg, 0.500 mmol) were added. The reaction mixture was stirréddays and then filtered
over Celite. The filtrate was pumped dry to yield 300ahgellow solid (93% Yield). X-
Ray quality crystals were grown from a saturated solution of HHRIMR (CDsCN, 400
MHz): | 7.96 B 7.88 (m, 4H) , 7.80 B 7.62 (m, 16f5.NMR (CD:CN, 376 MHz):! -
25.23 (sept) = 4.5 Hz, 3F), -31.06 (d,= 4.5 Hz, 6F)3P{*H} NMR (CD3sCN, 162 MHz):

I 23.88 (s). Anal. Calcd (found) foréH23FoNiP: C, 53.91 (54.21); H, 3.59 (3.99).

6.5.3. Preparation of [PPRh]2[Ni(CF 3)4] (6f): In a nitrogen-filled glovebox, AgF (293 mg,
2.25 mmol), and TMS-GH0.40 mL, 2.5 mmol) were stirred in 10 mL of MeCN for 2
hours. Then, 2 mL of MeCN, (dme)NiB¢155 mg, 0.500 mmol), and P#h (375 mg,
1.00 mmol) were added. The reaction mixture was stirred day2 and then filtered over
Celite. The filtrate was pumped dry to yield a crude yekohd mixture of(6e) and(6f).
Recrystallization in MeCN/ether yields 98 mg of light yellow soli@% Yield). X-Ray
quality crystals are also grown in MeCN/ethét NMR (CDsCN, 400 MHz):! 7.99 b 7.87

(m, 4H) , 7.82 B 7.62 (m, 16HJF NMR (CD:CN, 376 MHz):! -26.2 (s)3P{*H} NMR



(CDsCN, 162 MHz):! 23.85 (s). Anal. Calcd (found) forsgi4oF12NiP2: C, 61.62 (61.70);
H, 3.98 (4.01).

6.5.4. Preparation of [PPRh]2[(PhO)Ni(CF3)s] (69): In a nitrogen-filled glovebox, a
solution of tetramethylammonium phenoxide (prepared from JMeand PhOH) (13mg,
0.077 mmol) in 0.5 mL of MeCN was added to a stirring solutids(80 mg, 0.077 mmaol)
in 0.5 mL of MeCN. The solution was stirred for 30 minutes dhyl ether (0.6 mL) was
slowly added. The solution was placed in glovebox freezeP@)3@ere yellow crystals
were obtained and washed with additional ether (33 mg, 80%haskt on [PRh Anal.
Calcd (found) for @HasFeNIOP.: C, 65.98 (65.73); H, 4.37 (4.48). Solution NMR data
of (6g) were complicated as the decomposition of phosphonium counter-idrehgxyde
occurs in MeCN (see Appendix E’F NMR of [NBu]2[(PhO)Ni(CF)s] (CDsCN, 25 C)

I D21.2 (septet) = 4.1 Hz) and D31.3 (quartel, = 4.1 Hz). °F NMR of
[PPh]2[(PhO)Ni(CR)3] (CDsCN, B30 iC) D21.8 (septef,= 3.5 Hz) and D32.0 (quartet,
J=3.4 Hz).

6.5.5. Preparation of [NMe]2[(C7HsN2)Ni(CF3)s] (6h): In a glovebox, to a stirring
solution of [NMe][(MeCN)Ni(CFs)3] (38 mg, 0.10 mmol) and NM€I (12 mg, 0.10
mmol) in 0.5 mL of MeCN, a solution of K&sN2 (16 mg, 0.10 mmol) in 1.5 mL of MeCN
was added and stirred for 15 minutes. The insoluble were remanve@ther was added to
predicate the product. After placing in the glovebox freezer {€30 the product was
collected and washed with ether to yield 34 mg (64%) of a light yeltdid. $H NMR
(CDsCN, 376 MHz):! 8.04 (dd,J = 4.6 Hz, 1.8 Hz, 1H), 7.53 (dd= 7.5 Hz, 1.8 Hz, 1H),

7.42 (d,J = 2.7 Hz, 1H), 6.58 (dd} = 7.5 Hz, 4.6 Hz, 1H), 6.08 (d,= 2.7 Hz, 1H), 3.12



(s, 12H).2%F NMR (CDsCN, 376 MHz):! -22.7 (sept) = 4.1 Hz, 3F), -29.5 (g} = 4.1 Hz,

6F) . Anal. Calcd (found) for £gH2oNiFgN4: C, 40.70 (41.42); H, 5.50 (5.90).

6.5.6. Generation of [PPh (! >-SOs)Ni'"V(CF3)4] (6i): In a nitrogen-filled glovebox6f

(20 mg, 0.02 mmol) and 40 (8 mg, 0.03 mmol) were stirred in one mL of MeCN for

one day. The insolubles were filtered and discarded, and theoldiges were removed

under vacuum. Fluorobenzene was then added as internal standard,'émdMR yield

of 61 was found to be 11 %. Fortuitous crystallization in MeCN/Effrevided X-Ray

guality crystals®F NMR (CD:CN, 376 MHz)! -19.15 (sept) = 7.3 Hz, 6F), -30.60 (sept,

J=7.3 Hz, 6F).

6.5.7. Reaction of [PP[(MeCN)NIi(CF 3)3] with bis(aryl)iodonium Reagent: In a

nitrogen-filled glovebox6e (15 mg, 0.023 mmol) and bis(4-tert-butylphenyl)iodonium

hexafluorophosphate (24 mg, 0.046 mmol) were dissolved iRCRLOCH:CN.

Fluorobenzene was added as internal standard and the reactitreatad to 800 C. The

reaction was monitored b¥F NMR until 6e was consumed. In this mannert-4-

butylbenzotrifluoride was synthesized in 54 % yield. [(MefDN(CFs3)2] was also formed
as the nickel-containing product in 75% yield. Analytical data otibifiethylated product
matched that previously reported in the literafire.
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Chapter 7: Solvated Nickel Complexes as Stoichiometric andatalytic
Perfluoroalkylation Agents

The following chapter has been adapted with permission fromeil&h, S. T.; Vicic, D.
A. Angew. Chem. Int. E@021, 60, 18162-18167. Copyright © Wiley

7.1 Abstract: The acetonitrile-solvated [(MeCN)Ni¢Es)s]° was prepared in order to
compare and contrast its reactivity with the known [(MeCN)N§fe}Ftowards organic
electrophiles. Both [(MeCN)Ni(Glz]” and[(MeCN)Ni(CzFs)s]" successfully react with
aryl iodonium and diazonium salts as well as alkynyl iodonium saltsedlgoroalkylated
organic products. Electrochemical analysis of [(MeCNj&LFs)s]" suggests that, upon
electro-oxidation to [(MeCNNi'"' (C2Fs)3], reductive homolysis of a perfluoroethyl radical
occurs, with the concomitant formation of [(MeCNJ{G:Fs).]. Catalytic C-H
trifluoromethylations of electron rich arenes were succegstthieved using either
[(MeCN)Ni(CFs)s]” or the related [Ni(CH4?®? Stoichiometric reactions reveal that
solvated nickel is exceptionally capable of serving as reseot@F anions or radicals

under catalytically relevant conditions.

7.2 Introduction: Nickel is a promising platform for developing practicalditoalkylation
methodologies as fundamental steps relevant to chemical bond fogaatipns have been
established. Reductive eliminations involving fluoroalkyl groups have temonstrated
at higher valent states of nickel,the generation of fluoroalkyl radicals via electron
transfer or atom abstraction reactions of fluoroalkyl eletitep with nickel is knows;*?
fluoroalkyl-based transmetalating reagents readily react with Ifitkeand catalytic
transformations involving select fluoroalkyl groups have been repbiett: 16-21 Nickel

is also an earth-abundant metal with a reasonably low cHstwever, most of the



aforementioned chemical transformations involving fluoroalkyl groepsired nickel to
bear stabilizing ligands other than solvent. While in many cagssdls can serve to tune
and enable the reactivity of a nickel center, in other cases#ngyrevent catalysis through
redistributions that affect the speciation of an active forthe@hickel catalyst. Moreover,
extraneous non-solvento ligands raise the cost of a chemical prandscan even
contribute to the air-sensitivity of the system. Given theseidenraions, we became
interested in developing new fluoroalkylation methods with nickelehgiloyed solvent
as the only coordinating ligand other than the fluoroalkyl groups. Sudioreecnditions
have commonly been referred to as OligandlessO conditions in o#ras%&t

Previously, we found that [PEf7b] and [PPh|2[7c] (Scheme 7a) could be synthesized
by the addition of one and two equivalents of OA@CI67a in the presence of [PEEI.2°
The electronic properties @b and7c were extensively studied through the use of density
functional theory (DFT) calculations, spectroscopy-oriented configuranteraction
(SORCI) calculations, X-ray absorption spectroscopy, and iccyebltammetry?®
Interestingly, the data collectively show tidt and7c are better described as physically
d® metal complexes with the additional hole delocalized over thepieultifluoromethyl
ligands. Complexe§b and 7c also displayed preliminary reactivities that warranted
follow-up investigations. For exampléb was found to react with an aryl iodonium salt
to yield trifluoromethylated arene, presumably through a high-valembattyr nickel(1V)
intermediate’? Evidence that such architectures are accessible was providedeby
synthesis and structural characterization of fPRYI(CF3)4(SQw)] (7d, Scheme 7a), the
first example of a trifluoromethyl nickel(IV) complex thatidiot bear any charge-neutral

datively bonded ligand®. The high-valent compleXd, while it could be crystallized,



proved to be unstable in solution. The instability of high-valemesbd complexes was
also evident in electrochemical experiments, whéseand 7c displayed irreversible
oxidations on the timescale of the cyclic voltammogtdmie believed this redox
instability could be beneficial in terms of catalysis, wHagh-valent intermediates would
need to irreversibly form chemical bonds or release perfluoroakitals for chemistries
that turn over. Therefore, we sought to investigate further thetmwaddnemistries ofb

and7cand compare the reactivities to those of a perfluoroethyl analogue.

NCMe crs |° cFy, |29 CFy |20
. | | O\\ /O’I | “‘\CFS
MeCN—Ni—CF5 | MeCN—Ni—CFs FsC—Ni—CF4 >sU NI
| | | o’ 0”7 ‘ CF;
CFs CFs CF4
CF,
7a 7b 7c 7d

Scheme 7a.Trifluoromethyl nickel reagents previously characterized.
7.3 Results and Discussion
7.3.1. Synthesis of Ammonium Salts of Fluoroalkyl NickelatesWe have shown
previously that [PP salts of7b and7c (Scheme 7a) were susceptible to side reactions
involving organic nucleophiles and the phosphorus mdfesp herein we describe the
preparation of tetramethylammonium salt§bf7c, and the new perfluoroethyl derivative
7e (Scheme 7b). Such compounds were easily prepared by the additivhg-RO to
[(dme)NiBr] in acetonitrile solvent in the presence of [NJ@&. The!’F NMR spectrum
of 7edisplays four signals with integrations consistent with twdélyaoethyl groups cis
to the acetonitrile group and one perfluoroethyl group that is toathe acetonitrile. The
CFs resonance that teansto the coordinated acetonitrile appears as a quintet froPdghe
coupling of the other two GRyroups, while the resonance for thes@Foups that areis

to the acetonitrile appear as a triplet. The absenc&rpfcoupling is common for



perfluoroalkyl groups and is suggested to arise from the rotativasdgng of coupling

constants of opposite sign between the vicinal & Ck groups3?-32

3Me3Si-CF;  [NMey] CF5
[NMe,]Cl |
> MeCN—Ni—CFj4
3 AgF, MeCN
70 CFg
75%
| 4 Me;Si-CF4 2 [NMey] CF,
Ol  Br 2 [NMeICl |
[ Nl\ > F3C_N|_CF3
o~ O Br 4 AgF, MeCN
| 7CCF3
52%
3 Me3Si'C2F5 [NMe4] C2F5
[NMe,]Cl |
> MeCN—Ni—C,Fs
3 AgF, MeCN
7€ CoFs

56%
Scheme 7b.Synthesis of tetramethylammonium salt§bf7c, and7e
|

7.3.2. Electrochemistry of Solvated Perfluoroethyl Nickel: The electrochemical
properties of the newly prepared anionic comglewere evaluated by cyclic voltammetry
(Figure 7a). The oxidation @kis irreversible and occurs at an onset potential of +0.21 V
vs the ferrocene/ferrocenium couple. Peak potentialgdappear at +0.60 V and +1.26
V, which are slightly more positive than peaks observed forrifheoromethyl derivative
7b.2% Interestingly, the peak potential for the second redox event oatute same
potential as the oxidation for the charge neutral bisperfluoroetinyplex7g (Figure 7a),
consistent with the notion that upon oxidation to the nickel(lkcgs/f, a perfluoroethyl
radical is lost which generat&g during the timescale of the experiment (Scheme 7c).

Similar redox trends were found for the trifluoromethyl derivatii{&4eCN)Ni(CFs)3]’



(7b) and [(MeCN)Ni(CFs)2] (7d),%° suggesting that while the higher oxidation states of
solvated nickel fluoroalkyl complexes can be easily accessed idatiox of anionic

complexes such agb and7e the higher valent complexes, especially in the nickel(lll)

state have limited stabilities.
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Figure 7a.Cyclic voltammograms of [(MeCN)Ni(#Es)s]" (7 red) and
[(MeCN)2Ni(C2Fs)2] (7g, blue)in MeCN. Complex, 10 mM; electrolye, 100 mM
[NBu4][PFs]; working and counter electrode, platinum; silver psuedorefersoae;rate,

100mV/s.
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Scheme 7cProposed formation afg from 7e upon oxidation.

7.3.3. Stoichiometric Fluoroalkylations:Given the accessible oxidations available to the

solvated nickel fluoroalkyl complexes, we explored their reagtwith various oxidizing



electrophiles. The reactivity of the tris-perfluoroalkyl k@tates with iodonium salts is
summarized in Scheme 7d. Quite different reactivities wbeerved depending on the
iodonium salt used. Reaction with the alkynyl benziodoxolone re@pdicheme 7d, eq
a) led to fluoroalkylated products (56% for £&nd 54% for @Fs). In the case of
trifluoromethyl, [(MeCN}Ni(CFs)2] was determined to be the major identifiable nickel
species after reaction was complete. Reactions thatredcwith bis(4-tert-butylphenyl)
iodonium hexafluorophosphate are shown in Scheme 7d, eq b. Inteyestiregl though
more elevated temperatures were required, the byproductsCNMMI(CFs3)2] and
[(MeCN)2Ni(C2Fs)2] could be observed in higher quantities than the reactions desaribe
Scheme 7d, eq 2. Control experiments revealed that reasitbhn®agentZh were more

sensitive to the addition of TEMPO than reactions with the aryl iodorsalts (see

0
Q
—
T<—py,
7h
> R

Appendix F).

{——=—=—Ph + (MeCN),Ni(Ry), (@)
MeCN, 40 °C
Rf = CFg: 56% 17%
Ri=CoFs.  54% n.d.
[(MeCN)Ni(Rp)3]®
[PFel
|
2 .
> Ry + (MeCN)»Ni(Rp),  (b)
MeCN, 80 °C
R=CF3  54% 75%
Rf = C2F5: 65% 20%

Scheme 7d Reaction of [MeCN)Ni(Bs]" with select iodonium salts. Yields determined
by °F NMR spectroscopy. See reference 29 for eq b,EE.



Next, we explored reactions of the tris-perfluoroalkyl nickelatgh diazonium salts, and
the results are provided in Scheme 7e. Reactions with thendiaz salts occurred more
rapidly than the iodonium salts, and starting material was consuftexdl& minutes.
Fluoroalkylated arenes were formed in fair to good yields (41-788d)similar reactivities
were observed for both electron donating and withdrawing substit(®ateme 7e).
Along with the fluorinated arenes, the bis(perfluoroalkyl)nickel rbgpcts were also
observed in yields ranging from 30-58%. A control reaction of 3,5-dichhemyd
diazonium with7b in the presence of TEMPO revealed that trifluoromethyl areree wa

produced in only 19% yield, while TEMPO-g®as formed in 76% yield (see Appendix

F).
[NMe,] R )
If + V2 MeCN ©/ Ri
MeCN—Ni—R + [(MeCN),Ni(R
e |I f |// r.t., 15 min R// [( )2Ni(Rf)2]
Ry R
Rt = CF3, CoF5
cl CF3 Cl C,Fs
+ [(MeCN),Ni(CF3),] + [(MeCN),Ni(C;yFs),]
33% 36%
Cl 55% Cl 68%
CF, | CoFs
- + [(MeCN)2Ni(CF3),] /©/ + [(MeCN),Ni(C2Fs),]
o 41% 51% ~o 58%
64%
CFs _ CaFs
+ [(MeCN),Ni(CF3)5] /©/ + [(MeCN),Ni(C,Fs),]
Os5N 61% 30% O-N
2 70% 33%

Scheme 7e Reaction of [NMg[(MeCN)Ni(Ry)3] with select diazonium salts. Yields
were determined b{’F NMR spectroscopy.



7.3.4. Synthesis of a Solvated Isolable Charge Neutral Formally [Ni)
Trifluoromethyl Complex: Diazonium compounds, like iodonium salts, are known to act
as two-electron oxidants, and it is plausible that, in botlesysexplored in Schemes 7d
and 7e, a high-valent species like [Ar-Ni@VeCN)] is involved in reductive
eliminations that produces both fluoroalkylated arene and [(MgtG{Rr)2] co-products.
While we were unable to identify a charge-neutral and high videdtli(R)3(MeCN)]
species, we show here that we can identify the related sokeets [Ni(Ck)s(MeCN)]

(7i) upon chemical oxidation of [Ni(GR]?®>. Reaction of [Ni(CE)4]?® with two
equivalents of Magic Blue (tris(4-bromophenyl)Jammoniumyl hexachloramanate)
oxidant led to7i in 53% vyield by*®F NMR spectroscopy (Scheme 7f) and in 30% isolated
yield. As there are two types of trifluoromethyl groupsamplex7i (transto a MeCN
andtransto another CE), complex7i exhibited two septets in tH&F NMR spectrum in
acetonitrile [ ©19.2 (sept] = 7.2 Hz) and B30.7 (septz 7.2 Hz). X-ray quality crystals
could be grown from ether/pentane at low temperature, and afct®RiBgram of/i is
shown in Figure 7b. The trifluoromethyl groups that are traesith other exhibit nickel-
carbon distances of 2.0298(19) e, while the trifluoromethyl groups #rat trans to
acetonitrile ligands were shorter at 1.9569(17) . This resutbissistent with the known
trans influencing properties of the trifluoromethyl gré@ihe nickel-carbon bond lengths
of octahedraVi in the formal +4 oxidation state were significantly longer tharatleeage
nickel(Il)-carbon bond lengths B (1.930(8) ¢),>° which adopts a distorted square planar
arrangement in the formal +2 oxidation state and also possesse$rifiluoromethyl
ligands. To our knowledgé represents only the second formally nickel(IV) complex

reported bearing four trifluoromethyl ligantfs.
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Scheme 7fOxidation of7b to generate isolablé.
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Figure 7b. ORTEP diagram ofi. Ellipsoids shown at the 40% level. Selected bond
lengths (¢): Ni1-C1 1.9569(17); Ni1-C2 2.0298(19); Ni1-N1 1.9682(15). Setkbtand
angles (j): C1-Ni1-N1 174.35(7); C1-Ni1-N1A 91.62(7); N1-Ni1-N1A 85.54(8); C1-Ni
C2 93.32(8); Ni-Ni1C2A 87.55(7).

7.3.5. Catalytic Trifluoromethylation of (hetero)arenes: Because the cyclic
voltammograms of the anionic fluoroalkyl complexes of nickel revealederce of
nickel-carbon bond homolyses reactions, we also examined the abisibfvated nickel

complexes to perform Minisci-like C-H bond trifluoromethylationgn 2016, Wang

reported the first example of a nickel-catalyzed CPH triflomthylation of electron-rich



heteroarenes using iodotrifluoromethane as thesGérce and [(dppp)Nigllas the nickel
source (dppp = 1,3-bis(diphenylphosphino)propdn&).2019, Sanford reported that the
high-valent [TpNi(CE)3] (7j, Tp = tris(pyrazolyl)borate) could also mediate catalytid C-
trifluoromethylations of (hetero)arenes in the presence of UmesBedyent |1 7k).Y
Mechanistic investigations of this process, both experimental @mrdputational,
suggested that the reactions proceeded through radical chain pathvadyisig nickel in
variable oxidation staté$.Since our solvated nickel system could shuttle between the
formally +2 to +4 oxidation states, we explored the possilmfitysing these complexes in
similar C-H trifluoromethylations, as eliminating the need fagtrameous supporting
ligands would represent a significant advance in practicalitypleTaa summarizes the
catalyst screens for the C-H trifluoromethylation reaction outlisved are based on the
conditions identified by Sanford.Gratifyingly, the solvated complexb and the
homolyptic complex/c catalyzed the trifluoromethylation of 1,3,5-trimethoxybenzene by
Umemoto |l reagent in 78% and 96% yields, respectively, provittiadfirst proof-in-
principle that the solvated nickel complexes can performytiatarifluoromethylations.
Notably, [NMe]2[Ni(CF3)4] (7¢) performed just as well as [(Tp)Ni(&€)F (7j) under these
conditions, which was previously reported to afford product in 93%l¥i€lo test the
effect of metal identity on the C-H trifluoromethylations, a tieacwith the recently
prepared [(MeCN)Co(CR)3] (71)*° was examined (entry 5). Complélxwhile displaying
catalytic turnover, afforded yields that were lower than niddélizing the homoleptic
trifluoromethyl copper complex [NBYCu(CFs)4] was found to achieve yields similar to
that of the control (Table 7a, entry 2 vs. 6). With the optiocahlyst identified as

[NMe4]2[Ni(CF3)4] in Table 7a, we then determined the scope of the catalAit



trifluoromethylations (Scheme 7g). Trifluoromethylations of etactrich areneFma-
7mc proceeded smoothly, however introduction of an aldehyde into the arocstfad
(7md) lowered the yield of trifluoromethylated product significantitrogen- and sulfur-
heterocyclesime7mg) were also successfully trifluoromethylated.

Table 7a.Screening of fluoroalkyl transition metal catalysts for trifluosdhylation of
arenes.

CF3
©otf 5 mol % catalyst MeO OMe

MeO OMe
S
\©/ Q DMSO, 24h, RT
OMe OMe

CF

entry catalyst yield
1 [(TRINI(CF3)s] (7)) 96
2 None 16
3 [NMe4][(MeCN)NIi(CF3)3] (7b) 78
4 [NMe4]2[Ni(CF3)4] (70 96
5 [(MeCN)sCo(CR)3] (71) 59
6 [NBus][Cu(CRs)4] 18

[a] All reactions were run on 0.05 mmol scale with UmemotogRegll as the limiting
reagent, and 5 equiv. of arene. The yields were determin€# BIMR spectroscopy.
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DMSO, 18h, RT 7m
CHO
7mb 7me
7ma. 91% 99% HN OMe
96% 7md
*
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(s (L,
7me
72% [mf 76090

51%
Scheme 7g.Scope of catalytic C-H functionalizations. The * revedé(s of selectivity
for molecules with more than one type of aromatic C-H bond. Guwedbyields of

trifluoromethylations at all possible sites are providedeldd were determined ByF
NMR spectroscopy.

As evident from Table 7a and reference&and7j provide similar yields in the catalytic
C-H functionalization reactions. The advantage of u3mg that it can be prepared in
one step, starting from [(dme)NiBr The preparation of complé, on the other hand,
involves the synthesis of [(MeCpNIi(CFz)2] from [(dme)NiBr], followed by ligation with
pre-made [NMg[Tp] to produce [NMe][(Tp)Ni(CF3),], followed by reaction with
Umemoto Il reagent to produ@&. Moreover, solvatedb and7ccan serve as precatalysts
for rapid ligand screening reactions. A disadvantage of using thei@nb and7crelative

to 7j is that they are air-sensitive, though we have seen no issuag $aogie quantities in
a glovebox at -30 jC.

7.3.6. Investigation of Nickel Catalyst with Umemoto Il Reagentlo better understand

the reactivity of [NMe]2[Ni(CF3)s] (70 with the Umemoto Il reagent7K), a



stoichiometric reaction was performed and monitore¢BYNMR spectroscopy (Scheme
7h, a). Upon mixing7c with 7k in CDsCN, the F NMR spectrum revealed a
transformation that was consistent with the formation of compoundsd7o (Scheme
7h). Putative compounth exhibits a singlet in th€F NMR spectrum in CECN at! B
25.1. The'®F NMR spectrum of compountb is more complicated and consists of an
apparent undecet at©19.6 J = 8.2 Hz) and a quartet &tb28.8 J = 8.2 Hz). Compound

7o displays similarities in thF NMR spectrum to the NCCGB (carbon bound) complex
[(NCCH2)Ni(CF3)s)?P (7p), a compound that was formed in trace amounts during the
synthesigc, fortuitously crystallized, and was structurally characegtisee Appendix F).
The dianionic compoundp displays resonances 'ab24.3 (apparent septétz 7.5 Hz)

and B27.4 (quartet,= 7.5 Hz) in CRCN. In the absence of arene substrate (Scheme 7h),
we propose thatois formed via a sequential two electron oxidatio©by Umemoto II
reagent as outlined in Scheme 7h, eqs b and c. In catalytionsaghere arene trapping
agents are present, ©fadicals sources may originate both by the reaction deskcimbeq

7 and by reductive homolysis @fj, which would producé&b as a byproduct. Control
reactions reveal that the catalysis described in Tablectnpletely shut down in the
presence of TEMPO. We speculate that the formatiorvrofmay arise through
redistribution reactions involving trifluoromethyl anion (Scheme 7id)edrhe reactions
described in Scheme 7h, eq b-d, highlight the ability of solvated Intckdéorm
trifluoromethyl complexes with a variety of coordination numbersnébroxidation states,

and formal overall charges. This flexible accommodation otitmtimethyl groups may



prove to be useful in future methodologies where nickel is reqtoredrve as a reservoir

of CKs anions or radicals.
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Fic-Nitcr F " F cFs CFs
3 1—=CF3
\ MeCN m 70 @
CF3 RT, 2h. 12% 51%
7c + (MeCN),Ni"(CF3), + (MeCN),Ni(CFa);
2% 5%
+ 13% unreacted Umemoto Reagent
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L CFg CF3
7c F F 7q i
2,8-F,F-dibenzothiophene
+ *CFy
™ol
FsC, | v
79 + *CFy —> N ©
MecN” | CF,
CF3
70
=l =
. n© FsCo, | v FsC.,, | v, 1©
[NHCFg} + /N \CF3 = /NI\ Chs| 4 [ N ]n ! (d
MecN” | FsC | CF4
70 CF3 7 CFa

Scheme 7h. Possible mechanistic pathways in the reaction of Umemogadjent with
7cC.

In the reactions that are described in Scheme 7gq, it is plaukiat the trifluoromethyl
group could be originating from Umemoto Reagent Il or the nickept®mTo explore
this possibility, a cross-over reaction of 1,3,5-trimethoxybeeznd Umemoto Reagent
Il with varying amounts of the solvated perfluoroethyl nickefatevas performed, and the
amount of trifluoromethyl to perfluoroethyl product was analyzed @3ab). With 5 mol%
of 7e, 84% vyield of trifluoromethylated product, and 10% vyield of perflubsdated
product were observed. Further, increasing the nickel comp2@ tol%, yielded 69%
of trifluoromethylated product, and 43% of perfluoroethylated. Stoichiaenamounts

found almost entirely perfluoroethylated product (Table 7b). Thexgsince significant



guantities of the cross-over product formation is occurring, the sofitice perfluoroalkyl

group in these reactions is most likely originating at the nicbelplex.

Table 7b. Cross-over reaction, exploring the source of the fluoroalkyl grnowgyamatic
C-H bond perfluoroalkylation with solvated nicRel.

CF3 CF3 CoFs

|
MeO OMe ®s_ 0Tty ol % [NMe,J(MeCN)NI(C,Fo)s] (7e) ME° OMe . Meo OMe
+ -
OMe F E OMe OMe "

Xmol% 7e -CRyield -CoFsyield

5 84 10
20 69 43
100 3 135

[a] All reactions were run on 0.05 mmol scale with UmemotogBegll as the limiting
reagent, and 5 equiv. of arene. The yields were determin&8 BIMR spectroscopy.

7.4 Conclusions:A number of important precedents with regard to fluoroalkylatiotis wi
solvated nickel have been described. First, we show that bo#CINi(CF)s]" and
[(MeCN)Ni(C2Fs)s]” successfully react with aryl iodonium and diazonium salts dsasel
alkynyl iodonium salts to give fluoroalkylated organic products. Thes#dsetearly show
that upon oxidation of acetonitrile-supported nickel fluoroalkyl caxgd, the fluoroalkyl
groups can be transferred to organic substrates. Secondliedtrechemical analysis of
[(MeCN)Ni"(C2Fs)s]” suggests that, upon electro-oxidation to [(Me@h} (C2Fs)3],
reductive homolysis of a perfluoroethyl radical occurs, with the aoitant formation of
[(MeCN)Ni"(C2Fs)]. This electrochemical behavior shows generality with
trifluoromethyl derivatives? Lastly, catalytic C-H trifluoromethylations of electron rich

arenes were successfully achieved using either [(MeCN)N{[CFor the related



[Ni(CFs3)4]?®. From a broad perspective, the stoichiometric reactiotieeafolvated nickel
complexes reveal that solvated nickel is exceptionally dapbserving as reservoir of
CFs anions or radicals under catalytically relevant conditions, whichsowed for their

use in future methods development.

7.5. Experimental

7.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen filled glovebox, unless othestaisel.
Solvents were purified by passing through activated alumina acopmer in a solvent
purification system supplied by Pure Process Technology. SolttibiMR spectra were
recorded at ambient temperature on a Bruker 400 MHz spectoarad referenced to
residual proton solvent signat8F spectra were recorded on the Bruker NMR spectrometer
operating at 376 MHz and referenced tb," -trifluorotoluene as an internal standard=(
-63.7). A Bruker D8 Quest diffractometer was used for X-raystat structure
determinations. Cyclic voltammetry data was collected in a nirdtjed glovebox at
room temperature on a PARSTAT 4000A potentiostat. The CCDC 20748580d4357
contain the supplementary crystallographic data for this pdaperse data can be obtained

free of charge via www.ccdc.cam.ac.uk/data_request/cif, oby e-

mailing data_request@ccdc.cam.ac.uk, or by contacting The Ghyalrystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
7.5.2. Preparation of [NMe][(MeCN)Ni(CF 3)3] (7b): In a nitrogen filled glovebox, AgF
(390 mg, 3.1 mmol) and TMS-GF0.52 mL, 3.5 mmol) were stirred in 20 mL of MeCN
for 1.5 hours. Then, (dme)NiB(310 mg, 1.0 mmol), NM€I (110 mg, 1.0 mmol), and 7

mL of MeCN were added. The reaction was stirred for 2 dagtsheen filtered over Celite.

! %..!



The filtrate was pumped dry, and the solid was collected bgtidn and washed with
diethyl ether to yield 287 mg of yellow solid (75% yielth. NMR (CDsCN, 400 MHz):!
3.07 (s, 12 H)!%F NMR (CD:CN, 376 MHz)1! -25.2 (sept)=4.4 Hz, 3 F), -31.04 (quartet,
J=4.4 Hz, 6F). Anal. Calcd (found) forB1sFeNiN2: C, 28.38 (28.23); H, 3.97 (3.99).
7.5.3. Preparation of [NMe]2[Ni(CF3)4] (7¢): In a nitrogen filled glovebox, AgF (586
mg, 4.5 mmol) and TMS-GKO0.74 mL, 5.0 mmol) were stirred in 20 mL of MeCN for 1.5
hours. Then, (dme)NiBr(310 mg, 1.0 mmol), NM€I (220 mg, 1.0 mmol), and 7 mL of
MeCN were added. The reaction was stirred for 2 days andittezad over Celite. The
filtrate was pumped dry and the solid was collected lnafibn and washed with diethyl
ether. The crude solid was recrystallized by dissolving in 10 nMe&N, filtering off any
insolubles, adding 10 mL of diethyl ether, followed by placing in ddoxdreezer (-36C)
overnight. The precipitate is collected by filtration and washki¢lal diethyl ether to yield
250 mg of yellow solid (52% yieldH NMR (CDsCN, 400 MHz):! 3.12 (s, 24 H)!°F
NMR (CDsCN, 376 MHz):! -26.1 (s, 12 F). Anal. Calcd (found) for&24F12NiN2: C,
29.84 (29.63); H, 5.01 (4.97).

7.5.4. Preparation of [NMe][(MeCN)NIi(C 2Fs)3] (7€):In a nitrogen filled glovebox, AgF
(390 mg, 3.1 mmol) and TMS2Es (0.61 mL, 3.5 mmol) were stirred in 10 mL of MeCN
for 1.5 hours. Then, (dme)NiB(310 mg, 1.0 mmol), NM€I (110 mg, 1.0 mmol), and
10 mL of MeCN were added. The reaction was stirred for 4 dayshendfiltered over
Celite. The filtrate was pumped dry, and the solid was delleby filtration and washed
with diethyl ether to yield 300 mg of yellow solid (56% yieltht NMR (CDsCN, 400

MHz): ! 3.12 (s, 12 H)!%F NMR (CD:CN, 376 MHz):! -79.0 (quinJ = 8.6 Hz, 3 F), -

! %.%



81.2 (t, 5.6 Hz, 6 F), -97.0t0 -97.4 (m, 2 F), -108.3 to -108.6 M, Anal. Calcd (found)
for CioH1sF1sNiN2: C, 27.15 (26.76); H, 2.85 (2.88).

7.5.5. Preparation of [Ni(CR)4(MeCN)2] (7i): In a nitrogen-filled glovebox, a vial was
charged with [NMg]2[Ni(CF3)4] (96 mg, 0.20 mmol), tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (OMagic BlueQ) (328 mg, 0.402 mmol) andob MdCN The
reaction was stirred for 30 minutes. The insoluble werediteff and the solution was
pumped dry. Diethyl ether was added and the insolubles werediltéf. Pentane was
added and the mixture was placed in the glovebox freezéiC.30ellow crystals were
collected, 25 mg (30 % vyield)®F NMR (CD;CN, 376 MHz):! -19.2 (sept)=7.2 Hz, 6
F), -30.7 (sept) = 7.2 Hz, 6 F). Anal. Calcd (found) forl@sF12NiN2: C, 23.05 (22.91);
H, 1.45 (1.46).

7.5.6. General Procedure for Perfuoroalkylation of Alkynyl lodonium Reagent as
Described in Scheme 7d, eq dn a nitrogen-filled glovebox, nickel complex (0.023
mmol) and 1-(2-phenylethynyl)-1,2-benziodoxol-3(1H)-o@&)((16 mg, 0.046 mmol)
were dissolved in CECN/CHsCN. Either fluorobenzene or trifluorotoluene was added as
internal standard and the reaction was heated to 400 C and monitoterel MWIR
spectroscopy until all starting material was consumed.

7.5.7. Reaction of [NMeg][(MeCN)NIi(C2Fs)3] with bis(aryl)iodonium Reagent as
Described in Scheme 7d, eq bn a nitrogen-filled glovebox, [NM&(MeCN)Ni(C2Fs)3]
(12 mg, 0.023 mmol) and bis(4-tert-butylphenyl)iodonium hexafluorophasgBdtmg,
0.046 mmol) were dissolved in GON/CHsCN. Trifluorotoluene was added as internal
standard and the reaction was heated to 800 C and monitot¥e MYIR spectroscopy

until all starting material was consumed. In this mannéhdtylpentafluoroethylbenzene

! %.&



was synthesized in 65 % yield. [(MeCGN)(C2Fs)2] was also formed as the nickel-
containing product in 20% vyield.

7.5.8. General Procedure for Perfluoroalkylation of Diazonium 8lts as Described in
Scheme 7eln a nitrogen-filled glovebox, nickel complex (0.05 mmol) and diazorgalin
(0.05 mmol) were dissolved in GON/CH:CN and stirred for 15 minutes.
Trifluorotoluene was added as an internal standard and the yieldetesnined by°F
NMR spectroscopy.

7.5.9. General Procedure for Trifluoromethylation of (heterogarenes:In a nitrogen-
filled glovebox, (hetero)arene substrate (0.25 mmol, 5 equiv), aneimdto Reagent Il
(7K) (22 mg, 0.05 mmol) were dissolved in DMSO (0.9 mL). The gsttalas added as
100 yL of a 0.025 M stock solution in DMSO. The reaction was stirredL&hours at
room temperature and trifluorotoluene was added as an internal standathe yield was
determined by°F NMR spectroscopy.

7.5.10. Oxidation of [NMe]2[Ni(CF 3)4] with UmemotoOs Reagent IIn a nitrogen-filled
glovebox, a vial was charged with [NM&Ni(CFs3)4] (24 mg, 0.050 mmol), UmemotoOs
Reagent 11 Tk) (22 mg, 0.050 mmol) and GON/CH:CN. The reaction was stirred for 2
hours and trifluorotoluene was added as an internal standard andcckke auntaining

products were identified byYyF NMR spectroscopy.

[(MeCN)2Ni(CFs)4] (7i) (2%):*°F NMR (CD:CN, 376 MHz):! D19.2 (sepl = 7.2 Hz, 6
F), D30.7 (sepd=7.2 Hz, 6 F).
[(MeCN)Ni(CFRs)s]” (70) (51%):1°F NMR (CDsCN, 376 MHz):! ©19.6 (app. undecéts

8.2 Hz, 3 F), D28.8 (quartst= 8.2 Hz, 12 F).
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[Ni(CF3)e]2 (7n) (12%):1%F NMR (CD:CN, 376 MHz):! D25.1 (s, 18 F).

[(MeCNY:Ni(CFs)2] (78) (5%): 1F NMR (CD:CN, 376 MHz):! D27.8 (s, 6 F).

19 NMR data for [[NCCH)Ni(CF3)s]2 (7p) : 1% NMR (CD:CN, 376 MHz):! 24.3

(app. septet) = 7.5 Hz, 3 F), B27.4 (quartdtz 7.5 Hz, 12 F).

7.5.11. Radical Trapping Experiments with TEMPO

7.5.11.1 Trifluoromethylation of an Alkynyl lodonium (conditions smilar to Scheme
7d, eq a but in the presence of TEMPO):In a nitrogen-filled glovebox,
[NMes][(MeCN)NI(CFs)s] (9 mg, 0.02 mmol), 1-(2-phenylethynyl)-1,2-benziodoxol-
3(1H)-one 7h) (16 mg, 0.046 mmol) and TEMPO (4 mg, 0.02 mmol) were dissoin
CDsCN/CHsCN. Trifluorotoluene was added as internal standard and the reac®n
heated to 400 C and monitored*fy NMR spectroscopy until all starting material was
consumed. In this manner, (3,3,3-trifluoro-1-propyn-1-yl)benzeneadeasified in 12 %
NMR yield. TEMPOBCkwas detected in 51% yield.

7.5.11.2 Trifluoromethylation of an Aryl lodonium Salt (conditionssimilar to Scheme
7d, eq b but in the presence of TEMPO):In a nitrogen-filled glovebox,
[NMes][(MeCN)Ni(CFs)3] (9 mg, 0.02 mmol), bis(4-tert-butylphenyl)iodonium
hexafluorophosphate (24 mg, 0.046 mmol), and TEMPO (4 mg, 0.02 wera dissolved

in CDsCN/CHsCN. Trifluorotoluene was added as internal standard and the reaetson
heated to 800 C and monitored*fy NMR spectroscopy until all starting material was
consumed. In this manner t-butyltrifluoromethylbenzene was synthesized in 40 % yield.

TEMPODBCE was not detected.
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7.5.11.3 Trifluoromethylation of a Diazonium Salt (conditions sinfar to Scheme 7e
but in the presence of TEMPO): In a nitrogen-filed glovebox,
[NMes][(MeCN)Ni(CFs)3] (19 mg, 0.050 mmol), 3,5-dichlorophenyldiazonium
tetrafluoroborate (13 mg, 0.050 mmol) and TEMPO (8 mg, 0.0®ljnwere dissolved in
CDsCN/CHsCN and stirred for 15 minutes. Trifluorotoluene was added as amahter
standard and the yield was determined*#y NMR spectroscopy. In this manner, 1,3-
dichloro-5-(trifluoromethyl)benzene was synthesized in 19 % yield. FERICE was
detected in 76% vyield.

7.5.11.4 Oxidation of [NMe]z[Ni(CF3)s with Omagic blueO in the Presence of
TEMPO: In a nitrogen-filled glovebox, a vial was charged with [NMNi(CF3)4] (24
mg, 0.050 mmol), tris(4-bromophenyl)ammoniumyl hexachloroantimorideg{©BlueO)
(82 mg, 0.120 mmol), TEMPO (8 mg, 0.05 mmol) andsCR/CHs:CN, The reaction was
stirred for 30 minutes and trifluorotoluene was added as an inttamalard. The insoluble
were filtered off and the yields were determined¥yNMR spectroscopy. In this manner,
[(MeCN):Ni(CFs)4] (9) was synthesized in 59% vyield, and TEMPOBP®@&s detected in
14% yield.

7.5.11.5 Catalytic Trifluoromethylation in the Presence of TEMB: In a nitrogen-filled
glovebox, 1,3,5 - trimethoxybenzene (40 mg, 0.25 mmol, 5 equiv), UmematgeRtell
(7K) (22 mg, 0.050 mmol), and TEMPO (8 mg, 0.05 mmol) were dissatvB#SO (0.9
mL). 100puL of a 0.025 M stock solution of [NME[Ni(CF3)4] in DMSO was added. The
reaction was stirred for 18 hours at room temperature ahwtotoluene was added as an
internal standard and the yield of 1,3,5-trimethoxy-2-(trifluoromethghbre was 1% and

TEMPODCE was detected in 9% yield.
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In the absence of nickel catalyst, 1,3,5-trimethoxy-2-(tritmeethyl)benzene was not
detected, and TEMPODg&Was detected in trace amounts.

In the absence of nickel catalyst and 1,3,5-trimethoxybenzem¢PDDCE was detected
in trace amounts.

7.5.12. Cross-over perfluoroalkylation of 1,3,5-trimethoxybenzenén a nitrogen-filled
glovebox, to three vials 1,3,5-trimethoxybezene (0.25 mmol, 5 egang Umemoto
Reagent 1l Tk) (0.05 mmol, 1 equiv) were added to each. To the first (5 mol&tioay
DMSO (0.9 mL) and 10QiL of a 0.025 M stock solution in DMSO @& was added. To
the second (20 mol% reaction), DMSO (0.6 mL) and 4i0@f a 0.025 M stock solution
in DMSO of7ewas added. To the third (100 mol% reacti@®)0.05 mmol, 1 equiv.) was
added and 1 mL of DMSO. All three reactions were stirred for 24shatiroom
temperature trifluorotoluene was added as an internal standardhanglield was
determined by°F NMR spectroscopy.
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Chapter 8: Synthesis, Structure, and Electrochemical Propé&es of
[LNi(R 1)(C4Fg)]® Complexes

The following chapter has been adapted and reproduced with piermiiom: Shreiber,
S.T.; Amin, F.; SchSfer, S.A.; Cramer, R. E.; Kléiq, Vicic, D.A. Synthesis, Strucure,
and Electrochemical Properties of [LNi{fC4Fs)]" and [LNi(R)3]" ComplexesDalton
Trans.2022 advance articl€ddoi.org/10.1039/D2DTO00511ECopyright © 2022 The
Royal Society of Chemistry

8.1 Abstract: The new anionic nickelate complexes [(MeCN)NK&(CR)]®,
[(MeCN)NI(C4Fs)(C2Fs)]®, [(IMes)Ni(CaFs)(CF)]P, and [(IMes)Ni(CE)s]® (IMes = 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) were synthesized andictsmally
characterized. The electrochemical properties of all cemwpounds were revealed by
cyclic voltammetry studies and compared to the knownaDBlogue [(MeCN)Ni(CHs3]".

The IMes-coordinated complexes exhibited initial oxidation evendd were well-
separated from any other oxidations in the cyclic voltammograms, suggést the NHC
ligand environment (NHC N-heterocyclic carbene) is an interesting platform for the
development of new redox-triggered reactions that release taftheihyl and

perfluoroalkyl radicals upon oxidation.

8.2 Introduction: Nickel is a promising platform for the development of new syithet
methodologies involving fluoroalkyl groups. Two fundamentally different wawyaitkel

to mediate carbon-carbon(fluoroalkipl)nd forming reactions are shown in Scheme 8a. It
is known that low valent nickel can react with perfluoroalkyl etgattiles to generate
perfluoroalkyl radicals (Scheme 8a, eq 1), which can in turn undergioaddo a variety

of organic substrates like alkenes. Catalytic fluoroalkylationthisf type have been
demonstrated with nickel for both the trifluoromettyénd fluoroalkyt-” groups. Another

mechanistic pathway for carbon-carbon(fluoroallydhd forming reactions involves a
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discrete reductive elimination event as described in Scheneg &, Catalysis involving
putative reductive eliminations at nickel are only known for fluoro&fyland
difluoromethyl!?14 but not for trifluoromethyl.  Stoichiometric reductive elimioats
involving trifluoromethyl groups have been demonstrated for high-vale(R]J{CF)]
complexes?-°but to our knowledge these elimination reactions have not been inatuded
catalytic transformations at nickel.

Nin 1 1) /\R

R—X ——> Ni"! + «R; R ™~r (@)

EEE—
2) workup

catalysis observed for R; = CF3 and fluoroalkyl

n+2

'T“_Rf —> Ni" + R—R; )
R
catalysis observed for R; = fluoroalkyl only [

Scheme 8aRoutes for enabling fluoroalkylation of organic molecules with nickel.

Our group has been developing the use of solvento complexes of mickabants for the
trifluoromethylation of organic electrophiles, and we have regestiown that
[(MeCN)NI(R)3]® (R = CR, CFs) reacts with aryl iodonium, alkynyl iodonium, and
diazonium salts to afford fluoroalkylated arenes in moderate to goats3fiel® Further
studies have shown that the homoleptic [N{GF® can catalyze C-H bond
trifluoromethylations of electron-rich (hetero)arenes inawpP3% vyield (Scheme 8b, also
see Chapter 7. One modification to this system that we sought to exploretieas
replacement of two of the spectator trifluoromethyl groups aithelating s ligand.
The motivation behind this change is thati#éand other® have demonstrated that high-
valent [Ni(GFs)] complexes are oxidatively more stable than [NK@gFderivatives and
do not readily suffer from reductive homolyses reactions that oftear®avith the

[Ni(CF3)2] counterparts. The £ ligand also appears to be less sensitive-tilooride
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abstraction processes with trace amounts of Lewis acidsiveelto trifluoromethyl
derivatives, which in turn renders theFe complexes more stable towards adventitious
water24-2> Only when very strong Lewis acids are used, such ag BEJ, and MeSiOTf,
have fluoride abstractions at theFecontaining metallacycle been reportéd’ Well-
defined nickel(Ill) and nickel(1V) species with theFg ligand have now been reported to
be robust enough to be isolated and stored on the berfétifo@iven the aforementioned
qualities of the @Fs ligand, we targeted the synthesis of [(L)N)(R4Fs)]? in order to
characterize their chemical and electrochemical propewtigls their non-chelating

fluoroalkyl counterparts.

CF3
®s ~ o
(30 cF:
= = F =
R | R—— |
A [NMey]o[Ni(CF3)4] 5% A

DMSO, 18 h, RT up to 99% vyield [

Scheme 8bCatalytic trifluoromethylation of heteroarenes using a homoleptic
trifluoromethyl nickel catalyst

8.3 Results and Discussion

8.3.1. Synthesis of @Fs Derivatives: Complexes of the type [(MeCN)Ni¢Es)(R)]P(8b

and 8c (Scheme 8c)). were successfully prepared by reacting the Khown
[(MeCN)2Ni(C4Fs)] (8a) with MesSi-R: (Rr = CR or GFs) in the presence of AgF and
NMe4Cl. Complex8b displays a diagnostiéF NMR signal for the Ni-Ckresonance dt

= P31.4 (quintet) = 3.5 Hz) in acetonitrile solvent, whereas the; @Ssonance of the
perfluoroethyl ligand in compleBcoccurred at =B82.5 (t) = 3.8 Hz, 3F). The structures
of complexes8b and 8c were further confirmed by X-ray crystallography, and ORTEP

diagrams are provided in Figure 8Both complexes adoptsguare-planar geometry in
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the solid state, with the carbon-nickel-carbon angles of thtupesfmetallacyclopentane
units slightly smaller than any other angles in the square planes mydlve nickel
centers. The acetonitrile ligands8b and8c are clearly less trans influencing than the
fluoroalkyl ligands, and the Glgroupshat are spatially opposing the acetonitriles in both
structures bear the shortest nickel-carbon bonds. Note: The sgnh&bi and 8c was

originally done by Fatema Amin.

[NMey]
MeCN\N_/\| . Me3Si—R; MeCN\N_/\| .
| - Fs —_— | — Fsg
MecN” \__J AgF, NMe,Cl R \_
8a MeCN

8b, Ry = CF3 72%
8¢, Ry = CoFs 75 %

Scheme 8cSynthesis of Rierivatives of Ni(ll)-GFe.

C(2)

S~
c ci

N(T)
N

C) C{7)

Ci8)
/

C{7)

Figure 8a. ORTEP diagram d8b (left) and8c (right). Ellipsoids shown at the 40%
level. 2: Counter-ions and co-crystallized solvents are omitted for clasfec&d bond
lengths (¢) for 8b: Nil-N1 1.895(3); Ni1l-C2 1.897(4); Ni1-C5 1.934(4); Ni1-C1
1.957(4); N1-C6 1.137(5). Selected bond angles (jBfoiN1-Ni1-C2 170.67(15); N1-
Ni1l-C5 89.31(15); C2-Nil1-C5 86.91(16); N1-Ni1-C1 92.09(14); C2-Nil-C1 92.38(15);
C5-Ni1-C1 175.10(17); C6-N1-Nil1 173.3(4). Selected bond lengths («8foNi1-N1
1.8938(15); Ni1-C3 1.8967(18); Ni1l-C6 1.9330(19); Ni1-C1 1.9556(18); N1-C7
1.136(2). Selected bond angles (j) &r N1-Nil1l-C3 174.49(7); N1-Ni1-C6 88.14(7);
C3-Nil1l-C6 86.69(8); N1-Ni1-C1 91.65(7); C3-Nil1-C1 93.64(8); C6-Ni1-C1 176.16(8);
C7-N1-Nil1 176.16(8).

8.3.2. Electrochemistry of Ni-GFgs Complexes: The electrochemical properties of

complexesBa, 8b and 8c were investigated by cyclic voltammetry, and the results are
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shown in Figure 8b. Oxidation 8&is quasi-reversible, with a peak potential for oxidation
at +0.39 V vs the Fc/Eacouple (Figure 8b, black line). The oxidation8afoccurs at a
peak potential much less positive than for the related trifluetioyh derivative
[(MeCN)2Ni(CFs)2], which occurs at +0.76 V, indicating that the trifluoromethyugr is
more globally stabilizing in this family of complexes. 8antrends in the redox properties
of C4Fs vs Ck complexes of nickel bipyridirté 2°and terpyridiné 3°have been reported.
The large differences in these baseline values for fhgadd Ck parent nickel complexes
appear to play a role in the degree to which anation affectexidation potentials of
derivatives bearing an additional trifluoromethyl or perfluoroalkyl graegr instance, we
show here that the oxidation peak potentials of #ke-Bearing anionic complex&b and
8c display only minor differences (+0.53 V and +0.63 V, Figure 8b, recbaralines,
respectively), and that anation confers a slight stabilizatelative to the parent
[(MeCN)2Ni(CsFg)] complex with respect to oxidation. Addition of formally @mic
trifluoromethyl ligands to the parent [(MeCN)(CF3)2] complex, however, is known to
result in complexes that are easier to oxidize. For instgd(/eCN)Ni(CR)s]” and
[Ni(CF3)4]?P display peak potentials at +0.38 and +0.10 V, respectivelyefaoved from
the potential needed to oxidize [(MeGN)(CFs)2] (+0.76 V) The irreversibility of the
waves for8b and8c in Figure 8b is believed to be a result of fast reductive hgsisobf

CFs and GFs radicals from electrogenerated nickel(lll) intermediafe¥.
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Figure 8b. Cyclic voltammograms d8a (black),8b (red), andc (blue) in MeCN. Metal
complex, 10 mM; electrolyte, 100 mM [NB{PFs]; working and counter electrode,
platinum; silver psuedoreference; scan rate, 100 mV/s.

8.3.3. Catalysis with Solvated Ni-@Fs Complex: Because the oxidation of compl8k

is within the window of common oxidantswe examined iBb could also serve as a
catalyst for the C-H bond trifluoromethylation of arenes as destin Scheme 8d. Indeed,
reaction of 1,3,5-trimethoxybenzene with Umemoto Reagent Il in OM&8vent with 5
mol% 8b, yielded trifluoromethylated product in 83 % yield (Scheme 8d). &oparison,
the non-chelated [(MeCN)Ni(GJ]®P gave a 78 % vyield of product in a prior report, and

the dianionic [Ni(CE)4]2N afforded product in 96 % yield (See Chaptet’7).

L Sonr

s
cF,
MeO OMe MeO OMe
F F
\©/ [NMe4][(MeCN)Ni(CF3)(C4Fg)] 5%
DMSO, 24 h, RT

OMe OMe
83 %

Scheme 8dCatalytic trifluoromethylation witi8b.
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8.3.4. Synthesis of Ligated Nickel Fluoroalkyl Complexes and ¢h Effect on
Electrochemical Properties: The effect of ligands on the electronic properties of the
nickelates was then explored in order to understand how the redoxt@®pd the
nickelates may be further tuned. ReactioBlofvith theN-heterocyclic carbene IMes in
acetonitrile solution led to the formation of the ligated [(INMNECF3)(C4Fs)]P(8d) in 69

% vyield (Scheme 8e). TH& NMR spectrum o8d in CDsCN reveals the diagnostic Ni-
CRresonance at = B23.2 (br s, 3F). A preliminary X-ray structure confirmihg
connectivity of compoun@®d was also obtained and is provided in Appendix G. The
electrochemical properties 8d were examined, and the cyclic voltammogram data is
shown in Figure 8c (orange line). Compkxkhas a first peak potential at +0.30 V vs the
Fc/Fc+ couple, which is 0.23 V easier to oxidize than the solveatoplex
[(MeCN)Ni(C4Fs)(CFR)]?(8b). Thus, the greater electron donating ability of the NHC
ligand relative to the acetonitrile is readily observabtdhese nickelate species by cyclic
voltammetry. More interesting, however, is the result that cexfd exhibits a well-
formed oxidation peak at +1.13 V, whereas compl8=e8cdo not (Figure 8c, orange line
vs. black and red). We suggest that upon electrooxidatiodpfthe resulting
[(IMes)Ni'"'(CsFs)(CRs)] eliminates a CF radical to afford the three-coordinéiand
charge neutral [(IMes)N{C4Fs)], and the oxidation wave at +1.13 V corresponds to the
oxidation of the [(IMes)Ni(CsFs)]. We speculate that the differences in coordination
numbers between [(IMes)Ni¢Es)] and [(IMes)Ni(CE)(C4Fs)]®? contributes to the

separation of the oxidation peaks.
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Figure 8c.Cyclic voltammograms dBa (black),8b (red), and8d (orange) in MeCN.
Metal complex, 10 mM; electrolyte, 100 mM [NBPFe]; working and counter
electrode, platinum; silver psuedoreference; scan rate, 100 mV/s

For comparison with [(IMes)Ni(GIHC4Fg)]®, we have also prepared the nod=C
analogue [(IMes)Ni(CB3]®? (8f). Reaction of the solvento compl®&e with IMes in
acetonitrile solvent cleanly led to the formation86in 66% yield (Scheme 8f). THEF
NMR of 8f displayed a reversal in the relative positions of the differghtoromethyl
groups with respect t8e with the equivalent trans GFjroups resonating at higher
frequencies!(D22.9 (gJ = 5.3 Hz, 6F) and D26.8 (sept; 5.3 Hz, 3F). Comple&f was

also structurally characterized, and the ORTEP diagram is simofargure 8d. The X-ray

data show that the strongly donating NHC ligan@fadxhibits much more of a trans effect
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than the acetonitriles in complex@s and8c, as the Ckgroup that is trans to the NHC
bears a nickel-carbon distance that is more on par with theymmetrically equivalent

CFs groups that are trans to each other.

.. [NMe4] Mes
(NMe] CF3 Mes~ " -Mes / CF3
) \—/ NC
MeCN—Ni—CF [ D—Ni—CF,
| MeCN, 4 h. N |
8e CF3 \ CF3
| Mes 8f |

66%

Scheme 8fSynthesis of NHC ligate8f.

Figure 8d. ORTEP diagram d8f. Ellipsoids shown at the 40% level. Selected bond
lengths (¢): Ni1-C4 1.923(5); Ni1-C1 1.939(5); Ni1-C2 1.949(5); Ni-C3 1.959(&):

C4 1.369(6); N2-C4 1.378(6). Selected bond angles (i§:f@4-Nil1l-C1 176.6(2); C4-
Nil-C2 90.6(2); C1-Ni1-C2 87.7(2); C4-Ni1l-C3 91.8(2); C1-Ni1-C3 90.0(2); Cro8
177.5(2); N1-C4-N2 102.9(4).

The cyclic voltammogram @f is shown in Figure 8e (blue line). The first peak potential
was found to be +0.28 V vs the Fc/Fc+ couple, a value verlasitoithe solvento complex
[(MeCN)NIi(CFs)3]® (8¢ (Figure 8e, black line). Thus, a comparison of Figures 8c and 8e

reveals that the 4£s ligand had more of an effect on the potential of the dixgdation of
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the anionic nickelates than the NHC ligand relative to the paoenplex8e The known
8edisplays two closely spaced oxidation pekand Figure 8e highlights the changes in
the redox profiles that ensue upon coordination of the NHC ligaafii@l 8f. The second

oxidation peak foBf is widely separated from the first peak and occurs at +1.WhWh

is similar to8d but in contrast t8e Therefore, the peak separations are inherently related

to the NHC ligand, and not the nature of the perfluoroalkyl substguenhis ability to
significantly separate the two oxidation events by the addition ofisagdigands like
NHCs bodes well for preventing over-oxidation pathways during the @atiion of new
electrochemical methods that rely on one electron oxidationsN¢Rk)s]® derivatives in

order to releasesRadicals.
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Figure 8e.Cyclic voltammograms dBe (black), andf (blue) in MeCN. Metal complex,
10 mM,; electrolyte, 100 mM [NB4[PFe]; working and counter electrode, platinum;
silver psuedoreference; scan rate, 100 mV/s.

8.4 ConclusionsThe modularity of the [ENi(Rr)2] and [LNi(R)3]® system was exploited
in order to reveal the electrochemical properties of devieatithat bear different

perfluoroalkyl substituents as well as different dative ligan@ignificant differences in
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oxidation potentials were observed for the charge neutral [(M&G{QuFs)] versus
[(MeCN)2Ni(CFs)2], with the former being much easier to oxidize. Anation foréf
[(MeCN)Ni(CsFs)(R)]P? (R = CR or GFs) and [(MeCN)Ni(CE)3]® however, showed
somewhat of a leveling effect where the different anionic caoraple@isplayed similar
oxidation potentials. In terms of reactivity, both [(MeCNJDFs)s]® and
[(MeCN)NIi(C4Fs)(CF)]P catalyze the trifluoromethylation of an electron rich areith w
similar yields using Umemoto Reagent Il as the electropHfile cyclic voltammograms
of the anionic derivatives can be significantly tuned by the ceptent of the acetonitrile
ligands with the NHC ligand IMes. The first oxidation potestafl[(IMes)Ni(CF)s]Pand
[(IMes)Ni(CaFs)(CFs)]P complexes were similar to that seen for [(MeCN)NKGJR, but
an oxidation wave occurring at more positive potentials was wp#rated only for the
NHC-containing derivatives. This identification of a ligand environntéiat better
separates oxidation potentials in the anionic nickel perflllorbeomplexes is expected
to aid in the development of new (electro)catalytic methodsténget single electron
oxidations in order to release trifluoromethyl and perfluoroalkylcedsl

8.5. Experimental

8.5.1. General Information: All manipulations were performed using standard Schlenk

and high vacuum techniques or in a nitrogen filled glovebox, unless othestaisel.
Solvents were purified by passing through activated alumina acopmer in a solvent
purification system supplied by Pure Process Technology. SolttibiMR spectra were

recorded at ambient temperature on a Bruker 400 MHz specaoared referenced to

residual proton solvent signat8F spectra were recorded on the Bruker NMR spectrometer

operating at 376 MHz and referenced o," -trifluorotoluene as an internal standard=(
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-63.7). A Bruker D8 Quest diffractometer was used for X-raystat structure
determinations. Cyclic voltammetry data was collected in a nirdtjed glovebox at
room temperature on a PARSTAT 4000A potentiostat. The CCDC 2124819, 2124820,
2124821 contain the supplementary crystallographic data for this pEpese data can be

obtained free of charge viawww.ccdc.cam.ac.uk/data_request@if by e-

mailing data_request@ccdc.cam.ac.uk, or by contacting The Ghyalrystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
8.5.2. Preparation of [NMe][(MeCN)(CF 3)Ni(C4Fs)] (8b): In a nitrogen filled glovebox,
AgF (111 mg, 0.875 mmol, 1 equiv.) and TMSs({6.20 mL, 1.3 mmol, 1.5 equiv.) were
stirred in 10 mL of anhydrous MeCN for 2 h. A solution of [(Me&\NJC4Fs)] (298 mg,
0.874 mmol, 1 equiv.) in 1 mL of anhydrous MeCN was added dropwide teeaction
mixture followed by addition of NM£I (91 mg, 0.87 mmol, 1 equiv). The reaction was
stirred for one day at room temperature and filtered through a pagditef The resulting
black-red solution was dried in vacuo to a dark brown paste pddte was dissolved in a
minimal amount of THF followed by the addition of pentane and coatinQ!C. The
resulting black/brown solid was washed with pentane and dried urclermaa Yield: 278
mg (72%). X-ray quality crystals were grown by cooling a satuisdidion of THF.H
NMR (CD:CN, 400 MHz)1! 3.07 (s, 12H)°F NMR (CD:CN, 376 MHz):! D31.4 (quintet,
J=3.5Hz, 3F), 109.3 (app deckt, 4.1 Hz, 2F), B117.3 (apparent oclet, 3.6 Hz, 2F),
P139.0 to B139.3 (m, 2F), B141.0 to B141.1 (m, 2F). Anal. Calcd (ftarnd)
C11H1sNiF11N2: C, 29.83 (29.60); H, 3.41 (3.69Driginally prepared by Fatema Amin)
8.5.3. Preparation of [NMe][(MeCN)(CF3CF2)Ni(CsFg)] (8c): In a nitrogen filled

glovebox, AgF (106 mg, 0.835 mmol, 1.05 equiv.) and TMBs@0.21 mL, 1.2 mmol,
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1.5 equiv) were stirred in 10 mL of anhydrous MeCN for 2 h. A solutiothe
[(MeCN)2Ni(CsFg)] (271 mg, 0.795 mmol, 1 equiv) in 1 mL of anhydrous MeCN was
added dropwise to the reaction mixture followed by addition of X8 mg, 0.795
mmol, 1 equiv.). The reaction was stirred for 2 days at roonpeeature and filtered
through a pad of celite. The resulting brown solution was dried in vathe.paste was
dissolved in a minimal amount of THF followed by the addition of pentand cooling to
-30IC. The black/brown solid was washed with pentane and dried unzlarwa Yield:
293 mg (75%)*H NMR (CDsCN, 400 MHz):! 3.07 (s, 12H)°F NMR (CD:CN, 376
MHz): ! #82.5 (t,J = 3.8 Hz, 3F), ©110.2 (app tetradedet,3.7 Hz, 2F), B112.1 (applt,

= 6.8 Hz, 2F), DB116.6 (app sextet 3.9 Hz, 2F), ©139.2 to ©139.4 (m, 2F), D140.9to b
141.1 (m, 2F). Anal. Calcd (found) forfEl1sNiF1aN2: C, 29.24 (29.10); H, 3.07 (3.21).
(Originally prepared by Fatema Amin)

8.5.4. Preparation of [NMe][(IMes)(CF 3)Ni(C4Fs)] (8d): In a nitrogen filled glovebox,
to a stirring solution of [NMg[(MeCN)(CR)Ni(CsFg)] (81 mg, 0.18 mmol, 1 equiv.) in
0.5 mL of MeCN, a solution of IMes (69 mg, 0.23 mmol, 1.3 equivl.5 mL of MeCN
was added and stirred for 2 hours. The reaction was filtered qamt af celite and the
solvents were removed under vacuum. The resulting solid was collectedashed with
ether to yield 88 mg of black solid (69% NMR (CDsCN, 400 MHz):! 7.11 (br s, 1H),
7.06 (br s, 2H), 7.00 (br s, 2H), 3.06 (br s, 12H), 2.37 b 2.33,(6H), 2.26 (br s, 6H),
2.17 (br s, 6H)1°F NMR (CD:CN, 376 MHz):! -23.2 (br s, 3F), -109.5 (s, 2F), -113.0 to
-113.1 (m, 2F), B138.5 to £138.8 (m, 2F), £139.3 to £139.6 (m, 2F)Calodl(found)

for CsoHzeNiF11N3: C: 51.02 (53.55); H 5.14 (5.69). A better elemental anabfsthis
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compound could not be obtained, likely due to co-crystallized solasntas found in the
preliminary X-ray data set (see Supporting Information).
8.5.5. Preparation of [NMe][(IMes)Ni(CF 3)3] (8f): In a glovebox, to a stirring solution
of [NMe4][(MeCN)NIi(CFs)s] (60 mg, 0.16 mmol, 1 equiv.) in 0.5 mL of MeCN, a solution
of IMes (58 mg, 0.19 mmol, 1.2 equiv.) in 1.5 mL of MeCN was addetistirred for 4
hours. The insoluble were removed, and the volatiles were removedvamdeim. The
precipitate was collected and washed with ether to yield 68 mg) @a¢ght yellow solid.
14 NMR (CDsCN, 376 MHz):! 7.05 (s, 2H), 7.03 (br s, 4H), 3.07 (br s, 12H), 2.36 (s, 6H),
2.28 (s, 12H)1F NMR (CD:CN, 376 MHz):! -22.9 (q,J = 5.3 Hz, 6F), -26.8 (sepl,=
5.3 Hz, 3F). Anal. Calcd (found) for6H3sNiFoNs: C, 52.20 (52.07); H, 5.63 (5.55).
8.5.6. Catalytic Trifluoromethylation of 1,3,5-trimethoxybenzene In a nitrogen filled
glovebox, a vial was charged with 1,3,5-trimethoxybenzene (42 mg, 0.85 gequiv.),
Umemoto Reagent Il (22 mg, 0.050 mmol, 1 equiv.), and 0.9 mL of @N#hile stirring,
100 pL of a 0.025 M stock solution of [NMH(MeCN)(CFR)Ni(CsFs)] in DMSO was
added, and the reaction was continued to stir for 24 hours. Trifluoroto{GelxepL,
0.0500 mmol, 1 equiv.) was added as an internal standard alféf tiIR was recorded.
The NMR yield of the trifluoromethylated arene was determinec t8356.
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Chapter 9: Transformation of Brucine into Trifluoromethyl Neobrucine
Using the Homoleptic Nickel Catalyst [Ni(CR)4]*

9.1 Abstract: The homoleptic trifluoromethyl nickel complex [Ni(@k? catalyzes a
stereoselective trifluoromethylation of brucine with Umemoto lagent. The
trifluoromethylation process proceeds with concomitant isomesizafiits alkenyl double
bond leading to a trifluoromethylated neobrucine-like derivative. Anomi
difunctionalization product was also detected from the reactiorureixtonsistent with a
radical addition process that is occurring in parallel. cBtometric reactions between the
nickel(ll) catalyst precursor and brucine led to no reactiblowever, a stochiometric
reaction with a high-valent nickel(IV) complex formed trifluoretimylated neobrucine,

implicating its intermediacy.

9.2 Introduction: Brucine ©a and strychnine 9b) are two of the major
pharmacologically-active constituents of the evergreen 8ggchnos nux vomica
Therapeutic activity of these alkaloids towards a varietylofeaits have been reported in
both traditional and modern medicinesbut despite the broad pharmacological activities
of brucine and strychnine, narrow therapeutic windows and central nesystsm
toxicities limit their uses in clinical applicatioAsThus, the development of methods to
derivatize9a and 9b with various functionalities in order to find more active biologics
remains an active area of reseatc®ne locus of interest in terms of reactivity is the-C
Ca2region ofQaand9b. It has long been known that the double bond at € position

of 9a and9b can be rearranged with Raney nickel to proWdend9d as described in
Scheme 9a, eqf@ther conditions can also mediate this isomerizatidhile this double

bond isomerization can proceed with high yields, to our knowledge a cdanballylic
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functionalization at the £ position has never been reported. A metal-catalyzed process
to difunctionalize the &-C,, double bond has been reported by Hartwig (Scheme 9a, eq
b).2 and we wondered if a complementary method to install a triftaethyl group at the
C>2 position with migration of the double bond to the-C>1 position as described in

Scheme 9a, eq ¢ would be possille.

R = OCHg: brucine (9a) R = OCHg: neobrucine (9c)
R = H: strychnine (9b) R = H: neostrychnine (9d)

F,C—I—O0O

Fe(OAc),, iPr-pybox

Megsi-N:.;
MeCN, 23 °C

9a

()

Scheme 9aa) Transformation of brucine and strychnine into neo isomers b) Know
difunctionalization of the olefin to generate trifluoromethyl brucin®&rcknown
conditions to generate neo trifluoromethyl brucine.

Because of the success in using Raney nickel to mediate the sdafiarization in Scheme

9a, eq a, we turned our attention to the use of nickel trifluetiophcomplexes to mediate
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the transformation outlined in Scheme 9a, eq c. Recently, wdaedbe synthesis of the
homoleptic [NMe]2[Ni(CF3)4] (99), and showed that this simple trifluoromethyl nickel salt
can catalytically trifluoromethylate electron rich arenehegresence of the Umemoto II
Reagent §h) as described in Scheme 98.The substrates of that prior study did not
possess any other alkene functionalities, and thus the reactiv@ty wés selective for
arene C-H trifluoromethylations. The presence of theGz; alkene in brucine, however,
not only provides an opportunity to test the selectivitp@fowards arene verses alkene
functionalizations, but also to evaluate the possibility of perfogran olefin migration

leading to net allylic functionalization as described in Scheme®ea.

CF3
s@ Oorf

= ~
R—— | > FsC |
X [NMe,4]o[Ni(CF3)4] (99) 5% X
DMSO, 18h, RT

Scheme 9bCatalytic trifluoromethylation of arene C-H bond using catadgst

9.3 Results and Discussion

9.3.1. Initial Discovery and Optimizations for the Trifluoromethylation of Brucine:
Reaction of various ratios of brucin@a] with Umemoto Il Reagent in the presence of
nickel catalys©g (Table 9a) did not lead to arene C-H functionalization when im@uit
by 1°F NMR spectroscopy. However, two unique doublets were evidehe iiF NMR
spectrum of the reaction mixture®t71.3 (d,J = 9.4 Hz) and} -72.2 (d,J = 11.2 Hz),
which were ultimately assigned & and9i (see below). Table 9a shows our efforts for

optimizing this reaction based on using Umemoto Il as theitigireagent. The yields
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reflect a proposed need for two equivalents of trifluoromethylceoto generatéf (one

CFs to perform an addition reaction and another to perform adbdtraction) and one
equivalent to generat@ through a simple radical addition reaction. Higher amounts of
brucine relative to Umemoto Il led to increased amoun®s oflative to9i, and the yields

of 9f can ultimately be raised to 81% with a brucine:Umemoto R.6f1. Heating the
reaction or use of exce8k, however, did not signifigantly increase yields (see Appendix

H for full optimization tables).

Table 9a.Optimization for the trifluoromethylation of bructhe

GFs

N
s Cors N
X mol% [NMeJ,[Ni(CFs)] (9g) -© o WCFs
9a + O +
DMSO, 24 h,, r.t.
= 9h = ' N H (@)
of
(@]

~o

Entry equiv brucine Ni Catalyst Yield 9f Yield 9i

1 0.5 5 mol% 29% 7%
2 0.5 0 mol% 8% 3%
3 1 5 mol% 38% 9%
4 2.5 5 mol% 58% 10%
5 1 10 mol% 59% 10%
6 2.5 10 mol% 81% 12%

@ Reactions were run in 1 mL of DMSO with Umemoto Reagent10(@hmol) as the
limiting reagent. Yields were determined ¥ NMR with trifluorotoluene as an internal
standard.

9.3.2. Exploration of Different Bases on Trifluoromethylating Bucine: Next, we

evaluated if the reaction could be performed under basic andfakfne2 conditions, and

the results are summarized in Table 9b. The nitrogen ba&&br HYnigOs base (N, N
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b diisopropylethylamine) providéd in yields that were less than the base free-conditions
(Table 9b, entry 1 vs 2). The use of NaH provided yields sinolghose seen for base-
free conditions (entry 1 vs 3); however, when the reaction wasvithrhigher brucine
loadings or elevated temperatures, yields did not further imprateNaH (see Appendix
H). Interestingly, the reaction described in Table 9b cdwddrun under metal free
conditions (entry 4), but low yields of product are obtained (199&tassium or sodium

tert-butoxide bases were not fruitful and provided low yields (en&iand 6).

Table 9b.Exploration of different bases on trifluoromethylation of brugine

CF3
OTf
X mol% [NMe,4]o[Ni(CF3)4] (99) 0
added base

DMSO, 24 h,, r.t.

Entry Base Ni Catalyst Yield 9f Yield 9i

1 none 5% 38% 9%
2 DIPEA 5% 31% 5%
3 NaHP 5% 38% 4%
4 NaH° 0% 15% 4%
5 KO'Bu 5% 9% n.d.
6 NaOBu 5% 7% n.d.

@ Reactions were run in 1 mL of DMSO with Umemoto Reagent05(@hmol) and base
(0.05 mmol) as the limiting reagent, and excess bru@aé.(0 mmol, 2 equiv.). Yields
were determined bYF NMR with trifluorotoluene as an internal stand&maH used
was in the form of 60% dispersion in mineral oil.

!
9.3.3. Scale-up and Isolation of 9Based on highest optimized yield (Table 9a, entry 6),
the reaction was scaled up to 2 mmol for isolation of the npagmtuct9f (Scheme 9c).

Performing the reaction for 24 hours yield#dn 33% isolated yield, and increasing the
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reaction time to 48 hours only slightly increased the yield to.37B&'3C NMR spectrum
displayed two diagnostic quartets from the trifluoromethyl group anddjaeent carbon
at$ 126.8 (q,%Jck = 280 Hz) and 49.0 (dJ)cr = 24.5 Hz) respectively. X-ray quality
crystals of9f were grown by vapor diffusion of pentane into chloroform, and an ORTEP
diagram is shown in Figure 9a. The X-ray structure confirmsténeaselective addition

of CRs to the less sterically hindered face of brucine, and also omtine double bond
migration to the gs-Co1 position. While we were unable to isolate large amountsmdmi
product9i (Table 9a), théH and!®F NMR spectra of the trace material were consistent
with the proposed structure as there was an absence of @aylc \nydrogens (see
Appendix H), indicating it is not simply another isomeR&f Moreover, HRMS data of
the crude reaction mixture from Table 9a revealed a mass ofitloe species consistent
with that of9i (see Appendix H). We speculate that the origin of the hydrsgeerived
either from solvent or trace amounts of water. In prior stfd@ssed on the oxidation of
catalyst9g, we have identified the C-bound acetonitrile complex [(NQGIHCFs)s]?®
indicating a propensity of trifluoromethyl nickel complexes tactewith solvent under
oxidizing conditions. DFT calculations indicate tBais the lowest energy isomer possible

(see Appendix H).

2 mmol E

\
. | o o \CF3
9a 10 mol% [NMe,],[Ni(CF3),] O
\O N H 0]
of

2.5 equiv. DMSO, 23°C, time =T
O T=24hours, 33%

T =48 hours. 37 %
Scheme 9cScaled-up synthesis for the isolation of trifluoromethyl neobrucine

! %'.!



Figure 9a.ORTEP diagram o®f. Ellipsoids shown at the 40% level. Selected bond
lengths (¢): C22-C26 1.519(5); C20-C21 1.338(4); Selected bond angles26y322-
C23 110.8(3); C20-C21-C22 120.4(3).

9.3.4. Investigating the Role of Nickelln order to gain insights into the role of nickel in
the trifluoromethylation reactions, stoichiometric reactions vpenéormed with brucine
and nickel precursors in different oxidation states. Our groupteasously shown that
nickel catalysBgreacts with Umemoto Reagent 9h) in acetonitrile to form a variety of
highly trifluoromethylated and formally nickel(IV) complex¥herefore, acetonitrile was
used as a solvent in the stoichiometric reactions in order tddseithe identification of
any trifluoromethylnickel products. No reaction was observed ugmtioa of a 1:1 ratio
of the nickel(ll) catalys®gand brucine4a) in MeCN for 1 hour at room temperature. An
additional five equivalents of brucine were added and the reactiorsties] for an

additional 23 hours (Scheme 9d, top) with no product formation, imaicttat9g does

not directly react with brucine to affoét or 9i.

! %'%



[NMey]>

T MeCN
9a + e C—I\|li—CF © no reaction
CTNTCRl 24, RT
CFs
99
I
F Clt,, . ,.\\\CF
oa+ O UNILTT MeCN.24h.  _of 4+ [(MeCN)NI(CF3)]
MeCN” | ~CFq 11% 41%
NCMe
9j

Scheme 9dStoichiometric reactions of brucine with nickel(ll) and (I\Mjlttoromethyl
complexes.

The known charge-neutral and formally nickel(IV) trifluoromethyl compBjxScheme
9d, bottom) was then allowed to react with brucine, and analyzgdatiects by°F NMR
spectroscopy. The trifluoromethylated brucine pro@fietas detected in 11% vyield, with
the formation of [(MeCNNi(CFs3)2] as the main nickel-containing product in 41% yield
(See Appendix H for full product analysis). The nickel(lV) gdex likely undergoes
decomposition to form sources of £fadicals, as electrochemical measurements indicate
that 9j, although formally high valent, is still rather difficult to beduced by external
reagents, as it displays a peak potential of -0.66 V vs FaiF81eCN solvent (see
Appendix H). We have previously reported that the stoichiomegaction of Umemoto

Il reagent with9g in MeCN produces mixtures of high valent [(MeCN)NCFs)s]®,
[Ni'V(CRs)e]?, and [(MeCN)Ni'V(CFs)4].° Moreover, crossover experiments with the
perfluoroethyl nickel(ll) precatalyst [(MeCN)Ni¢Es)s]" in the presence of Umemoto Il
reagent and arene substrate show that the source of fluoroalkydsgumder these

oxidizing conditions are derived from the nickel, rather than threetdoto reagent (see
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Chapter 7). We believe that similar pathways are opeerasing brucine as the substrate.
Further experiments to probe the mechanistic details otithiigie reaction are underway
in our lab. One plausible mechanistic pathway is radical addifti a trifluoromethyl group
to the olefin, generating a tertiary radical. Sequential prdistraction could then lead to
the reformation of the olefin. However, this mechanism does oouatfor the exact role
of nickel, and therefore further research is required.

9.4 Conclusions: The homoleptic nickel complex [Ni(Gf]? (9¢) catalyzes a
stereoselective trifluoromethylation of the complex moleculeibeum the presence of
Umemoto Il reagent to afford the isolable neobrucine-@#ivative9f, which has been
fully characterized. Control reactions show that the nickelgpacstog is not capable of
transferring the trifluoromethyl groups in the absence of Umertioteagent, which
supports the involvement of high-valent nickel in the trifluoromethylagactions. We
also identify a minor product resulting from the difunctionalizabbthe brucine double
bond with hydrogen and GF This new reaction provides a proof-in-principle
demonstration that simple homoleptic trifluoromethyl nickel caxgd can perform
stereoselective catalytic trifluoromethylation reactions of demamolecules.

9.5. Experimental

9.5.1. General Information: All manipulations were performed using standard Schlenk
and high vacuum techniques or in a nitrogen filled glovebox, unless othestaisel.
Solvents were purified by passing through activated alumina acopmer in a solvent
purification system supplied by Pure Process TechnolttiMR spectra were recorded
at ambient temperature on a Bruker 500 MHz spectrometer amemeéd to residual

proton solvent signalst*C {*H} NMR spectra were recorded on a Bruker NMR
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spectrometer operating at 126 MH¥ NMR spectra were recorded on a Bruker NMR
spectrometer operating at 376 MHz and referencéd' {o-trifluorotoluene as an internal
standard!( =-63.7). A Bruker D8 Quest diffractometer was used for X-rgstal structure
determinations. High-resolution mass spectrometry (HRMS) uscty@spray ionization
(ESI) was completed at the Notre Dame Mass Spectromedgilitiz Reaction
optimizations and computational details can be found within AppendiXhd CCDC
2153715 contains the supplementary crystallographic data for compéurithese data

can be obtained free of charge via www.ccdc.cam.ac.uk/dgteg#cif, or by e-

mailing data_request@ccdc.cam.ac.uk, or by contacting The Ghyalrystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

9.5.2. Preparation of 9f:In a nitrogen filled glovebox, a round bottom flask was charged
with Brucine (2.0 g, 5.0 mmol, 2.5 equiv.), Umemoto Reager880 (mg, 2.0 mmol, 1
equiv.), and 16 mL of DMSO. While stirring, 4 mL of a 0.025 M solutiof
[NMe4]2[Ni(CF3)4] in DMSO was added, and continued to stir for 24 hours at room
temperature. The reaction was removed from the glovebox and addsejteratory funnel
with diethyl ether (100 mL), followed by extraction with waf8rx 100 mL). The water
layers were combined and re-extracted with diethyl ether (100 Te organic layers
were combined, washed with brine (100 mL), dried over Mg81 concentrated by rotary
evaporation. The product was purified via flash column chromatogrghging 152 mg

of a white solid (33%). Reaction stirred for 48 hours, furnished 171 mgpdfict (37%).
X-ray quality crystals were grown by vapor diffusion of pentanedhtoroform.*H NMR
(500 MHz, GDs): $8.32 (s, 1H), 6.55 (s, 1H), 5.52 (s, 1H), 4.00 (td,11.9 Hz, 6.7 Hz,

1H), 3.56-3.48 (m, 7H), 3.29 (br s, 1H), 3.26-3.17 (m, 2H), 3.04@O2H), 2.81-2.69
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(m, 1H), 2.65-2.58 (m, 1H), 2.54 (d#i= 16.2 Hz, 4.6 Hz, 1H), 2.16 (br s, 1H), 2.10 {dt,
= 13.3 Hz, 3.6 Hz, 1H), 1.89-1.77 (m, 1H), 1.59- 1.50 (m, 1H), 1.43 &l1,3.6 Hz, 2.5
Hz, 1H), 0.83-0.77 (m, 1H$3C{*H} NMR (126 MHz, G:De): $169.5, 151.1, 147.5, 141.7,
137.0, 126.8 (q) = 280 Hz), 124.3, 107.5, 104.9, 102.0, 78.4, 66.1, 64.7, 58.7, 57.1, 55.8,
54.0, 53.7, 51.6, 49.0 (4,= 24.5 Hz), 45.6, 41.4, 27.2, 27%F NMR (376 MHz, GDs):
$-71.1 (d,J = 9.6 Hz). HRMS (ESIm/2 calcd. for GaH26F3sN204 [M+H]*: 463.1839;
found: 463.1848.

HRMS analysis of a crude reaction mixture identified a massistent with the minor
product Qi). HRMS (ESI, m/2 calcd. for GaH2gF3N2O4 [M+H]*: 465.1996; found:
465.1990.

9.5.3. Reaction of [NM@a]2[Ni(CF3)4] with brucine: In a nitrogen filled glovebox, to a
solution of [NMe]2[Ni(CF3)4] (24 mg, 0.050 mmol, 1 equiv.) in 0.5 mL of MeCN, a
solution of brucine (20 mg, 0.051 mmol, 1 equiv.) in 1 mL of MeCN wdded. The
reaction was stirred for 1 hour adF NMR was recorded. An additional 5 equiv. of
brucine was added and the reaction was continued to stir for 23 hbhatSFINMR was
recorded again.

9.5.4. Reaction of [(MeCNyNi(CF3)4] with brucine: In a nitrogen filled glovebox, a vial
was charged with [(MeCNNi(CFs)4] (21 mg, 0.050 mmol, 1 equiv.) and brucine (20 mg,
0.051 mmol, 1 equiv.). MeCN (1 mL) was added and the reaction was $or 24 hours.
One equivalent of trifluorotoluene was added, and¥Ré&NMR spectra was recordéd.
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Chapter 10: Conclusion

The research described in this dissertation detailed a numhewaddvancements in the
realm of fluoroorganometallic chemistry. Through the synthesis ofl-deéhed
fluoroalkyl copper, nickel, and cobalt complexes, new discovesgarding key physical
properties of organometallic complexes and new reactihags been found. These new
understandings will help develop novel approaches for further enahlorgdlkylations
using first-row transition metals.

Chapter 2 described a new method for accessing mixed fluoroajkytes. A variety of
complexes of copper transformed into their cuprate forms;hwieisulted in the formation
of new species that were rapidly detectablé®ByNMR spectroscopy. The NHC ligand
system allowed for the characterization of previously unknown ciprate offers a new
method for studying and enabling dynamic reactivity with such fluoroalylplexes of
copper.

Understanding that cobalt is a promising platform for developing fieoroalkyl
chemistries, Chapter 3 presented the synthesis of versatleurpor to cobalt
perfluoroethyl complexes. Generally, the previously described exeplof fluoroalkyl
cobalt in the literature had non-labile ligands. The precursaioleed in these studies has
labile acetonitrile ligands that were shown to undergo rapiddigabstitution affording a
variety of different complexes.

Utilizing the versatile precursor described in Chapter 3, mean& and dianionic cobalt
complexes were described in Chapters 4 and 5. These chafdersgdescribe the
electrochemical properties of cobalt(lll) fluoroalkyl cdexes. We revealed that anation

has a large effect on lowering oxidation potentials over thelsisybstation of charge
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neutral datively bonded ligands. As noted in other parts of this @igear access to high-
valent states of copper and nickel has helped develop new bond feeaatigns, and the
reactivity of formally high-valent cobalt(IV) fluoroalkyl comples is currently unknown.

It is hoped that the data obtained from these chapterbewtitical in future developments
involving high-valent cobalt.

The data in Chapter 6 provided the foundational groundwork for using highly
trifluoromethylated nickel complexes as synthons for new fluorodlkylanethodologies.
Fundamental studies showed that such nickebthplexes exist in physically reduced
states and are better described asg—drthermore, such species are easily oxidizable to
higher valent states of nickel. The electrochemical studies gthdethemical oxidization
of nickel(ll) derivatives to isolable nickel(IV) species, wsll as new reactivities with
organic substrates.

Chapter 7 further described the various reactions that solvattugueelkyl nickel
complexes can undergo with organic substrates. Stoichiomedigtiviides of the nickel
complexes with hypervalent iodine reagents and diazonium saltsdpsoeeessful in
generating perfluoroalkylated products. Furthermore, the first dératos of catalysis
was achieved with these solvated complexes, namely the Chliibrtoimethylation of
(hetero)arenes.

Chapter 8 described efforts towards modifying the solvated nig&era. We successfully
replaced the spectator fluoroalkyl groups with the more staigliGFs chelating ligand.
Electrochemical properties of those newF£complexes revealed stark differences in
oxidation events with the non-chelating congeners. The second avenue focatiodifi

was the substitution of the coordinated acetonitriles with IsifNpheterocyclic carbene
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ligands. This modification revealed that oxidation events of NHGddapecies were
well-separated energetically, in comparison to the non-Np#cies having redox couples
similar in energies. We believe the identification of a ligapstem that better separates
oxidation events in terms of energies bodes well for future oxidiagactivities, since over
oxidation can be avoided.

An unexpected stereoselective trifluoromethylation of brucirdessribed in Chapter 9.
The solvated nickel complexes ultimately catalyze an allylit fQnctionalization process
leading to trifluoromethylated neobrucine. A minor product was aisereed, resulting
from a difunctionalization of the olefin in brucine. This newaatévity demonstrated proof-
in-principle demonstration that the solvated nickel complexespeaform late-stage
functionalization of complex molecules, and are an interestindoptatfor reaction

discovery.
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Appendix A: Supporting Information and Spectral Data for Chapter 2
I

Figure Al. 1% NMR of [(SIMes)Cu(GFs)] and [(SIMes)Cu][Cu(GFs)2] in CD2Cl
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Figure A2.*H NMR of [(SIMes)Cu(GFs)] and [(SIMes)Cu][Cu(CGFs)2] in CD2Cl»
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Figure A3. % NMR of [(SIMes)Cu(GFs)] mixed with [(SIMes)Cu(CE)] in CD2Cl
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Figure A4. Zoomed image of Figure A3 of the Cu-Qfegion
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Figure A5. Zoomed image of Figure A3 the Cu-£H= region
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Figure A6. 1% NMR of [(SIMes)Cu(GFs)] mixed with [(SIMes)Cu(Cl)] in CBCl;
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Figure A7. Zoomed image of Figure A6
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I
Figure A8. 1% NMR of [(SIMes)Cu(CE)] mixed with [(SIMes)Cu(Cl)] in CBCl,
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Appendix B: Supporting Information and Spectral Data for Chapter 3
!

Figure B1.'°F NMR of 3ain CDsCN
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Figure B2.'°F NMR of 3b in CsDsN
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Figure B3.1H NMR of 3ein DMSO D d
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Figure B4. °F NMR of 3ein CD.Cl>
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Figure B5. Magnified view of the downfield region of th8 NMR spectrum o8ein

CD2Cl2
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Figure B6. Magnified view of the upfield region of tH&F NMR spectrum o8ein
CD2Cl2
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Figure B7. °F COSY of3ein CD.Cl,
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Figure B8.1H NMR of 3f in CDsCN
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Figure B9.""9F NMR of 3f in CDsCN
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Figure B10.""9F NMR spectrum that results upon dissolutioBafn anhydrous

pyridine solvent.
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Figure B11.""°F NMR spectrum of the sample described in Figure B10 affev@of

water added.
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Appendix C: Supporting Information and Spectral Data for Chapter 4

Figure C1.%°F NMR of [PPh][(Tp)Co(CzFs)s] (4h) in CDsCN
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Figure C2.1H NMR of [PPh][(Tp)Co(CzFs)3] (4h) in CD:CN
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Figure C3.3P{*H} NMR of [PPh][(Tp)Co(C:Fs)3] (4h) in CDsCN
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Figure C4.°F NMR of crude reaction mixture during synthesigtbfat room
temperature before heating in ¢IN
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Figure C5.'H NMR of crude reaction mixture during synthesistbfat room

temperature before heating in &IN

140

r30

10

o

T T T T T
8 4 4 42 4.0

T
5.0 4.

.6 4.
f1 (ppm)

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

9.0

8.5

8.0

T
7.5

7.0

T
6.5

6.0

T
55

5.0

- - - - -
45 40 35 30 25
f1 (ppm)

%*"!

T
1.5

T
1.0

T
0.5

0.0

T
-0.5

200



Figure C6.1°F NMR of crude reaction mixture during the synthesigtoét -78iC in

CDsCN
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Figure C7.Cyclic voltammogram oéf (10 mM) in MeCN. Working and counter
electrodes are platinum with a Ag pseudo reference. ElgerNBw][PFes] (100 mM).

Scan rate: 100 mVis
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Figure C8. Cyclic voltammogram o#h (10 mM) in MeCN. Working and counter
electrodes are platinum with a Ag pseudo reference. ElgetrNBw][PFes] (100 mM).

Scan rate: 100 mVis
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Figure C9. Cyclic voltammogram of(tpy)Co(C2Fs)s] (10 mM) in MeCN. Working and
counter electrodes are platinum with a Ag pseudo referencerdilée [NBw)|[PFe]

(100 mM). Scan rate: 100 mVts
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Figure C10.Experimental UV-vis spectra in MeCN: compkix(blue, 1.1 mM),)z90=
280 Mlcmt, )spe= 220 Micnmt; complex4h (red, 1.2 mM),)aza= 280 M1cm?, )a2s=
200 Mtcn?; [(tpy)Co(GFs)3] (black, 1.1 mM),)ago= 63 Mtcnrl.
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Figure C11.Experimental UV-vis spectra of diluted [(tpy)Cofe)s] in MeCN (0.093
mM). )z17= 9700 Mcnl.
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Appendix D: Supporting Information and Spectral Data for Chapter 5

Figure D1.'%F NMR of [PPh]2[(C2Fs)3Co(u-F)2Co(CGFs)3] (5b)in CDsCN at room
temperature
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Figure D2. Expanded®F NMR of [PPh]2[(C2Fs)sCo(u-F)Co(CoFs)s] (5b)in CDsCN at
room temperature
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Figure D3.'%F NMR of [PPh]2[(C2Fs)3Co(u-F).Co(CGFs)3] (5b)in CDsCN recorded at -
30°C
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Figure D4 1°F NMR of [PPh]2[(C2Fs)sCo(u-F).Co(CGFs)s] (5b)in CD.Clzat room

temperature
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Figure D5. Expanded®F NMR of [PPh]2[(C2Fs)sCo(u-F)2Co(CGFs)3] (5b)in CD.Cl. at

room temperature
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Figure D6.'H NMR of [PPh]2[(C2Fs)3Co(u-F)2Co(GFs)3] (5b)in CDsCN
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Figure D7.3P{H} NMR of [PPh]2[(C2Fs)sCo(-F).Co(GFs)3] (5b)in CDsCN
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Figure D8. 1% NMR of [PPh]2[(C2Fs)3sCo(u-F)2Co(GFs)3] (2)in CDsCN over time
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Figure D9. 1% NMR of [PPh]2[(C2Fs)sCo(u-F)2Co(GFs)s] (5b)in CDsCN at elevated
temperatures
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Figure D10.'°F NMR of [PPh],[(C2Fs)sCo(u-F)2Co(CGFs)3] (5b)in CDsCN at -30°C
and room temperature

-30°C! [PPh,l[ i
42 C,Fs CoFs
\C 4 \C C,F
CF C,F.—CL0 0—CyFs
3 25 / \F/ \
CoFs CoFs 2
| ’ |
CF;
,5$®
L -

T T T T T T T T T T T T T T T T
-50 -55 -60 -65 -70 -75 -80 -85 -95 -100 -105 -110 -115 -120 -125 -130

-90
f1 (ppm)

Yo+



Figure D11.'%F NMR of [PPh]2[(C2Fs)sCo(u-F)2Co(CGFs)3] (5b)in CDsCN at room
temperature with integrations
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Figure D12.1%F NMR of [PPh]2[(C2Fs)sCo(u-F)2Co(CGFs)3] (5b)in CDsCN 35°C with
integrations
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Figure D13.1%F NMR of [PPh]2[(C2Fs)sCo(u-F):Co(CGFs)3] (5b)in CDsCN 55°C with

integrations
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14.00529376
12.63802892

14.91072635
12.76658788

14.41090484
12.32736986
13.19754126

16.92416223

17.52348589
15.67053900

16.77352356
17.23265431
18.85807779

18.42258889
15.44568158

18.59660925
16.92973711

17.68232294
17.20072164

18.06262670
19.64809556
18.33543493
19.63215631
17.51022667
18.87996134
16.60582957
18.75042155
17.09796124
19.18178975
18.31893492

1.84509196

-0.29879654

1.04593605
-0.44434785
1.67717640

10.18018026
10.93355938
11.62613254
10.38956373

12.29265446
10.85424645
10.78681657
10.30828174
12.29316813
11.19585354

8.44173176

9.16799526
7.42618860

10.40809473
10.22002625
12.47031752
12.82330584
13.00414576
7.82502913
8.34710688

7.23335123

7.79671206

6.21465211

10.98428737

10.23126602

9.53821877

10.77627922

8.87250787
10.30923389

10.37671203
10.85963289

8.86983542

9.96955327

12.72271411
11.99709346

13.73872453
10.75759164
10.94067284
8.69193412

8.33742791

8.16136699
13.33927323
12.81688252
13.93393183
13.36722321
14.94935285
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Table D1.Relative energies for DFT optimized structure$lofind5c

Compound Electronic Energy (Hartree)
[fac-(MeCN)(F)Co(GFs)s]’ " 3474.373133
[mer{MeCN)(F)Co(GFs)3]’ " 3474.357040
[(C2Fs)3Co(-F)2Co(GaFs)3] 2 " 6417.710363
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Appendix E: Supporting Information and Spectral Data for Chapter 6

Figure E1. Cyclic voltammogram of [NB4)[Cu(CRs)4] (20 mM) in MeCN. Working and

counter electrodes are platinum with a Ag pseudo referencerdijés: [BwN][PFe]
(100 mM). Scan rate: 100 mV/!s
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Figure E2.'°F NMR of [PPh][(MeCN)Ni(CFs)3] (6€) in CDsCN
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Figure E3 B'H NMR of [PPh][(MeCN)Ni(CFs)3] (6€) in CDsCN
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Figure E4.3P{*H} NMR of [PPhy][(MeCN)Ni(CFs)3] (6€) in CDsCN

! %,-!



Figure E5. 1% NMR of [PPh]2[Ni(CFs)4] (6f)in CDsCN
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Figure E6.H NMR of [PPh]2[Ni(CF3)4] (6f) in CD:CN
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Figure E7.3P{H}NMR of [PPhu]2[Ni(CF3)4] (6f) in CDsCN
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Figure E8.'°F NMR of [PPh]2[(PhO)Ni(CF)s] (6g) in CDsCN at -30 jC
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Figure E9.'H NMR spectra highlighting the decompositionBPha4]2[(ArO)Ni(CF 3)3].
All spectrum were recorded in GON

O:PPh3

CFs PPh, o ©
IFsC—Ni—NCMe| ©/° N
I + excess
CFy
PO,
Q e

O*l\‘llcha
CF3

o ®
PPh,Cl | O NMey
©/excess
o ®
PPh,CI : O NMe,

PPh,CI

®
9 NMe,

! %-(!



Figure E10.3'P{*H} NMR spectrahighlighting the decomposition of
[PPha]2[(ArO)Ni(CF 3)3]. All spectrum were recorded in GON.
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Figure E11.2°F NMR spectrum (CBCN) of the products of oxidation 6f with
potassium persulfate. After oxidation, the insoluble mdseware filtered and
discarded, and the volatiles were removed under vacuum. Dissolutios silids in
CDsCN then gave the below spectrum. The two singlets at B25.@&riddpm were
initially proposed to correspond to [(9Vi(CF3)2(MeCN)] and [Ni(CR)s(MeCN)],
respectively. However, [Ni(Ga(MeCN)], has now been independently prepared and
found to have a different splitting pattern (see Chapter T)h&ubased on newer data,
the singlet at -25.1 ppm was proposed to correspond to [N{|{ERsee Chapter 7).
[(MeCN)NIi(CFRs)s]®is proposed to give rise to the apparent nahet§.3 Hz) at ©19.5

and quartet] = 8.2 Hz) at D28.7, and newer data further supported this assignment (see
Chapter 7).
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Figure E12DH NMR of [NMey]2[(C7HsN2)Ni(CFs)3] in CDsCN
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Appendix F: Supporting Information and Spectral Data for Chapter 7

Table F1 Additional optimizations for catalytic trifluoromethylation

CF3

F F
MeO OMe MeO OMe
j;j ) 5% e aNicR
S+
Y -OTf DMSO, 24 h., r.t.
OMe CF3 OMe

In a nitrogen-filled glovebox, (hetero)arene substrate (0.25 ndregjuiv) and Umemoto
Reagent Il Tk) (22 mg, 0.05 mmol) were dissolved in DMSO (0.9 mL). The gsttavas
added as 10QL of a 0.025 M stock solution in DMSO). The reaction was stifoe@4
hours at room temperature and trifluorotoluene was added as anlistanaard and the
yield was determined byF NMR spectroscopy.

entry modification Yield (%)
1 none 96
2 2 equiv arene 66
3 2 equiv. arene + 1 equiv DIPE. 36
4 THF solvent 7
5 MeCN solvent 51
6 1,4 b dioxane solvent 10
7 18 h. 96
8 CRCO:H as catalyst 6
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Figure F1 °F NMR of [NMes][(MeCN)Ni(CFs)3] (7b)in CDsCN
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Figure F2. 'H NMR of [NMe4][(MeCN)Ni(CFs)s] (7b) in CDsCN
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Figure F3. 1% NMR of [NMey]2[Ni(CF3)4] (7c)in CDsCN
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i CFk; )
CF3

! &.&!



Figure F4. 'H NMR of [NMe4]2[Ni(CF3)4] (7c) in CD:CN
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Figure F5. 1% NMR of [NMes][(MeCN)Ni(C2Fs)3] (7€) in CDsCN
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Figure F6. 'H NMR of [NMes][(MeCN)Ni(C2Fs)3] (7€) in CDsCN
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Figure F7. 1%F NMR of the oxidation of [NMg2[Ni(CFs3)4] with UmemotoOs Reagent ||
(7k) in CDsCN/CHsCN. The identified products were consistent with [(MefN(CFs)4]
(7i) (2%), [(MeCN)Ni(CR)s]P(70) (51%), [Ni(CF)e]22(7n) (12%), [(MeCN3Ni(CFs)2]
(78) (5%), and unreacted UmemotoOs reagerk)1((3%).
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Figure F8. 1% NMR of [(MeCN)Ni(CFs)4] (7i)in CDsCN
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Figure F9.%F NMR spectrum of the products of the reactio@@&nd7b in
CDsCN/CHsCN

CF3

o

[(MeCN),Ni(CF3),]



Figure F10.'°F NMR spectrum of the products of the reactio@loeind7ein
CDsCN/CHsCN
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Figure F11.'°F NMR spectrum of the products of the reaction of bis(4-tert-
butylphenyl)iodonium hexafluorophosphate &igdn CD:CN/CH:CN

Ck3

C,oF
° CoF5

[(MeCN),Ni(C2Fs)]
[(MeCN),Ni(C2Fs),]

! &%.



Figure F12.1°F NMR spectrum of the products of the reaction of 3,5 b
dichlorophenyldiazonium tetrafluoroborate afimin CD3;CN/CHs:CN
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Figure F13.1°F NMR spectrum of the products of the reaction of 3,5 b
dichlorophenyldiazonium tetrafluoroborate afein CDsCN/CHCN
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Figure F14.'°F NMR spectrum of the products of the reaction of 4
methoxybenzenediazonium tetrafluoroborate @mth CDsCN/CHCN
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Figure F15.1°F NMR spectrum of the products of the reaction of 4
methoxybenzenediazonium tetrafluoroborate Zaith CD:CN/CH:CN
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Figure F16.'°F NMR spectrum of the products of the reaction of 4
nitrobenzenediazonium tetrafluoroborate dabdn CD;CN/CHsCN
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Figure F17.1°F NMR spectrum of the products of the reaction of 4
nitrobenzenediazonium tetrafluoroborate @B8dn CD:CN/CH:CN
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Figure F18 '°F NMR spectra of catalytic trifluoromethylation formidga
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Figure F19. '°F NMR spectra of catalytic trifluoromethylation formi@gb
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Figure F20. 1°F NMR spectra of catalytic trifluoromethylation formi@gc
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Figure F21 '°F NMR spectra of catalytic trifluoromethylation formi@gd
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Figure F22 °F NMR spectra of catalytic trifluoromethylation formidge

CFy CFs



Figure F23 °F NMR spectra of catalytic trifluoromethylation formi@gf
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Figure F24. °F NMR spectra of catalytic trifluoromethylation formi@gg
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Figure S25D1°F NMR spectra of Table 7a b entry 2, trifluoromethylation of
trimethoxybenzene with no catalyst
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Figure F26.'°F NMR spectra of Table 7a D entry 3, trifluoromethylation of
trimethoxybenzene witfib as catalyst
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Figure F27.1%F NMR spectra of Table 7a D entry 4, trifluoromethylation of
trimethoxybenzene witfic as catalyst
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Figure F28.1°F NMR spectra of Table 7a D entry 5, trifluoromethylation of
trimethoxybenzene witfil as catalyst
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Figure F29.1%F NMR spectra of Table F1 D entry 2, trifluoromethylation of
trimethoxybenzene with 2 equiv. of arene
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Figure F30.'°F NMR spectra of Table F1 D entry 3, trifluoromethylation of
trimethoxybenzene with 2 equiv. of arene and 1 equiv. of DIPEA
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Figure F31.'°F NMR spectra of Table F1 D entry 4, trifluoromethylation of
trimethoxybenzene using THF solvent
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Figure F32.1%F NMR spectra of Table F1 D entry 5, trifluoromethylation of
trimethoxybenzene using MeCN solvent
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Figure F33.1%F NMR spectra of Table F1 D entry 6, trifluoromethylation of
trimethoxybenzene using 1,4 b dioxane solvent
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Figure F34.1%F NMR spectra of Table F1 D entry 7, trifluoromethylation of
trimethoxybenzene running the reaction for 18 h.
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Figure F35.1%F NMR spectra of Table F1 D entry 8, trifluoromethylation of
trimethoxybenzene using @EO:H as cat. and running the reaction for 18 h.
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Figure F36.1°F NMR spectra of crude products during the syntheste.ofwo different
types of nickel bearing five trifluoromethyl groups were ideedifin trace amounts,
[(MeCN)Ni(CR)s]" (70) and [(NCCH)Ni(CFs)s]? (7p) : *F NMR (CDsCN, 376 MHz):

I -24.3 (app. septed,= 7.5 Hz, 3 F), -27.4 (quartel= 7.5 Hz, 12 F).
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Figure F37.1%F NMR spectra of reaction of aryl iodonium with
[NMe4][(MeCN)NIi(CFs)s] in the presence of TEMPO in GON/CHsCN.
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Figure F38.1%F NMR spectra of reaction of alkynyl iodonium with
[NMes][(MeCN)NIi(CFs)3] in the presence of TEMPO in GON/CH:CN.!
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Figure F39.1°F NMR spectra of reaction of 3,5-dichlorophenyldiazonium
tetrafluoroborate with [NMg[(MeCN)Ni(CFz)3] in the presence of TEMPO in
CDsCN/CHsCN.
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Figure F40.1°F NMR spectra of reaction of [NME[Ni(CF3)s] and Omagic blueO oxidant
in the presence of TEMPO in GON/CHzCN.
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Figure F41.'°F NMR spectra of the catalytic trifluoromethylation in thegamce on
TEMPO.
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Figure F42.1%F NMR spectra of the catalytic trifluoromethylation in thegamce on
TEMPO without any nickel catalyst.
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Figure F43.1%F NMR spectra of the catalytic trifluoromethylation in thegamce on
TEMPO without any nickel catalyst, or 1,3,5-trimethoxybenzene

CF3

=41
_CF3

I &(&



Figure F44.'°F NMR spectra of Table 7a D entry 1, trifluoromethylation of
trimethoxybenzene witlij as catalyst
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Figure F45 ORTEP diagram of [(NCCHNI(CFs)s]?®(7p). The two NMe counterions

are omitted for clarity. Selected bond lengths (¢): Ni1-C5 1.993Ni1-C4 1.997(4);
Ni1-C1 2.002(4); Ni1-C2 2.003(4): Ni1-C3 2.004(4); Ni1-C6 2.041(3). Selédmiad
angles (j): C5-Ni1-C4 96.67(15); C5-Ni1-C1 91.26(15); C4-Ni1l-C1 86.50(16); C5-Nil
C2 169.87(15); C4-Ni1-C2 89.32(15); C1-Ni1-C2 97.27(15); C5-Ni1-C3 87.40(16); C4-
Nil-C3 174.54(16); C1-Ni1l-C3 89.79(15); C2-Ni1-C3 87.18(16); C5-Ni1-C6 87.50(15);
C4-Ni1-C6 89.92(16); C1-Ni1-C6 176.05(15); C2-Ni1-C6 84.33(15); C3-Ni1-C6
93.91(15).
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Appendix G: Supporting Information and Spectral Data for Chapter 8

Figure G1: 1%F NMR of [NMe&y][(MeCN)(CFs)Ni(CsFsg)] in CDsCN
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Figure G2: *H NMR of [NMe4][(MeCN)(CFs)Ni(C4Fs)] in CDsCN
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Figure G3: *F NMR of [NMe&y][(MeCN)(C2Fs)Ni(C4Fs)] in CDsCN
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Figure G4: *H NMR of [NMe4][(MeCN)(CzFs)Ni(C4Fg)] in CDsCN



Figure G5: F NMR of [NMe&][(IMes)(CFs)Ni(C4Fs)] in CDsCN

[NMe,]
Mes
(/\N
N
I

&NG
Mes s ! Fe

F3C

CF3

CF3



Figure G6: *H NMR of [NMe4][(IMes)(CFs)Ni(CaFs)] in CDsCN
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Figure G7 BF NMR of [NMes][(IMes)Ni(CFs)3] in CDsCN
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Figure G8 BH NMR of [NMe4][(IMes)Ni(CFs)s] in CDsCN
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Figure G9: *F NMR spectra from the trifluoromethylation of 1,3,5 b trimethexyzene
with Umemoto Reagent Il and catalytic [NM[éMeCN)(CFs)Ni(CasFs)] in DMSO D d
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Figure G10: Cyclic voltammograms dd (orange), an@f (blue) in MeCN. Metal
complex, 10 mM; electrolyte, 100 mM [NB{PFs|; working and counter electrode,
platinum; silver psuedoreference; scan rate, 100 mV/s.
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Figure G11: Preliminary X-ray data for compound 8d.

Only a poorly refined data set with two co-crystallized beezaolecules and one co-
crystallized pentane could been obtained for comp@&andrlhe preliminary structure
shown here is only provided as additional support of the connectivignassint in the

text.
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Appendix H: Supporting Information and Spectral Data for Chapter 9
Optimizations of the trifluoromethylation of brucine

Investigating excess Brucine vs. excess Umemoto Reagent Il

CF. N
A

N
N\
S OoTf K
-2 O 0 N . X mol% [NMe,J,INi(CF2)q] (99) ~© G
.
DMSO, 24 h,, r.t.
~o N H ~o oh r ~o N H »~o ~
%a F F
(o)

of

[0)

In a nitrogen filled glovebox, a vial was charged with Brucine, Untemeagent Il, and
0.9 mL of DMSO (1 mL of DMSO was added to reactions that did nottakel catalyst).
To reactions with catalyst, 1QQ of a 0.025 M stock solution of [NMp[Ni(CF3)4] was
added, and the reactions were stirred for 24 hours. Trifluorotolued® @mnol) was
added, and thF NMR was recorded.

Table HEffect of excess brucine vs. excess Umemoto reagent
Equiv. Brucine | Equiv. Umemoto | Ni Catalyst | Yield 9f | Yield 9i

0.5 (0.05 mmol) 1 (0.10 mmol) 5 % 29% | 7%

0.5 (0.05 mmol) 1 (0.10 mmol) 0% 8 % 3%

0.5 (0.05 mmol) 1.5 (0.15 mmol) 5 % 27% | 7%

1(0.10 mmol) | 1 (0.120 mmol) 5% 38 % 9%

1(0.10 mmol) | 1 (0.120 mmol) 0% 13 % 6 %

| 1.5 (0.15 mmol) 1 (0.10 mmol) 5 % 45% | 10 %
2 (0.20 mmol) = 1 (0.10 mmol) 5 % 51% @ 11 %

2.5 (0.25 mmol) 1 (0.10 mmol) 5 % 5% @ 10 %
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Investigating different bases

N

N
CF
s ot D er
0 O o Y, 5 molo [NMe,J,[Ni(CF=),] (9g) —© O o s
+
o N H =g " DMSO, 24 h., rt. ~o NH =g
oa F F
o o

of

+ Base

In a nitrogen filled glovebox, a vial was charged with Brucine (@nifol), Umemoto
reagent Il (0.05 mmol), base (0.05 mmol) and 0.9 mL of DMS@l(1of DMSO was
added to reactions that did not have nickel catalyst). To theaesetith catalyst, 100L
of a 0.025 M stock solution of [NME[Ni(CF3)4] was added, and the reactions were stirred
for 24 hours. Trifluorotoluene (0.05 mmol) was added, and®éNMR was recorded.
Note: NaH used was in the form of 60% dispersion in mineral oil.

Table H2: Effect of different bases

Base Ni Catalyst | Yield 9f | Yield 9i
Umemoto Reagent | 5% 38 % 9%
Umemoto Reagent | 0% 13 % 6 %

DIPEA 5% 31 % 5%
DIPEA 0% 13 % 5%

NaH 5% 38 % 4%

NaH 0% 15 % 4%

KO'Bu 5% 9 % n.d.

KO'Bu 0% 8 % n.d.

NaOBu 5% 7% n.d.
NaOBu 0% 5% n.d.
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Investigating the effect of excess Brucine with NaH as, lzaxl effect of heat

N

N
CF.
& Oor N e
0 O o Y, 5 mol% [NMeJo[Ni(CF3)4] (9g) ~© O o e
+
o N H =g " DMSO, 24 h., rt. ~o NH =g
oa F F
o 0

of

+ NaH

In a nitrogen filled glovebox, a vial or ampule was charged withiBe,itJmemoto reagent
Il, NaH, and 0.9 mL of DMSO. 100L of a 0.025 M stock solution of [NME[Ni(CFs3)4]
was added, and the reactions were stirred for 24 hours at eitimetemperature or 5C.
Trifluorotoluene (0.05 mmol) was added, and*fi'eNMR was recorded\ote: NaH used
was in the form of 60% dispersion in mineral oil.
Table H3: Effect of excess brucine with NaH and effect of heat

Equiv. Brucine | Equiv. Umemoto Equiv. NaH Temp. | Yield 9f | Yield 9i

1 (0.10 mmol) 1 (0.10 mmol) 0 r.t. 38 % 9%
2.5(0.25 mmol)| 1 (0.10 mmol) 0 r.t. 58 % 10 %
1(0.10 mmol) | 0.5 (0.05 mmol) 0.5 (0.05 mmol) r.t. 38 % 4%
2.5(0.25 mmol)| 0.5 (0.05 mmol) | 0.5 (0.05 mmol) r.t. 36 % 4%
1(0.10 mmol) | 1 (0.10 mmol) 0 50°C 41 % 7%
1(0.10 mmol) | 0.5 (0.05 mmol) | 0.5 (0.05 mmol) 50°C 31 % 4%



Investigating catalyst loading amount

N

N
CF.
s ©or N o
-2 O Q N o+ ® O X mol% [NMeLoINi(CF5).] (9g) ~© ‘ Q e
.
\O N H o O oh DMSO, 24 h., r.t. \O N H o
9a F F
o o

of

In a nitrogen filled glovebox, a vial was charged with Brucine, Upntemeagent Il, and
DMSO (0.9 mL added to reactions at 5 mol% catalyst, and D.8dded to reaction with
10 mol% catalyst). 10QL of a 0.025 M stock solution of [NME[Ni(CFs)4 was added
to reactions with 5 mol% catalyst, and 2pQ of a 0.025 M stock solution of
[NMe4]2[Ni(CF3)4] was added to reactions with 10 mol% catalyst. The reacti@ne w
stirred for 24 hours. Trifluorotoluene (0.05 mmol) was added, and®h&IMR was
recorded.
Table H4: Effect of different catalyst loadings
Equiv. Brucine | Equiv. Umemoto| Ni | Temp. | Yield 9f | Yield 9i

1(0.10mmol) 1 (0.10 mmol) | 5% r.t. 38 % 9%
2.5(0.25mmol) 1(0.10mmol) 5% r.t. 58 % 10 %
1(0.10mmol) | 1(0.10mmol) | 10% r.t. 59 % 10 %

25(0.25mmol) 1(0.10mmol) 10% rt = 81% 12%



Investigating different metals

N N
CF,

e N\

A0 O o A + (% o 5 mol% catalyst A0 O o «CFs
\O N H fe) O O DMSO, 24 h., r.t. \o N H o

%a F o F of

(0] (6]

In a nitrogen filled glovebox, a vial was charged with Brucine (0.10kntn equiv.),
Umemoto reagent Il (0.10 mmol, 1 equiv.), and 0.9 mL of DM$@[ of DMSO was
added to reactions that did not have a catalyst). To the reagiibnsatalyst, 10QL of a
0.025 M stock solution of catalyst was added, and the reactions twezd for 24 hours.

Trifluorotoluene (0.05 mmol) was added, and*ftleNMR was recorded.

Table H5: Effect of different metal catalyst
Metal Catalyst | Yield

No catalyst 13 %
[(MeCN):Co(CR)3] | 13 %
[NMe4]2[Ni(CF3)4] 38 %

[NBu,[Cu(CFs)s] | 15 %
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Reaction of trifluoromethylation of brucine with tributylti n hydride: In a nitrogen
filled glovebox, a vial was charged with brucine (395 mg, 1.00 mribohemoto Reagent
Il (220 mg, 0.50 mmol), and 9 mL of DMSO. Tributyltin hydride (Ori4, 0.52 mmol)
was added with stirring, followed by 1 mL of a 0.025 M solution of BMNiI(CF3)4] in
DMSO. The reaction was stirred for 24 hours. The reactiantiven added to seperatory
funnel with ether (60 mL), and extracted with water (2 x 25 niibg agueous layers were
combined and re-extracted with ether (60 mL). The organic layers esombined and
washed with water (3 x 25 mL), brine (1 x 25 mL) and dried Mg8Qs. The solvent was
removed by rotary evaporator, and the crude product was purified $ly ¢l@umn
chromatography. The proposed minor product was isolated from Hgsom in trace
amounts, and the following NMR data (Fig. H1) was obtained.

N N
9 o N e
-0 O Q N S0 O 5 mos NMeNiCF_~ O s
+
\O N H o DMSO, 24 h., r.t. \O N H o ~
oh
F F of
o ©%a o
+. (n-Bu)3Sn-H

Figure H1: NMR spectral data of the minor product from the reaction destion page
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%
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Figure H2: *H NMR of 9f in CsDe
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Figure H3: °C {*H} NMR of 9f in CsDs

N
p\ CF
/O o “ 3
o g N H ~o
o)

! &*'l



Figure H4: *F NMR of 9f in GsDs
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Figure H5: *H-'H COSY NMR of9f in CsDs
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Figure H6: 13C {{H} D DEPT135 NMR 08f in CsDs
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Figure H7: *H-3C {*H} HSQC NMR of9f in CsDs
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Figure H8: *H-3C {*H} HMBC NMR of 9f in CsDs
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Figure H9: *H-'H NOESY NMR of9f in GsDs
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Figure H10: %F NMR after thereaction of brucine with [(MeCNNi(CFs)4] in MeCN.
Identified products labeled.
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Computational details: Density functional theory (DFT) calculations were done on the
different possible diastereomersfusing Gaussian09Geometry optimizations and
frequency calculations were done using the B3LYP functiémath a 6-31+(d,p) basis
set. The IEFPCM solvation model with DMSO was employed. Tleertrinima were

confirmed by the presence of no imaginary frequencies.

Table H6: Calculated energies of different diastereomers of

Compound, Energy (Hartrees| Energy difference witl set to 0 in kcal/mo
9iA -1640.828978 0
9iB -1640.821718 +4.6
9iC -1640.823461 +3.5
9iD -1640.822803 +3.9

DFT optimized geometry of 9iIA

OTOOTITOTOTOTNNZ0o0mN=zO

3.77433900
1.15610200
1.80086400
1.11599900
7.21830700
5.18836700

-0.10830900
1.84342100
1.20119200
7.71601400
0.90307400
3.16818300
3.86012200
2.96314500
5.73255400
4.84215100
5.53128400
4.35544000

9.36035000
5.30331000

9.38469900
9.56479500
6.91773500
6.04661800

9.00098700
8.98827600
9.23883400
1.84450600

10.90433300
9.74621000
9.59367400

10.81734900
0.52833000
8.40777500

8.75650000

6.99309400

16.12405200
15.65377000
12.30446500
13.46852400
18.33329200
17.71066700
13.28459500
14.67350300
15.52638500
18.45882400
13.58357600
14.89385700
14.05785600

14.96836400
17.40477600

16.00922500
15.22877100
15.65302500
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F

5.25714700
3.38052800
3.86969000
5.56397400
6.39955900
4.83748000
6.08625100
3.92494600
3.30596800
3.21296200
2.62258700
4.18808000
2.50393100
2.35983100
3.22961500
2.03238400
2.11372700
2.02986900
0.75113500
0.38392200
-0.06481800
4.37781600
5.45328500
6.59938300
7.41180600
6.65452800
5.57111800
4.43542300
3.59867600
4.66545400
5.00365500
4.46337500
3.75089200
8.83536500
9.54903900
8.54458300
9.29341600
1.95162100
1.47366100
1.13390700
0.08776400
1.48659600

3.68448200
1.16591700
2.39380200

6.45765800
6.83831100
7.26474400
8.41981100
9.12062600
8.77448200
7.06617800
6.29951700
6.98036000
5.32230100
5.11636800
4.84168300
4.72693200
3.65090400
4.90466200
4.73829200
3.79647800
5.54171800
4.75392500
3.73266500
5.34213900
3.96444000
4.65438000
3.99395400
4.56057100
2.60290300
1.88498400
2.57234700
2.02868000
-0.24751300
-1.28314800
0.03287600
-0.13945900
2.50829100
1.72115000
3.03550800
3.21409100
7.43265400
7.13329900
6.78110200
7.09432000
7.17814400

T optimized geometry of 9iB

9.32986500
5.20690100
8.65807700

15.32376000
14.46246300
13.57835800
17.38328500
17.38758900
18.12518600
17.85223300
16.96578700
17.55501600
14.25509000
13.35552100
14.12033500
15.46609900
15.30693000
16.84681000
17.85010700
18.39839600
18.59315200
16.96081300
16.81155500
17.38912900
17.16016100
17.71630900
18.17602900
18.60488400
18.05388200
17.48017900
17.04368300
16.62140300
16.85710700
16.89513300
15.81697700
17.45149700
19.05055400
19.29414200
19.96607300
18.34865400
14.56125100
13.62114800
15.68983200
15.59871300
16.65561900

16.11047100

15.46823700
12.14022900
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1.49098400
7.06231900
5.10794600
0.28929100
1.85272500
1.00356000
7.72687100
1.39133900
3.13261900
3.88943600
2.87405300
5.85236000
4.79552500
5.52104800
4.39633500
5.32611500
3.40244200
3.80236100
5.41982700
6.23014800
4.63278300
5.95823800
3.89858300
3.22041400
3.27190800
2.72245500
4.26379700
2.55180300
2.48368300
3.24497100
2.02284800
1.82994400
2.18915900
0.86388500
-0.10198800
0.79563500
4.40155400
5.41795100
6.55555300
7.32157200
6.66548700
5.64296300
4.51358900
3.72463700
4.84792300
5.21546200

9.16390400
6.93328500
6.00453200
8.61691200
8.92994300
9.34456200
1.86064700
10.49531600
9.74335100
9.66279100
10.79906500
0.51898200
8.40746200
8.79894600
6.97698500
6.48025600
6.85031200
7.36088100
8.40554800
9.13082600
8.71683400
7.05375600
6.24170500
6.88763100
5.35226600
5.19280800
4.90935400
4.66127100
3.58360200
4.83560300
4.62810700
3.55394100
5.02317500
5.32443600
4.86377700
6.37856900
3.91799900
4.62106600
3.98140000
4.55780300
2.59788800
1.86694600
2.53346100
1.97928000
-0.26985100
-1.29574400

13.02479900
18.49892300
17.73410800

12.69752800

14.48093600
15.03689200
18.48525600
12.74268300
14.85856900
14.06959100
14.96796100
17.27328300
16.05502000
15.33056900
15.64565300
15.33634100
14.48743800
13.60744400
17.47802900
17.56028900
18.17632300
17.95115000
16.90935900
17.47321300
14.16364900
13.23073000
14.02074900
15.31557500
15.11639100
16.70708600
17.64261400
17.73501300
18.64952600
16.91456600
17.15265500
17.22298100
17.05598300
17.70446600
18.20999900
18.70623400
18.04362100
17.38168000
16.89791500
16.40377800
16.63341300
16.66233000
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F

4.70517900
3.89384400
8.78338900
9.50691600
8.41744500
9.26037800
2.02865700
2.05231200
0.89242400
-0.06432600
0.76101300

3.50385600
1.15440100
7.38190100
5.31295400
2.06087600
7.82447000
2.67453200
3.22770400
1.87858500
5.74684200
4.67832500
5.06293200
4.33932300
5.27121400
3.33277800
3.79744300
5.73601700
6.63191800
5.30440300
6.22702000
4.00392000
3.43799500
3.12406100
2.49792100
4.08130500
2.44958700
2.22441800
3.27737900
2.14788300
2.20116400
2.25700200
0.80803500
0.33361000
0.08877100

0.03765200
-0.20801100
2.53673400
1.76393600
3.01848600
3.28334100
7.45794400
7.57637700
6.43828300
6.84177900
6.18369700

T optimized geometry of 9iC

9.02921300
5.39387700
6.80386700
5.96035700
9.00530000
1.71384300
9.77732600

10.64253900

10.15220600
0.43660300
8.40187700
9.00889700
6.97646800
6.53701900
6.80077600
7.21395300
8.35177600
8.91346800
8.85330400
6.96976300
6.23223000
6.90516000
5.29121200
5.09394700
4.78251900
4.73367400
3.67007500
4.85694500
4.71019400
3.72964600
5.45990700
4.86458100
3.88474700
5.52027300

15.59107100
17.16939200
19.17130400
19.43114800
20.08489500
18.52661200
14.91282200
15.99629700
14.69448200
15.04002900
13.63880700

16.76078700

15.94801900
18.22467200
17.71832000
14.67446200
18.23806300
15.88658200
15.49913300
16.53445800
17.32563000
16.21388000
15.38455600
15.75805300
15.37558800
14.60594200
13.70132600
17.35812600
17.08615500
18.23238500
17.80517800
17.07440200
17.71875900
14.42174800
13.54475300
14.26006500
15.66745200
15.51589800
16.99064700
18.06892100
18.54936600
18.85873200
17.28110900
17.15680000
17.77887400
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F

4.42850100
5.55427200
6.72098300
7.57181900
6.74622300
5.61209200
4.45728000
3.58304600
4.63350300
4.95868500
4.36410700
3.76366300
8.99548400
9.71470600
8.78398000
9.40766700
1.94258400
1.38815400
1.17979700
0.13695400
1.60811800
0.74685600
2.69762100
0.20301200
0.91915400
-0.21192900

3.69515700
1.15515100
7.07574300
5.11817000
1.87862800
7.76759400
3.15079300
3.91061900
2.91057100
5.88283800
4.79473900
5.52853900
4.37863100
5.29773300
3.35756700
3.73014900
5.41526000
6.21810100
4.62357800

3.89440400
4.56341100
3.88134600
4.43171200
2.49100000
1.79470300
2.50298200
1.97616000
0.31680700
1.35731100
-0.01819500
-0.20566000
2.35657800
1.55765200
2.87900200
3.06298800
7.45779600
7.15835500
6.88200900
7.21068700
7.27682500
9.67629000
9.19304600
9.16266200
11.00973800
9.58093400

T optimized geometry of 9iD

9.33363800
5.20422100
6.90919800
5.98206500
8.92084600
1.84132900
9.72985100
9.63172200

10.79169000
0.50766500
8.40017400
8.78377800
6.97698500
6.47730800
6.87102000
7.40054900
8.38643500
9.11860600
8.67934100

17.21485900
17.69658000
18.06259500
18.43455400
17.92236300
17.42532900
17.08172400
16.71797400
16.84276700
16.84291900
15.82313700
17.50042100
18.74685600
18.92764800
19.68659300
18.01759600
14.76069800
13.86235600
15.96682700
15.94292400
16.89825500
14.29682100
13.80208600

13.16235700

14.06754000

15.25867900

16.16994600

15.54267500
18.52969300
17.77077000
14.48245400
18.42549400
14.90769900
14.12614700
14.99455800
17.22037100
16.12048700
15.39976600
15.70263300
15.36737400
14.56674800
13.68294900
17.54422200
17.63773600
18.24523700
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5.96569900
3.89883200
3.22386800
3.23095900
2.66519100
4.22379300
2.53714900
2.47082700
3.24879500
2.03995200
1.85666500
2.21652200
0.86523000
-0.09194400
0.78622100
4.41382400
5.43472700
6.58204600
7.35163500
6.69660800
5.66889400
4.53038100
3.73805300
4.87092600
5.24311100
4.70899700
3.92595400
8.83044100
9.56202200
8.47549100
9.29356900
1.99046400
2.02473900
0.86237600
-0.09825500
0.72735300
0.61081000
1.83252200
0.58674700
-0.51495000
0.45094200

7.03224100
6.22551500
6.86206700
5.37965000
5.23410200
4.94939800
4.66398600
3.58908700
4.81970300
4.59139600
3.51467100
4.97456300
5.28813800
4.80953000
6.33456600
3.90244000
4.60082800
3.95972500
4.53267900
2.57939700
1.85300800
2.52086900
1.96987100
-0.27751700
-1.30209200
0.04232600
0.22635000
2.51324000
1.74087300
2.97934000
3.27206400
7.47926300
7.61237800
6.44912500
6.81864600
6.22588900
9.63603200
8.92339200
10.93727400
9.06975500
9.65498300

17.99482800
16.96318500
17.54138100
14.21358600
13.28834900
14.04260900
15.36444700
15.14947600
16.74898400
17.69705900
17.77807500
18.70684000
16.99413700
17.23232700
17.32385700
17.06978100
17.71624400
18.19733300
18.69202100
18.00914700
17.35028800
16.89030200
16.39796400
16.58784900
16.59763200
15.55205200
17.14085700
19.10591600
19.34352500
20.03188100
18.46538800
15.02427900
16.10597600
14.79972600
15.16318900
13.73574900
14.92610200
13.38642500
14.51993100
14.41010300
16.27701100
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Figure H11: Cyclic voltammogram of [(MeCNNi(CFs)4] in MeCN. Metal complex, 10
mM; electrolyte, 100 mM [NB4[PFe]; working and counter electrode, platinum, silver
psuedoreference, scan rate, 100 r\Gyclic voltammogram was collected in a nitrogen
filled glovebox at room temperature on a PARSTAT 4000A potentiostat.
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1)"Shreiber, S.T.; Scudder, J.J.; Vicic, D.A. [[MeGBY(CFs)3): A
Versatile Precursor to Cobalt (lll) Perfluoroethyl Coaxas.
Organometallic2019 38, 3169-3173This work was listed as one of
the Omost-readO articles of the journal during the month of August
20109.

Presentations

Winter Fluorine Conference b Clearwater, FL January 2022

¥' Oral b Use of Solvated Nickel in Perfluoroalkylation Readti

Pacifichem 2021 B Honolulu, HI December 2021

¥' Oral b Use of Solvated Nickel in Perfluoroalkylation Readti
(Virtual)

European Symposium of Fluorine Chemistry b Warsaw, Poland

August 2019



¥' Poster B New Chemistry of First-Row Metals Bearing elaiéy!
Substituents
0" Awarded as one of the best poster presentations

American Chemical Society National Meeting B New Orleans, LA
March 2018
¥' Poster b Divergent Transmetalation between Boron and Tin Reagent
¥' Poster b Lock Haven University Chemistry Club

American Chemical Society National Meeting b San Francisco, CA
April 2017
¥' Poster b Development of High Performance Liquid Chromatography
Methods for a
Waters Alliance HPLC Running Empower 3 Software
¥' Poster b Lock Haven University of Pennsylvania Chemistry Club

American Chemical Society National Meeting B San Diego, CA
March 2016
¥' Poster b Lock Haven University of Pennsylvania Chemistry Club

Employment and Teaching Experience

Lehigh University June 2018 D Present
¥' Roy G. Hornor Fellow
0" May 2021 -present
¥' Graduate Teaching Assistant
0" Organic Chemistry Il Recitation Instructor
1" Feb. 2021 PMay 2021
0" General Chemistry Il Lab TA
" Jan. 2020 b May 2020
¥' Graduate Research Assistant
0" Aug. 2019 D Jan. 2020, June 2020 bJan. 2021
¥' Lehigh Presidential Fellow
0" Aug. 2018 b Aug. 2019
¥' Graduate Student Summer Researcher
0" June 2018 b Aug. 2018

Montana State University June 2017-Aug. 2017
¥' Researcher funded by National Science Foundation (NSF) research
experience for undergraduate (REU) grant
0" Worked in the Neufeldt Group

! &,%



Avery Dennison Performance Polymers
¥' Laboratory Intern in the Performance Polymer Division
Feb. 2016 b May 2018
Lock Haven University
¥' Tutorial Services B Chemistry Tutor Aug. 2015 b May 2017
¥' Course Assistant B Principles of Chemistry 1, Basic Gtgmi
Aug. 2015 b Dec. 2016

Honors and Awards

Lehigh University

¥' Roy G. Hornor Fellowship May 2021
¥' Graduate Student Senate Travel Grant August 2019
¥' Lehigh Presidential Fellowship August 2018
Lock Haven University
¥' Syed R. Ali-Zaidi Award Nominee April 2018
¥' Chemistry Faculty Award Fall 2015 B Spring 2018 (6x)
¥' Deans List 8 of 8 semesters

¥' Organic Chemistry 1 & 2 Award
0" Highest Achievement in Organic Chemistry 1 & 2
December 2016
¥' CRC Press Chemistry Achievement Award
0" Highest Achievement in Principles of Chemistry 1 & 2
November 2015
¥' Intermediate General Physics 1 & 2 Award
0" Highest Achievement in Physics (Calculus Based) 1 & 2
November 2015
Red Land High School

¥' National Honor Society - member 2013-2014

Professional Affiliations

Lock Haven University B Chemistry Club President
August 2015 B May 2018
¥' Organized/Presented: PSU Nuclear Reactor tour, Halloween
Demonstration Shows, Chemistry Camp, Journal Club
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¥' Acquired funding (Joseph A. Dixon Travel Grant) and planned trips
for ACS National Meetings (25 253¢, 255"

American Chemical Society October 2015 D Present

Phi Kappa Phi B National Honor Fraternity February 2016 b Present



