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ABSTRACT
ANION EFFECTS IN HOMOGENEOUS PALLADIUM AND GOLD CATALYSIS

Derek I. Wozniak
Professor Graham E. Dobereiner

Theoverarching themef this work is touse weak interactions tmprove
transition metal catalysis Istudyng the ways transition metal cations interact with both
traditional and novel weakdgoordinating anions. Understanding of these interactions
will better allow synthat chemists to choose appropriate counterfongatalytic
transformations, as well as givingechanistic insight for organometallic reactivity.
Additionally, new anions can be synthesized with specific functionalities to improve
reactions of interest.

A series of ion pairs featuring the [Pd(IPr)@JCsHoN)]* cation were synthesized
with various weaklycoordinating anionsSolid- and solutiorstate interactions with the
anions were investigated usingrXy crystallography, NMR and IR spectroscopy, and
computation Proton NMR and percent buried volamalculations inform on the steric
properties of the anions, whereas IR and DFT report on the electronics of anion binding.
A qualitative scale of anion coordinating ability was crediethe process of thistudy,

a new aniofIMP-H] ' wasalso syntheéged based on a phenylimidazole core.

A variety of these functionalizgdMP-R] ' anionswere synthesized, with
functionalities such aslectron withdrawing grouptertiaryamidesand benzylic
alcohols and amines. The coordinating abilities of thesenamiere analyzed with the
techniques described above, with fairly large differences obsbeteen the various
functionalities.Further functionalization of these aniamay be beeficial from a
catalytic standpoint, as coordinating ability of anionsheen shown to have dramatic



effects on catalytic activity. By designing particular functionalities on anions, efficiency
of catalytic processes may be markedly improved.

To investigite the effects of the functionalized anions on catalysis, the anions
werepaired with gold cations such as [(IPr)Au(NCMeJ[JohnPhos)Au(NCMe)] and
[(‘BuXPhos)Au(NCMe)]. These ion pairs were used as catalysts for several reactions
known to show diffeences in reactivity based on the anion pres#&hile the IP¥ and
JohnPles-containing ion pairs botresulted in the formation of gold nanoparticles under
various reaction conditions, tH@uXPhos complexes did not, and were therefore more
amenable to stly. Mild anion effect wereseen in the goldatalyzechydroalkoxylation
of 3-hexyne as well as golcatalyzedntermolecular [2+2] cycloadditioaf U-
methylstyrene and phenylacetyleselvent polarity was also found to have a major
effect on the reactia Other reactions investigated include alkyne hydration
isomerization ob-hexyn1-ol to form cyclic vinyl ethers, and propargylation of

substituted benzaldehydes.
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CHAPTER 1

INTRODUCTION

1.1 Statement OfDissertation Objectives

Interactions betweeorganonetalic ions and theirespective counterions have
been studied for several decadéparticularly between organonadiic cations and
weakly-coardinating anions (WCAs) These mteractions are of interedtieto their role
in catalysist® including the design of new WCASs to better suit partictgacions®'®
While there are a vast number of studies showing that having weaker interactions
between a catalysindits counterion lads to a more active cataly&ti this is often not
the casé¥ !> Mechanistic investigatin has shown that functionalities present on anions
can stabilize transition states in acatalytic mannet*®though little has been done to
target particulafunctionalities for specific process@hese effects can be caused by
differences in ion pairing’ anion coordination to the catalytic catitigr a combination
of both.

This dissertation describ¢ghree major worksdtilization of a cationic palladium
complex to build a qualitative scale desoribthe coordinatg ability of several weakly
coordinatinganions ynt hesi s of a newodmdi hgt iomg fianwid @
bearing electronwithdrawing functionalitiesand the incorporation of these anions into

catalytic systems. Kinetic studiescaialytic gold complexes paired with these anions are
1



described and compared with known systeBeveral anions not included in this kinetic
analysis wer@lso synthesized and characterized; these anions, which bear either electron
donating substituents amde functionalities, may be able to participate favorably in

catalysis.

1.2.Introduction To lon Pairing , Anion Coordinating Ability, And Weakly -
Coordinating Anions

1.2.1. lon Pairing and Anion Coordinating Ability

First introduced by Bjerrum in 1928jon pairs have been described by
Macchioni as, fApairs of oppositely charged
together by Coamb i ¢ f*with a easety of different types of ion pairs possible

(Figure 1.1).

Contact ion pair

Solvent-separated ion pair

Solvent-shared ion pair Penetrated ion pair

Figure 1.1. Types of bn pairs
Adapted with permission from Macchioni, A. lon pairing in transition-metal
organometallic chemistry. Chem. Rev2005,105, 20392073. Copyright 2005
American Chemical Society.



Due to the largely covalémature of ML bonds in transition metabmplexes,
and the therefore decreased charge residing on the metal center-soareadtand
solvert-separated transition metal ion pairs are fairly uncomrhimstead, most
complexes areontact ion pairswith anions either in the inner sphere or oute espf
a metal 6s coor di nat i-sphereeaseythercountenenrsits withihn t h e
the first coordimtion sphere of the metal with direct matalinterion contact. Outer
sphere complexes result from contact between the counterion and tltesiigare

(secondary coordination sphere) directly surrounding the metal center (Figufte 1.2).

Outer-sphere ion pair Inner-sphere complex
Figure 1.2. Outer-sphereand inner-spheretransition metal ion pairs. Implied

solvation shells are not shown.

While ion pairirg has been studied quite extensively wabpect to transition
metal complexes, an equally important topic is anion coordinating ability. ghhba
two phenomena are fundamentally related, there are important differences between the
two. lon pairing is a electrostatioq Coulombic) interaction, wike anion coordination to a
metal complex can result govalentinteractions. lon pairing can ocdoetveen an anion
and a coordinativebgaturated organometallic cation (an otgehere ion pair, Figure
1.2), whle anion coordination requires an open rcheation site for the anion to occupy
(an inner sphere complex). An outgghere ion pair resultsdm charge attraction

between the cation and anion; there is no direct contact between the metal center and the



anion. The innessphere ion pair shows a éat interaction between the negatively
charged anion and positively charged metal; if the interaddicovalent in nature, this
instead results in a neutral complex rather than two distinct ions.

Odom and cowdrers have found that ion pairing and ancmordination can be
independently affected based on conditions d&&&gree ofon pairing can be
controlled by varying solvent dielectric, with more polar solvent resulting in greater
chargeseparation. Anion coordination, howevermore closely related to the ions being
observed. They found that in a relatively nonpolar med@bCl>, even the extremely
weakly-coordinating anion BAr ' showed strong ion pairing with cationic transition
metal complexes, but no direct donation frima anion to the cation was seen. This was

attributed to the lack of a specific donor site on thiera

1.2.2. Weakly Coordinating Anions

Weakly coordinating anions are ubiquitous in transition nadtemistry and
catalysis. The general properties of thegerainclude large size, lack of nucleophilic or
basic sites, and a high degree of charge delotializaCommon weaklycoordinating
anions such as BF, Pk, Sbk", OTf", and NTf." (Figure 1.3) have been paired with
cationic transition metal complexes for several decau#is for use as catalysts as well
as informing on features of both the cation and the anidmasibinding modes and
donor strength®”2%24 Despite their weakhgoordinating designain, these anions are

often found to be coordinated in the solid stat&.



el 31 3
ll: . F:. I|: .\Fe F,.,Slrb_‘Fe lcl) ° C.:F3 C.;Fi"él
B'l.l /‘ :\ - S"ln OZS-. .302
~°N'F F7 | F F” 1 F Z7\'CF3 N
F E £ F o~ \O
BF, PFe¢ SbFg OTf NTf,

Figure 1.3. Common weakly-coordinating anions

With increasing interest involving the effts of WCAs on transition metal
cations, larger and more weaidgordinating anions have been saughimprove both
catalytic activity, as wellaanion and cation stabilityin 1984, Kobayashi and
coworkers reported sodium tetrakis[§tBfluoromethyl)phenyl]borate (NaBAs), the
sodium salt of an extremely weaktpordiating and stable anion (Figure 122)WCAs
have often been shown to increase reactivity of a catalyst, likely due to decreased
interaction (Coulombic or doneacceptor) with the catalytic metal center. This lack of
interaction allowgor more facile binding of substrate, ofteading to higher catalytic

activity.

F4C CF, Ol

CF;
...... L2y,
B: 3
FsC CF,

Figure 1.4. The BArF4 weakly-coordinating anion

Since this discovery, efforts towards even more weagtyrdinating anions
allowing for higher reactivity of organometallic cations, have yielded promising
carboranebased anions and alkoxgnd aryloxymetallates (particularlymhinates).®2°
While quite a lot of effort is being focused on the synthesis of more weaklglinating

anions, little has been done to tune the cioatd/e behaviors of ani@to improve



catalysis through favorable interactions such as protorféramgydrogen bonding, and

transition state organization.

1.3.Methods Of Measuring lon Pairing And Anion Donor Strength

Cationanion interactions have beewestigated with a varieyf techniques, the
earliest being magnetic moment measurements ansit/dd IR spectroscopy?

Relative scales describitige strength of these interactions are often necessary due to
differing behaviors based on the cation paired with the anions of interest, and can offer
valuable insights to synthetic chemists in terms of choosing counter aoraratdlytic
processes dor design of new anions.

Beck was able to create one of the first scadpsrting relative donor strength by
comparing solutiorstate IR gco) and*H NMR (chemical shifts of Cp protons) data for
Mo and W piano stool complexesgM(CO)X]; lower frequencyC=0 stretches were
observed in the IR for more strongly coordinating asjas well as loss of symmetry for
the high symmetry anions such assBHn the proton NMR spectra, the Cp protons
shifted significantly upfield with in@asing anion donatiohUsing trese combined
results, a rfative scale of anion donor strength was created, from least coorditating
most coordinating: AsF ~ Sbk™~ Pl < BFR < SQF ~ SQCR "< ClOs < OTeks~
~ ReQ << CI". In addition to the spectroscopic techniquesalibed above, Raman
spectroscopy as well as conductivity and potentiometry have been used tstpength
of interactions between iof%32

More recently, twedimensional NMR techniques such as HOESY, ROESY,

NOESY, and DOSY, as well as PGSE hheen used to deternarthe extent of ion
6



pairing in solution‘*>*3While these techniques are extremely sensitive, theyresqu
specialized equipment, software and expertise.

Odom and coworkers have developed an elegant system'tishigiR and'“N
NMR in conjunctionwithDFTte r e at e a fRdrgameat éOrothomet ri ¢ t
the strength of interaction between [NC®N;]* and various weakkgoordinating anions
including ion pairs [Cr][PE and [Cr][SbF].1*34In solution, the rotational barrier for the
diisopropylimido ligands varies depending on how strongly the paired anion or neutral
ligand donatéo the chromium center (Figure 1.5). The anion and amide compete for
donation into the acceptor orbitals in thyeplane of the chromium. According to
computation, when there 150 anion donation, the amid& bond order is greater than
one, indicating donation from the amido ligand into the chromium acceptor orbital,
raising the barrier for rotation around thed¥ bond. However, when an anion or very
strong " -donor also donas into this orbital, the bond order decreases drastically, thereby
loweringthe N-Cr bond rotational barrier. The rate constant for this rotation can be
measured witAH NMR spinsaturatiortransfer spectroscopy, ultimately leadihg t
authors to determaestimated enthalpic barriers for rotation. Odom notes, however, that
thisanion measurement system is specifically designed forvatgnt complexes

containing both vacaritand” orbitals on the metal center.
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Figure 1.5. Cr-N bond rotation becomes more facile with more strongly donating
anions.

In addition to differences in the Qtamidorotational barriers, spectroscopic
differences can be seen in ffid NMR nitride signal bagkon the anion present. As all
variables besides anion are held constant, the spectral differences betweeratite PF
SbFs are likely caused by the change in #mon identity, with the anion iatacting with
the nitride ligand. Resonanbe correspondig to the nitrido ligand, is not observed for
the [Cr][SbF] ion pair because of accelerated relaxation induced by the presence of the
quadripolar Sb nucleus. A gaetryoptimized DFT structure ohe [Cr][PF] ion pair
was also obtained (Figure 1.6), wétfluorine from the anion interacting with the nitride
N and isopropyl protons. The scale obtained using this method follows the trend (in order
of increasing door strength) BAT.4~ ~ BAr7o™ ~ AI(OR)4™ < BPhy™ < Sbk "~ PR ~.

While this quantitave scale is somewhat useful, it is generated using a high
valent chromium center that does not mimic a large percentage of the organometallic
cations used as @ysts, and therefore may not alléev direct comparison to more

common metals in catalysiach as Pd(l).
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Figure 1.6. 1N NMR of [Cr][PF ¢] (left). DFT minimized structure of [Cr][PF ¢]
(right) showing interactions between cation and anim Adapted with permission
from Aldrich, K.E.; Billow, B.S. ; Holmes, D.; Bemowski, R.D.; Odom, A.L. Weakly
coordinating yet ion paired: anion effects on an internal rearrangement.
Organometallics2017,36, 12271237. Copyright 2017 American Chemical Socigt

1.4.Anion Effects In Transition Metal Catalysis
1.4.1 Overview of Anion Effects in Catalysis.

The effects of counterions on catalytic activity of transition metal complexes have
been observed extensivelyrfquite some timé121317.3%6 Often, a weaker interaction
between the anion and cationic catalyst leads to higher catalytic activity because the
cation is more avaible to bind to substrat€igure 17).>1%3¢while anions with less
coordinative ability frequently increase catalytic activity, there are several examples that
contralict this1“1°In the case of the goidatalyzed alkoxylation of alkynes with
alcohols Figure 1.8, the difference in reactivity is attributed to the basicity of the anion,

which allows the anion to hydrogen bond and organizéréimsition state for the
9



reaction. The anion effect in the hydrogenation is unexplained, howevanitmemay
be able to facilitate COD dissociation through a coordinative pathway following
displacement by substrate. The causes of anion effects hawebetn ignored, with
efforts being focused towards reaction optimization rather than understandrotgtties

anion plays in affecting reactivity.4°

® S
L.M— X L,M-X
weak anion coordination strong anion coordination

Figure 1.7. (Left) Substrate binding to an open coordination site on a cationic metal
complex with an outersphere anion. (Right)Iinhibition of substrate binding due to
anion coordination.

H
H
\%\ + @A OH ) B g\%o’\g
CDCl3, RT
Dipp Dipp 2
N N e)
[Au] = [3>—Au-x or [R}Au—” BArS,

Dipp Dipp
X= OTS, on, BF4, OAC, CF3C02
Dipp = diisopropylphenyl

————————
N/ H,, toluene, RT u
@
N
2

[ir]= N—-, =]
/Ph3P"r\<j
X = PFg or BAr",

Figure 1.8. Topi Gold-catalyzed hydroalkoxylation of 3hexyne by methanol.
Tosylate and triflate anions performed better than the very weaklycoordinating
BArF4' anion. Bottomi Iridium -catalyzed partial hydrogenation of 2
methylquinoline. Higher conversion isseen with the more coordinating P~ anion
than the BArF4- anion.
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1.4.2. Examples of Anion Effects in Organometallic Reactivity and asal

While far from comprehensive, the following section presents several examples of
anion effects observed in frsition metal catalysis. It is important to note that while there
is an enormous number of reactions reported to exhibit anion effects vaty minute
portion of these phenomena have been thoroughly investigated to the point of
determining a cause die effect itself. These effects can have huge implications in terms
of reactivity of catalyst, affecting yield, necessary reaction condjtenms usable

substrates, and therefore should be more heavily studied.

Pregosin and coworkers have utilized aetyrof 2D NMR techniques to
investigate the cause of an observed anion effect in thmaRilyzed DielsAlder reaction

between cyclopentadierand methacrylatéigure 1.9 1.10.%7

D . CHO  [Ru][X] (5 mol %) @‘ £.0HO
\H’ CH,Cls, -20 °C ~CHO +
- )

<
(C6F5)2P""'Tu_o=<
[Ru] = O _P(CeFs)
Ph’%ﬁo
Ph
Figure 1.9. Ruthenium-catalyzed DielsAlder reaction between cyclopentadiene and
methacrylate.
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Figure 1.10. Reaction profile when [Ru] is paired with various WCAs. Adapted with

permission from Kumar, A.P.G.; Pregosin, P.STowards an understanding of the
anion effect in CpRubased DielsAlder catalysts via PGSENMR measurements.
Organometallics2004,23, 54135418. Copyright 2004 American Chemical Society.
Using'H,'®F HOESY NMR, interactions between the Ru cation and reBFe’
or BArF, " were probed. This technique takes advantage of the transfer of nuclear spin
polarizationfrom one population to another; while the analogous NOESY experiment is
typically used to observe througipace coupling of protons, HOESY is use@bserve
this phenomena between two different nuclei. Because weakly coordinating anions often
have fluorire atoms on them, and ligands on organometallic cations frequently have
attached protons, this is a powerful technique to observe spatial intesdmioveen the
cation and anion. While there was relatively strong ion pairing with thé &fion,
BAr," showed no interactions with the cation. Throwsgiace coupling between the Ru
cation and BE' is shown in Figure 11t the horizontal axis and sgaem corresponds to

the'°F resonances, while the vertical axis and spectrum correspond to proton resonances

The cross peaks indicate througpace coupling of the two nuclei, which are also

12



illustrated in the inset. The observed difference in catalgstikgty was attributed to

tight ion pairing of the Blanion, which could hinder substrate binding or exgea

"BF,
“BF, [}
|
— a [===] T‘la'csHs | 5.0
1 ® Methine CHO |
ST N |
3 Z: = “'. \
= S, S . P
;\»4’ « 4 ‘ 60
[ N-H, .00*?
15a
:3; R = Gy CH=CH,
- @ CH, 7.0
-
' o’('H)
5("F)  -152.8 -152.9

Figure 1.11. *H 7 1F HOESY spectrum of [Ru][BF4]. Cross peaks indicate through
space interations between the anion fluorinesnd cation ligand protons as shown
by the inset. Reprinted with permission from Kumar, A.P.G.; Pregosin, P.S.
Towards an understanding of the anion effect in CpRtbased DielsAlder catalysts
via PGSENMR measurements.Organometallics2004,23, 54105418.Copyright
2004 American Chemical Society.

Hartwig and coworkers reported an unusual anion effect in the rate of oxidative
addition of aryl tosylates to a sterically bulky, electrai Pd(0) complexKigure
1.12).°° The reaction rate increased when Br PFs ' anions were introduced. Kinetic

analysis indicated that the anions affected the system in several ways; these competing
13



processes offer an excellent example of how complex anfieateican become in
catalytic reactions. Coordination of Bto the neutral Pd(0) complex resulted in a highly
electronrich Pd(0) anion capable of undergoing facile oxidative addition to typically
difficult-to-activate aryl tosylates. Additionally, thaians increase the polarity of the
reaction medium, polarizing and weakening th® @ryl sulfonate linkage of the

tosylate, thereby increasing the rate of oxidative addition.

P(‘Bu), P(‘Bu
\ ArOTs (\ )Z/OTS
—_— Pd
/ 7/ Nar
PR, PR,

Figure 1.12. Oxidative addition of an aryl tosylate to a bulky, electrorrich Pd(0)
complex.

Using kinetic studies and DFT, Zuccaccia and coworkers have extensively studied
an anion effect in goldatalyzed hydroalkoxylation of alkyneSigures 1.13 and
1.14).141851When the cationic catalyst [(IPr)Au{Bxyne)] (IPr =N, Mi8(2,6
diisopropylphenyl)imidazol&-ylidene) is paired with the very weaktpordinating
BArF, anion, relatively high conversion is observed. However, neuRgiAii(OTs)

(OTs = 4toluenesulfonate, tosylate) is substantially faster despite the strongly
coordinating tosylate anion. Anions more coordinating than i ply decrease

reactivity.

14
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Reaction rate when X = OTs > OTf > BF, > BArF, > TFA > OAc (NR)
Dipp = diisopropylphenyl
Figure 1.13 Gold-catalyzed hydroalkoxylation of 3-hexyne with methanol (top).
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Figure 1.14. Reaction profile with various anions Reprinted with permission from
Ciancaleoni, G.; Belpassi, L.; Zuccaccia, D.; Tarantelli, F.Belanzoni, P. Counterion
effect in the reaction mechanism of NHC gold(Fcatalyzed alkoxylation of alkynes:
computational insight into experiment.ACS Catal.2015,5, 803814. Copyright 2015
American Chemical Society.
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The tosylatenion is thought to orgaze a transition state through interaction
with the gold center and form a hydrogen bond to meth&nglife 1.5). This effect is
even more pronounced when the weaker nucleophile benzyl alcohol, is used; the rate

increases by a factor e#40using tosylée versus BAT.

Figure 1.15. Tosylate organizing a transitionstgte in the goldcatalyzed

alkyoxylation of 3-hexyne with methanol.

Gold-catalyzed ring expansion of alkynyl aziridines, forming 2,5 substtu
pyrroles, exhibits an anion dependence on reactivity and regioselectivity, with the tosylate
anion performingoetter with some substrates than the more weaddydinating triflate
(Figure 1.5).5253 While the difference in selectivity was attributed to differences in
basicity of the anions, causes for disparity in yield were not investigasduBe the
tosylate anion clearly is capable of imparting unique reactivity in several different classes
of reactons#? and possibly with catalysts based on different transition s)etaither
mechanistic studies involving this anion could yield valuable insight into roles the anion

plays in reativity.
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Figure 1.16. Gold-catalyzed ring expansion of alkynyl aziridines to form substitutd
pyrroles.

In addition to controlling reactivity, chiral anions can promote stereoselective
reactions even wherpaired with achiral cationic catalysts. Using chiral BINB&sed
phosphates, Toste and coworkers have demonstrated high enantioseledtivaty wi
cationic dinuclear gold catalyst in allenol cyclizatiGigure 1.%7).>* This selectivity was
attributed to chiral induain resulting from tight pairing with the chiral anion. When
nonpolar solvents were used for this reaction, higingoselectivity was seen; increasing
solvent polarity, and in turn decreasing interaction between the cation and chiral anion,
resulted in alramatic decrease in the observed selectitityure 118, Table 1.1) This
solventpolarity-dependent reactivity and selectivity strongly supports the chiral anion
being responsible for the high enantioselectivity of the catalytic system.

This anion sciold has since been used in a myriad of other reactions, such as
enantioselective Rdatalyzed HeciMatsuda arylation, arylboration of alkenes, and
diarylation of acrylate®> >’ cyclizatiors using aryldiazonium salts as electrophilic

nitrogen source® and asymmetric fluorination of cyclohexanes and alcohofS:°

17
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dppm = bis(diphenylphosphino) methane
Figure 1.17. Gold-catalyzed allenol cyclization. Yields and enantioselectivities
achieved with the chiral anion are far superior to those achieved with a chiral ligand
under similar conditions (79-89% yield, 2-8% ee using chiral BINAP ligands).

O~ (o]
0-,20 Pspz D
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0-..0 e2sp<
® CO’P‘“OO ® @ ©

Au.._P/\P.Au AU‘PAP’AU
Pha Fly Ph, Phy

Decreasing solvent polarity
Increasing ion pairing

Figure 1.18. Decreasing solvent polarity increases ion pairing, thereby increasing
chiral induction and enantioselectivity.

Table 1.1. Solvent effect on yield and ee

Solvent Percent Yield ee
CHsNOz 60 18
Acetone 71 37

THF 83 76
Benzene 90 97

18



Controlling the way anions interact with organometallic species can tune the
reactivity and catalytic activity ai complex. If anions can be modified based on known
anion effects for particular reactions, many transition neztdlyzed processes may be
improved through synergistic effects between the anion and catalytic cation, making

reactions faster, more efficierand higher yielding.

1.5.Summary

The primary goal of this thesis is to study interactions between organometallic
cations and weaklgoorinating anions and to use this understanding to rationally choose
or design anions to be paired with cationiegision metal catalysts. By studying how
strongly different anions interact with transition metal cations, and seeing how these
interactions orrelate with catalytic activity, it is possible to begin installing

functionalities on anions that impact catadyis favorable ways.

=0
@]

C, wIPr

“Pd
N7 XN
» WCA

Increasing donor ability

[BArF,I ~ [(BCF)y(imid)]" < SbFs” < PFs” < BF,” < NTf,” < ClO,” < OTf < CI"

Outer-sphere in solution Inner-sphere in solution

Chapter 2 describes the use of the cationic [Pd(IPr)(G@)g fragment to
investigate the coordinating ability w&rious anions and neutral ligands. Spectroscopy,
X-ray diffraction, and computation were used to create a relati@le of anion binding
strength based on electronic and steric properties of these anions. The synthesis of a new

WCA is also described, arii$ properties are delineated in comparison to other anions.
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BCoFshs  1©®na B(CoFs)s 1© Ona
B(CeFs)3 B(CeFs)3
Chaper 3 builds upon the new anion describedhapter 2, andescribes the
installation of various functionalities on the parent anion scaffold. Several synthetic
routes to these anions are explored. The binding properties of these anions are explored
using the methods described in Chapter 2; whilefahe anios described herein are
relatively weaklycoordinating, the binding properties of the anions change based on the

functionality present.

Z [AulIX] (1 mol %) O
CD2C|2 or C7D8 i O

18 h

Chapter 4 details the utilization of these novel WCAs in severalgaitdyzed
organic transformation®ifferences m reactivity are observed based on the anion used in
the [2+2] <cycl oaddi t-Mestyrewoefto fgpnhsebstituted c et yl| ene
cyclobutenes; a dramatic solvent effect is also seen. Several reactions that did not exhibit

significant aniom effects withthe novel anion scaffold are also described.
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CHAPTER 2

COMPARING INTERACTIO NS OF WEAKLY -COORDINATING ANIONS
USING A 3-COORDINATE PALL ADIUM CATION

2.1.Introduction

While weaklycoordinating anions (WCAs) have been used for decasles
counterions for organometallic cations, a quantitative parameter for their coordinating
ability has been elusiveMeasurements reporting on the coordinating ability of anions
have yielded valuable insight into ion pairing effects in transition metal catafass,
well as informing on the design of new WCASUnfortunately, dspite the tools
available, measuringhd predicting anion effects in transition metal catalysis has still
proven challenging The multiple roles tht anions can play in catalysis funttm@nvolute

these measurements due to competition between etfécts.

Rather than creatingumiversal scale or a quantitative parameter describing
coordinating ability, relative scales have been developed for use in catalytic and synthetic
development. Theoretical*?and statisticaf methods have yielded relative scales of
anion coordinating ability; however, empirical measurements require the preparation of
multiple ion pairs consisting of a single cation paired with the various @ofanterest.
Spectroscopy, includingV-vis, IR, Raman, and proton NMR have been used to measure
ion pairing in the solid and solution statéé®Additionally, electrochmical

measurements such as conducteynahd potentiometry have been used to probe anion
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cation association. Recently, more exoticmensional NMR techniques such as

NOESY, ROESY, HOESY, as well as DOSY and PGSE experiments, have been used to
investigde solutionstate ion pairing:*¢22 The Odom group hagported the use of a
combination of theory and experiment to cr
the donor ability of WCAs paired with the higlalent [NCr(NPr)2]* cation?>2

Because gordinating ability of an anion is depdent upon the steric and
electronic properites of the paired cation, we chose to use a Pd cation to better understand
anion effects in Pd catalysi&?’ A series of ion pairs featuring the -aand moisture
stable Fshaped Pd (Il) cation [Pd(IPr)(C(OsN)]* (IPr =N, i6(2,6
diisopropylphenylimidazole2-ylidene)were prepared with various common WCAs
(Figure 2.). These complexes were chosen due to convenience of synthesis, high
stability, and their resemblance to ofiewoked Pd(ll) acyl intermediate8 3
Comparison of these complexes is achieved through simple IR (acyl C=) &R
(IPr-CH(CHs)2) measurementd he acyl group isransto either the anion coordination
site or the open coordination site, and is therefore highly sensitive to electron donation.
When the anion is not bound directly to the Pd center, an IPr isopreigyfb@ns an
agosticinteractionwith the Pd center, makirtge proton NMR a useful reporter of anion
coordination.

This chapter reports the use of several techniques, including NMR;i&; X
crystallography, and DFT calculations, to probe the strength of interaction behgeen
[PA(IP(C(O)GHeN)]* cation and sveral WCAs. Using Xay and DFT structures,
percent buried volumé4Wyr) calculations report on the effects of steric congestion on
innersphere anion coordination. Solvent effects on various ion pairs have afso bee

investigaed3®
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Figure 2.1. Preparation of Compounds2.3. Adapted with permission from Wozniak,
D.l.; Sabbers, W. A.; Weerasiri, K.C.; Dinh, L.V.; Quenzer, J.L.; Hicks, A.J.;
Dobereiner, G.E. Comparing interactions of a threecoordinate Pd cation with

common weakly coordinating anions.Organometalics 2018,37, 23762385.
Copyright 2018 American Chemical Society.

2.2.Results
2.2.1. Synthesis and Characterization
Addition of IPr to dimer2.1 yields [Pd(IPr)(C(O)@HesN)CI] 2.2. Subsequent
halide abstraction witMX (M = Li, Na, Ag, X = WCA) yields he series of complexes
2.3, featuring the cationic [Pd(IPr)(C(0y8sN]* fragment. Anions paired include PE
BF.' ShFs', NTf,", ClIOs", OTf', and BAF.', as well as [IMPH] ', a derivative of an
anion originaly reported by LaPointe, Klosin, and-emrkers Figure 2.2.3" Na" and Li*
salts of [BAf4] " and [IMP-H] " were capablefaabstracting the bound chloride, hoveey
Ag" salts of the other anions were required to perform this reaction. Decomposition was

observed when either silver tetraphenylborate or sodium tetraphenylborate were added to
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the neutral palladium complex, liketiue to BC bond activation by the palflium.
Isolated yields 0R.3PFs, 2.3BF4, 2.3SbFs, 2.3NTf2, 2.3CI04, 2.30Tf, 2.3BArf4, and

2.3[IMP -H] range from 56 to 84%.

o S
CFs B(CoFs)3
N
5 O )
CF &
34 B(CeFs)3
BArF, [IMP-H]

Figure 2.2. Structures of BArF4" anion (left) and [IMP -H] ' anion (right)

2.2.2.X-ray Crystallography

X-ray quality crystals of complex@s3 were obtained by slow diffusion of
pentane into concentrated dichloromethane solutions. In addition to anion donors, neutral
donor adducts of the Pd aati can be obtained by recrystallizatiarthe presence of the
donor (water, acetonitrile, or piperidine). Recrystallizatio@.8BArF4 from
dichloromethane in the absence of a netural donor resulted kbaud CHCI, (Figure
2.3, left), whereas recstallization from a toluene solutiondded the nominally 3

coordinate cation (Figure 2.3, righf)>>38
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Figure 2.3. Thermal ellipsoid plots of [2.3(dcm)]BArF4 (left) and 2.3BArF (right).
Ellipsoids shown at 50% probability, anion and hydragenatomshidden for clarity.
The closest distances between the NHC isopropyl mettiyla@d the vacant
coordination site on the cation are consistent with weakte interactions, likely
contibuting to the stality of the coordinatively unsaturatedtizan 333439
Structures containing Pdound anion®.3BFs, 2.30Tf, and2.3ClO4 (Figure 2.4),
as well as several adducts with bound-CH acetonitrile, piperidine, and water, feature

distorted square planaegmetries.

Figure 2.4. Thermal ellipsoid plots of inner-sphere structures2.3BF (left), 2.30Tf
(center) and2.3ClO4 (right). Ellipsoids shown at 50% probability. Protons and
solvent hidden for clarity.

2.3BF4, 2.30Tf, and2.3ClO4 are best described as neutral céexrps in the solid

state and innesphere anion pairs in solutihe outersphere complexea3NTf2,
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2.3BArF4, and2.3[IMP -H] are T-shaped with the vacanbardination sitdransto the
bound acyl moiety. The identity of the bound species does not correlhtX-naty bond
lengths; for example P@acyi bonds range from 1.94 to 1.98 A (Table 2.1) regardless of
the anim or neutral donor present.

The bulky NHCligand preventsis-binding of larger anions, forming
coordinativelyunsaturated 14'ecomplex. Anionghat do coordinate all feature a
tetrahedral center bound to the donor atom, while octahedral or very taogs auch as

NTf.', BArY, and [IMPRH] ' remain outessphere in both solid and solutistate.

Table 2.1. Bond lengths from X-ray structures
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complex Pd-Cacyi (A) donor Pd-(donor) (A)
[2.3(MeCN)]BATrF4 1.984(2) NCMe 2.0992(2)
[2.3(H20)]CIO 4 1.95%7) OH:> 2.206(5)
[2.3(pip)]BAr Fa 1.981(3) Npiperidine 2.228(2)
2.3ClO4 1.943(3) OCIOs 2.243(7)
2.3BF4 1.961(12) FBF4 2.265(7)
2.30Tf 1.958(2) OSQ.CFs 2.2743(18)
[2.3(H20)]SbFs 1.966(9) OH: 2.276(8)
2.2 1.971Q) Cl 2.4210(9)
[2.3(dcm)]PFs 1.968(6) CICHCI 2.578(3)
2.3NTf 1.969(2)
2.3BArFs 1.959(4)
2.3[IMP -H] 1.962(2)



In addition to assessing bond lengths and angles in the solid state, percent
buried volume %Vhur) calculations were perforrdeusing Xray structures for the inner
sphere complexes. Percent buried volume is a metriadeessing steric properties of
ligands, similar to the Tolman cone angle for phosphifiegiile %Vu.r is frequently
used for neutral donor ligands, relative steric demand of anionic ligands is also easily
calculatec?® Using the Sam¥Ca progam developed by the Cavallo groti®oVbur
calculations were caed out on innesphere complexes with neutral and anionic donors,
starting from either Xay structures or DFT geometoptimized structures (Table 2.2).
The lagest%Vhur for a donor bound in the sdlistate is 19.2942.3(pip)BArF4]); NTf2 is
substantily more sterically demandin@§Vour = 26.5%), and therefore cannot bind to
the Pd center. While innesphere geometrgptimized structures of RE%Vour = 19.4%)
and Sbk (%Vour = 19.0%), anions werebtained through DFT, and have similar buried
volumesto piperidine, their weak cation affinity cannot overcome the steric barrier for
binding. Additionally, the donor N of piperidine has a tetrahedral geometgngsaced
to the octahedral geometries bétPk and Sbk anions. Innessphere structures coutabt
be obtained foR.3BArF4 and2.3[IMP -H]; therefore2oVhyr calculations were not

performed for these complexes.
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Table 2.2. Percent buried volume §6Vour

donor input structure (% Voun
H20 [2.3(H20)]CIO 4 (X-ray) 12.8
MeCN [2.3(MeCN)]BAr F4(X-ray) 13.6
BF,' 2 3BF4 (X-ray) 14.2
OTf' 2.30Tf (X-ray) 15.4
ClO4' 2.3ClO4(X-ray) 17.3
SbFs' lISbF 6 (DFT) 190
Piperidine [2.3(pip)]BAr F4 (X-ray) 192
PR’ IIIPF ¢ (DFT) 19.4
NTf,' IIINTf 2 (DFT) 26.5

2.2.3. NMR studies

The!H NMR spectra (2%C, CD.Cl,) of the series of compoun@s3 exhibit a
donordependent isopropyl methine proton shift, changing wighatfionic or neutral
donor associated with the complex (Figure 2.5). This trenidassaen with the furthest
downfield quinoline protonutt the signals partially overlap with other aromatic signals in
some cases. The splitting of the isopropyl methylraethine shifts of compleR.2 are
consistent with two chemically inequivalent isopyl environments, possibly resulting
from hindered NHGotation around the P@nrc bond??4¢ Upon halide abstraction, only
one resonance is obsed/for the methine protons, indicating a lowered roteti barrier
as well as a dependence of the methine shift on the donor present. While there is likely a
complex equibrium consisting of donebound, solvenbound, and threeoordinate

complexes, thee fluxional processes are much faster than the NM&stale, with the
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resulting peaks appearing as a weighted average of the species present at room

temperature.

2 i i
S .4KI ‘”‘-I.

[3iplIBArT N
3CIO:
30Tt

[3{Hz0)1CI0 I

[3{(MeCN)IBAT,
| | |
3BF, Ul
[3(H:O)]SbF ¢ I
3NTH. |
- : ~ - - e _:--MIIJ‘JH“‘ —
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Figure 2.5. Methine H resonances oR.3 (CD2Cl2, 25xC). More strongly-
coordinating donors resilt in the methine shift moving downfield.

Complexe.2 and[2.3(pip)BAr F4] eachexhibit two resonances at room
temperature, indicating an exchange rate at or below the diffenerfi@uencies of the
two signals. Whil&.30Tf and2.3CIO4 have relative} similar methine shift2.3BF4
exhibits a significantly more upfield signal; this may be explained by the fa¢h#hat

fluorines on BE' are significantly less Lewis basic than the oxygen atoms of triflate and
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perchlorate. It is possible that this sigjis an average of both the bound and fre¢ BF
anion, and that this exchange is too fast to resolve, even at oiydgperatures.

The dfect of relative permittivity of solvent on behavior 22, 2.3BF4, 2.3PFs,
and2.3BArFs was investigated by maoring theH methine chemical shift in various
ratios of CDRCI to tolueneds (Table 2.3, Figure 2.6). As the relagipermittivity of the
solution was decreased by raising toluene concentration, all of the chemical shifts moved
downfield; this effect wamore pronounced witB.2 and2.3BF4 than with2.3PFs and
2.3BArFa4. As permittivity is decreased and charge sepamdiecomes less favorabl
tighter cationranion coordination becomes more favorable as the ion pair begins to more
closely resemble a neatrcomplex. Because BFand CI' can form inneisphere ion
pairs, this fAneutral 0 cedhapfértheanibnsdhcamndti o n

form innersphere complexes.

Table 2.3. Effect of solvert upon *H NMR methine chemical shift of select

complexe$
Solvent Ratio 22 2.3BF4 2.3PFs 2.3BArF4
CD2Cl2/C7Dsg a @ ul U P U u o ¢ 0 p U
100:0 3.44 2.89 2.75 2.75

90:10 3.55 011 3.07 0.18 284 0.09 | 283 0.08
75:25 3.70 0.26 3.30 0.41 296 021 | 295 0.20
50:50 401 0.57 3.67 0.78 3.18 043 ] 3.15 041

aAll values are in parts per million (ppm)
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50:50 CD2CI12: C7TD8

7525 CD2CI2 - CTD8

90:10 CD2CI2: C7D8

100:0 CD2CI2: C7D8

JUVL,

4.40 4.30 4.20 4.10 4,00 3.90 3.80 3.70 3.60 3.50 3.40 3.30 3.20 3.10 3.00 2.0
f1 (ppm)

75:25 CD2CI2 : C7D8

90:10 CD2CI2: C7D8

100:0 CD2CI2 : C7D8 \ |

ppm)
Figure 2.6. 'H NMR spectra of 2.2 (top) and 2.3BF4 (bottom) in CD2Cl2:toluene-ds
mixtures
Addition of an exgenous soluble chloride source, RB®hwas used to probe the
strength of chloride binding to the Pd cation. Btite chemicashift and shape of the
methine proton peak were highly sensitive to the amount of added chloride; as chloride

concentration inci@sed, the peak began to broaden significantly as well as moving
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downfield. When 1.0 equivalents of PRhwere alded to2.3BArF4, complex2.2 was

reformed in solution (Figure 2.7).

3BAI, |||I

3IBAC,+ 0.5 equiv

3 BArG, + 0.75 equiv

3 BAr, + 1.0 equiv

3 BAIT, + 2.0 equiv

Figure 2.7. Addition of various equivalents of PPiCI to 2.3BArF4 (CD2Cl2, 25xC). 2
is reformed when 1.0 equivalents are added.

To detemine equilibrium of chloride binding 1.3, a solution o2.3BArF4 and
0.5 equivalents of PRGI was prepared in CITI> and spectra were recorded at various
temperatures. Rather than a clean diesesmce of the broad peak into peaks
correspondindo 2.2 and2.3BAr"4 at low temperatures, at 205 K we observed the initial
broad peak splitting into several broad peaks that could not be resolved. This likely
results from a complex equilibrium of seveirgkerconverting specie$.3(dcm)BArF4],
2.3BArF4, [(2.3)2(e-Cl)BAr F4], etc.); the pathway betwe@® and2.3BAr s may

therefore involve several steps.
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2.2.4. IR Studies

To probe the electronic influence of donor binding, the C=0 stretching
frequencies of complexés3 were obtained in both the solid (ATIR thin film, under
air) and solution states (DCM, NaCl solution cells, prepared mttNosphere)sco;
Table 2.4). Tk frequencies tabulated are the strongest bands found in the range 1650
1800 cm'. In some cases, multiple bands are observed, possiblp the formation of
H.O adducts. The majority of compounds showed a C=0 stretch at ~176hcm
dichloromethane dotion, consistent with fulhydissociated outesphere complexes.
Solutionstate stretching frequencies @, 2.3CIO4, 2.30Tf, and netra donor adducts
[2.3(pip)]BAr F4 and R.3(MeCN)]BAr F4 suggest innesphere coordination of the donor

species.
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Table 2.4. Acyl C=0 frequencies g§co) of complexes 3

complex 3co, ATR-IR?2 3co, DCM 3co, DFT
22 1669 1669 1682
2.3PFs 1759 1760 1721
2.3BF4 1689 1760 1718
[2.3(H20)]SbFs 1694 1760 1726
2.3NTf2 1691 1760 1714
2.3ClO4 1684 1695 1713
2.30Tf 1681 1688 1711
2.3BArF, 1776 1760 1777y
2.3[IMP -H] 1757 1760 (A777)P

[2.3(H20)]CIO 4 1687 - -
[2.3(pip)]BAr F4 1677 1679 1709
[2.3(MeCN)]|BArF4 1689 1690

2All frequencies in cr. PCalculatedrom cationic structurd .

2.2.5. Computational studies

Starting from Xray structures, DFT [M06/31g(d,p)/SDD(+f)] geometry
optimized structures df, Il , IIOTf , HICIO 4, andllIBF 4 were obtained. The
computed structures are in good agreemeirit baind lengths obtained fromedy; PdC
bond lengths from Xay are within 0.03 A of those found tlugh computation. The
C=0xcyibond lengths from DFT span a relatively narrow range as compared to those
found from Xray (1.1961.217 A from DFT as compared to 1-121 A from Xray),
though these differences may be attributed to packing effects andiimesavith ce

crystallizedsolvent molecules not reproduced in DFT calculations. Optimized structures
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of IIINTT 2, lIPF s, IISbF 6 (Figure 2.8), and free catidh were calculated using the

cation from the Xray structure o2.3BAr"4 and are structurallgimilar to other inner

sphee complexes. Optimizations of structures containing ispéere BAF, and

[IMP-H] anions were not obtained. All optimized geometries were subjected to frequency
calculations at the same level of theory to confirm that &fleysided in minima on the

potential energy surface.

* ?QY—J

9
Figure 2.8. Optimized structures of 11ISbFe (left), IIIPF & (center), and IIINTf 2
(right)

The PdN bond length inlINTf 2 (2.34 A) is substantiallyohger than the PN
bond in[2.3(pip)]BAr F4 (2.22 A). This is surprising, as the NTérms an amido bond
with the Pd center, as opposed to the dative bond formed by the piperidine; typically
Pd(I1)-NTf2 bonds (2.04 AY areshorter than dative nitrogePd bonds with monodentate
cyclic amine ligands (2.12.15)#84°The extremely long bond seen by computation is in
agreement with the hypothesis that #r@on is so bulky that it cannot effectively bind to
the metal due to steric clash with the other ligands.

DFT-calculated acyl C=0 stretching frequencies, corrected with a method
dependent scaling factéftare listed in Table 2.4. The computed frequencies span the

range of (16820777 cmt), roughly 10-30 cm? higher than the meaged solidstate IR
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frequencies. The inner sphere structuhed- s andllISbF s are exceptions; a solid state
2.3SbFs was never obtained, rather, it was always crystallized as the water adduct
[2.3(H20)]SbFs, leading taa substantially lower stretching éreency than would be
expected for the outephere complex. The inngphere structurglPF s exhibits a
significantly lower frequency stretch thar8PFs, which is unsurprising as the inner
sphere structures show coneittly lower frequency stretches théne outetsphere
structures. Calculatesto values are ordered as follows: Cl < OTf < @QKONTf2 < BR <
PFs < SbF.

In the interest of understanding how anion coordination affects the acyl C=0
bond, natural bond oed (NBO 6.0) analysis was performed on all insghere
complexe.3. C=0xcybond orders range from 1.731 to 1.822 anéhRidn bond orders
range from 0.059 to 0.240 according to NA&@sed Wiberg bond indices (Table 25).
Generally, as the Panion bond index decreasespdecreases, C=) and PdOqcyi
bond indices decrease, and NPA natural charges (Table 2.6)dfg@ome more
negative. Steric demand of the anion appears to affe€wReland PdNquinoly bond
orders, as larger anions such as N€tult in a sigriicantly distorted square planar

geometry and weakened ®#nc and PdNquinoly bonds.
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Table 2.5. Wiberg bond index for computed structures

structure C=0acyl Pd-Cacyt Pd-Cnuc  Pd-Nguinolyt  Pd-Oacyt  Pd-anion

Il 1.731 0.626 0.530 0.232 0.120 0.240
NOTf 1.748 0.703 0.507 0.229 0.139 0.106
CIO 4 1.758 0.702 0.509 0.228 0.138 0.116
NINTF 2 1.751 0.692 0.485 0.219 0.145 0.113
IBF 4 1.763 0.730 0.508 0.231 0.147 0.078
HIPF 6 1.761 0.731 0.499 0.227 0.153 0.065
[IISbF & 1.762 0.734 0.499 0.225 0.156 0.059

11 1.822 0.718 0.510 0.232 0.173

Table 2.6. NPA natural charges for computed structures

structure Pd Cacyl CnNHC Nquinoly! Oagyl

Il 0.476 0.435 0.328 -0.444 -0.609
OTf 0.497 0.503 0.287 -0.464 -0.592
CIO 4 0.512 0.489 0.294 -0.454 -0.583
HINTF 2 0.517 0.495 0.268 -0.449 -0.580
[lIBF 4 0.522 0.500 0.282 -0.454 -0.579
PF & 0.519 0.510 0.277 -0.456 -0.575
[1ISbF 6 0.513 0.517 0.273 -0.458 -0.573

M 0.406 0.570 0.244 -0.472 -0.532

Though donor longair NBOs vary based on anion, the major argation

donoracceptor interactions can be compared using a semaied perturbation theory
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analysis (Table 2.7). These results are in agreememthgtrelationship seen between
Pd-anion an PdO bond orders; as the summafion Y 0 (Pd-Cacy) interactions

decreases, the strengthmaficyiY 0* (Pd-Cacy) interactions increases. The strongest C=0
bond (structurdll ; without a coordinated anion) has the strongesdY 0* (Pd-Cacy)
interaction (36.42 kcl md), whereas theeutral complexl has the weakest interaction

of this type (18.19 kcal m®d). Meanwhileli (Pd-Cnic) & (Pd-Cacy) tends to decrease
as he acyl C=0 bond becomes stronger. Somewhat surprismgly, " * (C=0Oacy)

changes very little based on anionritity.

Table 2.7. Donor-accepta st abi | i zati on energies-ordeE( 2) ( k
perturbation theory analysis

0 (Pd-Cnhc)

Noacyl Y a* npaY ~* VS Nanion Y

structure (Pd-CacyI) (C:Oacyl) YCU: (Pd- &*(Pd-Cacyl)

acyl)
Il 18.19 12.38 49.48 70.37
5.40
1.47
NOTf 24.32 12.52 39.56 21.26
11.30
2.59
CIO 4 23.19 13.07 41.24 29.42
11.30
HINTF 2 25.46 13.45 43.69 15.27
13.10
HIBF 4 23.21 13.85 36.96 26.65
3.61
1.21
HIPF 6 24.10 14.31 37.39 20.31
2.24
1.36
[1ISbF & 24.41 14.38 36.97 17.58
1.38
Il 36.42 12.22 24.71 -
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2.2.6. Discussion

A qualitative comparison of th@ordinating ability of anions in solution versus
solid state can be made using a combination o84B8)(*H NMR (methine chemical
shift), X-ray @VWbur), and DFT data (Wiberg bond orders and NBO interactions). For
example, soliestate IR and Xay data fo 2.3BF4 indicate an innesphere coordination
of the anion in the solid state, whereas in.Chl solutionstate IR and NMR suggest an
outersphere ion pair. The strong dependence of the methine proton sRiRBé% on
solvent permittivity provides evidence for a relatively high degree of ion pairing for this
complex in solution. Similar spectrahd solidstate features of complextsaturing
bulkier anions make them difficult to distinguish from one another. WhilayX
structures of the various complexes proved useful for perfor#ig: calculations,
bond lengths and angles do not appear teetate with anion coordinating abilitthis is
consistent wit*h Odomés findings.

While no linear correlation exists between obsefr®MR methine proton
shifts and solutiorstate C=Qyi stretches, it is clear that thease two regimes in place
corresponding to inneand outersphere anion behavior (Figure 2.9). Donors that are
either sterically relatively small or very strong Lewis bases are able to coordinate in
solution, whereas very large or very weak donors arer aphere. The lone exception is
the BR ' aniory while the anion is sterically undemanding, as evidenced by its
coordination in the solid state, it is also an extremely weak donor. This is evidenced by
comparing the solutiestate acyl stretch frequencl23BF4 - falling in the range seen

for outersphere complexeswith the methine chemical shift, appearing somewhere
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between the regions seen for iisphere and outesphere complexes. Based on these
observations, it seems that IR is a useful repoftdre electronic portion of anion
donation, whe NMR reports on the steric nature of the anion. This NMR dependence
likely results from the IPr ligand arm being pushed away from the Pd center when a
donor coordinates. When comparing solustate C=Qy stretches anéloVbur (Figure

2.10), larger buad volumes tend to lead to higher frequency C=0 stretches. In terms of
orbital interactions, sterically large or electipoor anions cannot donate electron density

as effectively into thé* (Pd-Cacy) accepor orbital.

2e CIO
pip —9 [ 4
3.1 °
—_ H,0
E o *
a MeCN
o 2.95 BF,
@
(=
£ 2.9 d
2285 IMP-H
28
PFg— | NTf,
27 BAr, — 8
27 SbFg
1660 1680 1700 1720 1740 1760 1780
CO Stretch (cm)

Figure 2.9. Methine *H NMR shift vs 3co (solution-state)
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Figure 2.10. Percent buried volume vssco (solution-state). *: dbtained from
calculated inner-sphere structures

An absolute scale describing anion coordinating ability is not tractable as the
strength of catioranion interaction depends not just on the anion, but on the cation as
well. Because the Pd cation descrilbede has angen coordination site, it is more
susceptible to dative anion binding than a coordinatively saturated complex wdtild be;
coordinatively saturated complexes only experience ion pairing via Coulombic
interactions between the ions.

The scale described hesffers a corplimentary approach to investigations of
catiorranion interactions experienced by coordinatively unsaturated catalytic
intermediates?*2Using this technique, buried volume and NMR generally report on the
steric nature of the donor, whereas IR and DFT yield valuable information about the
electronics of doneacceptor interactions. Bad on the DF-derived3covalues, anion
donor strength follows the following trend from weakest to strongestBAr[IMP-H]

"< Sbk' <PR'<BFR<NTfh'<CIOs' < OTf <CI'".
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2.3. Conclusions

A series of [Pd][WCA] salts were prepared métnions of varying coordinating
ability and the complexes were compared using NMR, HRay and DFT. The anions
can generally be grouped together as either strong (NTIOs -, OTf", Cl°) or weak
(BArf, -, [IMP-H] -, Sbk °, PFs ") donors with eachegime having characteristic features
in both solid and solution states. BAs an exception, as it is a sterically small but very
electronically weak donor, resulting in inrgshere coordination in the solid state but
fluctional, weak interaction witB in solution. To best understand the nature of cation
anion interactions with ions of interest, a variety of techniques, including both experiment
and computation, should be employed with a series of sterically and electronically varied

counterions.

2.4. Experimental
Unless otherwise specified, all manipulations were performed under adry N
atmosphere using standard Schlenk techniques or a Vacuum Atmospheres inert
atmosphere glove box. Analytical data were obtained from the CENTC Elemental
Analysis Faciky at the University oRochesterfunded by NSF CHE650456 NMR
spectra were collected on Bruker Avance 11l 500 MHz and 400 MHz instruniiints.
NMR chemical shifts (U, ppm) are reference
13C NMR chemical shiftsire referenced to the deuterated solvent Bé#R.spectra were
cdlected on a Thermo Scientific Nicolet iS5 benchtop spectrometer with either a
iD5 Diamond ATR or iD1 Transmission access@jchloromethanéDCM),

tetrahydrofuran (THF)pentane, and toluene were purified using a commercial solvent
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purification ystem. All deuterated NMR solvents (Cambridge Isotope Laboratories) were
dried over activated 4A molecular sieves for 48 h before use. Sodium tetrakis(3,5
bistrifuloromethyl)phenylborate (NaBA4) was prepared using the procedure of Yakelis
and Bergman?® [Pd(e-Cl)(C(O)GHeN)]2 (1) was prepared as reported by Pregosin and
coworkers>* Tris(pentafluorophenyl)borane (B{Es)s) was purified vissublimation (100
mTorr, 90 °C) prior to uséther chemica were used as received from commercial

suppliers.

Synthesis of[Pd(IPr)(C(O)C osHeN)CI] (2.2).

A mixture of [Pd€-CI)(C(O)GHeN)]2(1) (0.1066 g0.1788 mmol) antN , N 6
bis(2,6diisopropylphenyl)imidazol®-ylidene(0.1415 g, 0.3641 mmol) in 5 mL of
toluenewas stirred at room temperature for 24 hours. The brown suspension was filtered
to yield a yelloworange solution. The solution was concentrated and layered with
hexane. The resulting yellowsrange precipitate was vacuum filtered, washed with
hexanes andried in vacuo to affor@ (196 mg, 86% yield}H NMR (500 MHz,

CD.Ch) : U Y= ®&5Hz, (6 CH(CHs)), 1.11 (d2J = 6.5 Hz, 6 HCH(CHa)2),

1.21 (d,3J= 6.5 Hz, 6 H CH(CHs)2), 1.40 (d3J = 6.5 Hz, 6 HCH(CHs)2), 3.21 (sept3]

= 6.5 Hz, 2 HCH(CHz)2), 3.44 (sept3] = 6.5 Hz, 2 HCH(CHa)2), 7.21 (s, 2 HIPr

imidazolyl), 7.24 (m, 4 HIPr ary), 7.39 (t3J= 7.5 Hz, 2 HIPr ary), 7.52 (m, 2 H

quinolyl),7.80 (dd2J = 7.0, = 1.5 Hz, 1 Hquinolyl), 7.91 (dd3J=8.0,4J=15Hz, 1

H, quinolyl), 8.31 (dd3J = 8.0, = 1.5 Hz, 1 Hquinolyl), 9.77 (a,3=5.0,J=1.5

Hz, 1 H quinoly)). 3C NMR (500 MHz,CBCl) : & 23. 1,8.3,29.3, 1229, 26 . 58,
124.2, 124.6, 124.6, 124.7, 128.4, 129.0, 130.2, 130.2, 130.8, 138.1, 143.7, 147.2, 148.1,
150.1, 152.2, 179.7, 210.9. Anal. Calcd farH.CINsOPdA0.7GH14: C, 66.25; H,

6.99; N, 5.63. Found: C, 66.51; H, 6,68 5.26. IR (thirfilm, cm™): 3c=0 1669; IR
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(CHoClp, cmi?): 3c-01669.Unit cell (XRD): monoclinic Pa= 12.0802(15) Ap =
21.586(3)Ac= 16.503(2) j., b = 110.508(3)A

Synthesis of [Pd(IPr)(C(O)GHeN)][PFe] (2.3PFs).

A scintillation vial was chaged with AgPFk (126 mg, 0.0495 mmol, 1.05 equiv)
and stirred in DCM (1 mL). To this vial was add&(B0 mg, 0.0473 mmol, 1 equiv) in
DCM (1 mL) dropwise. After 5 min, the yellow suspension was filtered through Celite
and concentrated under vacuum tmedfa yellow solid29.2 mg, 83% vyield). Slow
vapor diffusion of pentane into a concentratedClkisolution yielded Xray quality
crystals. NMR shows the presence of a small amount of [Ag|[lRyWwhere X = Pk or
ClI; running the reaction in THF suppresghe formation ahis impurity, however, it
results in the presence of one equivalent of THF in the product. Recrystallization of the
product helps to remove the Ag impurity, however, more forms upon recrystallization,
along with significant yield reddion with each recrstallization. Neither the presence of
the Ag impurity nor THF appears to affect the position of the major Pd peaks in the NMR
nor IR Anal. Calcd for Pd&H42FsN3OP: C, 55.82; H, 5.32; N, 5.28. Found: C, 56.067;

H, 5.457; N, 5.384'H NMR (500 MHz, CRCl;) U 8 3)58.4,%0<1d2,Hz, 1H

quinolyl), 8.23 (dd3J = 5.0,%) = 1.3 Hz, 1H quinolyl), 8.15 (dd3J= 8.1, = 1.1 Hz,

1H, quinolyl), 7.88 (dd3J = 7.3, = 1.2 Hz, 1H quinolyl), 7.70 (dd3J 8.4,4J = 5.0 Hz,

1H, quinoly), 7.60 (td3J = 7.8,3) = 5.8 Hz, 3H quinolyl + IPr ary), 7.41 (d3J=7.8

Hz, 4H, IPr ary), 7.36 (s, 2HIPr imidazoly), 2.74 (hept3J = 6.8 Hz, 4H CH(CHs)2),

1.32 (d,2J=6.9 Hz, 12H CH(CHs)2), 1.27 (d2J = 6.9 Hz, 12H CH(CHs)2). 1°C NMR

(126 MHz,CDCl}) U4 183. 97, 174. 50, 151. 33, 149. 34,
134.08, 133.62, 129.84, 129.46, 125.09, 124.95, 124.35, 34.53, 29.41, 28.94, 25.19,

24.95, 24.78, 24.10, 22.74, 14.2R (thin film, cn?): 3c=0 1759; IR (CHClz, cn?): 3c=o
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1760.Unit cell (XRD): monoclinic Pa=13.6011(16)4, b=12.6705(18A, c=
23.358(3)i , H01.442(.

Synthesis of Pd(IPr)(C(O)C ¢HesN)][BF4] (2.3BF4).

A scintillation vial was charged with AgBK9.6 mg, 0.0495 mmol, 1.05 eqiv
and stirred in DCM (1 mL). T¢his vial was added (30 mg, 0.0473 mmol, 1 equiv) in
DCM (1 mL) dropwise. Immediately, a white precipitate formed. After 5 min, the yellow
suspension was filtered through Celite and concentrated under vacuum to affibod/a ye
solid (18.2 mg, 56% yieldBlow vapor diffusion of pentane into a concentrated@i
solution yielded Xray quality crystalsNMR shows the presence of a small amount of
[Ag(IPr)2][X] where X = BF or CI; running the reaction in THF suppresses the
formation of this impurity, howesar, it results in the presence one equivalent of THF in
the product. Recrystallization of the product helps to remove the Ag impurity, however,
more forms upon recrystallization, along with significant yield reduction veith e
recrystallization. Neithethe presence of the Ag impurity nor THF appears to affect the
position of the major Pd peaks in the NMR norARal. Calcd for PdeyH42FNsOB +
.25 CHCl2: C, 58.93; H, 5.64; N, 5.53. Found: C, 58.498; H, 5.815.882.1H NMR
(500 MHz, CDCl;) § 8,316 5.0,%0 =1d3 Hz, 1H), 8.50 (dd) = 8.4,%] = 1.3 Hz,
1H, quinolyl), 8.10 (dd3J = 8.1, = 1.2 Hz, 1H quinolyl), 7.86 (dd3J=7.3,43=1.2
Hz, 1H, quinolyl), 7.67 (dd3J=8.4,3=5.0Hz, 1Hquinolyl) , 7. 6171 7. 50 ( m,
quinolyl + IPr ary)), 7.38 (d3J = 7.8 Hz,4H, IPr ary)), 7.32 (s2H, IPr imidazoly), 2.89
(hept,3] = 6.8 Hz,4H, CH(CHs),), 1.31 (d3J = 6.8 Hz, 12H CH(CHs),), 1.22 (d3J =
6.8 Hz, 12H CH(CHs)2). 13C NMR (126 MHz, CBCl) 116.26, 152.12, 149.18, 146,
139.32, 134.67, 133.28, 130.95, 128.95, 128.34, 124.86, 124.04, 29.14, 25.59R24.27.
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(thin film, cnl): 3c=0 1689; IR (CHClIy, cnih): 3c=01760.Unit cell (XRD):
orthorhombic Pa = 9.9742(10) Ap = 17.2977(18) Ac = 21.743(2) A.

Synthesis of Pd(IPr)(C(O)C ¢HesN)(OH2)][SbFe] ([2.3(H20)][SbFe]).

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786
mmol) 2 and 2 mL ofDCM and stirred. To this was added 27 mg (0.0786 mmol) of
AgSbFs in 0.5 mL toluene. The solution immatklyturned bright yellowwith
concurrent appearance of a white precipitate. The suspension was stirred for 10 minutes
and then filtered throug@Belite to produce a yellow solution, which was then dried in
vacw. The product was recrystallizedaahbient tempeturevia layer diffusion of
pentane into a concentratB€M solution. Based on Xay data, it was determined that
adventitious water had coordinated to the Pd cation, likely a trace impurity in the
extremely hygroscopic AgSkBalt usedNMR shows the pience of a small amount of
[Ag(IPr)2][X] where X = Sbk or ClI; running the reaction in THF suppresses the
formation of this impurity, however, it results in the presence one equivalent of THF in
theproduct. Recrystallization of the product helps to rentbeeAg impurity, however,
more forms upon recrystallization, along with significant yield reduction with each
recrystallization. Neither the presence of the Ag impurity nor THF appears to affect the
position of the major Pd peaks in the NMR nor Yield 72%. Anal Calc. for
PdG7/N3OH4SbRs Al.1 HO C, 49.01 %, H, 4.91 %, N, 4.63 %, found C, 48.697 %, H,
5.085 %, N, 4.547 %H NMR (500 MHz, CRCl;) U 8 3J58.4,%0=<1d1,Hz, 1H
quinolyl), 8.26 (dd,3J = 5.0,%3 = 1.2 Hz, 1H quinolyl), 8.15 (dd3J=8.1,J= 1.1 Hz,
1H, quinolyl), 7.89 (dd3J = 7.3, = 1.2 Hz, 1H quinolyl), 7.69 (dd3J=8.4,3J=5.0
Hz, 1H quinolyl) , 7. 6571 7quisolyl + (Pmary) 3 H7 . 431 7IPRBaWy+ ( m, 6 H
imidazolyl), 2.75 (hept3J = 6.7 Hz, 4H CH(CHs)2), 1.30 (dd3J = 25.2,33= 6.9 Hz,
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24H, CH(CHs)2). ®C NMR (126 MHzCD.Cl;) 4 151. 26, 149.36, 146.
131.41, 125.14, 124.93, 124.25, 29.39, 25IRq¢hin film, cn®): 3c-01732; IR
(CH:Cly, cnm®): 3c=0 1760.Unit cell (XRD): monoclinic Pa= 13.732(2) Ap =

12.736(2) Ac=2373(4) i, b = 103.470(2)A.

Synthesis ofPd(IPr)(C(O)C oHsN)][NTf2] (2.3NTf2).

A scintillation vial was charged with AgNTf (19.2 mg, 0.0473 mmol, 1.05 equiv)
and stirred ifCH2Cl> (1 mL). To this vial was adde2l(30 mg, 0.0495 mmol, 1 equiv) in
CHoCI> (1 mL) dropwise. After 1.5 h, the yellosuspensionvas filtered througiCelite
and concentrated in vacuum to afford a yellow solid (25.5 mg, 61% y&ly. vapor
diffusion of pentane into a concentratedzCH solution yielded Xray quality crystals
Anal. Calcd for PdGoH42FeN4OsS,: C, 50.30; H, 4.59N, 6.02. Found: C, 49.395; H,
4.712; N, 5.66'H NMR (500 MHz, CRCl;) U 8 3J58.4,%01d1,Hz, 1H
quinolyl), 8.27 (dd3J = 5.0,%) = 1.3 Hz, 1H quinolyl), 8.15 (dd3J= 8.1, = 1.1 Hz,
1H, quinolyl), 7.90 (dd3J = 7.3, = 1.2 Hz, 1H quinolyl), 7.68 (dd3J=8.4,3J=5.0
Hz, 1H quinoly) , 7 . 6 5 IH7quisolyl), .58 (t2J = 7.8 Hz, 2H IPr ary), 7.40
(d,33=7.8 Hz, 4H IPr ary), 7.36 (s, 2HIPr imidazoly), 2.75 (hept’J = 6.8 Hz, 4H
CH(CHa)2), 1.32 (d3J = 6.8 Hz, 12H CH(CHa)2), 1.27 (d3J = 6.9 Hz, 12H CH(CHs)y).
BBCNMR (126 MHz, ®.Cl;) &4 151. 25, 146. 62, 139. 95, 13:¢
129.51, 125.13, 124.95, 124.20, 29.39, 25.16, 25.03, 22.75, 1R.@Rin film, cn?):
3c=01691; IR (CHCIz, cn?): 3c=0 1760.Unit cell (XRD): monoclinic Pa= 14.592(4)

A b=13472(4A,c= 23.167(6) i, b = 106.036(4)A.
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Synthesis ofPd(IPr)(C(O)C ¢HsN)][CIO 4] (2.3ClO4).
In an inert atmosphere glovebox, a 16 mL vial was charged waxttmtf(0.157
mmol) 2 and 15 mL ofCH.Cl> and stirred. To this was added 33 mg (0.157 mmol) of
AgCIO4in 1 mL toluene. Immediate precipitation of a yellow solid occurred. The
suspension was stirred for 5 minutes and then filtered thrGaljie to produce a yellow
suspension, which was then dried inwacThe product was recrystallized-35 C via
slow vapor diffusion of pentane into a concentra@d.Cl, solution, producing
yellow/orange crystals suitable forrdy diffraction. Yield 84%. Anal Calc. for
PdG7N30sH42Cl A0.5 CHCI, C, 56.79 %, H, 5.46 %, N, 5.30 %, found C, 56.634 %, H,
5.392 %, N, 5.18 %.'H NMR (500 MHz, CDCl,) 4 93J 273 H¢, iH quinolyl),
8.38 (d,2J=8.3 Hz, 1H quinolyl), 7.98 (d23J=8.1 Hz, 1Hquinolyl) , 7. 8071 7. 76 (1
quinolyl), 7.59 (dd2J = 8.0,43 = 5.1 Hz, 1H quinolyl), 7.53 (t3J= 7.7 Hz, 1H
quinolyl),7 . 481 7. 4IPrafyym, 72.H3 41 7IPraryl + ificiazolyp 3412
(hept,3J = 6.7 Hz, 4H CH(CHs)2), 1.31 (d2J = 6.7 Hz, 12H CH(CHs)2), 1.15 (d3) =
6.8 Hz,12H, CH(CHs)2). 13C NMR (126 MHzCD.Cl) U 153. 00, 149. 45,
135.60, 132.10, 130.50, 128.95, 128.54, 126.60, 124.79, 124.67, 123.61, 28.95, 26.20,
23.49.IR (thin film, cmY): 3c-0 1684; IR (CHClI,, cn?): 3c-0 1695.Unit cell (XRD):
monoclnic P,a=16.990(7) Ap=12.033(5)Ac= 20.317(8) i, b = 107

Synthesis ofPd(IPr)(C(O)C ¢HeN)][OTf] (2.30Tf).

A scintillation vial was charged with AgOTf (12.9 mg, 0.0495 mmol, 1.05 equiv)
and stirred irCHxClI> (1 mL). To this vial was adati2 (30 mg, 0.0473 mmol, 1 equiv) in
CH2Cl2> (1 mL) dropwise. After 1.5 h, the solution yell®uspensionvas filtered through
Celite and concentrated in vacuum to afford a yellow solid (24.4 mg, 65% \B&ba.

vapor diffusion of pentane into a concetethCHCI> solution yielded Xray quality
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crystals Anal. Calcd for PdésH42FsN3OsS A0.25CsH12: C, 56.51; H, 5.44; N, 5.04.

Found: C, 56.159; H, 5.768; N, 4.9534 NMR (500 MHz, CRCl,) ua 9.,15 (s, 1H
quinolyl), 8.33 (d3J = 6.4 Hz, 1H quinolyl), 7.95 (d2J = 7.1 Hz, 1H quinolyl), 7.79 (d,

3)=7.1 Hz, 1H quinolyl), 7.53 (t,3J = 7.6 Hz, 2H quinolyl), 7.44 (t3J= 7.8 Hz, 2H IPr

aryl) , 7. 3571 7IPrargl +imiagzolyp H 3. 1 571 TH(CHR)2),(1.86 (d33 H

= 6.6 Hz, 12HCH(CH3),), 1.16 (d2J = 6.8 Hz, 12HCH(CHs)2). °C NMR (126 MHz,

CD2Cly) U 178. 17 2 14654 148.(8, 13815439.483131.99, 130.53,

128.88, 128.55, 126.43, 124.78, 123.47, 122.12, 119.58, 28.90, 26.21 |R3thin

film, cm™): 3c-01681; IR (CHCl,, cnl): 3c-0 1688.Unit cell (XRD): monoclinic Pa =
16.8278(13) Ap= 12.0560(9/,c= 20.5321(16) i, b = 106.585

Synthesis ofPreparation of [Pd(IPr)(C(O)CoHeN)][BAr F4] (2.3BAr Fa4).

A vial was charged wit (0.2101 g, 0.3061 mmol) and NaBA{0.2802 g,
0.3162 mmol) and was added 10 mL of toluene at room temperature arddtien
mixture was stirred for 24 hours. The mixture was filtered through Celite and the filtrate
was concentrated and layered with hexane. A pale yellow precipitatedfamdat was
vacuum filtered and washed with hexane and dried in vacuo to yield
[PA(IPr)(C(O)GH:N)][BAr F] in 80 %."H NMR (500 MHz,CDCl) : U ¥=204 ( d,
Hz, 12 H CH(CHs)2), 1.30 (d2J = 7.0 Hz, 12 HCH(CHs)2), 2.82 (hept3) = 7.0 Hz, 4
H, CH(CHs)2), 7.36 (m, 6 HIPr aryl + imidazoly), 7.56 (m, 8 HHBArT aryl + IPr aryl +
quinolyl), 7.72 (br s, 8 HBArF, aryl), 7.89 (dd2J=7.0,43= 1.0 Hz, 1 H quinolyl), 8.07
(dd,3J=8.0,3=1.0 Hz, 1 Hquinolyl), 8. (dd,2J = 5.0,43 = 1.0 Hz, 1H, quinolyl), 8.46
(dd,33=8.5,43= 1.5 Hz, 1 Hquinolyl). 3C NMR (500 MHz, CBCl,) : 62i26,161.86,
161.47, 161.07, 149.89, 148.9246.09, 139.25, 134.71, 133.76, 132.74, 130.72, 129.01,
128.94, 128.92, 128.90, 128.88, 128.82, 128.70, 128.6 43, 288.63, 128.44, 127.75,
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125.58, 124.57, 124.44, 123.41, 117.38, 28.76, 25.03, Bedystallization from DCM

yielded [Pd(IPr)(C(0)@:N)(dcm)][BArF]. Anal. Calcd for GeHssBF24NsOPdA0.3

CHLCl:: C, 54.05; H, 3.57; N, 2.73. Found: C, 54.023t,3; N, 2.73. IR (thin film, cm
D:8c=01776; IR (CHCIz, cnl): 3c=0 1760.Unit cell (XRD): monoclinic Pa =

16.0382(7) Ab=11.9730(5)Ac= 18.0325(8) i, b = 107.70090

Synthesis & lithium 2-phenylimidazolide.

In an inert atmosphere gloveha 20 mL vial was charged with 200 mg (1.388
mmol) 2phenylimidazole and 8 mL toluene and cooled3® C. The suspension was
then stirred, anndbutdlithiom 4.6 M i Aear®e® was addea | )
dropwise via syringe. The suspension wasestifor 72 hours and dried in vagand
used directly without purificatiofH NMR (500 MHz, DMSQds) U 7 3J&8.3%0 d d ,
=1.3 Hz, 2Haryl), 7.17i 7.10 (m, 2H aryl), 6.89 (t,3) = 7.3 Hz, 1H aryl), 6.71 (s, 2H

imidazolyl).

Synthesis ofLi[ IMP -H].

In an inert atmosphere glovebox, a 20 mL vial was charged with 1150 mg (2.246
mmol) tris(pentafluorophenyl)borane and 10 mL toluene and cool&btcC. This
solution was stirred, and 169n(1.125 mmol) lithium Zhenylimidazolié¢ was added
and stirred for 95 hours. The vial was removed from the glovebox and 5 mL pentane was
added to precipitate the desired product as a white solid. The solid was filtered, washed
with pentane, and dried wraauo. Purification via slow diffusion gfentane into
DCM/THF yielded Xray quality crystals of the product as the Li(THEAlt. Yield 45%.
Anal. Calc. for LiGsN2Fz0B2H7 A3 C4HgO C, 49.24 %, H, 2.25 %, N, 2.01 %, found C,
49.410 %, H, 2.469 %, N, 1.9%6H NMR (500 MHz,CDCl)) @7 (d7J= 3.0 Hz,
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2H, aryl), 7.04 (t, 33 = 8.0 Hz, 1H aryl), 6.71 (t, 3J = 8.0 Hz, 2H aryl), 635(d,3J= 7.5

Hz, 2H imidazolyl) '*C NMR (126 MHzCDCl) & 149.56, 147.56, 14
137.80, 135.71, 129.17, 188, 127.41, 124.66°F NMR (471 MHz, CD.Cl.) -121.51,
-129.13,-15532, -157.21,-160.%, -163.44 B NMR (161 MHz,CD.Cl;) -856. Unit

cell (XRD): monoclinic Pa= 15.409(3) Ab=25.9695)Ac= 15. 454 (3) i, b
104.15(3)°.

Synthesis ofPd(IPr )(C(O)CoHeN)][IMP -H] (2.3[IMP -H]).
A 16 mL vial was charged with 32 mg (0.050 mm)I50 mg (0.051 mmol)
Li[IMP -H], and 5 mLDCM and stirred under air for 5 hours. The solution was filtered
through Celite and dried in vae. Purification via slow vaporiffusion of pentane into a
saturatedCM solution at-15 C yielded Xray quality crystals. Yield 78%. Anal Calc.
for PAG2NsOFRz0B2Ha9 C, 54.16 %, H, 2.72 %, N, 3.85 %, found C, 54.240 %, H, 2.860
%, N, 3.570 %'H NMR (500 MHz, CD:Cl;) i 83J 5813 H¢, fiH quinolyl), 8.24
(d,3J = 4.4 Hz, 1H quinolyl), 8.12 (d3J = 8.4 Hz, 1H quinolyl), 7.91 (dd3J=7.3,4 =
1.1 Hz,1H quinoly) , 7. 6 51 7quiBoBl), 1.561(t,] 2 4B Hz, 2H IPr ary),
7.40 (d,3J=7.8 Hz, 4HIPr ary), 7.36 (s, 2K IPr imidazoly), 7.17 (d3J= 2.9 Hz, 2H
IMP-H aryl), 7.03 (3] = 7.5 Hz, 1HIMP-H aryl), 6.70 (t,3 = 8.0 Hz, 2H IMP-H aryl),
6.36 (d,2J = 7.4 Hz, 2H IMP-H imidazoly)), 2.75 (hept3J = 7.0 Hz,4H, CH(CHs)>),
1.32 (d,3J = 6.8 Hz, 12H CH(CHa),), 1.27 (d3J = 6.9 Hz, 12HCH(CHa)2). 3C NMR
(126 MHz,CD.Cl) 4 175. 69, 150. 88, 149. 54, 146. 64,
129.45, 129.16, 128.65, 127.39, 125.06, 124.99, 124.65, 133.63, 29.24, 25.38,
24.68, 22.74, 14.22R (thin film, cnt?): 3c=0 1757; IR (CHClz, cni?): 3c=0 1760.Unit
cell (XRD): triclinic, a= 13.5146(16) Ap=16.338(2)Ac= 19. 705(3) i, U =
74.341(2)A, b = 72.487(2)A, o = 79.133(2)A
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Synthesis of Pd(IPr)(C(O)C ¢HsN)(OH2)][CIO 4] ([2.3(H20)][CIO 4]).
An 8 mL vial was charged with 100 mg (0.157 mmolR@ind 1 mL of toluene
and sirred under air. To this was added 39 mg (0.188 mmol) of AgIQ@ mL toluene.
Immediate precipitation of gellow solid occurred. The suspension was stirred for 5
minutes and then filtered throu@elite. The product was then flushed throughGeéte
with 10 mL of acetone to produce a homogeneous yellow solution, which was then dried
in vacuo. The product wgadissolved in minimdDCM, layered with pentane, and stored
at-15 C, producing yellow/orange crystals suitable feray diffraction. Due to
adventitious water, the product crystallized as the water adduct of the Pd cation. Yield
63%. Anal Calc. for Pd&N30eH44Cl AL.25 CHCI, C, 52.52 %, H, 5.36 %, N, 4.80 %,
found C, 52.549 %, H, 5.227 %, N, 4.668W.NMR (500 MHz,CRCl;) & 9311 (dd,
=5.0,%) = 1.3 Hz, 1H quinolyl), 8.41 (dd3J = 8.3,] = 1.3 Hz, 1H quinolyl), 8.00 (dd,
3)=8.1,=1.2 Hz, 1H quinolyl), 7.79 (dd3J = 7.3,43 = 1.2 Hz, 1H quinolyl), 7.63
(dd,3J=8.3,3)=5.0 Hz, 1H quinolyl), 7.54 (dd3J = 8.0,3] = 7.3 Hz,1H, quinolyl),
7. 4871 7. 41Brafydm, 7R.H3 571 7IPr2rgl + imicazolyp 3406 phept 3 =
6.8 Hz, 4H CH(CHa)2)), 1.85 (s, 6HH20), 1.31 (d3J = 6.7 Hz, 12HCH(CHa)2), 1.17
(d,3J= 6.8 Hz, 12HCH(CHs)2). 3C NMR (126 MHzCDCl) & 178 . 2®66, 152. 6
146.89, 139.02135.55, 132.28, 130.88, 128.85, 126.68, 124.98, 1242899, 121.92,
29.20, 26.52, 23.61R (thin film, cm®): 3c-0 1687; IR (CHCly, cnil): 3c-0 1670.Unit
cell (XRD): triclinic,a= 18.9296(9) Ap=21.0012(10) Ac=3212448 7 ( 12) j, U =
109.545(2)A, b = 101.011(2)A, 9 = 104.394(

Synthesis ofPd(IPr)(C(O)C oHeN)(pip)][BATr F4].
([2.3(pip)][BArF 4]) was prepared via recrystallization3BAr", in the presence
of piperidine. Anal. Calcd for faHesBF24N4OPd: C, 55.57; H, 4.10, 3.50. Found: C,
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55.29; H, 3.98; N, 3.14R (thin film, cn?): 3cz0 1677; IR (CHClz, cnml): 3c=0 1679.
Unit cell (XRD): monoclinic Pa=11.9780(11) Ab = 16.1106(16) A¢ = 36.227(4) A,
b = 90.511(2)A.

Synthesis ofPd(IPr)(C(O)C ¢HsN)(MeCN)][BAr F4] ([2.3(MeCN)][BAr Fa4]).

Recrystallization oR2.3BArF4in the presence of acetontirile yielded
[Pd(IPr)(C(O)GHsN)(MeCN)][BArF]. H NMR (500 MHz, CRCl;) & 8 358 (dd,
5.0,4)= 1.2 Hz, 1H quinolyl), 8.48 (dd3J = 8.3, = 1.3 Hz, 1H quinolyl), 8.04 (dd,3J
=8.1,7=1.2 Hz, 1H quinolyl), 7.88 (dd3J=7.3,J=1.2 Hz, 1Hquinoly) , 7. 7571 7. 6
(m, 8H, BArF,aryl), 7.62 (dd3J=8.0,3J= 7.3 Hz, 1H quinolyl), 7.58 (d3J = 5.0 Hz,
1H, quinolyl), 7.56 (d2J=7.1Hz, 4HIPrary) , 7 . 4@, 2H IPrad)3, 7. 3571 7. 2¢
(m, 6H, IPrimidazolyl + BArF4 aryl), 3.01 pept 3J = 14.3, 6.8 Hz, 4HCH(CHz)2)), 2.19
(s, 3H MeCNCHs), 1.26 (d2J = 6.7 Hz, 12HCH(CHs),), 1.18 (d3J = 6.8 Hz, 12H
CH(CHa)2). °C NMR (126 MHzCD.Cl) 1§ 1 5 82, 538.93, 183542613250,

130.86, 125.10, 124.84, 123.16, 117.86, 29.00, 26.14, 23.61, 3.79. Anal. Calcd for
C71H57BF24N40PdC, 54.82; H, 3.69; N, 3.60. Found: C, 54.79; H,3.56; N, 3.53. IR

(thin film, cn?) :c-0 3689; IR (CHCIy, cnl) :c-01690.Unit cell (XRD): monoclinic
P,a=11.824(6) Ab=16.1148)Ac= 36.304(17) i, b = 91.144(

Solvent effect studies
6 0 0 ¢ L eMsolutiand of2.2, 2.3BF4, 2.3PFs, and2.3BAr F4 were each
prepared in 100% CiTl>, 90:10 CRCI2:C7Ds, 7525 CD:Cl»:C7Ds, and 50:50

CD.Cl,:C7Ds, and*H NMR spectra were obtained for each
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Computational Details.

All computational work was performed by Professor Graham E. Dobereiner.
Density functional theory (DFT) calculations were performed uGiagssian 16,
Revision A.03(keywords in parenthesis below)Gasphase optimized geometries were
obtained using the M®functional (M06)® and 631g(d,p) basis s&t(6-31g(d,p)) for all
nonmetal atoms except Sb, for which a Stuttdgamésden effective core potentfal
(SDD) and SDBcc-pVTZ basis séf were used; for Pd, a Stuttg@dtesden dective
core potential antasis séf (SDD) was complimented with arpolarization functiorf?
Tight convergence criteria (opt=tight) and an ultrafine grid (int=ultrafine) were specified.
A frequency calculationn optimized structuragvealed namaginary frequencies
indicating the structures werminima on the potential energy surfaGptimized
structures weréhenreevaluated using the M06 function@6), the def2TZVP basis
sef! (def2tzvp) with density fitting basis sets (auto) on all-noetal atomsand SDD+f
on Pd.The resulting singkpoint calculations were used as input ffatural Bond

Orbital (NBO) analysisusing NBO version 6.6/
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF PHENYLIMIDAZOLE -
BASED WEAKLY -COORDINATING ANIONS

3.1. Introduction

Weakly-coordinating anions (WCASs) such as OBF -, Pk, ClOs7, NTf2 ",
and many others have been used extensively across chemical disciplmes far
century: The effects of these anions on transitinetatcatalyzed reactions have been
extensively documented, frequently with contréalig results aso which anion results in
the most active catalyst€ Though hese anion effects are frequently not probed beyond
reaction optimization, it is cledinat small diferences in anion behavior can have large
implications in the mechanisms of catalytic reactions. The few examples of mechanistic
study on these anion eftschave yielded useful synthetic insi§fftAnion functionalities
can participate in ctalytic reactions, often improving catalytic activity; for example,
anions bearing sulfonates or carbonyls can act as hydrogen bond acceptors, facilitatin
steps such as proton transfer or nucleophilic attack. Though these interactions do n
always improe catalytic rates, the observation that these functionalities can control
catalyst reactivity gives rise to the possibility of an enormous range ofstataly

improvements.
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Over the past few decades, several new classes of WCAs have béesiggalt
and subsquently used in myriad applicatioh¥he most welexplored WCAs include
fluorinated aryl borate¥:'* alkoxy- and arybxymetallate¥’, and carboranbased anions
(Figure 3.1)t3 The extremely low basicity and nucleophitjcof these anios has
allowed for the isolation of exotic species such as the [H@DESr F4] superacid
( Br o o k h a'f Thi$lack af muclabphilic or basic sites Is@proposed tbe
responsible for increased stability of transition metaitaining ion pairs; coordination to
the metal center is often a degradation pathway for ains pand because the anions do

not strongly coordinate, decomposition is prevented.

F1C cF, Ol
CF;

R "r" F‘\“‘ "' o
— CF; F_-l_;/B B\__—_—F A|\I )4
R .
CF; . .’F

Figure 3.1. Recent classes of WCAs.édft- BArF4 -, middle- fluorinated carborane,
right - tertbutoxy aluminate

Much of the research in this area has been driven by the desire to create anions
that are more wakly-coordinating than those previously reported, as increased catalytic
activity hasfrequently keen attributed to decreased coordination of the anion paired with
a cationic transition metal catalyst® Unfortunately, the idea that more weakly
coordinating anions are better for catalysislbdgo a lak of interest in studying how

cationranion interactions can be used to control and improve reactivity.



In addition to the anions described above, Klosin@wlorkers reported the
preparation of an imidazoleased scaffold for a new class aéakly-coordnating anions
(Figure 3.2 When substituted with a phenyl ring@®, several anions of this type
bearing functinal groupsave also been reportétthese anions were ed as part of a
heterogeneous supported catalyst system, and have not yet foundhos®geneous

transition metal catalysis.

ol
B(CeFs)3
@)
N
B(CsFs)3
Figure 3.2. Parent imidazolebased weaklycoordinating anion

The synthesis,l@aracterization, and coordinating ability of several new
functionalized phenylimdazoleased WCAsre described in this chapter. A modified
synthesis based on the initial work of Klosin and coworkers is reported, as is the
synthesis and characterizationseiveral new functionalized imidazoles. The anions are
characterized using NMR andrdy diffraction, and their coordinating ability is assessed

using the scale described in Chapter 2.

3.2. Synthesis and Characterization of WeakhCoordinating Anions

3.21. Synthesis of substituted phenylimidazoles

While imidazoles3.1 and3.5 are commagially available, most of the aryl
substituted phenylimidazoles in the present work were synthesized by the one of the
following methods. Imidazole3.2-4 and3.6 were pepared in modest yields but

extremely high purity using the method reporgdZhichkin and coworkers (Figures 3.3,
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3.4) 1% However, the method is not general, since it requires eleatitdrawing

functionality on the ring.

Hsz\I,OEt

1) OEt

N
o HN HOAc, 50 °C, 1 h \>_©_
NCOEWG 10 mol %NaOMe__ @EWG . [N EWG
H

MeOH, 2 h MeO 2) HCI, reflux, 5 h

Figure 3.3. Synthesis of phenylimidazole bearing electrorwithdrawing
functionalities.

Figure 3.4. Thermal ellipsoid plot of imidazole3.6. Ellipsoids shown &#50%
probability, hydrogen ators shown as batand-stick.

The acyl chloridesubstitued phenylimidazol8.8 was prepared from acRl7 as
reportedby Eastman and coworkers!® Amide-functionalized phenylimidazolegs9-
3.11were syntlesized under typical amide formation conditions (Figures 3.51%.6).
Surprisingly, reaction of ammonia with the acid chloride failed to form the secondary

amide inreasonable yield ( < 10%).
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Figure 3.5. Synthesis of amiddunctionalized phenyllmldazoles

Imidazoles bearing more Lewirasic functionalities, such as a nitrile and an alcohol,
were also synthesized; hoverythese functionalities were not tolerated in subsequent

steps for making the desitanions.

- - - s -
-

Figure 3.6. Thermal ellipsoid plot of imidazole3.9. Ellipsoids shown at 50%
probability, hydrogen atomsshown as balland-stick.

N N N N
O O Lo [rOrcome
N N N N
H H H H
3.1 3.2 3.3 3.4

O E@ -0, 0O

3.5 3.7 3.8

-0 EH@E“M 04,

3.9 3.10 3.1

Figure 3.7. Purchased or synthesized substituted phenylimidazoles used
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3.2.2. Synthesis and characterization of [HRP anions.

Anions bearing substituted phenylimidazole groups FHR]' anions) were
synthesized based on a modifieztsion of the procedure reporteg Klosin and
coworkers (Figure 3.8)Recrystallization from a concentrated dichlorometh@hi-
solutionvia slow diffusion ofpentane or hexanes yieldedrXy quality crystals of each
of the sodium salts, with the sodium bound to THF molecules and often to ahasigs
p-phenyl functionality othe B(GFs)s fluorine atoms(Figure 3.9YVhile the initial
reporf usesn-BuLi to deprotonate the imidazole in toluene, &safound thathis
reaction can be achieved with NaH in THF with much shorter reaotn@s. Using a
sodium base instead of lithium also avoids the issue of litfluonide abstraction when
the fluorinated borane is added (Figure 3.10¥ labstractiowas occasiongt observed

if the suspension of deprotonated imidazeés not cooled por to the addition of the

borane.
G)j ®Na
N __ R B(CeFs)s
(> 5 —NeH ["\)_@ B(CeFsly _ @@
N THF N Toluene
H -35°C to RT Na -35°C to RT B(CGF5)3

Overnight
Na[IMP-R] or [BIMP]
Figure 3.8. Synthesis ofIMP -R]" anions
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\ ™ 4
yZ 7\ > P 8
\\,_‘\. AN/
[IMP-(CF3),] [IMP-pipA]

Figure 3.9. Thermal ellipsoid plots of anions [IMP-H]', [IMP -CO2Me]', [IMP -
(CFs3)2]" and [IMP -pipA]'. Ellipsoids shown at 50% probability.Hydrogen atoms
hidden for clarity. Sodium cations and THF molecules hidden for clarity except for
[IMP -pipA]", which shows the typical binding modes of the Niacation to the anion
and solventmolecules.
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No

Figure 3.10. Demmposition products observed usingn-BuLi for deprotonation or
not cooling the final step of tke synthesis. Topthermal ellipsoid plots of
decomposition products, ellipsoids showat 50% probability. Hydrogen atomsand
solvent hidden for clarity, CsFs rings shown in wireframe for clarity on right
structure. Bottom- ChemDraw representations of decmposition products.

In an effort to access anions bearing functionalities besiddsogi@athdrawing
groups, further functionalization of [IMEO:Me]' and [IMP-DMA]' was achieved
through lithium aluminum hydride reduction (Figure 3.11). The correspoidtogol
and amine were isolated in good yields (~80%), andyXquality crystals oéach were
obtained through slow vapor diffusion of hexanes into a cond¢edtra

dichloromethane/THF solution (Figure 3.12).
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®Na ®Na

ol ol

B(CeFs)3 B(CsFs)3

O g O

(Me)n 350 ¢ to RT

E B CgF

B(CeFs)3 Overnight (CeFs)3
Y=0,N Z = OH or N(Me),
n=1or2

Figure 3.11. Reduction of methyl ester and dimethyl amide functionalities to the
corresponding alcohol and amine.

[IMP-CH,OH] [IMP-CH,N(Me),]

Figure 3.12. Thermal ellipsoid plots of Na[IMP-CH20H]" and Na[IMP-CH2N(Me)]’
. Ellipsoids shown at 50% probability,hydrogen atoms cation, and solvent hidden
for clarity.

Characterization of anions by NMR vyielded valuable informagibaut their

behavior in solution at room temperature. While the expected signals and couplings for

the protms were observed®F NMR revealed unexpected inequivalence between the two

boryl subsituents (Figure 3.13). Klosin and cowork&rsport three signals in tHéF
NMR for the parent imidazole anion (Figure 3cB)responding to thertho, metg and
parafluorine substituets. The presence of the phenyl ring on the C2 carbon of the

imidazole likely inhibits rotation of theiGdazole-Caryi bond. The"B spectrum shows only
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one somewhat broad peak (Figure 3.13)yg&sting the cause of the magnetic

inequivalence of the 6 Fans does not perturb the boron centers substantially.

o) n w0 N~
(i3] N T =T O (o]
N m WO T O w0
o~ ™M WO Ww W0 '
— — v v v~
1 1
| (| |
|
-120 -130 140 -150 -160 -170 -1 0 0 -10 -20 -30 -40
(ppm)

f1 {ppm) f1

Figure 3.13. 1°F NMR (left) and !B (right) spectra of Na[IMT;-pipA] "in CD2Clo>.

3.3. Asgssment of IMRR Anion Coordinating Ability

3.3.1. Xraystudies

In an effort to understand the coordinating abilities of these new functionalized
WCASs, they were pairedith cation2.3 (Figure 3.14) and assessed in a similar manner to
the anions descrildein Chapter 2. Recrystallization from @El2/pentane yikeled X-ray
quality crystals oR.3with [IMP-H] (reported in Chapter 2), [IMEF]', [IMP-NO]',
[IMP-(CFs)2]" ard [IMP-CO:Me]' (Figure 3.15). Th@.3IMP -CF3] and2.3IMP -

(CF3)2] complexes were fouhto be outesphere in the solid state, whR2e3IMP -NO2]
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and2.3IMP -CO2Me] were isolated as innaphere complexes. Ti2e3BIMP] ion pair

could not be isolated @aly, but as there is no functionality present on this anion, it is

likely it would behave in a similar manner to [IMR]'. The2.3IMP -CH2N(Me)2] ion

pair was also synthesized, though neither an analytically pure sample nor crystal structure
was obtainedThe 2.3IMP -CH20H)] ion pair was not obtained; the strongly Lewwesic
character oftte alcohol and amine substituents likely leads to tigidlynd anions even

in solution state. The resulting Zwitterionic species would have a high degree of charge

sepaation, possibly leading to unpredictable solubility and difficult isolation.

pa’"" Na[lMP-R]

N €l CH.CI

\ I

R= CF3, 3,5-(CF3)2 R= N02, COzMG
Figure 3.14. Synthesis oR2.3IMP -R] ion pairs.
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Figure 3.15. Thermal ellipsoid plots of 2.3IMP -R] ion pairs. R = CFs (top left), 3,5
bis CFs (top right), NO2 (bottom left), and CO:Me (bottom right). The
trifluoromethyl -substituted anions are outersphere, whereas the nitreand ester
functionalized anions are innersphere.Ellip soids shown at 50% probability,
hydrogen atoms hidden for clarity, CsFs rings and diisopropylphenyl substituents
shown in wireframe.

When the neutral Pd complex was reacted with the sodium salts of the amide
functionalized IMP-R]' anions, a large amount pale yellowprecipitate was observed
almost immediately. The precipitate was inst¢dul nonpolar organic solvents and was
soluble in DMSO. Recrystallization of tlRe3IMP -pipA] and2.3[IMP -DMA] ion pairs
from CHCl>/MeCN/pentane yielded Xay qualitycrystals of the acetonitrile adduct of
the palladium cation with outesphergIMP-R]' anions (Figure 3.16). TH23JIMP -

DBA] ion pair was not isolated.
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Figure 3.16. Thermal dlipsoid plot of [2.3(MeCN][IMP -pipA]. Ellipsoids shown at
50% probability, hydrogen atoms hidden for clarity, CeFs rings and
diisopropylphenyl substituents shown in wireframe.

Percent buried volumé&4Vhur) calculations were performed for the irnsghere
structure.3JIMP -NO2] and2.3[IMP -CO2Me] starting from Xray structures using the
SambVca2 program developed bgn@llo and coworker€. Both the[IMP-NOz]" (%Vour
=16.9) andIMP-CO;Me]" (%Vour = 18.7) anions fell below the steric threshold (19.2%)

previously determined as a criteria for iisphere anion binding.

3.3.2. NMR and IR studies

The chenical shift of the methine protons of the IPr ligand shows a strong
dependence on the anion paired with the Pd cation (Chaptefi)ugh some of the
[IMP-R]" anions were found to be inasphere in the solid sitall of them appear to be

unbound to the cation in solution baseddNMR. The methine proton emical shift
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for all of the Pd complexes is essentially identical regardless of the counter anion (Table

3.1), and corresponds to the shift seen for eggiere complexes described in Chapter 2.
Proton NMR of2.3IMP -DMA] in DMSO-ds revealed that the saie was

extremely pure, though initially it was unclear if the donor bound to the palladium center

was DMSO, [IMRDMA]', or other possible structures. Theestrum of2.3BAr F4] in

DMSO-ds is markedly different (Figure 3.17), suggesting that the boundespismot

DMSO. It is possible that in DMSO thigMP-DMA]" anion is still bound to the Pd

cation, causing the loss of symmetry seen in the aliphatic regite spectrum; this is

consistent with the spectrum seen for the neutral palladium complexghalide

abstraction, though the chemical shifts do not correspond to this complex either.

[Pd][BArF4]

110 105 100 ER) 3.0 &5 &0 s 0 &85 &0 ; 5.5 ) 50 45 4.0 35 3.0 25 20 15 1.0 0.5 0.0
1 (ppm

Figure 3.17.H NMR spectra of the2.3BAr F4] (top) and 2.3IMP -DMA] complexes
in DMSO-ds. Four sets of doublets ee seen between 0.75 and 1.3 for tHEVIP -
DMA] ion pair, whereas only two sets are seen for the BArion pair.

81



In an efort to obtain information about how an anioaimide would affect the Pd
cation, the aniofpyrr(BCF)] ' wassynthesizedqFigure3.18 and paired with the Pd

cation.

Na ,B(Cs':s)sgl ®Na

N B(CeFs)s N
o —> (o) 2 |/\)=o
THF, -35 °C Toluene, -35 °C

Figure 3.18 Thermal ellipsoid plot of Na[pyrr(BCF)] . Ellipsoids shown at 50%
probability , hydrogen atoms hidden for tarity.

IR spectroscopy was used to probe the streofgmion donation to the Pd cation

by monitoring the C=Qy stretch when the cation was paired with different anions (Table

3.1). These measurements were done in both the solid and solution staifer;ea

behavior had been seen for th8BF4] ion pair as a solid and in solution. Whaé of

the solutiorstate C=0 stretches were nearly identical, a clear difference can be seen in

the solid state between the inrspghere and outesphere compless. Using DFT, the
innersphere2 3[IMP -NO2], 2.3IMP -CO2Me], and2.3IMP -DMA] structures wex

modeled and calculated C=0 stretches were obtained, with relatively good agreement
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with experimentally determined frequencies. Owgjiginere complexes were not
computed.

To investigate the structural features oftl®adind amides and esters, as well as the
strength of interaction between the Pd cation and carbonyl oxygens, model complexes
featuring methylbenzoate;@rrolidinone, andN-methyt2-pyrrolidinone as doors were
synthesized from th2.3BAr F4] ion pair. Recystallization of the ion pair from
CHCl,/pentane in the presence of the amide resulted in large yellow crystals of the Pd
bound amide complexeBifure 3.D). Although the Xray structure o2.3IMP -CO-
2Me] features anion/cation bindirigsuggesting esterare suitable ligands for the Pd
cation - methyl benzoate does not bind in the solid state, and does not influence the

methine signal in the proton NMR.

Figure 3.19. Thermal ellipsoid plot of [2.3(N-methyl-2-pyrrolidinone)]BAr Fa.
Ellipsoids shown at 50% probability, diisopropylphenyl groups shown in wireframe,
anion and hydrogen atomshidden for clarity.
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Table 3.1. NMR and IR data for [Pd][X] ion pairs

U Met  3sco, ATR-IR 3co, DCM 3co, DFT
Anion/Donor
(Pppm) (cm?) (cm?) (cm?)
[IMP -H]' 2.75 1757 1760 -
[IMP -CF3]' 2.74 1770 1761 -
[IMP -(CF3)2]' 2.75 1755 1761 -
[IMP -NOZ]' 2.76 1737 1760 1730
[IMP -CO2Me]' 2.76 1729 1761 1730
[IMP-DMAT -2 1695 -a 1728
[IMP-pipA]' -a 1695 _a ]
2-pyrrolidone 2.99 1689 1691 1674
N-methyl-2-
3.03 1689 1688 -
pyrrolidone
[pyrr(BCF) ]! 3.10 1683 1681 -
BArF4 2.75 1776 1760 1777
BF4' 2.89 1689 1760 1718

22.3IMP -DMA] and2.3IMP -pipA] complexes are insoluble in dichlorethane

3.4. Discussion

Based on Xray and IR data, the various functionalities on the IMP anions have a
large effect on how strong of a donor the anion is. Aside from the gomdgonalized
anions, however, all of themions assessed appear to behaaeviery similar manner in
solution. The amides may be strong enough Lewis bases to fully coordinate in solution,
resulting in an insoluble Zwitterion. This is consistent with the significantly lower

frequencysolid-stateC=0xcy Stretch for these ion paies compared to the soluble
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[IMP-NO;]' and[IMP-CO:Me]' complexes. Filgueiras and Huhezxamined the Lewis
basicity of a series of amides, ketones, and carbonates, and found that amides,
particularly acylic amides such Bs, Mithethylacetamide, are sifjeantly more Lewis
basic than their carbonat e anofthenitegep ar t s
atom into the C=0 systen?? Our findings areonsistent with this, as the difference
between the solidtate C=0 stretch of tH2JIMP -CO2Me] ion pair is 36 crit higher

than the2.3IMP -DMA] ion pair. In factthe amidecontaining anions more closely
resemble the behavior of the psetinloersphereBF,' anion than the outesphergIMP-

R]" anions. This unique coordinating ability may lead to interesting effects on catalysis;
Zhdanko and Maier report that tram@ounts of dimethylformamide can enhance the rate
of gold-catalyzed alkyne hydroalkoxylah by hydrogen binding to the nucleophilic
alcohol?® The amidefunctionalized anions may be able to perform a similar function
while being easier to remove from the desired product as well as increasing atom

econony by both balancing charge and acting as-aatalyst.

3.5. Conclusions

A series of fugtionalized phenylimidazolbased weakly coordinating anions was
synthesized and characteriagd 'H, 1B, and'®F NMR as well as singterystal xray
diffraction. Seeral of these anions were paired with tdion2.3, and their relative
coordinating abilities were assessed using NMR, HRay and DFT. In the solid state,
the anions have a large range of donaliteds based on the C=Q) stretching
frequencieswith the coordinating abilities of the anions following the trfiviP-H]' ~
[IMP-CFs]' ~[IMP-(CFs)2]' < [IMP-NO3]' < [IMP-CO:Me]' < [IMP-DMA]" ~[IMP-

pipA]'. In solution, all of the soluble anions &ap to be outesphere based on both the
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'H NMR and R spectra; the insolubility of tf23IMP -amide] ion pairs likely results
from the formation of Zwitterionic species with a high degree of charge separation. The
functionalities on these anions may léadarge differences in catalytic activity when

paired with a cationic catalyst.

3.6. Experimental

Unless otherwise specified, all manipulations were performed under adry N
atmosphere using standard Schlenk techniques or a Vacuum Atmospheres inert
atmasphere glovebox. Analytical data were obtained froeM@ENTC Elemental
Analysis Facility at the University of Rochester, funded by NSF ©BE)456. NMR
spectra were collected on Bruker Avance 11l 500 and 400 MHz instrumentviR
chemi cal 9 hrereféerenced to residpap protiosolvent resonamces’C
NMR chemical shifts are referenced to the deuterated solventbEakfluorobenzene)
and3!P (phosphoric acid)MR chemical shifts were referenced to external standaRls.
spectra were collected on a Thermo Scientific Nickd8 FT-IR benchtop spectrometer
with either a iD5 diamond ATR or iD1 transmissiaccessory. Dichloromethane (DCM),
tetrahydrofuran (THF), pentane, acetonitrile, and toluene were purified using a
commercial solvent purification system. All deuterated NStivents (Cambridge
Isotope Laboratories) were dried over activated 4 A molesigaes for 48 h before use.
Tris(pentafluorophenyl)borane (B{Es)3) was donated by Boulder Scientific and purified
via sublimation (100 mtorr, 90 °C) prior to use. All benitriles, aminoacetaldehyde
diethyl acetal, dimethylamine soluticemyddi-n-butlyamine were purchased from

Oakwood Chemical®iperidine and lithium aluminum hydride were purchased from
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Fischer Sciatific. Sodium hydride2-phenylimidazoleand 2phenyltenzimidazole were
purchased from Sigma AlrdicB-(4-(trifluoromethyl)phenyl)imidaole, 2(4-
nitrophenyl)imidazole, and methyt@midazol2-yl)benzoate were prepared as reported
by Zhichkin and cowders!® Sodium tetrakis(3Bistrifuloromethyl)phenylborate
(NaBAr,) was prepared using the procedure of Yakatid Bergmar® [Pd( €CI)(C(O)
CoHsN)]2 was prepared as reported by Pregosin and cowd¥kers.
[Pd(IPr)(C(O)GHesN)CI] was prepared as previously reported by our gfodp(1H-
imidazok2-yl)benzoic acid was synthesized according to the procedure of Hadgédern.
(1H-imidazol2-yl)benzoyl chloride was synthesized according to the patened ly
Eastman and coworket8All computational work was performed by Professor Graham

E. Dobereiner.

Synthesis ofSodium 2-(4-(trifluoromethyl)phenyl)imidazolide .

In an inert atmosphere glovebox, a 16 mL vial was charged with 133 n2% (0.6
mmol) 2-(4-(trifluoromethyl)phenyl)imidazole and 10 mL THF and cooled3®i C.
The suspension was then stirred, and 15 mg (0.625 mmol) sodium hydride was added.
The suspension was stirred for 20 hours and drieddna Yield 99%'H NMR (500
MHz, DMSO-ds) 805 (d,3)= 7.9 Hz, 2H aryl), 7.48 (d3J = 8.1 Hz, 2H aryl), 6.84 6,

2H, imidazolyl).

Synthesis ofNa[IMP -CF3].

In an inert atmosphere glovebox, a 16 mL vial was charged with 140 mg (0.598
mmol) sodium 24-(trifluoromethyl)phenyl)imidazotie and8 mL toluene and cooled to
-351C. This solution was stirred, and 613 (AgL97 mmol) tris(pentaflurophenyl) borane

was added and stirred for 23 hours while coming to RT. The vial was removed from the
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glovebox and 75 mL pentane was added to pretgthedesired product as a white

solid. The solid was filtered, washed withrpane, and dried imacua Purification via

slow diffusion of pentane into methylene chloride/THF yieldeda)X quality crystals of

the product as the Na(THf9alt. Yield 62% Anal. Calc. for

NaCagN2F33BoHsA 1 . A B 0 . 2@, CAAB.50 %, H, 1.47 %, N, 1.99 %, found C,

45.214 %, H, 1.829 %, N, 1.894% NMR (500 MHz,CD.Cl) G 7.,20 ( s, 2 H
imidazolyl), 7.02 (d2J = 8.4 Hz, 2H aryl), 6.58 (d2J = 7.6 Hz, 2H aryl). **C NMR (126

MHz, CD-Cl,) 140.45, 14.87, 47.52, 132.62, 131.05, 130.79, 129.89, 127.13, 125.32,
125.02, 124.09"F NMR (471 MHz,CD.Cl,) -68.95,-126.72,-133.16,-158.80,-
160.16,-164.61,-166.90.'B NMR (161 MHz,CD.Cl;) -8124.Unit cell (XRD)

monoclinic P,a=13.103(3) Ap=27136(5A,c= 16. 187 (3) 372 i, b

Synthesis 0f2.3IMP -CF3]

In an inert atmosphere glovebox, a 4 mL vial was charged with 30 mg (0.048
mmol) of Pd(quin)(IPxCl, and 2 mL of dichloromethane and stirred to dissolve. To the
bright orange solitin wasadded 60 mg (0.048 mmol) of Na[IMPF;], and the solution
immediately turned bright yellow. The reaction was allowed to stir for 2.5 h and the
solution was filteredhrough celite, layered with pentane, and store@%C to afford
X-ray quality e¢ystalsas yellow needles. Yield 81%. Anal Calc. for
PdG2NsOFs0B2H40A Col2 C, 51.18 %, H, 2.56 %, N, 3.55 %, found C, 51.119 %, H,
2.720 %, N, 3.488 %H NMR (500 MHz,CD,Cl;) U 8315821 H¥, tiH quinoly)),
8.22 (d,2J = 4.8 Hz, 1H quinolyl), 8.13 @, 3J = 8.1 Hz, 1H quinolyl), 7.92 (d3J= 7.3
Hz, 1H, quinolyl), 7.66i 7.60 (m, 2H quinolyl), 7.57 (t3J = 7.8 Hz, 2H IPr ary), 7.43
i 7.34 (m, 6H IPr aryl+ imidazoly)), 7.20 (s, 2HIMP-CFs imidazolyl), 7.00 (d3J= 8.5
Hz, 2H IMP-CRs aryl), 6.58 (d,3] = 7.6 Hz, 2H IMP-CFs aryl), 2.74 (hept3] = 6.5 Hz,
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4H, CH(CHa)2), 1.32 (d2J = 6.8 Hz, 12H CH(CHs)2), 1.27 (d3J = 6.9 Hz, 12H

CH(CHs)2).®C NMR (126 MHzCD:Cl;) 4 147.80, 146.61, 139.

129.94, 129.64, 129.372%.27, 124.96, 124.04, 123.90, 29.38, 25.11, 25.05. IR (thin

film, cm™): 3c01770; IR (CHCly, cn?): 3co 1761.Unit cell (XRD) triclinic, a =

14.1686(15) Ap=18.684(2) Ac=19.045¢) i, U = 114.321(4) A,
107.830(4)°

Synthesis ofSodium 2(4-(nitro)phenyl)imidazolide.

In an inert atmosphere glovebox, a 16 mL vial was charged with 118 mg (0.625
mmol) 2(4-(nitro)pheny)imidazole and 10 mL THF and cooled-851C. The
suspension was then stirred, and 15 mg (0.625 mmol) sodium hydride was added. The
suspension was stirred for 20 hours and driechoua Yield 99%'H NMR (500 MHz,
DMSO-ds) U 8. ,aldl), §.95 (s2H4ifdidazolyl).

Synthesis ofNa[IMP -NO2].

In an inert atmosphere glovebox, a 16 mL vial was charged with 125 mg (0.592
mmol) sodium 24-(nitro)phenyl)imidazolide and 8 mL toluene and cooleeBt®i C.
This solution was stirred, and 607 mg (1.18 mnrid)pentaflurophenyl) borane was
added andtsred for 23 hours while coming to RT. The vial was removed from the
glovebox and 75 mL pentane was added to precipitate the desired product as a light
brown solid. The solid was filtered, washed with pentand,dried invacua Purification
via slow difusion of pentane into methylene chloride/THF yieldeda}{ quality crystals
of the product as the Na(THfalt. Yield 62%. Anal. Calc. for
NaCssN3Fz0B2HsA 1 4HBCCC, 45.60 %, H, 1.35 %, N, 3.13 %, found C, 45.418 %, H,
1.684 %, N, 3.238%4H NMR (500 MHz,CD:Cl;) U  73J=6911 H¢,2H, aryl), 7.25
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(d,*J = 3.5 Hz,2H, aryl), 6.63 (d2J = 8.1 Hz,2H, imidazoly). 13C NMR (126 MHz,
CD2Cly) u 1 47%4,3487, 14681, 140.97, 138.98, 137.90, 136.51, 135.85,
131.12, 125.72, 122.176F NMR (471 MHz, Methylene Chloriddz) -126.07,-133.20,
-158.60,-159.84,-164.54,-166.62.*'B NMR (161 MHz,CD,Cl;) -8i07.

Synthesis 0f2.3IMP -NO2].

In an inet atmosymere glovebox, a 4 mL vial was charged with 50 mg (0.079
mmol) of Pd(quin)(IPr)Cl, and 2 mL of dichloromethane and stirred to dissolve. To the
bright orange solution was added 107 mg (0.087 mmol) of NaN@)|, and the
solution immediately turnedright yellow. The reaction was allowed to stir for 16.5 h
and the solution was filtered through celite, and layered with pentane. This resulted in the
product oiling out; layer diffusion of HMDSO into dichloromethane resulted in an
analytically pure sampl Subsguent vapor diffusion of pentane into a concentrated
toluene solution yielded -Xay quality crystals as yellow blocks. Yield 92%. Anal Calc.
for PAG1NeOzF30B2H49 C, 52.52 %, H, 2.67 %, N, 4.54 %, found C, 52.473 %, H, 2.364
%, N, 4.516 %'H NMR (500 MHz,CD:Cl,) i  83J=5823 H¢, iH quinolyl), 8.21
(d,33= 4.6 Hz, 1H quinolyl), 8.17i 8.10 (m, 1H quinolyl), 7.92 (dd3J=7.3,3J=1.0
Hz, 1H, quinolyl), 7.65i 7.52 (m, 6H quinolyl + IPr aryl + IMPNO; aryl), 7.39 (d3J =
7.8 Hz, 4H IPr ary), 7.36(s, 2H IPr imidazoly), 7.24 (d3J = 4.0 Hz, 2H IMP-NO;
aryl), 6.59 (d,2J= 7.9 Hz, 2H IMP-NO; imidzolyl), 2.76 (hept3] = 6.4 Hz, 4H
CH(CHa)2), 1.31 (d3J = 6.8 Hz, 12H CH(CHa),), 1.27 (d3J = 6.9 Hz, 12H CH(CHs)y).
13C NMR (126 MHz,CD,Cl;) 116.12, 150.78, 149.37, 147.45, 146.58, 139.87, 138.97,
137.94, 135.80, 135.54, 133.85, 133.73, 131.30, 130.91, 129.61, 129.36, 125.53, 125.09,
124.%, 123.87, 122.02, 29.33, 25.13, 24.97. IR (thin film;4:mc01737; IR (CHCI,,
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cml): 3co01761.Unit cell (XRD) monoclinic Pa = 18.6043(18) Ab = 26.890(3) Ac =
21.779(2) i, b = 101.862(2)A,

Synthesis ofSodium 2(4-(COz2Me)phenyl)imidazolide.

In an inert atmosphere glovebox, a 16 mL vial was charged with 202 mg (1.00
mmol) 2(4-(CO.Me)phenyl)imidazte and 15 mL THF and cooled #851C. The
suspension was then stirred, and 24 mg (1.00 mmol) sodium hydride was added. The
suspension was stirred for 76 hours and driechoua Yield 99%'H NMR (500 MHz,
DMSO-ds) U 73198 Hg¢, 8Haryl), 7.74(d, 3] = 8.6 Hz, 2H aryl), 6.82 (s2H,
imidazolyl), 3.79 (s, 3HC(O)CHa).

Synthesis ofNa[IMP -CO:2Me].

In an inert atmosphere glovebox, a 16 mL vial was charged with 112 mg (0.50
mmol) sodium 24-(CO:Me)phenyl)imidazolide and 8 mL toluene and coolee3ti C.
This solution was stirre@nd 512 mg (1.00 mmol) tris(pentaflurophenyl) borane was
added and stirred for 26 hours. The vial was removed from the glovebox and 75 mL
pentane was added to precipitate the desired product as a white solid. The solid was
filtered, washed with pentane dagried invacua Purification via slow diffusion of
pentane into methylene chloride/THF yieldeda¥ quality crystals of the product as the
Na(THF) salt. Yield 56%. Anal. Calc. for Na@N202Fs0B2HsA LKEO C, 46.40 %, H,
1.30 %, N, 2.12 %, found C, 46226, H, 1.574 %, N, 2.056% NMR (500 MHz,
CD.Cl) U 731888 H¢, 8Haryl), 7.23 (d2J= 3.7 Hz, 2Haryl), 6.51 (d3J= 7.7
Hz, 2H, imidazoly), 3.89 (s, 3HC(O)CHs). 3C NMR (126 MHzCD:Cl) U 169. 39,
149.62 147.54, 138.67137.80, 136.04, 134.64, 129.92, 129.19, 128.05, 128=38.
NMR (471 MHz,CD.Cl,) -125.87,133.25,-158.70,-160.61,-164.58,-167.08''B
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NMR (161 MHz,CD,Cl;) -8312.Unit cell (XRD) triclinic,a= 12.2126(18) Ap =
16.7592) Ac=17. 209 ( 30). 0j6,9 (B)=A,9 b = 104.596(3) A,

Synthesis of2.3IMP -CO:2Me].

In an inert atmosphere glovebox, a 4 mL vial was charged with 61 mg (0.095
mmol) of Pd(quin)(IPxCl, and 2 mL of dichloromethane and stirred to dissolve. To the
bright orange solution was added 100 mg (0.048 mmol) of Nafl@EMe], and the
solution immediately turned bright yellow. The reaction was allowed to stir for 0.5 h and
the solution was filteed through celite, layered with pentane. Recrystallization wuaider
via vapor diffusion of hexanes into a concentrated methylene chloride solution afforded
X-ray quality crystals. Yield 81%. Anal Calc. for RdisOsFs0B2Hs1A 1 4HBGCC,

54.36 %, H, 3.136, N, 3.56 %, found C, 54.694 %, H, 3.139 %, N, 3.636IMR (500
MHz, CD:Cl;) U 83)58® H¢, tiH quinolyl), 8.23 (d2J = 4.6 Hz, 1H quinolyl),
8.12 (d,2J = 8.1 Hz, 1H quinolyl), 7.91 (dd3J = 7.3,43 = 1.1 Hz, H, quinolyl), 7.65i

7.58 (m,2H, quinolyl), 7.56 M, J= 7.8 Hz, 3H quinolyl + IPr ary}, 7.39 (d3J= 7.8 Hz,
4H, IPr ary)), 7.37i 7.35 (s + d3J = 8.9 Hz, 2H + 2HIPr imidazolyl + IMRCOMe

aryl), 7.20 (d*J = 3.7 Hz, 2H IMP-CO;Me aryl), 6.44 (d2J = 7.6 Hz, 2H IMP-CO;Me
imidazolyl), 3.81 (s, 3HIC(O)CHs), 2.76 (hept3] = 6.6 Hz, 4H CH(CHs)2), 1.31 (d3J =
6.8 Hz, 12H CH(CHa)2), 1.27 (d,2J = 6.8 Hz, 12H CH(CHz)2). *C NMR (126 MHz,
CDLCl) U 166. 42, 150. 90, 1439.823133,2813183 . 2 5, 146
129.90, 129.59, 129.49, 129.33, 128.19, 125.09, 123.90, 52.57, 35.01, 34.52, 29.33,
25.63, 25.06, 23.06, 11.60. IR (thin film, n3co1729; IR (CHCI, cntl): 3co 1761.

Unit cdl (XRD) monoclinic Pa=22.722(2) Ab=18.9379(19) Ac=2284 (2) i, b
105.759(2)°.
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Synthesis ofSodium 2-phenylbenzimidazolide

In an inert atmosphere glovebox, a 16 mL vial was charged with 194 mg (1.00

mmol) 2phenylbenzimidazole and 10 mL F-&and cooled te351C. The suspension

was then stirred, and 24 m. @0 mmol) sodium hydride was added. The suspension was

stirred for 76 hours and dried wacuao Yield 99%'H NMR (500 MHz, DMSQGds) Ui

(dd,®J=8.2,43=1.2 Hz, 2H aryl), 7.367 7.30 (m, 4H aryl), 7.19 (t3J=7.2 Hz, 1H
aryl), 6.75 (s, 2Haryl).

Synthesis ofNa[BIMP].

8 .

In an inert atmosphere glovebox, a 40 mL vial was charged with 223 mg (1.031

mmol) sodium Zphenylbenziimidazolide and 8 mL toluene and coole®%i C. This

22

solution was stirred, and 1055 mg (2.062 mmol) tris(pentaflurophenyl) borane was added

and stirrel for 27 hours. The vial was removed from the glovebox and 75 mL pentane

was added to precipitate the desired product as a white solid. The solid was filtered,

washed with pentane, and driedvecua Purification via slow diffusion of pentane or

HMDSO into methylene chloride/THF yielded-pay quality crystals. Yield 79%. Anal.

Calc. for NaG/N2O2F30B2HeA 2 4HeCGCC, 49.85 %, H, 1.97 %, N, 2.13 %, found C,
49.951 %, H, 1.927 %, N, 2.1319 NMR (500 MHz,CD,Cl;) 4 7 . 5 3, arfly

7.33 (v br s, 2Haryl), 6.97 (dd3J=6.1,%) = 3.2 Hz, 4H aryl), 6.81 (v br s, 1Haryl).
13C NMR (126 MHzCD,Cl;) &4 137 . 83, 130. 90, 128.
1%F NMR (471 MHz,CD.Cl,) -1116.75,-118.86,-127.82,-129.45,-129.55,-134.05,-
135.46,-13661,-136.70,-137.57,-159.39,-159.99,-160.98,-163.86,-166.27 -
167.06*B NMR (161 MHz,CD.Cly) i -7.77. Unit cell (XRD) monoclinic Pa =
15.0906(12) Ap=16.8592(13)Ac= 23. 0499(18) ;, b =

93
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Synthesis of4-(1H-imidazol-2-yl)-N,N-dimethylbenzamide(3.9).

Underambient conditionsa 100 mL round bottom flask was charged with 10 mL
dichloromethane and cooled tb ©. 1.85 mL (8.45 mmol) of 2.0 M dimethylamine in
THF was added, followed by 1.18 mL of triethyleme. The solution was stirred, and 822
mg (3.382 mmol) of 41H-imidazot2-y | ) benz oy | chlorideAHCI wa:¢
HCI gas evolution. The solution was stirred for 20 minutes in the ice bath and then
allowed to stir overnight at room temperaturbeTeaction was diluted with 100 mL
dichloromethane and extracted sequentially with 15 mL saturated NgHGae, and
NH4CI. Theorganic layer was dried over p&0Oy, filtered, and concentrated to dryness
under reduced pressure, resulting in a highly hsgopic tan solid. Yield 48%.
Recrystallization via slow layer diffusion of pentane into a concentrated dichloromethane
solution inder N atmosphere resulted inray quality crystals as colorless needles. Anal.
Calc. for GoH1sNsO A 0 sHLAC0 . :Cl.CH5.53 %, H, 6.28 %, N, 18.19 %, found C,
65.195 %, H, 6.544 %, N, 18.581%1 NMR (500 MHz,CD.Clz) & 11 .MNH), ( s, 1H
7.827 7.75 (m, 2H aryl), 7.35 (dd3J=8.2,4 = 1.5 Hz, 2H aryl), 7.13 (s, 2H
imdazoly), 3.09 (s, 3HCHsz), 2.96 (s, 3HCH3).23C NMR (126 MHzCD:Cl) U 17 1. 49,
146.10, 136.33, 131.91, 127.89, 125.55, 39.75, 3bld#.cell (XRD) monoclinic Pa =
15.096(12) A,b=16.8592(13)Ac= 23 . 0499 ( 18) UnitcelbXRD) 99. 144
orthorhombic Pa = 7.9951(13) Ap = 14.758(2 A, c = 21.725(4) A.

Synthesis ofNa[IMP -DMA].

In an inert atmosphere glovebox, a 40 mL vial was charged with 200 mg (0.930
mmol) 4-(1H-imidazol2-yl)-N,N-dimethylbenzamidand 4 mL THF. The suspension
was stirred briefly and cooled t0351C. 23 mg (0.930 mmol) of NaH was added, and

the suspension was stirred while coming to room temperature and then for an addition 15
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h. The reation was dried ivacuq yielding a beigedid. This solid was suspended in 5

mL toluene and stirred briefly before being cooled3®i C. 952 mg(1.860 mmol)of

B(CsFs)3 was added and the solution was stirred while coming to room temperature, and
thenfor an additional 16 h. 30 mL of pentane veasled to the reaction, resulting in a

large amount of white precipitate. The reaction was removed from the glovebox, poured
onto an additional 40 mL pentane, and the precipitate was filtered off, washed with
hexanes, and dried wmacua The solid was dsolved in THF, filtered to remove

insoluble impurities, and dried iracua Recrystallizatiorvia layer diffusion of hexanes

into a concentrated THF/dichloromethane solution yieldedyXquality crystals of the
analytically pure sample; adventitious acetavas also present in the sedicite

structure. Yield 41 %. Anal. Calc. for Nagi12N3B2Fs00 A 1 4HEOTC, 47.16 %, H, 1.67

%, N, 3.10 %, found C, 46.868 %, H, 1.934 %, N, 3.2849A\MR (500 MHz,CD-Cl,)

U 7(d,214 4.3 Hz, 2Haryl), 6.69 (d3J =87 Hz, 2H aryl), 6.42 (d3J = 5.6 Hz, 2H
imidazolyl), 3.01 (s, 3HCHz), 2.89 (s, 3HCHs). 1°3C NMR (126 MHz,CDCl) Ui

171.72, 147.56, 136.81, 130.76, 130.35, 125.23, 125.12, 39.62, $5.58VR (471

MHz, DMSO-ds) -1125.42,-133.54,-158.46,-160.17,-164.38.1'B NMR (161 MHz,

CD.Clp) -8i37.Unit cell (XRD) monoclinic Pa= 13.3526(11) Ab =30.789(2) Ac =
161477(13) i, b = 93.240(2)A.

Synthesis ofNa[IMP -CH20H].

In an inert atmosphere glovebox, @@L vial was charged with 300 mg (0.240
mmol) Na[IMP-CO:Me] and 20 mL THF and stirred to dissolve. The clear, light yellow
solution was cooled tb 357 C and 10mg (0.263 mmol) LiAIH was added. The reaction
was stirred while coming to room temperatuned then for an additional 3 days. The vial

was removed from the glovebox and cooled t&€0at which point 1 mL D, 5 drops
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10% aqueous NaOH, and 15 rdiethyl ether were added sequentially. The solution was
stirred while coming to room temperaturaldghen dried over MgSOThe reaction was

filtered and dried in vacuuo, resulting in a pure, bright white solid. Yield 79%.

Analytically pure Xray quality cystals were obtained by layering a concentrated THF
solution of the product with hexanes at ro@mperature. Anal. Calc. for NaC

46N2B2F300H0A 1 . HBD CC46.97 %, H, 1.57 %, N, 2.11 %, found C, 46.690 %, H,

1.885 %, N, 2.217 %H NMR (500 MHz,CD,.Cl)) i 7 . 2% 4.q HE,2Haryl), 6.72
(d,33=8.5Hz, 2Haryl), 6.41 (d2J = 7.5 Hz, 2H imidazoly), 4.54 (s, 2HHAr-CHo-
OH).3C NMR (126 MHz,CDCl;) U 140. 66, 139. 08, 130. 23,
65.61.1F NMR (471 MHz, DMSQds) -1i25.42,-133.54,-158.46,-160.17,-164.38.1'B

NMR (161 MHz,CD,Cl,) -8i37.Unit cell (XRD) triclinic,a= 12.7032(13) Ap =
13.4507(13)Ac=2040 (2) i, U = 91.293(2)A, b = 91.

Synthesis ofNa[IMP -CH2N(Me)2].

In an inert atmosphere glovebox, a 40 mL vial was charged with 500 mg (0.3965
mmol) Na[IMP-DMA] and 30 mL THF and stirred to dissolve. The clear solution was
cooled ©-351C and 17 mg (0.4360 mmol) LiAlHvas added. The reaction was stirred
while coming 6 room temperature, and then for an additional 3 days. The vial was
removed from the glovebox and cooled ttd) at which point 1 mL kD, 5 drops 10%
agueous NaOH,ral 20 mL diethyl ether were added sequentially. The solution was
stirred while coming tocdom temperature, and then dried over MgSIbe reaction was
filtered and dried in vacuo, resulting in a pure, bright white solid. Yield 80%.
Analytically pure Xray quality crystals were obtained by layering a concentrated
DCM/THEF solution of the produatith hexanes at room temperature. Anal. Calc. for

NaCsaN3B2FzoH14A 24HgO, 0.4 GH12 C, 49.05 %, H, 2.47 %, N, 2.96 %, found C, 49.03
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%, H, 2.52 %, N, 2.91 %H NMR (500 MHz,CD:Cl;) U  7%1=2254 Hg, @8H aryl),

6.74 (d,2J = 8.4 Hz, 2H aryl), 6.43 (s, 2Himidazoly)), 3.53 (s, 2HAr-CH,-N), 2.47 (d,

3J=9.5 Hz, 6H N(CHs)2).1*C NMR (126 MHzCD:Cl;) U 128. 95 44 . 38,
NMR (471 MHz,CD:Cl;) -1i25.68,-133.30,-158.78,-160.56,-164.60,-167.16 }'B

NMR (161 MHz,CD,Cl,) -8319.Unit cell (XRD) monoclinic Ra=12.1872(17) Ab =
19.0003)Ac=14971(2) i, b = 111.618(3)A.

Synthesis of4-(1H-imidazol-2-yl)-N,N-dibutylbenzamide (3.10).

Under ambient conditions, a 100 mL round bottom flask was charged with 40 mL
di chl or omet hane, -nduylamireland(35nL &f triethyaniinge. Tiei
soluion was stirred, and 1215 mg (5 mmol) efiH-imidazol2-yl)benzoyl
chl or i de AH,edsultingdnsHClagdsdwldtion and a rapid color change from
orange/yellow to brown. The reaction was allowed to stir for 20 hours, and was then
diluted with 50 mLof dichloromethane. The reaction was extracted sequentially with 5
mL saturated NaHC§ard 5 mL brine. The organic layer was dried ovepS@,
filtered, and concentrated to dryness under reduced pressure, resulting in a viscous brown
oil. The oil was tturated with hexanes and dried again, resulting in a brown foam that
became a solid powdarhen broken up. Yield 56%1RMS (ESI) calc. for @H2sN30
(IM + H]*): 300.20D, found 300.2077AH NMR (500 MHz,CD.Cl,) & 10. 67 (s,
NH), 7.78 (d2J = 8.0 Hz,2H, aryl), 7.32i 7.25 (m, 2H aryl), 7.12 (s, 2Himidazoly),
3.537 3.44 (m, 2H N-CHy), 3.247 3.13 (m, 2H N-CHy), 1.65 (s, 2HN-CH2-CHy), 1.54
i 1.34 (m, 4H N-CHz-CHz + CH-CH2-CHy), 1.177 1.04 (m, 2H CH-CH2-CH), 0.99
(t,3)= 7.3 Hz, 3HCHa), 0.77 (t,J = 6.6 Hz, 3H CH3).23C NMR (126 MHz,CD:Clo) U
171.64, 143.19, 137.28, 131,d130.60, 127.24, 125.58, 49.25, 44.98, 31.13, 30.04,
20.72, 20.14, 14.13, 13.80.
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Synthesis ofNa[IMP -DBA|.

In an inert atmosphere glovebox, a 20 mL vial was charged with 299 mg (1.00
mmol) 4(1H-imidazol2-yl)-N,N-dibutylbenzamideand 5 mL THF. The suspension was
stirred briefly and cooled tb351C. 24 mg (1.00 mmol) of NaH was added, and the

suspension was stirred while coming to room temperature and then for an addition 23 h.

The reaction was dried in vacuo, yieldingeige stid. This solid was suspended in 8 mL
toluene and stirred briefly before being cooled3di C. 1024 mg (2.00 mmol) of

B(CsFs)z was added and the solution was stirred while coming to room temperature, and
then for an additional 18 h. 30 mL of pane wasadded to the reaction, resulting in a

large amount of white precipitate. The reaction was removed from the glovebox, poured
onto an additional 50 mL pentane, and the precipitate was filtered off, washed with
hexanes, and dried in vacuo. Yield 4@R&crystdization via layer diffusion of hexanes

into a concentrated THF/dichloromethane solution yieldedyXquality crystals of the
analytically pure sample. Anal. Calc. for NaB24N3B2F300 A 1 sHEE, 49.41 %, H,

2.41 %, N, 2.92 %, found C, 49.652 %, H, 246, N, 3.201%'H NMR (500 MHz,

CD:.Cl) U 73)=2531 Hg¢, 8Haryl), 6.63 (dJ = 8.4 Hz, 2H aryl), 6.32 (br s, 2H
imidazolyl), 3.37 (br s, 2HHN-CH>), 3.04 (br s, 2HN-CH>), 1.56 (m, 2H N-CH,-CH>),

1.24 (M, 6H N-CHo-CHz + CH,-CHp-CHy), 0.93 (1,3 = 7.4 Hz, 3HCHg), 0.73 (3] =

7.3 Hz, 3HCHs).®C NMR (126 MHzCD:Cl) 4 17 1. 98, 138. 06,
129.36, 128.55, 125.11, 124.30, 49.34, 45.13, 30.99, 29.61, 20.609, 13.98, 13.49.

1%F NMR (471 MHz,CD,Cl,) -1i25.28,-13347,-158.45,-160.10,-164.29,-165.76.1'B

NMR (161 MHz,CD,Clz) -8340.Unit cell (XRD) monoclinic Pa= 33.184(3) Ap =
15.7566(14)Ac= 26.172(2) i, b = 109.217(2)A.

98

130



Synthesis of(4-(1H-imidazol-2-yl)phenyl)(piperidin -1-yl)methanone(3.11).

Under ambient conditions, a 100 mL round bottom flask was charged with 30 mL
dichl oromethane, 434 ¢L (4.4 mmol) piperid
solution was stirred, and 972 mg (4 minafi 4-(1H-imidazol2-y | ) benz oy | chl ori
was added, malting in HCI gas evolution and a rapid color change from orange/yellow
to brown. The reaction was allowed to stir for 15 hours, and was then diluted with 50 mL
of dichloromethane. The reaction svextracted sequentially with 5 mL saturated
NaHCQ;, and 5mL brine. The organic layer was dried overnSi@, filtered, and
concentrated to dryness under reduced pressure, resulting in light brown solid. Yield
82%. Anal. Calc. foC15H170:0M.1CH,Cl, C, 68.75%, H,6.57%, N, 15.93%, found C,

68.360%, H,6.969%, N, 16.31P6.H NMR (500 MHz,CD.Cl;) G4 11.18 (v br
NH), 7.81i 7.75 (dd3J=8.4,3=1.8 2H, aryl), 7.31 (d3J = 8.1 Hz, 2H aryl), 7.11 (s,

2H, imidazoly)), 3.69 (br s2H, N-CH.), 333 (br s, 2HN-CH>), 1.67 (br s, 4HN-CH.-

CHy), 1.50 br s, 2H CH,-CH2-CHy). 3C NMR (126 MHz,CD:Cl) & 170. 23, 146
136.32, 132.03, 127.62, 125.63, 49.15, 46.20, 43.52, 26.88, 26.05.

Synthesis ofNa[IMP -pipA].

In an inert atmospherglovebox, a 2énL vial was charged with 255 mg (1.00
mmol) 4((1H-imidazol2-yl)-phenyl)(piperidinl-yl)methanone and 5 mL THF. The
suspension was stirred briefly and cooled 851C. 24 mg (1.00 mmol) of NakWas
added, and the suspension was stirrbdexcoming to oom temperature and then for an
addition 18 h. The reaction was dried in vacuo, yielding a brown solid. This solid was
suspended in 10 mL toluene and stirred briefly before being cool88t€. 1024 mg
(2.00 mmol) of B(GFs)3z was addedrad the solutiorwas stirred while coming to room

temperature, and then for an additional 17 h. 30 mL of pentane was added to the reaction,
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resulting in a large amount of white precipitate. The reaction was rehfimra the

glovebox, poured onto an additerb0 mL pentaneand the precipitate was filtered off,
washed with hexanes, and dried in vacuo. Yield 77%. Recrystallizatiteyer

diffusion of hexanes into a concentrated THF/dichloromethane solutiong/iideay

quality crystals of the analyticallyure sample. Aal. Calc. for NaGiH16N3B2F300 A 2

C4HgO C, 49.03 %, H, 2.23 %, N, 2.91 %, found C, 49.338 %, H, 2.435 %, N, 3.031%.

IH NMR (500 MHz,CD:Cl) T  73)=2440 H¢, 8H aryl), 6.67 (d3J = 8.4 Hz,2H,

aryl), 6.43 (br s, 2Himidazoly), 3.8 (br s, 2H 2H, N-CH,), 3.247 3.19 (m, 2H 2H, N-

CHy), 1.68 (p3J=6.2,31 = 5.8 Hz, 2H N-CH,-CH), 1.61 (dt3J=11.0,3)=5.8 Hz, 2H
N-CH,-CHy), 1.52 (p3J = 6.2 Hz, 2H CHy-CH-CHy). 9F NMR (471 MHz,CD.Cly) - i
125.39,-133.45,-158.48,-160.12,-164.41,-166.03.1'B NMR (161 MHz,CD.Cl;) - U
8.82.1%C NMR (126 MHzCD,Cl;) G 170. 06, 147. 62, 141. 42,
124.87, 121.80, 49.23, 43.64, 26.58, 24145t cell (XRD) triclinic, a= 14.2164(17) A,
b=14.4515(17) Ac=17.1202)A U = 81 .p955(72).B022) A, o

Synthesis of2-(3,5-bis(trifluoromethyl)phenyl) -1H-imidazole (3.6).

This compound was synthesized using a modified version of the procedure
reported by Zhichkin and coworkefSUnder air, a 100nL round bottom flask was
charged with 10 mL methanol and 1.68 mL (10 mmol) 3,5
bis(trifluoromethyl)benanitrile and stirred. Sodium methoxide in methanol (25%, 1
mmol) was added and the solution was stirred at room temperature for 2 h.
Aminoacetaldehydeiethyl acetal (1.45 mL, 10 mmol) and 1.2 mL glacial acetic acid
were then added and the reaction wasdteto 50/ C for 1 h. The reaction was cooled
and diluted with 20 mL methanol, followed by addition of 5 mL 6 M HCI, and the

reaction wa heated to 76C for 5 h. After cooling, solvent was removed with a rotary
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evaporator, and the white residue was takeim 30 mL 1:1 water/diethyl ether and

extracted. NaOH was added to the clear aqueous layer until it attained a pH of 10; the

white presipitate that fomed was filtered and dried in vacuuo. The aqueous filtrate was

allowed to stand overnight, during whitthme X-ray quality crystals grew as large

colorless needles. Yield 22%. HRMS (ESI) calc. fetHgN2Fs ([M + H]*): 281.0513,

found 2810512.'H NMR (500 MHz, DMSOds) U 1 3 ., OH), 8.88s, 2Hary),

8.06 (s, 1Haryl), 7.29 (s, 2Haryl). 3C NMR (126 MHz, DMSOds) & 143. 21, 133
131.77, 131.51, 131.25, 130.98, 124.83, 122.66, 12%*B3MR (471 MHz, DMSGds)

0-61.55.

Synthesis ofNa[IMP -(CF3)2].

In aninert atmosphere glovebox, a 40 mL vial was charged with 280 mg (1.0
mmol) 2-(3,5-bis(trifluoromethyl)phenyblH-imidazole and 5 mL THF. The solution
was stirred briefly and cooled #851C. 24 mg (1.0 mmol) of NaH was added, and the
suspesion was stird while coming to room temperature and then for an addition 24 h.
The readbn was dried in vacuo, yielding a white solid. This solid was suspended in 8
mL toluene and stirred briefly before being cooled3®i C. 1024 mg (2.0 mmol) of
B(CsFs)3z was adde@nd the solution was stirred while coming to room temperature, and
then foran additional 17 h. 30 mL of pentane was added to the reaction, resulting in a
large amount of white precipitate. The reaction was removed from the glovebox, poured
onto an additinal 40 mL pentane, and the precipitate was filtered off, washed with
hexans, and dried in vacuo. The solid was purifieaslow diffusion of hexanes into a
concentrated DCM/THF solution of the product. It should be noted that the product,
while solid,is very tacky and must be kept under somewhat anhydrous conditions. Yield

74%. Anal. Calc. for Na@GHsN2B2FzeA 24H30 C, 44.93 %, H, 1.44 %, N, 1.91 %, found
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C, 45.070 %, H, 1.615 %, N, 1.986%1 NMR (500 MHz,CD:Cl,) & 7. .6d), (s, 1H
7.27 (d,*J = 3.5 Hz, 2H aryl), 6.98 (s, 2Himidazoly).'3C NMR (126 MHz,CD:Cl,) i

149.45, 147.45, 145.68, 131.35, 131.13, 129.58,125.73, 123.92, 123.01, 121.75, 108.53.

1% NMR (471 MHz,CD,Cl;) -64.65,-133.39,-158.63,-159.64,-164.44,-164.60,-

166.85.1'B NMR (161 MHz,CD,Cl,) -8i22.Unit cell (XRD) monoclinic Pa =

15.93713) A,b=25.254(4)Ac= 18.608(3) i, b = 106.941(3)

Synthesis 0f2.3IMP -(CFz3)2].

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786
mmol) of Ri(quin)(IPr)C| and 1 mL of dichloromethane and stirred to dissolve. To the
bright orange solution was added 110 mg (0.0.0825 mmol) of Na[i&B);], and the
solution immediately turned bright yellow. The reaction was allowed to stir for 16 h and
the soldion was filteeed through celite, layered with pentane, and store85a€ to
afford X-ray quality crystals as yellow blocks. Yield 93%. Anal. Calc. for
PdGaNsOFRseBoHasA 0 .20 GC30.19 %, H, 2.47 %, N, 3.45 %, found C, 50.238 %,

H, 2.502 %, N, 3.360 %H NMR (500 MHz,CD,Cl;) & 8 3J5 8.4%0=1dl Hz,

1H, quinolyl), 8.22 (d2J = 4.4 Hz, 1H quinolyl), 8.12 (dd3J=8.1,J=1.0 Hz, 1H

quinolyl), 7.90 (dd3J = 7.3,43 = 1.1 Hz, 1H quinolyl), 7.63i 7.53 (m, 5H quinolyl +

IPr aryl + IMP-(CFs); aryl), 7.38 (d3J = 7.8 Hz, 4H IPr ary), 7.35 (s, 2HIPr

imidazolyl), 7.25 (d2J = 3.8 Hz, 2H IMP-(CFs) aryl), 6.97 (s, 2HIMP-(CF).

imidazolyl), 2.74 (hept3] = 6.7 Hz, 4H), 1.31 (J = 6.8 Hz, 12H), 1.26 (d] = 6.9 Hz,

12H).13C NMR (126 MHz,CDCl) &4 17 4. 8 3, 150. 89139.89,49. 38,
133.83, 133.75, 131.34, 131.18, 131.05, 130.00, 129.63, 129.36, 125.70, 125.65, 125.10,
124.95, 123.93, 123.90, 122.91, 121.76, 29.36, 25.12, 25.03. Solid state IR 1%55 cm
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soln. state 1761 ctUnit cell (XRD) triclinic, a = 13.652(5) Ab = 16550(6) A,c =
20.994(8) i, U = 112.393(7)A, b = 91.470(7

Synthesis of2.3IMP -DMA].

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786
mmol) of Pd(quin)(IPr)Cl, and mL of dichloromethane and stirred to disgo To the
bright orange solution was added 104 mg (0.0.0825 mmol) of NaPMR], and the
solution immediately turned bright yellow. After less than a minute of stirring, a large
amount of pale yellow preciptenwas observed. The reaction was allowestitdor 16 h
and the solution was filtered through a frit. The pale yellow solid and yellow filtrate were
each dried in vacuuo; NMR of each revealed that the solid was the desired product.
Yield 85%. Recrystéization of the solid from dichloromethanegdonitrile/hexanes
yielded Xray quality crystals of the MeCN adduéal. Calc. for Pdg/N7OzF3oB2Hse A
0.65 CHCI> C, 52.97 %, H, 3.06 %, N, 4.93 %, found C, 53.23 %, H, 3.12 %, N, 4.65
%.H NMR (500 MHz, IMSO-d 6 ) U $9J=6.0%) % 1bdHz, 1H quinolyl), 8.69
(dd,3J=8.3,4J=1.4 Hz, 1H quinolyl), 8.20 (dd3J = 8.0,43 = 1.2 Hz, 1H quinolyl),

7.817 7.73(m, 4H quinolyl + IPr ary), 7.71i 7.66 (m, 1H quinolyl), 7.39 (t3J=7.7
Hz, 2H, IPraryl), 7.307 7.21 (m, 6H IPr aryl + IPr imidazolyl IMPDMA aryl), 6.89 (d,
3= 8.5 Hz, 2H IMP-DMA aryl), 6.26 (s, 2HIMP-DMA imidazolyl), 3.40i 3.33 (m,
2H, CH(CHsa)2), 3.10 (hept3J = 5.9 Hz, 2H CH(CHa)2), 2.90 (s, 3HN-CHs), 2.78 (s,
3H, N-CHg), 1.32 (d,2J = 6.6 Hz, 6H CH(CHsa)2), 1.19 (d3J = 6.9 Hz, 6H CH(CHa)2),
0.99 (dd2J = 14.131=6.7 Hz, PH, CH(CHs)2).*H NMR of MeCNadduct (500 MHz
CD:Cl;) U 71 8.469m2, 2H quinolyl), 8.04 (dd3J=8.1,3= 1.1 Hz, 1H quinolyl),
7.87 (dd2J=7.3,3=1.2 Hz, 1H quinolyl), 7.64i 7.57 (m, 2H quinolyl), 7.44 (3] =
7.8 Hz, 2H IPr ary), 7.32i 7.27 (m, 6H IPr aryl + IR imidazolyl), 7.19 (d2J = 3.5 Hz,
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2H, IMP-DMA aryl), 6.77 (d2J = 8.7 Hz, 2H IMP-DMA aryl), 6.36 (s, 2HIMP-DMA

imidazolyl), 3.02 (dt3J = 13.23) = 6.4 Hz, 4H CH(CHs)2), 2.79 (d,J = 9.8 Hz, 6H),

2.16 (s, 3HMeCNCHsz), 1.17 (dd3J = 11.9,2J = 6.8 Hz, 24H CH(CHs)2).1*C NMR

(126 MHzCDCl;) U 176.76, 170.67, 150.28, 149.52,
132.31, 130.82, 129.39, 127.40, 126.44, 125.11, 124.82, 128.28, 34.53, 28.89, 26.11,

23.57, 22.75IR (thin film, cn?) :c-0 3755 cn?, IR (CH:Clo, cmiY) :c-0B761 cm.

Synthesis 0f2.3[IMP -pipA].

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786
mmol) of Pd(quin)(IPr)Cl, and 1 mL of dichloromethane and stirred to dissolve. To the
bright orangesolution was added 80ng (0.0.0825 mmol) of Na[IMPipA], and the
solution immediately turned bright yellow. After less than a minute of stirring, a large
amount of pale yellow precipitate was observed. The reaction was allowed to stir for 16 h
and the shution was filtered through a frit. The pale yellow solid and yelfdtrate were
each dried in vacuuo; NMR of each revealed that the solid was the desired product.
Yield 79%. Recrystallization of the solid from dichloromethane/acetonitrile/hexanes
yielded X-ray quality crystals of the MeCN adduétal. Calc. for PdGN7O2F30B2Hs3 A
1.45 GH141.35 CHCI> C, 54.05 %, H, 3.86 %, N, 4.43 %, found C, 54.472 %, H, 3.392
%, N, 3.949 %'H NMR of MeCN adduct (500 MHLD:.Cl,)4 8. 54 ,(br s, 1H
quinolyl), 8.52i 8.48 (m, 1H quinolyl), 8.04 (dd3J=8.1,3=1.1 Hz, 1H quinolyl),
7.88(dd,3J = 7.3,43= 1.2 Hz, 1H quinolyl), 7.65i 7.57 (m, 2H quinolyl), 7.44 (3] =
7.8 Hz, 2H IPr ary), 7.32i 7.27 (m, 6H IPr aryl + IPr imidazoly), 7.18 (d,%J = 3.2 Hz,
2H, IMP-pipA aryl), 6.73 (d3J = 8.7 Hz, 2H IMP-pipA aryl), 6.34 (br s, B, IMP-pipA
imidazolyl), 3.43 (br s, 2HN-CHy), 3.09 (br s, 2HHN-CHy), 3.02 (hept3J = 7.0 Hz, 4H
CH(CHa)2), 2.16 (s, 3HHMeCNCHz), 1.52 (s, 2HN-CH.-CHz), 1.34 (s, 4KIN-CH.-CH:
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+, CH-CH2-CHp), 1.19 (d3J = 6.7 Hz, 12H CH(CHa)), 1.16 (d2J=6.8 Hz, 12H

CH(CHa)2)."®C NMR (126 MHzCD:Cl;) G 176.78, 169.37, 150. 36
141.22, 139.93, 137.19, 135.40, 132.27, 130.80, 1302079, 129.40, 129.32, 128.54,

127.33, 126.12, 125.13, 124.82, 123.16, 35.02, 34.53, 29.45, 28.88, 26615,24.68,

23.51, 22.75, 20.82, 3.5[R (thin film, cmi?) :c-0 3755 cmt, IR (CHzClz, cn?) :c-0 3

1761 cmt. Unit cell (MeCN adduct) (XRD) trighic, a = 15.857(3) Ap = 19.087(4) Ac

= 19.142(4) i, U = 115.371(3)A, b = 106.91

Synthesis of[2.3(2-pyrrolidone) ][ BAr F4].

Recrystallization of [Pd(IPr)(C(O}¥ElsN)|BArF4 in the presence of-@yrrolidone
from dichloromethane/hexanes yieldeday quality crystals of the amide adduft.
NMR (500 MHz,CD,Cl;) © 8 3J4 8.3,%0 =18 Hz, 1H quinolyl), 8.21 (dd3J =
5.0,J=1.3 Hz, 1H quinolyl), 8.01 (dd3J=8.1,“J=1.1 Hz, 1H quinolyl), 7.89 (dd3J
=7.3,43=1.2 Hz, 1H quinolyl), 7.72i 7.68 (m, 8H BAr", aryl), 7.64i 7.58 (m, 1H
quinolyl), 7.56i 7.50 (m, 5H BArT, aryl + quinoly)), 7.44 (t,2J= 7.8 Hz, 2H IPr ary),
7.32i 7.26 (m, 6H IPraryl + IPr imidazoly}, 5.08 (s, 1KINH), 3.13 (tJ = 5.8 Hz, 2H
C(O)CHy), 2.99 (s, 4HCH(CHsa)2), 1.95 (m, 4HN-CHx-CHy), 1.22 (d3J = 6.7 Hz, 12H
CH(CHa)2), 1.16 (d3J = 6.8 Hz, 12H CH(CHs),). IR (thin film, cm?) :c-0 3689 cm,
IR (CH:Clz, cm) :c=oB691 cmt. Unit cell (XRD) monoclinic Pa= 11.9243(4) Ap =
16.2589(5)Ac= 35.9037(12) i, b = 90.1870(10)A.

Synthesis of[ 2.3(N-methyl-2-pyrrolidone) ][ BAr F4].
Recrystallization of [Pd(IPr)(C(O)ElsN)]BAr 4 in the presence di-methyt2-
pyrrolidone from dichloromethane/hexanes yieldedh¥( quality crystals of the amide

adductH NMR (500 MHz,CD,Cl;) U 8 3J4 8.3,*0 =13 Hz, 1H quinolyl), 8.08
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(dd,3J=5.0,=1.3 Hz, 1H quinolyl), 8.01 (dd3J = 8.1,43= 1.1 Hz, 1H quinolyl),
7.917 7.88 (m, 1H quinolyl), 7.73i 7.66 (m, 8H BArF, aryl), 7.64i 7.59 (m, 1H
quinolyl), 7.567 7.49 (m, 5H BArT, aryl + quinoly)), 7.43 (t,2J = 7.8 Hz, 2H IPr ary),
7.317 7.25 (m, 6H IPr aryl+ IPr imidazoly), 3.35 (t,3J = 7.3 Hz, 2H C(O)CH,), 3.03
(s, 4H CH(CHsa)2), 2.81 (s, 3HN-CH), 1.65 (p3J = 7.9 Hz,4H, N-CH,-CHj), 1.20 (d,
3J=6.7 Hz, 12HCH(CHz)2), 1.16 (d,2J = 6.6 Hz, 12H CH(CHa)). IR (thin film, cm?):
3c=01689 cmt, IR (CH:Cl, cni?) :c-0B688 cm' Unit cell (XRD) monoclinic Pa =

12.1390(12) Ap=16.3843(17)Ac= 35. 752(4) j, b = 90.134(2

Synthesis of Na[pyrr(BCF)].

In an inert atmosphere glovebox, a 3M stock solutionfreolidinone in diethyl ether

was prepared and stored over 3 A molecular sieves for 48 h to remove possible residual
water fromtheamidsubsequent |l y, 333 €L (1 meddtol ) of
2 mL of THF in a 16 mL vial, stirred, and cooled-8% xC. Sodium hydride (24 mg, 1

mmol) was added to the solution and it was stirred while warming to room temperature,
followed by an additional 3 hours of stirring. The reaction was removed frem t

glovebox, dried in vacuuo, and deprotonation was coefirity NMR. The solid was

brought back into the glovebox and 99mg (0.925 mmol) was added to a 16 mL vial.
Toluene (5 mL) was added to the vial, the suspension was stirred briefly, and cceoled to
35xC. Tris(pentafluorophenyl)borane (474 mg, 0.925 mmol) adaked and the reaction

was stirred while coming to room temperature and then for an additional 20 hours. Note:
if the reaction becomes a goo during this stage, addition of more toluene can bpeak it
and allow for more optimal stirring. Pentane (5 mL) wedded to the reaction, resulting

in the formation of a white precipitate. The reaction was removed from the glovebox and

poured onto an additional 40 mL pentane. The resulting white solid veasdiland dried
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in vacuuo, yield 33%. Recrystallization fratichloromethane/THF/pentane resulted in

X-ray quality crystalsAnal. Calc. fortNaG:2HeBF1sNO A0.85C4HsO C, 44.84%, H,1.90

%, N,2.06%, found C44.831%, H,1.895%, N, 2.120 % H NMR (500 MHz,

CD2Cl 2) vhrs, 34 N3C#,), .15 (t3J = 7.5Hz, 2H, C(O)}CHy), 1.90 (s, 2HN-
CHx-CHy). ®C NMR (126 MHz,CD:Cl;) G 181 . 7 7 Unitell(XB®, 35. 53.
triclinic, a= 11.173(3) Ab=12.1373)Ac= 22.128(5) i, U = 96.89
99.379(5)A, o = 114.259(4)A.

Synthesis of2.3pyrr(BCF)].

In aninert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 mmol)
Pd(quin)(IPr)Cl and 1 mL dichloromethane and stirred to dissolve. Na[pyrr(BCF)] (51
mg, 0.0825 mmol) was added teetsolution and it was stirred, turning from orange to
bright ydlow after 1.5 h. After 18 h the reaction was filtered through celite and layered
with pentane. Yield 71 %Anal. Calc. forPdCsgH49N4O2BF1520.5 CH2Cl> C, 55.37%,

H, 3.90%, N, 4.34%, found C55.309%, H,3.901%, N, 4.418%. 'H NMR (500 MHz,
CDCl;) U s, IH7uirolyl), 8.20 prs, 1H quinolyl), 7.88 prs, 1H quinolyl),

7.77 (d,2J = 7.2 Hz, 1H quinolyl), 7.52 (t,3J = 7.8 Hz,1H, quinolyl), 7.43 (t3)=7.8

Hz, 2H, IPr ary), 7.297 7.23 (m, 6H IPr aryl + IPr imidazoly), 3.42 (s, 2KB-N-CH>),
3.07 prs, 4H,CH(CHs)2), 1.69 (v Iv s, 4H N-CHo-CHz + C(O)CHy), 1.22i 1.17 (d, J =
6.8 Hz, 12HCH(CHs)2), 1.15 (d, J = 6.8 HA,2H, CH(CHa)2). 1*C NMR (126 MHz,
CD.Cly) 146.82, 130.46, 129.03, 128.70, 124.72, 124.59, 29.65, 28.82, 26.33, 23.13,
21.85.IR (thin film, cnm?) :c-0 3683 cm?, IR (CH.Cl, cnt!) :c-0B681 cmit.
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Computational Details.

Density functional theory (DFT) calculations were performed usingSan 16,
Revision A.03 (keywords in parenthesis beldigasphase optimized geometries were
obtained using the MO@&nctional (M06% and 631g(d,p) basis s€t(6-31g(d,p)) for all
nonmetal atoms except Star which a StuttgarDresden effective core potendfal
(SDD) and SDBcc-pVTZ basis sét were used; for Pd, a Stuttg@tesden effetive
core potential and basis ¥SDD)was complimented with angolarization functiorf?
Tight convergence criteria (opt=tightdéan ultrafine grid (int=ultrafine) were specified.
A frequency calculationn optimized structuragvealed namaginary frequencies
indicaing the structures were minima on the potential energy suptenized
structures weréhenreevaluated usinthe M06 functional M06), the def2TZVP basis
set? (def2tzvp)with density fitting basis sets (auto) on all Ametal atomsandSDD+
on Pd.
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CHAPTER 4

APPLICATIONS OF [IMP -R]" ANIONS IN GOLD -CATALYZED ORGANIC
TRANSFORMATIONS

4.1. Introduction

The effect of anions on transition metatalysts have been walbcumented:®
often, changing the counterion for a catalyticqaess can effect a dramatic change in
catalytic activity, modifying both reaction rates and selectf/fiyanion effects in
cationic gold catalsis have been reported for a variety of reactiath, many of these
reactions benefitting from very weaképordinating anions such as BAr23712 Despite
a large number of reports describing anion eff@ctgold catalysis, from 2062013,
92% of gold(l} and gold(lll}catalyzed processes used only five counterions:' QTf
NTf', CI', Sbk', and BR'.2 While these catalysts oftengside high reactivity and
selectivity, it is likelythat by casting a wider net, significant improvements in synthetic
methodology may be made. Another more targeted option is to investigate the underlying
causes of the known anion effects, and to choosesign anions to exploit these effects.
Unfortundely, few investigations have worked to understand the origins of anion effects
beyond observing them during reaction optimizafiefn®1314By exploring how anion
functionality impacts catalytic reactions, and theforang anions to benefit reactions
rather than simply acting to balance charge, both new synthetic methodology and deeper

mechanistic insight may be achieved.
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Efforts towards improving gold catalysis thgiuthe use of the functionalized
[IMP-R]" anions dscribed in Chapter 3 are described in this chapter. Several gold
catalyzed transformations are investigated, including alkyne hydroalkoxylation, alkyne
hydration, intermolecular and intramolecular cycliaas, and aldehyde propargylation.
Catalytic diffeences between anions are reported for some reactions; while other
reactions do not show an anion dependence, new, highly active catalyst systems are
reported. Continued exploration of possible anion fanetiities will very likely lead to

new anions thatan dramatically improve transition metal catalysis.

4.2. Results and Discussion

4. 2.1. Synthesis and c¢h®fcaplerest2-44at i on of |
To investigate a wide variety of catalyti@amions, we have synthesized

complexes consisting several gold cations paired with [IMR]' anions . Most gold()

compl exes are of the form [(L)Au(L®&6)], whe

ligands and the complex has a linear geometry. Gepeoalé of the ligands is neutral

and strongly boundand is considered to remain bound during catalysis; these ligands are

very commonly NHCs or phosphines. The other ligand is usually hemilabile, and

dissociates during catalysis to allow for substratelibop Hemilabile ligands include

solvent, such ascatonitrile, and somewhat weaktpordinating anions, such as OTf

NTf.', or OTs'.2 Exploring gold catalysis therefore requires $lyathesis of complexes

where both the tighthpoundand labile ligands are varied. The general procedure

involves first synthesizing neutral (L)AuCl complexe2-4.4 from (SMe)AuCl 4.1 and

L, followed by halide abstr akgue4d) i n the p
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Stronglybound ligands used indde IPr, JohnPhos, af8uXPhos, while labile ligands

include diphenylacetylene;lg&exyne, and acetonitrile.

\ L Na[IMP-R],L"
S-Au-CIl — > L-Au-CI Na[MPRIL .. L—Au—L'CI)] [IMP-R]e
/ CH2C|2 CHZCI2
41 4.2-4.4 4.5-4.8
42 L=IPr 4.5 L=IPr, L' =Diphenylacetylene (DPA)
4.3 L =JohnPhos 46 L=IPr,L" =3-hexyne
44 L ='BuXPhos 4.7 L=JohnPhos, L'=MeCN

4.8 L ='BuXPhos, L'=MeCN

N P
L= IPr [)): JohnPhos O ‘BuXPhos

el c :

Figure 4.1. Synthesis of gold complexes

~

The diphenylacetylene complexggFigure 42) are thdirst reported
Au(diphenylacetylene) compounds; lack of previous reports is unsurprising, as they
rapidly decompose tonknown products at room temperature. The extreme degree of
strain (GC[ C a n @i dor [{IPs)Au{DPA)] [IMP -H]) on the normally linea
alkyne segment imparted by steric clash between the IPr ligand and alkyne phenyl rings
likely makes this bonding intaction particularly weak, with alkyne displacement or
nucleophilic attack both viable decomposition pathways. The hex¢o€ [ C angl e ~
17Q) and acetonitrildbound gold complexe$.6-4.8 (Figures 4.3, 4.4) proved far more

stable, with no decompositimbserved under ambient conditions. Relevant bond lengths
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and angles are shown in Table 4.1. Spacefilling models of the [(IPr)Au(alkgag&ijns
show significantly less steric interactioattveen the IPr substituents antiéyne than

diphenylacetylene (Bure 4.5).

P
e ? %
/ \\Qj{ )Y
B A

o
//

S

Figure 4.2. Thermal ellipsoid plot of [(IPr)Au(DPA)][IMP -H]. Ellipsoids shavn at
50% probability, CeFs and diisopropylphenyl modies shown in wireframe,
hydrogen atomsand solvent hidden for claity.

N,

ox
N No=
\?‘- e ‘;‘
v -~ l!» J

Figure 4.3. Thermal ellipsoid plot of [(IPr)Au(3 -hexyne)][IMP-H]. Ellipsoids showvn
at 50% probability, CeFs and diisopropylphenyl modies shown in wireframe,
hydrogen atoms and solvent hidden for claity.
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Figure 4.4. Thermal ellipsoid plot of [({BuXPhos)Au(NCMe)][IMP -CF3]. Ellipsoids
shown at 50% probability, CsFs rings shown in wireframe, hydrogens and solvent
hidden for clarity.

Figure 4.5. Spacefilling models of [(IPr)Au(DPA)J (left) and [(IPr)Au(3 -hexyne)}
(right). Top figures show the complex sideon, bottom figures are shown looking
downthelL-Au-L 6 bond. The di phenyl Gatyenbrg | ene | i ¢
distorted by the IPr wingtips than the 3hexyne ligand.
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Table 4.1. Relevant Bond Lengths and Angles for [(DAu(L")] * Cations
L-Au Bond L éAu Bond CCIl C L-Au-L 0

Cation
Length (&)  Length (&)  Angle (i Angle (
[(IPNAU(DPA)] * 2.001(4) 21T 161.7(5) 176.58
[(IPNAU(3 -hexyne)l 1.997(6) 213 170.2(8) 178.8
(‘BuXPhos)AU(NCMe)]*  2.2402(16)  2.044(6) . 170.66

a8estimated using known bond lengths and angles from structures.

4.22. Hydroalkoxylation of dhexyne.

While it is often seen that very weaktpordinating anions, such as BAy lead
to higher catalytic activit;}*'*°this is not always the case. Zuccaccia and coworkers
have used both experiment and DFT to investigate the anion effect seegaidth
catalyzed hydroalkoxylation ofBexyne (Figure 4.6)21°In this case, the neutral
complex (IPr)Au(OTs) significantly outperfornfi@Pr)Au(3 -hexyne)][BArF4], as well
as several other complexes featuring both more stroagbiweakly-coordinating

anions.
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= Au-X or Au—
N N
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Dipp = diisopropylphenyl
Anion OTs” oTf BF4 BArF, TFA® OAc’

TOF (h") 204 196 178 153 40 0

Figure 4.6. Gold(NHC)-catalyzed hydroalkoxylation of 3hexyne with methanol

This increase in activity is attributed to the ability of the tosylate anion to organize
a transition state between the gold cation, the alkyne, and the nucleophilic alcga (Fi
4.7); NTH' and OMs' also form highly active ion pairs, as thegn likdy perform
similar functions of hydrogen bonding as well as bonding to the gold centef, OTf
ClO4', and BR' all form more catalyticalhactive ion pairs than the most aley-
coordinating anion studied, BAr. While TFA' and OAcC' have the abilityo stailize the
transition state in a similar manner to tosylate, they are likely too strgoglglinating or
too basic, inhibiting substrate binding or forming inactive mataxides. Clearly, small
changes in anion structure can have huge implicaiioterms of catalytic activity; the
presence of certain functionalities on anions may allow for high levels of control over

catalyst activity.
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DIPP
Figure 4.7. DFT-calculated transition state for (IPr)Au(OTs)-catalyzed alkyne
hydroalkoxylation.

We hypothesized that [IMR]" anions (described in Chapter 3) that have
functionality similar to OT'smay allow for even higher rates ofaaion; the weakky
coordinating nature of the anions would allow the gold cdntstay available for
substrate binding, while the functional groups may be able to assist in organizing the
transition state (Figure 4.8).

B — _
(can)ss'NON‘B(cer)s

Dipp

Dipp = diisopropylphenyl

Figure 4.8. Proposed transition state for [(IPr)Au][IMP -NOz]-cataylzyed alkyne
hydroalkoxylation. 618
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Under the conditions reported by Zuccaccia and coworKées,)Au(3-
hexyne)][IMP-R] ion pairs were much less efficient catalysts than the reported
(IPr)Au(OTs) catalyst; in addition to being significantly slower, there was visual
evidence of gold nanopaste formation when using any of ti@Pr)Au(3 -
hexyne)][IMP-R], as well as with the BAs' counterion. This is surprising, as Zuccaccia
reports no formation of nanoparticles with an identical catalyst. This nanoparticle
formation, evidenced by the reactiohanging from colorless to bright purple, was
reproducible, ad occurred when using both methanol and benzyl alcohol as the
nucleophile. Substitution of the IPr for JohnPhos also resulted in nanoparticle formation,
and these catalysts were even lessti&ac

In an attempt to suppress catalyst decompositierturred to'BuXPhos
complexest.8. JohnPhos was substituted for thekier 'BuXPhos because nanoparticle
formation had not been observed in our lab when uBimgPhoswith gold for other
reactions'? In addition to thg(‘BuXPhos)Au(NCMe)][IMP -R] ion pairs, the
[(‘BuXPhos)Au(NCMe)][SbFs] and[(*BuXPhos)Au(NCMe)][BAr F4] salts were
prepared, as was the neutfBuXPhos)AuOTsThese ion pairs proved to be
significantly slower than the IRlomplexes when using methanol as the nucleophile.
Reaction progress using various anions is shoviigare4.9 and conversion and
turnover numberafter 18 h are shown ifable4.2. In all cases, ketdl9was the only
product observed; Zuccaccia and cokers report that the intermediate vinyl ethelO

is extremely susceptible to addition of a second equivalent of nuclophile.
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Table 4.2. Conversions and Turnover Numbers (TONSs) for GoleCatalyzed
Hydroalkoxylation of 3-Hexyne

Catalyst 18 h % Conversion TON at 18 h
[(‘BuXPhos)Au(NCMe)][IMP -H] 74 293
[(tBBuXPhos)Au(NCMe)][IMP -CF3] 78 311
[(‘BuXPhos)Au(NCMe)][IMP -NO2] 67 268
[(*BuXPhos)Au(NCMe)][BAr F4] 81 323
[(*BuXPhos)Au(NCMe)][SbFs] 93 370
(‘BuXPhos)Au(OTs) 70 277
[(*BuXPhos)Au(NCMe)][IMP -COz2Me] 77 308
(‘BuXPhos)Au[pyrr(BCF)] 3 12
(IPr)Au(OTs)? 100 100

#Reported by Zuccaccia and coworkers atrifutes with 1 mol% catalyst loading.
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Figure 4.9. Reaction progress of goletatalyzed hydroalkoxylation of 3hexyne with
methanol. Inset showgrogressup to 4.5 hours.

In an effort to accentuate thefdrences in reactivity imparted by anion identity,
alkoxylation of 3hexynewith a less reactive nucleophildriethyleneglycol
monomethyl etheir was investigatedqgure4.10). This change in nucleophile resulted
in a significant decrease in reacti@te with all catalysts, however, it also resulted in a

significantlymore pronounced difference between the various antogarg4.11).

123



I+« (o 0.5 mol % [Au] (’\7\
sOH  ¢p,cly, RT /(o Jj

4.11

Figure 4.10. Hydroalkoxylation of 3-hexyne with triethylene glycd monomethyl
ether.
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IMP-NO2
BArF4
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0 *—=e o0 - > -
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Figure 4.11. Reaction progress of golecatalyzed hydroalkoxylation of 3hexyne with
triethylene glycol monomethyl ether.
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The reactivity of the various gold complexes appears to lpesetelate with the
coordinating ability of the aans present; the more strongly coordinating the anion, the

less reactive the catalyStgble4.3).

Table 4.3. Anion Coordination Parameters and Catalytic Activity of Gold
Complexes Paired with Various Aniors

U Met 3co ATR-IR 3co, DCM 3co, DFT TON at
Anion/Donor

(ppm) (cm?) (cm?) (cm?) 18h

[IMP -H]' 2.75 1757 1760 - 293
[IMP -CF3]' 2.74 1770 1761 - 311
[IMP -NO2]' 2.76 1737 1760 1730 268
BArF4 2.75 1776 1760 1777 323
SbF' 2.75 1694 1760 1726 370
OTs' 3.24 1688 1684 1713 277
[IMP -CO:2Me]' 2.76 1729 1761 1730 308
[pyrr(BCF)] 3.07 1683 1681 - 12

Thelower symmetryof 'BuXPhos (compared to IPr) in relation to its steric
hindrance of the gold oger may allow anions to coordinate to gfesphine complex
more strongly, thereby inhibiting reactivityr contrast to the [(IPr)Au(Lj](IPr)Au(OTs)
system the gold tosylate complex proved to be the worst catalyst when'BsiX§hos
as a ligand as ogpared to IPr, where having the gold catpaired with OT$ resulted in
the most active catalyst. The SbhRnion provided the most actipdosphinagold

catalyst. The identity of both the ligand and arappear talrastically affect the
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mechanism thnagh which the alkoxylation proceeds. Ingieg the steric bulk of the
ligand slows the reaction, though it also appears to protect the gold cation from
decomposition; moderately coordinating anions such as @iEsease reaction rates for
the IPr complegs, wheres more weakgpordinating anionsicrease rates when the
[(‘BuXPhosAu(NCMe)] cation is used. The [IMR]" anions showed similar rates to one
another, with all of them being less active and yielding less product than, Dl
yielding more prduct and having faster rates than OTEhe initial rate of reaction with
[IMP-CFs]" wassimilar to BAF4', with [IMP-H]' slightly less active, and [IMRO,]'

having theslowest initial rate.

4. 2.3. [2+2] Cycl oaddimethytstyrenef phenyl acet yl
Echavarrerand coworkers have reported a significant anion effect in the gold

catalyzed [ 2+2] <cycl oa dniethyl styoeneRKigufe phenyl ace

4.12) 1112192 ysing the [BuXPhos)Au(NCMe)] cation paired with various anions, they

found that the more weakdgoordinating the paired anion was, the faster the rate of the

reaction. It was postulated that this difference in reactivity could be attributed to anion

stabilization of the alkyndound gold complex, as more coordinating aniodddethe

formation of inactive digold species formed by deprotonation of the bound akkignued

4.13).
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3 mol % [Au]
& < >_— >
CH,Cl,, RT

[Au] = [('BuXPhos)Au(NCMe)][X]

Figure 412 Gold-catal yzed i nt er mol ec ul-meathylptgen® | cycl
and phenylacetylere.

LAu © Oy

(L)Au—==—Ph

L = 'BuXPhos
Figure 4.13. Inactive digold species formed by deprotonation of bound alkyne.

We hypothesized that we can rank the relativerdinating ability of anions in
the IMP class using relative rates of catalysis. Because several of the IMP anions bear
basic functionalities, that these anions may significantly reduce rates of reaction and
yields, as they may facilitate the formatiohinactive digold species. Kinetic studies of
this reaction were performed using ion p§fBuXPhos)Au(NCMe)|[IMP -R]; results
are shown irFigures 4.4 and4.15. Both deuterated dichlormethane and tolueneewer
used, as differences in solvent polarity exaggerate differences in activity between

anions?
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Figure 4.14. Reaction progress of goldcatalyzed [2+2] cycloaddition with various
anions in CDxClo.
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Figure 4.15. Reaction progress of golecatalyzed [2+2] cycloaddition with various
anions in C7Ds.
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While there is a slight diffence in reactivity based on anion identity when this
reaction is performed in dichloromethane, clearly a much larger difference exists when
toluene is used as the reaction solvent. In the cagé8oKPhos)Au(NCMe)]|[IMP -
CO2Me] and[(*BuXPhos)Au(NCMe)|[BArF4], this large difference is likely due to
solubility; these ion pairs were far less soluble in toluene than the others, with no
evidence of(*BuXPhos)Au(NCMe)|[IMP -CO2Me] dissolving at all. The difference in
reactivity betveen[(*BuXPhos)Au(NCMe)|[IMP -H]/[('BuXPhos)Au(NCMe)][IMP -

CF3] and[(*BuXPhos)Au(NCMe)][IMP -NO2)/[(*BuXPhos)Au(NCMe)|[BIMP] does

not appear to be due to coordinating ability, as the [BIMRion likely has similar
coordinating ability to [IMPH]" and [IMP-CFs]'. According to Echavarreand

coworkers, the difference in the ability of the anion to form a pocket around the gold
bound alkyne and prevent alkyne deprotonation is the source of reactivity differences
between anions; it is possible that the [BIM#&jion is more hindered fromrming such

a pocket, which allows for more facile alkyne deptoronation. Similarly, {\@®] ' may

interact through the nitro group, leaving more of the alkyne exposed.

4.2.4. Hydration of diphenylacetylene

Prior workfrom our group has shown that byingsa neutral, Zwitterionic gold
catalyst, (BNHC)Au(SMg (Figure 416), silver and acidfree hydration of internal
alkynes can be achieved with both high yield and high chemo and regioseleEimyuiye(
4.17).21 As proton transfer is often invoked a step in the mechanism of alkyne

hydration?? we believedhat the [IMRR]' anions bearing Isic functionalities, such as
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[IMP-CO:Me]', may be able to facilitate this transfer step, thereby increasing catalytic

rates.

Dipp

N /
\[ )—Au-S

N \

Dipp
Figure 4.16. (BNHC)Au(SMe) catalyst

(CeFs)3B

(0]
., 1 mol %[Au]
=R 2:1 dioxanelwater" R\)J\R'
80°C,18h 95%

[Au] = (BNHC)Au(SMe,)
Figure 4.17. Alkyne hydration previously reported by our group.?!

We chosed use catalystgIPr)(Au)(3 -hexyne)][IMP-R] for this study based on
its similarilty to zwitterionic complex (BNHC)Au(SMe2lrigure4.18. The reactions
were run undr identical conditions to those we previously repousidg
diphenylacetylene as the stitage with the exception of a lower catalyst loadifrg
addition to using the ion pairs featurifiylP-R]" anions, the BAT' ion pair was

included, as was the nieal (IPr)Au(OTs).
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0.5 mol %[Au] o

Ph—==—Ph 2:1 dioxane/waterbph\)LPh
80 °C, 2h 413
>99%

[Au] = [(IPr)Au(3-hexyne)][X] or (IPr)Au(OTs)
X = BArf, or [IMP-R]

Figure 4.18. Alkyne hydration using [Au][IMP -R] ion pairs.

No difference in reactivity was seen when anion identity was changed. All
complexes proved to be far more reaetbatalystgor this transformation than the
zwitterionic complex; at half the catalyst thag, full conversion was achieved in less
than two hours compared to the 18 hours needed for the BNHC gold catalyst. The BNHC
catalyst was found to be highly seigetfor thehydration of internal alkynes compared
to terminal alkynes; this selectivity waot investigated with tHBuXPhos complexes,

but this is an experiment worth pursuing in the future.

4.2.5. Alkynyl alcohol cyclization

Alkynyl alcohol cyclizaion catalyze by main group cations paired witldBsted
bases such as [Ca{N(SiMe} z]> has been reported by Hill, Barrett, and coworkéthjs
reaction has been further studied in our group using bimetallic gold ¢atails anions
bearing Banstedbast alkoxide ligandsKigure 419). As deprotonation/proton transfer
is likely a step along the catalytic cycle, this seemed like a reaction that would benefit
from having an anion with a basic site capable of deprotapatiralcohol and

transfering the poton to the eletrophillic alkyne; additionally, as this is an
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intramolecular reaction, having the anion in close proximity to the gold center based on
Coloumbic interaction may increase the rate of this tranBf@ughmain group metals

offer a significarly less expensive method for performing this reaction, it is a useful way
to observe differences in reactivity with respect to our novel anions and anionic

organometallic complexes.

1 mol % Na[(BNHC)AuOPh]

/\/\/ 1 mol % (IPr)AucCl o o] 0]
HO = +
C7Ds

4.14a 4.14a
Figure 4.19. Bimetallic gold-catalyzed cyclization of alkynyl alcohol.

Using the ion pairf(!BuXPhos)Au(NCMe)|[IMP -R] yielded somewhat
surprising results in this reaction. Consumption of the starting alkynyl alcohol was rapid
compared toesults using Binsted baecontainirg catalysts, and at lower catalyst
loadings. By the time the reactions were put into the NMR spectrometer, almost all of the
starting alkyne was consumed, regardless of of the anion present. Consistent with results
from Hill and Barrett, the aohol attack in a 6endeDig fashion to form the endocyclic
vinyl ether, which then slowly isomerizes to the exocyclic terminal prodiigti(e 420).
Though initial reactivity is fast, the reaction appears to slow significantly once all of the
starting naterial is gclized, and even at extended reaction times, a mixture of both

heterocycles is observed.
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Figure 4.20. NMR spectra (GsDe) of alkynyl alcohol cyclization with
[(‘BuXPhos)Au(NCMe)][BAr F4] at various time poirts.

4.2.6. Prpargylation of substituted benzaldehydes

Recently Li and Zhang reported the use of a novel pipefiohdtionalized
phospline in goldcatalyzed propargylation of aldehydes to form substituted
dihydrofurans Figure 421).}4 This phosphine performed far better than the parent
JohnPhos, as well as several other derivasuadar in nature; this high reactivity was

attributed to the ability of the ligand to deprotonate thenbdaalkyne, ad it was found
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