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Abstract

Toward Catalytic Hydrogenolysis of Chlorofluorocarbons
with Group 8 and 9 Complexes

Sophia Dang Tran Cherry

Chair of the Supervisory Committee:
Professor and Chair D. Michael Heinekey
Department of Chemistry

Chlorofluorocarbons (CFCs) are man-made chemicals used for aerosols and
refrigerants. CFCs are the sole cause of the hole in the ozone layer, and thus the use and
production of these chemicals have been banned. There are, however, still CFCs waiting
for disposal. Currently, CFCs are disposed of by burning in the presence of O, and CH4
to form HF, HCl, and CO,. This thesis discusses a targeted catalytic cycle for the
transformation of CFCs to HCFCs (hydrochlorofluorocarbons). Chapter 2 discusses the
development of multiple systems suitable for the hydrogenolysis of dichloromethane, and
the acid-base limitations for CFC hydrogenolysis specifically. Chapter 3 discusses
another targeted system for catalysis, (B*POCOP)Rh(CO) (®'POCOP = «’-C¢H;-1,3-
[OP(fBu),]»). Pincer ligand metallation is presumed to proceed via initial coordination to
the phosphorous atoms followed by C—H oxidative addition. While investigating the use
of this system, protonation of (®'POCOP)Rh(CO) resulted in formation of

il



[(P"POCOP)Rh(CO)H][B(C4Fs)s]. When examined in the solid state, the compound was
revealed to have an agostic interaction between Cipso—H and rhodium. This is one of few
examples of an intermediate in the metallation of pincer ligands. The rhodium complex
has been fully investigated in the solution state. Our studies have revealed exaggerated

steric effects in (POCOP)Rh(CO) complexes in comparison to iridium analogues.
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Chapter 1

An Introduction to Chlorofluorocarbons and Catalysis

1.1 Introduction to Chlorofluorocarbons

Chlorofluorocarbons (CFCs) have been used as refrigerants, aerosols, and foam
blowers since their initial industrial use in the 1930s." Peak CFC production was reached
in the mid 1980s at over 400 metric tons per year, CF,Cl, specifically being the most
commonly used CFC.? There has been extensive research towards understanding the
environmental impact of CFCs.’ The persistence of CFCs in the stratosphere (upper
atmosphere) results in homolytic cleavage of C—Cl bonds by intense ultra-violet (UV)
irradiation to generate chlorine radicals (CI', step A, Scheme 1-1). The CI then initiates
ozone (O3) depletion via a radical chain mechanism (step B and C, Scheme 1-1), reacting
with over 100,000 molecules of O3 before termination (Step D, Scheme 1-1). Scheme 1-1
shows termination via a reaction of Cl" with methane, which is the most common route to
termination. The rate of Cl'-induced O3 decomposition is faster than the natural rate of O;

production, resulting in depletion of the ozone layer (Figure 1-1).

Cl
I
F—C—C| »>»>»> Cl, UV CH, CH; + HCI
||: A D
Initiation Termination
2 02 C|' 03
Propagation C B Propagation
O, ClO’ 0,

Scheme 1-1. The catalytic cycle of ozone depletion.
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Figure 1-1. Satellite image of the ozone hole over the Antarctic obtained October 2015. A Dobson unit is
used for ozone concentration measurement. It is based on the columnar density of ozone in the atmosphere
(typically measured in atm-cm), 100 Dobson units is equal to 1 atm-cm.*

Due to the widespread use and environmental impacts of CFCs, the 1987
Montreal Protocol banned the production and use of all CFCs.” However, CFCs still
remain in old appliances. According to a 2002 report from the United Nations there was
380,000 ODP (ozone depleting potential) tonnes of CFCs banked, and it was predicted
that 140,000 ODP tonnes would still remain in 2010.° The current system for safe CFC
disposal implemented by the Environmental Protection Agency involves the incineration
of CFCs after safe collection from older appliances. Combustion of CFCs in the presence
of CHy4 and O, yields CO,, HCI, and HF, which are all low value chemicals.” It is of great
interest to convert harmful CFCs to high-value hydrofluorocarbons (HFCs) or
hydrochlorofluorocarbons (HCFCs). These are currently employed as replacements for
CFCs in some applications. HFCs do not contain chlorine atoms and therefore have no
risk of CI" generation. HCFCs have shorter half-lives than CF,Cl, in the atmosphere
because they react with hydroxyl radicals in the troposphere.® This thesis will discuss

efforts towards developing a catalyst to effectively recycle CFCs to HCFCs or HFCs.
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1.2 Metal Hydrides

1.2.1 Synthesis and Characterization

Metal-hydride compounds are of great importance to organometallic chemistry
owing to the fact that insertion of unsaturated compounds into metal-hydride bonds is
typically facile.” Consequently, metal-hydrides play an important role as intermediates in
catalysis.'® The first molecular metal-hydride species was synthesized in 1931 by Heiber,
H,Fe(CO)4 (Figure 1-2)."" Structural characterization of this complex and confirmation of
the presence of an iron-hydride moiety had to await the development of modern
spectroscopic techniques. In 1955, Wilkinson synthesized and thoroughly characterized
Cp:ReH (Cp = (n’-CsHs)', cyclopentadienyl; Figure 1-2), catapulting the field of metal-
hydrides forward."?

¢

H., | e

H’Ff‘Co Re—H
5 <

Figure 1-2. H,Fe(CO),, synthesized by Heiber and coworkers (left).!" Cp,ReH, as characterized by
Wilkinson and Birmingham (right).'?

Metal-hydrides can be synthesized through a number of pathways: protonation of
a metal center, use of hydride donors, oxidative addition of H», or B-hydride elimination
from a ligand." In the case where a metal center is basic, it can be protonated to form a
metal-hydride (Scheme 1-2, A)."* Main group hydride donors can also be used to form
metal-hydride bonds where an electrophilic metal center reacts with H reagents.
Common main group hydride donors include: sodium borohydride, lithium aluminum
hydride, lithium triethylborohydride (super hydride), sodium hydride, etc. (Scheme 1-2,
B)."” In electron deficient species, the hydrogen bond can elongate to the point of
oxidative addition (Scheme 1-2, C) after H, coordinates to an open site.'® Finally,
coordination of ligands with B-hydrogens can lead to B-hydrogen elimination to generate

a metal hydride (Scheme 1-2, D).*
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H* reagents:

H-reagents:
ReCl3(PR3); + LiAIH, ——— > ReHg(PR3)3 B
R =aryl or alkyl
Oxidative Addition:
X H
| -2 PPhg |
Ph3P—I|r—PPh3 + Hy ———— X—Ilr—H c
C C
o O
X = halogen
p-hydride elimination:
iN /0\ 0
SN T M )J\ b
H H R H

Scheme 1-2. Examples of reactions to form metal-hydrides.

The most commonly used method for characterization of hydrides is '"H NMR
spectroscopy. Hydride signals typically appear to high field of tetramethylsilane, as high
as -60 ppm. Coupling to NMR active metal nuclei is also informative in stereochemical
determination, as is coupling to phosphines which are ubiquitous in organometallic
chemistry. Additionally, cis- and trans-coupling to other hydrides is informative (J = 1-
10 Hz). Infrared (IR) spectroscopy can be used to identify metal-hydride stretches,
showing up between 1500-2200 cm™'. However, these bands are often weak in intensity,
therefore hard to identify and unreliable. X-ray crystallography is also an inaccurate form
of characterization as electron scattering by hydrogen atoms closely bound to electron
rich metal centers are hard to identify in electron density maps.'’ Solid-state structures
derived from neutron diffraction data are reliable, however these studies require much

larger crystals and facilities equipped to collect this data are scarce.
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1.2.2  Reactivity with Carbon-Chlorine Bonds

Metal-hydride bonds can be reactive towards C—CIl bonds. It has been found that
a general trend of metal-hydride reactivity is 1% row > 2™ row > 3™ row transition
metals.'® The reaction is believed to proceed via a radical mechanism (Scheme 1-3)."”
First, a single electron transfer from M—H to R—CI occurs. R—CI" rapidly cleaves to
form R* and CI'; M—H"" is deprotonated by CI to form M". The metal radical further
reacts with chlorocarbons in solution to homolytically cleave R—Cl bonds to form M—
Cl and R". The radical chain reaction continues to propagate until termination. Based on
this principle, we propose the use of first and second row late transition metal hydrides

for the hydrogenolysis of CFCs.

M-H + R-CI M° + R-CI

l l lcn

M-H"" R-CI™"

l M-Cl + R’

R*+ CI” lM_H

l M+ R-H
M’ + HCI

Scheme 1-3. Radical mechanism for chlorocarbons reacting with metal-hydrides.

1.3 Metal-Dihydrogen Complexes

In 1984, Kubas and coworkers reported the first example of a metal-dihydrogen
complex.20 mer-trans-M(CO)3(PCy3)2(H2) (M = Mo, W; Figure 1-3) was isolable and
fully characterized by IR spectroscopy, neutron diffraction, X-ray diffraction, and 'H
NMR spectroscopy to reveal a fully intact, albeit elongated, H, bond. Since the seminal
work of Kubas, hundreds of H, complexes have been synthesized and fully

21



characterized.”' This thesis discusses dihydrogen complexes as important species in

proposed catalytic cycles.

H—H
Cy 3P'l,, o, | ““\\C O
oc—f~pcy,

C
O

Figure 1-3. Original “Kubas Complex.” M = Mo, W

Metal-dihydrogen species can be described as a three center, two electron
interaction between a metal center and H, as a ligand. A variation of the Dewar-Chatt-
Duncanson model for alkene coordination to a metal is commonly used to describe this
coordination through a o-bond.”* The electron density from the H, o-bond is donated to
the metal center. Back donation from the metal d-orbitals into the 6* antibonding orbitals
of H, can occur, which leads to elongation of the H, bond (Figure 1-4) and in some cases

oxidative addition of H; to form a dihydride complex.

Figure 1-4. Orbital description of a three center, two electron interaction to form a metal-dihydrogen
complex.
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1.4  Acidity of Metal-Hydrides and Dihydrogen Complexes in Non-Aqueous
Solutions

Metal-hydrides are thermodynamically competent acids, however kinetic effects
play a large role. Due to the often large reorganization energy, metal-hydrides can have
poor kinetic acidity.”> Metal-dihydrogen species have a greater kinetic acidity due to little
or no reorganization upon deprotonation. Typically, pK, values are best measured and
reported in H,O. However, due to the relatively high autoionization of water (K, = 10™'%),
a wide range of pK, values cannot be measured. Additionally, measuring the pK, values
for metal-dihydrogen species in water can be plagued by poor solubility and undesirable
reactivity. Thus, pK, values of metal-hydrides and -dihydrogen species have been
recorded in organic solvents such as THF, DCM, and MeOH.** However, there are a
number of underlying issues with measuring pK, values in such solvents: (i) organic
solvents have poor solvation of ions, therefore leading to ion pairing. This leads to more
qualitative measurements opposed to quantitative. (i1) While a pK, value could be
internally consistent with a set of data, the lack of pK, values of common organic and
inorganic acids in non-aqueous solvents leads to data that is not very meaningful.*®
MeCN is a common organic solvent used for pK, measurements due to the high
autoionization (KyecN = 10'44) and ability to solvate ions well, however when studying

dihydrogen species, MeCN is often observed to displace the H, ligand.**°

1.5  Introduction to Targeted Catalysis

1.5.1 Previous Work with Hydrogenolysis of Chlorofluorocarbons

Prior work on the hydrogenolysis of CFCs largely uses heterogeneous catalysts,
such as Pd/AL,O;, Pd/C, RuO,/C deposited on Naﬁon®, and Rh/C.?" Three examples of
homogeneous hydrogenolysis catalysts have been previously reported. Simon and Sisak
used RhCls(py)s (py = pyridine) and pyridine for the hydrogenolysis of CHF,Cl to form
CHF; and CH4.28 Reactions were performed at 150 °C with 98.7 atm H; in steel autoclave
reactors. While the reaction led to full conversion of CHF,Cl, side reactions also occurred

including the partial hydrogenation of pyridine. Mechanistic studies have been
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performed, suggesting two potential pathways: (i) a base assisted route or (ii) HCl
elimination to form difluorocarbene leading to CH4 formation.

Kim and coworkers have developed a catalytic system towards conversion of
CF;CCl; to CF3;CHCI, avoiding over hydrogenolysis to CF;CH,Cl with the use of
RhCI(PPhs); in THF.? Effects of hydrogen pressure and temperature were studied
revealing no change in reactivity past 6.8 atm of H, and increased turnover frequency
(TOF) with increased temperatures between 50-150 °C. Over 300 h”' TOF was observed
in reactions performed with 8 atm of H; at 150 °C. While the mechanism of catalysis has
been studied, the exact mechanism is still unclear.

Roundhill and coworkers have developed a catalyst for hydrogenolysis using
RuCl,(PPh;)s to transform CCly and CFCl; to CHCI3 and CHFCl,, respectively (Scheme
1-4).*° In the case of transforming CCly to CHCls, the catalysis is performed at room
temperature and with 1.1 atm of H, in a 1:1 solvent mixture of toluene and alcohol. Only
114 turnovers were observed over 13 days. Attempts to optimize the reaction were made,
including addition of excess base (triethylamine, NEt;) to aid formation of the active
catalytic species, but increased reactivity was not observed. Similar conditions were used
in screening the hydrogenolysis of CFCl; in a toluene/ethanol solvent mixture; only 17
turnovers were observed over 12 hours. Roundhill proposes a different catalytic
mechanism than what has been previously reported. The presence of an alcohol serves as
a hydride donor to RuCl,(PPhs); via displacement of chloride from the alkoxide (formed
in situ) followed by B-hydride elimination to form RuHCI(PPhs);, the active catalytic
species. RuHCI(PPh;3) reacts with CCly and CFCl; through a radical mechanism to
regenerate RhCly(PPhs) and the hydrogenated product. The active catalytic species can
also be formed in the presence of base and H,, however this reaction is slow and catalytic

reactions showed lower turnovers than in the absence of base (Scheme 1-4).
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WPPh;
PhaP—RUZ,
CHXCl, | “PPhs
Cl Ho
HCI
CXCl, H
PhsP Rl 2PPhs
U
° | “PPhs
Cl
X=Cl,F

Scheme 1-4. Proposed catalytic cycle from Roundhill and coworkers. Formation of Ru(PPh;)HCI is
proposed to form either by chloride displacement by H, followed by deprotonation, or by coordination of
an alkoxide followed by B-hydride elimination (not pictured).

1.5.2  Proposed Work in This Thesis

HCFCs can be used as solvents for low temperature NMR spectroscopy
experiments due to the low freezing points and unreactive behavior. A serendipitous
finding by Mirjam van Roon (Heinekey Lab, 1997) demonstrated that despite the typical
stability of HCFCs, Fe(PP;)H, (PP; = tris-(2-(diphenylphosphino)ethyl)phosphine)
reacted rapidly at room temperature with CDFCI; to quantitatively form Fe(PP3;)HCI and
CDHFCI. Fe(PP;)HCI also reacts with the solvent to quantitatively form [Fe(PP3)CI|Cl
and CDHFCI (Scheme 1-5).%' The reaction could not be turned over and catalysis was
never observed. van Roon reported that the bridgehead phosphine in PP; has a poor
trans-effect, therefore the chloride is not very labile. This was reported to hinder the
ability for catalysis due to the inability of [Fe(PP3)CI]CI to react with Ho.

Based on the previously reported systems, we aim to develop a catalyst for
hydrogenolysis of CFCs based on a similar mechanism to the work of van Roon and the
discussed mechanism by Roundhill and coworkers. Our aim is to develop a system which

proceeds at mild temperatures and pressures of H,.
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'/\ P CDFCl,

_-H

H . CDHFCI

(P [PPh,
P P
p = Upph,

P PPh,

Scheme 1-5. An outline of the reactivity observed by van Roon with Fe(PP3)H,.

M—H
[BHICI R—C
B ¢ A R—

Lci
—| —M—
Y L—M—Cl

Ho
Scheme 1-6. A proposed generalized catalytic cycle for CFC hydrogenolysis.

Scheme 1-6 outlines a general targeted catalytic cycle for the desired catalytic

hydrogenolysis of CFCs with a metal-hydride complex. We propose reacting a metal-

hydride with a chlorocarbon to form a metal-chloride complex and the resulting

hydrocarbon (step A, Scheme 1-6). Precedent for this step has been previously

established.”’ Based on the issues with the system by van Roon, we propose a metal-

chloride compound where the chloride is frans to L, where L is a strong trans-effect

donor (step B, Scheme 1-6). Specifically, we have targeted a system where the chloride is

trans to a hydride and has been reported to react with H, under mild conditions to form a

26



cationic metal-dihydrogen complex, vide infra.>* Finally, the metal-dihydrogen complex

can be deprotonated to regenerate the metal-hydride (step C, Scheme 1-6).
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Chapter 2
Reaction of Transition Metal Hydride Complexes with

Halocarbons and pK, Studies

2.1 Work Towards Catalysis with a Water Soluble Ru(PP);H, Species

2.1.1 Introduction

Previous work in our group focused on the investigation of Ru(dppe),H, (dppe =
1,2-bis(diphenylphosphino)ethane) as a catalyst for the hydrogenolysis of halocarbons.'
Using DCM as a model solvent for chlorofluorocarbons (CFCs), each step of the
proposed catalytic cycle (Scheme 1-6) was performed (Scheme 2-1). Unfortunately, when
Ru(dppe),H, was tested for hydrogenolysis of CF,Cl,, it was found to have extremely
limited solubility in neat CFC. As a result, a system with greater solubility was

investigated.

excess NaOH, iPrOH P, | \H O
[RucoD)CLl, + 25 p I T R A
P” | P
P
H H
[P/"'Rl ~H DLl [P""R| ““Pj CD,HCI B
u u + 2
P” R P | P
P\) Cl
H H-H | BPh,
P, | .P H, (1 atm), NaBPh, P. | P
LIS L c
LR, N
P” | P P” | P
Cl H
HTH BPh, H
[P/.,_ | \“P—| KOtBu P""R' WH . 5
Ru j [ u_ o+ 4 + tBuOH
P” [P P | R
H P
TN -
P P ~ PhP  PPh,

Scheme 2-1. Individual reactions performed to show the competency of Ru(dppe),H, as a catalyst for

hydrogenolysis of CFCs.
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Tyler and coworkers developed the water-soluble PP ligand for N, reduction to
ammonia (PP = 1,2-bis[di(methoxypropyl)phosphino]ethane).” It was found that Ru
complexes containing the PP ligand are not only soluble in water but also in organic non-
polar solvents, which is attractive for CFC hydrogenolysis. Iron analogues of the Ru
complex have been reported and well characterized, which is an important feature, as
eventual use of an earth abundant transition metal is desired.’ It is also reported that
trans-Ru(PP),HCI (1) can react with H, under mild pressures to form [Ru(PP),H(H,)]"
(2).” The facile formation of 2, again, is attractive due to the previously discussed lack of

reactivity between [Fe(PP3)CI|CI and H,.

H
P, | P
. RU j
BH [P’ ~p CF,Cl,

H
3

c A

:B CF,HCI

EPI“R| A‘\\Pj P, | P
u [ Ru j

P” |

Ha

[\ = 0~"P R0
P P o/ .o

/ \

Scheme 2-2. Targeted catalytic cycle utilizing Ru(PP),H, (3) as a catalyst.

Scheme 2-2 outlines the desired reactivity of Ru(PP),H, (3) as a catalyst for
hydrogenolysis of CFCs. In step A, 3 reduces a chlorinated solvent and forms 1. While
exposed to a constant atmosphere of H,, Ru(PP),HCI can react to form 2 (step B). Since
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catalysis will be performed in basic media, 2 will immediately be deprotonated to
regenerate 3 (step C). While catalysis is stoichiometric in base, we envision that utilizing
a cheap base (e.g. sodium hydroxide) will result in benign byproducts (i.e. sodium
chloride).

Industrial grade CF,Cl, was obtained for testing catalysis, however it was found
to contain an NMR silent, chlorine containing impurity. In addition to the impurity,
CF,Cl, has a high vapor pressure (5.6 atm at room temperature) and low boiling point
(243 K). We found it practical to initially screen all potential catalysts with CD,Cl, as a
model solvent due to the ease of handling. If compounds are shown to react with CD,Cl,,
CDFCI; could be used as another model solvent. CDFCl, was synthesized from CDCls
and distilled to purity to suppress side reactions.” The vapor pressure (1.6 atm at room
temperature) and higher boiling point (282 K) of CDFCI, make the solvent much easier
to work with. The hydrogenated product (CDHFCI) is diagnostically convenient, as it
appears as a doublet at 5.9 ppm (*Jur = 48 Hz) in the '"H NMR spectrum. We envisioned
developing and testing a catalyst with CDFCI, with sufficient longevity to consume the

chlorinated impurity in the CF,Cl,, then continue to react with the substrate.

2.1.2  Synthesis of Ru(PP),H>

Isopropyl alcohol (IPA) and sodium metal were added to a THF solution of
Ru(PP),Cl, (4). The yellow solution turned colorless. After removal of solvent and
extracting into pentane, the product, Ru(PP);H, (3) was obtained as a waxy, colorless
solid.

The '"H NMR spectrum of the resulting product displayed a multiplet for the
methoxypropyl groups on the phosphines. The high field region displays two signals for
both the cis- and frans-isomers of 3. A pentet is present at -10.1 ppm (*Jup = 20 Hz) for
the frans-isomer, as all four phosphines are chemically and magnetically equivalent. A
multiplet representative of the cis-isomer is found at -10.4 ppm. The cis-isomer of 3 gives
rise to a complicated AA’XX Y'Y’ spin system (Figure 2-1). The *'P{'H} NMR spectrum
displays a singlet and two triplets (Figure 2-2). The singlet at 78.5 ppm represents trans-3
(four equivalent phosphines), while the two triplets are for the two sets of two

inequivalent phosphines in cis-3, which are coupled to each other. Based on integrations
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of the *'P{'H} spectrum, the solution exists as a mixture of 62% cis-3 and 38% trans-3.
Due to the high solubility of the PP complex in a multitude of solvents, crystals suitable

for X-ray diffraction were unattainable.

—-10.13
—-10.37

-9.8 -10.0 -10.2 -10.4 -10.6 -10.8
ppm

Figure 2-1. '"H NMR spectrum (C¢Dy) of 3. High field region is displayed to show hydride signals.
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Figure 2-2. *'P{'"H} NMR spectrum (C4Dy) of cis- and trans-3.

2.1.3  Reactivity with Carbon-Chlorine Bonds

Compound 3 was dissolved in neat CDFCl,, and monitored by 'H and *'P{'H}
NMR spectroscopies (step A, Scheme 2-2). Within an hour, CDHFCI was observed by 'H
NMR spectroscopy, indicated by a doublet at 5.9 ppm (*Jur = 48 Hz) and a pentent for 1
(-21.5 ppm; “Jyp = 20 Hz). The *'P{'H} NMR spectrum was also consistent, revealing 1

and small amounts of cis- and frans-4 (in a 4:1 ratio respectively) (Figure 2-3). Formation
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of cis- and trans-4 is due to the continued reactivity of 1 with CDFCl, (Scheme 2-3).
Clean reactivity between 3 and CDFCl, prompted us to test reactivity with CF,Cl,, the
target substrate. While 3 was soluble in CDFCIl, and a number of other organic solvents,
it had limited solubility in CF,Cl,. An existing CHF,Cl (the desired product) impurity in
the industrial grade CF,Cl, made it difficult to track small changes in CHF,Cl
concentration by '’F NMR spectroscopy due to dynamic range issues.’ Attempts to use
mass spectrometry also resulted in problems with dynamic range. While reactivity studies
between Ru(PP);H, and CF,Cl, were unsuccessful, reactions of the Ru complex with
CDFCl;, resulted in clean formation of the dehalogenated product. Ru(PP),H, reacts
completely with CDFCl, to generate CDHFCI, Ru(PP),HCI, and Ru(PP),Cl, at room
temperature. These results indicate the Tyler system can react with (nominally inert)

chlorinated solvents to generate the desired products if optimized for catalysis.

A) CHFCl,
CDHEFCI
b Ru(PP),HCl (1)
S g
= o ‘
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B) Ru(PP),HCI (1)
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Figure 2-3. A) 'H NMR data (500 MHz) of 3 reacting with CDFCl,. Formation of CDHFCI and 1 are

indicated. B) 31P~{1H} NMR data (202.5 MHz) of 3 reacting with CDFCl,. Formation of 1 and cis- and
trans-4 are indicated.
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Scheme 2-3. Reactivity of 3 with CDFCIl, to form 1 and CDHFCI. Further reactivity of 1 with CDFCl,
forms cis- and trans-4 and CDHFCL

2.1.4 Formation of Dihydrogen Complexes

Metal-dihydrogen complexes can be formed by protonation of a metal-hydride
complex or by halide abstraction from the metal-halide under H,.” The targeted catalytic
cycle in Scheme 2-2 (step B) aims to exploit the lability of the chloride ligand in 1 to
form the dihydrogen complex with H, under mild conditions rather than with a
stoichiometric chloride abstracting agent. Tyler and coworkers report facile quantitative
formation of 2 from 4 under 24 atm of H, in pH 7 buffered water at 80 °C.*% Based on
mechanistic studies, the reaction was proposed to proceed first by chloride displacement
by hydrogen on 4 to form [Ru(PP),(H,)CI]CIl. Water deprotonates the acidic dihydrogen
complex to form 1, which reacts with another equivalent of H, to form the desired
[Ru(PP),(H2)H]CI complex.4

Our catalytic cycle (Scheme 2-2) requires transformation of Ru(PP),HCI to
[Ru(PP),(H2)H]CI with the addition of H,. We observed that this reaction proceeds under
much milder conditions than reported by Tyler and coworkers.® A CD,Cl, solution of 1
with 1 atm Hj results in 2% conversion to 4 (Scheme 2-4, Figure 2-4). Here, we treat
CD,Cl, as a model solvent for CF,Cl,. This reaction shows that solvation of the chloride
ion occurs in a relatively non-polar solvent in order to form 2 under an atmosphere of Hy.
While the conversion is low (2%), our target cycle (Scheme 2-2) occurs in basic media
leading to immediate deprotonation to regenerate 3. Keeping the reaction mixture with a
constant atmosphere for H, regenerates the catalytic cycle. This is a vast improvement

compared to the previously mentioned [Fe(PP3;)CI|Cl compound. The strong trans-effect
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of the hydride ligand aids in the lability of the chloride ligand to allow small conversion

to the desired material.

cl H—H cl
P, | WP H, P, ‘ P
(DAl e (i
P” | P P” | P
H H
1 2

= "O™~"F R 0"

P P /ojN \/\O\

Scheme 2-4. Displacement of chloride ligand in 1 with 1 atm H, to form 2.

Ru(PP),HCI (1)
H,

CDHCl,
Ru(PP),H(H,)" (2)

L A/ \m

6 5 -6 -7 -8 -9 -10 -11 -12 -21 =22
f1 (ppm)

Figure 2-4. "H NMR spectra (500 MHz, CD,CL). Bottom: 1 in CD,Cl,. Top: Spectrum after addition of 1
atm of H,. 2% formation of 2 is indicated.
2.1.5 Acidity of Dihydrogen Complexes

Based on the electronic similarity of depe versus PP (Figure 2-5), the pK, values
for the dihydrogen ligand on [Ru(depe)2(H,)H]" (depe = 1,2-bis-diethylphosphinoethane)
and [Ru(PP),(H»)H]CI were hypothesized to be very similar. Morris and coworkers report
that the pK, of the dihydrogen ligand in [Ru(depe)>(H,)H]" is 16.5 (THF),” implying that
DBU (1,8-diazabicyclo[5.4.0]lundec-7-ene; pK,(THF) = 16.6) 10" can deprotonate
[Ru(PP),(H2)H]CI. However, our studies show that the dihydrogen ligand on 2 is much
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less acidic than hypothesized. While 4 is fully deprotonated with strong bases such as
potassium fert-butoxide (KO'Bu) and the phosphazene P4-rBu (1-t-butyl-4,4,4, -
tris(dimethylamino)-2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2A° 41’-
catenadi(phosphazene); pK.(DMSO) = 30.2)!' DBU was found to deprotonate 4to 20%
completion. This reactivity suggests an approximate pK, of 18 in DCM.

depe PP

S\ o\~

P P

A

Figure 2-5. 1,2-Bis-diethylphosphinoethane (depe; left) and 1,2-bis[di(methoxypropyl)phosphino]ethane
(PP; right).

Strong bases (such as NaOH) have been shown to deprotonate CHF,Cl to form
difluorocarbenes.'” Since DBU was found to be a suitable base for our targeted catalysis
(Scheme 2-2) and is a much weaker base than hydroxide, we attempted to use
stoichiometric DBU in our catalytic reactions. However, control reactions revealed that
the addition of DBU to a sample of CDFCI; led to the observation of multiple species by
'H NMR spectroscopy. Protonated DBU is observed amongst the products, indicating
that DBU is indeed deprotonating the CDFCl,. This suggests that CDFCI, has a pK,
could be lower than protonated DBU, however an exact value is difficult to ascertain due
to solvent effects. This is an unfortunate conclusion, as it shows that DBU (and other
stronger bases) will likely react with CHF,Cl, the desired product from catalytic CF,Cl,
hydrogenolysis. Further control reactions revealed that the strongest base showing no
reactivity with CDFCI, is NEt; (HNEt3+; pK.(THF) = 12.5).10 Reactions of 2 with NEt;

revealed no deprotonation.

2.1.6  Summary

Preliminary work with Ru(PP),H, revealed that it is not a competent catalyst for
hydrogenolysis of CFCs due to the weak acidity of [Ru(PP),(H,)H]Cl. We have found
clean conversion of CDFCl, to CDHFCl with Ru(PP);H, (step A, Scheme 2-2).
Additionally, Ru(PP);HCI is reactive with only 1 atm of H, in CD,Cl, to form
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[Ru(PP),(H2)H]CI (2%; step B, Scheme 2-2). These findings bode well for our proposed
catalysis. However, [Ru(PP),(H,)H]" was not acidic enough to be deprotonated without
any resulting side reactions with HCFCs. DBU can deprotonate [Ru(PP),(H2)H]CI to
20% completion, but DBU reacts with CHFCIl, to generate unwanted species. The study
of this system has revealed the necessary requirements for a competent catalyst: reactivity
of a metal hydride with chlorinated solvents, facile transformation from the metal
chloride to a metal dihydrogen complex, and a metal dihydrogen complex acidic enough

to be deprotonated with NEt;.

2.2 Work with Piano Stool Compounds

2.2.1 Introduction

Perutz and coworkers reported a piano-stool Noyori-type catalyst for transfer
hydrogenation of ketones with a triethylamine-formic acid mixture (2:5, respectively) as
a hydrogen source."” Cp*Rh(TsPDA) (5) was synthesized via the combination of
[Cp*RhCl;y]n, TsPDAH,, and 2 equiv. NEt;, in DCM (Scheme 2-5) (TsPDAH, =
CH;3(CsH4)SO2)NH(CgH4)NH;; Cp* = pentamethylcyclopentadiene). The synthesis was
proposed to proceed via an intermediate, Cp*Rh(TsPDAH)CI (6), where addition of NEt;
leads to formation of [HNEt;]Cl and compound 5. Scheme 2-6 outlines the proposed
hydrogenolysis of CFCs with 5. Since 6 (an intermediate in the proposed catalysis) can
be deprotonated with NEt;, as demonstrated through the synthesis of 5, this system

addresses the weak acidity issues observed with the Tyler system.

1/2 [Cp*RhCly], ‘fp* <|3P*
NEt, Rh<_ NEt, Rh
' > TN I!IH “ > N/ \NH
HTsN NH, - [HNEt]CI 2 -[HNEtglcl 'S
6
5
0

Scheme 2-5. Reported synthesis of 5 where compound 6 is an intermediate.
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NH,
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Scheme 2-6. Targeted catalytic cycle utilizing Cp*Rh(TsPDA) (5) as a catalyst.

In the proposed catalysis, the coordinatively-unsaturated, formally 16 ¢ Rh(III)
starting material 5 coordinates dihydrogen to form the rhodium hydro-hydride complex
(step C, Scheme 2-6). Precedent for this step is suggested by work from Perutz and
coworkers where Cp*Rh(TsPDAH)H (7) is observed at 233K after addition of formic
acid (Scheme 2-7); upon warming the solution to room temperature dihydrogen is
released and 5 is regenerated.”® Based on microscopic reversibility, we hypothesized that
complex 5 under high pressures of H, at room temperature would form 7 and react with
chlorinated solvents to form 6 (step A, Scheme 2-6). As shown through the synthesis of
5, complex 6 can be deprotonated with NEt; to regenerate the coordinatively-unsaturated

complex 5 (step B, Scheme 2-6).
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Scheme 2-7. Proposed intermediate after addition of formic acid to 5 to form 7.

2.2.2 Reactivity of Cp*Rh(PDA) Compounds

Complex 6 was synthesized via addition of HCI to 5. As expected, addition of 1
equiv. of NEt; resulted in complete deprotonation of 6. Weaker bases were used in order
to measure the pK,. In CD,Cl,, 5 and pyridinium chloride ([PyH][Cl]; pKi(THF) = 5.5)1°
(1:1.1) were combined. The resulting "H NMR spectrum was used to calculate the K, of
the reaction. The pK, of 7 was calculated to be 5.8 £ 0.2 (CH,Cl,). We found this value to
be consistent with the value derived from the addition of pyridine to 6. The calculated
pK, of 7 is based on an assumption that the pK, of [PyH][CI] is the same in THF and
DCM. Based on the similar dielectric constants of THF and DCM, this is a fair
assumption. This pK, study shows that 6 is acidic enough to be deprotonated with
pyridine (step B, Scheme 2-6) while not reacting with any HCFCs.

In order to explore the reactivity of 7 with chlorinated solvents (step A, Scheme
2-6), CD,Cl, was utilized as a model solvent. Complex 5, CD,Cl,, and 50 bar of H, were
combined in a steel autoclave (Parr) reactor and stirred for 18 hours at room temperature.
If 7 1s formed under high pressures of H; and reacting with the bulk solvent, the resulting
reaction mixture would contain compound 6. A '"H NMR spectrum was obtained of the
resulting mixture showing no reaction had occurred, as a clean spectrum of 5 was
observed.

Previous work from Ikariya and coworkers suggested an alcohol assisted H,
activation to form metal-hydrides from the heterolytic cleavage of H, (Scheme 2-8)."*
With this in mind, an excess of IPA (approx. 7 equiv.) was added to the reaction mixture
in the Parr reactor. After 18 hours of stirring under 50 bar of H, at room temperature, the
color of the solution turned from dark purple to dark orange. A "H NMR spectrum of the

solution indicated that a reaction had occurred. However, neither compound 6 nor
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CD,HCI were observed, suggesting that the desired reaction did not occur. A triplet in the
'H NMR spectrum was observed at -11.6 ppm (J = 24 Hz). The identity of this species is
still undetermined, but based on the multiplicity of the signal we propose a hydride
bridged Rh-dimer. However, the reported spectrum of 7 shows a doublet in the hydride
region with 'Jrps = 22 Hz. We speculate that the coupling constant of a bridged species
would be smaller than the mono-hydride species due to both metal centers having a
weaker interaction with the shared hydrogen atom. However, the coupling constant and

chemical shift is within the range of other reported Rh,(u-H) species."

‘ RI H IPA \ RI H ‘ RI
B . —_—
~—N o Iu \H/ —N “\\Iu ~.\H —N o 'U \H
</N\ </I,\l </N\_
H HH-Q H
R

Scheme 2-8. The mechanism for alcohol assisted H, activation with piano-stool Noyori-type complexes.

While the "H NMR spectra of Parr reactor reactions indicate multiple species
formed during the reaction, we were interested in observing formation of CD,HCI to
prove that the piano-stool Noyori-type motif can indeed react with chlorinated solvents.
Due to the low boiling point of chloromethane (249 K) it is unlikely to be observed in 'H
NMR spectra after venting the Parr reactors. Specialty high-pressure NMR spectroscopy
tubes were used to pressurize NMR spectroscopy scale reactions up to 100 psig (Chapter
4). These high-pressure tubes can remain sealed during the reaction time to ensure that if
CD,HClI is formed, it can be observed by '"H NMR spectroscopy. A high-pressure tube
containing 5, IPA, CD,Cl,, and 90 psig H, was monitored over time by 'H NMR
spectroscopy. Over a span of two months, trace amounts of CD,HCI formed. While a
reaction did occur, the 'H NMR spectra show the loss of all Cp* signals. Although the
reaction does not proceed as anticipated, it still sets the precedent for our work. The
formation of CD,HCI over time shows that compound 5 could be reducing CD,Cl,, albeit
not cleanly or in high yield.

Cp*Rh(TsPDAH)CI has proven to be sufficiently acidic to be deprotonated by

pyridine, an essential characteristic for our proposed catalysis. The pK, of
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Cp*Rh(TsPDAH)CI has been measured in CD,Cl,. However, this system has not shown
reactivity towards step A or C of catalysis (Scheme 2-6). Reactivity of complex 7 with
chlorinated solvents has been complicated and convoluted. Reactions observed over
months where 5 was reacted with H, (90 psig) and CD,Cl, indicate paths to
decomposition. However, a trace amount of CD,HCI was observed in the reaction

mixtures, indicating reduction of CD,Cl,.

2.2.3 Reactivity of (p-cym)Ru(TsDPEN) Compounds

Given the unproductive reactivity of the Perutz system with H,, our focus shifted
to a new compound. Noyori and coworkers reported the facile formation of (p-
cym)Ru(TsDPENH)H (p-cym =  para-(CHs3)(C¢Ha)(CH(CH3)2); TsDPEN =
(CH3(C6H4)SO2)NCH(CHs)CH(C¢Hs)NH)  (8) by reacting the coordinatively-
unsaturated 16 e complex, (p-cym)Ru(TsDPEN) (9; Figure 2-6), with IPA at room
temperature in minutes.'® While the work from Perutz and coworkers exhibited the
desired acidity for our catalysis, it lacked a stable hydride analogue making complex 9 a

desirable target.

—Oo—

]
Ru

TsN/ \NH

Ph Ph
Figure 2-6. Compound 9, (p-cym)Ru(TsDPEN).

Complex 8 was synthesized using reported methods'® and combined with CD,Cl,.
After 18 hours at room temperature under an atmosphere of N, the hydride signal in the
'H NMR spectrum (located at -5.8 ppm) was no longer present and a signal for CD,HCI
was present. The reaction is clean, as the final spectrum shows the presence of only
CD,HCI and (p-cym)Ru(TsDPENH)CI (10). As a proof of concept, this again shows that
this piano-stool metal-hydride motif is viable for reactions with chlorinated solvents to

form a metal chloride and the reduced product. In conjunction with the observed
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reactivity from compound 8, this bolsters our hypothesis that these compounds can serve
as competent catalysts.

Noyori and coworkers reported that compound 9 is protonated to 10 with
[HNEt;][C1]."® However, the percent conversion is never explicitly stated. In the event
that there is an equilibrium, we attempted to deprotonate 10 with NEt;. This resulted in
no reaction. Water was added to the previously mentioned deprotonation reaction in
hopes of solvating the chloride ion and facilitating deprotonation. 10 puL of argon sparged
H,0O was added to a reaction mixture containing 10 and NEt; in CD,Cl,. An immediate
reaction did not occur, and stirring overnight generated no change in the spectrum. An
orange solid crashed out of the solution; efforts towards identifying this solid were
unsuccessful. However, it is unlikely to be the desired compound as 9 is very soluble in
CD,Cl; and dark purple.

Although it has been reported by Noyori that deprotonation of 10 to 9 proceeds
via a dissociative conjugate base mechanism (Dg,), where deprotonation precedes

16.17 We believe that the mechanism of

chloride loss, there is no evidence of this.
deprotonation could proceed via initial chloride loss, then deprotonation of the acidic
amino proton (Scheme 2-9). The previously mentioned experiment suggests that either
the chloride is not very labile, therefore preventing deprotonation, or deprotonation
indeed occurs via a Dy, mechanism and NEt; is simply not basic enough to deprotonate
the amino proton. Again, the amino proton on the TsDPEN ligand of 10 mimics benzyl
ammonium (free benzyl ammonium pK,(DMSO) = 10.2) which cannot be deprotonated

by NEt; ([HNEt;]” pKo(DMSO) = 9)," however it is expected that when bound to the

metal center, the benzyl amine moiety would be more acidic.
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Mechanism proposed by Noyori
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Alternative Mechanism
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TN | ~cl /' \ /\
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Ph Ph Ph Ph Ph
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Scheme 2-9. Proposed mechanisms for deprotonation.

Noyori’s (p-cym)Ru(TsDPEN) system has proven to have reactivity with IPA to
form (p-cym)Ru(TsDPENH)H at room temperature within minutes. This is an ideal
feature as we could envision performing catalysis in a biphasic CFC/IPA reaction mixture
as opposed to pressurizing the reaction with H, gas. (p-cym)Ru(TsDPENH)H can react
with chlorinated solvents, however, (p-cym)Ru(TsDPENH)CI lacks the necessary acidity
to turnover catalytic reactions with CFCs.

Our studies have shown that while Cp*Rh(TsPDAH)CI possesses the acidity
necessary for the desired catalysis, it lacks the necessary reactivity with IPA or H,. The
independent synthesis of the metal hydride has been difficult. On the other hand, (p-
cym)Ru(TsDPEN) reacts with IPA to form compound 8 and possesses the reactivity
desired with CD,Cl,. Compound 10 lacks the acidity to be deprotonated with NEts.
Therefore, we envision a catalyst with the acidity of 6, but the reactivity of 9 and 10 with
a hydrogen source and chlorinated solvents, respectively.

We hypothesized that the more acidic nature of Cp*Rh(TsPDAH)CI over (p-
cym)Ru(TsDPENH)CI is due to the nature of the chelating amine. In an over-simplified
analysis, TSDPENH and TsPDAH are analogous to benzyl ammonium and anilinium,

respectively (Figure 2-7). In DMSO, anilinium is more acidic by approximately 6 pK,
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units, loosely explaining the increased acidity of 6 over 10.'* As reported, 6 is sufficiently
acidic since it can be partially deprotonated by pyridine (vide supra). Therefore, a metal

complex with an anilinium moiety or something with a similar pK, is ideal.

/M\ /M\
TsN NH2 TsN NH2

Ph

TsDPEN TsPDA

Figure 2-7. TsDPEN bound to metal (M), benzyl amine is highlighted in blue (left). TsPDA bound to metal
(M), aniline is highlighted in blue (right).

We wanted to probe two factors in the aforementioned systems: (i) the different
reactivity between Cp*Rh(TsPDA) and (p-cym)Ru(TsDPEN) with H, and IPA, and (ii)
the markedly different stabilities of Cp*Rh(TsPDAH)H and (p-cym)Ru(TsDPENH)H.
The known crystal structures of Cp*Rh(TsPDA), Cp*Rh(TsPDAH)CI, (p-
cym)Ru(TsDPEN), and (p-cym)Ru(TsDPENH)CI] were examined and cornpared.B’I(”19
The solid-state structure of 5 indicates a plane of symmetry between Rh, the two
nitrogens, and the phenyl ring. Once protonated with HCI, the ring flips up to
accommodate the formation of a three-legged piano stool complex. The rigid nature of
the TsPDA moiety is likely to be the reason behind this large conformational change and
a large energy barrier to form a three-legged piano stool. The flexibility in the saturated
backbone of TsDPEN is likely to help lower the energy barrier from a two-legged piano
stool to three-legged. The solid-state structure of 9 indicates a distortion in the plane of
Ru, TsN, NH, and the ethylene linker (Figure 2—8).16 The solid-state structure of 10
indicates a dihedral angle of 49.35° and no major changes in the angle between the Rh-
TsN-NH, plane and the TsN-NH,-ethylene linker plane (Figure 2-8)." The flexibility in
the chelating ligand of (p-cym)Ru(TsDPEN) results in a lower energy barrier between
two-legged and three-legged piano stool structures. Therefore, (p-cym)Ru(TsDPENH)H
is easily formed from IPA, isolable, and thermally stable. On the other hand, there is a
large energy barrier when converting Cp*Rh(TsPDA) to Cp*Rh(TsPDAH)CI, which is a

45



result of the rigid nature of the TsPDA ligand. Cp*Rh(TsPDAH)H is only stable at 233 K

—/

and not isolable.

Figure 2-8. Crystal structure of 9 (left). Crystal structure of 10 (right). The tosyl groups and hydrogen
atoms have been omitted for clarity. Angles and planes of interest are highlighted. Conformational change
from two to three leg piano stool (left to right) maintains the Ru—N-—N—ethylene linker plane."’

2.2.4 Initial Results with (p-cym)Ru(TsABA)

Based on the hypotheses about acidity and reactivity of these compounds, we
proposed a new ligand that combines both attractive aspects of DPEN and PDA. Use of
1,2-aminobenzylamine as a chelating ligand was explored (Figure 2-9). The non-
tosylated nitrogen of the ligand is similar to aniline, so it is likely to have the proper
acidity. The methylene linker on the tosylated nitrogen allows for flexibility in the
metallocycle, much like the TSDPEN complex. Tosylation of 1,2-aminobenzylamine was
performed following literature reports to generate 2-(tosylaminomethyl)aniline
(TSABAH,). *° Reported procedures for similar compounds were adapted for the
metallation of TsABAH,. Brown crystals were isolated after layering a DCM solution

with hexanes.

Figure 2-9. Proposed structure for (p-cym)Ru(TsABA) (ABA = 2-aminobenzylamine).
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The solid-state structure of the brown crystals reveal a dimeric core, [(p-
cym)Ru(TsABA)], (11) (Figure 2-10). Compound 11 contains two Ru(Il), 18 e centers,
where the non-tosylated nitrogen (NH) donates to a second Ru center as an L-type ligand.
The structure indicates TsSN—Ru bond lengths of 2.148(2) and 2.141(2) A. Despite the
bond having imine-like characteristics, the elongation is likely due to the electron
withdrawing nature of the tosyl group. This bond length is similar to other TsN—Ru
bonds in monomeric species (2.145(8) A for 10 and 2.065(7) A for 9).1%1% The length of
the HN—Ru bonds in 11 are 2.104(2) and 2.115(2) A, indicating an amine-like bond."’
HN—Ru bonds with imine-like character have shorter bond lengths; for example, in the
16 ¢ coordinatively-unsaturated compound 9 the HN—Ru bond is 1.897(6) A.'® To our
knowledge, this is the first example of a ruthenium Noyori-type complex forming a
dimer. We hypothesize that the ruthenium center of the coordinatively-unsaturated 16 ¢
compound (p-cym)Ru(TsABA) is electron deficient causing the compound to dimerize
and form 11. A disadvantage of this feature would be the potential increase in acidity due
to the electron deficient metal center. However, the electron deficiency could be used to
our advantage as well. The increased Lewis acidity of the metal center could incre