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the Reduction of Carbon Dioxide and Related Compounds

Abstract

The development of new catalysts for the reduction of carbon dioxide is of utmost
importance to both limit the harmful greenhouse gas as well as to provide usable C1 feedstock
chemicals. One method to reduce this CO; is through the use of a metal hydride complex. Of
these metal complexes, nickel POCOP pincer hydride complexes have been highly successful at
catalyzing the reduction of carbonyl functionalities. Although these catalysts are effective at
catalyzing this reduction, there are few processes to make these hydrides. Additionally, not much
is known about which factors will improve catalytic reduction or what other reactions they can

catalyze.

Nickel chloride complexes bearing POCOP pincer ligands were easily synthesized using a
microwave reactor. Through this methodology nickel POCOP pincer chloride complexes can be
made in as little as 5 minutes in very high purities and yields. Nickel complexes with 'Pr, “Pe, Cy,
Ph, and '‘Bu substituents on the phosphorous atoms can all be synthesized using this method.
Additionally, palladium chloride complexes bearing isopropyl substituted POCOP ligands can be

made. This method was also found to greatly limit the solvent needed to make these complexes.

Alternative routes to synthesize nickel hydride complexes is an important problem due to
the harsh methods used to synthesize them. To explore an additional method for hydride synthesis,
nickel fluoride complexes bearing POCOP pincer ligands were synthesized. These complexes can

be easily converted to hydride complexes using silanes or boranes.

il



The factors that influence a metal hydrides ability to reduce CO> were investigated. To
determine which factors had an impact on the reduction of CO; to formate complex, a series of
nickel hydride and formate complexes were synthesized. The complexes were tested to determine
the relative thermodynamic favorability for the reduction of CO; to formate. Complexes bearing
more electron donating ligands were found to be better at reducing CO» to formate. Additionally,
complexes with more sterically accessible nickel centers were found to be far better at reducing

COy. Also, nickel was found to be better than palladium for this reduction.

Nickel hydride complexes were also found catalyze the oxidative esterification of
aldehydes and alcohols. The process was found to be very efficient at this process with a number
of alcohols and aldehydes. The mechanism proceeds through a reduction of an aldehyde to form
an alkoxide complex followed by an exchange with an alcohol. The nickel alkoxide then reacts
with an additional aldehyde to form a hemiacetal complex. Beta hydride elimination then forms
the ester product. Alternative entry into the catalytic cycle using benchtop stable nickel chloride
complex and nucleophilic base was achieved. Water, oxidation, and protonation of nickel hydride
were identified as deactivation pathways. The products of deactivation were independently

synthesized.
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Chapter 1

Introduction



1.1 Catalytic CO2 Reduction Using Nickel Pincer Complexes

The utilization of renewable feedstocks for chemical synthesis is one of the most important
challenges that face chemists today. While much effort has been devoted to advancing the
technology of converting bio-based feedstocks to chemicals, developing strategies to convert CO»
to chemicals has also been a recent research focus. Not only is CO: renewable but also
accumulating in the atmosphere due to the fact that the emission outpaces the sequestration. From
the economic point of view, CO: is an inexpensive C1 feedstock, making it very attractive for the
production of chemicals and fuels.! For CO> to be converted to value-added chemicals including
energy storage materials, a reduction process is often required. It has been long known that
Grignard reagents and reactive metal hydrides reduce CO; stoichiometrically; however, making
these reagents requires significantly high input of energy. Much research has thus been conducted
in the development of catalysts that can promote the reduction of CO> with milder reducing agents
such as boranes,” silanes,?® dihydrogen,® and electrons,* or with photons.’

Pincer complexes have provided a new avenue for catalytic reduction of CO; to useful
chemicals and fuels. Pincer ligands are defined as tridentate monoanionic ligands that can bind to
a metal in a coplanar fashion (Figure 1.1). Because of the relatively high rigidity and modularity
of the pincer scaffold, many of these complexes have exhibited unique reactivity that is unavailable
in non-pincer systems.® Pincer complexes of iridium, platinum, rhenium, tungsten, ruthenium,
rhodium, palladium, molybdenum, iron, cobalt, and nickel have been known to reduce CO,.
Nickel is one of the more desirable metal sources due to its low cost relative to the analogous

second and third row transition metals.’



Z = Neutral Donor Atom
Y = CH,, NH, or O Linker

X ——M—L M = Metal
X = Anionic Donor Ligand
L =Ligand

Y—Z

Figure 1.1. General framework of pincer complexes

A wide variety of nickel pincer hydride complexes have been studied for the reduction of
CO: (Scheme 1.1).® Nickel formate complexes are typically isolated as the reduction products
except in the case of the PNP pincer complex 1, which gives rise to a hydrido-nickel cyanate
complex via N/O atom transposition.” DFT calculations suggest that the rate of CO> insertion into
the Ni—H bond is highly dependent on the trans effect of the donor group situated opposite to the
hydride.!° Consistent with the trans-influence argument, those containing POCOP,!! PNCNP,?
PCP,!*!? PSiP,!% and PBP pincer ligands'# all react with CO (1 atm) rapidly at room temperature.
In contrast, nickel hydrides bearing a less trans-influencing central donor such as nitrogen (i.e.,
complexes 9a-¢ and 10) undergo CO; insertion sluggishly.!> In particular, the reaction of 9a with
CO: requires heating at 80 °C and 5 bar of CO, pressure.'>® The borohydride complexes 11 and
12a also react with CO> to give the corresponding formate complexes.'*!® Compared to 3a, the
reaction of 12a with CO; is substantially slower due to the need to dissociate BH3 first. The less
sterically hindered complexes 12b and 12¢ are more reluctant to release BHs, showing little

reactivity toward COz even heated at 60 °C for 48 h.'¢
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Scheme 1.1 Nickel pincer hydride complexes studied for the reduction of CO;

In addition to nickel hydrides, nickel methyl and allyl complexes, especially those
supported by a PCP or POCOP pincer ligand, can also undergo CO> insertion to give nickel
carboxylate complexes, a process that formally reduces CO>. With the same pincer ligand, the
kinetic barrier for CO; insertion is the lowest for the hydride complexes followed by the allyl
complexes,'? which is analogous to the palladium system.!” The methyl complexes are the slowest
to react, often requiring elevated temperatures and extended reaction times.!'>!3 A very unusual
case involving a doubly deprotonated PNP pincer ligand (i.e., complex 13) shows that CO> does
not insert into the nickel methyl bond but adds to its pincer arm to form a carboxylate 14 (Scheme
1.2).!* Unlike the ruthenium systems, nickel pincer complexes bearing a singly deprotonated PNP

pincer ligand does not react with CO- at all.
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Scheme 1.2 Reaction of an anionic nickel methyl complex with CO>

Some of the nickel hydrides illustrated in Scheme 1.1 have been investigated as catalysts
for the reduction of CO> with boranes. For example, in the presence of catecholborane (HBcat),
the POCOP pincer complex 3a promotes the conversion of CO; to CH3OBcat along with
catBOBcat. The catalytic system is efficient at room temperature under 1 atm of CO> pressure,
providing CH3;OBcat with a TON of 495 (based on B-H bond) in 1 h.!'* The reaction proceeds
via three consecutive catalytic cycles that reduce CO2 sequentially to HCO2Bcat, HCHO, and
CH30Bcat (Scheme 1.3). Each catalytic cycle features the insertion of a C=0 bond into the nickel
hydride followed by the regeneration of the hydride. DFT calculations suggest that the insertion
of HCO,Bcat crosses the highest kinetic barrier in the entire process.'® Further studies show that
the less bulky hydrides 3b and 3¢ are less active catalysts, mainly due to their higher tendency to
be trapped by the borane to form the off-cycle dihydridoborate complexes.!® Additionally, the
tert-butyl groups in 3a provide a better protection of the P-O bonds against the attack by the

borane, which is the deactivation pathway for the catalysts.
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Scheme 1.3 Catalytic cycles for nickel-catalyzed reduction of CO; with boranes

The choices of boranes and pincer ligands are critical to the efficiency and selectivity for
the catalytic reaction. Replacing HBcat with BH3 traps the hydrides 3a-c as borohydride

complexes 12a-¢, which are catalytically inactive.!¢

Using 3a as the catalyst, 9-borabicyclo
[3.3.1]nonane (9-BBN) follows the similar reaction pattern as HBcat whereas HBpin only reduces
CO; to HCO,Bpin, suggesting that it stops after the first catalytic cycle in Scheme 1.3.''"®> When
changing the POCOP pincer hydride complexes to a PSiP #°-cyclooctenyl complex 15, HBpin can
reduce CO; further to pinBOCH>OBpin, pinBOBpin, and pinBOCH3 in as short as 15 min
(Scheme 1.4).° Extending the reaction time to 12 h gives a mixture of pinBOBpin (85%),
pinBOCH3 (13%), HCHO, and some unidentified products. The reduction is presumably initiated
by the elimination of 1,3-cyclooctadiene from 15 to generate a nickel hydride species, which may
enter into catalytic cycles analogous to those shown in Scheme 1.3. The same reaction catalyzed

by a palladium pincer hydride generates HCO2Bpin selectively, highlighting the roles that both the

metal and the pincer ligand play on the selectivity of the process.



pinBOCH,OBpin (61%) \

+ Si
15 (2 mol% . .
CO, + HBpin# pinBOBpin (34%) pth\,\hi/pph2
(1 atm) 6-'6 +
15 min pinBOCH3 (5%)

15

Scheme 1.4 Reduction of CO, with HBpin catalyzed by a PSiP nickel pincer complex

The oxophilic and electrophilic nature of boranes is the key to their ability to reduce CO2
in the presence of a nickel catalyst. While silicon is oxophilic too, most silanes are not nearly as
electrophilic as boranes. Thus, it is not too surprising that silanes such as PhSiH3 do not react with
POCOP nickel pincer formate complexes as needed to turn over the catalytic cycle.'!® Similarly,
Et;SiH shows no reactivity towards the nickel formate complex derived from the PBP pincer
hydride 82! However, at 70 °C in the presence of B(C¢Fs)s, reduction of the nickel formate
complex with Et3SiH takes place, giving Et3SIOCH>OSiEt; as the reduced product. Similar to the
PSiP palladium and platinum pincer systems,?> B(C¢Fs)3 reacts with the nickel formate complex
to generate a formatoborate complex 16, which can be employed directly as a catalyst for the
reduction of CO; with Et3SiH (Scheme 1.5). The catalytic reaction operates at 70 °C under 4 bar
of H» pressure, providing EtsSiOCH,OSiEt; with TONs and TOFs up to 1200 and 55.8 h'!,
respectively. Other silanes such as PhoMeSiH and PhMe,SiH can be used as well, although in the
latter case methyl silyl ether (8%) and methane (14%) are also observed as the reduction products.
Given that B(C6Fs);-catalyzed cleavage of C—O bonds with silanes is a well-established process,*’
the selectivity for R3SiOCH>OSiR3 observed by this catalytic system is particularly notable. The
proposed mechanism (Scheme 1.5), as supported experimentally and computationally,?* involves

abstraction of B(C¢Fs)3 from 16 by the silane to yield [R3Si—H---B(CeFs)3], which delivers R3Si*



and H™ in a stepwise fashion to the nickel formate to give 18. Activation of the second silane by
B(CsFs)3 followed by R3Si" transfer releases the bis(silyl)acetal product while generating complex
19 to close the catalytic cycle through its reaction with CO,. During the catalytic process, B(CgFs)3
is likely to be trapped in nickel complexes 16, 18, and 19, preventing it from reducing

R3Si0OCH,0SiR3 further to CH30OSi1R3 and CHa.

17
CO, + RysiH {20506 mO%)_ - <iocH,0siR
2 39l o 39l 2USIRg
@b CeDg, 70 °C
®-
[Ni]=—0

CO, 0
H>L N
©B(CeFs)3
16 R3SiH

® ©
[Ni]---HB(CsF5)3 R;SiH Q
19
R3SiOCH,OSIR; [Ni]—O N N
>:o \B/
[Nil—O H + (t-Bu)oP—_ ) & P(t-Bu),
\ R3Si—H---B(CgFs)3 TI
+ HH iR, He o
ReSi—H---B(CqFs)s Y
Nl <0 (CeFs) g/o 16
|| <—
R5SiH o o o%
[Ni]I—O \
0 H SiR;

H H \SiR3 /GHB(06F5)3

\ 17
18 B(CeFs)3

Scheme 1.5 Reduction of CO; with silanes catalyzed by a nickel formatoborate complex

Nickel thiolate complexes supported by a POCOP pincer ligand are remarkable catalysts
for the reduction of CO; to a methanol derivative using HBcat as the reducing agent (Scheme
1.6).% This catalytic system is more efficient than the analogous palladium thiolate system?® as
well as the nickel hydride system.'' Among the ten catalysts tested, the most active one bears

isopropyl groups on the phosphorus donors and the p-CH30CsH4 group on the sulfur, which gives



a TOF of 2400 h™! at room temperature. Although some of these thiolate complexes do react with
HBcat to form the nickel hydrides species, under the catalytic conditions a number of other nickel
complexes produced are likely to be more active than the hydrides. Furthermore, in contrast to the
hydride system, the fert-butyl-substituted pincer complexes are less effective catalysts than their
isopropyl derivatives.

[Ni] catalyst
—_——

CO, + HBcat CoH CH30OBcat + catBOBcat
(1 atm) 6''6
0 o < R = tBu, i-Pr
I . | R'= p'CH3006H4, p'CH306H4,
ReP—NI—PR; Ph, p-CF3CgH4, CHoPh

SR’

Scheme 1.6 Reduction of CO; with HBcat catalyzed by nickel thiolate complexes

Despite the facile CO; insertion observed with many nickel pincer hydride complexes,
catalytic hydrogenation of CO; with these hydrides or related complexes has not been
accomplished to date. The closest example to this process is the hydrogenation of sodium
bicarbonate to formate catalyzed by the PCP pincer hydride 6a.”” A TON of 3038 over 20 h is
obtained when the hydrogenation reaction is carried out at 150 °C under 55 bar of H> pressure.
This hydride also catalyzes the reverse process, decomposition of formic acid to H> and CO> under
basic conditions.

Several nickel pincer complexes have been studied as catalysts for electrochemical
reduction of COz (Scheme 1.7). In comparison to the cyclic voltammogram obtained under No,
the bis(carbene)-based pincer complex 20 under CO; displays a substantial enhancement of the

t28

cathodic current.”® Analyzing the gaseous products from controlled potential electrolysis of 20 in

CO»-saturated CH3CN solution confirms CO as the main product with no detectable amount of H».



The high selectivity for CO over H is preserved even in the presence of water. The
bis(aldimino)pyridine-based pincer complex 21 also shows current enhancement when CO; is
introduced.?” However, analysis of the products suggests that CO is generated with a low Faradaic

efficiency (<3%). In this case, the main product is H> with a 89% Faradaic yield.

= 2+ =
LI )
(/\N 'Tl N/\> | ’T‘ |
NJ/l\Ni"&N AN=NN
| | \ A [ Ar
HsC NCCHs cH Br Br
3 (Ar = 2,6-(i—Pr)2C6H3)
20 21

Scheme 1.7 Nickel pincer complexes studied as electrocatalysts for CO; reduction

1.2 Catalytic Aldehyde Reduction Using Nickel Hydride Complexes

Catalytic reductions of aldehydes are of interest as both models for the reduction of CO; and
as a means to produce alcohols. Nickel-catalyzed hydrosilylation of aldehydes and ketones has
received a great deal of attention in recent years. Many of these catalytic systems employ nickel
hydrides directly as the catalysts while others use catalyst precursors that are converted to nickel
hydrides under the catalytic conditions (Figure 1.2). The dinickel complex {(PN'*")Ni(u-Br)}»
(22), when mixed with 2 equiv of KO'Bu, is an excellent catalyst for the hydrosilylation of
aldehydes with Et;SiH.*® At 100 °C, aldehydes bearing different functional groups including F,
Cl, and MexN are reduced to their silyl ethers with TONs up to 50 and TOFs up to 287 h'l. The
TONs are lower (25-35) for the hydrosilylation of bulky aldehydes such as 2,6-
dimethylbenzaldehyde or ketones such as cyclohexanone and benzophenone. According to the
NMR studies, complex 22 reacts with KO'Bu and Et;SiH to form {(PN'*)Ni(u-H)}2, which is

likely to dissociate into monomeric (PN*™)NiH. Insertion of aldehydes into the 3-coordinate

10



nickel hydride leads to nickel alkoxide complexes, which undergo metathesis reaction with Et3SiH
to release the silyl ether products and regenerate (PN )NiH. Aldehydes such as 3-
thiophenecarboxaldehyde and 2-pyridinecarboxaldehyde are not viable substrates for this catalytic
system. Presumably, the heterocyclic rings could coordinate to the nickel center and prevent

carbonyl insertion.

Ar 'Pr, Pr ° TRZ oo — O—PBu
No Br P | 7 Ne—Ni—H N—Ni—X
/©i NN j©/ A= Pr = | o=
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Figure 1.2 Nickel-based catalysts for the hydrosilylation of aldehydes and ketones

The bis(phosphinite)-based nickel hydride 3b is a more active hydrosilylation catalyst. With
a catalyst loading as low as 0.2 mol%, a variety of aldehydes including those with pyridine and
thiophene rings can be reduced by PhSiH3 or Ph,SiH, at room temperature (TONs up to 500).%!
As with the {(PNP®)Ni(u-Br)}, system, ketones such as cyclohexanone, acetophenone, and
benzophenone are less reactive, giving TONs of 6-60 at 70 °C. Replacing the isopropyl groups of

the catalyst with tert-butyl groups (3a) results in a less active catalyst, which is attributed to more
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sluggish insertion of aldehydes. The reaction mechanism is consisted of two steps: carbonyl
insertion and metathesis with silanes. Each step has been verified by NMR experiments. Other
nickel pincer hydrides have been explored for catalytic hydrosilylation of aldehydes. The
reduction of PACHO with PhSiH3 is catalyzed by 8.3 mol% of (‘B"PONCOPBU_H)NiH (23a) at room
temperature.’” The chloride complex (B"PONCOPBL-H)NiCl (23b) shows some catalytic activity;
however, the time needed to fully convert PhCHO is much longer (2 d vs. 10 h). A stoichiometric
reaction between complex 23a and PhCHO surprisingly gives no insertion product but
PhCH(OH)COPh as a result of benzoin condensation.

Several half-sandwich nickel complexes have been studied as hydrosilylation catalysts. For
the reduction of PhCHO with PhySiHz, CpNi(IMes)CI (24a) (5 mol%) is effective at 70 °C,
resulting in >97% conversion of the substrates in 22 h.** The catalytic performance is significantly
enhanced with the addition of NaEt;:BH, which is shown to convert CpNi(IMes)Cl to
CpNi(IMes)H. Using the in-situ generated nickel hydride, the catalyst loading can be reduced to
0.5 mol%, the reaction time can be shortened to 1 h, and the temperature can be lowered to 25 °C.
Compared to complex 24a, catalytic activities of Cp*Ni(IMes)H (24¢) and CpNi(IPr)H (24b) are
lower. With 1 mol% of CpNi(IMes)H, a wide range of aldehydes (except those with OH and Br
groups) are reduced to the corresponding alcohols in high yields following basic hydrolysis of the
silyl ether products. Furthermore, in the presence of 5 mol% of 24a, various ketones are readily
reduced by PhoSiHz at 25 °C. The mechanism for this catalytic system is not well understood. The
nickel hydride does not react with PhCHO or PhSiH;. In contrast, a closely related system using
an NHC ligand tethered to the cyclopentadienyl ring shows insertion of aldehydes into (Cp*-
NHC)NiH (25a).>* However, mixing PACHO, Ph,SiD,, and (Cp*-NHC)NiH in 1 : 1 : 1 ratio gives

PhCHD-OSiDPh> with no deuterium incorporated into the nickel hydride, suggesting that the
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hydride is a spectator ligand. For convenience, the fert-butoxide complex (Cp*-NHC)NiO'Bu
(25b) is used as the catalyst for the hydrosilylation reactions as it is readily converted to 25a by
the silane. The hydrosilylation of aldehydes with PhSiH3 is typically completed within 5 min with
1 mol% of 25a. The hydrosilylation of ketones, however, require a higher temperature (100 °C)
and longer reaction time (2-24 h).

Hydrosilylation of aldehydes catalyzed by {(MesP)(Me)Ni(u-imine)}> (26) and
(MesDPBPM)Ni (27) appears to follow a mechanism without the involvement of a terminal hydride.
The reaction of 26 with PhoSiH> gives a mononuclear species with the silane o-bonded to nickel
(Scheme 1.8).%°> Insertion of aldehydes into the Si—H bond and reductive elimination of the silyl
ethers complete the catalytic cycle. Among the dinickel complexes screened, the one with an
ortho-methyl substituted phenyl group (26b) shows the best activity. With a 0.6 mol% catalyst
loading at 45 °C, hydrosilylation of aldehydes with PhoSiH> is complete within 7 h. Functional
groups such as F, Cl, MeO, furyl and C=C bond are tolerated under the catalytic conditions.
Complex 27 reacts with Ph,SiH, and PhCHO individually to give (M*DPBF"-H)Ni(SiPh,H) and
(MesDPBPM)Ni(72-PhCHO), respectively.'*® Monitoring the catalytic reaction, however, reveals a
new species that is more consistent with a siloxyalkyl complex. Thus, hydrosilylation of aldehydes
catalyzed by 27 is more likely to proceed via a mechanism featuring insertion of aldehydes into
the Ni—Si bond (Scheme 1.9). With 5 mol% of 27 at room temperature, hydrosilylation of
benzaldehyde derivatives with PhySiH> is complete within one hour or a few days, depending on
the substituents on the benzene ring. The reaction is faster for those bearing an electron-donating

group such as MezN, MeO, and Me.
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Scheme 1.9 Mechanism for the hydrosilylation of aldehydes catalyzed by (M*DPB™)Ni (27)

1.3 Research Objectives

The study of nickel hydride complexes for the reduction of CO> to formates and the related
compounds is of great interest to the organometallic chemistry community. The previous success
with nickel hydride complexes for reduction processes has led to increased interest in the

development of new catalysts as well as the development of improved synthetic methods to access
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these complexes. This dissertation will first focus on new methods of synthesizing both nickel
chloride and fluoride complexes that can serve as precursors to nickel hydride complexes. New
nickel hydride and formate complexes will subsequently be discussed, especially in the context of
CO2 reduction for a better understanding of structure-reactivity relationships. Also discussed will
be the oxidative esterification of aldehydes with alcohols, a catalytic process further highlighting

the broad range of reactivity that these complexes have.

The current method of choice to synthesize nickel pincer chloride complexes involves the
reaction of the isolated pincer ligand with nickel chloride salts performed under high temperatures
for long periods of time. This process requires large amounts of solvent as well as lengthy workup
procedures in order to obtain pure products. One alternative approach to the traditional method is
through the use of a microwave reactor. Microwave reactors have been known to provide more
even heating at high temperatures (often beyond the boiling point of the solvent used) as well as
to shorten the reaction time. In Chapter 2, a new method for the synthesis of POCOP nickel pincer
chloride complexes will be discussed. Our study shows that nickel pincer chloride complexes can
be synthesized in microwave reactors in short periods of time and using much less solvent. This
research can potentially be extended to other metal systems as a more efficient way to prepare

POCOP pincer and related complexes.

New avenues for the synthesis of nickel hydride complexes are of synthetic interest. Many
existing methods use highly reactive reagents such as LiAlH4 or LiHBEt3 (super hydride). Other
methods start from air sensitive starting materials such as Ni(COD), (COD = 1,5-cyclooctadiene).
A less explored method for the synthesis of nickel hydrides is through the reaction of nickel
fluoride complexes with silanes or boranes. In Chapter 3, a brief story of our endeavor into the

synthesis and isolation of nickel fluoride complexes will be discussed. Nickel fluoride complexes
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were synthesized and readily converted to the corresponding nickel hydride complexes; however,
these nickel fluoride complexes were found to be too sensitive to be fully characterized.
Nonetheless, X-ray crystallographic and NMR spectral studies of these nickel fluoride complexes
support their formation, although the crystal structures often display decomposition products along

with the desired fluoride complexes.

The reduction of CO; to formate, as previously discussed, is an important process for
energy storage and the manufacturing of value-added chemicals. Many nickel hydride complexes
have been known to perform this reaction; however, there are limited studies on what factors make
this process more favorable. Experimental studies have been limited to the observation (or the
lack of observation) of complexes reducing CO> with no quantitative data on both kinetics and
thermodynamics of these processes. In Chapter 4, the synthesis of a series of nickel hydride
complexes and their reactivity towards CO: reduction will be discussed. A variety of nickel
POCOP pincer complexes were compared for a better understanding of what factors affect the
thermodynamic preference for the reduction of CO2. Also compared in this study were nickel
hydride complexes supported by other type pincer ligands as well as the analogous palladium

POCOP pincer complexes.

Nickel hydride complexes bearing a POCOP pincer ligand have been known to catalyze a
number of reactions. Among these reactions are catalytic hydroboration of CO, hydrosilylation
of aldehydes and ketones, and cyanomethylation of aldehydes. The catalytic reduction of carbonyl
functionalities by this series of complexes is diverse and efficient. In Chapter 5, the oxidative
esterification of aldehydes with alcohols catalyzed by nickel hydride complexes will be discussed.
The reduction of an aldehyde is paired with the oxidation of another aldehyde in a formally

disproportionation process. After optimization of the reaction conditions, various hetero-esters

16



can be synthesized through this method. Additionally, catalyst deactivation pathways were

identified, which will provide guidelines for the future improvement of the catalytic reaction.
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Chapter 2

Synthesis of POCOP Nickel Chloride
Complexes Using a Microwave Reactor
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2.1 Introduction

The development of new homogeneous catalysts is a large field in organometallic
chemistry. One area of this research involves organometallic complexes bearing pincer type
ligands, which are often defined as tridentate monoanionic ligands that bind metals in a coplanar
fashion. Pincer type complexes are highly desirable for their high thermal stability and a broad
range of catalytic reactions that they can perform. Of these complexes, bis-phosphinite or POCOP
type pincer ligands are particularly attractive for their relatively low cost and a large range of

catalytic applications.!

Typically, POCOP pincer type complexes of nickel are formed through the refluxing of the
pre-synthesized POCOP ligands and nickel halide (Scheme 2.1).> Often the synthesis of the
ligands requires strong or harmful bases (NaH, DMAP, etc). There has also been progress in
developing one pot synthetic methods for these complexes.?® However, these synthetic methods
always require large amounts of organic solvents (80-100 mL) and long reaction times (18-24 h).
Additionally, there are usually extensive workup procedures including washing and/or column
chromatography needed for the purification of these complexes. Progress has been made in
limiting by-products of these reactions; however, the synthesis remains time-consuming.> One
potential approach in improving both the time and the selectivity of this process is through

microwave synthesis.
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Scheme 2.1. Traditional synthesis of POCOP pincer nickel chloride complexes

Microwave synthesis has long been used for the preparation of inorganic and organic
molecules.* The increasing availability of microwave reactors has led to an uptick in microwave-
assisted synthesis published in the literature. Attractive attributes of microwave synthesis include
the even dielectric heating of the reaction vessel leading to no local heating, which in turn results
in less by-products and minimal decomposition.> Using a closed system, heating a solvent well
above its boiling point also becomes available due to no direct heating of the microwave vessel.
Additionally, the “specific microwave effect” can lead to increased rates, as demonstrated in

several reactions.®

Although microwave-assisted synthesis of organic and inorganic molecules has been
explored thoroughly, synthesis of organometallic complexes using microwave remains far less
explored (Scheme 2.2). Organometallic complexes containing chromium, molybdimum, and
tungsten (2a) can be made through displacement of carbonyl moieties with bidentate ligands such
as bipy and dppm using microwave synthesis.” The synthesis of phthalocyanine type complexes
(2b) can also be improved through microwave synthesis.® So can the synthesis of the

organometallic anticancer drug cisplatin (2¢).” Recently, microwave methodology has been used
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for the efficient synthesis of iridium bipyridyl type organometallic complexes (2d).!° Through the
use of a microwave reactor, the reaction time was decreased from 48 h to just 1 h and 20 min. This
study highlights the utility of microwave synthesis of organometallic complexes. To our
knowledge, this is the only report of an organometallic catalyst known to be synthesized in a

microwave reactor.

~
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Scheme 2.2. Organometallic complexes synthesized using a microwave reactor

In this study, we demonstrate the utility of a microwave reactor for the synthesis of POCOP
pincer nickel and palladium chloride complexes. For these reactions, traditional microwave
solvents such as water and alcohols are not compatible with the chlorophosphines due to their
nucleophilic nature. Instead, less absorbing microwave solvents such as THF must be used.
Through the use of microwave synthesis, the reaction time was lowered from 18-36 h to just 5
min. In fact, this new method provides POCOP type pincer complexes in the most expedited
fashion. In addition, this method uses a lesser amount of solvent and generates the desired products

more cleanly, thus requiring less workup than the traditional method without using microwave.
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2.2 One-Pot Synthesis of Nickel POCOP Complexes Using a Microwave Reactor

Bisphosphinite-based POCOP pincer complexes were chosen for initial studies due to their
utility as precursors to several catalysts. This family of complexes is typically synthesized through
refluxing the mixture of the ligand, nickel halide, and a base for extended periods of time (Scheme
2.1). With less sterically bulky P-substituents, the ligand can be generated in situ, providing the
opportunity to conduct one-pot synthesis of the metal complexes from ligand precursors. Nickel
chloride complex supported by the isopropyl-substituted POCOP ligand (1a) was chosen for
optimization due to its relatively simple synthesis.?® After initial studies, *'P{'H}NMR of the
crude products show that the chlorophosphine is fully consumed in as short as 5 min. Additionally,
the only phosphorous-containing product observed corresponds with the POCOP nickel pincer

chloride complex 1a (Table 2.1, entry 1).
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Table 2.1 Synthesis of POCOP Nickel Chloride Complexes

O-PR 1a:R=Pr
2 1b:R=‘Pe
microwave R =
R el W e et
-10 min :R=
HO OH | ' N

0-PR, 1e:R=Cy

Entry Phosphine Purity isolated yield other species present
1 Pr >99% 91%
2 “Pe >99% 63%
3 Cy >99% 98%
4 Bu 45% 20% 36% CIP'Bu,
52 Bu 90% 70% decomposition
6 Ph 54% 30% 10% Ligand
7P Ph 36% - 46% Ligand
8° Pr 60% 31% 33% Ligand, 7% CIP'Pr,

Purity is measured through in situ 3'"P{"H} NMR before workup.

All reactions are on a 1.1 mmol scale, 10 min, 180°C.

aReaction performed at 220°C. breaction only ran for 1 min. c. reaction performed in
180°C oil bath.

Following the initial success in the synthesis of isopropyl-substituted POCOP complex,
synthesis of other POCOP pincer complexes was pursued. The initial expansion to sterically
similar “Pe (1b) and Cy (le) derivatives proceeded without any setbacks achieving >99%
conversion based on in situ *'P{'H} NMR spectroscopy. Complex 1le being a new compound was

fully characterized. The analytically pure material yielded 'H, *'P{'H}, and 3*C {'"H} NMR spectra
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similar to the other POCOP nickel chloride complexes (1a-d). Additionally, the structure of the
complex was studied by X-ray crystallography (Figure 2.1). The bulkier '‘Bu substituted compound
(1d) did not proceed as efficiently as the previously stated compounds only showing 45%
conversion under the standard conditions. The analysis of the crude material suggests that the
second phosphorylation reaction required to make the pincer ligand is not fast enough for this
reaction go to completion. Under further optimization, a simple increase in temperature helps the

reaction to proceed up to 90% completion.
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Figure 2.1 ORTEP drawing of [2,6-(Cy2PO).CsH3]NiCl (1e) at the 50 % probability level.
Selected bond lengths (A) and angles (°): Ni—C (1) 1.8775(15), Ni—CI(1) 2.1829(5), Ni-P(1)
2.1625(5), Ni-P(2) 2.1529(5), P(1)-Ni—P(2) 164.522(19), C(1)-Ni—CI(1) 176.62(5).

The phenyl-substituted compound 1c also exhibits some issues only showing 54% purity
under the standard conditions. Unlike the reaction for the fert-butyl derivative, there appears to be
no remaining chlorophosphine in the crude reaction mixture. Additionally, there was a large
amount of black precipitates observed in the reaction mixture. This suggests that there is a
decomposition pathway involving reductive elimination of the ligand to form nickel(0). To test
this hypothesis, pure phenyl-substituted POCOP complex 1¢ was placed in the microwave reactor
(Scheme 2.3). Interestingly there was observed decomposition of the complex yielding a black
precipitate and what appeared to be the POCOP ligand or a chlorinated POCOP ligand. In an
attempt to limit the decomposition of the complex, the reaction time was limited to 1 min; however,

this led to only 36% conversion to the expected complex.

O—-P(Ph), O—P(Ph), O—P(Ph),
Microwave
Ni—Cl Ni—Cl + X
THF, 10 min, 180°C
O—-P(Ph), O—-P(Ph), O—P(Ph),
90% 10%
X=ClorH

Scheme 2.3. Decomposition of complex 1c¢ under microwave conditions

In addition to the POCOP nickel chloride complexes made, the synthesis of palladium
complexes of this ligand type was explored. After initial screening, the isopropyl-substituted

complex (3) was synthesized using the same procedure developed for the nickel analog. This
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reaction also took only 5 min to complete and resulted in a very clean product. This is notable
because the literature procedure for the synthesis of complex 3 requires refluxing for at least 36
h.!'! This reaction also demonstrates that the utility of microwave synthesis is not limited to nickel
complexes. Additionally flow microwave reactors could lead to one-pot synthesis of catalyst

followed by cross-coupling reactions which are also known to be enhanced by using microwave

reactors.'?
O_PR2
microwave
+ CIPR, + NEt; + PdCl, Pd—CI 3
HO OH 5 min, THF, 180°C |
O_PR2

99% Conversion, 90% Yield

Scheme 2.4 Synthesis of POCOP palladium chloride complex 3

From the green chemistry point of view, using the microwave reactor also led to a decrease
in the amount of solvent needed in both carrying out the reaction and during the workup. The
microwave reactions only need 1.5 mL of THF to run the reaction and an additional 1 mL to help
extract the product. This is far less than the experiment using traditional heating, which typically
uses about 50 mL of solvent. The high purity of the crude mixtures also led to our pursuit of
simplification of the purification procedures. The literature procedures for the synthesis of
POCOP complexes typically require column chromatography or extensive washing to further
purify the crude material; both steps demand the use of large amounts of solvents. For the
microwave synthesis, we were also able to develop a procedure where only a separation of
EtsNeHCI via filtration was all that was needed to produce analytically pure complex 1a. The

purification of the °Pe, Cy, and '‘Bu-substituted complexes required washing with a total of 0.5 mL
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of methanol to yield an analytically pure product. By comparison, our control reaction using the
traditional method required 30 mL of methanol during the washing step for purification, suggesting

that the microwave reaction is less solvent demanding due to reduced amounts of byproducts.

Table 2.2 Solvents used in microwave reactions

O_PR2
. microwave |
+ CIPR, + NEt3 + NiClj ——— Ni—Cl
HO OH |
O_PR2
Entry Phosphine Reaction Solvent Workup Solvents
1 ipr 1.5 mL THF 1 mL THF
2 “Pe 1.5 mL THF 1mL THF, 0.5mL MeOH
3 Cy 1.5 mL THF 1mL THF, 0.5mL MeOH
4 'Bu 1.5 mL THF 1mL THF, 5mL MeOH
5 Ph 1.5 mL THF 1mL THF, 10mL MeOH
62 ipr 1.5 mL THF 1mL THF, 30mL MeOH

THF in workup is for extraction of product, MeOH is for washing of product.
8oil bath control experiment.

The mechanism by which the microwave helps the reaction remains unknown. A control
solution reaction was run in a microwave vial using a 180°C oil bath behind a blast shield (Table
2.1 entry 8, Table 2.2 entry 6). The control reaction’s solution composition contains both
unreacted chlorophosphine and the unreacted ligand. This suggests that the microwave reactor
helps with both the nucleophilic substitution reaction on the phosphorus to form the ligand as well

as the C—H bond activation to form the final complex. This hypothesis was supported by the
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synthesis of fert-butyl derivative (1d) which typically requires stronger bases to form the ligand.
Additionally, the literature suggests that much longer times are needed for the C—H bond activation

reaction.

In conclusion, a series of POCOP complexes have been synthesized using a microwave
reactor. The reactions proceed rapidly, resulting in products with high yield and purity. The
reactions also limit the amount of solvent needed for the reaction as well as the solvent needed for

the purification procedures. Synthesis of other related complexes is currently being explored.

2.3 Experimental Section

Materials and methods. Unless otherwise mentioned, all the compounds were prepared and
handled under an argon atmosphere using Schlenk and glovebox techniques. All chemicals were
purchased from Sigma Aldrich and were used without further purification. Dry and oxygen-free
solvents (THF and toluene) were collected from an Innovative Technology solvent purification
system. All microwave reactions were carried out using a Biotage microwave synthesizer with an
automated sampler equipped with temperature and pressure probes. All reactions were carried out
in sealed 2-5 mL Biotage microwave vials. 'H and *'P{'H} NMR spectra were recorded on a
Bruker Avance-400 MHz spectrometer. Chemical shifts in 'H NMR were referenced to residual

solvents. 3'P{'H} NMR spectrum were referenced externally to 85% H3PO4 (0 ppm).

General Procedure for the Synthesis of Compounds in a Microwave. A mixture of resorcinol
(2.3 mmol), chlorophosphine (4.7 mmol), nickel chloride (2.3 mmol), and triethylamine (8 mmol)
was added to a Biotage microwave vial. 1.5 mL of solvent was then added to bring the mixture
volume between the necessary volume fill lines on the microwave vial. The vial was then sealed
and placed in the microwave reactor. The reaction was pre-stirred and brought to the desired

temperature. As soon as the microwave reaction was done, a small aliquot was withdrawn for in
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situ >'P{'"H} NMR analysis. The reaction mixture was then gravity filtered. The remaining solid
was then washed with additional solvent to extract any residual product. The combined solutions
were evaporated to dryness to yield the complexes as powders. If needed, the solids were washed

with chilled (0 °C) MeOH to achieve high purity.

Synthesis of [2,6-(Cy2P0O):CsH3]NiCl. The above procedure was repeated using CIPCy> as the
chlorophosphine. The product was isolated in 98% yield (1.339g). Single crystals were grown
from slow evaporation of a THF solution. 'H NMR (400 MHz, CDCls, §): 1.28-1.36 (m, CHa,
12H), 1.82-1.94 (m, CH, 24H), 2.14-2.25 (m, CH, CH., 8H), 6.38 (d, Jp.u = 8 Hz, Ar, 2H), 6.93
(t, Jo-u = 8 Hz, ArH, 1H). *C{!H} NMR (101 MHz, CDCls, 8): 25.95 (s, CH2), 26.48-26.67 (m,
CH»), 26.77 (s, CH2), 27.15 (s, CHz), 36.82 (t, Jp.c = 11.1 Hz, CH), 104.99 (t, Jp.c = 6.1 Hz, Cyiera),
125.36 (t, Jp-c = 21.2 Hz, Cipso), 128.50 (s, Cpara), 168.86 (t, Jo-c = 10.1 Hz, Cormo). *'P{'H} NMR
(162 MHz, CDCls, 9): 177.75 (s). Anal. Calcd for C30H4702P2NiCl: C, 60.48; H, 7.95. Found C,

59.70; H, 7.92.
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Chapter 3

Nickel POCOP Pincer Fluoride Complexes as
Precursors for the Synthesis of Nickel
Hydride Complexes
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3.1 Introduction

Synthesis of fluorine-containing organic molecules is an important chemical process.
These fluorinated molecules are of particular interest to the pharmaceutical and agricultural
industries due to their increased stability in biological systems compared to the non-fluorinated
molecules.! Common fluorination methods include nucleophilic F~ reagents® as well as
electrophilic F* reagents® although these reagents are often expensive or difficult to make. One
method to circumvent using these fluorination reagents is through the use of transition metal
catalysts. In most of these transition metal catalyzed fluorination reactions, metal fluoride
complexes are either proposed or isolated as key intermediates.* Studies of these metal fluoride
complexes are of importance for both the understanding of how to improve the catalytic cycles

and the understanding of the properties of these metal fluoride complexes.

Although organometallic complexes containing fluoride ligands have been identified as
catalysts for fluorination reactions, the knowledge base for these types of complexes remains

3 silver,®

relatively limited. Most metal based fluorination catalysts are derived from copper,
rhodium’ or palladium.*® Many of these fluoride complexes are notoriously difficult to make due
to their high reactivity towards common ligands such as phosphines or etherated solvents.
Additionally, when these complexes decompose, they tend to generate HF, which is a quite
dangerous byproduct. Several palladium fluoride complexes have been well characterized and

shown to reductively eliminate C—F bonds under catalytic conditions.® In contrast, nickel fluoride

complexes are relatively unexplored.
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P(Bu), P(Pr), O—P(Pr),

Ni—F Ni—F Ni—F
P(‘Bu), P(Pr), O—P(Pr),
1a 1b 1c

Scheme 3.1 Reported nickel pincer fluoride complexes

Several nickel fluoride complexes have been previously reported in the literature (Scheme
3.1). Although these complexes have not exhibited the desired catalytic activity for fluorination
chemistry observed by other transition metal analogues, study of these complexes remains of
fundamental interest. Peruzinni et al. studied the ability of a B“PCP pincer ligated nickel fluoride
complex 1a to undergo fluorine scrambling with BF3.° Campora et al. examined the electron
donation effects that fluoride has on pn-dn-pm ligand-metal interactions relative to other anionic
donor ligands in PCP ligated pincer complexes.!® Zargarian et al. investigated the transformation
of a POCOP pincer nickel fluoride complex 1c¢ for the conversion to nickel trifluoromethyl
derivatives.!! Also studied by Zargarian was the ability of the nickel fluoride complex to
catalytically fluorinate benzyl halides using silver fluoride. The catalytic transformation is
inefficient with a TON of 6.5. Additionally, nickel (0) complexes have been known to undergo
oxidative addition with polyfluoro aromatics to generate nickel fluoride complexes (2a).!> These
nickel fluoride complexes can then be treated with PhSiH3 to generate nickel hydride complexes

2b (Scheme 3.2), a transformation that was particularly of interest to us.
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Scheme 3.2 Hydride generation from nickel fluoride complex

This chapter will discuss the synthesis of new nickel fluoride complexes supported by a
POCOP pincer ligand. These nickel fluoride complexes were characterized as well as they could
be before decomposition. The B'POCOP nickel pincer fluoride complex was then treated with
silanes and boranes to generate the corresponding nickel hydride complex. This transformation is
of particular interest because many reduction reactions with these nickel hydride complexes
require silanes or boranes. This method thus provides an alternative route to access the catalytic

cycles.

3.2 Synthesis of Nickel Fluoride Complexes
Synthesis of nickel fluoride complexes was accomplished following literature procedures

11" Nickel chloride complexes with ‘Bu and Ph substituents on the

for related compounds.
phosphorous donors were synthesized first as precursors to the fluoride complexes. Unfortunately
we were unable to achieve the same success that Zargarian and co-workers had for the isopropyl
derivative 1¢; no reaction occurred when simply stirring silver fluoride with the nickel chloride
complexes in the dark.!! An alternative approach was also pursued using the high-speed ball mill

(HSBM) to mechanically grind silver fluoride and a nickel chloride complex. This process was
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abandoned due to low isolated yields (10-15%) and difficulty in scaling up beyond 200 mg. A
more practical synthesis involved sonication of the mixture of the nickel chloride complexes and

silver fluoride in the dark (Scheme 3.3). The reaction takes 4-36 h to reach completion.

O_PR2 O PR2 3a . R - Ph
2 eq AgF 3b:R="Bu
Ni—Cl > Ni—F
THF
Sonication, Dark
O_PR2 O_PR2

Scheme 3.3 Synthesis of nickel fluoride complexes

The existence of a fluoride ligand was confirmed by the characteristic doublet observed in
the 3'P {'"H} NMR spectrum due to phosphorus-fluorine coupling. Their *'P chemical shifts appear
downfield of those for the corresponding chloride complex, a trend also observed with other pincer

fluoride complexes reported in the literature.'%!!

These new fluoride complexes have also been
studied by X-ray crystallography. The tert-butyl derivative (3b) co-crystalizes with resorcinol,
suggesting that the synthesis of the complex leads to the decomposition of the ligand backbone
(Figure 3.1). The phenyl-substituted complex is hydrogen bonded to a water molecule implying
the possibility for this complex to generate HF, which could be another decomposition pathway
(Figure 3.2). Unfortunately, solubility and stability issues have prevented the observation of a
quartet as expected for the ipso carbon resonance with similar Jc.p and Jc.r coupling constants.
The limited stability has also prevented satisfactory combustion analysis to further confirm the
formula of the complexes. Various solvents including water and EtO could lead to the
decomposition of these complexes. The complexes also decompose slowly in the presence of
THF, which was the solvent used for its synthesis. Exposure to residual H>O leads to the

generation of a black precipitate, unidentified products, and HF as evidenced by the etching of the

glassware used.
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Figure 3.1. ORTEP drawing of [2,6-("Bu2PO),CsH3]NiF (3b) at the 50 % probability level. The
molecule co-crystalizes with resorcinol from the decomposed ligand. Selected bond lengths (A)
and angles (°): Ni-C (1) 1.8762(16), Ni-F(1) 1.8620(11), Ni-P(1) 2.1865(5), Ni—P(2) 2.1825(5),

P(1)-Ni-P(2) 164.540(19), C(1)-Ni-F(1) 178.53(7).
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Figure 3.2. ORTEP drawing of [2,6-(Ph,PO),CsH3|NiF (3a) at the 50 % probability level.
Selected bond lengths (A) and angles (°): Ni—C (1) 1.878(3), Ni-F(1) 1.8776(18), Ni-P(1)

2.1692(7), Ni-P(2) 2.1692(7), P(1)-Ni-P(2) 163.48(3), C(1)-Ni-F(1) 180.000(1).

3.3 Reactions of Nickel Fluoride Complexes with Boranes and Silanes as a Means to
Generate Nickel Hydride Complexes

To demonstrate the utility of these complexes, synthesis of tert-butyl-substituted hydride
complexes from the fluoride complexes was attempted. Due to the high affinity of fluoride for
silicon and boron, silanes and boranes were chosen as hydride donors for these complexes. In a

typical experiment, nickel fluoride complex 3b was mixed with a stoichiometric amount of silane
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or borane. A complete conversion to the hydride complex 4 was observed in >10 min as judged
by 'H and *'P{'H} NMR spectroscopy. Also observed was an immediate color change from
orange to pale yellow, characteristic of the formation of hydride complexes. The reactions using
silanes evolve gas vigorously, which could be SixF¢ resulted from disproportionation of the

initially formed alkyl fluoro silanes.

O—P(Bu), O—P('Bu),
HSiR3 or HBR,
NI—F CeDe, 10min Ni—H
O—P(1Bu), O—P('Bu),
3b 4

Scheme 3.4. Synthesis of nickel hydride complex 4 from 3b using silanes or boranes

Due to the instability of the fluoride complexes, synthesis of hydrides via this fluoride-to-
hydride transformation offers limited advantages. Nickel hydride complexes are more routinely
made using powerful hydride donors such as LiAlH4 or NaHBEts; however, these reactive
hydrides are incompatible with many functional groups. To illustrate the synthetic utility of the
fluoride complexes, the ester-substituted POCOP pincer fluoride complex (6) was made. The
synthesis proceeds seamlessly through sonication of silver fluoride and the nickel chloride
complex in THF. The resulting fluoride complex shows characteristic Jp_r coupling in the *!'P {'H}
NMR spectrum as well as a chemical shift further downfield from its chloride complex. The
BC{'H} NMR spectrum exhibits a quartet for the Cipo resonance, further confirming the
composition of this complex. Low stability has prevented this complex from growing X-ray
quality crystals or obtaining satisfactory combustion analysis. When mixed with phenylsilane,
complex 6 is fully converted to the hydride species 7, which otherwise could not be isolated from

the LiAlH4 or NaHBEt; route.
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O—P('Bu), O—P('Bu), O—P(‘Bu),

0 AgF Q PhSiH3 Q
N—Cl ———————> Ni—F —— Ni—H
MeG THF, Sonication MeO CsDg MeO
O—P(‘Bu), O0—P(Bu), O—P(Bu),
5 6 7

Scheme 3.5. Synthesis of nickel hydride 7 using nickel fluoride complex 6
3.4 Conclusions

Though no complexes were fully characterized, the synthesis of short-lived nickel fluoride
complexes was achieved through sonication of nickel chloride complexes with silver fluoride.
There is evidence that these nickel fluoride complexes are made; however, low stability prevents
these molecules being isolated in a pure form. The complexes can be fully converted to the hydride
complexes in the presence of boranes or silanes, providing an alternative route to these hydride
complexes. Further study of these nickel fluoride complexes is hampered by their facile

decomposition.

3.5 Experimental Section

Materials and Methods. Unless otherwise mentioned, all the organometallic compounds were
prepared and handled under an argon atmosphere using Schlenk and glovebox techniques. All
chemicals were purchased from commercial sources and used without further purification. Dry
and oxygen-free THF was collected from an Innovative Technology solvent purification system.
Nickel chloride complexes were prepared according to the literature procedures.'> 'H, C{'H}
and *'P{'H} NMR spectra were recorded on a Bruker Avance-400 MHz spectrometer. Chemical
shifts in NMR were referenced to residual solvents. 3'P{'H} NMR spectrum were referenced

externally to 85% H3PO4 (0 ppm).
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Synthesis of [2,6-(‘Bu2PO)2CsH3]NiF (3b). A solution of nickel chloride complex (0.200 g, 0.41
mmol) was prepared in 25 mL of THF. Silver fluoride (0.086 g, 0.41 mmol) was added under dark
conditions. The reaction mixture was then sonicated for 8 h. The suspension was filtered over
Celite and pumped to dryness to yield an orange powder (0.172 g, 87% yield). '"H NMR (400 MHz,
CeDes, 0): 1.44 (vt, Jp-.u = 8 Hz, CH3,36H), 6.50 (d, Ju-n = 8 Hz, CHpew, 2H), 6.52 (t, Ju-u = 8 Hz,

CHpara, 1H). 3'P{'H} NMR (162 MHz, C¢De, 8): 180.66 (d, Jr-» = 26 Hz).

Synthesis of [2,6-(Ph2PO)2CsH3]NiF (3a). A solution of nickel chloride complex (0.200 g, 0.35
mmol) was prepared in 25 mL of THF. Silver fluoride (0.0466 g, 0.36 mmol) was added under
dark conditions. The reaction mixture was then sonicated for 8 h. The suspension was filtered
over Celite and pumped to dryness to yield an orange-brown powder (0.163 g, 84% yield). 'H
NMR (400 MHz, CsDg, 9): 6.65(d, Ju-u = 8 Hz, ArH, 2H), 6.89 (t, Ju.u = 8 Hz, ArH, 2H), 6.97-
6.92 (m, ArH, 12H), 8.0-8.22 (m, ArH, 8H). *'P{'H} NMR (162 MHz, C¢Ds, 8): 134.58 (d, Jrp=

22 Hz).

Synthesis of [2,6-(‘Bu2P0)2CsH2COOMEe]NiF (6). A solution of nickel chloride complex (0.400
g, 0.73 mmol) was prepared in 25 mL of THF. Silver fluoride (0.092 g, 0.73 mmol) was added
under dark conditions. The reaction mixture was then sonicated for 8 h. The suspension was
filtered over Celite and pumped to dryness to yield a bright orange powder (0.301 g, 76% yield).
'H NMR (400 MHz, C¢Ds, 8): 1.46 (vt, Jp.u = 8 Hz, CH3, 36H), 3.49 (s, CHs, 3H), 7.78 (s, ArH,
2H). BC{'H} NMR (101 MHz, C¢Ds, 8): 27.30 (t, Jp.c = 3.0 Hz, CCH3), 38.23 (t, Jp.c = 7.1 Hz,
CCH3), 51.34 (s, COOCH3), 106.50 (t,Jp.c = 6.1 Hz, Cpewa) 131.27 (q, Jp-c = Jr-c = 20.2 Hz, Cips0),
130.85 (s, Cpara), 166.54 (s, COOMe), 170.18 (t, Jp.c = 10.1 Hz, Comio). >'P{'H} NMR (162

MHz, CeDe, 8): 179.50 (d, Je.p= 22 Hz).
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General Procedure for the Generation of Hydride Complexes. Nickel fluoride complex (0.010
g) was dissolved in CsDs in a screwcap NMR tube. Silane or borane (1 equiv) was then injected
into the tube via a syringe. The solution immediately started to bubble and turned pale in color.

'H and *'P{'H} NMR spectra were recorded to confirm the formation of the hydride species.
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Chapter 4

Relative Thermodynamic Favorability of
CO: Reduction by Nickel Hydride Complexes
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4.1 Introduction

The reduction of CO2 to formate or further is of utmost importance as previously stated
(See Chapter 1). One method for this reduction is through the use of metal hydrides. In particular,
many transition metal based hydride complexes, especially those supported by a pincer ligand,
have been developed to reduce CO, to formate.! Pincer systems are preferred for this
transformation because their relatively high thermal stability allows an easy access to metal
hydride species and at the same time is amenable to heating which may be needed for CO;
reduction. In addition, the reactivity is highly tunable due to the availability of a wide variety of
pincer ligands. In fact, pincer complexes based on just about any late transition metal are now
known to catalyze the reduction of CO» using a silane, borane or dihydrogen as the reducing agent.

One metal of high interest is nickel due to its relatively low cost and high availability.

Catalytic reduction of CO; by nickel hydride species is relatively unexplored compared to
the reduction catalyzed by iridium or ruthenium complexes. Recently in our group, a nickel
hydride complex bearing a bisphosphinite-based (or POCOP) pincer ligand (3a, Scheme 4.1) was
shown to be an effective catalyst for the reduction of CO, to a methanol derivative using a borane.?
This process occurs first through the reversible reduction of CO2 to make a nickel formate
complex. One equivalent of borane then regenerates the hydride while producing a boroformate
species. This particular formate can then undergo further reductions eventually to a methanol
derivative. Replacing the pincer ligand with a sterically less bulky one (by reducing the size of
phosphorous substituents) slows the reaction by trapping the nickel hydride species as a
dihydridoborate species (analogous to 12).* Additionally, changing the ligand system to a PSiP
pincer ligand (i.e., 7 as a masked nickel hydride) and using HBpin as the reducing agent result in

the reduction of CO; to a mixture consisting of pinBOCH>OBpin, pinBOBpin, and pinBOCH3.*
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Other nickel hydride complexes that can catalytically reduce CO> include the PBP pincer complex
8 which can perform the Lewis acid assisted hydrosilylation of CO> where the previous complexes
(3, 12) have not yet been shown to catalyze this reaction.’> The difference in selectivity highlights
the importance of understanding how ligand modification impacts the reactivity of nickel hydride

complexes towards COa.

N/O transposition
g"iez g',ez Me,Si— O —SiMe,
( ‘T/ ! CO, T
(t-Bu)zP\hl“’P(t-Bu)z (t-Bu),P—Ni—P(t-Bu),
|
H NCO
1 2

Ay e e A SR

Rzp_f‘lﬁ_PRz (t—Bu>2P—N|i—P(t-Bu>2 (PP —Ni—P(iPr), 2P NITPRe Csz*Nli/F’Cyz

H H H H H
3a: R=tBu 4 5 6a: R = t-Bu 7
3b: R =j-Pr 6b: R =Cy

3c: R = ¢c-Pe (cyclopentyl)

N o e S
l R2P NI\ PR2

N N | N

|
" RoP—Ni—PR, | L (I-Pr)ZP—)Nl\——-P(I-Pr)z H/ ’
(tBu)P~— | _—P(t-Bu); (-Pr)gP—Ni—P(-Pr) H ) :B/\
| 9a: R = t-Bu H B H H
H 9b: R = i-Pr 10 H H 12a:R = +-Bu
8 9c: R = Cy 11 12b: R = i-Pr
12c: R = c-Pe

Scheme 4.1. Nickel hydride complexes studied for CO> reduction

Nickel hydride complexes have been found to be extremely efficient at reducing CO> to
formate complex stoichiometrically, although very few systems have been developed into catalytic
processes. A large number of nickel hydride complexes that reduce CO; to formate complexes are
pincer based. This is largely because pincer complexes confer high thermal stability and, in a
square planar geometry, force the anionic donor trans to the hydride to prevent decomposition via

reductive elimination of the pincer ligand and the hydride. Several of these nickel hydride
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complexes reduce CO; instantaneously and reversibly at room temperature under an atmospheric
COs pressure.® Some nickel hydride complexes have difficulty in reducing COa, but can achieve
the transformation at higher temperatures and/or under higher CO, pressures. Little is known
about why specific complexes are better at reducing CO» than others. Empirical observations
suggest that pincer complexes bearing a nitrogen donor trans to the hydride are particularly
sluggish in CO> reduction. Hazari, Kemp, and coworkers have suggested that the natural bond
orbital (NBO) of the donor ligand trans to the hydride correlates to the thermodynamics of CO2

insertion.’

They have provided computational and experimental evidence supporting the trans
effect on the favorability of CO; reduction (Scheme 4.2); however, the computational methods are
based on simplified models. Additional computational studies focusing on the B“POCOP nickel

pincer complexes (3a) suggest that the insertion of CO: into the nickel hydride is

thermodynamically downhill (AG = —4.30 kcal/mol).*®

P(Me), T(Me)z F|’(Me)z O—F|’(tBU)z
N—l\|li—H I\|li—H —Si=Ni-H Ni—H
P(Me), P(Me), P(Me), O—P('Bu),
AG =-0.60 AG =-4.92 AG =-7.70 4G =-4.30

Scheme 4.2. Computational thermodynamic data for the reduction of CO: in kcal/mol

In this chapter, the synthesis of a series of POCOP pincer nickel hydride and formate
compounds will be discussed. The equilibrium constant for the exchange of CO> between a
formate complex and a hydride complex will be measured as a means to probe the relative

thermodynamics of CO; reduction. This series of compounds will be compared against other
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nickel and palladium complexes to help determine what factors influence the reduction of CO; to

formate complexes.

4.2 Synthesis of B"POCOP Nickel Pincer Hydride and Formate Complexes Bearing
Different para-Substituents

To study the electronic effects on the reduction of CO> by nickel hydride complexes, a
series of complexes with varying substituents were needed. POCOP pincer ligands are ideal for
this examination given their reported impact on the electronic properties at the metal center through
the change of the substituent para to the metal.® Additionally, the previously reported complexes
appear to have little impact on the steric environment around the metal center.” Furthermore, there
is a vast collection of literature procedures that exist to make the starting substituted resorcinols.®®
86. 10" The complexes with fert-butyl substituents on the phosphorous were targeted due to their
increased stability and easier synthesis relative to the isopropyl analogs. Derivatives of resorcinol
with dimethylamino (NMe»), methoxy (OMe), fluoro (F), and methyl ester (COOMe) substituted
at the 5-position were chosen due to the ease of synthesis or their commercial availability (Scheme
4.3). Additionally, this range of substrates offers substantial electronic variation with molecules
bearing electron-donating groups (NMez, OMe) and those bearing electron-withdrawing groups
(F, COOMe).!! These substituted resorcinols could lead to the synthesis of the nickel chloride
complexes, which in turn serve as stable precursors to the desired nickel hydride and formate

complexes.
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O—P(tBU)z 13a: X = NMe,

13b: X = OMe
X Ni—Cl 13c: X =H
13d: X =F
O—-P(‘Bu), 13e: X = COOMe

Scheme 4.3 Target nickel chloride complexes

Synthesis of nickel chloride complexes was accomplished by following procedures adapted
from the ones reported in the literature (Scheme 4.4).!> The starting substituted resorcinols can
either be purchased (H, OMe, COOMe) or synthesized (F, NMe>) following literature
procedures.®® 1913 The sodium hydride can then be added to deprotonate the resorcinols followed
by the addition of di-tert-butylchlorophosphine. Nickel chloride and triethylamine were then
added directly to the ligand solution to initiate the synthesis of the nickel chloride complexes. The
one-pot method provides products in higher yields than the step-wise approach by minimizing the
introduction of oxygen and moisture to the system, which are detrimental to the chlorophosphine
and the pincer ligand. Following flash column chromatography or recrystallization, the complexes
can be isolated in an analytically pure form. All the reported complexes gave characterization data
consistent with those shown in the literature.®® 8122 For the new complexes (13a and 13d) the
3P{'H} NMR chemical shifts appear close to those of the other previously reported complexes
(13b, 13¢, and 13e) and do not present any obvious trend (6 190.69 and 189.07 for the 13a and
13d, respectively). The 'H NMR show triplets (Jp-u = 8.0 Hz) at § = 1.40 and 1.53, respectively,
characteristic of virtual coupling resulted from the #rans configuration for the phosphorus donors.
The signal for the proton meta to the nickel center shows at 6 6.30 (Jp.r = 8.0 Hz) for the fluorinated
complex and J 6.13 for the dimethylamino-substituted complex. This represents a trend where
complexes with more electron-donating substituents have 'Hyer shifts further downfield from

complexes with less electron-donating substituents. The 'C{'H} NMR spectra also appear in
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accordance with the analogous complexes reported in the literature.’® 8122 Complex 13d shows
characteristic CF coupling for the Cpura (Jor=243.4 Hz), Chewa (Jo-r= 25.3 Hz), Corno (Jcr=15.3
Hz), and Cips (Jo-r= 3.0 Hz) resonances. The X-ray structures (Figures 4.1 and 4.2) are consistent

with the NMR results and show similar steric environments around nickel as previously reported

tert-butyl-substituted POCOP nickel pincer complexes. 5 8- 122
O-P(‘Bu), 13a: X =NMe,
1 NaH NiCl, y 13b: X = OMe
- . _ Ni—Cl  13c:X=H
t
2. PCI(Bu), 0 0 toluene, reflux | 13d: X =F
toluene P(‘Bu), P(‘Bu), O-P(Bu);  13e: X = COOMe

Scheme 4.4 Synthesis of POCOP nickel chloride complexes
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Figure 4.1 ORTEP drawing of [2,6-(‘Bu2PO),CsH,NMe,|NiCl (13a) at the 50 % probability
level. Selected bond lengths (A) and angles (°): Ni—C (1) 1.8767(18), Ni—CI(1) 2.1970(5), Ni—

P(1) 2.1745(6), Ni-P(2) 2.1846(5), P(1)-Ni-P(2) 163.50(2), C(1)-Ni—CI(1) 178.89(6).
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Figure 4.2 ORTEP drawing of [2,6-('Bu2PO).CsH2FNiCl (13d) at the 50 % probability level.
Selected bond lengths (A) and angles (°): (Ni-C (1) 1.898(4), Ni—CI(1) 2.2016(13), Ni-P(1)

2.1769(12), Ni-P(2) 2.1845(12), P(1)-Ni-P(2) 164.32(5), C(1)-Ni-Cl(1) 179.53(13).

Synthesis of nickel hydride complexes from their chloride derivatives can be accomplished
from several different pathways.® The hydride donor lithium aluminum hydride (LAH) was
chosen due to its high yielding procedure and relative ease of workup. For these reactions, 5-50
equivalents of LAH were required to prepare the desired nickel hydride complexes (Scheme 4.5).
The need for larger amounts of LAH to make the para-fluoro substituted nickel hydride 14d can
be explained by the deactivation of LAH via fluoride-lithium interactions. All complexes were

isolated in an analytically pure form. Nickel hydrides bearing OMe and H at the para position
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(14b and 14c¢) exhibited spectra that matched with those reported in the literature.®® 2 Complexes

containing NMe» and F substituents (14a and 14d) showed characteristic hydride resonances as

triplets (Jpu = 52.0 Hz) at 6 =—7.97 and —8.13 ppm, respectively. Additionally, the *'P{'H} NMR

chemical shifts are around 30 ppm downfiled (6 = 221.8-224.8 ppm) from those of the

corresponding chloride complexes (§ = 189.1-190.9 ppm). The *'C{'H} NMR spectra of these

hydride complexes were similar to those of their chloride derivatives with the exception of the

Cipso resonance which was shifted substantially more upfield (~20 ppm). This can be explained by

the elongation of the C—Ni bond as observed from the crystal structures (e.g., Figure 4.3 for 14a).

O—P('Bu),

X

Ni—Cl

O—P('Bu),

O—P('Bu),
13a: X = NMe,
13b: X = OMe LAH Ni—H
13c: X =H toluene
13d: X =F O—P('Bu),

Scheme 4.5. Synthesis of nickel hydride complexes
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Figure 4.3 ORTEP drawing of [2,6-(‘BuzPO),CsH>NMe:|NiH (14a) at the 50 % probability
level. Selected bond lengths (A) and angles (°): Ni—C (1) 1.887(4), Ni-H(1) 1.43(5), Ni-P(1)

2.1281(13), Ni—P(2) 2.1274(14), P(1)-Ni-P(2) 165.21(5), C(1)-Ni-H(1) 174(2).

The synthesis of the nickel formate complexes from the nickel hydride complexes is a
rather straightforward process. All complexes readily reduce CO; in toluene at ambient
temperature and under an atmospheric pressure (Scheme 4.6). The reaction appears to be
instantaneous, achieving a full conversion before NMR spectra can be recorded (<10 min).

Additionally, the reaction is so fast that pre-purified CO> is not needed, allowing the use of a
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multitude of CO; sources including dry ice and human breath. The nickel formate complexes can
be readily isolated from the removal of solvent under vacuum; however, extended periods of time
for evacuation lead to decarboxylation that revert the complexes back to the hydride species. The
nickel formate complexes all exhibit characteristic formate signals in their 'H NMR spectra as
triplets (Jp-u = 4.0 Hz) at 6 = 8.36-8.49 ppm due to a long-range proton-phosphorous coupling.
The *'P{'H} NMR spectra exhibit chemical shifts similar to the literature value for the
unsubstituted formate complex (15¢) ranging from 188.2 to 192.2 ppm.?* The *!C{'H} NMR
spectra show formate resonances at 0 = 167. 5 to 167.7 ppm, similar to the resonance for the
unsubstituted pincer complex 15¢.* The structures of complexes 15a, 15b, and 15d have been

studied by X-ray crystallography (Figures 4.4-4.6).

O-P('Bu), O—P(Bu),
14a: X = NMe, co O 15a: X = NMe,
X Ni—H  14b: X =OMe 2 - X Ni_o/”\H 15b: X = OMe
14c: X =H Toluene 15¢c: X =H
O—-P('Bu), 14d: X =F O—P('Bu), 156d: X =F

Scheme 4.6. Synthesis of nickel formate complexes
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Figure 4.4 ORTEP drawing of [2,6-('Bu2PO),CsH,FINiOCOH (15d) at the 50 % probability
level. Selected bond lengths (A) and angles (°): Ni—C (1) 1.883(2), Ni-O(3) 1.9110(18), Ni—P(1)
2.2004(6), Ni—P(2) 2.1818(6), O(3)-C(23) 1.259(3), O(4)-C(23) 1.226(4), P(1)-Ni—P(2)

164.07(2), C(1)-Ni-O(3) 168.52(9).

58



Figure 4.5 ORTEP drawing of [2,6-(‘BuzPO)CsH,OMe]NiOCOH (15b) at the 50 % probability
level. One of two independent molecules in the crystal lattice is shown. Selected bond lengths
(A) and angles (°): Ni-C (1A) 1.873(4), Ni-O(3A) 1.907(3), Ni-P(1A) 2.1973(10), Ni-P(2A)
2.2018(10), O(3A)-C(23A) 1.278(6), O(4A)-C(23A) 1.209(6), P(1A)-Ni(1)-P(2A) 162.94(4),

C(1)-Ni—0(3) 173.23(16).
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Figure 4.6 ORTEP drawing of [2,6-(‘BuzPO),CsH,NMe>]NiOCOH (15a) at the 50 % probability
level. One of two independent molecules in the crystal lattice is shown. Selected bond lengths
(A) and angles (°): Ni-C (1A) 1.883(3), Ni-O(3A) 1.927(2), Ni-P(1A) 2.1827(8), Ni-P(2A)
2.1836(8), O(3A)-C(25A) 1.243(8), O(4A)-C(25A) 1.207(12), P(1A)-Ni(1)-P(2A) 162.75(3),

C(1)-Ni-O(3) 168.58(11).

The COOMe-substituted complex presented several challenges in the synthesis of the
hydride and formate complexes. Most known hydride donors either reduce the ester functionality

(e.g., LAH, NaNH>BH>) or were not successful in making a pure nickel hydride complex (e.g.,
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NaBHj4). Due to these limitations, synthesis of the formate complex without using the hydride was
pursued. Direct substitution of chloride with sodium formate was unsuccessful resulting in a black
precipitate with no evidence for the formation of the desired formate complex. As an alternative
method, the chloride was first abstracted by silver triflate in THF kept in the dark (Scheme 4.7).
The resulting triflate complex 16 was then treated with sodium formate in toluene to form an
analytically pure formate complex 15e (Scheme 4.7). The resulting formate complex gives

spectral data and structural information (Figure 4.7) similar to other formate complexes mentioned

above.
O—-P(‘Bu), O—P(Bu), O-P('Bu), o
| ) AgOTf | ) NaOOCH l /U\
MeOOC Ni—Cl ———— > MeOOC Ni—OTf ——— > MeOOC Ni—O H
| THF | toluene l
O—-P('Bu), O-P(Bu), O—-P(1Bu),
13e 16 15e

Scheme 4.7. Synthesis of nickel formate complex 15e from nickel chloride complex 13e via

nickel triflate complex 16
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Figure 4.7 ORTEP drawing of [2,6-('Bu2PO),CsH2NMe>[NiOCOH (17) at the 50 % probability
level. Selected bond lengths (A) and angles (°): Ni~C (1) 1.872(5), Ni-O(3) 1.897(4), Ni-P(1)
2.1996(17), Ni-P(2) 2.1912(16), O(3)-C(23) 1.236(8), O(4)-C(23) 1.224(10), P(1)-Ni(1)-P(2)

164.04(6), C(1)-Ni-0(3) 169.7(2).

The isolation of the COOMe-substituted hydride complex is significantly more challenging
than the isolation of other hydride complexes. After many trials, it was found that the formate
complex could be decarboxylated under high vacuum and mild heating (80 °C); however, this

process is very slow (18-24 h). Due to the relative low stability of the resulting hydride complex,
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most of the desired product proceeds through decomposition pathways before it can be isolated.
It can be separated from decomposition products via sublimation at 120 °C to yield analytically
pure crystals; however, the yield for this process is extremely low (8%). The '"H NMR and *'P{'H}
NMR spectra are similar to the analogous hydride species, showing peaks at 0 =—7.9 and 221.79,
respectively. With the synthesis of the COOMe-substituted complexes completed, five different
POCOP pincer systems (X = CO:Me, F, H, OMe, and NMe») are now available for comparative

studies of their ability to reduce COx.

4.3 Effects of para-Substituents on the Relative Thermodynamics for the Reduction of CO:
by POCOP Nickel Pincer Hydride Complexes

The change of Gibbs free energy (4G) for the direct reduction of CO; to formate complex
is difficult to measure. The reversibility of this reaction and the limited thermal stability of the
starting hydride complexes are just some of the challenges in measuring these energies. The only
published thermodynamic data on this transformation are computational in nature. All
experimental data on this transformation are qualitative, providing information solely on whether
or not the formate complex can be observed. To determine the ability of a nickel hydride complex
to reduce COz in a quantitative manner, a competition experiment was designed to determine what
factors can impact this reduction. Nickel complexes supported by POCOP ligands are extremely
efficient at reducing COz to form their corresponding formate complexes. This suggests that as
long as nickel hydrides are present, the amount of free CO- is negligible. The reversibility of CO-
insertion into these hydride complexes has been demonstrated by '*C scrambling between a non-
labeled nickel formate complex and '3CO» as well as by the observation of hydride species when
pure formate complexes are exposed to a dynamic vacuum for an extended period of time.?* Given

these results, an equilibrium constant can be measured by mixing two complexes with different
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pincer ligands in a closed system where both compete for the reduction of CO>. The measurement
of the equilibrium constant can lead to the calculation in the difference in change of Gibbs free
energy (44G) for each complex. The equilibrium constant can readily be measured from the ratio
of concentrations as shown in eq. 4.1. From this measurement, the 44G value can be calculated
according to eq. 4.2. This provides a reliable way to measure the relative thermodynamic

favorability for a nickel hydride to reduce CO> to the formate complex.

« - [NH][NiOOCH]
e¢” [NT'H][NiOOCH]

Equation 4.1 Equilibrium constant measurement based on species concentration

AGniH

[NJOOCH ~ 2 [NiH+CO,
AGNiH

[Ni7OOCH N [Ni'lH + CO,

-RTIN(Keq)=AGNiH -AGNiH

Equation 4.2 44G calculation based on measured equilibrium constants

To calculate these 44G values, NMR experiments were performed in sealed J-Young NMR
tubes using benzene-ds as the solvent. The equilibrium could be observed by 'H and 3'P{'H}
NMR spectroscopy. Nickel formate with X substituent at the para position of the POCOP pincer
backbone was mixed with nickel hydride with X' substituent at the para position (Scheme 4.8).
This mixture was monitored until the calculated Keq value was unchanged for 3 consecutive days.
The experiment was then repeated in the reverse direction to ensure that each mixture had indeed

reached equilibrium. Each reaction was carried out at room temperature (23 °C) and typically took
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5-14 days to achieve equilibrium. Increasing the temperature to 60 °C did not appear to change
the 44G value of the reaction (within the margin of errors); however, it did appear to accelerate
the decomposition of nickel complexes. Additionally, the reaction between complexes (14a,c and
15a,¢) (entry 1 in Table 4.1) was repeated with 0.75 mL of NMR solvent as opposed to the 0.25
mL typically used to confirm that CO,, if ever present in the headspace of the NMR tube, was not

a factor in the measurement of the equilibrium constants.

A b= b A

(Bu )QP—Nl_P( Bu), (tBu)ZP—Nl—P(tBu)z (tBu)ZP—Nl—P(tBu)z(tBu)zP—Nl—P(tBu)z
H OCHO H OCHO

Scheme 4.8. K., measurements of para-substituted nickel hydride and formate complexes

Table 4.1 Relative thermodynamic measurements of POCOP complexes

Entry X Group X' Group Keq AGpjH -4Gpin (kcal/mol)
1 H NMe, 3.08+0.11 0.65+0.03
2 H OMe 1.34£0.11 0.17+0.05
3 F H 2.64+0.2 0.57+0.04
4 OMe NMe, 2.43+0.18 0.52+0.04
5 COOMe NMe, 5.1+0.6 0.95+0.07
6 F NMe, 7.3£0.7 1.16+£0.07
7 F OMe 2.97+0.10 0.63+0.03
8 COOMe OMe 1.7+.2 0.31+0.07

65



The measured equilibrium constants and 44G values for the reduction of CO; by different
substituted nickel hydride complexes gave interesting results. The reduction of CO» by nickel
complexes appears to be favored by nickel complexes with more electron-donating substituents on
the pincer backbone. This suggests that the destabilization effect on the nickel hydride complex
is more impactful than the destabilization effect on the nickel formate. The largest 44G (1.2
kcal/mol) was observed for the reaction between fluoro-substituted nickel hydride and
dimethylamino-substituted nickel formate (entry 6). Differences of this large have been known to
drastically impact reactivity and even mechanisms.!* Given that all crystal structures show little
variation around the coordination sphere, the reactivity differences observed here are due to
electronic effects not from changes in structure or orientation. Mathematically, equilibrium
constants should be multiples of each other (e.g., entry 1 = entry 2 x entry 4), which is observed
in these measurements. The complexes appear to form a trend following their op values, although
the fluoro-substituted complex appears to be less favorable in the reduction of CO; than
anticipated. This can possibly be explained by fluorine n-donation having a greater effect on the

destabilization of the formate complex than on the hydride complex.

4.4 Effects of P-Substituents on the Relative Thermodynamics for the Reduction of CO2 by
POCOP Nickel Pincer Hydride Complexes

To further understand the structure-reactivity relationships, additional pincer ligand
systems were examined. In addition to the modification to the pincer backbone, the POCOP ligand
system could be altered through the change of the substituents on the phosphorous donor atoms.
This change can be readily made by using different chlorophosphines when making the starting

nickel chloride complexes. Complexes with isopropyl (‘Pr) and cyclopentyl (°Pe) substituents on
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the phosphorous centers were previously reported,®*!?® and those with cyclohexyl (Cy)
substituents were prepared similarly. These changes to the phosphorous centers can have a slight
change to the donor ability of the phosphorous atoms, but their largest impact is on the steric bulk
that they create around the nickel center. The zert-butyl-substituted complexes are more sterically
demanding around the nickel center whereas the isopropyl and cyclohexyl derivatives are sterically
more accessible. The cyclopentyl-substituted complexes should be less sterically bulky compared
to the isopropyl analog due to decreased C—P—C angles induced by the rings, although such a

difference is relatively small.

When comparing the 44G values measured for the POCOP complexes with different
phosphorous substituents, the impact is noticeable. Using the ters-butyl-substituted complexes as
the benchmark molecules, the 44G values range from 1.36 to 1.55 kcal/mol. This is an even
greater impact than the previously discussed electronic effects induced by various substituents at
the para position of the POCOP pincer ligand. The result here signifies that the steric environment
affects the ability of the nickel complexes to reduce CO2 more than the electronic effects,
especially considering that fert-butyl groups are more electron donating than the isopropyl,
cyclohexyl, and cyclopentyl groups. This is also significant because steric bulk is not thought to
have a large impact on the reactivity of the hydride apart from preventing dimerization and
decomposition pathways. This suggests that the major impact on these complexes comes from the
stabilization of the formate complexes by creating less steric repulsion around the nickel center.
The difference in the 44G values between the isopropyl-, cyclohexyl-, and cyclopentyl-substituted
complexes appear to support this assertion; however, the error in measurements leads to

uncertainty in this statement.
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e T T

(tBu)ZP—I\lll———PH(t ) R2P—N|—PR2 R2P—N|—PR2 Bu)2P—N|———P(tBu)
H OCHO H OCHO
R = iPr Keq2097i004 AGNi'H _AGNiH =1.36 + 0.19 kcal/mol
R = Cy Keq=.0810.03 AGNi'H _AGNiH =1.45 £ 0.15 kcal/mol
R = CPe Keq=071001 AGNi'H _AGNiH =1.55 £ 0.06 kcal/mol

Scheme 4.9 Thermodynamic measurements of nickel hydride and formate complexes bearing

different P-substituents

To further probe the relative thermodynamics of CO; reduction by nickel hydride
complexes, pincer systems other than the aforementioned POCOP system could be examined. One
attractive ligand system is the related PCP ligand system because of its similarity and the relative
ease of synthesis. The main difference in POCOP and PCP ligand systems is that PCP pincer
ligands have been found to be slightly more electron donating while also having slightly larger
bite angles leading to more sterically hindered nickel center. Given these factors, it was
unsurprising that the reduction of CO2 was more favorable with a POCOP pincer ligand, although
the difference is small (44G = 0.2 kcal/mol) (Scheme 4.10). This difference further confirms that

the steric effects are more dominating than the electronic ones.
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Keq

—_—
+ - +
? ? Q ?
(Bu),P—Ni—P(Bu),  (‘Bu),P—Ni—P('Bu), (tBu)gP—l\lli—P("Bu)z (BBu),P—Ni—P('Bu),
H OCHO H OCHO
Keg= 1.42 £ 0.09 AGNjH -4GNig = 0.20 £ 0.04 kcal/mol

Scheme 4.10 Thermodynamic measurements of nickel hydride and formate complexes bearing

POCOP and PCP pincer ligands

4.5 Comparison of Nickel and Palladium Complexes

We also sought out to determine what effects the metal might have on the reactivity towards
CO; reduction. Palladium POCOP pincer complexes were chosen for this study due to their square
planar geometry that is similar to all of the tested nickel complexes. Additionally, it would provide
some insight into periodic trends in the reduction of CO.. The literature has several examples of
catalytic CO2 reduction with palladium pincer complexes that are analogous to nickel systems;
however, it is not known whether the differences in efficiency are due to the stoichiometric
reduction of CO» or the regeneration of the palladium hydride complexes. The B'POCOP
palladium hydride and formate complexes were thus made as reported in the literature.!>!¢ The
measured Keq (17.8) and the calculated 44G value (1.70 kcal/mol) showed that the nickel system
was significantly more favorable in the reduction of CO; to the formate complex (Scheme 4.11).
This can be explained by the better Lewis acid/base pair formed with the nickel-oxygen bond than

the palladium-oxygen bond.
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Keq

+ - +
? ? ? ? ? ? ? ?
(tBu)zP—l\lli—P(tBu)z (tBu)zP—Pld—-P(tBu)z (tBu)gP—Pld-—-P(tBu)z (‘Bu)zP—l\lli———P(tBu)g
H OCHO H OCHO
Keq= 178 + 08 AGNi'H -AGNiH = 170 + 003 kcallmol

Scheme 4.11 Thermodynamic measurements of nickel and palladium hydride and formate

POCOP complexes

4.6 Conclusions

In conclusion, a series of nickel POCOP pincer hydride and formate complexes have been
synthesized. These complexes were used to measure the 44G values for the reduction of CO; by
the hydride complexes to the formate complexes. It was found that the nickel complexes with
more electron-donating ligands were thermodynamically more favorable for the reduction process.
Ligands with less steric bulk around the nickel center were also found to promote CO2 reduction
by nickel hydride complexes, either using less bulky phosphorus substituents (‘Pr, “Pe, and Cy vs.
'‘Bu) or by using the POCOP ligand system (vs. the PCP ligand system). Also found was that
palladium was less efficient than nickel in promoting the reduction of CO; to a formate complex.
Future work includes extending our method to other pincer and non-pincer ligand systems as well

as other metal systems (square planar or other geometries).

4.7 Experimental Section

Materials and Methods. Unless otherwise mentioned, all the organometallic compounds were

prepared and handled under an argon atmosphere using Schlenk and glovebox techniques. Dry
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and oxygen-free solvents (THF, pentane, and toluene) were collected from an Innovative
Technology solvent purification system. Benzene-ds was distilled over sodium benzophenone.
THF, toluene, and resorcinol were purchased from Fisher scientific. Deuterated solvents were
purchased from Cambridge Isotope Labs. All other chemicals were purchased from Sigma Aldrich
and were used without further purification. Fluoro- and dimethylamino-substituted resorcinol
were prepared according to literature procedures.®® 1% Nickel complexes 13b, 13¢c, 12e, 14b, 14c,
and 15¢ were prepared using the literature procedures.?® 3% 122 'H BC{'H} and 3'P{'H} NMR
spectra were recorded on a Bruker Avance-400 MHz spectrometer. Chemical shifts in NMR were
referenced to residual solvents or TMS (0 ppm) present in CDCls. *'P{'H} NMR spectrum were

referenced externally to 85% H3PO4 (0 ppm).

General Procedure for the Synthesis of [2,6-('Bu2P0O)2CsH2X]NiCl (X =F, NMe2). To a flame
dried Schlenk flask, a solution of resorcinol derivative (4.5 mmol) was made in toluene (100 mL).
To the solution, NaH (10 mmol, 0.240 g) was added slowly (15 min). The mixture was then heated
to reflux for 3 h. The reaction mixture was then cooled to room temperature and ‘Bu2PCl (10mmol,
1.90 mL) was added dropwise. The mixture was then refluxed for 1 h. After cooling to room
temperature, nickel chloride (4.5 mmol, 0.583 g) and NEt; (11 mmol, 1.54 mL) were added to the
suspension, followed by refluxing for 18 h. The green-orange suspension was then cooled to room
temperature and gravity filtered. The resulting solution was pumped to dryness to yield a sticky

yellow solid, which was purified through washing with MeOH or by column chromatography.

Synthesis of [2,6-('Bu2PO)2CsH2F]NiClL. A solution of 5-fluororesorcinol (0.576 g, 4.5 mmol)
was prepared by dissolving in 100 mL of toluene. Following the general procedure described
above, a sticky yellow solid was obtained. Flash column chromatography was run by eluting the

product with pentane/CH2Cl (first 9 : 1 and then 1 : 1). After removal of the solvent, the product
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was obtained as a crystalline solid (81% yield, NE225). 'H NMR (400 MHz, C¢Ds, 8): 1.40 (vt,
Jr-n = 8 Hz, CHs, 36H), 6.30 (d, Jr.u =8 Hz, Ar, 2H). *C{'H} NMR (101 MHz, C¢Ds, 5): 27.82
(t, Jp-c = 3.0 Hz, CH3), 39.21 (t, Jp.c = 6.0 Hz, CCH3), 93.81 (dt, Jr.c = 25.3 Hz, Jp.c = 6.1 Hz,
Chera), 119.54 (td, Jp.c = 21.2 Hz, Jr.c = 3.0 Hz, Cips0), 164.20 (d, Jr.c =242.4 Hz, Cpara), 169.33
(dt, Jr.c = 15.15 Hz, Jo.c = 10.1 Hz, Corno). *'P{'H} NMR (162 MHz, C¢Ds, 5): 190.96 (s). Anal.

Calcd for C22H3302P2NiCIF: C, 51.85; H, 7.52. Found: C, 52.05; H, 7.60.

Synthesis of [2,6-(‘Buz2P0)2CsH2NMe2]NiCl. A solution of 5-dimethylaminoresorcinol (0.690 g,
4.5 mmol) was prepared by dissolving in 100 mL of toluene. Following the general procedure
described above, a sticky red-orange solid was obtained. The solid was washed with 15
consecutive portions of cold MeOH (0 °C, 0.5 mL each time). After drying under vacuum, the
product was isolated as an orange crystalline solid (88% yield, NE212). 'H NMR (400 MHz,
CeDs, 8): 1.53 (vt, Jp.u = 8 Hz, CH3, 36H), 2.44 (s, CH3, 6H) 6.13 (s, Ar, 2H). 3C{'H} NMR (101
MHz, C¢Ds, 6): 28.05 (t, Jp-c = 3.0 Hz, CH3), 39.09 (t, Jo.c = 7.0 Hz, CCH3), 40.16 (s, CH3), 91.02
(t,Jp.c = 6.1 Hz, Cinera), 110.16 (t, Jp.c = 22.2 Hz, Cipso), 152.84 (s, Cpara), 170.63 (t, Jp-c = 10.1 Hz,
Cortio). 'P{'H} NMR (162 MHz, C¢Ds, 5): 189.07 (s). Anal. Calcd for C24H4402P2NiCIN: C,

53.91; H, 8.29. Found: C, 54.20; H, 8.36.

General Procedure for the Synthesis of [2,6-(‘Bu2PO)2CsH2X]NiH. To a flame dried Schlenk
flask was added a solution of nickel chloride complex (0.45-0.49 mmol) in toluene (25mL). Fresh
LiAIH4 (45-100 mmol) was added to the solution. The green suspension was rigorously stirred for
18 h or until the in-situ *'P{'"H} NMR showed no chloride complex remaining. The suspension
was then filtered over a pad of Celite, which was eluted with an additional 75SmL of toluene. The
solution was then evaporated to dryness. The remaining powder was washed with cold MeOH (0

°C) to yield an analytically pure sample.
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Synthesis of [2,6-(‘Bu2PO)2CsH2F]NiH. A solution of [2,6-('Bu2PO)>CsH2FINiCl (0.250 g, 0.49
mmol) was prepared by dissolving in 25 mL of toluene. Following the general procedure with
0.970 g of LiAlH4 (2.5mmol), a yellow-brown solid was obtained. Washing the crude product
with 3 portions of cold MeOH (0 °C, 1 mL each time) followed by drying under vacuum yielded
an analytically pure pale yellow solid (48% yield, NE238). 'H NMR (400 MHz, C¢Ds, 8): 1.26
(vt, Jou = 8 Hz, CHs, 36H), 6.64 (d, Jru =12 Hz, Ar, 2H), —8.13 (t, Jp.u = 92 Hz, NiH, 1H).
BC{'H} NMR (101 MHz, C¢Ds, 8): 28.26 (t, Jo-c = 3.0 Hz, CH3), 37.76 (t, Jo.c = 9.1 Hz, CCH3),
93.21 (dt, Jr.c = 25.76 Hz, Jp.c = 6.1 Hz, Cpewa), 136.86 (t, Jp.c = 17.2 Hz, Cipso), 164.57 (d, Jr-c =
240.4 Hz, Cpara), 168.19 (dt, Jec = 14.1 Hz, Jp.c = 10.1 Hz, Comio). *'P{'"H} NMR (162 MHz,
CsDs, 0): 224.74 (s). Anal. Calcd for C2oH390,P>NiF: C, 55.61; H, 8.27. Found: C, 55.37; H,

8.26.

Synthesis of [2,6-(‘BuzPO)2CsH2NMez2]NiH. A solution of [2,6-('Bu2PO),CsHNMe]NiCl
(0.250 g, 0.47 mmol) was prepared by dissolving in 25 mL of toluene. Following the general
procedure with 0.178 g of LiAlH4 (4.7 mmol), a yellow-orange solid was obtained. Washing the
crud product with 5 portions of cold MeOH (0 °C, 1 mL each time) followed by drying under
vacuum yielded an analytically pure pale yellow solid (55% yield, NE237). 'H NMR (400 MHz,
CeDes, 0): 1.38 (vt, Jp.n = 8 Hz, CH3,36H), 2.57 (s, CHs, 6H) 6.39 (s, Ar, 2H), —7.97 (t, Jp.u = 52
Hz, NiH, 1H). *C{'H} NMR (101 MHz, C¢Ds, 8): 28.52 (t, Jp-c = 4.0 Hz, CH3), 37.37 (t, Jo-c =
9.1 Hz, CCHs), 40.67 (s, CH3), 90.70 (t, Jp.c = 6.1 Hz, Cpewa), 129.34 (t, Jp.c = 19.19 Hz, Cipso),
153.30 (s, Cpara), 169.62 (t, Jp-c = 10.1 Hz, Cormo). *'P{'H} NMR (162 MHz, C¢Ds, 5): 221.76

(s). Anal. Calcd for C24H4502P2NiN: C, 57.62; H, 9.07. Found: C, 55.49; H, 8.67.

General Procedure for the Synthesis of [2,6-(‘Bu2PO)2CsH2X]NiOCOH. To a flame dried

Schlenk flask, nickel hydride complex (0.50-0.55 mmol) was dissolved in 10 mL of toluene. The
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resulting solution was exposed to a stream of CO». After allowing the solution to stir for 15 min,

the solvent was evaporated to generate analytically pure samples.

Synthesis of [2,6-(‘Bu2PO)2CsH2F]NiOCOH. A solution of [2,6-('Bu2PO)>CsH>F]NiH (0.100 g,
0.21 mmol) was prepared by dissolving in 5 mL of toluene. Following the general procedure
described above, a yellow solid was obtained (81% yield, NE473). 'H NMR (400 MHz, C¢Ds, 5):
1.48 (vt, Jo.u = 8.0 Hz, CH3, 36H), 6.37 (d, Jr.u =4 Hz, Ar, 2H), 8.45 (s, OCOH, 1H). C{'H}
NMR (101 MHz, CsDg, 8): 27.48 (s, CH3), 39.08 (t, Jp.c = 6.1 Hz, CCH3), 93.98 (d t, Jr.c = 25.25
Hz, Jp.c = 6.1 Hz, Cpew), 114.77 (t d, Jp.c = 40.4 Hz, Jr.c = 3.0 Hz Cip), 164.46 (d, Jr.c =242.4
Hz, Cpara), 169.58 (s, OCOH), 169.59 (dt, Je.c = 14.1 Hz, Je.c = 5.1 Hz, Cormo). *'P{'H} NMR
(162 MHz, CsDs, 0): 190.93 (s). Anal. Calcd for C23H3904P2NiF: C, 53.21; H, 7.57. Found: C,

52.93; H, 7.67.

Synthesis of [2,6-('BuzP0)2CsH2NMe2]NiOCOH. A solution of [2,6-('Bu2PO)>CsH2NMe: [NiH
(0.150 g, 0.30 mmol) was prepared by dissolving in 10 mL of toluene. Following the general
procedure described above, an orange-brown solid was obtained (91% yield, NE216). 'H NMR
(400 MHz, Ce¢Dg, 8): 1.47 (vt, Jp.u = 8 Hz, CH3,36H), 2.42 (s, CH3, 6H) 6.06 (s, Ar, 2H), 8.49 (t,
Jro.n =4 Hz, OCOH, 1H). BC{'H} NMR (101 MHz, C¢Ds, §): 27.61 (t, Jo-c = 3.0 Hz, CH3), 38.80
(t, J-c = 7.1 Hz, CCH3), 40.08 (s, CH3), 91.10 (t, Jp-c = 6.1 Hz, Cpera), 104.63 (t, Jp-c = 24.2 Hz,
Cipso), 152.95 (s, Cpara), 167.68 (s, OCOH), 170.72 (t, Jp.c = 9.1 Hz, Coro). >'P{'H} NMR (162
MHz, C¢Dg, 6): 188.19 (s). Anal. Calcd for C25sHa504P2NiN: C, 55.17; H, 8.33. Found: C, 54.89;

H, 8.52.

Synthesis of [2,6-(‘BuzP0)2CsH20Me]NiOCOH. A solution of [2,6-('Bu2PO),CsH>OMe]NiH
(0.100 g, 0.21 mmol) was prepared by dissolving in 10 mL of toluene. Following the general

procedure described above, a brown solid was obtained (88% yield, NE258). 'H NMR (400 MHz,
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CsDs, 8): 1.44 (vt, Jow = 8 Hz, CH3, 36H), 3.24 (s, CH3, 3H) 6.29 (s, Ar, 2H), 8.45 (t, Jo.u = 4 Hz,
OCOH, 1H). *C{'H} NMR (101 MHz, C¢Ds, 5): 27.63 (t, Jo.c = 3.0 Hz, CH3), 38.99 (t, Jo.c = 6.1
Hz, CCH3), 54.94 (s, CH3), 92.74 (t, Jo.c = 5.1 Hz, Cumeta), 110.03 (t, Joc = 22.2 Hz, Cipso), 162.35
(S, Cpara), 167.68 (s, OCOH), 170.23 (t, Jo-c = 9.1 Hz, Cormo). >'P{'"H} NMR (162 MHz, C¢Ds, ):

192.35 (s). Anal. Calcd for C24H4205P2Ni: C, 54.26; H, 7.97. Found: C, 54.56; H, 8.09.

Synthesis of [2,6-(‘BuzP0):CsH2COOMe]NiOCOH. To a flame dried Schlenk flask was added
[2,6-('Bu2PO)2CsH2COOMEe]NICI (0.500g, 0.91 mmol) and 25 mL of THF. Silver triflate (1.0
mmol) was then added to the solution and the suspension was stirred under dark conditions for 6
h. The mixture was then filtered through a short plug of Celite and the collected solution was
evaporated to dryness. The resulting orange solid was used without further purification. Crystal
structure (Figure 4.8) suggests that the triflate complex is highly moisture sensitive and should be

treated as such.
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Figure 4.8 ORTEP drawing of [ {2,6-('Bu2PO)CcH,COOMe} Ni(H,0)]OTfeH>O at the 50 %
probability level. Selected bond lengths (A) and angles (°): Ni—C (1) 1.872(2), Ni-O(5)
1.927(2), Ni-P(1) 2.1992(6), Ni-P(2) 2.1961(6), P(1)-Ni(1)-P(2) 163.50(3), C(1)-Ni—O(5)

176.40(10).

A solution of the crude triflate complex was dissolved in 10 mL of benzene, followed by the
addition of sodium formate (1.0 mmol, 0.068 g). The reaction mixture turned from orange to
brown and then dark, which was filtered through a pad of Celite. The collected solution was

evaporated to dryness. The resulting brown powder was washed with pentane (3 x 5 mL) to yield
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a brown crystalline solid 79% yield, NE299). 'H NMR (400 MHz, C¢Ds, 8): 1.36 (vt, Jp.u = 8 Hz,
CHs, 36H), 3.47 (s, CHs, 3H) 7.49 (s, Ar, 2H), 8.36 (t, Jp.u = 4 Hz, OCOH, 1H). *C{'H} NMR
(101 MHz, CéDe, 8): 27.35 (t, Jp-c = 3.0 Hz, CH3), 39.09 (t, Jo.c = 7.1 Hz, CCH3), 51.42 (s, CH3),
106.74 (t, Jo-c = 6.1 Hz, Chera), 130.15 (t, Jp-c = 21.2 Hz, Cipso), 131.54 (s, Cpara), 166.39 (s,
COOMe), 167.45 (s, OCOH), 169.72 (t, Jo-c = 9.1 Hz, Coro). >'P{'"H} NMR (162 MHz, C¢Ds, 5):

192.05 (s). Anal. Calcd for C24H4205P2Ni: C, 54.26; H, 7.97. Found: C, 55.47; H, 7.45.

Synthesis of [2,6-(‘BuzP0)2CsH2COOMe]NiH. [2,6-('‘Bu2PO),CsH,COOMe]NiOCOH complex
(0.150 g, 0.94 mmol) was placed in a sublimation apparatus under an inert atmosphere with a
chilled water collection vessel. The apparatus was placed under high vacuum while slowly heated
to 170 °C using an oil bath. The complex was allowed to decarboxylate and sublime for 18 h. A
pale yellow crystalline material was collected (9% yield, NE366). 'H NMR (400 MHz, C¢Ds, 3):
1.25 (vt, Jp.u = 8 Hz, CH3, 36H), 3.51 (s, CH3,3H) 7.80 (s, Ar, 2H), —7.90 (t, Jp-u = 52 Hz, NiH,
1H). C{'H} NMR (101 MHz, C¢Ds, 8): 28.55 (t, Je.c = 3.0 Hz, CH3), 38.18 (t, Jp.c = 8.1 Hz,
CCH3), 51.59 (s, CH3), 106.46 (t,Jp-c = 6.1 Hz, Ciewa) 151.29 (t, Jp.c = 14.1 Hz, Cipso), 131.48 (s,
Cpara), 167.52 (s, COOMe), 168.82 (t, Jp-c = 9.1 Hz, Cormo). >'P{'H} NMR (162 MHz, C¢Ds, d):

221.79 (s). Anal. Calcd for C24H4204P>Ni: C, 55.95; H, 8.22. Found C, 53.79; H, 8.77.

General Procedure for the Thermodynamic Measurements. 10 mg of a hydride complex and
10 mg of a formate complex were added to a J-Young NMR tube, followed by the addition of 0.25
mL of benzene-ds. The solution was kept at 23 °C until a consistent equilibrium constant was
measured for 3 consecutive days. The experiment was repeated by approaching the equilibrium

from the reverse direction.
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Chapter 5

Oxidative Esterification of Aldehydes with

Alcohols Catalyzed by a POCOP Pincer
Hydride Complex
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5.1 Introduction

Reductive processes catalyzed by nickel are of high interest to the catalysis community.
Reductions of aldehydes belong to a specific subset of reductions that are useful synthetic tools
for the production of alcohols. Additionally, they provide excellent models for the studies of the

reduction of other carbonyl compounds.

Nickel pincer complexes have been known to catalyze a number of different
transformations involving aldehydes. Two of these transformations developed by our group are
the catalytic hydrosilylation and cyanomethylation reactions.! The hydrosilylation of aldehydes
occurs when an aldehyde inserts into the nickel hydride complex to make a nickel alkoxide species.
The nickel hydride is then regenerated with a silane to complete the catalytic cycle.'* In the case
of cyanomethylation of aldehydes, an aldehyde inserts into a nickel cyanomethyl species to also

generate a nickel alkoxide species.!®

Here the strong pm-dm repulsion helps to activate an
acetonitrile molecule to regenerate the catalyst while releasing the cyanomethylation product. One
additional reductive process of interest is the oxidative esterification of aldehydes with alcohols,

where one equivalent of aldehyde serves as a hydrogen acceptor (hence a reduction process for

that aldehyde).
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Scheme 5.1. Oxidative esterification of aldehydes catalyzed by Ni(COD); and IPr (1)

Very few homogeneous organometallic catalysts are known for the oxidative esterification
of aldehydes. Dong and co-workers used nickel (0) compounds supported by the N-heterocyclic
carbene ligand 1 to catalyze the reaction, which was proposed to proceed via oxidative addition of
an aldehyde C—H bond.> The catalytic cycle is complicated but this reaction is notable for being
able to incorporate both alcohols and amines into the products (Scheme 5.1). A more recent study

used actinide metals to catalyze the oxidative esterification reactions.® Another example of
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oxidative esterification is in the acceptorless dehydrogenation of alcohols to form esters, in which
case no aldehyde is needed as the hydrogen acceptor (Scheme 5.2).* Here after one
dehydrogenation event, the aldehyde generated can undergo the oxidative esterification with its
starting alcohol. The key feature of these processes is that they either use a hydrogen acceptor or
generate H» directly in the process. In the former scenario, the hydrogens produced, either as free

H> or as MHo», reduces the sacrificial hydrogen acceptor.

OH Dehydrogenation Oxidative Esterification O

(@]
R) 2R)J\H+2H2 RJ\ A~

2

Scheme 5.2. General process for the acceptorless dehydrogenation of alcohols to form esters

In this chapter, the development of a new catalytic system for the oxidative esterification
of aldehydes with alcohols will be described. The catalytic reactions will be optimized and the
substrate scope will be studied to demonstrate the synthetic utility of this process. The mechanism

will be elucidated and the decomposition products will be identified.

5.2 Optimization of Catalytic Oxidative Esterification of Benzaldehyde with Short-Chain
Alcohols

Our group has been interested in developing reduction processes catalyzed by nickel
hydride complexes. In an attempt to optimize the conditions for the catalytic hydrogenation of
aldehydes to alcohols, it was discovered that in methanol, nickel hydride complex 2 could catalyze
the oxidative esterification of benzaldehyde to methyl benzoate (Scheme 5.3). This process
consumes two equivalents of benzaldehyde where one equivalent serves as a hydrogen acceptor
while the second equivalent of benzaldehyde is formally oxidized to the ester. It should be

mentioned that the disproportionation of benzaldehyde, also known as the Tishchenko reaction,
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could lead to the homo-ester benzyl benzoate. In our system, the Tishchenko product is not
observed in large quantities and the hetero-ester arising from benzaldehyde and methanol is the
predominant ester product. The amount of benzyl alcohol generated is usually equal to the amount
of methyl ester produced when the reaction goes to completion; however, when benzaldehyde is
left unreacted, there is an excess of benzyl alcohol generated. This amount of surplus benzyl
alcohol equals to the amount of catalyst present in the reaction. This, along with the literature

precedents,'® suggests that the reduction of benzaldehyde occurs first during the reaction.

o o 2:R='Pr

| | 3:R=1Bu
R2P—r\|li—PR2

H
Scheme 5.3. Nickel hydride complexes used for the oxidative esterification of

benzaldehyde and methanol

The oxidative esterification reaction (Table 5.1) proceeds at room temperature although
the rate is greatly improved through mild heating (80 °C). Temperatures beyond 80 °C were not
attempted due to pressure buildup concerns (methanol has a boiling point of 64.7 °C). The catalyst
can be used with relatively low loadings (0.1 mol%) and can achieve high turnovers for this process
(TON = 930). Additionally, the catalyst can be used under neat conditions with very little side
reactions such as the Tishchenko product being formed. When a sterically more bulky nickel
hydride complex 3 is employed as the catalyst, the reaction still occurs under the same conditions
albeit with a much lower conversion (56%). This is possibly due to the slower initial reduction of

benzaldehyde to nickel benzyloxide, as reported previously.'?
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Table 5.1. Optimization of the oxidative esterification of benzaldehyde and short chain

alcohols

o 0
0 (Pr)zP—Nl—P(Pr

H
H >
©)‘\ 1mL ROH, 80°C, 24h ©/\ ©)J\ ©)‘\ /\©

Entry Alcohol  Cat(Mol%) Temperature % Conversion %A %B %C
1 MeOH 10 RT 65 54 46 0
2 EtOH 10 RT 20 75 25 0
3 MeOH 10 80 100 50 50 0
4 EtOH 10 80 100 50 50 0
5 MeOH 1 80 100 50 50 trace
6 EtOH 1 80 99 50 50 0
78 MeOH 0.1 80 93 48 48 2
8@ MeOH 0.1 60 8 50 50 0

For all reactions 0.02 mmol catalast was used. % conversion and product ratios are measured by "HNMR
integrations of crude samples. 0.1 mol% reactions are performed neat.

The reactions were initially performed using the substrate alcohol as the solvent. An
attempt was made to determine if a non-alcoholic solvent could be used for the reaction.
Unfortunately, changing the solvent to common organic solvents such as THF and toluene led to
limited conversion of benzaldehyde. To ensure the lack of reactivity was not due to a decrease in
the polarity of the solvent, highly polar solvents such as DMSO, glyme, and diglyme were used.
All solvents proved inferior to the short chain alcohols (methanol and ethanol) for these reactions
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although the solvents could be ineffective due to the difficulty in removing residual water (see
Section 5.6). One explanation for this is the decrease in concentration for the catalytically active

nickel alkoxide species, which will be discussed in detail in the next section.

5.3 Reaction Profile and Mechanistic Elucidation

To further understand the details of the reaction, mechanistic studies were carried out. Our
catalyst makes the oxidative esterification mechanism discussed in Scheme 5.1 unlikely so other
mechanisms were considered. One possibility is a nickel-mediated Tishchenko-type reaction
followed by a trans-esterification process. To discern this mechanism, a reaction profile using
benzaldehyde and ethanol was examined. As demonstrated in Figure 5.1, the major pathway seems
to be the direct formation of benzyl alcohol and ethyl benzoate. This suggests that the pathway
involving trans-esterification of the Tishchenko product is unlikely to be operative. To further rule
out the trans-esterification pathway, nickel hydride complex 2 was mixed to one equivalent of
benzyl benzoate in ethanol and then heated at 80 °C for 24 h (Scheme 5.4). Under these conditions
the nickel hydride does promote the trans-esterification process; however, it is an incredibly

inefficient “catalyst” only converting 3% of benzyl benzoate to ethyl benzoate.
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Figure 5.1. Reaction profile for the oxidative esterification of benzaldehyde and ethanol
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Scheme 5.4. Trans-esterification reaction of benzyl benzoate in ethanol promoted by 2

Having ruled out the possibility of a Tishchenko reaction followed by a trans-esterification

process, we focus on the mechanism of direct oxidative esterification. Metal hydride complexes
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of iridium and ruthenium are known to catalyze acceptorless dehydrogenation of primary alcohols
to esters at high temperatures in open systems.* These catalysts operate by first performing a single
acceptorless dehydrogenation event to form an aldehyde intermediate. The aldehyde can then
disproportionate to form the homo-ester, although the mechanism for the disproportionation
process is unclear. Some have suggested that it proceeds via dehydrogenation of a hemiacetal
formed by reacting the alcohol with the aldehyde.® Another proposed pathway involves the
insertion of the aldehyde carbonyl bond into a metal alkoxide species (Scheme 5.5). A B-hydride
elimination event from the resulting hemiacetal provides the ester while regenerating the metal
hydride. We think the latter pathway is more likely to operate here due to the reported instability

of the nickel alkoxide complexes.'
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Scheme 5.5. Proposed catalytic cycle for the oxidative esterification of benzaldehyde with an

alcohol
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5.4 Substrate Scope

The scope of alcohols for this reaction was studied using 5 mol% of nickel hydride complex
2 as the catalyst and benzaldehyde as the aldehyde substrate. As shown in Table 5.2 (entries 1 and
2), methanol and ethanol work well with this transformation. With n-propanol (entry 3), the
catalytic efficiency drops significantly, suggesting that the reaction is more efficient with short
chain alcohols. Additionally, branched alcohols (entries 4 and 5) prove to be problematic due to
the competing transfer hydrogenation pathways. A more bulky alcohol, 'BuOH, completely shuts
down the oxidative esterification reaction, providing only 5 mol% of PhCH>OH as a result of the
initial reduction of the benzaldehyde (entry 6). This suggests the reaction pathway cannot be a
simple transfer dehydrogenation of a hemiacetal that is generated in-situ. Additionally, this
implies that the [Ni]JO'Bu species (Scheme 5.5) is too bulky to further react with an aldehyde.
Phenol also shuts down this reaction, suggesting that the phenoxide species cannot react with

aldehydes either, possibly due to decreased pzn-dn repulsion.

Table 5.2. Oxidative esterification of benzaldehyde and alcohols catalyzed by complex 2

5mol% o o

) | 1.
Q (Pr);P—Ni—P(Pr), Q Q
H H - OH + OR + o
1mL ROH, 80°C, 24h
A B C
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Entry Alcohol % Conversion %A %B %C Others

1 MeOH 100 50 50 0 0
2 EtOH 100 50 50 0 0
3 "PrOH 72 53 47 0 0
42 'PrOH 98 57 39 1 )Ol\
5P 1-PhEtOH 84 81 19 0 ©)OK
6 ‘BuOH 5 100 0 0 0
7 PhOH 0 0 0 0 0

dexcess benzyl alcohol from transfer hydrogenation bacceptorless dehydrogenation also present.

The scope of aldehydes for this reaction was studied with 5 mol% of nickel hydride catalyst
using ImL of MeOH as both the solvent and the alcohol substrate. To examine the electronic
effects on this reaction, benzaldehydes with varying substituents at the para position were chosen.
Aldehydes with electron-withdrawing or electron-donating substituents are converted to the
corresponding alcohols and methyl esters with 95-99% yield (Table 5.3). The dimethylamino-
substituted benzaldehyde is problematic, only achieving 41% yield of the ester and the alcohol
(entry 6). Also problematic is the phenol-type substrate (entry 7), which can protonate the nickel

hydride species to form a catalytically inactive phenoxide species (see Section 5.6).

Table 5.3. Oxidative esterification of various para-substituted benzaldehydes with

methanol
5mol%
0.02 mmol C.’ C.’
o (iPr)zP—l\lli—P(iPr)z 0
H H >/©/\OH + OMe
1 mL MeOH 80°C, 24h  y
X X

A B
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Entry X % Yield? %A %B

1 CF3 99 50 50
2 NO, 9 52 48
3 cl 98 50 50
4 Br 95 51 49
0
5 —N/Z{ 97 50 50
H
6 NMe; 41 52 48
7 OH 5 100 0

@ % Yield determined as sum of products vs a mesetylene internal standard.

To understand the electronic effects on the reaction rate, the catalytic reaction was stopped
after 1 h rather than 24 h (Table 5.4). It became evident that aldehydes bearing electron-
withdrawing groups reacted faster. This suggests that the turnover-determining step in this
reaction is an insertion event. Because the insertion of the aldehydes is typically fast (>5 min), the
slower step during the catalytic cycle must be the insertion of the aldehyde into the nickel alkoxide

species.

Table 5.4 Oxidative esterification of various para-substituted benzaldehydes with

methanol stopped at 1 h
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0] ) I I
('Pr)zP—r\lli—P('Pr)z 2
H
O e SO
X 1 mL MeOH 80°C, 1h X X

A B
Entry X % Conversion %A %B

1 CF, 93 50 50

2 NO, 57 55 45

3 Cl 40 58 42

4 Br 58 56 44

O
5 —NK 22 56 44
H

6 NMe, 9 70 30

7 OH 0 0 0

8 H 38 54 46

5.5 An Alternative Way to Enter into the Catalytic Cycle Using Nickel Chloride Complexes

The sensitivity of the starting nickel hydride complexes limits the synthetic utility. More
specifically, the nickel hydrides are difficult to make and readily decompose when exposed to the
air. Given these limitations, using easy-to-make and air-stable pre-catalysts would be desirable.
The nickel chloride complexes that serve as the starting materials in the synthesis of nickel hydride
complexes meet these requirements. Furthermore, procedures are available to convert the nickel
chloride complexes to the nickel alkoxide complexes, which are the active species in the catalytic

cycle.®
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Scheme 5.6. Mechanism for the oxidative esterification of benzaldehyde and alcohols using pre-

catalyst (4)

Nickel chloride complex 4 in conjunction with sodium methoxide catalyzes this reaction
with no observable reduction in efficiency (Table 5.5). The reactions must be conducted under an
inert atmosphere, possibly due to oxidation of nickel hydride active formed during the catalytic
cycle (Scheme 5.6). When sodium hydroxide is used as the base, the reaction is almost completely
shut down (8% conversion, entry 4). This can be explained by the presence of water, which proves

to be detrimental to the catalytic reaction (Section 5.6). With the addition of a drying agent such
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as sodium sulfate or 4 A molecular sieves, the reaction becomes efficient, resulting in the
conversion of benzaldehyde up to 95%. The study here demonstrates the possibility of using an

air-stable pre-catalyst for this oxidative esterification process.

Table 5.5 Oxidative esterification of benzaldehyde and alcohols using pre-catalyst (4)

1mol%
? ?
(Pr)oP—Ni—P(Pr),

O Cl

(0] (@]
0,
H 1 mol% Base OH , OEt . o
1mL EtOH, 80°C, 24h
A B C

Entry Base % Conversion %A %B %C
1 NaOMe 99 49 49 2
28 NaOH 95 49 49 2
3° NaOH 92 47 45 13
4¢ NaOH 8 0 0 100

For all reactions base was added first and stirred. 0.1 mmol nickel complex and 0.1 mmol base
were used. 2 4A Mol seivs used as drying agent. ® Sodium sulfate used as drying agent.

¢ No drying agent added.

5.6 Studies of Catalyst Decomposition Pathways

Throughout the chapter, a number of species including water, oxygen, impurity present in
aldehydes, and phenols have been shown to retard the catalytic reactions. The main impurities in
unpurified aldehydes are the oxidized carboxylic acids. These acids are sufficiently acidic to

protonate the nickel hydride, resulting in nickel carboxylate species that are unlikely to catalyze
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the oxidative esterification reactions. Water can also serve as a reagent to generate these
carboxylate species. If water were to enter the catalytic cycle, the aldehyde could insert into nickel
hydroxide to form a hemiacetal intermediate. Following B-hydride elimination, an acid is formed
which in turn will protonate the hydride. Similarly, phenols could be acidic enough to protonate

the hydride and form the catalytically inactive phenoxide species.

To demonstrate that these impurities were detrimental to the catalytic reaction, independent
synthesis of the postulated decomposition products was pursued. Synthesis of the nickel benzoate
complex proved surprisingly challenging. When benzoic acid was mixed with the nickel hydride,
the desired nickel benzoate species was generated; however, large amounts of decomposition
products were produced as well. These decomposition products may originate from the
protonation of the oxygen atoms within the phosphinite pincer ligand. It was not possible to

separate the benzoate complex from the impurities, so attention was turned to an alternative route.

5: R=Ph
~_9? ? RCOAg".1eq @ T @  6&R=Me
(Pr)oP—Ni—P(Pr), = (PrP—Ni—P(Pr),

Cl THF OCOR

4

Scheme 5.7. Synthesis of nickel carboxylate complexes from silver salts

The nickel acetate complex was chosen as a model for the synthesis of the nickel benzoate
complex. Nickel acetate complex 6 was previously synthesized in our group; however, this
complex was never fully characterized. This particular complex was found to be readily accessible
by stirring silver acetate with the nickel chloride complex in the dark (Scheme 5.7). The resulting

complex can be easily isolated and shows a characteristic *'P{'H} NMR peak at 5 = 183.91 ppm.
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This synthesis is currently being extended to the nickel benzoate complex 5 with promising
preliminary results. The reaction of silver benzoate and the nickel chloride complex yields a
solution with an in situ >'P{'H} NMR peak at § = 183.52 ppm, signaling that the complex has been
made. Efforts to purify this complex are currently underway. Another decomposition pathway
that has been previously discussed is for the reactions with phenol-type substrates. It was
previously speculated that these reactions fail to occur due to the protonation of the nickel hydride
by the phenol to create a nickel phenoxide complex. The nickel phenoxide complex synthesis was
attempted through the addition of phenol to the nickel hydride complex dissolved in benzene
(Scheme 5.8). The reaction mixture immediately evolves gas and changes the color from pale
yellow to red orange in <10 min. The resulting complex shows a characteristic peak of 6 =179.72

ppm in the *'P{'"H} NMR spectrum. Full characterization of this complex is currently underway.

© 0 0 O i
(iPr)zP—l\lli—P(iPr)z CsHe (Pr),P——Ni—P(Pr),
H OPh
2 7

Scheme 5.8. Reaction of nickel hydride complex 2 with phenol

To demonstrate that the formation of the aforementioned complexes was detrimental to the
oxidative esterification reaction, control experiments were performed using additives to accelerate
catalyst deactivation (Table 5.6). When adding water directly to the reaction mixture, the reaction
is limited to only 11% conversion of starting material with Tishchenko product being observed.

Additionally, benzoic acid is observed from the product mixture. When benzoic acid is added
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directly to the reaction, the conversion is limited to 11% and only the Tishchenko product is
observed (entry 3). This suggests that benzoic acid not only deactivates the catalyst by shutting
down the oxidative esterification cycle, but also forms decomposition products that catalyze the
Tishchenko reaction. To further test this hypothesis, the nickel acetate complex was employed
under the catalytic conditions for oxidative esterification (Scheme 5.9). Only the Tischenko
process was observed with 8% of benzaldehyde being converted. When nickel benzoate complex

is fully characterized, it will be tested for these reactions.

Table 5.6. Catalyst deactivation through the addition of common substrate impurities

1mol%

0 o
0 (Pr)zP—Nl—P 'Pr)

H
H OEt +
1mL EtOH, 80°C, 24h

Solvent % Conversion %A %B %C Others
1 EtOH 100 50 50 0 0
o}
2a Wet EtOH 11 50 48 2 ©)(OH
3b EtOH 11 0 0 100 0

2100 eq H,O added to reaction. ® benzoic acid added directly to solution.
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Scheme 5.9. Catalytic reaction using complex 6

5.7 Conclusions

In conclusion, a new catalytic system for the oxidative esterification of aldehydes with
alcohols has been developed. The catalytic system is compatible with various short chain alcohols
for the synthesis of aryl esters. During the catalytic cycle, one equivalent of aldehyde is consumed
as a sacrificial hydrogen acceptor. The mechanism appears to be different from those proposed
for the previously reported oxidative esterification reactions; however, it does have several
commonly proposed steps leading to the dehydrogenation of alcohols to homoesters. Several
decomposition pathways have also been identified and the isolation of each decomposition product

is currently underway.

5.8 Experimental Section

Materials and Methods. Unless otherwise mentioned, all the organometallic compounds were
prepared and handled under an argon atmosphere using Schlenk and glovebox techniques. Dry
and oxygen-free solvents (THF and toluene) were collected from an Innovative Technology
solvent purification system. All alcohols were dried, distilled and stored over 4A molecular sieves.

All aldehydes were dried and distilled or recrystallized according to the appropriate literature
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procedures.’

Nickel chloride and hydride complexes were prepared according to the literature
procedures.'® 'H, 3C{'H} and *'P{'H} NMR spectra were recorded on a Bruker Avance-400
MHz spectrometer. Chemical shifts in NMR were referenced to residual solvents or TMS (0 ppm)

present in CDCl;. 3'P{'H} NMR spectrum were referenced externally to 85% H3PO4 (0 ppm).

General Procedure for Catalytic Oxidative Esterification of Benzaldehyde with Alcohols. To
a flame-dried 5 dram scintillation vial equipped with a stir bar, 1 mL of alcohol and aldehyde (2
mmol) were added. Nickel hydride complex (0.02 mmol, 1 mol% loading) was then added and
the vial was capped and wrapped with parafilm to ensure it was sealed. The vial was then placed
in an 80 °C oil bath and heated at this temperature. After a given period of time, the vial was
removed from the oil bath and cooled to room temperature in a water bath. Mesitylene was then
added as an internal standard. A aliquot of the reaction mixture was withdrawn and diluted in
CDCIs for NMR analysis. The reaction mixture was concentrated under vacuum and the crude

ester product was purified by flash column chromatography (eluted by hexanes/ethyl acetate =9 :

1.

Synthesis of [2,6-((Pr2P0):CsH3]NiOCOCH3 (6). To a solution of [2,6-(‘Pr2PO).C¢H3]NiCl
(0.100 g, 0.23 mmol) in 25mL of THF was added silver acetate (0.042 g, 0.27 mmol). The
suspension was stirred under dark conditions for 6 h. The reaction mixture was then filtered
through a short plug of Celite and the collected solution was evaporated to dryness. The resulting
solid was washed with cold methanol (0 °C) and dried to yield an orange powder (0.051 g, 48%

yield, NE590). X-ray quality crystals were grown from slow evaporation of a THF solution.

Synthesis of [2,6-(Pr2P0)2C¢H3]NiOCOPh (5). To a solution of [2,6-(‘Pr2PO)>CsH3]NiCl (0.100
g, 0.23 mmol) in 25mL of THF was added silver benzoate (0.062 g, 0.27 mmol). The suspension

was stirred under dark conditions for 6 h. The reaction mixture was then filtered through a short
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plug of Celite and the collected solution was evaporated to dryness. The resulting solid was
washed with n-pentane and dried to yield an orange powder (0.043 g, 36% yield, NE586). X-ray

quality crystals were grown from slow evaporation of a concentrated solution in THF.

Synthesis of [2,6-(Pr2P0O)2CsH3]NiOPh (7). To a solution of [2,6-(‘"Pr2PO)>CsH3]NiH (0.050 g,
0.12 mmol) in 25mL of benzene was added phenol (0.012 g, 0.13 mmol). The pale-yellow solution
immediately changed the color to orange, accompanied by a rapid gas evolution. The solution was
then evaporated to dryness to yield an orange powder (0.022 g, 37% yield, NE583). X-ray quality

crystals were grown from slow evaporation of a benzene solution.
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