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Abstract

Anti-Markovnikov Hydroarylation of Alkenes with Aryl Halides and

Synthesis and Characterization of a Monomeric Copper Hydride complex

Andrea Chong

Chairperson of the Supervisory Committee:
Professor Gojko Lalic

Department of Chemistry

Chapter 1 describes the nickel-catalyzed hydroarylation of alkenes. This reaction involves
reductive cross coupling of alkenes and aryl halides in the presence of a silane as the hydride donor.
High anti-Markovnikov selectivity is achieved in this reaction, and broad functional group
compatibility demonstrates its utility, coupling a wide range of alkene substrates, such as alkyl-

and aryl-substituted alkenes as well as enol ethers and diene.

Chapter 2 describes efforts to synthesize monomeric copper hydride complexes.
Preparation and characterization of various copper complexes using tris(pyrazolyl)borate (Tp), -
methane (Tpm), - ethane (Tpe) and N-heterocyclic carbene (NHC) ligands were performed.
Reaction of Tp ligated copper (I1) methoxide complex with silane showed evidence of the

existence of copper (I1) hydride in the reaction.
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Chapter 1: Anti-Markovnikov hydroarylation of alkenes with aryl halides

1.1 Introduction

Alkenes are widely available and inexpensive feedstock materials. Thus, catalytic
hydroarylation of alkenes has become a versatile approach for the preparation of alkylarenes, a
prevalent motif in medicinal chemistry and materials science. The classical method of alkene
hydroarylation is Friedel-Crafts acid catalyzed hydroarylation (Figure 1.1a).1~3 This reaction forms
carbocationic intermediates, and therefore, requires electron rich arenes as coupling partners and
favors the formation of the branched product. Additionally, metal catalyzed aryl C-H bond
cleavage has been utilized as another strategy to generate aryl alkenes.* The aryl C-H bond
cleavage reaction goes through a metal hydride intermediate and can provide access to both
Markovnikov and anti-Markovnikov products (Figure 1.1b). This method, however, is associated
with harsh reaction conditions and requires the presence of a directing group or a very specific aryl

coupling partner to achieve good regioselectivity.

a. Friedel-craft acid catalyzed reaction

_Rl
©/ TR , R
via:

Rl
Lé o+
ZOR?

b. Metal-catalyzed aryl C-H bond cleavage

Figure 1.1. Hydroarylation reactions of alkenes

1



Reductive cross coupling has demonstrated that hydride reagents such as silanes and H>
can be used to generate metal hydrides, which can undergo olefin insertion to form reactive alkyl
metal species. These alkyl metal species can then be intercepted by an aryl electrophile. Therefore,
the reductive cross coupling strategy provides opportunities to achieve better stereospecificity
without relying on aryl substituent groups. Whereas most examples of reductive cross coupling
lead to Markovnikov hydroarylation,>® Buchwald et al. reported the anti-Markovnikov
hydroarylation of alkenes using reductive cross coupling promoted by dual copper and palladium
catalysis (Figure 1.2). His work employs unactivated alkenes as coupling partners with aryl halides
and generates linear products.” Interestingly, they observed opposite regioselectivity when aryl

alkenes are used.?

Buchwald, 2016
Pd catalyst
Br . AN CuH catalyst
HH-H 'R2
R R? R
Buchwald, 2017
Pd catalyst R
Br
@/ n R2 N CuH catalyst= @/\/
"H-H
R R!

Figure 1.2. Previous works of hydroarylation of alkenes

This thesis reports the development of a method to achieve the anti-Markovnikov
hydroarylation of alkenes and styrenes using a single catalyst. On the basis of a report by Lee et

al. demonstrating the 1,2-insertion of 1-hexene into the Ni-H bond of an amido diphosphine



supported Ni complex,® it is hypothesized that nickel alone could achieve the hydroarylation

reaction.

Previous work demonstrated that, when a nickel hydride complex supported by PNP pincer
ligand [N(0-C6H4PPh2)2]- (Ph-PNP) is involved, the addition of 1-hexene to this nickel hydride
complex could quantitatively generate the alkyl nickel complex (Figure 1.3).1° Reaction of this
isolated alkyl nickel complex with an aryl electrophile lead to observation of anti-Markovnikov
hydroarylation product. However, in preliminary optimization work, it was found that a ligand-

less nickel catalyst gives highest yield.

QTth n-hexene QTP;_/_/

N-Ni-H CeDe rt N-Ni

PPh, PPh,

Figure 1.3. Stoichiometric olefin insertion reaction with nickel hydride complex

1.2 Reaction Optimization

Using styrene as standard substrate, reaction optimization was started by screening different
nickel sources, such as NiClz(dme), Ni(COD). and NiCl.. While NiCl2(dme) emerged as a
competent catalyst in this reaction, other nickel catalysts showed poor yields. Meanwhile, in
screening nitrogen- and phosphine-based ligands, we only observed negligible yields. As an
example, NHC based- ligand (IPr) not only led to low yield of the product, but also showed poor
regioselectivity. A solvent screen showed that only aromatic based solvents give a satisfying result,
and benzene works better than toluene. Polymethylhydrosilane (PMHS) was found to be the best

hydride source, and sodium tert-Butoxide (NaOtBu) worked as the best base. Overall, this



optimized reaction condition (Table 1.1, Entry 1) provides good yield and good regioselectivity.

Notably, exclusion of any component in this reaction will result in no product formation.
Table 1.1. Reaction optimization of anti-Markovnikov hydroarylation of alkenes

NiCly(dme) (10 mol%)

OMe
NaOtBu (4 equiv) O

iodoanisole (1 equiv)

2 equiv PMHS (4 equiv)
benzene, 25 °C, 14 h
Entry Variations from above Yield (%)* L:B®
1 none 89 (81) 55:1
2 bipyridine as a ligand 24 56:44
3 IPr as a ligand 0 -
4 NiCl, instead of NiCl,(dme) 44 -
5 Ni(COD), instead of NiCl,(dme) 39 -
6 toluene instead of benzene 80 -
7 THF instead of benzene 8 71:29
8 LiOtBu instead of NaOtBu 30 -
9 TMDSO instead of PMHS 57 -

%Yields were determined by GC analysis of the crude reaction mixture
using 1,3,5-trimethylbenzene as the internal standard. Numbers in
parentheses are yields of isolated products. °L:B is the ratio of the linear
product to the branched product as determined by GC analysis of the

crude reaction mixture.

1.3 Reaction Scope

Using the optimal reaction condition, the substrate scope was expanded by exploration of
different alkenes and aryl coupling partners. Prior to this, a wide range of alkene starting materials
was synthesized and further used for substrate scope purpose. As modified from literature!!, a
general procedure for the cross coupling of an alkenyl zinc halide with an aryl bromide was

developed in the synthesis of alkenes. (Table 1.2).



Table 1.2. General procedure to synthesize olefin substrates and the substrate scope

5 mol% Pd,dbas

Br 10 mol% Ruphos R
/O/ " NZHCI ~ \©\/\/
R 75 °C, Toluene =
overnight
I
MeO F;C _N
75% 85% 51% 90%
(0]
F OzN \O
58% 60% 80% 86%
(0] (0]
N NC
) o
% = = = =
13% 80% 14% 51%
(0]
/ \ _S 0 Bpin
S = — = =
43% 48% 52% 49%

A variety of styrene coupling partners were investigated under the optimal reaction condition.
As shown in Table 1.3, electron-rich styrene substrates were found to provide high product yields,
while electron-withdrawing groups showed decreased yields. Exceptionally, the acetal product 3j

was isolated in high yield (94%). Then, isolation of methyl-substituted styrene showed that both



ortho- and meta-substituted substrates were well tolerated. However, a-methyl-styrene afforded

relatively lower yield from others, likely due to increased steric hindrance.
Table 1.3. Substrate scope of styrene coupling partners
NiCl,(dme) (10 mol%)

I : OMe
/@/ A NaOtBu (4 equiv) . /\/©/
MeO i Ar

PMHS (4 equiv)

1 (1 equiv) 2 (2equiv)  penzene, 25 °C, 14 h 3
81% 3b, 73% 80%
(55.1) (66:1) (20.1)
o0 SO G S
3d, 83% 3e, 78% 3f, 81%
(34:1) (26:1) (45:1)
OMe OMe OMe
0 .
3g, 85% 3h, 84% 3i, 56%
(46:1) (79:1) (30:1)
F5C 3K, 46% 3j, 94%
(15:1) (22:1)

2 Yields of isolated products are reported. The ratio of linear to branched products were
determined by GC analysis of the crude reaction mixture and are given in parenthesis.



Unactivated olefins were found to be compatible under the reaction conditions. In addition,
the scope of various terminal olefins was explored in the nickel-catalyzed hydroarylation reaction.
A diene substrate 5d provided the product in high yield (84%) and good regioselectivity (7:1). In
addition, products of enol ether substrates were isolated with reasonably good yields, such as ethyl

vinyl ether and benzyl protected ether.
Table 1.4. Substrate scope of alkene coupling partners

NiCl,(dme) (10 mol%)

1 ) OMe
/©/ + X NaOtBu (4 equiv) /\/©/
MeO Ar

. _ PMHS (4 equiv)
1 (1 equiv) 4 (2equiv)  penzene, 25°C, 14 h 50

/\/©/OM6 O OMe /\/©/OM6
/\O n-Hex

S5a, 78%
(>100:1) 5b, 74% (10:1)

5d, 84%
(7:1)

F I Bpin I

38, 74% 5h, 61%
(1521) (10:1)

2 Yields of isolated products are reported. The ratios of linear to branched products were

determined by GC analysis of the crude reaction mixture and are given in parenthesis.

Lastly, hydroarylation reactions of various aryl halides with styrene were performed. It was
found that both aryl bromides and aryl iodides were competent coupling partners in this reaction.

Electronic properties of arenes seem to affect the yield of the reaction, as electron-neutral and



electron-rich aryl halides generally afforded higher yields while electron-poor aryl halides showed

relatively diminished yields.

Table 1.5. Substrate scope of aryl halides

< NiCl,(dme) (10 mol%) O
/©/ + @ NaOtBu (4 equiv)
R - O
R

PMHS (4 equiv)

6 (1 equiv) (2 equiv) benzene, 25 °C, 14 h 7
X =1
©/\/Ph /@/\/Ph Ph \©/\/Ph
Ta, 75% 7b, 86% 7c, 78% 7d, 66%
(55:1) (44:1) (71:1)
/Owr©m F cl FyC
0
O 7¢,43% 7f, 54% 7551’ 54?)”’ 7h, 35%
(24:1) .
'+ X=Br
\I\II X©/\/ MeO
7i, 85% g 7i, 81% 7K, 99%
(19:1) ; (65:1) (22:1)

%Yields of isolated products are reported. The ratios of linear to branched products were

determined by GC analysis of the crude reaction mixture and are given in parenthesis.

1.4 Conclusion

A single catalyst system for hydroarylation of alkenes and styrenes using nickel was
developed, and this reaction shows good anti-Markovnikov regioselectivity. This method is
compatible with a wide range of functional groups, such as ester, enol ethers and dienes. Further

work can be performed to elucidate the mechanism of this reaction.



1.5 Experimental
1.5.1 General Information

All reactions were performed by using standard Schlenk and glove box techniques under
an atmosphere of nitrogen. Unless otherwise noted, all commercial materials were used without
purification. All anhydrous solvents were obtained by running the solvent through a bed of alumina.
'H and *C NMR spectra were recorded on a Bruker AV- 300 MHz spectrometer or Bruker AV-

500 MHz spectrometer.
1.5.2 General procedure for cross coupling of alkenyl zinc halide and aryl bromide

A flame-dried and nitrogen flushed 50 mL Schlenk-tube is charged with the aryl bromide
(5.0 mmol, 1 equiv), Pd2dbas (0.5 mmol, 0.05 equiv), RuPhos (1.0 mmol, 0.1 equiv) and
toluene (0.5 M). After stirring the reaction mixture for 5 min, alkenyl zinc chloride (10 mmol, 2
equiv, 1 M in THF) is added (mildly exothermic). The reaction mixture was heated to 75 <C and
left overnight, during which time the color had progressed to dark brown/black. Then, the reaction
mixture was cooled to room temperature and quenched with a saturated aqueous NH4Cl solution
and extracted with 1:1 v/v hexanes/ethyl acetate. The organic layer was washed with brine, dried
over sodium sulfate, and the solvent was removed by rotary evaporation under reduced pressure.

The crude residue was purified by silica gel chromatography.



1.5.3 Characterization Data for Alkenes

MeO
\©\/\/

1-(but-3-en-1-yl)-4-methoxybenzene. Compound was isolated as a colorless oil. (608 mg, 75%
yield). *H NMR (300 MHz, CDCl3) § 7.11 (d, ] = 8.5 Hz, 2H), 6.83 (d, J] = 8.6 Hz, 2H), 5.85 (ddt,
J=16.8,10.2, 6.6 Hz, 1H), 5.14 — 4.87 (m, 2H), 3.79 (s, 3H), 2.79 — 2.55 (t, 2H), 2.34 (m, 2H).

Spectral data match the reported literature values.*?

O

1-(but-3-en-1-yl)-4-(tert-butyl)benzene. Compound was isolated as a colorless oil. (800 mg, 85%
yield). *H NMR (300 MHz, CDCls) § 7.31 (d, J = 8.2 Hz, 2H), 7.13 (d, ] = 8.2 Hz, 2H), 6.00 —
5.76 (m, 1H), 5.15-4.91 (m, 2H), 2.78 — 2.60 (m, 2H), 2.46 — 2.29 (m, 2H), 1.31 (s, 9H). Spectral

data match the reported literature values.*®

F,C
\©\/\/

1-(but-3-en-1-yl)-4-(trifluoromethyl)benzene. Compound was isolated as a colorless oil. (510
mg, 51% yield). *H NMR (300 MHz, CDCls) § 7.53 (d, J = 8.0 Hz, 2H), 7.29 (d, ] = 8.0 Hz, 2H),
5.83 (ddt, J=16.8, 10.2, 6.5 Hz, 1H), 5.02 (m, 2H), 2.77 (t, J = 7.7 Hz, 2H), 2.39 (m, 2H). Spectral

data match the reported literature values.'*

10



_N
=

4-(but-3-en-1-yl)-N,N-dimethylaniline. Compound was isolated as a red oil. (788 mg, 90% yield).
'H NMR (300 MHz, CDCls3) § 7.07 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 5.87 (ddt, J =
16.8, 10.1, 6.5 Hz, 1H), 5.14 — 4.87 (m, 2H), 2.91 (s, 6H), 2.70 — 2.53 (m, 2H), 2.45 — 2.24 (m,

2H). Spectral data match the reported literature values.®

F

\©\/\/
1-(but-3-en-1-yl)-4-fluorobenzene. Compound was isolated as a colorless oil. (436 mg, 58%
yield). *H NMR (300 MHz, CDCl3) 6 7.13 (dd, J = 8.4, 5.6 Hz, 2H), 6.96 (t, ] = 8.7 Hz, 2H), 5.83

(ddt, J = 16.9, 10.3, 6.6 Hz, 1H), 5.01 (m, 2H), 2.78 — 2.61 (t, 2H), 2.45 — 2.23 (m, 2H). Spectral

data match the reported literature values.®

O,N
\©\/\/

1-(but-3-en-1-yl)-4-nitrobenzene. Compound was isolated as a colorless oil. (532 mg, 60% yield).
'H NMR (500 MHz, CDCls) § 8.15 (d, ] = 8.6 Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 5.81 (ddt, J =
16.9, 10.2, 6.6 Hz, 1H), 5.03 (m, 2H), 2.82 (t, J = 7.7 Hz, 2H), 2.45 — 2.37 (m, 2H). Spectral data

match the reported literature values.’

11



)
=

Methyl 4-(but-3-en-1-yl)benzoate. Compound was isolated as a colorless oil. (760 mg, 80%
yield). *H NMR (300 MHz, CDCl3) & 7.95 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 6.9 Hz, 2H), 5.83 (ddt,
J=17.0,10.4, 6.7 Hz, 1H), 5.01 (m, 2H), 3.90 (s, 3H), 2.85 — 2.68 (t, 2H), 2.39 (m, 2H). Spectral

data match the reported literature values.'®

o

2-(but-3-en-1-yl)naphthalene. Compound was isolated as a colorless oil. (784 mg, 86% yield).
'H NMR (300 MHz, CDCls3) § 7.79 (m, 3H), 7.63 (s, 1H), 7.51 — 7.38 (m, 2H), 7.35 (d, J = 8.4 Hz,
1H), 5.90 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.04 (m, 2H), 3.00 — 2.79 (t, 2H), 2.48 (m, 2H). Spectral
data match the reported literature values.'®
B
¥ =
2-(but-3-en-1-yl)pyridine. Compound was isolated as a yellow oil. (86 mg, 13% yield). 'H NMR
(300 MHz, CDCl3) & 8.53 (d, J = 4.6 Hz, 1H), 7.60 (td, J = 7.7, 1.8 Hz, 1H), 7.17 — 7.07 (m, 2H),
5.88 (ddt, J = 16.9, 10.3, 6.6 Hz, 1H), 5.15 — 4.90 (m, 2H), 3.00 — 2.78 (m, 2H), 2.50 (m, 2H).

Spectral data match the reported literature values.?

12



NC
\©\/\/

4-(but-3-en-1-yl)benzonitrile. Compound was isolated as a colorless oil. (630 mg, 80% yield).
'H NMR (300 MHz, CDCls) § 7.57 (d, ] = 8.1 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 5.81 (ddt, J =
16.9, 10.2, 6.6 Hz, 1H), 5.01 (m, 2H), 2.77 (t, J = 7.7 Hz, 2H), 2.38 (m, 2H). Spectral data match

the reported literature values.?

O
H
=

4-(but-3-en-1-yl)benzaldehyde. Compound was isolated as a colorless oil. (113 mg, 14% yield).
'H NMR (300 MHz, CDCl3) 6 9.98 (s, 1H), 7.81 (d, ] = 8.1 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 5.83
(ddt, J =16.9, 10.3, 6.6 Hz, 1H), 5.18 — 4.89 (m, 2H), 2.95 — 2.68 (m, 2H), 2.41 (m, 2H). Spectral

data match the reported literature values.?

o

1-(4-(but-3-en-1-yl)phenyl)ethan-1-one. Compound was isolated as a colorless oil. (441 mg, 51%
yield). *H NMR (300 MHz, CDCls3) § 7.89 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 5.83 (ddt,
J=16.9,10.2, 6.6 Hz, 1H), 5.15 - 4.91 (m, 2H), 2.84 — 2.69 (m, 2H), 2.60 (t, 2H), 2.50 — 2.29 (m,

2H).

13



/
S

2-(but-3-en-1-yl)thiophene. Compound was isolated as a yellow oil. (383 mg, 43% vyield). *H
NMR (300 MHz, CDClz) 6 7.12 (dt, J = 5.2, 1.2 Hz, 1H), 6.96 — 6.88 (m, 1H), 6.80 (m, 1H), 5.87
(ddt, J = 16.6, 10.1, 6.5 Hz, 1H), 5.20 — 4.92 (m, 2H), 3.05 — 2.85 (t, 2H), 2.44 (m, 2H). Spectral

data match the reported literature values.?®

_S
=

(4-(but-3-en-1-yl)phenyl)(methyl)sulfane. Compound was isolated as a yellow oil. (428 mg, 48%
yield). *'H NMR (300 MHz, CDCls3) § 7.20 (d, J = 8.3 Hz, 2H), 7.13 (d, J = 8.3 Hz, 2H), 5.84 (ddlt,
J=16.8,10.1, 6.5 Hz, 1H), 5.13 - 4.88 (m, 2H), 2.76 — 2.56 (M, 2H), 2.47 (s, 3H), 2.42 — 2.26 (m,

2H).

<\O
@)
=
2-(4-(but-3-en-1-yl)phenyl)-1,3-dioxolane. Compound was isolated as a colorless oil. (531 mg,
52% yield). *H NMR (300 MHz, CDCl3) § 7.39 (d, J = 8.1 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 5.97

~5.71 (m, 1H), 5.79 (s, 1H), 5.16 — 4.90 (m, 2H), 4.25 — 3.93 (M, 4H), 2.85 — 2.63 (t, 2H), 2.36

(m, 2H).

14



2-(4-(but-3-en-1-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. Compound was isolated
as a colorless oil. (633 mg, 49% yield). *H NMR (300 MHz, CDCl3) & 7.74 (d, ] = 7.8 Hz, 2H),
7.20 (d, J =7.8 Hz, 2H), 5.85 (ddt, J = 16.8, 10.2, 6.6 Hz, 1H), 5.09 — 4.88 (m, 2H), 2.79 — 2.64 (t,

2H), 2.37 (m, 2H), 1.34 (s, 12H). Spectral data match the reported literature values.?*

Lo

(4-(but-3-en-1-yl)phenoxy)triisopropylsilane. Compound was isolated as a colorless oil. (914
mg, 60% yield). 'H NMR (300 MHz, CDCls) § 7.01 (d, J = 8.5 Hz, 2H), 6.79 (d, ] = 8.4 Hz, 2H),
5.84 (ddt, J = 16.8, 10.1, 6.6 Hz, 1H), 5.07 — 4.86 (m, 2H), 2.70 — 2.55 (t, 2H), 2.33 (m, 2H), 1.36

—1.15 (m, 3H), 1.09 (d, J = 6.9 Hz, 18H).
1.5.4 General procedure for hydroarylation of alkenes

Stock solutions of alkene, PMHS and aryl halide in benzene were prepared separately. To a dram
vial charged with a stir bar, NiCl2(dme) and sodium tert-butoxide were weighed and added. Then,
alkene, PMHS and aryl halide were added in sequence. This reaction was stirred at room
temperature for 14 hours. Upon completion, the reaction was quenched by addition of a minimal
amount of methanol and stirred until reaction stopped bubbling. The solution was filtered through
silica to remove nickel solid. The filtered solution was purified by silica gel chromatography using

a toluene/hexane solution.
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1.5.5 Characterization Data for products of hydroarylation reaction

1-methyl-2-phenethylbenzene. Compound was isolated as a colorless oil (38.8 mg, 78% yield).
'H NMR (500 MHz, CDClg) § 7.47 (m, 2H), 7.38 (m, 3H), 7.31 (m, 4H), 3.07 (m, 4H), 2.48 (s,
3H). 13C NMR (126 MHz, CDCls) & 142.09, 140.06, 135.99, 130.29, 128.92, 128.52, 128.49,
126.20, 126.11, 126.06, 36.88, 35.54, 19.35. GCMS (EI) calculated for [M]* 196.13, found 196.10.

FTIR (neat, cm™): 3062.2 (s), 3025.9 (s), 2942.7 (s), 2865.2 (), 1603.4 (M), 1494.8 (s), 1453.7 (s).

Spectral data match the reported literature values.?

g
C
1-methyl-3-phenetylbenzene. Compound was isolated as a colorless oil (32.6 mg, 66% yield). *H
NMR (500 MHz, CDCl3) & 7.38 (m, 2H), 7.32 — 7.27 (m, 4H), 7.13 — 7.07 (m, 3H), 3.05 — 2.94
(m, 4H), 2.43 (s, 3H). 3C NMR (126 MHz, CDCl3) & 142.00, 141.84, 137.91, 129.36, 128.53,
128.43, 128.35, 126.77, 126.00, 125.55, 38.12, 38.03, 21.51. GCMS (EI) calculated for [M]*

196.13, found 196.10. FTIR (neat, cm™): 3061.1 (s), 3026.4 (s), 2922.8 (s), 2858.5 (s), 1604.6 (S),

1495.8 (s), 1453.9 (s). Spectral data match the reported literature values.?®
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Cl I

1-chloro-4-phenethylbenzene. Compound was isolated as a white solid (24.9 mg, 46% yield). 1H
NMR (500 MHz, CDCls) & 7.32 (t, J = 7.3 Hz, 2H), 7.29 — 7.21 (m, 3H), 7.19 (d, J = 7.5 Hz, 2H),
7.11 (d, J = 8.1 Hz, 2H), 2.93 (m, 4H). 1*C NMR (126 MHz, CDCls) § 141.38, 140.22, 131.75,
129.96, 128.58, 128.51, 126.16, 37.86, 37.30. GCMS (EI) calculated for [M]" 216.07, found
216.10. FTIR (neat, cm™): 3028.1 (m), 2926.0 (m), 2859.4 (m), 1492.1 (s), 1454.2 (m), 812.7 (s).

Spectral data match the reported literature values.?’

‘ OMe
MeO I

1,4-bis(4-methoxyphenyl)butane. Compound was isolated as a white solid (51.1 mg, 76% vyield).
IH NMR (500 MHz, CDCl3) § 7.14 (d, J = 7.6 Hz, 4H), 6.88 (d, J = 7.5 Hz, 4H), 3.83 (s, 6H), 2.63
(m, 4H), 1.68 (m, 4H). 3C NMR (126 MHz, CDCl3) § 157.78, 134.80, 129.36, 113.78, 55.31,
34.98, 31.37. GCMS (EI) calculated for [M]* 270.16, found 270.10. FTIR (neat, cm™): 3004.1 (m),
2931.9 (s), 2852.6 (S), 2834.2 (M), 1612.6 (s), 1582.8 (s), 1513.2 (), 1454.3 (s) 1246.4 (s), 1034.8

(s). Spectral data match the reported literature values.?®
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O OMe

2-(4-(4-methoxyphenyl)butyl)naphthalene. Compound was isolated as a white solid (61.5 mg,
85% yield). 'H NMR (500 MHz, CDCls) 6 7.80 (m, 3H), 7.61 (s, 1H), 7.50 — 7.38 (m, 2H), 7.34
(dd, J = 8.3, 1.7 Hz, 1H), 7.10 (d, J = 7.7 Hz, 2H), 6.84 (d, J = 7.8 Hz, 2H), 3.80 (s, 3H), 2.81 (t, J
=7.1Hz, 2H), 2.62 (t,J = 7.2 Hz, 2H), 1.73 (m, 4H). 3C NMR (75 MHz, CDCl3) 5 157.91, 140.27,
134.80, 133.83, 129.42, 127.92, 127.74, 127.55, 126.48, 125.96, 125.17, 113.91, 55.40, 36.11,
35.05, 31.44, 31.00. GCMS (EI) calculated for [M]* 290.17, found 290.10. FTIR (neat, cm™):

3052.3 (M), 2929.1 (s), 2853.6 (s), 1611.9 (m), 1511.7 (s) 1463.1 (m), 1245.6 (), 1036.5 (s).

O OMe

1-(4-methoxyphenethyl)-3-methylbenzene. Compound was isolated as a colorless oil (41.2 mg,
73% yield). 'H NMR (500 MHz, CDCls) § 7.28 (m, 1H), 7.24 — 7.15 (m, 2H), 7.15—7.02 (m, 3H),
7.02 — 6.85 (m, 2H), 3.87 (s, 3H), 2.97 (m, 4H), 2.44 (s, 3H). 3C NMR (126 MHz, CDCl3) &
157.94, 141.92, 137.89, 134.09, 129.40, 129.36, 128.31, 126.70, 125.55, 113.83, 55.26, 38.26,
37.18, 21.49. GCMS (EI) calculated for [M]* 226.14, found 226.10. FTIR (neat, cm™): 3007.0 (m),

2922.5 (s), 2856.9 (M), 2833.9 (m), 1610.7 (), 1512.2 (s), 1440.6 (M), 1246.8 (s), 1037.7 ().
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O OMe

1-(4-methoxyphenethyl)-2-methylbenzene. Compound was isolated as a colorless oil (45.1 mg,
80% yield). H NMR (500 MHz, CDCls) & 7.25 (m, 6H), 6.97 (d, J = 6.7 Hz, 2H), 3.90 (s, 3H),
3.05 - 2.91 (m, 4H), 2.43 (s, 3H). 3C NMR (126 MHz, CDCls) & 158.00, 140.13, 135.99, 134.18,
130.25, 129.40, 128.94, 126.13, 126.07, 113.89, 55.31, 35.94, 35.76, 19.35. GCMS (EI) calculated
for [M]* 226.14, found 226.20. FTIR (neat, cm™): 3012.3 (s), 2934.5 (s), 2865.0 (s), 2834.4 (s),
1612.4 (s), 1512.6 (s), 1463.0 (S), 1246.6 (s), 1037.4 (s). Spectral data match the reported literature

values.?

O OMe

1-methoxy-4-(2-phenylpropyl)benzene. Compound was isolated as a white solid (31.6 mg, 56%
yield). 'H NMR (500 MHz, CDCl3) § 7.35 (t, ] = 7.6 Hz, 2H), 7.28 — 7.22 (m, 3H), 7.06 (d, J = 8.4
Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 3.82 (s, 3H), 3.00 (m, 2H), 2.79 (m, 1H), 1.32 (d, J = 6.8 Hz,
3H). 13C NMR (126 MHz, CDCls) & 157.90, 147.14, 132.98, 130.13, 128.37, 127.17, 126.06,
113.60, 55.23, 44.24, 42.13, 21.21. GCMS (EI) calculated for [M]* 226.14, found 226.10. FTIR
(neat, cm™): 3027.6 (s), 2958.6 (s), 2927.8 (s), 2834.2 (s), 1611.9 (s), 1512.2 (s) 1452.9 (s), 1247.3

(s), 1037.4 (s). Spectral data match the reported literature values.*
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O OMe
F,C ‘

1-methoxy-4-(4-(trifluoromethyl)phenethyl)benzene. Compound was isolated as a colorless oil
(32.0 mg, 46% vyield). '"H NMR (500 MHz, CDCls) & 7.54 (d, ] = 7.9 Hz, 2H), 7.27 (d, J = 7.3 Hz,
2H), 7.08 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 3.81 (s, 3H), 3.03 — 2.81 (m, 4H). 13C NMR
(126 MHz, CDCls) 6 158.05, 145.91, 133.14, 129.40, 128.87, 128.66, 128.41, 128.02 (q, J = 32.2
Hz), 125.57, 125.39 (q, J = 3.8 Hz), 123.37 (g, J = 270.7 Hz), 113.86, 55.24, 37.95, 36.64. GCMS
(EI) calculated for [M]* 280.11, found 280.10. FTIR (neat, cm™): 3006.3 (m), 2954.2 (s), 2928.3

(s), 2863.4 (s), 1613.0 (), 1512.6 (5), 1327.0 (5), 1244.0 (5), 1165.5 (5), 1124.4 (5).

1-(tert-butyl)-4-phenethylbenzene. Compound was isolated as a white solid (48.5 mg, 81%
yield). 'H NMR (300 MHz, CDCls) & 7.32 (m, 9H), 3.00 (m, 4H), 1.39 (s, 9H). 3C NMR (75 MHz,
CDCIs) 6 148.90, 142.19, 138.94, 128.56, 128.49, 128.20, 126.02, 125.38, 38.04, 37.52, 34.52,
31.58. GCMS (EI) calculated for [M]* 238.17, found 238.20. FTIR (neat, cm™): 3027.0 (m),

2963.2 (s), 2862.5 (M), 1604.7 (M), 1515.6 (M), 1496.5 (M), 1454.5 (m).
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o M

(0]
Methyl 4- phenethylbenzoate. Compound was isolated as a colorless oil (25.7 mg, 43% yield).
IH NMR (300 MHz, CDCl3) & 7.94 (m, 2H), 7.34 — 7.31 (m, 2H), 7.28 — 7.23 (m, 3H), 7.21 - 7.19
(m, 2H), 3.94 (s, 3H), 3.10 — 2.84 (m, 4H). *°C NMR (126 MHz, CDCl3) § 167.20, 147.25, 141.22,
129.77, 128.63, 128.53, 128.48, 128.03, 126.17, 52.04, 37.96, 37.53. GCMS (EI) calculated for
[M]* 240.12, found 240.10. FTIR (neat, cm™): 3028.3 (m), 2949.9 (s), 2924.7 (s), 2859.0 (s),

1723.9 (s), 1611.5 (s), 1454.3 (s), 1435.4 (s), 1280.3 (5s).
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Chapter 2: Synthesis and characterization of a monomeric copper hydride

complex

2.1 Introduction

Copper hydride (CuH) complexes have shown great potential as versatile intermediates in
various copper-catalyzed reductions,3% and as selective reducing reagents in stoichiometric
reactions.>>** In 1844, Wurtz et al. prepared copper hydride by reduction of aqueous cupric sulfate
with hypophosphorus acid.®® Then, the synthesis of thermally stable phosphine-stabilized hexamer,
[(Ph3P)CuH]e was reported by Osborn and Churchill in 1971, and this is known as the first isolated
pure copper hydride.®® Since then, extensive studies have explored different analogues of the
[(PhsP)CuH]s complex such as pentameric®’ or octanuclear clusters®® and hexamers supported by

other phosphine ligands.38:3°

To date, research of low-nuclearity copper hydride complexes is still underdeveloped.
Some exploration of lower nuclearity copper hydrides have been done using phosphines and N-
heterocyclic carbenes as supporting ligands. These works can be traced back to 1986, where
Caulton and co-workers reported the synthesis of bis(phosphine)copper(l) prhydride dimer,
supported by triphosphine ligand (Figure 2.1).%° The study of phosphine-stabilized copper hydride
was expanded by Lipshutz as he described a chiral copper hydride species bearing biaryl bis-
phosphine ligand (DTBM-segphos),** which appears to be highly stable and can be easily stored
in a solution under argon atmosphere. However, the nuclearity of this complex was not

characterized.

Soon after, as N-heterocyclic carbene (NHC) ligand favors low coordination number in

metal complexes, Sadighi et al. showed the ability of NHC ligands to stabilize copper(l) complexes
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with low nuclearity. His group reported the reaction of carbene-ligated copper () tert-butoxide
with triethoxysilane to produce (NHC)copper (1) hydride,*? which upon characterization was
revealed to be dimeric structure (Figure 2.1). They later synthesized singly-hydrido bridged
dicopper cation with BF4 counteranion by a reaction of siloxide-bridged dicopper cation with

HBpin,*® which is also characterized as dimer.

Dimeric Copper Hydride Complexes

Caulton, 1986 Sadighi, 2004 Sadighi, 2013
+
Ph PhPh_pp At AT At H Ar
P H, P N\ N N._Cu Cu_N BF,~
)<: Cu-Ca :>£ | -Cu-cu< 1 o R )
thP P \H/ P Pth N H N N\ /N
! 2 ! : Ar  Ar
Ph Ph Ph Ar Ar

Ar = 2,6-diisopropylphenyl

Figure 2.1. Previous reports of low-nuclearity copper hydride complexes

In addition to phosphine- and NHC-based ligands, tris(pyrazolyl)borate is also extensively
studied in organometallic chemistry, as a prevalent class of tridentate ligand. Tris(pyrazolyl)borate
ligand (Tp) is a monoanionic, borate-centered ligand which consists of three pyrazolyl arms, and
the nitrogen atom from each pyrazole coordinates with metal to form a tripod structure (Figure 2.2,
left). In 2000, Fujisawa et al. reported the prominent role of steric bulk of substituents on third
position of pyrazolyl rings to enable formation of copper complexes with low coordination number.
They synthesized and characterized mononuclear copper (1) hydroxo complex using more-

hindered [HB(3-tBu-5-iPrpz)s]- compared to [HB(3,5-iPr2pz)s]” (Scheme 2.1).%
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Figure 2.2. Tris(pyrazolyl)borate ligands and its neutral analogues synthesized

[Cu(NO3){HB(3,5 -iPrypz)3; ] + NaOH (aq) [{Cu[HB(3,5 -iPrypz)3]},(1-OH),

Dinuclear mode

[Cu(NO3){HB(3 -tBu-5 -iPrpz);}] + NaOH (aq)

[Cu(OH){HB(3 -tBu-5 -iPrpz);}]

Mononuclear mode

Scheme 2.1. Synthesis of copper (I1) hydroxo complexes with Tp ligands (Fujisawa, 2000)

In view of the ability of tris(pyrazolyl)phosphine ligand to enable low-coordinate
complexes of copper, it will be interesting to expand the study of this ligand to synthesize many
other copper complexes especially monomeric copper hydride complex. This work will encourage
the exploration of low-nuclearity copper complexes stabilized by tris(pyrazolyl)phosphine ligand.
In addition, the synthesis of mononuclear copper hydride complex will also allow a more extensive
study of the reactivity of terminal hydride as compared to bridging hydride of other dimeric copper
hydride complexes. This study can later proceed to investigate if the terminal hydride will display

different reactivity pattern towards copper-catalyzed reactions.
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Inspired by Fujisawa’s work, it is hypothesized that the three nitrogen atoms from
hydrotris(pyrazolyl)borate ligands could bind to copper center as a facially coordinating structure,
and bulkiness of these pyrazoles could significantly influence the coordination environment
around the metal center. Synthesis of mononuclear copper hydride complex can be envisioned by
introducing sterically demanding substituent groups on pyrazolyl rings of hydro(tris)pyrazolyl

borate ligand.
2.2 Results and Discussion

To probe this hypothesis, an extremely bulky analog of tris(pyrazolyl)borate ligand was
synthesized (Scheme 2.2).%° Employing this ligand, various copper complexes were also produced,
such as acetonitrile, chloro and nitrato, to determine their competency to access copper hydride.
Results showed that the reaction of copper (I1) nitrato complex with alkoxide enables conversion
to copper (I1) alkoxide complexes, a prevalent precursor for the in situ generation of copper hydride
as reported by Sadighi.*? In the attempt to generate copper alkoxide complex, several alkoxides of
lithium and sodium were explored such as methoxide, ethoxide, isopropoxide and tert-butoxide.
Results showed that only lithium methoxide gives clean conversion of copper (1) nitrato to copper
(I1) alkoxide (Scheme 2.3). Single crystal X-ray diffraction of the copper (11) methoxide reveals a

monomeric structure (Figure 2.3).
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Figure 2.3. An ORTEP of [Cu(OMe){HB(3-Ad-5-Mepz)s}]. Hydrogen atoms are not labelled

for clarity.
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Sadighi’s work showed that the transmetallation reaction of carbene-ligated copper(l) tert-
butoxide with triethoxysilane in benzene led to the formation of (NHC) copper(l) hydride,*? with
the immediate appearance of an intense yellow color. Using these reaction conditions, a promising
result was observed, in which the red solid of isolated copper (11) methoxide complex promptly
turn to bright yellow upon addition of triethoxysilane. While the copper (1I) complex is
paramagnetic, (MeO)Si(OEt)s (1b), the byproduct of transmetallation reaction with copper (I1)
methoxide, is observed by *H NMR when the reaction is performed in C¢Ds solution (Scheme 2.4).
These implies that transmetallation occurred between the copper complex and the silane, and by

the extension suggests existence of copper (11) hydride complex in the solution.

Ad Ad
’_(/I\?I\(I / HSi(OEt) ;\I’\N/\ OJ
H-BI-N‘ >Cu-OMe ’ H‘B/‘-N‘/j/CuH 4 /\O\S'i,o/\
N. N/Ad benzene N. W OMe

Ad Ad (1b)

(1a) observed

Scheme 2.4. Synthesis of copper (I1) hydride complex, [HCu{HB(3-Ad-5-Mepz)s}]

Interestingly, after 3 hours of reaction with silane, a white solid precipitated from solution,
and was later characterized as a dimeric copper-ligand complex (Figure 2.4). This can be explained
by Warren’s proposal of bimolecular coupling between tris(pyrazolyl)borate ligand-based copper
(1) hydride to generate H> gas and 2 equivalents of copper (I) fragments, as evidenced by their

DFT calculation data.*®
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Figure 2.4. (Top) An ORTEP of [Cu{HB(3-Ad-5-Mepz)s}].. Hydrogen atoms are not labelled
for clarity. (Bottom) Structure of [Cu{HB(3-Ad-5-Mepz)s}]2.

Confirmation of the monomeric structure of copper (I1) methoxide demonstrated that the
hypothesis of steric influence is viable, even though the isolation of copper (I1) hydride was not
successful. To overcome the issue of unstable copper (1) hydride, neutral analogues of
tris(pyrazolyl)borate ligand was exploited to synthesize copper (1) hydride complex. The synthesis
of tris(pyrazolyl)methane ligands was done by reaction of sodium carbonate with pyrazole in a
biphasic solvent system of water and chloroform, facilitated by phase-transfer catalyst.*’ In
addition, the methylated analog of tris(pyrazolyl)methane ligand, Tpe®® was also synthesized
(Figure 2.2), as the methine proton of tris(pyrazolyl)methane is acidic and can possibly be removed

in basic reaction conditions.
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While screening various reaction conditions to obtain a precursor of copper(l) hydride,
synthesis of copper (I) alkoxide was attempted, to obtain a known precursor to copper (1) hydride.
However, it was observed that tris(pyrazolyl)-methane or -ethane ligands underwent ligand
dissociation from copper complex during the reaction to introduce alkoxide ligand. This condition
is likely to be caused by the change in overall charge from borate ligand to methane/ethane ligand,

which probably leads to weaker ligand binding.

Thus, many alternative reactions were explored to obtain access to copper (1) hydride with
other non-alkoxide based copper precursor, such as copper (I) carbonyl, halide and alkyl
complexes. copper (I) carbonyl complexes was prepared by reaction of copper (I) acetonitrile in
CO atmosphere. Meanwhile, copper (I) methyl complex was formed by reacting copper(l) chloride
with dimethyl magnesium as methyl source. Utilizing these copper complexes, several
conventional organometallic reactions were investigated to synthesize metal hydride complex,
such as Hieber base reaction condition,*® reaction of copper halide with hydride sources*® and
transmetallation reactions of copper alkyls with silane (Figure 2.5). Unfortunately, none of these

reactions showed successful conversion to Copper (1) hydride complexes.

a. Hieber-base reaction

n OH_ " O

I

L=Cu—CO L-Ci “OH

L-Cu-H

b. Reaction of Copper (I) Halide with Hydride source

L-Cu—X + H > L-Cu—H

c. Reaction of Copper (I) alkyl with silane

L-Cu—R + silane > L-Cu—H

Scheme 2.5. General scheme to synthesize copper (1) hydride
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Although it is unknown why the synthesis of copper (I) hydride complexes with
tris(pyrazolyl)methane and -ethane ligands were unsuccessful, the steric effect of ligand still
seemed to play a dominant influence in supporting monomeric copper hydride complexes.
Therefore, this study then focused on synthesis of copper hydride utilizing N-heterocyclic carbene
ligand, which has been recognized to be involve in many reported formations of dimeric copper
() hydride complexes. In particular, IPr*@Ne) ligand appears to be the most sterically demanding
N-heterocyclic carbene reported to date.®® Thus, the imidazolium salt IPr*@N») - HCI was
synthesized through a four steps synthesis (Scheme 2.5), and then was used successfully to be

engaged in preparation of exceptionally bulky copper (1) chloride complex.

OH 2-Np NH2-Np
Br a b Np-2 2-Np

8 9 10

2-Np , 2-Np Np-2 _2-Np

Np- -N
2-NphP p
Np-2 2 Npr_2 @CI
2-Np p-2~ “2-Np Np-2~ “2-Np

11 12

(a) Mg, THF, reflux, then HCO,Et, 0C; (b) p- toluidine, ZnCl,, HCI (36%), 160C; (c) glyoxal,
AcOH, AcOEt, reflux; (d) ZnCl,, HCI (4 M dioxane), (CH,0),, THF, 70C

Scheme 2.6. Synthesis of imidazolium salt, IPr*@Ne) HCI.
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2.3 Conclusion

In summary, the existence of copper (I1) hydride in solution was observed. The copper (I1)
hydride was shown to undergo bimolecular coupling, and thus has low stability. The synthesis of
copper complexes with tris(pyrazolyl)borate ligand as well as its neutral analogues were performed.
Due to poor results of accessing these copper complexes to copper hydride, this study later
switched to synthesize N-heterocyclic carbene ligand and produced a very bulky copper (1)
chloride compound. Further work needs to be done to synthesize and isolate copper alkoxide
complexes engaging IPr*@NP [igand and investigate their reaction with various hydride sources to

form monomeric copper (1) hydride complex.
2.4 Experimental
2.4.1 General information

All reactions were performed by using standard Schlenk and glove box techniques under an
atmosphere of nitrogen. Unless otherwise noted, all commercial materials were used without
purification. All anhydrous solvents were obtained commercially. 1H and 13C NMR spectra were

recorded on a Bruker AV- 300 MHz spectrometer or Bruker AV-500 MHz spectrometer.

2.4.2 Procedures for synthesis of Hydrotris(pyrazolyl)borate ligand

Ad
H,NNH
e . © O BFs Et20 W 2T \N7/’\>\
)J\O)J\ O\ _\/O \N

4-(1-Adamantyl)-2,2-difluoro-6-methyl-1,3,2-di-oxaborium-2-uide. (1) To a mixture of 1 g
(5.6 mmol, 1 equiv) of 1-(1-adamantyl)ethanone with 1.06 mL (11.2 mmol, 2 equiv) of acetic

anhydride was added 2.08 mL (16.8 mmol, 3 equiv) of boron trifluoride etherate (vacuum distilled
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from CaCly). The reaction mixture was refluxed for 5 h and cooled. The separated precipitate was
filtered off, washed with water, and dried under high vacuum to yield reddish orange solid (1.05

g, 70% yield). Characterization matched as reported in literature.>

3-(1-Adamantyl)-5-methyl-1H-pyrazole. (2) To a solution of 1 g (3.73 mmol, 1 equiv) of
compound 1 in 10 mL of ethanol was added 3 equivalent of hydrazine hydrate (11.2 mmol, 3
equiv), the mixture was refluxed for 5 h and cooled. The separated precipitate was filtered off and
purified by column chromatography using silica gel with 50% Ethyl Acetate/Hexane solution to

yield light yellow solid (484 mg, 60% yield). Characterization matched as reported in literature.>

NaTpAdMe (3) Pyrazole 2 (9.8 mmol, 3 equiv) and NaBH4 (3.27 mmol, 1 equiv) were combined
in Schlenk flask equipped with a condenser. The mixture was heated at 280 <C with stirring for 4
hours. The melt was cooled slowly, and while still hot, acetronitrile (16 mL) was added. The
mixture was refluxed overnight where white precipitate deposited. The white solid was collected
by filtration while still hot and washed with several portions of hot acetronitrile, then drying at
100 <T in vacuo overnight to afford NaTp”*Me (1.68 g, 78% yield). Characterization matched as

reported in literature.>
2.4.2 Procedures for synthesis of tris(pyrazolyl)methane and tris(pyrazolyl)ethane ligand

TpmAdMe_ (4) Sodium carbonate (62 mmol) was added in portions at 0 < to a mixture of pyrazole
2 (10 mmol, 1 equiv), tetrabutylammonium bromide (0.5 mmol, 0.05 equiv) in water (20 mL) with
vigorous stirring. Chloroform (6.5 mL) was then added to the mixture and the suspension was
subsequently heated at 80 <C for 3 days to yield a red-brown suspension. Then, the mixture was
cooled to room temperature, and dichloromethane was added with vigorous stirring. The organic

phase was then separated, and the aqueous phase was washed with dichloromethane (3 x 20 mL).
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The combined dichloromethane extract was washed with water. The extract was then dried with
MgSOs, filtered, and concentrated in vacuo. The residue was then washed with diethyl ether to

yield 4 as a white powder (1.17 g, 52% yield). Characterization matched as reported in literature.*’

Tpm®Y, (5) 5 was prepared in the same manner as 1 using chloroform (2.0 M), 3-tert-butyl-
pyrazole (8 mmol, 1 equiv), sodium carbonate (48 mmol), and tetrabutylammonium bromide (0.4
mmol, 0.05 equiv). The filtrate was evaporated under vacuum, and a brown oil was obtained. Pre-
dried p-toluenesulfonic acid (10 mol%) in toluene was then added to the remaining brown oil. The
solution was heated and gently reflux for 1 day. The solution was cooled to room temperature and
evaporated under high vacuum. The remaining brown oil was purified by column chromatography
using silica gel with 20% Ether/Hexane solution to give yellow oil (586 mg, 57% yield).

Characterization matched as reported in literature.>

TpetBY. (6) Compound 5 (1 mmol, 1 equiv) was dissolved in schlenk flask containing THF (25 mL)
at -78 <C. n-butyllithium (2.5 M in hexanes, 1 mmol, 1 equiv) was then added dropwise via syringe
into reaction mixture. The mixture was gradually warmed to room temperature and then returned
to -78 <C, to which iodomethane (1.7 mmol, 1.5 equiv) was added dropwise via syringe. The
reaction mixture was warmed slowly to room temperature and stirred overnight. Water (20 mL)
was added and the mixture was extracted with diethyl ether (3 x 30 mL). The organic extracts were
combined, dried over Sodium Sulfate and filtered. The solvent was removed under vacuum to yield

oily yellow solid (68.4 mg, 53% yield). Characterization matched as reported in literature.>®
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2.4.3 Procedures for synthesis of very bulky N-heterocyclic carbene ligand

Alcohol 8. A schlenk flask containing stir bar and magnesium turning (180 mmol, 2.1 equiv) was
flame-dried under nitrogen atmospehere. One crystal of iodine and 60 mL of dry THF were
introduced and heated to reflux. After 10 mins, a few mL of 2-bromonaphthalene (180 mmol, 2.1
equiv), dissolved in 90 mL of dry THF, were added in one portion. After decolorization (10-15
min), the remaining 2-bromonaphthalene was added dropwise over 3 hours. The resulting black
mixture was stirred for 90 min under reflux and then cooled with an ice bath. Ethyl Formate (85.8
mmol, 1 equiv) was added over 1 hour using syringe pump. The resulting suspension was warmed
slowly to room temperature overnight and then cooled with an ice bath before carefully adding
150 mL of 1 M HCI. The aqueous layer was acidified to pH ~2 with concentrated HCI (36%). The
reaction mixture was extracted with ethyl acetate (3 <50 mL). The combined organic layers were
washed with brine (100 mL), dried over MgSOs, filtered, and concentrated under reduced pressure
to yield a beige solid. The crude product was triturated with a minimum amount of hexane
overnight, filtered, washed with hexane, and dried under high vacuum to afford alcohol 7 as a

white solid (23 g, 94% vyield). Characterization matched as reported in literature.>

Aniline 9. Alcohol 8 (82.17 mmol, 2 equiv) and p- toluidine (41.1 mmol, 1 equiv) were mixed and
finely powdered together in a mortar. This solid blend was introduced in a 250 mL Schlenk round-
bottomed flask equipped and heated in an oil bath (110 <C, external temperature) until liquefaction.
Separately, zinc chloride (20.6 mmol, 0.5 equiv) was dissolved in concentrated HCI (36% in water,
3.60 mL, 41.1 mmol, 1 equiv) and then added over 1 min under vigorous stirring (This addition is
accompanied by vigorous gas evolution!). The Schlenk flask was sealed with a septum
immediately after the end of the addition. The reaction mixture solidified rapidly and was heated

to 160 <C (external temperature). After 2 h, the solid was cooled slowly to room temperature and
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then dissolved in dichloromethane (120 mL). The organic layer was washed with saturated
ammonium chloride (100 mL) and brine (100 mL) and dried over potassium carbonate. Silica gel
was added (10 g), and the suspension was stirred and filtered after 10 min. Evaporation of the
solvent under reduced pressure afforded the crude product as a brown solid, which was purified
by trituration with 1-butanol (350 mL) under reflux for 4 h. The suspension was cooled with an
ice bath, filtered, washed with cold 1-butanol (3 <20 mL), and dried under high vacuum at 50 <C,
to obtain aniline 9 as beige solid (19.45 g, 74% yield). Characterization matched as reported in

literature.®°

Diaza Diene 10. In a 50 mL round-bottomed flask was equipped with condenser, aniline 9 (15.63
mmol, 2 equiv), 20 mL of ethyl acetate, and 5 drops of acetic acid were added. The white
suspension was stirred vigorously under reflux, and glyoxal (40% in water, 0.89 mL, 7.8 mmol, 1
equiv) was added in one portion. A yellow precipitate appeared immediately, and the reaction
mixture was stirred overnight under reflux. The suspension was cooled with an ice bath, filtered,
and washed with cold ethyl acetate (3 <15 mL), and dried under high vacuum to give diaza diene

10 as bright yellow solid (5.43 g, 53% yield). Characterization matched as reported in literature.>°

Imidazolium Salt, IPr*@~e) - HCI (11). In a flame-dried Schlenk flask equipped with condenser,
diazadiene 10 (4.17 mmol, 1 equiv) and 400 mL of dry tetrahydrofuran were added and heated
with an oil bath (70 <C, external temperature). Zinc chloride (4.17 mmol, 1 equiv), 4 M HCI in
1,4-dioxane (1.3 mL, 5.21 mmol, 1.25 equiv), and paraformaldehyde (14.1 mmol, 1.1 equiv) were
added successively and rapidly. The homogeneous solution evolved from yellow to deep red
immediately. The progress of the reaction was monitered by TLC. After 1 day, the black
homogeneous mixture was cooled to room temperature and concentrated to dryness under reduced

pressure. The solid residue was dissolved in ethyl acetate (50 mL) and water (25 mL). The organic
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layer was washed with water (2 <50 mL) and brine (50 mL), dried over magnesium sulfate, filtered,
and evaporated under reduced pressure to afford a brown solid. The crude product was purified by
column chromatography (100% Toluene) to remove impurities and flushed with methanol, dried
under high vacuum to obtain imidazolium salt, IPr*(2-Np)-HCI (11) as light brown solid (1.5 g,

27% yield). Characterization matched as reported in literature.>
2.4.4 Procedures for preparation of Copper complexes

[Cu(L)CI]. Acetone (40 mL) was added to a mixture of ligand (1.4 mmol, 1 equiv) and copper (1)
chloride (1.55 mmol, 1.1 equiv). After the mixture was stirred for 24 hours, the solvent was
evaporated under vacuum. The resulting solid was extracted with dichloromethane. The filtrate
was evaporated under vacuum and a yellowish white powder was obtained. Recrystallization from

dichloromethane/ether at -30 <C to yield colorless crystals.

[Cu(L)NCMe](PFes). Ligand (1.35 mmol, 1 equiv) was dissolved in dichloromethane (15 mL) and
added to tetrakis(acetonitrile) copper (I) hexafluorophosphate (1.49 mmol, 1.1 equiv) in
acetonitrile (23 mL). After the mixture was stirred for 24 hours, the solvent was evaporated under
vacuum. The resulting solid was extracted with dichloromethane. The filtrate was evaporated
under vacuum and a white powder was obtained. Recrystallization from dichloromethane/ether at

-30 <T to yield colorless crystals.

[Cu(L)NOs3]. Ligand (0.915 mmol, 1 equiv) was dissolved in dichloromethane (60 mL) and added
to Cooper (I1) Nitrate Trihydrate (1.01 mmol, 1.1 equiv) in acetone (20 mL). The color of solution
gradually turned to green, while white solid precipitated. After stirring for 24 hours, the solvent

was removed under vacuum. The residue was extracted with dichloromethane and filtered. The
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filtrate was evaporated under vacuum to give green solid. Recrystallization from

dichloromethane/acetonitrile at -30 T to yield yellow powder.

[Cu(OMe)TpAdMe], Lithium Methoxide (0.85 mmol, 1 equiv) was added to a solution of
Cu(NO3)TpA4Me (0.85 mmol, 1 equiv) in methanol (0.1 M). The color of solution gradually turned
to red. After stirring overnight, the solvent was removed under vacuum. The residue was extracted
with toluene and filtered. The filtrate was evaporated under vacuum to give red solid (450 mg, 70%
yield). Single Crystals of Cu(OMe)Tp~®Me suitable for X-ray diffraction was obtained by slow

diffusion from pentane into tetrahydrofuran solution.

Cu(H)TpAdMe To astirring suspension of Cu(OMe)Tp”%Me (0.025 mmol, 1 equiv) in d-benzene,
triethoxysilane (0.025 mmol, 1 equiv) added and the reaction mixture immediately became bright

yellow in color. 1H NMR spectrum was taken as soon as possible thereafter.

[CuTpAdMe], dimer. Reaction was performed in the same manner as Cu(Tp~“M¢)H. After 3 hours
of reaction, white precipitate formed and was collected through filtration. Single Crystals of
[CuTp”™Me], suitable for X-ray diffraction was obtained by slow diffusion from pentane into

tetrahydrofuran solution.

[Cu(L)CO](PFs). [Cu(L)NCMe](PFs) (0.5 mmol)was dissolved in dichloromethane (0.01 M)

using schlenk technique. The solution was cooled to -78°C in nitrogen atmosphere, the nitrogen

was then replaced by CO. The solution was warmed to room temperature and stirred for 36 hours.
After that, the solvent was evaporated under vacuum. The resulted solid was extracted with
degassed chloroform (0.02 M). The filtrate was evaporated under vacuum to yield white powder.

Colorless crystals were obtained from recrystallization with chloroform/pentane at -30°C.
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[IPr*@-Ne)CuCI]. In glovebox, a flame-dried 10 mL round-bottomed flask was added with
imidazolium salt 11 (0.125 mmol, 1 equiv), Copper (I) chloride (0.13 mmol, 1 equiv) and 4.2 mL
of dry dichloromethane. Sodium tert-butoxide (0.19 mmol, 1.5 equiv) was introduced, and the
resulting homogenous brown solution was stirred overnight. The reaction mixture was filtered
through silica with dichloromethane as eluent and concentrated under high vacuum to afford white

solid (79.2 mg, 45% yield). Characterization matched as reported in literature.>
2.4.4 Characterization Data for Copper complexes

[CuM{HB(3-Ad-5-Mepz)3)}(NCMe)]. Compound was isolated and recrystallized as colorless
crystal (648 mg, 63% yield). *H NMR (CD.Cly, 300 MHz): § 5.71 (s, 3H, pyr-H), 2.33 (s, 9H, pyr-
Me), 2.23 (s, 3H, MeCN), 2.06 (s, br, 18H, pyr-Ad(CHy)), 2.03 — 1.97 (m, br, 9H, pyr-Ad(CH)),

1.76 (s, br, 18H, pyr-Ad(CH>)).

[CUM{HC(3-Ad-5-Mepz)3)}(NCMe)](PFs). Compound was isolated and recrystallized as
colorless crystal (721 mg , 70% yield). *H NMR (CDCI3, 300 MHz): § 7.91 (s, 1H, HC), 5.99 (s,
3H, pyr-H), 2.56 (s, 9H, pyr-Me), 2.29 (s, 3H, MeCN), 2.09 (s, br, 9H, pyr-Ad(CH)), 2.03 (s, br,

18H, pyr-Ad(CH)), 1.78 (m, 18H, pyr-Ad(CHz)).

[CuM{Me-C(3-tBupz)s}(NCMe)](PFs). Compound was isolated and recrystallized as colorless
crystal (170 mg, 66% yield). *H NMR (CDCI3, 300 MHz): § 7.82 (s, 3H, Me-C), 6.28 (s, 3H, pyr-

H), 3.07 (s, 3H, pyr-H), 2.33 (s, 3H, MeCN), 1.40 (s, 27H, C(CHa)s).

[CuM{HC(3-Ad-5-Mepz)3)}(Cl)]. Compound was isolated and recrystallized as colorless crystal
(849 mg, 80% yield). *H NMR (CD.Clz, 300 MHz): § 7.85 (s, 1H, HC), 5.96 (s, 3H, pyr-H), 2.32
(s, br, 9H, pyr-Me), 2.09 (s, br, 18H, pyr-Ad(CH>)), 2.02 (s, br, 9H, pyr-Ad(CH)), 1.79 (m, 18H,

pyr-Ad(CHy)).
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[CuY{Me-C(3-tBupz)s}(NO3)]s[Cu(NO3)4]*2. Compound was isolated and recrystallized as

yellow crystal (79.6 mg, 61% yield). 'H NMR (CD,Cl, 300 MHz): ): § 1.72, 1.33, 1.27, 0.88.

[CuMY{HB(3-Ad-5-Mepz)3)}(OMe)]. Compound was isolated and recrystallized as orange crystal

(450 mg , 70% yield). 'H NMR (CsDs, 500 MHz): § 2.87, 2.71, 2.30, 2.11, 1.22.

[CuM{HB(3-Ad-5-Mepz)3)}(CO)](PFs). Compound was isolated and recrystallized as colorless
crystal (250 mg, 56% yield). *H NMR (CDCI3, 300 MHz): § 5.71 (s, 3H, pyr-H), 2.33 (s, br, 9H,
pyr-Me), 2.04 (m, 27H, pyr-Ad(CH and CHy)), 1.78 (m, 18H, pyr-Ad(CHy)). FTIR (neat, cm™):

2805.8 (s), 2851.0 (s), 2345.7 (m), 2058.4 (vs), 1543.1 (m), 1421.1 (m).

[CuTpAd,Me]2 dimer. Compound was isolated as white solid. 1H NMR (300 MHz, CDCI3) 6
5.80 (s, 2H), 5.71 (s, 2H), 5.63 (s, 2H), 1.92 (m, 36H), 1.85 (m, 9H), 1.76 (m, 18H), 1.70 (m, 18H),

1.64 (m, 9H), 1.58 (m, 9H), 1.41 (m, 9H).
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