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Chapter 1: Introduction

N-HETEROCYCLIC CARBENES

Carbenes are defined as divalent 6-electron carbon atoms of general formula
RiR,C:. Carbenes can be classified into two groups: singlet carbenes and triplet carbenes
(figure 1.1). The singlet type has its carbon atom sp” hybridized with an empty p-orbital.
Triplet carbenes have two unpaired electrons each occupying a separate orbital. For
simple hydrocarbons, triplet carbenes usually have energies lower than singlet carbenes.
However, inclusion of substituents that can donate electron pairs may stabilize the singlet
state by delocalizing the electron pair into an empty p-orbital, thus making the singlet

state more stable than the triplet state.
singlet triplet

& it R ' “\lR '
®8R @%\R

Figure 1.1  Singlet and triplet carbenes.

A specific subset of carbenes that are covered in this dissertation is a so-called
persistent N-heterocyclic carbenes 1.1 (figure 1.2). This particular class of carbenes was
chosen due to their remarkable stability despite being reactive intermediates. Due to the
presence of electron donating atoms around the carbene center, NHCs adopt a singlet
state with a lone pair in a sp” hybridized orbital and an empty p-orbital. The remarkable
stability of the carbene comes from bulky N-groups that prevent homodimerization due to
electrostatic repulsion and electron lone pairs on the nitrogen atoms flanking the carbene
center. Formally, a 5-center, 6-electron system, NHCs possess a significant delocalization

of electrons in the ring, thus further lowering their reactivity due aromatic stabilization.



Figure 1.2 Persistent carbene.

Although first proposed by Breslow in the 1957', a significant amount of work on
NHC dimers has been performed by Wanzlick in 1960s,” followed by isolation of a stable
carbene by Bertrand’. Finally, isolation of a crystalline, air-stable NHC by Arduengo et
al* has demonstrated how remarkably stable the NHCs really are. Over the years most of
the published work on the NHC chemistry can be categorized into 3 distinct areas: 1)
Dimerization chemistry (i.e. “Wanzlick equilibrium”); 2) Organometallic chemistry (i.e.
Grubbs 2" generation metathesis catalyst); 3) Adducts with electrophiles (i.e.

organocatalysis).
“Wanzlick” Equilibrium

The term “Wanzlick equilibrium” has been created following the extensive work
by Wanzlick in the area of carbene dimerization. Wanzlick et al. believed that once
prepared, these carbenes existed in an unfavorable equilibrium with its corresponding
dimer. This assertion was based on reactivity studies which they believed showed that the
free carbene was the active species, reacting with electrophiles, while the dimer was
inactive to these electrophiles, and merely acted as a stable carbene reservoir.” Lemal® has
tested Wanzlick’s claims of a carbene-dimer equilibrium by heating together two
differently N-aryl substituted tetraaminoethylenes. This reaction did not produce a mixed
dimeric product, and thus indicated that carbene-dimer equilibrium does not exist for

dihydroimidazol-2-ylidenes.
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/
Figure 1.3 Lemals cross-dimer experiment.

Recently, refuting some of the earlier work, the reversible nature of Wanzlick
equilibrium has been demonstrated in the work describing new class of dynamic
reversible materials.” The report conclusively showed the dependence on molecular
weight as a function of concentration, thus providing evidence of the dynamic nature of
Wanzlick equilibrium. Furthermore, addition of differentially substituted mono-
functional carbenes provided a first example of elusive cross-dimer while limiting the
molecular weight of the polymer in the studies. Overall, while great strides of progress
have been made in studies of reversible nature of the carbene dimers, their extreme air

sensitivity’ has limited their practical applications.®

Carbenes in Organometallic Chemistry

Over the past 40 years,” N-heterocyclic carbenes (NHCs) (1.2)'° have blossomed
into a class of ligands that have proven to be useful for a broad range of transition
metals.'"'> As strong, two-electron donors, they generally coordinate to metals in a
fashion that is analogous to phosphines;'® however, in many instances, they often produce
complexes which are more thermally-stable'* and/or exhibit higher catalytic activities."'
NHCs are often the ligand of choice for applications ranging from metal-mediated

11,15

catalysis to organometallic materials. Prime examples include the Grubbs 2™

generation (1.3)'° and PEPPSI'’ catalysts (1.3) (see Figure 1.4), both of which show



higher catalytic activities in olefin metathesis and cross-coupling reactions, respectively,

than many of their phosphine-ligated counterparts.

— Mes—N/\_/\N—Mes .l N/\=/\N -
) Yo D T =

/N N\ i-Pr i-Pr
Ad™ N TAd RusX CI—Pd—Cl

cI”| Ph |

PC N

1.2 ys Z

1.3 |
A cl

14

Figure 1.4 Representative examples of an N-heterocyclic carbene (NHC) (1.2) and
catalytically-active transition metal complexes bearing NHCs (1.3 and 1.4).
Ad = adamantyl, Mes = 2,4,6-trimethylbenzene, i-Pr = iso-propyl.
Considering the number of synthetic methods known to prepare these
compounds,'® NHCs are often the ligand of choice for applications ranging from metal-
mediated catalysis to organometallic materials.'"'” In addition to imidazole-2-ylidenes,
many variations of NHCs have appeared in the literature such as imidazol-2-ylidenes
(1.5) triazol-5-ylidenes (1.6)*, cyclic (1.7)*' and acyclic diaminocarbenes (1.8)%,
heteroamino carbenes (1.9)* and other nucleophilic carbenes (1.10)**. The synthesis of
these novel systems is driven by the desire to explore structure-activity relationship in

organic or organometetallic catalysis.
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Figure 1.5 Representative examples of heteroatom carbenes. Mes = mesityl, IPr = 2,6-
diisopropyl phenyl, Cy = cyclohexyl.

Carbenes in Organic Chemistry.

Due to the lone pairs present on nitrogen atoms next to the carbene carbon, the p-
orbital of the carbene is mostly filled; therefore NHCs predominantly act as strong
nucleophiles. While the chemistry of NHCs with organic coupling partners has not been
fully explored, numerous adducts have been reported to date. Examples of rich chemistry
of NHCs are illustrated in scheme 1.1. Carbenes undergo reactions with CO, and CS,,
forming near quantitative zwitterionic salts 1.11. CO; adducts have found utility as stable
intermediates that at elevated temperatures decompose to their constituents and release
the reactive carbene,” while CS, adducts have been utilized as intermediates in the
synthesis of novel chain-transfer reagents for RAFT polymerization.® Moving in a
clockwise direction (Scheme 1.1), NHC form adducts with compounds possessing acidic
proton (i.e. water, amine, chloroform) 1.12. Many of these adducts are bench-stable
compounds that undergo quantitative reverse reactions upon vacuum pyrolysis,”’
therefore this class of adducts compliments CO, adducts 1.11 as a source of free carbene
generated in situ. While adducts 1.11 and 1.12 are used to release stable carbenes,

adducts 1.13 are frequently relied upon as trapping agents when carbenes are not stable
5



and undergo decomposition reactions.”® These trapping experiments generally serve as an
indirect proof that carbene formation has occurred. Alternatively stable carbenes can also
be isolated as their sulfur adducts, which can undergo reduction with strong reducing
agents such as KCs to generate the free carbene.”

The rich chemistry of NHCs continues with discoveries of new adducts such as
1.14% and ever increasing number of publications describing organometallic complexes
1.15°'. Furthemore, carbenes can undergo Michael additions 1.16”* and serve as metal
free catalysts 1.17°° (i.e. benzoin condenstation). Recently ene-tetramine adducts 1.18

. . . . 8
have found use as strong reducing agents in organic chemistry.
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R, /
_N,-R
J N 2™
X
\—/
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Scheme 1.1 NHC:s in organic chemistry.



With such versatile chemistry of NHCs, it is clear that these compounds
possess tremendous potential in chemistry. However, several areas of NHC chemistry
have been severely underrepresented. Prior to our endeavor in this field, there were no
publications describing applications of carbenes in materials chemistry.’* Also, the
burgeoning area of organometallic chemistry of NHCs had an unanswered fundamental
question on the nature of carbene-metal bond.>> Overall, the tremendous utility and
versatility of NHCs, along with many unanswered questions about the fundamental
nature of NHCs, have made this area of chemistry at attractive topic for further studies. In
this dissertation, a unifying theme of the chemistry presented is the synthesis, study, and
application of a novel class of biscarbenes. Pursuit of these versatile materials has
resulted in new advances in carbene structure and bonding, discovery of highly-efficient

reactions, and new polymers with unusual properties.
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Chapter 2: Triazene formation via reaction of imidazol-2-ylidenes with
azide'

ABSTRACT

Treatment of N-heterocyclic carbenes (as their free carbenes or generated in situ)
with alkyl, aryl, acyl, or tosyl azides afforded the respective substituted triazenes in

excellent yields.
INTRODUCTION

Triazenes' have found use as alkylating agents in tumor therapy,” as iodo-masking
groups in the synthesis of small-> and macromolecules,’ and in the preparation of N-
containing heterocycles.” The two most utilized methods of synthesizing triazenes has
been through azo coupling of aryl diazonium salts and through the addition of
organometallic reagents (RMgBr, RLi, etc.) to alkyl azides. Herein, we report a new and
operationally simple method of preparing substituted triazenes in high yields via the
reaction of neutral nucleophilic N-heterocyclic carbenes with alkyl, aryl, acyl, and

tosylated azides.
RESULTS

Phosphines are well-known to react with azides to afford the corresponding
phosphazide which subsequently loses N, and yields an azaylide. In the presence of
water, the azaylide hydrolyzes to the respective primary amine (i.e., the Staudinger
reaction).” Spectroscopic studies suggest that imidazolylidenes are principally strong o-
donors with poor m-acceptor capabilities; thus they often share similar reactivity profiles
as phosphines.® As such, we reasoned that reaction of an azide with an imidazolylidene

would ultimately afford a 2-iminoimidazoline in lieu of the azaylide.”'® However, as

11



shown in Equation 1, we found that by adding benzyl azide to 1,3-di-¢-butylimidazol-2-
ylidene (2.1) in tetrahydrofuran at ambient temperature afforded the respective triazene
2.2. Analysis of the crude reaction mixture by '"H NMR spectroscopy indicated that the
reaction was essentially quantitative with an estimated product purity of greater than
95%. Alternatively, we discovered that the free carbene can be generated in situ through
combination of the more stable and readily accessible 1,3-di-z-butylimidazolium chloride
with potassium #-butoxide or sodium hydride and reacted with benzyl azide without

suffering any loss in yield of product.
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Table 2.1  Synthesis of substituted imidazol-2-ylidenes. Reaction conditions: THF or
toluene, temp = 25 °C, ratios: imidazolium salt (1.00 eq.)/ azide (1.05 eq.)/
KO7Bu (0.95 eq.) or NaH(0.95 eq.) ®[solated yield based on limiting reagent.
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Crystallization of N-benzyl 1,3-dimesitylimidazol-2-ylidenetriazene (2.3) (see
Table 1.1, Entry 6) from ethyl acetate by slow evaporation afforded single crystals
suitable for X-ray structure determination. Unexpectedly, as shown in Figure 2.1, the
triazene was found to be the Z-isomer. To the best of our knowledge, this is the first
example of a non-heteroatom stabilized triazene with a cis configuration about the N=N
bond."" Curiously, when the crystallization was repeated, the E-isomer was found.
Factors governing the preferential formation of one isomer over the other remain unclear
and are currently under investigation. Notably, the triazeno moiety in the Z isomer has a
shorter N-N single bond (N6-N7, 1.34 A) and a longer N-N double bond (N7-N8, 1.28 A)
when compared to the E isomer (1.36 A and 1.26 A, respectively), which may reflect a
long-range interaction between the 2-imino and the benzyl moieties (vide infra). In both
isomers, the exocyclic 2-imino bond is significantly polarized as evidenced by its

increased length (1.33 — 1.34 A) relative to typical C-N double bonds (1.29 A)."
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Figure 2.1 ORTEP representation of the X-ray crystal structure of (Z)-N-benzyl 1,3-
dimesitylimidazol-2-ylidenetriazene (2.3), showing non-hydrogen atoms as
50% thermal ellipsoids. Selected bond distances (A) and angles (°): C5-N6,
1.330(3); N6-N7, 1.342(4); N7-N8, 1.278(3); N8-C9, 1.431(5); C5-N6-N7,
114.7(3); N6-N7-N8, 116.2(2); N7-N8-C9, 116.4(2); N6-N7-N8-C9, 2.3(5).

Figure 2.2 ORTEDP representation of the X-ray crystal structure of (E)-N-benzyl 1,3-
dimesitylimidazol-2-ylidenetriazene (2.3), showing non-hydrogen atoms as
50% thermal ellipsoids. Selected bond distances (A) and angles (°): C5-N6,
1.339(3); N6-N7, 1.370(2); N7-N8, 1.261(2); N8-C9, 1.468(2); C5-N6-N7,
109.4(2); N6-N7-N8, 112.1(2); N7-N8-C9, 109.8(2); N6-N7-N8-C9,
179.2(2).
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Since both £ and Z stereoisomers were discovered in the solid-state, focus shifted
toward identifying them in solution. Resonances attributable to discrete isomers of 2.3
were not resolved at -80 °C in the "H NMR spectrum (solvent: toluene-ds)."> However,
we discovered that heating to >120 °C (in DMSO-dj) cleanly extruded N, and formed N-
benzyl 1,3-dimesityl-2-iminoimidazoline (2.4) in >95% yield. The scope and mechanism

of this reaction is currently under investigation.

_.N-B .B
N 2bn ) N2 N n
—_—
Mes\NJ\N,MeS 120 °C Mes\N)J\N,Mes (2)
\—/ > 95% \—/
2.3 2.4

CONCLUSION

In summary, we report a simple and effective route to substituted triazenes by
treatment of imidazol-2-ylidenes with various azides. The utility of this triazenation
reaction in the synthesis of small molecules and macromolecular materials will be

reported in due course.
EXPERIMENTAL

General Information. Representative procedure for the synthesis of N-benzyl 1,3-
dimesitylimidazol-2-ylidenetriazene (2.3): Benzyl azide (0.79 mmol, 105 mg) was added
in one portion using a 1 mL syringe to a slurry of mesityl imidazolium chloride (0.53
mmol, 180 mg) in dry THF (3 mL). In one portion, KOtBu (0.58 mmol, 65 mg) was
added to the reaction vessel and the resulting mixture was stirred under argon for 2 hours.
Excess hexanes (1 mL) were then added and the reaction mixture was filtered through
Celite. The crude product was concentrated and purified using flash chromatography
(70% EtOAc/Hexanes) to afford N-benzyl 1,3-dimesitylimidazol-2-ylidenetriazene as

off-white crystals (192 mg, 83%). Crystals suitable for X-ray analysis were grown by
16



slow evaporation from ethyl acetate. Rf = 0.33 (70% EtOAc/Hexanes); |H NMR (400
MHz, CDCI3): § 7.18-7.09 (m, 3H), 6.89 (br s, 6H), 6.44 (s, 2H), 4.04 (s, 2H), 2.28 (s,
6H), 2.14 (s, 12H); 13C NMR (100 MHz, CDCI3): & 152.1, 138.5, 138.3, 135.6, 124.3,
128.9, 128.8, 127.8, 126.3, 116.0, 65.4, 21.0, 18.0; HRMS calcd for C,3H3Ns [M+H+]:
438.2658; found: 438.2659.

Crystal data for (Z)-N-benzyl 1,3-dimesitylimidazol-2-ylidenetriazene
(CygH31Ns): M = 437.58, T = 153 (2) K, triclinic, space group P-1, a = 9.1191(1), b =
15.4148(2), ¢ = 18.4677(3) A, a = 104.680(1), B = 92.260(1), y = 90.110(1)°, V =
2509.10(6) A3, Z = 4, Dx = 1.158 mg m-3, u = 0.070 mm-1, A = 0.71073 A, Omax =
27.48°, 19912 measured reflections, 11357 independent reflections, 612 refined
parameters, GOF = 1.152, R[F2 > 26(F2)] = 0.0576, wR(F2) = 0.1163. The intensity
data were collected on a Nonius Kappa CCD diffractometer. The structure was solved by
direct methods using SIR9714 and refined by full-matrix least-squares on F2 with
anisotropic displacement parameters for the non-H atoms using SHELXL-97.14 The
hydrogen atoms were calculated in ideal positions with isotropic displacement parameters
set to 1.2 x Ueq of the attached atom (1.5 x Ueq for methyl hydrogen atoms). There were
two crystallographically unique molecules in the asymmetric unit. In one molecule, the
orientation of the triaza portion was disordered about two orientations. The disorder was
modeled by assigning the variable x to the site occupancy factors of one component of
the disorder composed of atoms N6, N7, N8 and C9. The site occupancy factor of the
alternate component, composed of atoms N6A, N7A, N8A and C9A, had a site
occupancy factor of 1-x. A common isotropic displacement parameter was assigned to
the relevant atoms while refining x. The variable, x, refined to 0.82(2). The geometry of

the disordered moieties were restrained to be approximately equal throughout the
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refinement. The atoms of the minor component of the disorder were refined
isotropically. CCDC 275072.

Crystal data for (E)-N-benzyl 1,3-dimesitylimidazol-2-ylidenetriazene
(CogH31Ns): M =437.58, T= 153 (2) K, monoclinic, space group P21/c, a = 14.6396(3), b
=12.1965(2), ¢ = 28.0462(5) A, a =90, f=90.634(1), y = 90°, ¥ =5007.40(16) A’ , Z=
8, Dx = 1.161 mg m'3, w=0.070 mm™, 2= 0.71073 A, Omax = 25.00°, 16441 measured
reflections, 8809 independent reflections, 596 refined parameters, GOF = 1.002, R[F* >
26(F)] = 0.0525, wR(F*) = 0.0974. The intensity data were collected on a Nonius Kappa
CCD diffractometer. The structure was solved by direct methods using SIR97'* and
refined by full-matrix least-squares on £~ with anisotropic displacement parameters for
the non-H atoms using SHELXL-97."” The hydrogen atoms were calculated in ideal
positions with isotropic displacement parameters set to 1.2 x Ueq of the attached atom
(1.5 x Ueq for methyl hydrogen atoms). There were two crystallographically unique
molecules in the asymmetric unit. These two molecules differed only slightly in
conformation. CCDC 275071.

All reactions were performed under an atmosphere of argon at ambient
temperature. Flasks were dried and cooled under atmosphere of nitrogen prior to use.
Unless otherwise noted, solvents and reagents were purchased from Aldrich or Acros and
used as received. Thin-layer chromatography was performed on EM 250 Kieselgel 60
F254 silica gel. The plates were developed by staining with Ceric Ammonium Nitrate
(CAM) or . 'H-NMR and *C-NMR data was obtained on a Varian Unity Plus 300 or a
Varian INOVA 400. Chemical shifts (8) are expressed in ppm downfield from
tetramethylsilane using the residual protonated solvent as an internal standard (CDCls, 'H
7.24 ppm and °C 77.0 ppm; (DMSO-d6) 'H 2.49 ppm and "°C 39.5 ppm; C¢Ds, 'H 7.15
ppm and °C 128.0 ppm). Coupling constants (J) are expressed in hertz. *C-NMR
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spectra were routinely run with broadband 'H decoupling. ~Where appropriate,
descriptions of signals include singlet (s), doublet (d), triplet (m), multiplet (m), and

broad (br). HRMS (ESI, CI) were obtained with a VG analytical ZAB2-E instrument.

N,Nan N-Benzyl 1,3-di-z-butylimidazol-2-ylidenetriazene (2.2). Benzyl

tBu\N)J\

N~ {BU azide (0.33 mmol, 44 mg) was added in one portion using a 1 mL

syringe to a solution of z-butyl imidazolium carbene (0.33 mmol, 60
mg) in dry THF (1 mL). The solution was stirred overnight and solvent was removed to
give pure product (102 mg, 99%) as yellow solid. 'H-NMR (400 MHz, C4Ds): 5 7.58 (d,
J =9.2 Hz, 2H), 7.22 (t, J = 9.2 Hz, 2H), 7.12-7.06 (m, 1H), 6.11 (s, 2H), 5.19 (s, 2H),
1.41 (s, 18H); "C-NMR (100 MHz, C¢Ds): & 141.7, 129.1, 128.5, 126.6, 110.9, 65.2,

58.0, 29.7; HRMS calcd for C;gH»7Ns [M+H+]: 314.2345, found: 314.2340.

N,Nan N-Benzyl 1,3-dimethylimidazol-2-ylidenetriazene. Benzyl azide (1.95

\NJ\N/ mmol, 257 mg) was added in one portion using a 1 mL syringe to a slurry

=/ of methyl imidazolium iodide (0.97 mmol, 218 mg) in dry THF (4 mL). In

one portion, NaH (1.07 mmol, 43 mg, 60% in mineral oil) was added to the reaction
vessel and the resulting mixture was stirred for 12 h. After hexanes (1 mL) were added,
the reaction mixture was filtered through Celite. Solvent was removed and pure product
was obtained as a yellow solid (134 mg, 60%). 'H-NMR (400 MHz, CDCls): & 7.21-7.10
(m, 5H), 6.31 (s, 2H), 4.71 (s, 2H), 3.40 (s, 6H); "C-NMR (100 MHz, CDCL;): § 152.01,
138.7, 128.7, 128.1, 126.5, 115.9, 64.7, 35.4; HRMS caled for C;;H;sNs [M+H']:
230.1406, found: 230.1408.
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N-Butyl 1,3-dimethylimidazol-2-ylidenetriazene. Butyl azide (0.95 mmol, 94 mg) was
)N]\/NZBU added in one portion using a 1 mL syringe to a slurry of methyl
\:/N/ imidazolium iodide (0.79 mmol, 177 mg) in dry THF (3 mL). In one

portion, KO7Bu (0.71 mmol, 80 mg) was added to the reaction vessel and
the resulting mixture was stirred for 90 minutes. Excess hexanes (1 mL) were then added
and the reaction mixture was filtered through Celite. Solvent was removed and pure
product was obtained as a pale yellow solid (128 mg, 94 %). 'H-NMR (400 MHz, C¢Ds):
0 5.47 (s, 2H), 3.89 (t, J = 7.2 Hz, 2H), 3.03 (s, 6H), 1.87 (pentet, J = 7.2, 2H), 1.51
(sextet, J = 7.2 Hz, 2H), 0.93 (t, J = 7.2 Hz, 3H); "C-NMR (100 MHz C4D¢): & 153.3,
114.9, 61.6, 34.8, 32.0, 21.2, 14.3; HRMS calcd for CoH;sNs [M+H']: 196.1562, found:
196.1564.

N,NzBu N-Butyl 1,3-diisopropylimidazol-2-ylidenetriazene. Butyl azide (0.5

I'PF\N)J\

N— P mmol, 50 mg) was added in one portion using a 1 mL syringe to a slurry

of isopropyl imidazolium chloride (0.5 mmol, 90 mg) in dry THF (3
mL). In one portion, KO7Bu (0.55 mmol, 47 mg) was added to the reaction vessel and
the resulting mixture was stirred for 90 minutes. Hexanes (1 mL) were then added and
the reaction mixture was filtered through Celite. Solvent was removed and pure product
was obtained as white crystals (94 mg, 75 %). 'H-NMR (400 MHz, C¢Ds): & 5.98 (s,
2H), 5.08 (septet, J = 6.8 Hz, 2H), 3.94 (t, J = 6.8 Hz, 2H), 1.90 (pentet, J = 6.8 Hz, 2H),
1.52 (sextet, J = 7.2 Hz, 2H), 0.98 (d, J = 6.8 Hz, 12H), 0.92 (t, J = 7.2 Hz, 3H); "*C-
NMR (100 MHz C¢Dg): 6 151.5, 109.9, 61.7, 47.6, 32.2, 22.0, 21.2, 14.3; HRMS calcd
for C13HysNs [M+H']: 252.2188, found: 252.2186.
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N-s-Butyl 1,3-diisopropylimidazol-2-ylidenetriazene. s-Butyl azide (1.01 mmol, 99
' J‘:NZS’BU mg) was added in one portion using a 1 mL syringe to a slurry of
IPr\N\:/ - isopropyl imidazolium chloride (0.84 mmol, 158 mg) in dry THF (3

mL). In one portion, KO7Bu (0.75 mmol, 84 mg) was added to the
reaction vessel and the resulting mixture was stirred for 180 minutes. Hexanes (1 mL)
were then added and the reaction mixture was filtered through Celite. Solvent was
removed and pure product was obtained as white crystals (150 mg, 81 %). 'H-NMR (400
MHz, C¢Dg): 8 6.00 (s, 2H), 5.08 (septet, J = 6.8 Hz, 2H), 3.66 (sextet, J = 6.4 Hz, 1H),
2.05-1.94 (m, 1H), 1.77-1.67 (m, 1H), 1.40 (d, J = 6.4 Hz, 3H), 1.04 (t, J = 7.6 Hz, 3H),
0.98 (d, J = 6.8 Hz, 12H); C-NMR (100 MHz C¢Ds): & 151.6, 109.9, 67.1, 47.5, 30.1,
21.998, 21.952, 20.7, 11.6; HRMS caled for C;3H,sNs [M+H']: 252.2188, found:

252.2188.

N,N2Ph N-Phenyl 1,3-diisopropylimidazol-2-ylidenetriazene. Phenyl azide

I'PF\N)J\

N— P (1.12 mmol, 130 mg) was added in one portion using a 1 mL syringe to

a slurry of isopropyl imidazolium chloride (0.93 mmol, 148 mg) in dry
THF (3 mL). In one portion, KO7Bu (0.93 mmol, 105 mg) was added to the reaction
vessel and the resulting mixture was stirred under argon for 4 hours. Hexanes (1 mL)
were then added and the reaction mixture was filtered through Celite. Solvent was
removed and pure product was obtained as a yellow solid (135 mg, 54%). 'H-NMR (400
MHz, CDCls): 6 7.50 (d, J = 9.6, 2H), 7.31 (t,J = 7.6 Hz, 1H), 7.11 (t, J = 7.2 Hz), 6.65
(s, 2H), 5.17 (septet, J = 6.4 Hz, 2H), 1.40 (d, J = 6.4 Hz, 12H); "C-NMR (100 MHz
CDCl): 6 152.3, 150.2, 128.7, 125.1, 120.9, 111.3, 48.0, 22.5 HRMS calcd for C;sH2 N5
[M+H"]: 272.1875, found: 272.1871.
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N,Nan N-Benzyl 1,3-dimesitylimidazol-2-ylidenetriazene (2.3). Benzyl
Mes\N)J\N/Mes azide (0.79 mmol, 105 mg) was added in one portion using a 1 mL

— syringe to a slurry of mesityl imidazolium chloride (0.53 mmol, 180
mg) in dry THF (3 mL). In one portion, KO7Bu (0.58 mmol, 65 mg) was added to the
reaction vessel and the resulting mixture was stirred under argon for 2 hours. Excess
hexanes (1 mL) were then added and the resulting mixture was filtered through Celite.
After removal of solvent, the crude product was purified by flash chromatography (70%
EtOAc/Hexanes) to afford product as pale yellow crystals (192 mg, 83%). Crystals
suitable for X-ray analysis were grown by slow evaporation from ethyl acetate and were
found to contain either the Z-isomer or the E-isomer. (Subtle factors governing the
preferential formation of one geometric isomer over the other remain elusive, however
the E-isomer has been found more often than the Z-isomer.) Ry = 0.33 (70%
EtOAc/Hexanes); 'H-NMR (400 MHz, CDCl;): § = 7.18-7.09 (m, 3H), 6.89 (br s, 6H),
6.44 (s, 2H), 4.04 (s, 2H), 2.28 (s, 6H), 2.14 (s, 12H); "C-NMR (100 MHz CDCL;): &
152.1, 138.5, 138.3, 135.6, 134.3, 128.9, 128.8, 127.8, 126.3, 116.0, 65.4, 21.0, 18.0;
HRMS calcd for CogH3 N5 [M+H']: 438.2658, found: 438.2659.

N,N2Ad N-Adamantyl 1,3-dimesitylimidazol-2-ylidenetriazene. = Mesityl
Mes\NJ\N/Mes imidazolium chloride (0.46 mmol, 156 mg) was added to dry toluene
(3 mL) followed by addition of KO7Bu (0.46 mmol, 51 mg) in one

portion. After stirring the slurry for 10 minutes, adamantyl azide (0.44 mmol, 77 mg)
was added in one portion and the reaction mixture was stirred for 12 h. The solution was
then filtered through Celite. Solvent was removed and the crude product was washed with

hexanes (1 mL) to afford the product as light yellow crystals (0.125 g, 60%). R¢ = 0.40
(20% EtOAc/Hexanes); 'H-NMR (400 MHz, CDCl3): § 6.89 (s, 4H), 6.36 (s, 2H), 2.26
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(s, 6H), 2.13 (s, 12H), 1.81 (br s, 3H), 1.54-1.50 (m, 3H), 1.42-1.39 (m, 3H), 1.17 (d, J =
2.4 Hz, 6H); "C-NMR (100 MHz CDCls): & 152.4, 137.9, 135.6, 128.9, 115.9, 59.9,
40.9, 36.5, 29.4, 20.9, 18.0; HRMS calcd for Cs3H3Ns [M+H']: 482.3248, found:
482.3315.

N,Nsz N-Benzoyl 1,3-dimesitylimidazol-2-ylidenetriazene. KO7Bu (0.59
Mes\NJ\NzMes mmol, 1 M in THF) was added to a slurry of mesityl imidazolium
chloride (0.59 mmol, 200 mg) in dry THF (3 mL). After stirring the

reaction for 15 minutes, benzoyl azide (0.59 mmol, 87 mg) was added in one portion
using a 1 mL syringe and the reaction mixture was stirred for 12 h. The solution was
then concentrated to approximately half the original volume and the resulting slurry was
purified by flash chromatography (50% EtOAc/Hexanes gradually increasing to 80%
EtOAc/Hexanes) to obtain product as orange crystals (0.197 g, 74 %). A crystal suitable
for X-ray analysis was grown by slow evaporation from EtOAc. Ry = 0.20 (50%
EtOAc/Hexanes);, "H-NMR (400 MHz, CDCl3): 6 7.92 (d, J = 7.6 Hz, 2H), 7.36 (t, J =
7.6 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 6.87 (s, 4H), 6.75 (s, 2H), 2.25 (s, 6H), 2.11 (s,
12H); C-NMR (100 MHz CDCl3): & 178.2, 151.9, 139.1, 136.2, 134.8, 132.3, 131.2,
129.9, 129.0, 127.4, 118.5, 20.9, 17.7; HRMS calcd for CosHxNsO [M+H']: 452.2450,

found: 452.2690.

N,Nsz N-Tosyl 1,3-dimesitylimidazol-2-ylidenetriazene. KO7Bu (0.71
Mes\N)J\N/MeS mmol, 79 mg) was added to a slurry of mesityl imidazolium chloride
(0.68 mmol, 230 mg) in dry THF (4 mL). After stirring the reaction

mixture for 15 minutes, tosyl azide (0.74 mmol, 146 mg) was added in one portion using

a 1 mL syringe. The reaction was then stirred for 12 h. Yellow precipitate formed which
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was collected by filtration and dried, giving pure product (310 mg, 92%) as yellow
crystals. "H-NMR (400 MHz, CDCl3): 6 =7.11 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz,
2H), 7.02 (s, 4H), 6.84 (s, 2H), 2.38-2.37 (m, 9H), 2.05 (s, 12H); “C-NMR (100 MHz
CDCly): 6 142.8, 140.1, 137.7, 135.3, 132.6, 129.6, 129.2, 127.8, 119.5, 21.6, 21.2, 17.8,
HRMS caled for C,5H3NsO,S [M+H]: 502.2277; found: 502.2520.

N,Bn N-Benzyl 1,3-dimesityl-2-iminoimidazoline (2.4). Benzyl 1,3-

Mes\N)J\N/Mes dimesitylimidazol-2-ylidenetriazene (2.3) was dissolved in DMSO-d;

— and heated in an NMR tube to 120 °C for 3 hours to obtain the desired
product in >95% yield. 'H-NMR (400 MHz, (CD5),S0): & = 10.0 (s, 1H), 7.92-7.90 (m,
2H), 7.73-7.69 (m, 1H), 7.62-7.59 (m, 2H), 7.02 (s, 6H), 6.63 (s, 2H), 2.28 (s, 6H), 2.09
(s, 12H); "C-NMR (100 MHz, (CD5),SO)): & 192.3, 138.0, 136.4, 136.2, 134.6, 129.4,
129.2, 128.9, 113.6, 20.6, 17.4. HRMS calcd for CogH3N3 [M+H']: 410.2596, found:

410.2595.

REFERENCES

il Portions of this chapter have been previously reported, see: Khramov, D. M.;
Bielawski, C. W. Chem. Comm. 2005, 4958.

1 (a) H. Zollinger, Diazo Chemistry, Vol. 1, VCH, Weinheim, 1994. (b) P. A. S.
Smith, Open Chain Nitrogen Compounds, Vol. 2, W. A. Benjamin, New York,
1966. (c) D. B. Kimball and M. M. Haley, Angew. Chem. Int. Ed., 2002, 41,
3338.

2 C. A. Rouzer, M. Sabourin, T. L. Skinner, E. J. Thompson, T. O. Wood, G. N.
Chmurny, J. R. Klose, J. M. Roman, R. H. Smith, Jr. and C. J. Michejda, Chem.
Res. Toxicol. 1996, 9, 172.

3 (a) J. S. Moore, E. J. Weinstein and Z. Wu, Tetrahedron Lett., 1991, 32, 2465. (b)
K. C. Nicolaou, C. N. C. Boddy, H. Li, A. E. Koumbis, R. Hughes, S. Natarajan,
N. F. Jain, J. M. Ramanjulu, S. Bridse and M. E. Soloman, Chem. Eur. J., 1999, 5,
2602.

24



10

11

12

(a) L. Jones, II, J. S. Schumm and J. M. Tour, J. Org. Chem. 1997, 62, 1388. (b)
J. S. Moore, Acc. Chem. Res., 1997, 30, 402.

W. Wirshun, M. Winkler, K. Lutz and J. C. Jochims, J. Chem. Soc., Perkin Trans.
2,1998, 1755.

K. H. Saunders, The Aromatic Diazo Compounds, 2nd ed., Longmans, Green, and
Co., New York, 1949.

(a) H. Staudinger and 1. Meyer, Helv. Chim. Acta., 1919, 2, 635. (b) Leffler, J. E.;
Temple, R. D. J. Am. Chem. Soc. 1967, 89, 5235.

W. A. Herrmann, D. Mihalios, K. Ofele, P. Kiprof and F. Belmedjahed, Chem.
Ber., 1992, 125, 1795.

It was previously reported that reaction of imidazolylidenes (pKa of conjugate
acid ~ 24, ref: R. W. Alder, P. R. Allen and S. J. Williams, Chem. Commun.,
1995, 1267) with HN; (pKa = 4.7) lead exclusively to the corresponding
imidazolium azide salts; see: N. Kuhn, M. Géhner and Y. C. Frenking, Unusual
Structures and Physical Properties in Organometallic Chemistry, in: M. Gielen, R.
Willem, and R. Wrackmeyer (Eds.), Physical Organometallic Chemistry, Vol. 3,
Wiley: The Atrium, West Sussex, U.K., 2002.

Reaction of imidazol-2-ylidenes with TMS-N3 affords mixed results: reaction
with  1,3-dimesitylimidazol-2-ylidene in THF affords the respective 2-
iminoimidazoline in 24% yield (see: J. M. Hopkins, M. Bowridge, K. N.
Robertson, T. S. Cameron, H. A. Jenkins and J. A. C. Clyburne, J. Org. Chem.,
2001, 66, 5713) whereas reaction with 1,3-di-z-butylimidazol-2-ylidene in
refluxing toluene affords the respective N-silylated 2-iminoimidazoline (see: M.
Tamm, S. Randall, T. Bannenberg and E. Herdtweck, Chem. Commun., 2004,
876).

(2£)-Triazenes have been found in two thiotriazene derivatives and a stabilized
phosphazide; see: R. L. Beddoes and O. S. Mills, J. Chem. Res., 1981, 132, 1701,
G. L'abbe, A. Willocx, J. P. Declercq, G. Germain and M. van Meerssche, Bull.
Soc. Chim. Belg., 1979, 88, 107, and P. Molina, C. Lopez-Leonardo, J. Llamas-
Botia, C. Foces-Foces and C. Fernandez-Castano, Tetrahedron, 1996, 52, 9629.

The crystal structure of (£)-N-benzoyl 1,3-dimesitylimidazol-2-ylidenetriazene
was also determined. Crystal data for CygHyoNsO: M = 451.56, T= 153 (2) K,
orthorhombic, space group P212121, a = 14.0109(3), b = 14.0230(3), ¢ =
12.6469(2) A, a =90, B =90, y =90°, V' =2484.80(8) A’, Z=4, Dx = 1.207 mg
m'3, w=10.076 mm™, 1 = 0.71073 A, Omax = 27.48°, 5434 measured reflections,
5434 independent reflections, 308 refined parameters, GOF = 1.191, R[F* >
26(F*)] = 0.0511, wR(F*) = 0.1018. The data were collected on a Nonius Kappa
CCD diffractometer. The structure was solved by direct methods using SIR97"*

25



13

14

15

and refined by full-matrix least-squares on F° with anisotropic displacement
parameters for the non-H atoms using SHELXL-97."> The hydrogen atoms were
calculated in ideal positions with isotropic displacement parameters set to 1.2 x
Ueq of the attached atom (1.5 x Ueq for methyl hydrogen atoms). CCDC 275073.
Selected bond distances (A) and angles (°): C5-N6, 1.355(3); N6-N7, 1.328(2);
N7-N8, 1.295(2); N8-C9, 1.414(3); C5-N6-N7, 110.4(2); N6-N7-N8, 112.3(2);
N7-N8-C9, 110.4(2); N6-N7-N8-C9, -173.1(2).

E/Z isomerization in related 1,3-dialkylbenzoimidazol-2-ylidenetriazenes is
known to be relatively facile, see: E. Fanghdnel, R. Hénsel, and J. Hohlfeld, J.
Prakt. Chem., 1977, 319, 485.

A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A.
Guagliardi, A. G. G. Moliterni, G. Polidori and R. Spagna, J. Appl. Cryst., 1999,
32, 115.

G. M. Sheldrick, SHELXL-97, Program for refinement of crystal structures,
University of Gottingen, Germany, 1997.

26



Chapter 3: Highly Efficient Synthesis and Solid-State Characterization
of 1,2,4,5-Tetrakis(alkyl- and arylamino)benzenes and Cyclization to
their Respective Benzobis(imidazolium) Salts’

ABSTRACT

New synthetic methodology to a variety of 1,2,4,5-tetraaminobenzenes and their
corresponding benzobis(imidazolium) salts has been accomplished. Palladium catalyzed
coupling of various 1,2,4,5-tetrabromo- or 1,2,4,5-tetrachlorobenzenes with aryl or fert-
alkyl amines afforded the respective tetrakis(N-substituted)aminobenzenes in excellent
yields. This enabled comparative solid-state structural analyses of this elusive class of
electron rich arenes with their oxidized derivatives. The tetraamines were found to
undergo formylative cyclization to the corresponding benzobis(imidazolium) salts in

good to excellent yields.

INTRODUCTION

We have recently launched a program on the broad study and application of
benzobis(imidazolium)s and benzobis(imidazolylidene)s in organic and organometallic
materials chemistry.' These difunctional compounds are readily prepared in multigram
quantities and in excellent yields via formylative cyclization of their respective
tetraaminoarene precursors followed by subsequent alkylation with primary alkyl halides.
While modular in many regards, the inherent limitations of this methodology included
incompatibility of incorporating N-aryl and bulky N-alkyl substituents into the
benzobis(imidazole) nucleus. To overcome these limitations, we targeted a general and
highly efficient synthetic route to a range of 1,2,4,5-tetrakis(alkyl- and
arylamino)benzenes. Herein, we disclose details on these advances and include a

comparative solid-state study of substituted 1,2,4,5-tetraaminobenzenes and their
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respective 2,5-diamino-1,4-quinonediimines. In addition, we describe the cyclization of
the tetraamines to their corresponding benzobis(imidazolium) salts.

As a general class of highly electron-rich arenes, tetraaminobenzenes have seen a
rich diversity of chemical applications. For example, 1,2,4,5-tetraaminobenzene® (3.1)
and its oxidized derivative, 2,5-diamino-1,4-quin0nediimine3 (3.2), have found great
utility in organic, organometallic, and macromolecular chemistry. They have been used
as ditopic ligands in coordination chemistry,® as pH-dependent chromophores,’ as
difunctional monomers in the synthesis of main-chain organometallic’ and
supramolecular polymers,” and as m-complexation partners in supramolecular systems.”

While 3.1° is commercially available (as its tetrahydrochloride salt), access to its
N,N',N""N"""-tetra(alkyl and aryl) derivatives remains synthetically challenging due to
the high propensity of these electron rich arenes to oxidize during isolation. For example,
Braunstein obtained a variety of N,N',N"',N""-tetraalkyl 2,5-diamino-1,4-
benzoquinonediimines by reducing their respective 1,2,4,5-tetraamidobenzenes under
aerobic conditions.*™ More recently, in a breakthrough report by Harlan,'® exhaustive
Buchwald-Har‘[wigll Pd-catalyzed amination of 1,2,4,5-tetrabromobenzene with 2,6-
dimethylaniline provided mixtures of the respective tetrakis(arylamino)benzene and
azophenine in a promising 26% yield.'*> We envisioned that the incorporation of large N-
substituents could slow down (or even eliminate) undesired oxidative pathways and

facilitate isolation of the targeted tetraamines.

HZNDiNHZ HNIINHz
HoN NH, HoN NH
3.1 3.2

Figure 3.1 Reduced and oxidized states of 1,2,4,5-tetraaminobenzene.
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RESULTS

Inspired by Harlan’s report,'’ we examined the Pd-catalyzed cross coupling of
tert-butylamine with 1,2,4,5-tetrabromobenzene (3.3) under basic conditions as shown in
Scheme 3.1. The reaction was performed in toluene (0.2 M) using 1,3-bis(2,6-
diisopropylphenyl)imidazolylidene -HCI" (IPr-HCI) : Pd(OAc),'* (2:1 stoichiometry; 2
mol % Pd catalyst relative to 3.3) as the catalyst precursor."” Surprisingly, after less than
1 h at 110 °C, a colorless solid precipitated from the reaction solution which was
subsequently isolated in 96% yield via filtration under a cone of nitrogen.'® The "H NMR
spectrum of this compound exhibited a single, diagnostic signal at 6 = 6.53 ppm (solvent
= CDCls) which was indicative of highly symmetric structure consistent with the desired
1,2,4,5-tetrakis(tert-butylamino)benzene (3.4). To confirm, a crystal suitable for X-ray
crystallography was obtained by slow cooling of a hot saturated solution of 3.4 in
toluene; an ORTEP diagram of the corresponding structure is shown in Figure 3.1 (left).
Notably, the four nitrogen atoms were found to be co-planar with nearly equivalent N-C
(1.43-1.44 A) and aryl C-C (1.39-1.41 A) bond distances. In addition, the fert-butyl
groups on the nitrogen atoms were situated above and below the plane of the arene ring

with dihedral angles of 100-110°.

{BuNH,, NaOtBu, {Bu fBu

BFD:BF Pd(OAc),, IPr-HCI, HN:©:NH

Br Br PhCH3 110°C,2h  pN NH
| |

3.3 96% Bu 3.4 (Bu

ll‘Bu lI‘Bu
0O, Nx NH
el
| |
99% tBu 3.5 (Bu

Scheme 3.1 Synthesis of 1,2,4,5-tetrakis(tert-butylamino)benzene (3.4) and its
related 2,5-diamino-1,4-quinonediimine (3.5)
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To compare 3.4 directly with its corresponding 2,5-diamino-1,4-quinonediimine,
the tetramine was dissolved in CHCI; and stirred under an atmosphere of oxygen at room
temperature.'” The "H NMR spectrum (solvent = CDCl3) of this compound exhibited a

310 with quinoid-derivative 3.5 (Scheme

signal at ¢ = 5.53 ppm which was consistent
3.1). Crystals of azophenine 3.5 suitable for X-ray analysis were also obtained which
allowed for direct comparison of the related species. As shown in Figure 1 (right), the
ORTEP diagram of 3.5 exhibited not only co-planar fert-butyl groups (with dihedral
angles of 175-179°), but also varied N-C (N1-C1, 1.35 A and N2-C2, 1.29 A) and aryl C-
C (1.51 A, 1.37 A, and 1.44 A) bond lengths. This type of bonding pattern has been
previously described and is fully consistent with related azophenine solid-state

4h,5,10
structures.

To our knowledge, this is the first example of a crystalline 1,2,4,5-
tetrakis(alkylamino)benzene and a direct comparison with its oxidized derivative. More
importantly, the collective data suggested that the synthetic methodology detailed above
was successful in preparing and isolating bona fide N,N’,N"",N"""-tetra(alkyl) 1,2,4,5-

tetraminobenzenes.

30



Figure 3.2 ORTEP representations of the X-ray crystal structures of 1,2,4,5-
tetrakis(tert-butylamino)benzene (3.4) (left) and N,N',N",N"'-tetrakis(tert-
butyl) 1,4-diamino-2,5-benzoquinone-diimine (3.5) (right), showing non-
hydrogen atoms as 50% thermal ellipsoids.'®

Prompted by these results and using the protocol described above, a variety of
other amines were probed for their ability to couple with 3.3. As expected, the coupling
of 1-adamantyl amine (AdNH;) with 3.3 afforded similar results as tBuNH, (90% yield;

Table 3.1, Entry 2). Aryl amines including aniline, relatively bulky mesitylamine," and

electron-rich o-anisidine were also found to successfully couple to 3.3 in excellent yields

(Entries 3 - 5). Unfortunately, primary alkyl (i.e., 1-butylamine), secondary alkyl (i.e.,

cyclohexylamine), or electron deficient aryl amines (nitro- and chloroanilines) either

resulted in no reaction or afforded complex product mixtures.”® It is noteworthy that
cross-coupling of 2,3,5,6—tetrabromo-p-xylene and 1,2,4,5-tetrachlorobenzene with
tBuNH, afforded the corresponding tetraamines in 99 and 94% yields, respectively

(Entries 6 and 7). The former result suggested that the bulky IPr-ligated Pd catalyst was

not impeded by the presence of steric bulk ortho to both sites of amination and the latter

was a testament to the high activity of this catalyst system.
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X X R'HN NHR'
X X R'HN NHR'
R R
entry tetrahalobenzene amine product yield
X R

1 Br H BuNH, 3.4 96%
2 Br H AdNH,; 3.6 90%
3 Br H PhNH, 3.7 76%
4 Br H MesNH, 3.8 94%
5 Br H 2-MeOPhNH; 3.10 96%
6 Br Me tBuNH, 3.11 99%
7 Cl H tBuNH, 34 94%

Table 3.1  Synthesis of 1,2,4,5-tetrakis(alkyl- and arylamino)benzenes. General
reaction conditions: [PreHCI (0.04 equiv); Pd(OAc), (0.02 equiv); NaOsBu
(4.1 equiv); RNH; (4.1 - 10 equiv); solvent = toluene, temp = 110 °C.
Isolated yields are indicated. fBuNH, = tert-butyl amine; AANH, = 1-
adamantyl amine; PhNH, = aniline; MesNH,; = 2,4,6-trimethylaniline; 2-
MeOPhNH; = o-anisidine.

After the 1,2,4,5-tetrakis(alkyl- and arylamino)-benzenes were synthesized, their
relative susceptibilities toward oxidation were qualitatively investigated.”’ The amines
were independently dissolved in aerated CDCl; and examined by 'H NMR spectroscopy
periodically over time. In general, the 1,2,4,5-tetrakis(alkylamino)benzenes were found to
oxidize slower (1, ~ days) than their N-aryl analogues (1, ~ hours). However, the
electron-rich N-anisidyl derivative 3.10 was exceptional and was found to exhibit
stability comparable to the N-alkyl derivatives (3.4 and 3.6). The most stable tetraamine
was the xylene derivative 3.11 which resisted oxidation even after dissolution in aerated

solvents for several weeks. These results may be rationalized by examining individual

steric and electronic contributors which may kinetically and/or thermodynamically inhibit

32



nitrogenyl formation.”> As expected, electronically rich and sterically hindered
tetraamines show lower propensities to undergo oxidation.

In an attempt prepare partially aminated arenes, a Pd catalyzed cross-coupling
reaction was performed using two molar equivalents of /BuNH, relative to 1,2,4,5-
tetrabromobenzene. To our surprise, only the tetraaminated product (3.4) and unreacted
starting materials were observed, even in crude reaction mixtures. In fact, identical results
were obtained when sub-stoichiometic amounts of /BuNH, or AdNH, were used which
suggested that reactivity enhancements were occurring upon subsequent aminations. In
contrast, the use of aniline as a coupling partner in the Pd-catalyzed reaction afforded a
complex mixture of aminated products.*

Thus far we have demonstrated that various tetrakis(alkyl- and arylamino)arenes
can be prepared via aryl amination from their corresponding tetrahaloarene. However, in
situations when the requisite polyhalogenated arenes are not readily available (e.g.,
3,3',4,4’-tetrachlorobipheny124), a complementary route to the respective
tetrakis(amino)arenes would be desirable. As shown in Scheme 3.3, mesityl bromide was
coupled to commericially available 3,3"-diaminobenzidine 3.12 using the catalyst system
and conditions discussed above to afford the corresponding N,N’',N"")N""’'-tetramesityl

3,3"-diaminobenzidine (3.13) in 47% yield (Scheme 3.3).”

Mes

|
HoN MesBr, NaOtBu, HN M
O A, PA(OAC),, IPrHCI, O N:S
SR SUETT AR
PhCHg, 110 °C
NH, Mes

47% NH
3.12 3.13 Mes

Scheme 3.3 Synthesis of tetrakis(arylamino)arenes
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With the tetraamines in hand, we were poised to prepare the corresponding N-aryl
and N-alkyl benzobis(imidazolium) salts through a formylative cyclization
methodology.”® As shown in Scheme 3.4, ring closure was effected by subjecting
tetraamines noted above to acidified (HCI or HBF,)*’ HC(OEt); solutions at elevated
temperatures (the N-alkylated derivatives 3.4 and 3.6 required 65 °C whereas the N-
arylated derivatives 3.7 and 3.10 required 140 °C). Although cyclizations were sluggish
(reaction time: 24 h), good to excellent yields of product were obtained.”® Notably the
electron rich N-anisidyl substrate 3.10 underwent clean cyclization to afford product in
only 2 h (92% yield). Unfortunately, mesitylated derivatives 3.8 and 3.12 were reluctant

to undergo cyclization under these conditions.

)
R i R R|2X
HN NH  HC(OEt)s, HX N N
- G
HN NH 65 - 140 °C N N
/ \
R R R R
3.4 (R = t-Bu) 3.14, 77% (R = t-Bu, X = BFy)
3.6 (R = Ad) 3.15, 70% (R = Ad, X = BF,)
3.7 (R=Ph) 3.16, 51% (R = Ph, X = BF,)
3.10 (R = 2-MeOPh) 3.17, 92% (R = 2-MeOPh, X = Cl)
Scheme 3.4 Cyclization of tetraamines to give bis(azolium) salts
CONCLUSION

In summary, we have developed an efficient synthetic and isolation protocol for
preparing 1,2,4,5-tetrakis(alkyl- and arylamino)benzenes, two elusive classes of electron
rich arenes. Their structures were unambigously proven using X-ray crystallography and
compared with their oxidized derivatives. Immediate efforts will concentrate on
expanding the substrate scope of this reaction and elucidating its unique substitution

pattern. The tetraamines were successfully cyclized to give the desired bis(azolium)
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compounds in good to excellent yields. Currently we are also investigating applications
of bis(azolium) salts for direct formation of non-chelating bis(carbene)s and their

respective bimetallic complexes.*

EXPERIMENTAL

All reactions were conducted under an atmosphere of nitrogen using standard
Schlenk techniques or in a nitrogen-filled glove-box. CHCl; was degassed by two freeze-
pump-thaw cycles and stored over 4A molecular sieves and K,CO;. Hexanes were
distilled from CaH, and degassed by two freeze-pump-thaw cycles. THF and toluene
were freshly distilled from Na/benzophenone and degassed by two freeze-pump-thaw
cycles. All reagents were purchased from Aldrich or Acros and were used without further
purification. "H NMR spectra were recorded using a Varian Gemini (300 MHz or 400
MHz) spectrometer. Chemical shifts are reported in delta (d) units, expressed in parts per
million (ppm) downfield from tetramethylsilane using the residual protonated solvent as
an internal standard (CDCls, 7.24 ppm; C¢Ds, 7.15 ppm; DMSO-ds, 2.49 ppm). °C NMR
spectra were recorded using a Varian Gemini (100 MHz) spectrometer. Chemical shifts
are reported in delta (0) units, expressed in parts per million (ppm) downfield from
tetramethylsilane using the solvent as an internal standard (CDCls, 77.0 ppm; C¢Ds, 128
ppm; DMSO-ds, 39.5 ppm). °C NMR spectra were routinely run with broadband
decoupling. High-resolution mass spectra (HRMS) were obtained with a VG analytical

ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative intensity)

tBuHN]@iNHtBu 1,2,4,5-Tetrakis-N-tert-butylaminobenzene (3.4). A catalyst for

BUHN NHBy mediating aryl-amination coupling reaction was prepared by

charging a 20 mL vial with 1,3-bis(2,6-
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diisopropylphenyl)imidazolium chloride (0.085 g, 0.2 mmol), NaOrBu (0.03 g, 0.3
mmol), Pd(OAc), (0.025 g, 0.1 mmol), toluene (5 mL), and a stir bar followed by stirring
this mixture at 80 °C for 10 minutes. The catalyst solution was added to a 250 mL flask
containing 1,2,4,5-tetrabromobenzene (2.22 g, 5.64 mmol) suspended in toluene (100
mL). fert-Butyl amine (1.73 g, 23.7 mmol) and NaO7Bu (2.65 g, 27.6 mmol) were then
added and the resulting mixture was sealed and stirred at 110 °C overnight. After cooling
to ambient temperature, precipitated solids were collected by filtration under a cone of
nitrogen, dissolved in degassed CHCI; (100 mL), and filtered to remove residual NaBr
salts. Solvent was then removed under reduced pressure to afford 1.96 g (96% yield) of
the desired product as a gray solid. Note: the product slowly oxidizes to the
corresponding benzoquinonediimine over several days in aerated solutions. As a solid,
the product is bench stable for >months. '"H NMR (CDCls): & 6.53 (s, 2H), 3.73 (br, 4H),
1.22 (s, 36H). >°C NMR (CDCls): & 131.7, 115.5, 52.0, 30.0. HRMS: [M]" calcd for
CH4oN4: 362.3409; Found, 362.3406.

Bu—N NHtBu N,N’,N"",N"""-tetra(tert-butyl)-2,5-diamino-1,4-
tBuHNj;ji\N—tBu benzoquinonediimine (3.5). Compound 3.4 (0.1 g, 0.28 mmol)
was dissolved in CHCI; (3 mL) and stirred under a ballon of
oxygen for 24 h followed by removal of solvent to obtain a yellow powder (0.1 g) in
quantitative yield. Alternatively, oxidations can be accomplished in less than 5 minutes
by adding an excess of H,0,. '"H NMR (CDCL): & 5.53 (s, 2H), 1.35 (s, 36H). *C NMR
(CDCls): & 138, 90.8, 52.0, 29.8. HRMS: [M]" calcd for CasH4N4: 361.3331; Found:

361.3326.
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1,2,4,5-Tetrakis-N-adamantylaminobenzene (3.6). The aryl amination was performed
AdHN NHAd
j@ in a manner analogous to the synthesis of 3.4 using 1,2,4,5-

AdHN NHAd .
tetrabromobenzene (13.97 g, 35.5 mmol) and adamantyl amine

(22.5 g, 149 mol). Upon completion, the cooled reaction mixture was filtered in a drybox
to afford a beige solid. The solids were rinsed with toluene and extracted with degassed
CHCI; and the extract was concentrated under reduced pressure to afford 21.5 g (90%
yield) of the desired product as a white powder. Note: the product slowly oxidizes to the
corresponding benzoquinone-diimine over several days in aerated solutions. As a solid,
the product is bench stable for >months. '"H NMR (CDCl3): & 6.59 (s, 2H), 2.06 (br,
12H), 1.81 (br, 24H), 1.66-1.58 (br, 24H). *C NMR (CDCls): & 131.3, 117.8, 52.5, 43.7,
36.6, 29.8. HRMS: [M]Jr calcd for C46HgeN4, 674.5287; Found, 674.5286.

Ad—N NHAd N,N’,N”,N""’-tetra(adamantyl)-2,5-diamino-1,4-benzoquinone-
AdHNjC[\N—Ad diimine. Compound 3.4 (0.1 g, 0.15 mmol) was dissolved in

CH,Cl, (3 mL) and stirred under a ballon of oxygen for 24 h
followed by removal of solvent to obtain a yellow powder (0.1 g) in quantitative yield. 'H
NMR (CDCl): 8 6.69 (br, 2H), 5.77 (s, 2H), 2.10 (br, 12H), 1.97 (br, 24H), 1.68 (br,
24H). >C NMR (CDCL): & 138, 92.2, 52.7, 42.6, 36.9, 29.8. HRMS: [M+H]" calcd for

C46H64N4, 6735209, FOlll’ld, 673.5209.

PhHN NHPh o
]@[ 1,2,4,5-Tetrakis-N-phenylbenzene (3.7). The aryl amination was

PhHN NHPh performed in a manner analogous to the synthesis of 3.4 using

1,2,4,5-tetrabromobenzene (2.39 g, 5.84 mol) and aniline (2.8 g, 30 mol). Upon

completion, the cooled reaction mixture was filtered in a drybox to afford a beige solid.

The solids were rinsed with excess hexanes and extracted with degassed CHCls. The
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extract was then concentrated under reduced pressure to afford 1.78 g (76 %) of the
desired product as a light pink powder. '"H NMR (CDCls): & 7.24-7.19 (br m, 12H), 6.9-
6.84 (br, 12H), 5.56 (s, 2H). °C NMR (CDCly): § 144.5, 130.6, 129.3, 120.2, 116.6,
113.9. HRMS: [M]+ calcd for C3gH,5N4, 441.2074; Found: 441.2074.

Mes Mes 1,2,4,5-Tetrakis(2,4,6-trimethylphenylamino)benzene (3.8). The aryl
HN NH
:@ amination was performed in a manner analogous to the synthesis of 3.4

H'Tl NH using 1,2,4,5-tetrabromobenzene (2.00 g, 5.1 mmol) and mesityl amine

Mes Mes
(7 mL, 51 mmol). Upon completion, the cooled reaction mixture was
filtered in a drybox to afford a beige solid. The solids were rinsed with toluene and
extracted with degassed CHCIls;. The extract was then concentrated under reduced
pressure to afford 2.71 g (94%) of the desired product as a white powder. 'H NMR
(CDCls): 8 6.75 (s, 8H), 5.40 (s, 2H), 4.86 (br s, 4H), 2.22 (s, 12H), 2.05 (s, 24 H). °C
NMR (CDCly): & 137.9, 132.6, 132.1, 129.4, 129.0, 105.3, 20.6, 18.2. HRMS: [M]" calcd

for C4H49N4, 609.3978; Found: 609.3952.

Mes Mes Mesityl-derived azophenine (3.9). The tetraamine 3.8 (0.1 g, 0.164

N NH

j@i mmol) was stirred in aerated CHCl; (3 mL) for 2 h. The mixture was

HIN \ N concentrated to give an orange-red solid (0.1 g) in quantitative yield. 'H
Mes Mes

NMR (CDCl3): 8 6.79 (s, 4H), 6.75 (s, 4H), 5.40 (s, 2H), 4.61 (s, 2H),

2.23 (s, 12H), 2.07 (s, 12H), 2.05 (s, 12H). *C NMR (CDClL): & 137.9, 132.6, 132.1,

129.4, 129.0, 128.6, 88.9, 20.8, 20.6, 18.2, 18.0. HRMS: [M]" calcd for CiHyoNy,

609.3956; Found: 609.3952.
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1,2,4,5-Tetrakis(2-methoxyphenylamino)benzene (3.10). The aryl amination was
:KJA " O-r{jA|—n| performed in a manner analogous to the synthesis of 3.4 using 1,2,4,5-
HNIZNH tetrabromobenzene (4.00 g, 10.2 mmol) and o-anisidine (11.5 mL, 100.6
o-An o-An mmol). Upon completion, the cooled reaction mixture was filtered in a
drybox to afford a beige solid. The solids were rinsed with toluene and extracted with
degassed CHCI; and the extract was concentrated under reduced pressure to afford 6.92 g
(96%) of the desired product as an off-white powder. Alternatively, the cooled reaction
mixture was opened under a cone of nitrogen and HCI (2 mL) in MeOH (10 mL) was
added quickly to produce a deep purple slurry. The mixture was poured into H,O (25 mL)
and the solids were collected via vacuum filtration, rinsed with H,O and Et,0, and dried
under vacuum to provide the tetrahydrochloride salt as a light purple solid in nearly
quantitative yield. "H NMR of free base (CDCls): & 7.33 (s, 2H), 7.06-7.04 (m, 4H), 6.86-
6.76 (m, 12H), 6.02 (br s, 4H), 3.82 (s, 12 H). *C NMR (CDCls): & 148.2, 134.4, 130.5,
121.0, 119.1, 114.4, 110.3, 114.2, 55.5. HRMS: [M]" calcd for C34H35N404, 563.2606;

Found 563.2653.

1,2,4,5-Tetrakis(zert-butylamino)-para-xylene (3.11). The aryl
tBuHN NHBu
amination was performed in a manner analogous to the synthesis

BubN NHBu of 3.4 using 2,3,5,6-tetrabromoxylene (3.0 g, 7.11 mol) and tert-
butyl amine (2.13 g, 29.2 mmol). Upon completion, the cool
reaction mixture was filtered over Celite under a cone of nitrogen with the aid of
degassed toluene. The filtrate was concentrated under reduced pressure to afford 2.7g

(99%) of the desired product as a brown solid. It should be noted that the product is

bench stable in aerated solutions for >months. 'H NMR (CDCl;): & 3.39 (br, 4H), 2.28 (s,
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6H), 1.06 (s, 36H). °C NMR (CDCls): 5 138.1, 128.2, 55.3, 30.7, 18.6. HRMS: [M]"
caled for Co4HugNa, 390.3722; Found, 390.3719.

MesHN 3,3",4,4"-Tetrakis(2,4,6-
MesHN O NHMes trimethylphenylamino)biphenyl (3.13). A catalyst for
O NHMes Mmediating —aryl-amination coupling reactions was
prepared by charging a 10 mL vial with 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride (86 mg, 0.02 mmol), NaOrBu (3 mg, 0.03
mmol), Pd(OAc), (30 mg, 0.01 mmol), toluene (3 mL), and a stir bar followed by stirring
this mixture at 23 °C for 10 minutes. 2-Bromomesitylene (410 mg, 2.05 mmol) was
added to the catalyst solution. 3,3’-diaminobenzidine (110 mg, 0.5 mmol) and NaOsBu
(0.20 g, 2.05 mmol) were then added and the resulting mixture was sealed and stirred at
110 °C overnight. After cooling to ambient temperature, precipitated solids (NaBr) were
removed by filtration under a cone of nitrogen. Solvent was removed under reduced
pressure. Analysis of the crude product indicated that the reaction was >98% complete.
The crude product was triturated with hexanes and then dried under reduced pressure to
afford 160 mg (47 % yield) of the desired product as a grey solid. "H NMR (CDCls): &
6.94 (s, 8H), 6.68-6.66 (m, 2H), 6.27-6.24 (m, 4H), 5.18 (br, 2H), 4.99 (br, 2H), 2.36 (br,
6H), 2.31 (s, 6H), 2.17 (s, 12H), 2.13 (s, 12H). *C NMR (CDCL): & 137.11, 137.06,
136.7, 135.7, 135.6, 134.0, 133.9, 133.54, 133.48, 133.3, 133.2, 133.1, 129.30, 129.26,
117.8, 114.7, 112.4, 20.9, 20.8, 18.1, 18.0. HRMS: [M]" calcd for C4sHssNy, 687.4427;
Found: 687.4423.

_ S) — Tetrakis(tert-butyl) benzobis(imidazolium) tetrafluoroborate

N N (3.14). A 10 mL flask was charged with triethylorthoformate (5
APL;
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mL), compound 3.4 (590 mg, 1.63 mmol), and HBF4 (1 mL, 48% aq.). The reaction
mixture was heated to 65 °C for 24 h. Upon completion, the product was collected by
filtration, washed with hot acetonitrile (3 x 15 mL) to obtain 700 mg (77%) of the desired
product as a light yellow powder. 'H NMR (DMSO-ds): 8 9.06 (s, 2H), 8.62 (s, 2H), 1.91
(s, 36H). °C NMR (DMSO-dq): & 142.9, 128.9, 102.7, 62.0, 28.0, 9.1.

_ S) — Tetraadamantyl benzobis(imidazolium) tetrafluoroborate (3.15).
Ad
N In a manner analogous to 3.14 using tetraamine 3.6 (3.3 g, 4.89
P T |
N N mmol), the product was obtained in 70% yield as a light yellow
Ad

L 1 powder. '"H NMR (C¢Ds): 6 9.13 (s, 2H), 8.54 (s, 2H), 2.39 (s, 12H),

1.88-1.76 (br, 24H). *C NMR (CsDy): 5 142.9, 127.9, 103.3, 62.7, 40.4, 35.4, 29.1.

- 25,:4@ - Tetraphenyl benzobis(imidazolium) tetrafluoroborate (3.16). In

N N a manner analogous to 3.14 using tetraamine 7 (0.3 g, 0.68 mmol),
<C@I>@>

with a reaction temperature of 140 °C and time of 24 h 162 mg

= <4 (51%) of the desired product was obtained as a light yellow powder
(purification required rinsing with copious amounts of MeOH). '"H NMR (DMSO-dy) &
10.8 (s, 2H), 8.15(s, 2H) 7.9-7.8 (br, 20H). °C NMR (DMSO-dy) § 147.3, 132.9, 131.0,
130.6, 125.6, 99.2. HRMS: [M]*" caled for C3HauNy, 232.1000; Found: 232.1002.
Alternatively, a one-pot, two-step synthesis of 3.16 may be accomplished in 84% overall
yield by eliminating the workup of the tetrakis(phenylamino)benzene. Aryl amination
reaction of 1,2,4,5-tetrabromobenzene (6 g, 15.2 mmol) was carried out as described

above. After cooling the reaction vessel, the reaction mixture was acidified with HBF,4 (5
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mL, 48% aq.) and HC(OEt); (200 mL) was added. The vessel was then heated to 140 °C
for 16 h, then cooled to 23 °C. Additional HBF, (3 mL) was added and the solution was
re-heated to 140 °C for 6 h. After cooling to room temperature, the resulting precipitate
was collected by filtration and then washed with water (3 x 50 mL), methanol (1 x 50
mL), and ether (2 x 30 mL) to obtain 8.2 g (84% yield) of analytically pure product as a

brown solid.

_ 5 CF} — Tetrakis(2-methoxyphenyl) benzobis(imidazolium) chloride
o-An o-An
N N (3.17). The tetrahydrochloride of tetraamine 3.10 (5.0 g, 7.06 mmol)
I I
N N

was dissolved in HC(OEt); (60 mL) and conc. HCI (0.2 mL). The

/ \
-A -A
_O " © n_ deep purple solution was stirred at 120 °C for 2 h during which time

the homogenous reaction mixture became a light red slurry. The reaction mixture was
allowed to cool and Et;O (30 mL) was added to facilitate precipitation of the product.
The solids were collected, rinsed with Et,O and recrystallized from hot MeOH/Et,0 to
give 4.26 g (92%) of the bis(azolium) as a pink-brown solid. "H NMR (DMSO-ds): &
10.79 (s, 2H), 8.00 (dd, J = 7.8, 1.4 Hz, 2H), 7.98 (s, 2H), 7.73 (t, J = 8.0 Hz, 4H), 7.48
(d, J = 6.8 Hz, 4H), 7.28 (t, J = 7.2 Hz, 4H), 3.87 (s, 12H). °C NMR (DMSO-dj): &
153.7, 148.5, 133.0, 130.8, 128.4, 121.3, 120.6, 113.7, 100.4, 56.4. HRMS: [M]" calcd
for C36H32N404, 584.2462; Found: 584.2418.
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butyl)imidazolylidene, 1,3-bis(2,6-dimesityl)imidazolylidene) were screened, but
did not afford appreciable yields of product.

Residual inorganic salts were removed by filtering chloroform solutions of the
tetraaminobenzenes followed by evaporation.

Use of an oxygen atmosphere effects azophenine formation more rapidly than use
of aerated solvents.

Selected bond lengths (A) and degrees (°): For 3.4: N1-C1, 1.429(2); N2-C2,
1.441(2); CI1-C2, 1.411(2); C2-C3, 1.394(2); C1-C3A, 1.394(2); C2-CI-N1,
121.1(1); C1-C2-N2, 119.6(1); C2-C1-N1-C4, 109.8(1); C1-C2-N2-C8, 99.8(2).
For 5: N1-C1, 1.349(1); N2-C2, 1.294(1); C1-C2, 1.513(1); C1-C3A, 1.367(1);
C2-C3, 1.437(1), N1-C1-C2, 113.0(1); N2-C2-Cl1, 113.9(1); C4-N1-C1-C2,
175.1(1), C1-C2-N2-C8, 179.3(1).

A solution to the crystal structure of 1,2,4,5-tetrakis(mesitylamino)benzene (3.8)
was also determined; key bond distances (A) and angles (°): N1-C1, 1.413(2);
N2-C3, 1.424(2); C1-C2, 1.391(2); C2-C3, 1.398(2); C1-C3A, 1.404(2); C3A-C1-
N1, 118.9(1); C1A-C3-N2, 118.5(1); C4-N1-C1-C3A, 173.9(2); C1A-C3-N2-
C13, 172.9(2). Using the procedure described in the text, the corresponding
azophenine (3.9) was synthesized and a solution to its corresponding crystal
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structure was determined; key bond lengths (A) and angles (°): N1-C1, 1.293(2);
N2-C3, 1.357(2); C1-C2, 1.440(2); C2-C3, 1.356(2); C1-C3A, 1.494(2); N1-C1-
C3A, 115.6(1); N2-C3-C1A, 114.2(1); C3A-C1-N1-C4, 176.9(1); C1A-C3-N2-
C13,171.3(1).

Efforts toward optimizing these reactions are underway.

Oxidative susceptibilities of the 1,2,4,5-tetraminobenzenes can be greatly reduced
through protonation with HCI prior to isolation.

For discussions comparing relative stabilites of electron deficient arylamines, see:
(a) Li, Z.; Cheng, J.-P. J. Org. Chem. 2002, 68, 7350. (b) Kemnitz, C. R.; Karney,
W. L.; Borden, W. T. J. Am. Chem. Soc. 1998, 120, 3499. (c) Miura, Y.;
Kitagishi, Y.; Ueno, S. Bull. Chem. Soc. Jap. 1994, 67, 3282.

The mechanistic implications of these findings are currently under investigation in
our laboratories.

Lehmler, H.-J.; Robertson, L. W.; Kania-Korwel, I. Chemosphere, 2004, 56, 735.

The aryl amination reaction was determined to be quantitative by 'H NMR
spectroscopy; however, the isolation of 13 was made challenging by its high
solubility in common solvents.

A similar approach utilizing aryl amination of 1,2-dibromobenzene followed by
cyclization has been reported: Rivas, R. M.; Riaz, U.; Giessart, A.; Smulik, J. A.;
Diver, S. T. Org. Lett. 2001, 3, 2673. For syntheses of related benzimidazolium
and benzimidazolylidene compounds, see: (a) Huynh, H. V.; Holtgrewe, C.; Pape,
T.; Koh, L. L.; Hahn, F. E. Organometallics 2006, 25, 245. (b) Hahn, F. E;
Jahnke, M. C.; Gomez-Benitez, V.; Morales-Morales, D.; Pape, T.
Organometallics 2005, 24, 6458. (c¢) Hahn, F. E.; Wittenbecher, L.; Le Van, D.;
Frohlich, R. Angew. Chem., Int. Ed. 2000, 39, 541.

Shorter reaction times were observed with HBF4 which may be related to the
higher solubilities of bis(benzobisimidazolium) tetrafluoroborate salts as
compared to their analogous chloride salts.

The overall yield of 3.16 from 1,2,4,5-tetrabromobenzene was improved to 84%
using a one-pot, two-step procedure.

Khramov, D. M.; Boydston, A. J.; Bielawski, C W. Manuscript in preparation.
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Chapter 4: An alternative synthesis of benzobis(imidazolium) salts via a
“one-pot” cyclization/oxidation reaction sequence’

ABSTRACT

Cyclization of N-aryl and N-alkyl 2,5-diamino-1,4-benzoquinonediimines using
paraformaldehyde under acidic conditions followed by oxidation with catalytic amounts
of Pd(OAc), afforded their respective benzobis(imidazolium) salts in yields of 48 — 98%.
A comparative solid-state study between a 2,5-diamino-1,4-benzoquinonediimine and its

corresponding benzobis(imidazolium) dichloride was also performed.
INTRODUCTION

We have recently reported a concise synthesis of a series of 1,2,4,5-tetrakis(/NV-
alkyl and N-arylamino)benzenes' and demonstrated that they undergo formylative
cyclization with triethylorthoformate to afford their respective benzobis(imidazolium)
salts.” The electron-rich tetraaminobenzene intermediates were found to oxidize under
aerobic conditions which necessitated the use of inert atmosphere or drybox techniques
for their isolation and storage. In contrast, their oxidized products, namely azophenines®
and related 2,5-diamino-1,4-benzoquinonediimines,4 are robust and accessible via
numerous synthetic protocols.>” These quinone derivatives have found tremendous utility
in coordination chemistry,® as pH-dependent chromophores,” and in theoretical studies.®
In an effort to build upon our previous work and encompass new methodologies for
preparing benzobis(imidazolium) salts using simple, bench-top procedures, we
envisioned that azophenines and 2,5-diamino-1,4-benzoquinonediimines could function
as a highly versatile class of appropriate starting materials.

As shown in Scheme 4.1, the ortho-quinoid tautomer’ (4.1-0) of 2,5-diamino-1,4-

benzoquinonediimine 4.1 displays 1,2-diamino and 1,2-diimino moieties which are
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independently known for undergoing dehydrative cyclizations. For example, treatment of
1,2-diimine 4.2 with formaldehyde affords imidazolium salt 4.3'° whereas the
corresponding vicinal diamine 4.4 affords the cyclic N,N'-acetal 4.5."" With these
considerations in mind, we suspected analogous cyclization reactions with 4.1 should
afford an annulated benzimidazolium/N, N -acetal hybrid.'> Oxidation of this intermediate
using Thorn’s recently reported”” Pd-mediated process for efficiently generating
hydrogen gas from phenylene diamine-derived N,N -acetals should then afford the
respective benzobis(imidazolium) salts. Furthermore, the apparent compatibility of the
cyclization and oxidation reaction conditions suggested they could be performed

successively in a single reaction vessel.
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Scheme 4.1 (TOP) The o-tautomer of 2,5-diamino-1,4-benzoquinonediimine (4.1-0)
exhibits 1,2-diamino and 1,2-diimino fragments which are (BOTTOM)
independently known for undergoing dehydrative cyclizations with
paraformaldehyde.

RESULTS

To test this hypothesis, azophenine 4.1a was obtained via condensation of aniline
with o-benzoquinone dioxime according to literature protocol.” Related 2,5-diamino-1,4-
quinonediimines 4.1b —4.1e were prepared via Pd-catalyzed aryl amination'* of 1,2,4,5-
tetrabromobenzene followed by an aerobic workup," in analogy with our previously
reported procedure. Confirmation of the 2,5-diamino-1,4-quinonediimine structure was
determined through identification of the diagnostic chemical shift of the vinylic proton of
the quinoid ring (8 = 5.5 ppm in CDCls) and single crystal X-ray analysis for 4.1b.'® As
shown in Scheme 2, compounds 4.1 were each reacted with paraformaldehyde in PhCHj3
under acidic conditions at 110 °C.!” Within 2 — 6 h, the intense colors associated with
these quinone derivatives had dissipated and the reaction mixtures developed yellow-

brown solids suggesting hybrid intermediate 4.6 had formed.'® The reaction temperature
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was then reduced to 50 °C and, to facilitate dissolution of solids, i-PrOH (10% by
volume) was added. Upon the addition of catalytic amounts of Pd(OAc), (1 mol %), slow
and persistent generation of gas was observed. Analysis of the crude reaction mixtures by
"H NMR spectroscopy indicated the 2,5-diamino-1,4-benzoquinonediimines were cleanly
converted to the desired benzobis(imidazolium) products (diagnostic signal: C-H, & = 10

- 11 ppm in DMSO-dg) 4.7 in good to excellent yields (48 — 98%)."

S
R R cl
RHN NR  —{CH0}- H N N
X )
RN NHR HCI, PhCHj3 H N N
110 °C R R
4.1a-4.1e 4.6
S
R "R|2Cl 4.7a,48% (R = Ph)
Pd(OAc), N N 4.7b, 98% (R = 2-MeOPh)
- <(@:®[@)> 4.7c, 85% (R = t-Bu)
i-PrOH, PhCH3 N N 4.7d, 95% (R = Ad)
50 °C A R 4.7, 93% (R = 2,5-di-t-BuPh)
Scheme 4.2 Conversion of 2,5-diamino-1,4-quinonediimines to their respective

benngis(imidazolium) salts using a “one-pot” cyclization/ oxidation
reaction sequence.

Although '"H NMR analyses of the products obtained above were strongly
indicative of the desired benzobis(imidazolium) structure, they were further characterized
using X-ray analysis after quality crystals of benzobis(imidazolium) dichloride 4.7b were
obtained by slow cooling of a hot, saturated, DMSO solution.'® As shown in Figure 1, the
N1-C2-N2 bond angle (110.2°) was typical of annulated imidazolium compounds as were
the imidazole bond lengths.*® Furthermore, C-C bond lengths typical of arene rings were
observed (1.38 to 1.41 A) in the tetraaminoarene fragment, which indicated the parent
quinone core was successfully reduced. The N-anisidyl rings were rotated out-of-plane

with respect to the benzobis(imidazolium) core (dihedral angles ranged between 35 and
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60°) suggesting there was relatively minimal electronic overlap between the two

moieties.

CONCLUSION

In summary, we have developed an alternative, “one-pot” protocol for
synthesizing a variety of benzobis(imidazolium) salts from readily available 2,5-diamino-
1,4-benzoquinonediimines. This procedure builds upon our recent contributions in
preparing bis(azolium) compounds by eliminating the need for inert atmosphere or
drybox techniques. In particular, the o-quinoid tautomers of 2,5-diamino-1,4-
benzoquinonediimines  were  cyclized using paraformaldehyde to  obtain
benzimidazolium/N, N -acetal hybrid intermediates which were subsequently oxidized to

afford their respective bis(azolium) salts.

Figure 4.1 ORTEP drawing of 4.7b (counterions have been removed for clarity).
Selected bond lengths (A) and angles (°): N1-C1, 1.3352(19); N2-C1,
1.3398(19); N1-C2, 1.4007(18); N2-C3, 1.3986(18); C2-C3, 1.4062(19);
C2-C4, 1.384(2); N1-C1-N2, 110.21(13); C1-N1-C2, 108.55(11); N1-C2-
C3, 106.37(12); C4-C2-N1, 130.60(13); C6-C5-N1-C2, 126.27(15); C3-N2-
C12-C13, 59.12(19).
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General procedure for preparing compounds 4.1b — 4.1e: A 20 mL vial charged
with 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (0.02 mmol), NaOt-Bu
(0.02 mmol), Pd(OAc)2 (0.01 mmol), and PhCH3 (5 mL). After stirring the
resulting mixture for 10 min, 1,2,4,5-tetrabromobenzene (1.00 mmol), amine
(4.10 mmol), NaOtBu (4.20 mmol) and PhCH3 (5 mL) were added. The resulting
mixture was sealed under an atmosphere of nitrogen and stirred at 110 °C for 8 h.
After cooling to ambient temperature, the resulting mixture was diluted with
hexanes and precipitated solids were collected by filtration. Residual inorganic
salts were removed by filtering CHCI3 solutions of the products. Characterization
data for new compounds: Azophenine 1b: 1H NMR (CDCI3): ¢ 8.55 (s, 2H), 7.05
—6.91 (m, 16H), 6.16 (s, 2H) 3.83 (s, 12H); 13C NMR (CDCI3) 6 150.4, 148.2,
134.4, 130.5, 121.0, 120.6, 119.1, 114.4, 111.3, 110.3, 93.1, 55.7, 55.5; HRMS:
[M]+ caled for C34H32N404, 560.2424; Found: 560.2428; Spectral data of 1c
was consistent with its previously reportedl value; Compound 1d: 1H NMR
(CDCI13): 8 6.69 (br, 2H), 5.77 (s, 2H), 2.10 (br, 12H), 1.97 (br, 24H), 1.68 (br,
24H); 13C NMR (CDCI3): & (ca 138), 92.2, 52.7, 42.6, 36.9, 29.8; HRMS: [M]+
calecd for C46H64N4, 672.5131; Found: 672.5134; Azophenine le: 1H NMR
(CDCI13): 6 8.13 (s, 2H), 7.03 (s, 2H), 6.78 (br, 8H), 6.31 (s, 2H), 1.17 (s, 72H);
13C NMR (CDCI3): 6 151.4, 117.6, 90.7, 34.8, 31.4; HRMS: [M+1]+ calcd for
C62H88N4, 889.7009; Found, 889.7089.

Crystal data for 4.1b: C34H32N404 - 2 C4H80O, M = 704.84, triclinic, P1,
a=12.5090(8), b =13.3300(9), c = 14.2730(11) A, a=64.179(3), B = 89.750(4),
y=64.058(5)°, V=1874.8(2) A3, Z=2, Dc=1.249 gcm—3, p=0.084 mm—1,
F(000)=752, A (Mo Ka)=0.71073 A, large red prisms, crystal size
0.33 x 0.30 x 0.25 mm, 10820 reflections measured (Rint = 0.0499), 6570 unique,
R1=0.1268 for I > 25(I) and 0.2564 for all data. There were two molecules of
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THF in the asymmetric unit, one of which was found to be disordered and could
not be adequately modeled. Key bond lengths (A) and angles (°): N1-Cl,
1.301(5); N2-C2, 1.376(5); C1-C2, 1.493(6); C1-C3, 1.431(6); C2-C3, 1.340(6);
C4-N1-C1-C2, 176.1(4). Crystal data for 7b: (C36H32N404) 2Cl - 4C2H6SO0,
M =968.07, triclinic, P1, a=8.2689(2), b=11.4843(2), c=13,3347(3) A,
a=112.090(1), PB=96.690(1), v=90.029(1)°, V =1164.00(4) A3, z=1,
Dc=1.381 gcem—3, p=0.375 mm—1, F(000)=510, A (Mo Ka)=0.71073 A,
colorless prisms, crystal size 0.49 x 0.31 x 0.20 mm, 7435 reflections measured
(Rint =0.0162), 5229 unique, R1 =10.0363 for [ > 20(I) and 0.0460 for all data.
The data were collected at 153(2) K using an Oxford Cryostream low temperature
device. The structures were solved by direct methods and refined by full-matrix
least-squares on F2 with anisotropic displacement parameters for the non-H atoms
using SHELXL-97 (Sheldrick, G. M. University of Gottingen, Germany, 1994).
Data for these structures have been deposited with the Cambridge
Crystallographic Data Centre (12 Union Road, Cambridge CB2 1EZ, UK) as
CCDC 603509 (1b) and 603510 (7b).

General procedure for preparing compounds 4.7: A 50 mL flask was charged 1
(0.5 mmol), PhCH3 (20 mL), paraformaldehyde (1.2 mmol), and conc. HCI (1
drop). After stirring the mixture at 110 °C for 2 — 6 h, the temperature was
reduced to 50 °C and i-PrOH (2 mL) was added to facilitate partial dissolution of
solids. Pd(OAc)2 (5 umol) was then added and slow gas evolution followed. The
mixture was stirred for an additional 2 — 4 h and then concentrated to afford crude
product. Note: this protocol was found to work equally well in other solvents
(e.g., CH3CN, DMF, DMSO, and EtOH). Spectral data of 7a — 7d were in accord
with their previously reported values.l Characterization data for 7e: 1H NMR
(CDCIl3): 6 9.98 (br, 2H), 7.97 (br, 8H), 7.82 (br, 2H), 7.62 (s, 4H), 1.32 (s, 72H);
13C NMR (CDCI3): 6 154.0, 144.7, 132.1, 125.5, 120.7, 114.9, 99.6, 35.5, 31.4;
HRMS: [M]+ calcd for C64H88N4, 912.7009; Found, 912.6983.

Subjecting N,N",N"",N"""-tetra(p-chlorophenyl)-2,5-diamino-1,4-
benzoquinonediimine5a to the cyclization-oxidation reaction sequence outlined in
Scheme 4.2 afforded 1,3-di(p-chlorophenyl)-5,6-di(p-chlorophenyl-
amino)benzimidazolium chloride (95% yield): 1TH NMR (CDCI3): & 10.14 (s,
1H), 7.97 (d,J =9.2 Hz, 4H), 7.84 (d, ] = 9.2 Hz, 4H), 7.49 (s, 8H),

7.13 (s, 2H), 5.95 (s, 2H).

It was also found that benzobis(imidazolium) salts 4.7 could be prepared via a
one-pot, reduction-cyclization reaction sequence: Subjecting la - 1d
independently to standard hydrogenative conditions (10% Pd/C, 400 PSI H2) in
HC(OE)3 for 16 — 24 h followed by addition of acid (HCI or HBF4) at 60 — 110
°C for 2 — 24 h afforded the respective benzobis(imidazolium) salts 7a — 7d in
high purity and in good to excellent yields (51 — 92%)).
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Chapter 5: Synthesis and Study of Janus Bis(carbene)s and Their
Transition Metal Complexes’

INTRODUCTION

The construction of new organic-inorganic hybrid materials with interesting
structural features and technologically-useful functions is a vibrant area of research with
considerable potential.' The key to growth in this field is the development of new, tunable
molecular scaffolds for bridging transition metals. Ideal linkers should be readily
accessible, exhibit high affinities toward a broad range of transition metals, and possess
modular features amenable for precisely manipulating their inherent physical and
electronic characteristics. Stable N-heterocyclic carbenes (NHCs),” particularly
imidazolylidenes,’ fall in this category. They have been found to form robust complexes
with nearly every transition metal>* and the basic N-heterocyclic nucleus as well as its N-
substituents can be acutely modified.” As such, an impressive amount of attention has
been devoted toward optimizing and understanding the interaction of carbenes with
various transition metals to form monometallic complexes.”® However, comparatively
less attention has been directed toward the development of discrete, multifunctional
carbenes that are poised to bind multiple transition metals.”® Herein, we report the
synthesis and characterization of benzobis(imidazolylidene)s, a new class of Janus’
bis(carbene)s comprised of two linearly opposed imidazolylidenes annulated to a
common arene backbone, and demonstrate their utility in preparing new organometallic

materials.
RESULTS

Requisite benzobis(imidazolium) salts possessing a range of N-substituents (5.1)

were synthesized via Pd-catalyzed aryl amination of 1,2,4,5-tetrabromobenzene followed
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by formylative cyclization or via reductive cyclization of their respective 2,5-diamino-
1,4-benzoquinonediimines according to our previously reported procedures.'
Independent treatment of S.1a-c with 2.2 equiv of lithium diisopropylamide (LDA) in
THF at RT caused precipitation of products 5.2a and 5.2b which were subsequently
isolated via filtration in yields of 83 and 99%, respectively. While 5.2a and 5.2b were
only slightly soluble in common organic solvents (THF, toluene, benzene, etc.), a highly
soluble derivative featuring N-t-amyl groups (5.2¢) was obtained in 99% yield after LiCl

was precipitated with excess toluene and removed via filtration."'

\ /
LY
N N
/ \
5.2a (R = Ad), 83%
o LDA 5.2b (R = tBu), 99%
R -2X / 5.2¢ (R = tAmyl), 99%

R
N N
<(@©§>)> l [(COD)RhCI],
N N
L B
5.1a (R = Ad, X = BF,) L,M— :@:
5.1b (R = tBu, X = BF) r\g

5.1d (R = Ph, X = Cl) _ _
51 (R = 2-OMePh, X = C) 5.3a (R = Ad, ML, = Rh(COD)CI), 77%

5.3b (R = Ph, ML, = AgCl), 97%
[(COD)RNCI], [ 5.3c (R = 2-OMePh, ML, = AgCl), 94%
5.3d (R = Ph, ML, = Rh(COD)CI), 40%

R
(R
5.1c (R = tAmyl, X = Cl)
(
(

Scheme 5.1 Synthesis of benzobis(imidazolylidene)s and their related transition
metal complexes.
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Figure 5.1 ORTEP view of 5.2a. Selected bond lengths (A) and angles (°): C1-N1,
1.369(3); C1-N2, 1.368(3); N1-C3, 1.411(3); N2-C2, 1.408(3); C2-C3,
1.402(3); C3-C4, 1.388(3); N1-C1-N2, 104.8(2).

The *C NMR spectra of products 5.2a —5.2¢ in C¢Dg each exhibited a single,
diagnostic signal between & = 227 — 231 ppm which was indicative of the highly
symmetric structures shown in Scheme 1 and consistent with other known annulated
imidazolylidenes.'> To confirm, a crystal of 5.2a was obtained by vapor diffusion of
pentane into a saturated toluene/THF solution (1:1 v/v) and analyzed using X-ray
diffraction analysis.”” An ORTEP view of the molecular structure is shown in Figure 4.1
with selected bond lengths and angles in the caption. Notably, the N-C-N bond angle was found
to  be 104.8(2)°14 which was similar to saturated imidazolylidenes15 and
benzimidazolylidenes.'* This promising result strongly suggested that each carbene
“face” of these Janus ligands should display similar chemistries and affinities toward
transition metals as their monofunctional analogues.

Addition of an equimolar amount of [(COD)RhCI], (COD = cis,cis-1,5-
cyclodctadiene) to a THF solution of 5.2a at RT resulted in the precipitation of Rh
complex 5.3a as a yellow solid, which was isolated in 77% yield. Analysis of this
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complex by NMR spectroscopy confirmed the stoichiometry between the Rh centers and
bis(carbene) nucleus was 2:1. A single "°C resonance appeared at 5 = 198 ppm and two
distinct sets of olefinic 1H signals were observed at 3.0 (cis to the carbene) and 5.0 ppm
(trans), which was suggestive of a square planar geometry for each of the metal centers.'®
The structure of 5.3a was confirmed by X-ray diffraction analysis after a suitable crystal
was obtained by slow cooling of a hot CHCI; solution (see Figure 5.2). Although key
bond lengths were in accord with known NHC-Rh complexes, ' a notable exception was
the positions of Rh atoms which were displaced perpendicularly from the plane of the
benzobis(imidazolylidene) by 0.75 A. This unusual structural feature was attributed to the
substantial steric bulk of the N-adamantyl groups balanced by the high affinity of

imidazolylidenes for Rh(I) (vide infra)."’

Figure 5.2 ORTEP view of 5.3a. Selected bond lengths (A) and angles (°): Rh1-C1,
2.073(3); Rh1-C25, 2.125(3); Rh1-C26, 2.131(3); Rh1-C29, 2.184(3); Rhl-
C30, 2.197(3); C1-N1, 1.387(4); C1-N2, 1.406(4); N1-C2, 1.406(4); N2-C3,
1.395(4); C2-C3, 1.401(4); C2-C4, 1.397(4); N1-C1-N2, 105.7(2).
Hydrogen atoms have been removed for clarity.

In cases where the free bis(carbene)s were not isolable (5.1d-e),'® an alternative

method of forming metal complexes was desired. Direction shifted toward Lin’s'
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versatile Ag-mediated carbene transfer protocol for accessing organometallic

complexes.*”

As shown in Scheme 5.1, bis(azolium) salts 5.1d and 5.le were
respectively treated with Ag,O (1.0 equiv) in CH,Cl, (23 °C) or CH3;CN (40 °C).
Following filtration of inorganic salts which precipitated during the reaction,
concentration of the resulting solutions afforded products 5.3b and 5.3c in excellent
yields (97 and 94%, respectively). Crystals of 5.3¢ were obtained from slow diffusion of
hexanes into a saturated CH,Cl, solution and analyzed using X-ray diffraction analysis.
As shown in Figure 5.3, the structure was essentially linear along its main axis with a C1-
Agl-Cl1 bond angle of 176° and its N-aryl substituents were rotated out of the plane of
the benzobis(imidazolylidene) with an average dihedral angle = 69°. Interestingly, in the

solid-state the complexes arranged in infinite rows governed by intermolecular

argentophilic interactions. *°

Figure 5.3 ORTEP view of 5.3c. Selected bond lengths (A) and angles (°): Agl-Cl,
2.072(11); Agl-Cl1, 2.236(3); C1-N1, 1.352(12); C1-N2, 1.360(11); N1-C2,
1.409(11); N2-C3, 1.409(12); C2-C3, 1.411(12); C2-C4, 1.353(13); N1-C1-
N2, 106.4(9). Ag-Ag, 3.3054(15). Hydrogen atoms have been removed for
clarity.

Treatment of complex 5.3b with an equimolar amount of [(COD)RCI], in
CH,Cl, at 50 °C for 24 h afforded bimetallic Rh complex 5.3d as an orange-brown

powder in 40% yield.*' Although solution and solid-state?” structural analyses indicated
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5.3d was superficially similar to 5.3a, a key difference was the Rh atoms were now
coplanar with the benzobis(imidazolylidene). Considering the N-phenyl groups were
rotated by an average of 63° relative to this same plane (minimizing any electronic
contributions) and both complexes showed a similar trans effect (average Rh-olefin bond
distances: 5.3a: 2.20 A vs. 5.3d: 2.19 A), the size of the N-substituents appeared to
dominate structural features about the metals centers.

Finally, we focused on the synthesis of bis(azolium) 5.4, a desymmetrized
precursor that was envisioned to provide a Janus bis(carbene) with differential
characteristics at each carbene “face.” The dissimilar environments of the 1,3-dimethyl-
and 1,3-di-t-butylimidazolium fragments were manifested in the 'H NMR spectrum
(DMSO-d6) of 5.4 which exhibited signals at 6 = 9.9 and 9.0 ppm, respectively.
Deprotonation of 5.4 using 2.1 equiv of NaH (and catalytic KOtBu) in toluene at 120 °C
resulted in selective dimerization to afford enetetraamine 5.5 which was subsequently
isolated in 94% yield. Crystals suitable for X-ray analysis were obtained by slow cooling
of a saturated toluene solution of 5.5 and an ORTEP view of the structure of this
compound is shown in Figure 5.4. Key bond lengths and angles of the
benzimidazolylidene fragments were in accord with 5.2b,"* and the torsion angle about
the enetetraamine was found to be 15.2°, consistent with the dimer of 1,3-

' The solution structure of 5.5 was confirmed by

dimethylbenzimidazolylidene.
treatment with O, which rapidly and selectively oxidized the enetetramine moiety to

afford urea 5.6.%
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Scheme 5.2 Selective dimerization and oxidation of a desymmetrized Janus

bis(carbene) precursor.

Figure 54 ORTEP view of 5.5. Selected bond lengths (A) and angles (°): C5-N3,
1.366(3); C5-N2, 1.371(3); N3-C6, 1.406(2); N2-C4, 1.404(3); C4-Co,
1.397(3); C1-N1, 1.426(3); C1-N4, 1.424(3); N4-C8, 1.416(3); N1-C2,
1.408(2); C2-C8, 1.399(3); C1-C1*, 1.349(4); C1-N4-C18, 117.79(18); N2-
C5-N3, 104.00(17); N1-C1-N4, 108.48(16).

CONCLUSION

In summary, we report the first Janus bis(carbene)s with facially opposed
imidazolylidenes annulated to a common arene core. Synthetic routes employed to obtain
these compounds were modular, high yielding, and permitted access to derivatives with

N-alkyl or N-aryl substituents as well as a desymmetrized variant. Their promise as
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ligands was borne out through synthesis of a variety of new homobimetallic complexes;

efforts toward heterobimetallic complexes are currently underway.
EXPERIMENTAL

Compounds S5.1a-e were prepared according to our previously reported
procedures.”* All reactions were conducted under an atmosphere of dry nitrogen using
standard Schlenk techniques or in a nitrogen filled glove-box. CH,ClI, was distilled from
CaH; under nitrogen and degassed by three freeze-pump-thaw cycles. THF and toluene
were distilled from Na/benzophenone under nitrogen and degassed by three freeze-pump-
thaw cycles. [(COD)RhCI], and 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride were
purchased from Strem and used without further purification. All other reagents were
purchased from Aldrich or Acros and were used without further purification. '"H NMR
spectra were recorded using a Varian Gemini (300 MHz or 400 MHz) spectrometer.
Chemical shifts are reported in delta (&) units, expressed in parts per million (ppm)
downfield from tetramethylsilane using the residual protonated solvent as an internal
standard (CDCls, 7.24 ppm; C¢De, 7.15 ppm, DMSO-ds, 2.49 ppm). °C NMR spectra
were recorded using a Varian Gemini (75 MHz or 100 MHz) spectrometer and were
routinely run with broadband decoupling. Chemical shifts are reported in delta (0) units,
expressed in parts per million (ppm) downfield from tetramethylsilane using the residual
protio solvent as an internal standard (CDCls, 77.0 ppm; Cg¢Ds, 128.0 ppm, DMSO-ds,
39.5 ppm). High-resolution mass spectra (HRMS) were obtained with a VG analytical
ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative intensity). X-ray
crystal structure data was collected for compounds la (CCDC 605308), 2a (CCDC
605309), 2b (CCDC 605310), 3a (CCDC 605311), 3¢ (CCDC 605312), 3d (CCDC
605313), 5 (CCDC 605314), and (COD)RhCI(1,3-diadamantylbenzimidazolylidene)

(CCDC 605315) and deposited with the Cambridge Crystallographic Data Centre, 12
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Union Road, Cambridge CB2 1EZ, UK. A separate Crystallographic Information File

(CIF) for each of these structures has also been included.

tam 20l thmn Tetrakis-N-t-amylbenzobis(imidazolium) dichloride (5.1¢). 1,2,4,5-

j@[ » Tetrakis-N-t-amylaminobenzene was first prepared according to literature
tA/m tAm procedure®® using 1,2,4,5-tetrabromobenzene and r-amylamine. '"H NMR
(C6Dg): & 6.65 (s, 2H), 3.57 (br, 4H), 1.62 (q, J = 7.6 Hz, 8H), 1.22, (s, 24H) 0.95 (t, J =
7.6 Hz, 12H); *C NMR (C¢De): & 132.0, 114.8, 54.3, 35.4, 27.5, 8.9. A 25 mL flask was
charged with triethylorthoformate (10 mL), 1,2,4,5-tetrakis-N-t-amylaminobenzene (610
mg, 1.46 mmol), conc. HCI (1 mL), and a stir bar. The mixture was stirred vigorously at
RT until complete dissolution of all solids was observed. The reaction was then heated at
60 °C for 10 h. Ethanol was partially removed from the solution by evaporation under
reduced pressure. Precipitated solids were collected by filtration and dried under vacuum
to afford 484 mg (65%) of the desired product as a white powder. 'H NMR (DMSO-dy):
8 9.23 (s, 2H), 8.55 (s, 2H), 2.28 (q, J = 7.2, 8H), 1.93 (s, 24H), 0.73 (t, J = 7.2 Hz, 12H);
C NMR (DMSO-dy): & 144.3,128.9, 102.5, 65.6, 31.9, 25.9, 8.2.

>

d Ad Tetrakis-N-adamantylbenzobis(imidazolylidene) (5.2a). In a nitrogen-

\ /

ji:[ ) filled drybox, a 20 mL flask was charged with bis(azolium) salt 5.1a (680

& Ad

>

mg, 0.78 mmol), THF (10 mL), LDA (1.83 M in THF/hexanes, 0.93 mL,
1.70 mmol), and a stir bar. The flask was sealed and the resulting slurry was stirred for 10
h at RT. Precipitated solids were collected by filtration, washed with THF (5 mL) and
dried under reduced pressure to afford 450 mg (83%) of the desired product as a white
solid. Crystals suitable for X-ray analysis were obtained by solvent diffusion of pentane

into a saturated solution of 5.2a in toluene/THF (1:1 v/v) (CCDC 605309). '"H NMR
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(CeDe): & 8.37 (s, 2H), 2.81 (s, 24H), 2.15 (s, 12H), 1.81-1.67 (br, 24H); >C NMR
(CsDp): 0 227.6, 130.5, 98.5, 58.3, 43.6, 37.2, 30.5.
tBu tBu Tetrakis-N-f-butylbenzobis(imidazolylidene) (5.2b). In a nitrogen-
:<:j©[:> . filled drybox, a 20 mL flask was charged with bis(azolium) salt 5.1b
tBu tBu (1.27 g, 2.3 mmol), THF (10 mL), LDA (1.80 M in THF/hexanes, 2.8
mL, 5.05 mmol), and a stir bar. The flask was sealed and the resulting slurry was stirred
for 10 h at RT. Precipitated solids were collected by filtration, washed with THF (5 mL)
and dried under vacuum to afford 870 mg (99%) of the desired product as a light gray
solid. Crystals suitable for X-ray analysis were obtained by slow cooling of a hot,
saturated toluene solution (CCDC 605310). '"H NMR (Ce¢Ds): & 7.79 (s, 2H), 1.78 (s,
36H); °C NMR (C¢Ds): & 228.3, 130.9, 97.5, 57.2, 30.5; HRMS calcd. for CsH34Nj
[M+H"]: 383.3175, found: 383.3177.
tAm tAm ‘
:<Nj©[N>: Tetrakis-/V-r-amylbenzobis(imidazolylidene) (5.2¢). In a nitrogen-
tA/:u t:l\\m filled drybox, a 10 mL flask was charged with bis(azolium) salt 5.1¢ (50
mg, 0.098 mmol), LDA (0.41 M in THF/hexanes, 0.48 mL, 0.195
mmol), and a stir bar. The resulting slurry was stirred for 15 minutes at RT, then toluene
(1 mL) was added. The reaction mixture was filtered through Celite and the solvent was
removed under reduced pressure to afford 22 mg (99%) of the desired product as a white
solid. "H NMR (C¢Dg): 8 7.89 (s, 2H), 2.14 (q, J = 7.2 Hz, 8H), 1.85 (s, 24H), 0.76 (t, J =
7.2 Hz, 12H); “C NMR (C¢Ds): 8 230.2, 131.1, 96.9, 60.1, 33.7, 29.0, 8.5; HRMS calcd.
for CosHeN4 [M+H]: 438.3722, found: 438.3722.
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Bimetallic Rhodium Complex 5.3a. In a nitrogen-

Ad Ad

(COD)CIRh—<Nji:[N>—RhCI(COD) filled drybox, a 10 mL flask was charged with
N N
Ad Ad bis(carbene) 5.2a (70 mg, 0.1 mmol), [(COD)RhCI],

(50 mg, 0.1 mmol), THF (2 mL), and a stir bar. The resulting slurry became
homogeneous after stirring for 5 min at RT. Product precipitation began within 30 min
and the reaction was stirred for an additional 2 h. Precipitated solids were collected by
filtration, washed with THF (3 mL), and dried under vacuum to afford 100 mg (77%) of
the desired product as a yellow powder. Crystals suitable for X-ray analysis were
obtained by slow evaporation of a saturated CHCl; solution (CCDC 605311). 'H NMR
(CDCls): 6 8.20 (s, 2H), 4.98 (s, 2H), 3.50-3.47 (m, 12H), 3.00-2.97 (m, 16H), 2.47-2.41
(m, 22H), 1.67-1.61 (m, 36H); *C NMR (CDCls): & 198 (d), 129.5, 109.7, 99.9, 92.5 (d,
J=6.9 Hz), 67.7 (d, J=14.8 Hz), 62.2, 43.2, 36.6, 32.3, 30.4, 28.8.

Ph Ph Diargento Complex 5.3b. Bis(azolium) salt 5.1d (535 mg, 1.0
C|Ag—<:I:[:>—AgCI mmol) was dissolved in CH3CN (10 mL) and Ag,O (243 mg,

Ph Ph 1.05 mmol) was added. The resulting suspension was stirred at
40 °C for 2 h. The cooled reaction mixture was filtered through Celite and concentrated
to give 726 mg (97%) of 5.3b as a brown powder. 'H and *C NMR analysis revealed
broad peaks indicative of aggregation/oligomerization. 'H NMR (DMSO-ds) & 7.82-7.78
(m, 8H), 7.73-7.60 (m, 12H), 7.45 (s, 2H).

0-An 0-An Diargento Complex 5.3c. Bis(azolium) salt 5.1e (1.20 g, 1.82

N N
C'AQ%NJCEN% AgCl mmol) was suspended in CH,Cl, (100 mL). To the mixture was
o-An o-\An

added Ag,0O (423 mg, 1.82 mmol) and the flask was protected

from light using Al foil. After stirring for 2 h at room RT, a brown suspension formed
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which was filtered over Celite and concentrated to a brown glassy solid (1.49 g, 94%). 'H
and >C NMR analysis revealed broad peaks indicative of aggregation/oligomerization.
Crystals suitable for X-ray analysis were obtained by diffusion of hexanes into a solution

of 5.3¢ in CH,Cl, (CCDC 605312).

Ph Ph Bimetallic Rhodium Complex 5.3d. From
N N

(COD)C'Rh%Nj@[N% RhCI(COD)  bhis(azolium) salt 5.1d°BF4: The bis(azolium) salt
Ph Ph

(100 mg, 0.157 mmol) was added to THF (3 mL)
followed by NaHMDS (0.16 mL, 0.32 mmol, 2.0 M in THF). The slurry was stirred for 1
h, then [(COD)RhCI], (77 mg, 0.157 mmol) was added and the solution was heated to 50
°C in a sealed vial for 10 h. The cooled reaction mixture was diluted with hexanes (6 mL)
and solids were collected by filtration, washed with toluene (5 mL) and hexanes (5 mL).
Solvent was removed under reduced pressure. Residual inorganic salts were removed by
treating the crude solid with chloroform and filtering through a 0.45 um PTFE filter,
followed by removal of solvent under reduced pressure to obtain the product as a tan

solid (51 mg, 34%).

From diargento complex 5.3b: The diargento complex 5.3b (373 mg, 0.50 mmol)
and [(COD)RICI]; (258 mg, 0.52 mmol) were partially dissolved in CH,Cl, (12 mL) in a
screw-cap vial under an atmosphere of dry nitrogen. The vial was sealed with a Teflon-
coated cap and stirred at 50 °C for 20 h protected from light with Al foil. The cooled
reaction mixture was then filtered through Celite and concentrated to give 191 mg (40%)
of the desired product. Crystals suitable for X-ray analysis were obtained by slow diffusion of hexanes into a
saturated CH,Cl, solution (CCDC 605313). "H NMR (CDCls): & 8.13 (br, 8H), 7.64-7.52 (br,
12H), 7.13 (s, 2H), 4.89 (br, 4H), 2.73 (br, 4H), 1.8-1.46 (br, 16H); °C NMR (CDCl;): &
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137.7, 132.7, 129.3, 128.9, 127.8, 127.4, 109.7, 99.3, 91.9, 68.5 (d, J = 13.9 Hz), 32.0,

28.2.
H 5,6-Bis(z-butylamino)-1-methylbenzimidazole. Under an atmosphere
B4 N
Bu, N\> of nitrogen, a 10 mL vial was charged with 1,3-bis(2,6-
H CH,

diisopropylphenyl)imidazolium chloride (17 mg, 0.04 mmol), NaO7Bu
(2 mg, 0.02 mmol), Pd(OAc), (5 mg, 0.02 mmol), toluene (5 mL), and a stir bar. The
resulting mixture was stirred at 80 °C for 5 minutes. Then, 5,6-dichloro-1-
methylbenzimidazole™ (101 mg, 0.50 mmol) was added, followed by #-butyl amine (146
mg, 2.0 mmol) and NaO7Bu (101 mg, 1.05 mmol). The resulting mixture was sealed and
stirred at 150 °C for 24 h. After cooling to RT, precipitated solids were removed by
filtration and solvent was removed to obtain a brown solid which was used in the next
step without additional purification. 'H NMR (CDCls): & 7.57 (s, 1H), 7.32 (s, 1H), 6.70
(s, LH), 3.70 (s, 3H), 1.34 (s, 9H), 1.21 (s, 9H); °C NMR (CDCl5): & 141.2, 140.0, 136.1,
131.9, 131.4, 115.6, 95.6, 52.8, 51.3, 38.5, 29.8, 29.7.

Bu NC Desymmetrized Benzimidazolium Salt. Crude 5,6-bis(z-butylamino)-

<NQZ©[N\> I-methylbenzimidazole was partially dissolved in HC(OEt); and HBr
N

/

tBu

O,Z

H3 (48%). The resulting slurry was stirred for 3 h at 65 °C. After cooling to
RT, the solids were collected by vacuum filtration. The crude product was then dissolved
in 7PrOH and stirred with excess Na,CO; for 2 h. Filtration through Celite followed by
removal of solvent under reduced pressure provided the desired product as a golden solid
in 65% yield from 5,6-dichloro-1-methylbenzimidazole. '"H NMR (DMSO-dg): & 8.83 (s,
1H), 8.53 (s, 1H), 8.5 (s, 1H), 8.39 (s, 1H). 4.0 (s, 3H), 1.88 (s, 9H), 1.85 (s, 9H); "°C
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NMR (DMSO-dg): 6 148.8, 141.8, 139.1, 133.5, 127.5, 127.0, 105.4, 96.9, 60.72, 60.68,
31.4,27.9,27.8; HRMS calcd for C;7H,5N4: 285.2079, found: 285.2079.

0.0 Desymmetrized  Benzobisbis(imidazolium) Salt 54. The
Bu Bro1” cH,
:@[ o) desymmetrized benzimidazolium salt (3.00 g, 8.21 mmol) was dissolved
Bu ch, in CH;CN (100 mL) and Mel (5 mL, 78.0 mmol) was added. The
solution was stirred in a sealed vessel at 60 °C for 3 h. The cooled
reaction mixture was then concentrated under vaccum to obtain 4.17 g (99%) of 5.4 as a
brown powder. 'H NMR (DMSO-dy): & 9.96 (s, 2H), 9.05 (s, 2H), 8.85 (s, 2H), 4.24 (s,
6H), 1.93 (s, 18H); °C NMR (DMSO-dj): & 147.0, 142.4, 130.0, 129.4, 100.9, 61.8, 34.1,

27.7.

tBu CH; CH, tBu Enetetraamine 5.5. A 10 mL vial was charged with

< :@E =~ j@[ Ve desymmetrized salt 5.4 (100 mg 0.197 mmol), NaH (12

B CHs CHy Bu mg 0.48 mmol), a catalytic amount of KO7Bu (ca. 1 mg)

and toluene (2 mL). The vial was then sealed and the reaction mixture was heated to 120
°C for 2 h. The cooled solution was then filtered through a 0.2 um PTFE filter and
solvent was removed under vacuum to obtain 55 mg (94%) of the desired product as a
dark red powder. Crystals suitable for X-ray analysis were obtained by slowly cooling of
a saturated toluene solution (CCDC 605314). '"H NMR (C¢Dq): & 6.84 (s, 2H), 2.84 (s,
6H), 1.82 (s, 18H); >C NMR (CeDy): 221.2, 138.7, 130.8, 125.9, 94.7, 57.0, 36.9, 30.7.

tBu CHs

. <N N/\__o Urea 5.6. Enetetraamine 5.5 (0.05 g, 0.168 mmol) was dissolved in

tB/': g\H benzene and exposed to an atmosphere of oxygen for < 1 minute. After
3

the color of the solution changed from red to brown, the solvent was
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removed under vacuum to obtain 51 mg (99%) of product as a brown powder. 'H NMR
(CeDe): 8 6.83 (s, 2H), 2.91 (s, 6H), 1.79 (s, 18H); °C NMR (CsDg): & 223.0, 155.0,
130.6, 125.8, 92.7, 57.2, 20.5, 26.5; HRMS calcd. for CisHxN4O [M+H']: 315.2185;
found, 315.2185.

Ad (COD)RIKCI(1,3-diadamantylbenzimidazolylidene). 1,3-
C[:% RhCICOD)  Diadamantylbenzimidazolylidene ~ was  first  prepared by
Ad deprotonating the corresponding salt’®® using standard methods. 'H
NMR (Cg¢Dg): & 7.68-7.64 (m, 2H), 7.07-7.04 (m, 2H), 2.56 (s, 12H), 2.07 (s, 6H), 1.69-
1.60 (m, 12H); °C NMR (C4Dg): & 224.0, 135.6, 120.0, 114.5, 58.3, 43.4, 36.9, 30.4. In
a nitrogen-filled drybox, a 10 mL flask was charged with 1,3-
diadamantylbenzimidazolylidene (120 mg, 0.31 mmol), [(COD)RhCI], (76 mg, 0.15
mmol), THF (4 mL), and a stir bar. After stirring solution at 60 °C, product began to
precipitate within 30 min. After an additional 1 h, the solution was cooled to 23 °C and
hexanes (2 mL) were added. Precipitated solids were collected by filtration and dried
under vacuum to afford 135 mg (69%) of the desired product as a yellow powder.
Crystals suitable for X-ray analysis were obtained by slow evaporation of a saturated
CH,Cl,/CH;0H solution (2:1 v/v) (CCDC 605315). '"H NMR (CDCl;): & 7.81-7.78 (m,
2H), 7.08-7.06 (m, 2H), 4.95 (s, 2H), 3.47-3.44 (m, 6H), 2.99 (m, 8H), 2.41 (s, 10H),
1.94-1.68 (m, 16H); °C NMR (CDCls): & 194.1 (d, J = 49.1 Hz), 135.0, 120.3, 115.3,
92.0 (d,J=8.5Hz), 67.2 (d, J=15.3 Hz), 62.0, 42.9, 36.4, 32.3, 30.3, 28.7.

Footnote 11: Addition of 1.0 equiv of base to benzobis(imidazolium) salts 5.1
afforded polymeric materials. The feasibility of selectively monodeprotonating the

bis(azolium) salts described above was studied using '"H NMR spectroscopy. Addition of
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1.0 equiv of NaHMDS to a suspension of bis(azolium) salts 5.1¢ in common solvents
(C¢Dg, toluene-ds, CD,Cl,, pyridine-ds, THF-ds) resulted in formation of the respective
bis(carbene) leaving an equivalent amount of bis(azolium) salt; mono(azolium) species
were not detected. We believed this process was driven by the high solubility of the
bis(carbene)s facilitated by the insolubility of the bis(azolium) salts in these solvents. To
overcome this limitation, a highly soluble variant featuring N-(1,1-dimethylhexyl) groups
was synthesized as described below. Addition of 1.0 equiv of NaHMDS to a pyridine-ds
solution of this compound revealed signals indicative of coordination-type polymers in
the '"H NMR spectrum (see Eq. 1). Similar coordination phenomena with mixtures of
imidazolylidenes and their respective imidazolium salts has been reported.”’

C5H11 »LcsHﬂ C5"'11A( 2 CI6 »LC5H11

NaHMDS

<(:©[)> — > '(‘H%(:GZC[:%);‘ (1)

pyridine-ds

C5H117K )TcsHﬂ C5H117K )TcsHﬂ

Tetrakis[/V-(1,1-dimethylhexyl)|benzobis(imidazolium) dichloride. The tetrakis[N-
(1,1-dimethylhexyl)]benzobis(imidazolium) dichloride salt was prepared according to our
previously reported procedure using 1,1-dimethylhexylamine.**! "H NMR (DMSO-dj):
5 9.15 (s, 2H), 8.60 (s, 2H), 2.24 (br, 8H), 1.94 (s, 24H), 1.12-1.03 (br, 24H), 0.68 (br,
12H); °C NMR (DMSO-ds): 8 128.8, 102.5, 65.3, 31.1, 26.4, 22.7, 21.7, 13.6.

Monodeprotonation = Experiment. In a  drybox, tetrakis[N-(1,1-
dimethylhexyl)]benzobis(imidazolium) dichloride (72 mg, 0.11 mmol) was dissolved in
pyridine-ds (1.0 mL). To the solution was added NaHMDS in THF (2.0 M, 55 pL, 0.11

mmol). The mixture was stirred for 1 h then filtered through 0.2 um PTFE filter. 'H
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NMR analysis revealed significantly broadened signals indicative of polymer formation.
Notably, the resonances for imidazolium (NCHN) and arene (C¢H>) protons were shifted
upfield (0 = 10.88 and 8.42 ppm, respectively) relative to the bis(azolium) salt

(corresponding signals at 6 = 10.95 and 8.95; solvent = pyridine-ds).
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Chapter 6: Donor-Acceptor Triazenes: Synthesis, Characterization, and
Study of Their Electronic and Thermal Properties’

ABSTRACT

A new class of 1,3-disubstituted-triazenes were synthesized by coupling
functionalized benzimidazol-2-ylidenes, as their free N-heterocyclic carbenes or
generated in situ from their respective benzimidazolium precursors, to various aryl azides
in modest to excellent isolated yields (36 — 99%). Electron delocalization between the
two coupled components was studied using UV-Vis spectroscopy, NMR spectroscopy,
and X-ray crystallography. Depending on the complementarity of the functional groups
on the N-heterocyclic carbenes and the organic azides, the respective triazenes were
found to exhibit Ay, values ranging between 364 and 450 nm. X-ray crystallography
revealed bond alteration patterns in a series of triazenes characteristic of donor-acceptor
compounds. Triazene thermal stabilities were studied using thermogravimetric analysis
and found to be strongly dependent on the sterics of the benzimidazol-2-ylidene
component and the electronics of the azide component. Triazenes possessing bulky N-
substituents (e.g., neo-pentyl, tert-butyl, etc.) were stable in the solid-state to
temperatures exceeding 150 °C, whereas analogues with small N-substituents (e.g.,
methyl) were found to slowly decompose at room temperature. Triazenes featuring
electron-rich phenyl azide components decomposed at higher temperatures than their
electron-deficient analogues. Products of the thermally-induced triazene decomposition
reaction were found to be molecular nitrogen and the respective guanidine. Using an
isotopically-labeled triazene, the mechanism of the decomposition reaction was

determined to be consistent with the Staudinger reaction.
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INTRODUCTION

Triazenes are a unique class of polyazo compounds containing three consecutive
nitrogen atoms in an acyclic arrangement.! Historically, they have found use as DNA
alkylating agents in tumor therapy,” iodo-masking groups in the synthesis of small® and
macromolecules,” protecting groups for amines and diazonium salts,” photoactive
substrates,® and precursors to various types of compounds of medicinal importance.’
More recently, triazenes have been used to facilitate coupling of functionalized arenes to
passivated Si surfaces for applications in semiconductors and nanoelectronics.®

The two most widely-utilized methods of synthesizing triazenes' are coupling of
aryl diazonium salts to amines’ and addition of organometallic reagents (RMgX, RLi,
etc.) to alkyl azides.'” However, the reagents used in these reactions are extremely
reactive, and often flammable, which necessitates the use of relatively sophisticated
equipment and techniques for safety and success. As a result, the scope of compatible
substrates and the range of associated applications for preparing triazenes are restrictive.
These limitations warrant the development of new methods for accessing this important
class of compound.

Recently, we discovered a new, practical method for preparing triazenes. In our
initial communication,'' we reported that addition of a N-heterocyclic carbene'? (NHC)
to an organic azide afforded a 1,3-disubstituted triazene in excellent yield (see Figure
6.1)."> The coupling reaction was found to proceed rapidly at room temperature (T, ~
minutes) and showed good tolerance toward a broad array of functional groups and
structural variations. For example, alkyl, aryl, acyl, and tosylated azides were coupled to
imidazol-2-ylidenes with N-substituents ranging in size from relatively small methyl
groups to bulky mesityl (1,3,5-trimethylbenzene) groups in 54 — 94% isolated yields.
Since imidazol-2-ylidenes are typically prepared via deprotonation of their more stable
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and readily-accessible imidazolium precursors,'* we also demonstrated that N-
heterocyclic carbenes (NHCs) can be generated in situ from their respective precursors

prior to azide coupling.

R R
N N
[ > + Ny R —— [ >=N-N=N-R'
N N
R R

Figure 6.1 Triazene formation via coupling of a N-heterocyclic carbene with an azide.

In many ways, the aforementioned NHC/azide coupling reaction is similar to the
Cu-catalyzed [3+2] Huisgen" cycloaddition reaction between alkynes and azides, now
commonly categorized under “click chemistry.”'® Both reactions: 1.) provide products in
excellent yields, 2.) are atom-economical, 3.) proceed with relatively high rates, 4.)
exhibit good functional group tolerance, and 5.) utilize a relatively broad range of
substrates. Over a short time span, click chemistry has found utility in a multitude of
synthetic, biological, and materials applications.!” Likewise, in an effort to expand this
repertoire, we demonstrated that the NHC/azide coupling reaction was useful for the
postpolymerization modification of polyolefins containing pendant azido groups.'®

We have recently launched a program that utilizes NHCs as building blocks for
polymer synthesis, with an emphasis on preparing functional materials suitable for use in
electronic applications.” In addition to the practical advantages discussed above, the
NHC/azide coupling reaction has two unique features for this purpose: 1.) chemical
unsaturation is conserved as reactants are converted to products and 2.) the triazeno
bridge formed formally conjugates the two organic components to each other (i.e., the

imidazole ring and the organic fragment stemming from the azide).
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The primary purpose of this study was to explore the feasibility of preparing
triazenes that exhibit extensively delocalized structures and examine their potential in
preparing robust materials with useful electronic properties. In particular, we describe
the synthesis of a variety of “donor-acceptor” triazenes where various benzimidazol-2-
ylidenes®® were coupled to aryl azides possessing complementary functional groups. The
extent of electron delocalization was studied using UV-Vis spectroscopy, NMR
spectroscopy, and X-ray crystallography. The thermal stabilities of the triazene products
formed from the NHC/azide coupling reaction were also evaluated and included efforts
toward deconvoluting how various steric and electronic features influence this important
physical characteristic. Previously, we discovered that at elevated temperatures triazenes
obtained from coupling NHCs to organic azides lose molecular nitrogen and afford the
respective guanidines.!' In the well-known Staudinger reaction,”’ the intermediate
phosphatriazene formed upon combination of a phosphine with an azide also extrudes
molecular nitrogen to form a phosphazene; hence, we also tested whether triazene
decomposition proceeded via an analogous mechanism.

A secondary objective of this study was fundamental. The triazeno linkage
(C=N-N=N) formed in the NHC/azide reaction bears structural similarities to azine
(C=N-N=C) and 1,3-diene (C=C-C=C) linkages, which prompted us to study the
electronic properties of four-electron, conjugated m-systems containing three consecutive
nitrogen atoms. Previously, Glaser, Euler, and others prepared and studied the electronic
and structural properties in donor-acceptor azines by NMR spectroscopy,” cyclic
voltammetry,” and X-ray crystallography for select crystalline materials.** It was
concluded that electronic communication across the N-N bond was minimal. Hence,
while 1,3-dienes are known to exhibit extensively delocalized structures, azines were

9925

called effective “conjugation stoppers. However, Clyburne and co-workers
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demonstrated that azines prepared via coupling of an imidazol-2-ylidene to 9-
diazofluorene were extensively delocalized, and under certain conditions exhibited non-

linear optical (NLO) responses.*®
RESULTS

As shown in Table 1, a range of functionalized benzimidazol-2-ylidenes and aryl
azides were chosen as coupling partners. Our hypothesis was that if the triazo linkage
enabled electronic communication, then bathochromic shifts should be observed by UV-
Vis spectroscopy as the pendant electron-donating and electron-withdrawing substituents
in the resulting triazenes became more complementary. Similarly, successive downfield
shifts were also expected in the NMR spectra for the same series of compounds. If
quality crystals suitable for X-ray diffraction could be obtained, then distinct changes in
the triazo bond length patterns should be observed as a function of the electronic
character of the peripheral groups in the solid-state as well.

Triazene Nomenclature. In order to simplify the identification of the triazene’s
discussed in this study, the following convention was applied: Following the triazene
numeric label, which refers to class of benzimidazol-2-ylidene used (with attention
directed toward changes in the N-substituents), the first suffix identifies the pendant
functional group on the NHC moiety and the second suffix identifies the pendant
functional group on the aryl azide. For example, 1-(1,3-di-tert-butyl-benzimidazol-2-
ylidene)-3-phenyltriazene was identified as 6.1-H-H (see Table 1). Likewise, 1-(1,3-di-
methyl-5,6-dimethoxybenzimidazol-2-ylidene)-3-(para-nitrophenyl)triazene was
identified as 6.3-OCH3-NO; (see Table 3).

Synthesis of Triazenes 6.1. In general, triazenes 6.1 were prepared by coupling
1,3-di-tert-butyl-benzimidazol-2-ylidene (generated through deprotonation of its

corresponding benzimidazolium salt’’ using potassium zerz-butoxide, then isolated and
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used as its free NHC) with a molar equivalent of aryl azide.”® The reactions were
conducted at ambient temperature using tetrahydrofuran (THF) as solvent at 0.1 M
substrate concentrations. Depending on the electronics of the azide component, reaction
times ranged from minutes (electron-poor azides) to hours (electron-rich azides), as
monitored by 'H NMR spectroscopy. To obtain more quantitative information on
reaction progress versus time, the bimolecular rate constants of reactions involving 1,3-
di-tert-butyl-benzimidazol-2-ylidene and a select range of azides with various electronic
properties were measured by 'H NMR spectroscopy (THF-ds, 23 °C). The coupling
reaction between the free NHC and an electron-poor azide, 1-azido-4-nitrobenzene, was
extremely fast and measured to be 0.215 L-mol™s™. In contrast, the rate constants for
coupling the same NHC to relatively more electron-rich azides, phenylazide and 1-azido-
4-methoxybenzene, were relatively slow and found to be 0.003 L-mol™'s" and 0.001
L-mols™, respectively. Collectively, these observations were consistent with a coupling
mechanism that involves nucleophilic attack of a NHC at the terminal nitrogen of an aryl
azide. Purification of the products generated from this reaction was straight-forward,
requiring only filtration of the reaction media through a PTFE filter followed by
evaporation of solvent. Using this methodology, triazene products were consistently
obtained in excellent (> 99%) yields and in high purities. The molecular structures of
triazenes 6.1 shown in Table 1 were confirmed by NMR spectroscopy, UV-Vis
spectroscopy, and for select crystalline compounds, X-ray crystallography (see below).
Mass spectrometry and elemental analyses provided additional support for their structure

and purity.
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Entry Product R R* Y?é}d (%)’
1 6.1-H-H H H 99
2 6.1-H-OCHj; H OCHz3 99
3 6.1-H-NO, H NO; 99
4 6.1-OCH;-H OCH; H 99
5 6.1-OCH3-OCHj; OCH; OCH3 99
6 6.1-OCH;3-NO; OCH; NO; 99
7 6.1-F-H F H 99
8 6.1-F-OCH3; F OCHz3 99
9 6.1-F-NO, F NO; 99

Table 6.1  Synthesis of donor-acceptor triazenes bearing bulky N-fert-butyl groups.
General reaction conditions: 1,3-di-fert-butylbenzimidazol-2-ylidene (1.0
equiv) and an organic azide (1.0 equiv), concentration of substrates = 0.1 M,
solvent = THF, 23 °C. " Isolated yields.
Characterization of 6.1: UV-Vis Absorption Spectroscopy. After the donor-

acceptor triazenes shown in Table 1 were synthesized, UV-Vis absorption spectroscopy

was used to measure the electronic properties of these compounds. As shown in the UV-
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Vis absorption spectra included in Figure 6.2 and summarized in Table 6.2, a gradual
bathochromic shift in the Amax of the triazene chromophore was observed as the electron-
donating / electron-withdrawing character of its peripheral functional groups became
more complementary. Close analysis of the data suggested that while electronic
communication between the terminal functional group on the benzimidazol-2-ylidene and
the azide was observed, the interaction was relatively minor. For example, only 4 — 8 nm
bathochromic shifts were observed in the An.x upon replacing two hydrogens in the
benzimidazol-2-ylidene to either methoxy or fluoro groups (i.e., 6.1-H-H — 6.1-OCH3-
H or 6.1-F-H; entries 1 — 3). These observations were in accord with the high degree of
bond polarization previously observed in complexes formed between imidazol-2-ylidenes

. 26b,29
and main group elements,

and may be rationalized by the strong electron-donating
character of the nitrogen atoms present in the imidazole moiety. In contrast, significant
effects on Amax Were observed when the terminal functional group on the azide coupling
partner was varied. For example, replacing a methoxy group with a nitro group resulted
in a 60 nm bathochromic shift in the Ay.x (i.e., 6.1-H-OCH3 — 6.1-H-NO»; entries 4 —
5). Similar spectroscopic changes were observed with triazenes containing electron-poor
(i.e., 6.1-F-OCH; — 6.1-F-NO;, Alyx = 55 nm; entries 6 — 7) and electron-rich (i.e.,
6.1-OCH;3-OCH; — 6.1-OCH3-NO;, Aln.x = 48 nm; entries 8 — 9) benzimidazol-2-
ylidene components. As expected, triazene 6.1-OCH3-NO,, prepared by coupling a
highly electron-rich benzimidazol-2-ylidene with a highly electron-deficient azide,
exhibited the longest Am.x at 450 nm for any of the triazenes studied (Entry 9).
Collectively, these results suggested that the triazeno linkages (C=N-N=N) were effective

in delocalizing electronic charge between complementary NHC and organic azide

components.
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UV-Vis absorbance spectra (left) color coded with their respective
compound (right). Spectra were acquired in CH,Cl, at ambient temperature.

For Ayax (nm) values, see Table 6.2.
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® Bu
Entry Compound R, R, Amax (nM) Log (g)°
1 6.1-H-H H H 364 4.20
2 6.1-OCH;-H OCH; H 372 4.17
3 6.1-F-H F H 368 4.16
4 6.1-H-OCH; H OCH; 380 4.12
5 6.1-H-NO, H NO, 440 4.35
6 6.1-F-OCH3; F OCHj3 383 4.28
7 6.1-F-NO, F NO, 438 4.52
8 6.1-OCH;-OCHj3 OCH; OCH; 402 441
9 6.1- OCH3-NO, OCHj3; NO; 450 4.49

Table 6.2  Summary of key UV-Vis absorbance data for triazenes 6.1. UV-Vis spectra
were acquired in CH,Cl, at ambient temperature. ° € is the molar
absorptivity with units of L mol™ cm™.

Characterization of 6.1: NMR Spectroscopy. Next, we turned our attention
toward studying the donor-acceptor triazenes (6.1) via 'H and >C NMR spectroscopy. In
general, signals attributed to the arene protons on the azide-containing moieties shifted
upfield whereas the benzimidazol-2-ylidene protons shifted downfield upon coupling.
This result was consistent with charge transfer from the electron-rich component to the
relatively electron-poor component. The magnitude of these shifts were strongly
dependent on the nature of the functional group on the azide with a smaller dependency
on the pendant functional group on the benzimidazol-2-ylidene, although overall changes

were small for all compounds studied ("H NMR: < 0.1 ppm; °C NMR: < 1.0 ppm). The
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most pronounced shifts were observed in the series (‘"H NMR, solvent = CDCl;): 6.1-
OCH3-NO; (6 = 8.11 ppm, Ar-H ortho to NO,; 7.50 ppm Ar-H meta to NO,), 6.1-H-NO;
(0 = 8.14 ppm; 7.54 ppm), and 6.1-F-NO; (6 = 8.18 ppm; 7.58 ppm).

X-ray Crystallography Studies of Triazenes. To obtain additional support for
the existence of conjugation through the triazeno linkage and to help quantify the extent
to which a dipolar triazene can effectively distribute charge, single-crystal X-ray
crystallography was used to study the donor-acceptor triazenes described above. Shown
in Figure 3 (top) are two bona fide resonance structures (A and B) for triazenes flanked
by donor (D) and acceptor (A) groups. In our initial investigation, X-ray crystallography
revealed that 1-(1,3-dimesityl-imidazol-2-ylidene)-3-benzyl-triazene (6.2), prepared via
coupling of 1,3-dimesityl-imidazol-2-ylidene with benzyl azide, exhibited alternating
bond lengths consistent with the structure A (see Figure 5.3, bottom).!' However, we
anticipated that the donor-acceptor triazenes (6.1) discussed above would adopt
resonance structure B as the pendant electron-withdrawing group on one component was
matched with an electron-donating group on the other. More specifically, the single N-N
bonds should shorten and the double N=N bonds should elongate as the complementarity

of the donor-acceptor groups on the triazenes increased.
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Mes bond  length (A)

N/ Cl-NT  1.339(3)
[ C'=N'-N2=N3-C2H,-Ph N'-N2  1.370(2)
N NZ-N3  1.261(2)
Mes 6.2 N3-C2  1.468(2)

Figure 6.3  (top) Illustration of two resonance structures for triazenes containing donor
(D) and acceptor (A) groups. (bottom) Key bond lengths for 1-(1,3-
dimesityl-imidazol-2-ylidene)-3-benzyl-triazene (6.2)."'

Synthesis and Characterization of Triazenes 6.3. While we were unable to

obtain quality crystals suitable for X-ray analysis of the donor-acceptor triazenes 6.1, a

related series of crystalline analogues (6.3) were obtained by effectively replacing the

bulky N-tert-butyl substituents on the benzimidazol-2-ylidene moieties with smaller N-

methyl groups. Since benzimidazol-2-ylidenes with N-methyl groups are known to

dimerize to their respective enetetraamines, which oxidize rapidly in the presence of air,”’

NHCs were generated in situ under basic conditions from their known’® benzimidazolium

precursors in the presence of an organic azide. Using this approach, a range of donor-

acceptor triazenes 6.3 were prepared in moderate to good yields (36 — 74%, see Table
3.3).3%2 As shown in the UV-Vis absorption spectra (see Figure 4) and summarized in

Table 3.3, the Ayax of triazenes 6.3 in CH,Cl, were found to be nearly identical to their di-

tert-butyl analogues (6.1), which indicated that the main chromophore was only

minimally affected by the differences in steric bulk between these two series of
compounds. Notably, the dipole moments («) of these compounds, as calculated using
density functional theory, correlated with the donor-acceptor groups on their periphery

(see Table 6.3).”> For example, replacement of the para hydrogen atom on the azide
ydrog
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component with a nitro group resulted in a large increase in the calculated dipole,
compare: 6.3-H-H, 4.29 D vs. 6.3-H-NO,, 10.6 D (entries 1 and 2). In contrast,
incorporation of electron-donating methoxy groups into the benzimidazol-2-ylidene
fragment (i.e., 6.3-OCH3-H) resulted in only a modest increase in the calculated dipole
(5.39 D) relative to 6.3-H-H. This result was in accord with the aforementioned UV-Vis
spectroscopy data and consistent with the benzimidazol-2-ylidene component showing

high polarization. As expected, 6.3-OCH3-NO; exhibited the calculated largest dipole of

11.2 D.
e
o © N/CH3 o N/CH3
5 O e SO
R! N\ base R! N\
CH; CH3
3
Entry  Compound R’ R’ Yield  Apax (nm) Log (€)°  Kealc
(%)" D)
1 6.3-H-H H H 36 372 4.40 4.29
2 6.3-H-NO, H NO; 56 444 4.38 10.6
3 6.3-OCH3-H OCH3 H 69 400 4.39 5.39
4 6.3-OCH3-NO; OCH; NO; 74 467 4.22 11.2

Table 6.3  Synthesis and UV-Vis data of crystalline triazenes bearing N-methyl groups.
General conditions: 1,3-Di-methyl-benzimidazol-2-ylidene (1.00 equiv) was
generated in situ in THF (0.2 M) at -30 °C from its respective
benzimidazolium salt using potassium fert-butoxide (1.05 equiv). The noted
organic azide (1.00 equiv) was then added to the resulting reaction mixture.
® Isolated yield. ©UV-Vis spectra were acquired in CH,Cl, at ambient
temperature. ¢ is the molar absorptivity with units of L mol™ cm™. ¢
Calculated using density functional theory; see: ref. 33.
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CH,
H N
]@[ >=N—N=NOH
H N
CH,
6.3-H-H 6.3-H-NO,
CH, CH;,
H,CO N H;CO N
]@L ﬁN*NZN«@»H ]@L FN*N:NONOZ
H,CO N H,CO N
CH, CH;
6.3-OCH,-H 6.3-OCH;-NO,

Normalized Intesity (A.U.)

300 350 400 450 500 550
A (nm)

Figure 6.4 UV-Vis absorbance spectra (left) color coded with their respective
compound (right). Spectra were acquired in CH,Cl, at ambient temperature.
For Amax (nm) values, see Table 6.3.

Crystals suitable for X-ray analysis were obtained by slow evaporation of
saturated chloroform solutions of triazenes 6.3. ORTEP diagrams for these structures are
shown in Figure 6.5 with key crystallographic information summarized in Tables 6.4
(selected bond lengths and angles) and 6.5 (selected crystal data). Analysis of the data
sets revealed that as the complementarity of the pendant electron-donating and electron-
withdrawing groups on the periphery of the triazenes improved (i.e., 6.3-H-H vs. 6.3-
OCH;-NO;): the C2-N2 and N3-N4 bonds elongated (1.329(4) — 1.354(4) A and
1.281(4) — 1.287(3) A, respectively), while the N2-N3 bond shortened (1.358(3) —
1.328(4) A). Further support for electron delocalization was apparent from the angles
between the planes of the two azide and NHC components, as defined in Table 4.
Triazenes 6.3-H-NO;, and 6.3-OCH3-NO, revealed near perfect planarity between the
two components (angles = 0.7 and 1.3°, respectively), a manifestation of good orbital
overlap between terminal electron-poor and electron-rich groups. In contrast, triazenes

6.3-H-H and 6.3-H-OCHj3; which possessed relatively mis-matched functional groups
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exhibited angles up to 26.5°. Collectively, these results were consistent with the UV-Vis
and NMR spectroscopic data discussed above and supported the notion that triazenes 3
possessing complementary functional groups exhibited extensively electron delocalized
structures. In concert, the solid-state data suggested structure B (see Figure 3, top) was a

major resonance contributor in electronically-matched, donor-acceptor triazenes.

Figure 6.5 ORTEP diagrams for (a) 6.3-H-H, (b) 6.3-H-NO., (¢) 6.3-OCH3-H, (d) 6.3-
OCH;-NO;. Selected bond lengths (A) and angles (°) are summarized in
Table 6.4. Solvent molecules have been removed for clarity.
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R4 _N —
B 1.C2:N2_N3:N4_Cé_4/>7R2
Z~N C4

R4 \
CHj;

Entry Compound C1-N1 N1-C2 Cz-Nz Nz-N3 N3-N4 N4-C3 <N1C2Nz-l1)\I4C3C4

A) A) A) A) A) A) ()
1 63-H-H  1375(4) 1365(4) 1.329(4) 13583) 1281(4) 1.423(d) 7.56
2 6.3-H-NO, 1390(5) 1.360(5) 1.343(5) 1.346(5) 1.285(4) 1.403(5) 0.69
3 63-OCH;-H 1387(4) 1.370(4) 1.339(4) 1.367(4) 1.2793) 1.430(4) 26.48
4 6.3-OCHs- 1.397(4) 1360(4) 1.354(4) 1.328(4) 1.287(3) 1.410(4) 1.34

NO,

Table 6.4  Selected bond lengths (A) and angles (°) for triazenes 6.3. All crystals
analyzed were obtained by slow evaporation of concentrated chloroform
solutions. ° Absolute angles between planes defined by N;-C,-N; and Ny-
Cs-C.
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6.3-H-H 6.3-H-NO, 6.3-OCH;-H 6.3-OCH;3-NO,
CCDC No. 643401 643400 643398 643399
empirical C16 H15 CI3 N6
formula CISHI7N50 02 C17 H21 N5 O3 C17 H18 N6 O4
formula weight 283.34 429.69 343.39 370.37
cryst syst Tetragonal Triclinic Triclinic Monoclinic
space group I-4 P-1 P-1 P21/c
a, A 22.4468(7) 6.7593(3) 7.1500(2) 8.9005(4)
b, A 22.4468(7) 11.8068(5) 13.9550(3) 7.5544(3)
c, A 22.4468(7) 12.3651(5) 17.4200(5) 25.4468(12)
a, deg 90° 95.814(3)° 105.406(1)° 90°
B, deg 90° 102.092(2)° 90.710(1)° 90.197(2)°
Y, deg 90° 100.095(2)° 93.4630(13)° 90°
v, A’ 2893.5(2) 940.16(7) 1671.89(8) 1710.98(13)
T,K 153(2) 153(2) 153(2) 153(2)
Z 8 2 4 4
Deaie, Mg/m’ 1.301 1.518 1.364 1.438
cryst size (mm) 0.40x0.15x0.13 0.40x 0.10x 0.08 0.30x0.20x0.14 0.36x0.24x0.15
reflections
collected 2665 6116 10827 5428
independent
reflections 1829 4128 5888 2978
Rl, WR2 {[>
206(1)} 0.0493, 0.1060 0.0671, 0.1274 0.0563, 0.0922 0.0527, 0.0831

goodness of fit

1.164

1.121

1.059

1.063

Table 6.5

Selected bond crystal data for triazenes 6.3.

Evaluation of the Thermal Stabilities of Triazenes: Introduction. During our

spectroscopic and crystallographic studies, qualitative observations suggested that

triazenes with small N-substituents were relatively unstable in solution and in the solid-

state.

In contrast, triazenes with large N-substituents were found to be exceptionally

stable, even at elevated temperatures (> 150 °C) for extended periods of time. In our

initial communication, we found that the major product of 6.2 decomposition was

guanidine 6.4 (R = Mes, R’ = Bn), which formed via extrusion of molecular nitrogen at
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elevated temperatures (> 120 °C) (see Figure 6.6a).'' To determine if the triazenes
synthesized in this study were also susceptible to a similar decomposition process, 6.3-H-
H was heated to 150 °C in toluene in a pressure vessel. Under these conditions, the
respective guanidine (6.5) was observed by 'H NMR spectroscopy, and subsequently
isolated in 95% yield (see Figure 6.6b).** Supplementary support for the decomposition
reaction was obtained from mass spectrometry and elemental analysis. When compared
to the triazene starting material (6.3-H-H), the decomposition product (6.5) was 28 Da
lower in molecular weight and exhibited a compositional difference consistent with the
loss of molecular nitrogen. However, the mechanism for the decomposition reaction was
unknown and we were interested in deconvoluting the key steric and electronic factors

governing triazene stability.

l';l,Bn
N’N N,Bn
(a) Mes\NJ\N,Mes - N2 Mes\N)J\N,Mes
\—/ DMSO, 120 °C \—/
6.2 95% 6.4
_Ph
N
_N _Ph
N N
Me\NJJ\N/Me - N2 Me\N)J\N/Me
(b) toluene, 150 °C
O e O
6.3-H-H 6.5

Figure 6.6 Guanidine formation from triazene via loss of nitrogen. Bn = benzyl, Mes =
1,3,5-trimethylphenyl, Ph = phenyl. (a) This reaction was reported in ref.
11. (b) This work.
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Evaluation of the Thermal Stabilities of Triazenes: Thermogravimetric
Analysis. In addition to the aforementioned solution-mediated decomposition reactions,
triazene stability was also studied in the solid-state. Particular attention was directed
toward proving thermal stabilities as a function of triazene size and electronic
characteristics. Initial efforts focused on studying how the size of the N-substituent as
well as electronics of the benzimidazol-2-ylidene component affects triazene stability. A
range of benzimidazol-2-ylidenes with N-substituents ranging in size from methyl to

27,35

bulky neo-pentyl groups were synthesized using known methods and coupled to

phenyl azide under basic conditions using the in situ methodology described above (see

Table 6.6).%
R R
Rz N N
j@[ >+ N3 j@[ N-N=N R3
Rz N N
Ry Ry
Entry Compound R, R, R; M, (°C)* Tq (°C)°
1 6.3-H-H Me H H ¢ 93
2 6.6-H-H iBu H ¢ 118
3 6.1-H-H Bu H H 100-105 148
4 6.7-H-H nPn H 126-131 156
5 6.1-OCH3;-H Bu OCH; H 140-142 154
6 6.6-H-NO, iBu H NO; 128-131 174
7 6.6-H-OCH; iBu H OCHj3; ¢ 139

Table 6.6  Steric and electronic effects on triazene stability. Melting points (M,) are
uncorrected and were determined under an atmosphere of air.
Decomposition temperatures (T4) determined using thermogravimetric
analysis under an atmosphere of nitrogen and defined as the temperature at
which 5% mass loss occurred. © Melting point was below ambient
temperature.

After synthesis and characterization, the thermal stabilities of various triazenes
were evaluated in the solid-state using thermogravimetric analysis (TGA); results are

summarized in Table 6.6. To ensure that each triazene studied was decomposing in the

same phase, melting points were also determined and found to be below the

93



decomposition temperature (Tq4) for all compounds studied. In accord with the qualitative
assessment noted above, increasing the size of the N-substituent positively influenced
triazene stability. For example, while triazenes containing N-methyl groups exhibited a
T4 =93 °C (Entry 1), they were found to slowly decompose at ambient temperature over
time. Comparatively, analogous triazenes with N-isobutyl (6.6-H-H), N-tert-butyl (6.1-
H-H), or N-neo-pentyl (6.7) substituents exhibited Tg4s of 118, 148, and 156 °C,
respectively (Entries 2 — 4).** In contrast, the role of benzimidazol-2-ylidene electronics
in influencing triazene thermal stability was found to be relatively minor. For example,
6.1-H-H and 6.1-OCH;3-H were found to exhibit decomposition temperatures (Tq4s ) of
148 and 154 °C, respectively (Entries 3 and 5), which was consistent with the
aforementioned UV-Vis, NMR, and X-ray spectroscopic data, indicating that donor
groups in these positions have only moderate influences on triazene electronics.

Next, attention was focused on studying the role of azide electronics. Variation of
azide electronics appeared to significantly influence triazene stability. The T4 of 6.6-H-
NO; which possessed an electron-deficient para-nitro substituent was 35 °C higher than
an analogue containing a para-methoxy substituent (6.6-H-OCH3) (Tgs = 174 and 139
°C, respectively; Entries 6 and 7). Collectively, these results suggested that coupling
benzimidazol-2-ylidenes possessing bulky N-substituents with electron deficient azides
affords triazenes with the highest thermal stabilities.

Mechanistic Investigation of the Triazene Decomposition Reaction. It is well-
established that NHCs often function as phosphine analogues.'”’ Indeed, the NHC/azide
coupling reaction to form triazenes and its thermal decomposition products share many
similarities with the Staudinger reaction. In the Staudinger reaction, addition of a
phosphine to an azide results in formation of a phosphatriazene (see Figure 6.7).*' This

compound subsequently undergoes intramolecular cyclization to form an unstable four-
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membered intermediate that rapidly decomposes to a phosphazene, extruding molecular
nitrogen in the process. As with the triazenes discussed above, the thermal stabilities of

the triazenophosphoranes have been improved through the incorporation of bulky

groups.38

@ /_\
< N P R' @ —_ @ ]
R3P\/N/ g — R3P—N=N-N-R

phosphatriazene
R
R3P—N
—_— 1| = —N_R
N=—N R3P=—N-R' + N;
triazacyclobutane phosphazene

Figure 6.7 Illustration of the Staudinger reaction. Nucleophilic addition of the
phosphine on the terminal atom of the organic azides affords an intermediate
phosphatriazene. Subsequent intramolecular cyclization leads to an unstable
triazacyclobutadiene intermediate that decomposes to a phosphazene and
molecular nitrogen.

To confirm that the decomposition mechanism of the triazenes was similar to the
Staudinger reaction, a decomposition reaction involving an '"N-labeled triazene was
performed. Phenyl azide containing an isotopically-enriched nitrogen atom bonded to the
phenyl ring was synthesized using literature protocols from '*N-labeled aniline.” After
coupling the '"N-labeled azide with 1,3-di-iso-butyl-benzimidazol-2-ylidene, the
resulting triazene 6.8 was heated to 170 °C (closed vessel) in toluene at 0.1 M.
Guanidine 6.9 was found as the major product (> 95% conversion)’* by 'H NMR
spectroscopy and exhibited a isotopic mass distribution consistent with '°N-labeled azide
starting material by mass spectrometry. Based on these results, we believe the

mechanism to proceed as shown in Figure 6.8. The nitrogen atom bonded to the phenyl

ring attacks the benzimidazol-2-ylidene carbon to form a four-membered intermediate
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(6.10). Subsequent fragmentation expelled molecular nitrogen to afford the observed
guanidine 6.9. This mechanism also provides an explanation for increased stability
observed with triazenes possessing bulky N-substituents and electron-deficient azide
components. The former groups would sterically prevent nucleophilic attack at the
electrophilic benzylidene carbon atom while the latter groups would be expected to

diminish nucleophilicity of aryl nitrogen atom through resonance.

/iBLK\ EB” |I=h JjBu
N N 15N -N, N
>=N-N="5N—Ph — » @E XN @E =15N-Ph
N A N N N
iBu iBu iBu

6.8 6.10 6.9

Figure 6.8 Proposed mechanism of thermally-induced triazene decomposition based on
a ""N-labeling experiment.

CONCLUSION

In summary, we have prepared a novel series of 1,3-disubstituted-triazenes by
coupling N-heterocyclic carbenes (NHCs) with various aryl azides. The coupling
reactions were accomplished using free NHCs or NHCs generated in situ under basic
conditions from their azolium precursors. Modest to excellent isolated yields (36 — 99%)
of triazene product were obtained from these coupling reactions, with typical yields
exceeding 95%. The triazenes prepared from this reaction were examined using UV-Vis
spectroscopy, X-ray crystallography, NMR spectroscopy and thermogravimetric analysis.
Results obtained from the UV-Vis spectroscopy experiments suggested that the triazenes
exhibited electronically-delocalized structures with A, values ranging between 364 and

450 nm and dependent on the complementarities of the coupled N-heterocyclic carbene
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and azide components. The electronic properties were dominated by the azide, with
minor contributions stemming from the benzimidazol-2-ylidene moiety. Additional
support for electronic communication was obtained by X-ray crystallography which
revealed bond alteration patterns in the triazeno (-C=N-N=N-) linkages characteristic of
donor-acceptor compounds. Triazene stability was found to be governed by the N-
substituents of the benzimidazol-2-ylidene and the electronic nature of the azide
component. Notably, a triazene comprised of a benzimidazol-2-ylidene with bulky N-
isobutyl groups and a para-nitrophenylazide was stable up to 174 °C in the solid-state.
The mechanism of decomposition was elucidated using an isotopically-labeled azide and
found to afford molecular nitrogen and the respective guanidine, in analogy with the
Staudinger reaction.

Taken together, these results suggest that the azide-NHC coupling reaction holds
tremendous potential for creating materials with high nitrogen contents, delocalized

19,35¢-d,40
d”>%" a novel

electronic structures, and high thermal stabilities. Recently, we reporte
class of bis(NHC)s which feature two diametrically-opposed imidazol-2-ylidenes
connected to a common arene linker. Combination of this monomer with ditopic
bis(azide)s (e.g., 1,4-diazidobenzene) may lead to a novel class of conjugated polymeric
materials. Furthermore, compounds exhibiting extensively delocalized structures often
leads to molecular polarization, which is a key requirement for creating highly ordered
materials. By judiciously combining functionalized azides and NHCs, highly polarized
triazenes may find new applications in non-linear optics. Efforts toward accomplishing

these goals as well as exploring the utility of triazenes obtained from the NHC/azide

coupling reaction in electronic materials will be reported in due course.
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EXPERIMENTAL

General Considerations. All reactions were conducted under an atmosphere of
nitrogen using standard Schlenk techniques or in a nitrogen filled glove-box. CH,Cl, was
distilled from CaH, and degassed by two freeze-pump-thaw cycles. THF and toluene
were distilled from Na/benzophenone and degassed by two freeze-pump-thaw cycles.
1,3-Bis(2,6-di-isopropylphenyl)imidazolium chloride was purchased from Strem
Chemicals and used without further purification. 1,2-Di-iso-butylaminobenzene,41 1,2-
di-neo-pentylaminobenzene,”” and  1,3-di-methyl-benzimidazolium iodide® were
prepared as previously described. All other reagents were used without further
purification, unless otherwise noted. 'H NMR spectra were recorded using a 300 MHz or
400 MHz spectrometer. Chemical shifts are reported in delta (8) units, expressed in parts
per million (ppm) downfield from tetramethylsilane using residual protonated solvent as
an internal standard (CDCls, 7.24 ppm; C¢Dg, 7.15 ppm; CD,Cl,, 5.32 ppm; DMSO-dg,
2.49 ppm). ">C NMR spectra were recorded using a 75 MHz or 100 MHz spectrometer.
Chemical shifts are reported in delta (&) units, expressed in parts per million (ppm)
downfield from tetramethylsilane using the solvent as an internal standard (CDCls, 77.0
ppm; C¢Ds, 128.0 ppm; CD,Cl,, 53.8 ppm; DMSO-ds, 39.5 ppm). °C NMR spectra were
routinely run with broadband decoupling. High-resolution mass spectra (HRMS) are
reported as m/z (relative intensity). Melting points were determined under ambient
atmosphere and are uncorrected. Decomposition temperatures (Tg4s) were determined
under nitrogen atmosphere and were reported as the temperature at which 5% weight loss
occurred using a proprietary high resolution dynamic heating method. X-ray crystal
structure data was collected for compounds 6.3-H-H (CCDC 643401), 6.3-H-NO,
(CCDC 643400), 6.3-OCH3-H (CCDC 643398) and 6.3-OCH3-NO, (CCDC 643399),
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and deposited with the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK.

Bu 1,2-Di-tert-butylaminobenzene (A). Following a previously reported

procedure,** 1,2-dibromobenzene (1.12 g, 4.75 mmol) was coupled to tert-

'T:H butylamine (0.73 g, 10 mmol) to afford 1.04 g (99% yield) of the titled

Bu

compound as a brown oil. 'H NMR (CDCls): & 6.82 (dd, J = 3.6, 11.6 Hz,
2H), 6.75 (dd, J = 3.6, 11.6 Hz, 2H), 3.7 (br, 2H), 1.28 (s, 18H). *C NMR (CDCl;): &
138.5, 120.5, 120.1, 51.9, 29.9. HRMS: [M+H]" calcd for C4HysN,: 221.2018; found,

221.2014.

HyC |’Bu 1,2-Di-tert-butylamino-4,5-dimethoxybenzene (B). Following a
O:O:NH previously reported procedure,* 4,5-dibromoveratrole (1.48 g, 5.0

o7~ M

e 5 mmol) was coupled to zert-butylamine (0.80 g, 11 mmol) to afford 1.4
3 u

g (99% yield) of the titled compound as a brown oil. 'H NMR
(CDCl3): 8 6.55 (s, 2H), 3.78 (s, 6H), 3.41 (br, 2H), 1.20 (s, 18H). *C NMR (CDCl): &
143.4, 132.6, 108.0, 56.3, 52.4, 30.1. HRMS: [M+H]" calcd for C;sHoN,0,: 281.2229;
found, 281.2229.

4 1,2-Di-tert-butylamino-4,5-difluorobenzene (C). Following a
IBu
Fj@:NH previously reported procedure,* 1,2-difluoro-4,5-dibromobenzene (1.36

F NH o 5.0 mmol) was coupled to tert-butylamine (0.80 g, 11 mmol) to afford

Bu
1.4 g (99% yield) of the titled compound as a brown oil, which was used
without additional purification. 'H NMR (CDCl): & 6.67 (t, Je.u = 10.4 Hz, 2H), 3.55
(br, 2H), 1.23 (s, 18H). C NMR (CDCls): & 144.1 (dd, Jcr = 14.6, 240 Hz), 134.6 (m),
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108.9 (m), 52.0, 29.7. HRMS: [M+H]" caled for Ci4HpF,Ny: 257.1829; found,
257.1826.

o 1,3-Di-tert-butyl-benzimidazolium chloride (D). Crude 1,2-di-
fBulCl
N

e
N\tB HCI (5.1 mmol, 0.47 mL) in 20 mL of HC(OEt);. The resulting
u

tert-butylaminobenzene (A) (1.10 g, 5 mmol) was treated with aq.

reaction mixture was stirred for 10 h at 50 °C and then concentrated
to one-half of its original volume, which caused solids to precipitate. These solids were
then collected by filtration and washed with diethyl ether (20 mL) to afford 1.2 g of the
titled compound as a tan powder (90% yield). 'H NMR (DMSO-d6): 5 8.93 (s, 1H), 8.32
(dd, J = 3.2, 6.2 Hz, 2H), 7.63 (dd, J = 3.2, 6.2 Hz, 2H), 1.82 (s, 18H). *C NMR
(DMSO-ds): & 139.1, 130.4, 125.7, 116.6, 60.9, 28.0. HRMS: [M]" caled for C;sHa3Ny:
231.1861; found, 231.1860.

o Diforf 4 5 3 I .
HC /‘-‘Bu_|BF4 1,3-Di-tert-butyl-4,5-dimethoxy-benzimidazolium
O:C[@% tetrafluoroborate (E). Crude 1,2-di-tert-butylamino-4,5-
0 N 5 dimethoxybenzene (B) (1.40 g, 5 mmol) was treated with agq.
HsC u

HBF, (5.1 mmol, 0.65 mL) in 20 mL of HC(OEt);. The
resulting reaction mixture was stirred for 10 h at 50 °C and then concentrated to one-half
of its original volume, which caused solids to precipitate. These solids were then
collected by filtration and washed with diethyl ether (20 mL) to afford 1.8 g of the titled
compound as a white powder (94% yield). 'H NMR (DMSO-ds): & 8.66 (s, 1H), 7.48 (s,
2H), 3.96 (s, 6H), 1.81 (s, 18H). °C NMR (DMSO-d):  148.6, 136.1, 124.9, 98.0, 60.6,
56.6, 28.1. HRMS: [M]" calcd for C7H»7N,0,: 291.2067; found, 291.2073.
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1,3-Di-tert-butyl-4,5-difluoro-benzimidazolium

S)
/tBﬂ BF,
FI;[N tetrafluoroborate (F). Crude 1,2-di-tert-butylamino-4,5-
®)
F difluorobenzene (C) (1.3 g, 5 mmol) was treated with a 6.8 M
‘Bu

diethyl ether solution of HBF4 (5.1 mmol, 0.75 mL) in 20 mL of
HC(OEt);. The resulting reaction mixture was stirred for 10 h at 50 °C and then
concentrated to one-half of its original volume, which caused solids to precipitate. These
solids was then collected by filtration and washed with diethyl ether (20 mL) to afford
1.56 g of the titled compound as a grey powder (87% yield). 'H NMR (DMSO-d): &
8.87 (s, 1H), 8.62 (t, Jur= 9.2 Hz, 2H), 1.79 (s, 18H). *C NMR (DMSO-d6): 5 148.3 (d,
Jer = 249 Hz), 140.6, 126.8 (t, Jc.r= 6.1 Hz), 105.3 (m), 61.6, 27.8. HRMS: [M]" calcd
for CisH 1 FoN»: 267.1673; found, 267.1676.

o 1,3-Di-iso-butyl-benzimidazolium tetrafluoroborate (G). 1,2-Di-
iy |BF
'Bu 4
' iso-butylaminobenzene®' (5.14 g, 23.4 mmol) was treated with aq.

N
[®)
N HBF,; (25 mmol, 3.2 mL) in 50 mL HC(OEt);. The resulting

\

'Bu
reaction mixture was stirred at 60 °C for 10 h and then concentrated

to one-half of its original volume, which caused solids to precipitate. After washing the
solids with diethyl ether (30 mL), these solids were dried under high vacuum to give 3.13
g of the titled compound as a light pink solid (42% yield). Spectral data were in accord

with literature reports.45

1,3-Di-neo-pentyl-benzimidazolium tetrafluoroborate (H). 1,2-

S,
Np_| BF,
@EN' Di-neo-pentylaminobenzene (3.5 g, 14.1 mmol) was treated with
©)
N aq. HBF4 (16 mmol, 2.1 mL) in 30 mL HC(OEt);. The resulting
Np

reaction mixture was stirred at 60 °C for 10 h and then concentrated
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to one-half of its original volume, which caused solids to precipitate. After washing the
solids with diethyl ether (50 mL), they were dried under high vacuum to give 4.3 g of the
titled compound as a white solid (88% yield). 'H NMR (DMSO-ds): & 9.68 (s, 1H), 8.16
(dd, J=3.0, 6.4, Hz, 2H), 7.68 (dd, T= 3.0, 6.4 Hz, 2H), 4.39 (s, 4H), 0.99 (s, 18H).
NMR (DMSO-d6): § 143.6, 132.0, 126.4, 114.2, 56.8, 33.1, 27.0. HRMS: [M]" calcd for
Ci7H27N»: 259.2174; found, 259.2142.

B0 1,3-Di-tert-butyl-benzimidazol-2-ylidene (I). A mixture of 1,3-di-tert-

@[ > butyl-benzimidazolium chloride (D) (1.55 g, 5.8 mmol), potassium tert-

butoxide (0.65 g, 5.8 mmol), and 15 mL THF were stirred at ambient

temperature for 2 h. After removing inorganic salts which precipitated

from the reaction mixture by filtration, the resulting solution was concentrated to afford

1.3 g of the titled compound as a brown powder (97% yield). 'H NMR (C¢D¢): & 7.41

(dd, T = 3.6, 6.2 Hz, 2H), 7.00 (dd, J = 3.6, 6.2 Hz, 2H), 1.69 (s, 18H). C NMR (C¢Ds):

§224.7,135.6, 120.2, 113.9, 57.3, 30.5. HRMS: [M+H]" calcd for C;sH»3Ny: 231.1861;
found, 231.1865.

fBu 1,3-Di-tert-butyl-4,5-dimethoxy-benzimidazol-2-ylidene (J). A

j@[ ¥ mixture of 1,3-di-tert-butyl-4,5-dimethoxy-benzimidazolium

\‘Bu tetrafluoroborate (E) (1.13 g, 3 mmol), potassium zert-butoxide (0.34

g, 3 mmol), and 17 mL THF were stirred at ambient temperature for

2 h. After removing inorganic salts which precipitated from the reaction mixture by
filtration, the resulting solution was concentrated to afford 0.83 g of the titled compound

as a white powder (95% yield). 'H NMR (C¢Ds): 8 7.12 (s, 2H), 3.52 (s, 6H), 1.74 (s,
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18H). ">C NMR (CeDs): 8 223.1, 145.7, 129.8, 99.8, 57.0, 56.8, 30.6. HRMS: [M+H]"
caled for C17H»7N,0,: 291.2067; found, 291.2073.

fBu 1,3-Di-tert-butyl-4,5-difluoro-benzimidazol-2-ylidene (K). A
Fj@(">: mixture of 1,3-di-tert-butyl-4,5-difluoro-benzimidazolium
F N‘tBu tetrafluoroborate (F) (1.0 g, 2.83 mmol), potassium fert-butoxide (0.32

g, 2.83 mmol), and 10 mL THF were stirred at ambient temperature for

2 h. After removing inorganic salts which precipitated from the reaction mixture by

filtration, the resulting solution was concentrated to afford 0.72 g of the titled compound

as a brown powder (96% yield). '"H NMR (C¢Ds): & 7.16 (t, Jr.c = 8.8 Hz, 2H), 1.51 (s,

18H). "“C NMR (C¢Ds): 6 228.5, 145.8 (dd, Jp.c = 17, 234 Hz), 130.6 (t, Jp.c = 4.1 Hz),

50.8 (dd, Jr.c = 8.8, 14.3 Hz), 57.5, 30.3. HRMS: [M+H]" caled for C;sH, FoNo:

267.1673; found, 267.1677.

Np 1,3-Di-neo-pentyl-benzimidazol-2-ylidene (L). A mixture of 1,3-di-neo-
@[N>: pentyl-benzimidazolium tetrafluoroborate (H) (1.0 g, 2.89 mmol),

NNp potassium fert-butoxide (0.32 g, 2.89 mmol), and 10 mL THF were stirred

at ambient temperature for 30 min. After removing inorganic salts which

precipitated from the reaction mixture by filtration, the resulting solution was
concentrated to afford 0.64 g of the titled compound (96% yield) as a light brown solid.

Spectral data were in accord with literature reports.*®

NMR Kinetics of N-Heterocyclic Carbene — Azide Coupling Reactions. Three
separate kinetics experiments were performed by independently studying the rate of
reaction between a free N-heterocyclic carbene (NHC), 1,3-di-tert-butyl-benzimidazol-2-

ylidene, and three different azides: phenyl azide, para-methoxyphenyl azide, and para-
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nitrophenyl azide. In these experiments, stock solutions of the NHC and various azides
were first prepared and utilized. A vial containing 1,3-di-tert-butyl-benzimidazol-2-
ylidene (115 mg, 0.50 mmol) was dissolved in 2.5 mL of THF-ds to create a 0.2 M stock
solution of this compound. Three separate vials were then independently charged with
phenyl azide (30 mg, 0.25 mmol), para-methoxyphenyl azide (38 mg, 0.25 mmol), and
para-nitrophenyl azide (41 mg, 0.25 mmol), respectively. To each vial containing an
azide, 1.25 mL of THF-ds was added to create 0.2 M stock solutions of these compounds.
Three separate NMR tubes were then independently charged with 1 mL of THF-dy and
0.3 mL (0.06 mmol) of the NHC stock solution. After recording an initial spectrum, 0.3
mL (0.06 mmol) of an organic azide stock solution was added to generate solutions with
initial substrate concentrations of 37.5 mM ([NHC], = [azide], = [substrate]y). Using 'H
NMR spectroscopy, the coupling reactions were monitored over time by integrating peak
areas of diagnostic signals attributed to starting materials relative to analogous signals
attributed to their respective triazene products. To determine rate constants (k), the data
was fitted to Eq. 1, the integrated rate law of the bimolecular reaction: 2-[substrate] —

[product] A

1/[substrate] = kt + 1/[substrate]y (1)

The observed rate constants are summarized in Table 6.S1; experimental data

(with a linear fit corresponding to Eq. 1) are shown in Figures 6.S1 — 6.S3.
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Entry Reaction® k
(L-mol
Lgyp
/Bu /Bu
1 N N 0.003
(L - i —— L)
N N
‘Bu ‘Bu
/tBu /tBu
2 N N 0.001
b1+ N )ocH, ——= —N-N-N—()—ocH,
N N
‘Bu ‘Bu
/tBu /tBu
3 0.215

\

N N
T v e e
N N
‘Bu Bu

Table 6.S1 Rate constants for a variety of triazene forming reactions.” General reaction

conditions: [NHC]y = [azide]o = 37.5 mM, solvent = THF-ds, temperature =
23 °C. " Rate constants (k) were determined by fitting the concentrations of
the substrates, as determined by integrating the areas of diagnostic 'H NMR
signals, to Eq. 1 as a function of time (see Figures 6.S1 —6.S3 for
experimental data).
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Figure 6.S1 Plot of 1/[substrate] versus time for the reaction of 1,3-di-tert-
butylbenzimidazol-2-ylidene with phenylazide (Table 6.S1, Entry 1).
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Figure 6.S2 Plot of 1/[substrate] versus time for the reaction of 1,3-di-tert-
butylbenzimidazol-2-ylidene with para-methoxyphenyl azide (Table 6.S1,

Entry 2).
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Figure 6.S3 Plot of 1/[substrate] versus time for the reaction of 1,3-di-fert-
butylbenzimidazol-2-ylidene with para-nitrophenyl azide (Table 6.S1, Entry

3).
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Table 6.S2 Absolute energy, calculated dipole moment, and coordinates for triazene
6.3-H-H (cf. Table 3, Entry 1) at B3LYP/6-31G*-level of theory.*®

108

E(HF) = -854.3416596 a.u.
Ucaic = 4.29 debye
Cartesian Coordinates (Angstroms)
Atom X Y Z
1 H HI1 -3.04654506 -2.9404470 -0.2692333
2 C cC1 -3.4724851 -1.9477675 -0.1663443
3 C C4 -4.6045964 0.6537080 0.1295950
4 C C2 -2.6708728 -0.8142976 -0.1058249
5 C Cé6 -4.8584759 -1.7634029 -0.0793414
6 C C5 -5.4133526 -0.4876467 0.0661895
7 C C3 -3.2294208 0.4673606 0.0423476
8 H Ho -5.5108982 -2.6303626 -0.1219772
9 H H5 -6.4915337 -0.3767028 0.1338991
10 H H4 -5.0361664 1.6429421 0.2436069
11 N NI -1.2848699 -0.6596482 -0.1701331
12 N N2 -2.1729539 1.3636700 0.0766593
13 ¢ C7 -0.9709028 0.6846481 -0.0388151
14 C C8 -0.3764244 -1.7765217 -0.3951806
15 H H7 0.5719631 -1.4001808 -0.7680560
16 H H9 -0.8303430 -2.4537118 -1.1257523
17 H HI10 -0.1931244 -2.3246233 0.5364511
18 C C9 -2.2815587 2.8022014 0.2385198
19 H HS8 -2.8725008 3.2312743 -0.5782399
20 H H11 -1.2722016 3.2125142 0.2177885
21 H H12 -2.7607001 3.0432228 1.1941295
22 N N3 0.1531270 1.3666611 -0.0292620
23 N N4 1.2867787 0.6174254 0.0206787
24 N N5 2.3183361 1.3421372 -0.1102023
25 C C10 3.5329709 0.6242634 0.0019240
26 C Cl1 6.0611299 -0.5891295 0.1451657
27 C Cl2 3.6752438 -0.6560523 0.5675016
28 C C13 4.6740482 1.2926145 -0.4667984
29 C Cl14 5.9272246 0.6875849 -0.4040743



30
31
32
33
34
35

T o oI Q

Cl5
H3

H13
H14
H15
H16

~ U1 o DN D

.9307927
.7996926
.5465914
.8005938
.0330820
.0383524

.2527717
.1597746
.2873408
.2147842
.2403341
.0609778

.6336077
.9623837
.8833272
.7790816
.0774803
.2037158

Table 6.S3  Absolute energy, calculated dipole moment, and coordinates for triazene
6.3-H-NO, (cf. Table 5.3, Entry 2) at B3LYP/6-31G*-level of theory.*

= -1058.8466354 a.u.

10.6 debye

Hcale =
Atom

1 H HI
2 C C1l
3 C C4
4 C C2
5 C Cé6
6 C Cb
7 C C3
8 H H6
9 H H5
10 H H4
11 N NI
12 N N2
13 ¢ C7
14 C C8
15 H H7
16 H H9
17 H HIO
18 C C9
19 H HS
20 H H11
21 H H12
22 N N3

Cartesian Coordinates

O WRFRPR WNOFRFOORFRLEDNREFE Uy Ul WO U1 WO W W

.3576505
.8194678
.0501493
.0628207
.2079987
.8117092
.6700845
.8258159
.8917587
.5196357
.6852464
.6502934
.4309680
.7244098
.1304543
.2185701
.3689193
.8157866
.4521162
.8278892
.2725744
.3268278

109

.9681504
.9961930
.5478461
.8320947
.8704973
.6223068
.4199226
. 7615511
.5584512
.5141417
.6154401
.3588060
. 7327189
.6748971
.2624601
.4275596
.1436795
. 7869949
.2111585
.2450037
.9752596
.4588110

(Angstroms)

1

-0
-1

.3566272
.2180702
.1769766
.1400132
.0992529
.0947716
.0571073
.1544141
.1864959
.3303039
.2258488
.0984335
.0584990
.5096735
.0398844
.1301309
-0.
-0.

0.
.2701510
.2876380
0.

4139135
3099235
4739553

0545665



23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

ooz 0O000z22

N4
N5
Clo0
Cl1
Cl2
C1l3
Cl4
C1l5
H3
H13
H14
H15
N6
o1
02

.8189302
.8348544
.0582624
.5919938
.2268220
.1912632
.4568012
.4879218
.3604568
.0453015
.3353941
.6390668
.9217006
.8789720
.0124970

.7500744
.5072856
.8213245
.3202520
.4664593
.5262426
.9612615
.0372947
.9992376
.5224813
.4901031
.0235124
.9241048
.2701569
.0551378

.0102758
.1409192
.0244505
.1344839
.5266534
.4700790
.4017416
.6038026
.9003602
.8746031
.7498849
.0261124
.2172362
.2033139
.7018405

Table 6.S4 Absolute energy, calculated dipole moment, and coordinates for triazene
6.3-OCH3;-H (cf. Table 5.3, Entry 3) at B3LYP/6-31G*-level of theory.*

E(HF) =

Hcale = 5.39 debye

Atom

1 H HI

2 C C1l

3 C (4

4 C C2

5 C Co6

6 C Cb

7 C C3

8 H HA4

9 N N1

10 N N2

11 ¢ C7

12 ¢ C8

13 H H7

14 H HY

= -1083.3757044 a.u.

Cartesian Coordinates

.1465577
.4460652
.1998519
.4971556
. 7956292
.1667882
.8623696
.5197792
.1055093
.6880086
.4007362
.6200538
.6564824
.1550450

110

.1946880
.1609012
.5647907
.1427751
. 7999637
.5590017
.1968204
.5923431
.1903019
.9366034
.0965888
.4316768
.1989855
.9664853

(Angstroms)

.0566186
.0592547
.3856499
.1120741
1773617
.3332742
.2788491
.5186357
.0204193
.2920635
.1379039
.2135050
.4409156
.0494209



15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

H10
C9
H8
H11
H12
N3
N4
N5
Clo0
Cl1
Cl2
Cl3
Cl4
C1l5
H3
H13
H14
H15
o1
02
Cle
H5
H17
H18
Cc1l7
H2
H19
H20
H21

T QDD Qoo D D000 ZZz22In o T QT

.5845797
.5901157
.1673104
.4624826
.9708684
.6096600
.6339587
. 7454316
.8563701
.1975203
.8714481
.0342662
.1923182
.0342407
.9733698
.0098879
.0940586
.0381976
.8290648
.4831912
.5185220
.0085841
.4753605
.8942046
.3077205
.9197960
.2952874
.3850041
.1026367

ORFRP ORFRPORF WWWWIDN

.0668189
.3753956
.8835129
.6447574
.6772110
.6187761
.7290054
.3140578
.4391941
.1124791
.8325893
.9299219
.1563776
.5978270
.1967709
.9215929
.5466016
.5768820
.6950299
.9123942
.0750427
.3112569
.5991416
.4073013
.8054621
.4346240
.1666705
.2309504
.7138355

.6798204
.4549671
.3255320
.3697803
.4373254
.1040505
.0829285
.0962637
.059891¢6
.0788944
.5413382
.6437258
.6622506
.5269559
.0286633
.0855445
.1271699
.0003959
.1632236
.5077418
.0659987
.8781274
.0986394
.9062777
.6555766
.4683406
.3590284
.9990283
.0837591

Table 6.S5 Absolute energy, calculated dipole moment, and coordinates for triazene

6.3-OCH;-NO; (cf. Table 3, Entry 4) at B3LYP/6-31G*-level of theory.*®

E(HF) = -1287.8812702 a.u.
Ucale = 12.2 debye
Cartesian Coordinates (Angstroms)
Atom X Y Z
1 H HI -2.3732828 -2.2561783 -0.2404470
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Cl
c4
C2
Cé
C5
C3
H4
N1
N2
C7
C8
H7
H9
H10
C9
H8
H11
H12
N3
N4
N5
Cl0
Cl1
Cl2
C1l3
Cl4
C1l5
H3
H13
H14
H15
0ol
02
Cle
H5
H17
H18
C1l7
H2
H19
H20
N6
03
04

.7468512
.6997837
.8774353
.1149261
.5864689
.3409556
.0923980
.4879950
.2276392
.0876021
.3400396
.2786287
.2014114
.5589741
.2373494
.8593058
.2095957
.6322460
.0859817
.1574400
.2378287
.3910262
.8047153
.4571414
.5680027
.7728042
.6574430
.5607149
.5028593
.6829739
.7294714
.0774944
.9185220
.6715191
.1718464
.5876862
.0036939
. 7713458
.4641186
.7738592
. 7742186
.0686496
.0669070
.0679489
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.2576665
.3743054
.1728978
.0113250
.3033934
.1181698
.3624502
.0993453
.9463152
.2071755
.2460719
.8991728
.8537807
.8556631
.3721033
.8944203
. 72775105
.5583655
.8206389
.009442¢
.6749798
.8713498
.5171764
.4512565
.4836175
.7962839
.1446522
.9137900
.5071972
.2534695
.1596100
.9771945
.5383259
.3253669
.4749436
.9175689
.6523360
.4372344
.1489944
.6936965
.5775576
.2514720
.6750564
.4093575

cNeoNoNoNolNolNolNolNeo]

.0537524
.4781917
.0475372
.1185581
.3758962
.3175217
.6904770
.0763258
.3655086
.1364731
.4282964
.8513934
.1599374
.4557998
.6458085
.0889806
.5799297
.6504862
.1279319
.088134¢6
.0440801
.0156682
.0325400
.4724960
.4856825
.5047839
.4612787
.8683571
.8399699
.8726820
.8333397
.0720376
.6050899
.1052727
.0721497
.0779890
.7027542
.5397999
.3179476
.1902350
.9493582
.0448529
.4839777
.3825148
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Alternatively, many of the triazenes shown in Table 1 may be prepared by
generating the free NHC in situ (from its benzimidazolium salt) in the presence of
an equimolar amount of organic azide. However, this approach appears to be
limited to substrates which are stable to base. For example, 1-azido-4-
nitrobenzene was found to rapidly decompose under strongly basic conditions.
Hence, the use of free NHCs (e.g., 1,3-di-tert-butyl-benzimidazol-2-ylidene-4,5-
dimethoxy-1,3-di-tert-butyl-benzimidazol-2-ylidene, and 1,3-di-tert-butyl-4,5-
difluoro-benzimidazol-2-ylidene) were necessary to form triazenes containing
aryl azide moieties (e.g., Table 6.1: 6.1-H-NO,, 6.1-OCH3-NQO,, and 6.1-F-NQO»).
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Since benzimidazol-2-ylidenes with small N-substituents are prone to exist as
equilibrium between free NHC and its oxygen-sensitive dimer,”” these reactions
must be conducted with the rigorous exclusion of oxygen.

Unlike their N-fert-butyl analogues, triazenes 6.3 were found to exhibit low
solubilities in common organic solvents (i.e., THF, toluene, DMF, DMSO,
CH;CN, etc.) and decomposed slowly over several days in solution or in the
solid-state (see main text for a more detailed discussion of this phenomenon).
These characteristics are partially responsible for the relatively low yields of the
reactions summarized in Table 6.3.

Dipole moments were calculated at the B3LYP (6-31G*) level of density

functional theory, as implemented in the Spartan 2004 software package
(Wavefunction, Irvine, CA 92612).

Similarly, heating toluene solutions of triazenes 6.6-H-H and 6.6-H-NO; (see
Table 6.6) to > 150 °C afforded their respective guanidines (6.11 and 6.12, not
shown) in > 95% yields. This process was conveniently monitored using 'H
NMR spectroscopy. For example, the methylene groups (N-CH,-) in triazenes 6.6
exhibit diagnostic chemical shifts at 4.0-4.5 ppm in their '"H NMR spectra;
chemical shifts corresponding to same group in their respective guanidine
products were found at 3.5-3.8 ppm. Note that while the thermally-induced
triazene decomposition reactions generally afforded high yields (> 95%) of
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comprised of a mixture of products that eluded NMR spectroscopic identification
and could not be purified via column chromatography.
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Although the spectroscopic signatures of the resulting triazenes were in accord
with the aforementioned triazenes, one notable exception was found. Signals
attributable to the methylene groups of the N-isobutyl substituents (N-CH;-) in
triazene 6.6-H-H appeared as two doublets at 3.97 ppm and 4.16 ppm in its 'H
NMR spectrum (solvent = CDCls), and were tentatively assigned to cis and trans
diazo (-N=N-) isomers, respectively. While geometric isomers often absorb
radiation to differing degrees (see: Hartley, G. S. J. Chem. Soc. 1938, 633 and El
Halabieh, R. H.; Mermut, O.; Barrett, C. J. Pure Appl. Chem. 2004, 76, 1445),
triazene 6.6-H-H exhibited a single signal at A, = 367 nm that was similar in
shape to the triazenes discussed above (i.e., 6.1). This result suggested that the
absorption of radiation was concomitant with geometric isomerization (i.e., cis —
trans). A similar observation was observed in benzothiazole-based triazenes
analogous to 6.6-H-H where it was determined that cis — trans isomerization was
facilitated with A = 405 nm radiation (see: Dorsch, H.-T.; Hoffman, H.; Héansel,
R.; Rasch, G.; Fanghénel, E. J. fuer Pract. Chemie 1976, 318, 671 and Fanghinel,
E; Hénsel, R.; Hohlfeld, J. J. fuer Pract. Chemie 1977, 319, 485). Notably, of all
the triazenes reported herein, only 6.6-H-H and 6.6-H-Me exhibited isomers that
were clearly resolved at room temperature by 'H NMR spectroscopy.
Considering density functional theory calculations at the B3LYP (6-31G**) level
of theory suggested that trans 6.6-H-H was more stable than its cis isomer by 5.1
kcal/mol, the trans isomer was assumed to dominate in all of the triazenes
prepared in this study (DFT calculations were performed using Spartan 2004,
Wavefunction, Irvine, CA 92612).
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Chapter 7: N-Heterocyclic Carbene — Transition Metal Complexes:
Spectroscopic and Crystallographic Analyses of m-Backbonding
Interactions

ABSTRACT

The ability of N-heterocyclic carbenes (NHCs) to participate in n-backbonding
interactions was evaluated in a range of transition metal complexes. = Rh chloride
complexes containing a systematic series of various 1,3-dimethyl-4,5-disubstituted-
imidazol-2-ylidenes and either 1,5-cyclooctadiene (cod) or two carbon monoxide ligands
were synthesized (i.e., (NHC)RhCl(cod) and (NHC)RhCI(CO),, respectively) and studied
using "H NMR and IR spectroscopies. In the former series, the '"H NMR chemical shifts
of the signals attributable to the olefin #rans to the NHC ligand were found to shift
downfield by up to 0.17 ppm as the m-acidity of the substituents on the 4,5-positions
increased (i.e., H — CI — CN). Similarly, in the latter series, the IR stretching
frequencies of the carbonyl groups frans to the NHC ligands were found to increase by
11 £ 0.5 cm™ as m-acidity increased over the same series. Using the nitrile group as a
diagnostic handle, the CN stretching frequency of (1,3-dimethyl-4,5-dicyano-imidazol-2-
ylidene)(cod)RhCl was found to be 4 = 0.5 cm™ higher than 1,3-dimethyl-4,5-dicyano-
imidazol-2-ylidene)(CO),RhCl, a more m-acidic analogue. X-ray analysis of the
aforementioned series of (NHC)(cod)RhCl complexes indicated changes in N-Cearbene
bond lengths that were consistent with greater m-donation from complexes containing 4,5-
dihydro-imidazol-2-ylidene relative to the their 4,5-dicyano analogues. Collectively,
these results suggest that imidazol-2-ylidenes are not only capable of n-backbonding, but
that this interaction may be tuned by changing the m-acidity of the substituents on the

imidazole ring.
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INTRODUCTION

Since the discovery of transition metal complexes containing N-heterocyclic
carbene (NHC) ligands by Wanzlick,' Ofele,” and Lappert,® an impressive number of new
catalysts for facilitating synthetically-useful transformations have been developed.*
Continued interest in these ligands has been extraordinary and driven by their abilities to
often significantly enhance the catalytic activities of a broad range of transition metals
upon complexation.”” To understand and ultimately control these unique features, the
nature of the metal-NHC interaction has been intensely investigated by a number of
research groups.® A general consensus is that N-heterocyclic carbenes (NHCs) are
strong, two electron o-donors that coordinate to transition metals in a fashion analogous
to, and in some cases better than, trialkylphosphines.” For example, frans carbonyl
stretching frequencies are generally lower in metal complexes containing NHC ligands
than analogous complexes containing trialkylphosphines.*”

Although there are many distinguishing features between NHCs and phosphines,
the former possess an empty p-orbital at the carbene atom poised to accept m-electron
density from a complexed transition metal (i.e., m-backbonding). However, due to
competing m-overlap of electron-rich nitrogen atoms adjacent to the carbene atom, the
extent to which NHCs are capable of participating in this type of bonding interaction has
been under debate. Using photoelectron spectroscopy, Green found' that the 7-systems
of free NHCs were similar to their transition metal complexes. Combined with the
results in the aforementioned studies involving NHC versus phosphine metal carbonyl
complexes, Herrmann concluded that m-backbonding in NHC - transition metal
complexes was “negligible”’™!"; a conclusion supported theoretically by a number of

groups.'?
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A general consensus of negligible n-backbonding in NHC-metal complexes is
challenged by numerous anomalies reported in the literature.”> In 1975, Clarke and
Taube reported spectroscopic evidence for m-interactions in carbon-bound xanthine Ru
complexes.'* Arduengo found increased m-electron density on the NHC moieties in a
series of (1,3-dimesityl-imidazol-2-ylidene),M (M = Ni, Pt) complexes (7.1), and
attributed this phenomena to a greater degree of m-backbonding relative to analogous
cationic group 11 complexes.”” By corroborating DFT calculations with X-ray crystal
structure data obtained from a range of NHC-metal complexes, Meyer determined that -
backbonding accounted for up to 30% of the metal-ligand interaction.'® Using well-
designed annulated NHCs (e.g., 7.2), Heinicke found'’ that m-backbonding interactions
could be effectively increased by extending the n-system of the NHC ligand. Likewise,
Albrecht'® designed an elegant series of half metallocene NHC-complexes (3) and then
utilized a combination of cyclic voltammetry, NMR spectroscopy, and DFT calculations
to experimentally show that NHCs exhibit n-backbonding capabilities on the same order
as pyridine, a well-known 7-acidic ligand."”” At the extreme, Nolan found® m-donation
from a NHC was responsible for the high stability of a low-valent, 14-electron Ir complex
(7.4). Theoretical support for n-backbonding and n-donation in a variety of other NHC-
metal complexes was subsequently reported.”’ Manifesting these fundamental studies,
Organ reported22 strong correlation between m-electronics and catalytic activities in a

range of NHC-metal complexes.
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Figure 7.1

that exhibited modest bathochromic shifts relative to small molecule models.**

I\Vles Mes/ Np L
71 7.2 7.3
M = Ni, Pt M = Rh, Ag, Pd R = Me, iPr, Mes
fBu (o) Mes
) N
N O‘ D—M(L,)CI
i N
c72
H, o) Mes
7.4 7.5
M =Rh, Ir M = Rh, Ag
L, = cod, 2-CO
Examples of metal complexes used to study n-backbonding in NHCs. Np =

neo-pentyl, Me = methyl, ‘Pr = iso-propyl, Mes = 1,3,5-trimethylbenzene,

‘Bu = tert-butyl, cod = 1,5-cyclooctadiene.

Our interest in understanding the nature of the NHC-metal interaction, and in

particular the existence and potential tunability of n-backbonding, stems from a different
perspective. We have recently launched a program that utilizes the affinities of NHCs for
transition metals to create unique classes of main chain organometallic polymers.” With
applications in electronics and catalysis in mind, understanding role of n-backbonding is
essential for enhancing conductivities, thermal stabilities, catalytic functions, and other
physical properties of these materials. For example, we found that copolymerization of a

bis(NHC) with various group 10 metals (i.e., Pd, Pt, Ni) resulted in polymeric materials
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insights into key factors that govern NHC-metal n-backbonding interactions, including
developing parameters for fine tuning, should help guide future efforts for optimizing
electronic characteristics and other physical properties of such organometallic polymers.

Many of the aforementioned experimental approaches for studying NHC-metal
interactions involve coordinating a NHC to a transition metal complex followed by
monitoring spectroscopic changes in ancillary ligands (e.g., recording changes in trans
carbonyl stretching frequencies upon ligation). Individual - versus m-contributions in
the NHC-metal interaction are then deconvoluted through comparison with other types of
ligands. We recently introduced a new approach for studying NHC-metal interactions by
examining spectroscopic changes that occur at the NHC ligand upon coordination of
ancillary ligands with varying degrees of m-backbonding capabilities. In particular,
various naphthoquinone-annulated NHC (NgMes) transition metal complexes (7.5) were
synthesized and characterized.”> The quinone group, which contains two equivalent
carbonyl moieties formally conjugated to the carbene atom, provided a distinct
spectroscopic handle for studying m-interactions using IR spectroscopy. Furthermore, the
redox-active character of quinodal moieties provided an independent means to measure
ligand electronics using cyclic voltammetry. Using these spectroscopic techniques,
(NgMes)RhClI(cod) (cod = 1,5-cyclooctadiene) was found to exhibit lower quinone
carbonyl stretching frequencies and higher reduction potentials than (NgMes)RhCI(CO)s.
These results, supported by a comprehensive X-ray crystallographic analysis, suggested
that the m-backbonding capability of NgqMes lies in between an olefin and a carbon
monoxide, two ligands with well-established n-backbonding capabilities."

In this contribution, we supplement this approach by evaluating a series of NHC-
metal complexes with differing degrees of n-backbonding capabilities using a variety of

spectroscopic techniques. As illustrated in Figure 7.2, the basic design utilizes IR and
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NMR active functional groups on both the NHC and other ancillary ligands complexed to
a transition metal. Corroborating changes in m-acidity of one ligand with spectroscopic
changes at the other should not only establish the existence of m-backbonding but also
demonstrate that this interaction is tunable. In particular, the synthesis of 4,5-dicyano-
imidazol-2-ylidene metal complexes which feature two nitrile groups formally
conjugated to the carbene atom are described. Similar to the aforementioned quinone
carbonyl groups in NgMes, these IR-sensitive groups were envisioned to function as
probes for evaluating the m-electronics of its respective metal complexes. For example,
observation of an increased nitrile IR stretching frequency upon replacement of an
ancillary olefinic ligand (i.e., 1,5-cyclooctadiene) with carbon monoxide would suggest
that m-backbonding is operative in this NHC architecture. If this could be established,
then systematic replacement of the nitrile groups with functional groups of varying =-
acidities should cause corresponding spectroscopic changes in the ancillary olefin and/or
carbon monoxide ligands using NMR spectroscopy and IR spectroscopy, respectively.
Additional evidence for the existence and tunability of m-backbonding interactions may
be obtained through the observation of distinctive bond length changes using X-ray

crystallography.

Probes »C NMR (L = olefin)
(X=CN) | X N 0*0 b*@ Probes

IR x,,,,/ _ §@<_Q 0_,0 IR (L =CO) &

Figure 7.2  Basic design for evaluating n-backbonding in a range of NHC metal
complexes using IR and NMR spectroscopies.

124



With the goals of evaluating and tuning n-backbonding characteristics of NHCs in
mind, we targeted a series of transition metal complexes fulfilling two key requirements:
1.) The transition metals must be capable of coordinating to NHCs with a range of n-
backbonding capabilities. As such, 1,3-dimethyl-imidazol-2-ylidenes with functional
groups of varying m-acidities were designed. We envisioned that imidazol-2-ylidene
derivatives possessing nitro and cyano groups in 4- and/or 5-positions should show
differing degrees of m-backbonding in their respective metal complexes and may be
conveniently compared against its parent (4,5-dihydro) NHC. To deconvolute inductive
o-effects due to the installation of electronegative atoms, the plan also included synthesis
and study of a 4,5-dichloro derivative. 2.) Ancillary ligands coordinated to the NHC-
transition metal complex must be readily exchanged without perturbing other physical
characteristics of that same complex (oxidation state, geometry, coordination number,
etc.) Ligand exchange should also influence the n-system of the respective complexes,
manifesting in distinct spectroscopic and/or structural changes. In particular, a system
was required such that an ancillary ligand with modest n-backbonding capability (e.g., an
olefin) could be readily substituted with a ligand that is highly capable (e.g., carbon
monoxide). Building upon our experiences with using Rh complexes for the purposes of
studying NHC n-backbonding, Rh complexes of the general type (NHC)RhCl(cod) were
targeted as the cod ligand is known to rapidly exchange with two units of carbon

monoxide, with essentially no other change in the metal environment.***’

RESULTS

The synthetic outline of various complexes meeting the aforementioned
requirements is summarized in Figure 7.3. Independent treatment of commercially-
available 1-methyl-4,5-disubstituted-imidazoles (7.6) with excess methyl iodide in

CH3CN at 50 °C (sealed tube) resulted in the respective imidazolium salts 7.7 in yields
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ranging from 70 — 97%.** Although organometallic complexes containing NHCs are
commonly prepared through direct treatment of the desired neutral ligand, this approach
can be problematic as it requires isolation of the free NHC or the use of strong bases to
generate in the NHC in situ. To circumvent the need for free NHCs, Lin developed a
practical and operationally-straightforward protocol that involves NHC-Ag complexes
capable of transmetallation.”” Following this procedure, Ag complexes 7.8 were prepared
in 88 — 95% yields through treatment of the respective imidazolium salts with Ag,0.
Subsequent transmetallation to [Rh(cod)Cl;], afforded Rh complexes 7.9 in 74 — 99%
yields. Finally, bubbling carbon monoxide through solutions of Rh(cod) complexes 7.9

produced the respective Rh carbonyl complexes 7.10 in excellent yields (> 99%).2°

/ e /
1 1 1
RNAN CHl RA_N Ag,0 RU_N
) o) — | D—Agi
2N CH3CN, 50 °C 2N CH,Cl, 2N
R R \ R \
7.6-CN: R' =R%2=CN 7.7-CN, 70% 7.8-CN, 90%
76-H:R"=R%2=H 7.7-H, 97% 7.8-H, 95%
7.6-Cl: R'=R2=ClI 7.7-Cl, 96% 7.8-Cl, 93%
7.6-NO,: R' = H; R = NO, 7.7-NOy, 87% 7.8-NO,, 88%

/ /
RN R! co
[Rh(cod)Cly], 1o CO (balloon) N 5
THF R2 N ¢ 3 2” N
\ R \ Cl
7.9-CN, 96% 7.10-CN, 99%
7.9-H, 99% 7.10-H, 99%
7.9-Cl, 74% 7.10-Cl, 99%
7.9-NO,, 92% 7.10-NO,, 99%

Figure 7.3  Synthesis of various metal complexes containing 4,5-disubstituted-imidazol-
2-ylidenes.
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Once compounds 7.7 — 7.10 were synthesized, they were studied using a variety
of spectroscopic techniques. Initial attention was directed toward using solid-state (KBr)
IR spectroscopy to examine the nitrile-substituted compounds 7.7-CN — 7.10-CN;
selected data is summarized in Table 1. As expected, imidazolium salt 7.7-CN exhibited
a relative high nitrile stretching frequency (ven) of 2250 em™.*! Since the imidazolium
proton has no m-backbonding capability, this compound served as a comparative model.
Reflecting relative charge densities and M—C electron-donating abilities, complexes 7.8-
CN, 7.9-CN and 7.10-CN exhibited lower nitrile stretching frequencies to differing
degrees. For example, the bis(NHC) cationic Ag complex (1,3-dimethyl-4,5-dicyano-
imidazolylidene),Ag*BF, (7.11)** exhibited a vey = 2247 cm™ whereas Ag complex 7.8-

CN registered a vey = 2239 cm™,

Compound | ven (cm™)

7.7-CN 2250

7.11 2247
7.8-CN 2239
7.9-CN 2238

7.10-CN 2242

Table 7.1  Selected IR stretching frequencies of CN groups in a variety of NHC-metal
complexes. Carbonyl stretching frequencies were determined for compounds
in the solid-state using IR spectroscopy (KBr). Reported values are + 0.5
cm”. Compound 11 = (1,3-dimethyl-4,5-dicyano-
irnidazolylidene)gAg°BF4.3 2
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While study of the aforementioned azolium and Ag complexes highlighted the
sensitivity of IR spectroscopy for studying n-electronics, Rh complexes 7.9-CN and 7.10-
CN were studied to probe for the existence of n-backbonding in NHC — metal complexes.
Since m-withdrawing effects from the cod and CI ligands are relatively weak, complex
7.9-CN was poised for NHC m-backbonding. In contrast, the two carbon monoxide
ligands in complex 7.10-CN should greatly diminish the ability of the Rh to n-backbond
to the NHC. Dominant resonance contributors describing these two limiting cases are
illustrated in Figure 7.4 and were supported by observed nitrile stretching frequencies of
2242 and 2238 cm’ for complexes 7.9-CN and 7.10-CN, respectively. Interestingly, the
ven of Rh complex 7.9-CN was comparable to Ag complex 7.8-CN, which suggests that
these two metal complexes may participate in m-backbonding with NHCs to similar

degrees.

c=o0

NSKC\()N(\QDQH' ) LYY
A O =T ATowe ©

Figure 7.4 Dominant resonance contributors for complexes 9-CN (left) and 10-CN
(right).

Subsequent attention was directed toward using other spectroscopic tools to
evaluate relative m-backbonding abilities in a related series of NHC-transition metal
complexes. Crabtree and Quirk demonstrated that NMR spectroscopy is a powerful
technique for measuring electron densities in Ir-olefin complexes.”® In relatively electron
deficient systems, coordinated olefins act as conventional two-electron donors and

maintain a significant degree of C=C double bond character. As electron density on the
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metal increases, the olefin adopts metallocyclopropane character due to M—olefin =-
backbonding. By monitoring chemical shifts of the protons on the olefin, relative
contributions from these two extreme states can be measured using 'H NMR
spectroscopy. We envisioned that evaluation of Rh complexes 7.9 and 7.10 using NMR
spectroscopy should provide a relative scale for measuring m-backbonding in NHC —
transition metal complexes.

The 'H NMR chemical shift of the olefin #rans to the NHC ligand in complexes
7.9 were recorded and summarized in Table 7.2. Relative to 7.9-H, downfield shifts were
observed for each of the 4,5-disubstituted derivatives studied. In particular, electron
deficient complex 7.9-Cl, which contains two electronegative chlorine atoms in the 4-
and 5-positions of the imidazol-2-ylidene, was found to exhibit a chemical shift nearly
identical to 7.9-H (5.03 versus 5.00 ppm, respectively). In contrast, relatively significant
downfield shifts were observed for compounds 7.9-NO; and 7.9-CN (5.12 versus 5.17
ppm, respectively) which contain m-acidic nitro and cyano groups with group
electronegativities similar to C1.** In other words, the Rh centers in metal complexes 7.9-
CN and 7.9-NO;, were apparently more electron deficient than not only its parent
complex 9-H, but also dichloro derivative 7.9-Cl.

To help deconvolute n-withdrawing from o-inductive effects in 7.9, Hammett
Ometa parameters were calculated from experimentally-derived acidity constants for 3-
nitrobenzoic acid (pKa = 3.46), 3,5-dichlorobenzoic acid (pKa = 3.54), and benzoic acid
(pKa = 4.19).” Specifically, the inductive effect of one NO; group (Gmea = 0.73) is
approximately the same as two Cl groups (additive opmera = 0.65). Consequently, if the
relative metal electron deficiencies in the series of NHC complexes studied was due
solely to diminished o-donation, and not m-backbonding, one would expect the trans

olefins in 7.9-Cl and 7.9-NO, to show similar 'H NMR chemical shifts. As shown in
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Table 7.2, a significant difference was observed between these two complexes, whereas
only a small difference was observed between 7.9-H and 7.9-Cl. Since these results
could not be readily rationalized in terms of -induction, we propose the observed trend

in spectroscopic data is due to the relative n-withdrawing effects of the NHC ligands.

Complex | 8(=CH) (ppm)*
7.9-H 5.00
7.9-Cl1 5.03

7.9-NO, 5.12

7.9-CN 5.17

Table 7.2 'H NMR chemical shifts of the protons on the olefin frans to the NHC
ligand. Chemical shifts were determined using 'H NMR spectroscopy
(solvent = CDCl3), reported downfield to tetramethylsilane, and referenced
to residual protio solvent.

Having evaluated relative m-backbonding contributions in a series
(NHC)Rh(cod)C] complexes using 'H NMR spectroscopy, attention turned toward using
IR spectroscopy to study analogous interactions in a related series of (NHC)Rh(CO),Cl
complexes. As summarized in Table 7.3, trans carbonyl stretching frequencies (vcos)
were recorded for complexes 7.10. For each complex analyzed, two unique CO
stretching frequencies were observed, corresponding to in-plane and out-of-plane
stretching CO vibrational modes. In accord with the aforementioned NMR data, vcos
correlated with the m-acidities of the NHC ligands. For example, complexes 7.10-H and
7.10-Cl, which contained imidazol-2-ylidenes with hydro and chloro substituents in the
4,5-positions, respectively, exhibited almost identical vcps. In contrast, complexes 7.10-
CN and 7.10-NO,, which contained m-acidic cyano and nitro groups, respectively,
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exhibited significantly higher values. Since it is well-known that the interaction between
a transition metal and carbon monoxide involves a considerable degree of M—CO n-
donation, the higher vco observed for Rh complexes containing m-acidic NHCs were

suggestive of competitive n-backbonding interactions.

Complex vco (cm'l)b

7.10-H 2087, 2004
7.10-C1 2091, 2010
7.10-NO, 2094, 2012

7.10-CN 2099, 2017

Table 7.3  Selected carbonyl stretching frequencies for a series of (NHC)Rh(CO),Cl
complexes.Carbonyl stretching frequencies were determined using IR
spectroscopy for compounds in solution (CDCl3). Values reported are + 0.5
cm™. The two frequencies correspond to in-plane and out-of-plane
vibrational modes. ° The carbonyl stretching frequencies of the carbon
monoxide ligand trans to the NHC ligand is reported.

To obtain additional support for =m-backbonding in NHC-transition metal
complexes, attention was directed toward studying the solid-state structures of Rh
complexes 7.9. In general, three distinct structural changes were expected as the relative
n-backbonding ability of the NHC ligand increased: 1.) the average Cearpene-N bond length
should elongate due to population of the carbene p-orbital with electrons, 2.) the Rh-
Cearbene bond length should contract due to a stronger interaction being formed between
these two atoms, and 3.) the length of the bond formed between the Rh atom and the
olefin trans to the NHC ligand should elongate due to decreased electron density at the

Rh center. All other bond lengths and angles in the respective metal complexes should

remain relatively constant. For clarity, expected changes are summarized in Figure 7.5A.
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(A) (B) X=H X=Cl X=NO, X=CN
s - contraction C-Rh(A):: 2023 2021 2005 2.006

X//I: N / C1
[ >c—rn—]| C-N(A): 1352 1360 1.360  1.369

X N c
elongation Rh-C, (A): 2204 2218 2226  2.205

Figure 7.5 (a) Expected changes in key bond lengths as the n-backbonding ability of
the NHC ligand increases. (b) Summary of key bond lengths observed for a
series of (NHC)Rh(cod)Cl complexes with NHC ligands of varying degrees
of m-acidity; the data reported was taken from Table 5. Note: average C-N
bond lengths are reported.

Quality crystals of 7.9-Cl, 7.9-CN, and 7.9-NO, suitable for X-ray diffraction
analysis were independently obtained. Selected crystallographic data as well as bond
lengths and angles are summarized in Tables 7.4 and 7.5, respectively. For comparison,
key data for known™ 7.9-H has been included. As shown in Figure 6, the ORTEP
diagrams for each of these complexes are remarkably similar. In general, increased m-
acidities of the NHC ligand resulted in elongated C.amene-N and Rh-olefin bond lengths
with concomitant contractions in the Rh-Capene bond length (summarized in Figure 5B).
Other bond lengths and angles remained relatively constant within this same series.
Furthermore, complexes 7.9-H and 7.9-Cl exhibited comparable Ccurhene-Rh bond lengths
(2.023(2) and 2.021(2) A, respectively), whereas analogous bond lengths in complexes
7.9-NO; and 7.9-CN were relatively short (2.005(3) and 2.006(6) A, respectively).
Combined with the IR and NMR spectroscopic data described above, these results
suggested that NHCs are not only capable of m-backbonding but the extent of this

interaction is dependent on its m-acidity.
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(A) (B)

©

Figure 7.6  ORTEP diagrams of (A) 7.9-H, (B) 7.9-Cl, (C) 7.9-NO; and (D) 7.9-CN.
Ellipsoids were drawn at the 50% probability level. Hydrogen atoms have
been omitted for clarity. Data for 7.9-H was reproduced from ref. 30.
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7.9-H* 7.9-Cl 7.9-NO, 7.9-CN
CCDC No. 109494 650155 650157 650156
empirical formula C3H,CIN,Rh C5HsCIN,Rh C3H,9CIN;O,Rh C,5H;3CINsRh
formula weight 342.67 411.55 387.67 392.69
cryst syst Monoclinic Monoclinic Monoclinic Monoclinic
space group P21/n C2/c P21/c P21/n
a, A 10.162(2) 18.6430(3) 14.3364(9) 14.4910(8)
b, A 11.137(1) 12.0050(2) 8.0561(5) 11.0430(5)
c A 13.223(2) 14.9100(2) 14.0038(10) 20.0880(10)
a, deg 90° 90° 90° 90°
B, deg 112.400(10) °© 113.8410(9)° 109.016(2)° 96.598(3)°
vy, deg 90° 90° 90° 90°
N 1383.6(4) 3052.25(8) 1529.12(17) 3193.3(3)
T,K 223(3) 153(2) 233(2) 153(2)
Z 4 8 4 8
Deae; Mg/m® 1.6450(5) 1.791 1.684 1.634
cryst size (mm) 0.23x0.209 x 0.356 0.19x0.18 x 0.11 0.25x0.09 x 0.07 0.37x0.26x0.14
reflections collected 4131 20443 5470 11522
independent reflections 2583 3464 3448 7227
Ry, WRy {I>20(])} 0.021, 0.017 0.0249, 0.0552 0.0340, 0.0773 0.0536,0.1157
goodness of fit NA 1.090 1.014 1.028

Selected crystal data for Rh complexes 7.9. Data for 7.9-H was reproduced
from ref. 30. NA = Information not available.

Table 7.4

134



Bond 7.9-H” 7.9-Cl 7.9-NO, 7.9-CN

CI-Rh | 2.023(2) | 2.021(2) | 2.005(3) | 2.006(6)

Rh-Ca 2.175(3) | 2.195(2) | 2.196(4) | 2.205(6)

Rh-Cb 2204(3) | 2.218(2) | 2.226(3) | 2.204(6)

N2-C1 1.3492) | 1.3633) | 1.366(4) | 1.366(9)

N1-Cl 1.356(3) | 1.358(3) | 1.354(4) | 1.372(7)

N1-C4 1.385(4) | 1.3833) | 1.367(5) | 1.371(7)

N2-C2 1387(3) | 1.384(3) | 1.387(5) | 1.391(7)

C2-C4 1.333(4) | 1.3403) | 1.334(5) | 1.344(8)

NI1-CI-N2 | 104.06(16) | 104.55(18) | 105.1(3) | 104.4(7)

Table 7.5  Selected bond lengths (A) and an§les (°) for Rh complexes 7.9. ORTEP
diagrams are shown in Figure 6. ~ Data for 7.9-H was reproduced from ref.
30.

CONCLUSION

A range of new Rh and Ag complexes containing 1,3-dimethyl-imidazol-2-
ylidenes with varying degrees of m-acidity were synthesized and then studied using NMR
spectroscopy, IR spectroscopy, and X-ray crystallography. A new NHC ligand featuring
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two nitrile groups formally conjugated to the carbene atom, 1,3-dimethyl-4,5-dicyano-
imidazol-2-ylidene, was found to be useful for studying m-backbonding using FT-IR
spectroscopy. In particular, the ven of (1,3-dimethyl-4,5-dicyano-imidazol-2-
ylidene)Rh(cod)Cl was found to be 4 + 0.5 cm™ higher than its respective Rh(CO),Cl
complex, suggesting that this NHC was a stronger m-acid than an olefin but weaker than
carbon monoxide. Using the 4,5-dicyano derivative as a reference, NMR and IR
spectroscopies were employed to study a range of Ag and Rh containing various
imidazol-2-ylidenes. In general, chemical shifts of the coordinated olefin and the
stretching frequencies of the carbonyl group frans to the NHC ligand correlated with the
n-acidity of the NHC. Furthermore, c-inductive effects were found to be relatively
minimal, as determined by comparison to complexes containing 4,5-dichloro-imidazol-2-
ylidenes. Finally, structural analysis of a series (NHC)Rh(cod)Cl complexes possessing
NHCs with varying degrees of n-acidities supported the NMR and IR spectroscopic data.
In particular, the average N-Cgambene and Rh-(olefin) bond lengths elongated while the Rh-
Cearbene bond length contracted as the m-acidity of the NHC ligand increased.
Collectively, these results suggest that n-backbonding in NHC-metal complexes is not
only non-neglible, but tunable. This information should help guide efforts toward fine
tuning transition metal-based catalysts for facilitating synthetically-useful
transformations and/or optimizing the electronic properties of organometallic polymers

containing NHCs.
EXPERIMENTAL

Materials and Methods: All reactions were performed under an atmosphere of nitrogen
using standard Schlenk techniques or in a nitrogen filled glove-box. Dichloromethane

was distilled from calcium hydride and degassed by two freeze-pump-thaw cycles.
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Tetrahydrofuran and toluene were distilled from Na/benzophenone and degassed by two
freeze-pump-thaw cycles. [(cod)RhCl]2 and 1,3-bis(2,6-diisopropylphenyl)imidazolium
chloride were purchased from Strem Chemicals and used without further purification.
1,3-Dimethyl-imidazolium iodide (1-H) was prepared according to literature
procedures.36 All other reagents were purchased from Aldrich or Acros and were used
without further purification. "H NMR spectra were recorded using a Varian Gemini (300
MHz or 400 MHz) spectrometer. Chemical shifts are reported in delta (8) units,
expressed in parts per million (ppm) downfield from tetramethylsilane using residual
protio solvent as an internal standard (CDCls, 7.24 ppm; C¢Ds, 7.15 ppm; CD,Cl,, 5.32
ppm; DMSO-d6, 2.49 ppm). “C NMR spectra were recorded using a Varian Gemini
(100 MHz) spectrometer. Chemical shifts are reported in delta (8) units, expressed in
parts per million (ppm) downfield from tetramethylsilane using the solvent as an internal
standard (CDCls, 77.0 ppm; Ce¢Dsg, 128.0 ppm; CD,Cl,, 53.8 ppm, DMSO-d6, 39.5 ppm).
3C NMR spectra were routinely run with broadband decoupling. Coupling constants are
expressed in hertz (Hz). IR spectra were record using Perkin-Elmer Spectrum BX FT-IR
system. High-resolution mass spectra (HRMS) were obtained with a VG analytical
ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative intensity). X-ray
crystal structure data for compounds 9-CI (CCDC 650155), 9-NO, (CCDC 650157), and
9-CN (CCDC 650156) were deposited with the Cambridge Crystallographic Data Centre,

12 Union Road, Cambridge CB2 1EZ, UK.

o /_||@ 1,3-Dimethyl-4,5-dichloro-imidazolium iodide (7.7-Cl). A 30 mL

N
I@» pressure vessel was charged with 4,5-dichloro-1-methyl-imidazole (7.5 g,
N

Cl
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49.7 mmol), CH3I (5.0 mL, 80.2 mmol), CH3CN (60 mL), and a stir bar. After sealing
the vessel, the reaction mixture was stirred at 60 °C for 12 h. Subsequent cooling to 0 °C
caused solids to precipitate which were collected by filtration and washed with Et,O (30
mL). Removal of residual solvent under reduced pressure afforded the desired product
(14.0 g, 96% yield) as a white crystalline solid. 'H NMR (DMSO-ds): & 9.39 (s, 1H),
3.82 (s, 6H). >C NMR (DMSO-dy): & 136.6, 118.9, 34.9. HRMS: [M]" calcd for
CsH7CIoN»: 164.9981; found, 164.9981.

/—l I@ 1,3-Dimethyl-4,5-dicyano-imidazolium iodide (7.7-CN). A 30 mL
NCI@'%> pressure vessel was charged with 4,5-dicyano-1-methyl-imidazole (1.0 g,
NC N\ 7.57 mmol), CH3I (2 mL, 32.1 mmol), CH;CN (15 mL), and a stir bar.

After sealing the vessel, the reaction mixture was stirred at 80 °C for 24
h. The mixture was then cooled to ambient temperature and poured into Et;O (50 mL).
The precipitated solids were collected by filtration and dried under reduced pressure to
afford the desired product as yellow crystals (1.45 g, 70% yield). IR (KBr): 2250 cm™.
"H NMR (DMSO-dj): § 9.76 (s, 1H), 4.05 (s, 6H). °C NMR (DMSO-d): & 142.5, 115.6,

106.1, 37.2. HRMS: [M]+ calcd for C;H/Ny4: 147.0665; found, 147.0672.

05N N/ |@ 1,3-Dimethyl-4-nitro-imidazolium iodide (7.7-NO;). A 30 mL
\[@» pressure vessel was charged with 1-methyl-4-nitro-imidazole (3.6 g,

N\ 28.3 mmol), CH;I (5.0 mL, 80.2 mmol), CH3;CN (25 mL), and a stir bar.

After sealing the vessel, the reaction mixture was stirred at 50 °C for 12 h. Subsequent
cooling to 0 °C caused solids to precipitate which were collected by filtration and washed

with Et,0 (30 mL). Removal of residual solvent under reduced pressure afforded the
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desired product as an orange crystalline solid (6.61 g, 87% yield). Spectroscopic data

were in accord with literature values.>’

NG /_l BI-% 1,3-Dimethyl-4,5-dicyano-imidazolium tetrafluoroborate. A vial

I@g> was charged with Me;O-BF,4 (0.62 g, 4.2 mmol), CH;CN (4 mL), and
NC N\ 4,5-dicyano-1-methyl-imidazole (0.50 g, 3.79 mmol), and a stir bar.*®
After stirring for 1 h at ambient temperature, solid white flakes precipitated from the
reaction mixture. The solids were then collected by filtration and dried under reduced
pressure to afford the desired product as white crystals (0.89 g, 70% yield). IR (KBr):
2264 cm™. "H NMR (DMSO-dj): § 9.66 (s, 1H), 4.05 (s, 6H). *C NMR (DMSO-dy): &

142.6, 115.6, 106.1, 37.0. HRMS: [M]" calcd for C;H7N,: 147.0665; found,147.0672.

Ag Complex 7.8-H. A 30 mL pressure vessel was charged with 1,3-dimethyl-
imidazolium iodide (1-H)*® (2.14 g, 9.8 mmol), Ag,O (1.13 g, 4.9 mmol), CH,Cl, (10
mL), and a stir bar. After sealing the vessel, the reaction mixture was stirred at 50 °C for
10 h. Subsequent cooling to ambient temperature caused solids to precipitate which were
collected by filtration. Removal of residual solvent under reduced pressure afforded the
desired product as a gray powder (3.0 g, 95% yield). Spectroscopic data were in accord

with literature values.>

Ag Complex 7.8-Cl. A 30 mL pressure vessel was charged with 1,3-dimethyl-4,5-
dichloro-imidazolium iodide (7.7-Cl) (1.05 g, 3.57 mmol), Ag,O (0.41 g, 1.78 mmol),
CH,CI; (15 mL), and a stir bar. After sealing the vessel, the reaction mixture was stirred
at 50 °C for 2 h. Subsequent cooling to ambient temperature caused solids to precipitate

which were collected by filtration. Removal of residual solvent under reduced pressure
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afforded the desired product as a gray powder (1.33 g, 93% yield). HRMS: [M]" calcd
for CsHgCl,N,Agl: 397.8004; found, 397.8000. This complex exhibited extremely poor
solubilities in common organic solvents and therefore was used directly without further

purification or characterization.

Ag Complex 7.8-CN. A 30 mL pressure vessel was charged with 1,3-dimethyl-4,5-
dicyano-imidazolium iodide (7.7-CN) (0.19 g, 0.68 mmol), Ag,O (78 mg, 0.34 mmol),
CH,ClI; (5 mL), and a stir bar. After sealing the vessel, the reaction mixture was stirred at
50 °C for 4 h. Subsequent cooling to ambient temperature caused solids to precipitate
which were collected by filtration. Removal of residual solvent under reduced pressure
afforded the desired product as a gray powder (0.24 g, 90% yield). IR (KBr): 2239,
1449, 1384, 885, 490 cm™. 'H NMR (DMSO-dy): & 4.04. 'C NMR (DMSO-dy): &
192.7, 115.5, 107.7, 39.0.

Ag Complex 7.8-NO,. A 30 mL pressure vessel was charged with 1,3-dimethyl-4-nitro-
imidazolium iodide (7.7-NO3) (0.67 g, 2.47 mmol), Ag,O (0.29 g, 1.24 mmol), CH,Cl, (7
mL), and a stir bar. After sealing the vessel, the reaction mixture was stirred at 50 °C for
3 h. Subsequent cooling to ambient temperature caused solids to precipitate which were
collected by filtration. Removal of residual solvent under reduced pressure afforded the
desired product as a green-yellow powder (0.82 g, 87% yield). 'H NMR (DMSO-dy): &
8.79 (s, 1H), 4.12 (s, 3H), 3.91 (s, 3H). "*C NMR (DMSO-ds): & 188.2, 139.1, 126.8,
39.4.

Ag Complex 7.11. A 30 mL pressure vessel was charged with 1,3-dimethyl-4,5-dicyano-
imidazolium tetrafluoroborate (0.12 g, 0.5 mmol), Ag,O (60 mg, 0.25 mmol), CH;CN (5
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mL), and a stir bar. The vessel was then sealed and the reaction mixture was stirred at 80
°C for 16 h. After cooling to ambient temperature, the reaction mixture was filtered
through 0.2 pm PTFE filter. Residual solvent was then removed under reduced pressure
to afford the desired product as a white foam (0.24 g, 98% yield). Note: the product is
extremely hydrophilic and rapidly turns into an oil upon exposure to air. IR (KBr): 2247,
1457, 1260, 890 cm™. "H NMR (DMSO-dy): § 3.97. *C NMR (DMSO-dy): & 190.3,
115.6, 107.7, 38.7. HRMS: [M]" calcd for C14H2AgNs: 399.0230; found, 399.02304.

/ Rh Complex 7.9-Cl. A 20 mL flask was charged with Ag complex
CIIN)>—§I§© 7.8-C1(0.29 g, 0.72 mmol), [Rh(cod)Cl], (0.16 g, 0.33 mmol), THF
Cl N\ i (10 mL), and a stir bar. The resulting reaction mixture was then

stirred at 60 °C for 3 h. Afterward, the reaction mixture was cooled
to ambient temperature and then filtered through 0.2 um PTFE filter. Removal of
residual solvent under reduced pressure afforded desired product as yellow solid (0.2 g,
74% yield). 'H NMR (CDCl): § 5.03 (br, 2H), 4.04 (s, 6H), 3.26 (br, 2H), 2.40-2.37 (br,
4H), 1.97-1.93 (br, 4H). *C NMR (CDCls): & 188.2 (d, Jrn.c = 52.3 Hz), 116.3 (d, Jrn-c
= 1.4 Hz), 99.5 (d, Jra-c = 6.7 Hz), 68.4 (d, Jruc = 15.0 Hz), 36.4, 32.8, 28.8. HRMS:
[M]" caled for C13H;3C1sN,Rh: 409.9591; found, 409.9596.

/ Rh Complex 7.9-CN. A 20 mL flask was charged with Ag
NCIN>>_§I§’:© complex 7.8-CN (0.1 g, 0.26 mmol), [Rh(cod)Cl], (60 mg, 0.12
NC N\ é' ) mol), THF (5 mL), and a stir bar. The resulting reaction mixture

was stirred at 50 °C for 6 h and then filtered hot through a 0.2 pm
PTFE filter. Removal of residual solvent under reduced pressure afforded desired

product as an orange powder (98 mg, 95% yield). IR (KBr): 2238 cm”. 'H NMR
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(CDCLy): & 5.17 (br, 2H), 4.26 (s, 6H), 3.29 (br, 2H), 2.42-2.40 (br, 4H), 2.03-2.01 (br,
4H). 3C NMR (CDCL): & 196.6 (d, Jrn.c = 53.0 Hz), 115.4, 106.8, 102.4 (d, Janc = 6.7
Hz), 68.5 (d, Janc = 14.2 Hz), 38.3, 33.0, 29.0. HRMS: [M]" calcd for C;sH;sCIN,Rh:
392.0275; found, 392.0272.

/ Rh Complex 7.9-NO,. A 20 mL flask was charged with Ag
OZN\[N> léhgf@ complex 7.8-NO, (0.3 g, 0.8 mmol), [Rh(cod)Cl], (0.16 g, 0.33
N\ i mmol), THF (5 mL), and a stir bar. The resulting reaction mixture
was then stirred at 60 °C for 1 h. Afterward, the reaction mixture
was cooled to ambient temperature and then filtered through a 0.2 pm PTFE filter.
Removal of residual solvent under reduced pressure afforded desired product as a yellow
solid (0.29 g, 92% yield). '"H NMR (CDCls): & 7.82 (s, 1H), 5.12 (br, 2H), 4.48 (s, 3H),
4.19 (s, 3H), 3.33 (br, 2H), 2.45-2.39 (br, 4H), 2.01-1.98 (br, 4H). *C NMR (CDCls): &
192.8 (d, Jrnc = 53.0 Hz), 125.1, 101.28 (d, Jrn.c = 6.6 Hz), 101.25 (d, Jrnc = 6.8 Hz),
69.2 (d, Jra-c = 14.2 Hz), 69.0 (d, Jrnc = 14.2 Hz), 39.6, 39.0, 33.1, 33.0, 29.05, 28.98.
HRMS: [M]" caled for C13H;9CIN;O,Rh: 387.0221; found, 387.0224.

General Procedures for the Synthesis of Rh Carbonyl Complexes 7.10. Rh complex
7.9 was dissolved in CDCIl; (approx. conc. = 0.07 M) and then placed under an
atmosphere of carbon monoxide (balloon). Ligand exchange was monitored using 'H
NMR spectroscopy and accompanied with a gradual loss in color. In general, reactions
were complete in less than 10 min. Concentration of the reaction solutions resulted in

decomposition of the desired product.”
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/ co Rh Complex 7.10-H. IR (CDCls): 2087, 2004 cm™. NMR data were in

[ >>_ T:": CO 4ccord with literature values.*
\

Rh Complex 7.10-Cl. IR (CDCl): 2091, 2010 cm”. 'H NMR
I )>—Rh CcO (CDClL): 6 3.89 (s, 6H). >C NMR (CDCls): 184.7 (d, Jrnc = 54.6
Hz), 182.2, 174.7 (d, Jrn.c = 44.6 Hz), 117.9, 37.1.

/ co Rh Complex 7.10-CN. IR (KBr): 2242, 2085, 2007 cm”. IR

]:>>—Rh COo (CDCly): 2252, 2099, 2017 cm™. '"H NMR (CDCl): & 4.13 (s, 6H).
Ci

\ C NMR (CDCls): 5 186.9 (d, Jrn.c = 45.2 Hz), 183.8 (d, Jrn.c = 55.8

Hz), 181.2 (d, Jrac = 72.0 Hz), 115.8, 105.9, 38.9. HRMS: [M] caled for
CoHgCIN,O,Rh: 339.9234; found, 339.9229.

/ co Rh Complex 7.10-NO,. IR (CDCls): 2094, 2012 cm™. 'H NMR
\E>>—Rh co (CDCL): & 7.96 (s, 1H), 4.31 (s, 3H), 4.03 (s, 3H). C NMR

\ ¢l (CDCls): & 184.4 (d, Jrnc = 54.6 Hz), 182.8 (d, Jrnc = 45.6 Hz),

181.6 (d, Jrnc = 73.0 Hz), 139.6, 125.1, 40.1, 39.4. HRMS: [M]" caled for

C7H;CIN;0O4Rh: 334.9180; found, 394.9181.
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Chapter 8: Diaminocarbene[3]ferrocenophanes and Their Transition
Metal Complexes’

INTRODUCTION

N-heterocyclic carbenes' (NHCs) form robust complexes with nearly every
transition metal, often resulting in catalysts with superior activities and selectivities.” The
broad utilities and applications of NHCs can be traced to synthetic advances enabling
access to derivatives possessing novel N-substituents and architectures.’” By linking
diaminocarbenes to 1,1'-disubstituted-metallocenes, we envisioned a new class of
carbene-based ligands with relatively wide N-C-N angles and redox-switchable
functions.” Considering the affinities of carbenes for transition metals, such ligands may
lead to new redox-active complexes with tunable electronic properties. Herein, we report
a novel carbene architecture that comprises a 1,1'-disubstituted-ferrocene moiety and
demonstrate its ability to engage in unique electronic interactions with coordinated

transition metals.®
RESULTS

Formamidinium salts 8.1a and 8.1b were synthesized via formylative cyclization
of their respective 1,1'-dianilino-’ and 1,1'-dialkylamino-ferrocene precursors using
trimethylorthoformate and HBF, in yields of up to 95%.° Diagnostic formamidinium
signals were found at 9.3 and 8.8 ppm (DMSO-ds), respectively, in the 'H NMR spectra
of these compounds. As shown in Figure 1, the solid-state structure of 8.1a revealed
eclipsing cyclopentadienyl (Cp) ligands that were tilted toward each other (¢ = 15.7°) due
to the tethering effect of the diaminocarbene fragment. This strain manifested in a
relatively large N-C-N angle of 129.6(3)°, a value commonly seen in tetrasubstituted

formamidinium ions (~ 130°).°
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Attempts at generating a free carbene in sifu via deprotonation of 8.1a using
various bases and solvents resulted in rapid decomposition. However, treatment of 8.1b,
which possessed N-iso-butyl groups,'® with sodium hexamethyldisilazide (NaHMDS) in
CsDg resulted in a solution of diaminocarbene[3]ferrocenophane 8.2 that was sufficiently
stable to be analyzed by NMR spectroscopy. The >C NMR spectrum of 8.2 revealed a
signal at 260 ppm, which is slightly downfield of known acyclic diaminocarbenes (237 —
256 ppm).” Unfortunately, 8.2 decomposed upon concentration which precluded its
isolation."'

Having demonstrated that free carbenes can be generated in situ, subsequent
efforts were focused on coordinating these ligands to transition metals and probing for
electronic interactions between the two moieties. Previously, it has been shown that Rh-
olefin complexes ligated to NHCs are excellent systems for such purposes.'” In
particular, the olefin can be replaced with carbon monoxide without disrupting other
physical characteristics of the complex. For the systems reported herein, this exchange
should result in detectable changes of the ferrocene’s oxidation potentials and support

communication between the Rh and Fe centers.
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/ 8.2 (R = iBu, 31N

R_l BF,
et
) S~ )}Rh(Lz)C'
{@)—N\R <N
R
8.1a (R=Ph) 8.3a (R=Ph, L, =cod, 53%)
8.1b (R = /Bu) ” 8.3b (R =/Bu, L, = cod, 50%)
8.4a (R=Ph,L,=2CO, 99%)
8.4b (R=iBu, L, =2 CO, 99%)
Scheme 8.1 Synthesis of diaminocarbene[3]ferrocenophanes and related bimetallic

complexes. Conditions: (a) NaHMDS, benzene; yield determined by 1H
NMR spectroscopy. (b) [(cod)RhCl],, benzene. (c) From la: KOtBu,
[(cod)RhCI],, THF. From 1b: NaHMDS, [(cod)RhCl],, benzene. (d)
CO (1 atm), CH,Cl,. Reported yields for 8.3 were based on 8.1.
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Figure 8.1 ORTEP view of 8.1a. Ellipsoids are drawn at the 50% probability level.
Hydrogen atoms and counterions have been omitted for clarity. Selected
bond lengths (A) and angles (°): C1-N1, 1.437(4); C1'-N2, 1.442(6); C2-N1,
1.327(4); C2-N2, 1.311(4); N1-C2-N2, 129.6(3). The Fe-C2 distance is
3.284(3) A.

Rh complex 8.3a was prepared in 53% yield by in situ deprotonation of 8.1a in
the presence of [(cod)RhCI],. Alternatively, addition of [(cod)RhCI], to a benzene
solution of 2 at ambient temperature resulted in the formation of Rh complex 8.3b as a
yellow solid, which was subsequently isolated in 50% yield. Bubbling carbon monoxide
through CH2CI2 solutions of 8.3a or 8.3b afforded the respective complexes 8.4a and
8.4b in excellent yields (> 99%). The carbonyl stretching frequencies (vco) for
complexes 8.4a and 8.4b were 2074, 1994 cm” and 2075, 1995 cm’! (CH,Clyp),
respectively,13 which are in accord with known (NHC)(CO),RhCl complexes.12

The solid-state structures of 8.3a and 8.4a were evaluated using X-ray

crystallography (see Figures 8.2 and 8.3, respectively).'* As expected, the N-C-N angles

in these complexes were relatively wide (8.3a: 120.7(4)°; 8.4a: 120.4(3)°) and in accord
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with  (bis(di-iso-propylamino)carbene)RhC1(CO),!'"™  (118°).  Furthermore, these
complexes exhibited relatively long C-N bond lengths (avg. for 8.3a: 1.36 A; 8.4a: 1.35

A) when compared to 8.1a (1.32 A), which may be attributed to the relief of ring strain,

12,16

Rh-carbene n-backbonding (see below), or a combination thereof.

Figure 8.2 ORTEP view of 8.3a. Ellipsoids are drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (A)
and angles (°): C1-N1, 1.443(5); C1'-N2, 1.433(5); C2-N1, 1.359(5); C2-
N2, 1.349(5); Rh-C2, 2.044(4); N1-C2-N2, 120.7(3). The Fe-C2 distance is
3.438(5) A.

After 8.3 and 8.4 were synthesized and characterized, the effect of ancillary
ligand exchange (i.e., olefin — carbonyl) on the electronic properties of these complexes
was studied using cyclic voltammetry.'” Complex 8.3a revealed two reversible redox
processes at Ej, = +1.00 V and +0.54 V, which were attributed to RhY/Rh" and Fe'/Fe!!
couples, respectively.'™ As expected, the analogous redox couples exhibited by 8.4a,
which bears two carbonyl ligands, were found at relatively high potentials: E;,, (Rh'/Rh")
=+1.07 V and E;» (FeH/FeHI) =+0.91 V. While o-inductive effects are possible,“g] the

large difference in E;;, observed for the Fe'/Fe! couples in 8.3a and 8.4a may be
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rationalized in part by unique through-space interactions™ between the Fe centers and the
diaminocarbene moieties. Close analysis of the crystal structures of these two complexes
supports this view. The Fe—Ccaene distances observed in 8.3a (3.438(5) A) and 8.4a
(3.406(4) A) are within their van-der-Waals radii and their respective Rh—Cqrpene bond
lengths (8.3a: 2.044(4) A; 8.4a: 2.081(3) A) coincide with established m-backbonding

12,21

capabilities of (NHC)RhCI olefin and carbonyl complexes.

Figure 8.3 ORTEP view of 8.4a. Ellipsoids are drawn at the 50% probability level.
Selected bond lengths (A) and angles (°): C1-N1, 1.446(4); C1'-N2,
1.441(4); C2-N1, 1.348(4); C2-N2, 1.345(4); Rh-C2, 2.081(3); Rh-C4,
1.900(4); Rh-C5, 1.827(4); N1-C2-N2, 120.4(3). The Fe-C2 distance is
3.406(4) A.

Additional support for the existence of through-space vis-a-vis m-backbonding
interactions in the aforementioned complexes was obtained from the cyclic
voltammogram of 8.3b, which revealed two redox processes at E;;» (Rh/Rh") = +0.98 V
and E (FeH/FeIH) = +0.69 V. Compared to its N-aryl analogue 8.3a, the Fe'l/Fe"

couple in 8.3b occurred at a significantly higher potential. The difference was attributed

to diminished Rh—Cybene T-donation due to the increased steric bulk of the N-iso-butyl
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substituents, as evidenced by the relatively long Rh-Ceybene bond observed in the solid-

state structure'® of 8.3b (2.059(4) A) (see Figure 8.4).2%%

Figure 8.4 ORTEP view of 8.3b. Ellipsoids are drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (A)
and angles (°): C1-N1, 1.441(5); C1'-N2, 1.434(5); C2-N1, 1.358(4); C2-
N2, 1.356(4); Rh-C2, 2.059(4); N1-C1-N2, 121.2(3). The Fe-C2 distance is
3.434(4) A.

Finally, the ability of these redox-active diaminocarbenes to electronically
modulate ligated transition metals was evaluated by examining the vco of 8.4 as a
function of the Fe’s oxidation state.”* Because the addition of strong oxidants to 8.4
resulted in decomposition,” a spectroelectrochemical experiment that combined bulk
electrolysis with time resolved FT-IR spectroscopy was devised.® A thin-layer cell was
assembled and a solution of complex 8.4a was recorded as the background.”” To
selectively oxidize the Fe center, a potential of +0.9 V was applied while FT-IR spectra
were recorded over time. As shown in Figure 5, signals attributable to 8.4a disappeared
as a new material (assigned to 8.4a%) exhibiting vco = 2088 and 2015 cm™ formed over

the same time period.”® These changes may be explained by the formation of stronger

CO bonds and are consistent with diminished electron density at the Rh center induced by

154



™. To place this

the development of positive charge at the Fe center (i.c., Fe' — Fe
result into context, the vco exhibited by the 8.4a/8.4a" couple encompassed a broad range

of known Rh carbonyl complexes bearing electron rich and deficient NHCs."

o

Absorbance (a.u.)

2070 1992

2200 2150 2100 2050 2000 1950 1900
Wavenumber (cm'1)

Figure 8.5 (top) Superimposed difference FT-IR spectra showing (bottom) the
disappearance of 8.4a (vco = 2070, 1992 cm™) with concomitant formation
of 8.4a" (vco = 2088, 2015 cm™) upon oxidation (E = +0.9 V) over the
duration of 200 s.*” The Rh center has been truncated for clarity; R = Ph.

CONCLUSION

In conclusion, novel N-aryl and N-alkyl diaminocarbenes that comprise 1,1'-
disubstituted-ferrocenes in their backbones and their transition metal complexes have

been synthesized. The well-known electrochemistry of ferrocene was utilized to confirm
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long range, but significant, electronic communication between the Fe centers in these

redox-active carbenes and coordinated transition metals.
EXPERIMENTAL

General Considerations. All reactions were performed under an atmosphere of
nitrogen using standard Schlenk techniques or in a nitrogen filled glove-box.
Dichloromethane was distilled from calcium hydride and degassed by two freeze-pump-
thaw cycles. Tetrahydrofuran and toluene were distilled from Na/benzophenone and
degassed by two freeze-pump-thaw  cycles. [Rh(cod)Cl]; and 1,1'-
diphenylphosphinoferrocene (DPPF) were purchased from Strem Chemicals and used
without further purification. All other reagents were purchased from Aldrich or Acros
and were used without further purification. "H NMR spectra were recorded using a
Varian Gemini (300 MHz or 400 MHz) spectrometer. Chemical shifts are reported in
delta (8) units and expressed in parts per million (ppm) downfield from tetramethylsilane
using the residual protio solvent as an internal standard (CDCls, 7.24 ppm; C¢Dg, 7.15
ppm; CD,Cl,, 5.32 ppm; DMSO-d;, 2.49 ppm). Coupling constants (J) are expressed in
Hertz (Hz). Where appropriate, descriptions of signals include singlet (s), doublet (d),
triplet (t), multiplet (m), and broad (br). *C NMR spectra were recorded using a Varian
Gemini (75 MHz or 100 MHz) spectrometer. Chemical shifts are reported in delta ()
units and expressed in parts per million (ppm) downfield from tetramethylsilane using the
solvent as an internal standard (CDCls, 77.0 ppm; C¢Dg, 128.0 ppm; CD,Cl,, 53.8 ppm,
DMSO-ds, 39.5 ppm). *C NMR spectra were routinely run with broadband decoupling.
IR spectra were recorded using a Perkin-Elmer Spectrum BX FT-IR system. High-
resolution mass spectra (HRMS) were obtained with a VG analytical ZAB2-E or a
Karatos MS9 instrument and are reported as m/z (relative intensity). X-ray crystal

structure data was collected for 8.1a (CCDC 660615), 8.3a (CCDC 660617), 8.4a
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(CCDC 660616), and 8.4b (CCDC 666986) and deposited with the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK.

: NHPh 1,1'-Dianilinoferrocene. Using a modified literature procedure,” a
Fe 25 mL flask was charged with DPPF (0.06 g, 0.11 mmol), Pd,dba;
©NHPh (0.05 g, 0.05 mmol), toluene (15 mL), and a stir bar. The reaction
was stirred for 10 minutes to form a coupling catalyst in situ as monitored by a color
change from deep purple to orange. Following the color change, iodobenzene (1.52 g,
7.46 mmol), 1,1’-diaminoferrocene30 (0.80 g, 3.73 mmol), and NaOsBu (0.73 g, 7.65
mmol) were added to the reaction mixture in that order. After heating the reaction vessel
at 90 °C for 16 h, then mixture was filtered hot and the mother liquor was subsequently
concentrated under reduced pressure to obtain the desired product as brown solid (1.35 g,
98% vyield). The product was sufficiently pure to be used in the next step without

additional purification. Spectroscopic data matched literature reports.'

—l BF. © N,N’-Diphenylformamidinium|3]ferrocenophane*BF,
p

@ (8.1a). A 100 mL flask was charged with 1,1'-

Fe @>>H dianilinoferrocene (2.21 g, 6.0 mmol), degassed HC(OCH3)3
©N\ (50 mL), ethereal HBF, (50-54% w/v; 1 mL, 7 mmol), and a
stir bar.  After stirring the reaction mixture at ambient
temperature for 60 min, solvent volume was reduced by 70% and Et,O was added until
the total volume was 100 mL. During this process, precipitate formed which was
collected via filtration and washed with 2 x 25 mL portions of diethyl ether. The

precipitate was then dried under reduced pressure for 96 h to obtain the desired

compound as a brown powder (2.7 g, 95% yield). A crystal suitable for X-ray analysis
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was obtained by slow diffusion of toluene/Et,O into a DMSO solution of 8.1a. 'H NMR
(DMSO-dy): 6 9.32 (s, 1H), 7.66 (d, J = 8 Hz, 4H), 7.54-7.43 (m, 6H), 4.97 (br, 4H), 4.60
(br, 4H). C NMR (DMSO-dy): & 160.3, 142.2, 129.1, 128.4, 123.4, 93.7, 72.2, 67.9.
HRMS: [M]" calcd for Co3H9N,Fe: 379.0905; found, 379.0892.

Complex 3a. A 10 mL flask was charged with N,N'-

=

Ph
. N/ ;? \ diphenylformamidinium[3]ferrocenophane*BF, (8.1a) (0.14
C$: N>\>‘Er\\ g, 0.30 mmol), KO/Bu (34 mg, 0.30 mmol), [Rh(cod)CI],
Ph (75 mg, 0.15 mmol), THF (5§ mL), and a stir bar. After
sealing the flask, the reaction mixture was stirred at ambient temperature for 16 h.
During this time, precipitate formed which was collected by filtration. To remove
inorganic salts, the collected precipate was re-dissolved in CH,Cl, and filtered. Solvent
was then removed under reduced pressure leaving crude product that was triturated with
Et,O (5 mL) to remove unreacted [Rh(cod)Cl],. The product was dried under reduced
pressure to obtain the desired compound as a light yellow, crystalline solid (0.10 g, 53%
yield). A crystal suitable for X-ray analysis was obtained by slow evaporation of a
CH,Cl, solution saturated with 8.3a. 'H NMR (CD,CL): & 8.04 (d, J= 7.6 Hz, 4H), 7.43
(t, J = 8 Hz, 4H), 7.34 (m, 2H), 4.39 (s, 6H), 4.26 (s, 4H), 2.88 (br, 2H), 1.48 (br, 2H),
1.33-1.25 (br, 6H). "“C NMR (CD,Cly): & 224.5, (d, Jrnc = 45.6 Hz), 147.4, 129.9,
128.6, 127.5, 100.33, 100.31, 95.6 (d, Jrn-c = 7.0 Hz), 71.9, 71.3, 68.6 (d, Jrh-c = 14.9
Hz), 67.6, 67.2, 31.6, 27.7. HRMS: [M-CI]" calcd for C3;H3,N,FeRh: 589.0800; found,

589.0808.
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Ph Complex 8.4a. After charging a 10 mL flask with 8.3a (50
/
@N (l.‘.O g, 0.08 mmol), CD,Cl, (3 mL), and a stir bar, the resulting
Fe . )—Rh-co
Cl
P

solution was placed under slight CO pressure (balloon).

=N

h

After stirring the solution for 2 h at ambient temperature,
quantitative formation of the desired product was observed via NMR spectroscopy. The
solvent was removed under reduced pressure and the crude product was triturated with
pentane. The product was then dried under reduced pressure to obtain the desired
compound as a pale yellow, crystalline solid (46 mg, 99% yield). A crystal suitable for
X-ray analysis was obtained by slow evaporation of CH,Cl, solution saturated with 8.3a.
'H NMR (CD,Cl,): & 7.56-7.54 (m, 4H), 7.43-7.39 (m, 4H), 7.36-7.32 (m, 2H), 4.58 (m,
2H), 4.50 (m, 2H), 4.37-4.33 (m, 4H). >C NMR (CD,Cl,): 6 214.1 (d, Jrn.c = 39.4 Hz),
187.0 (d, Jrnc = 55.2 Hz), 183.3 (d, Jru.c = 77.9 Hz), 146.5, 129.0, 128.99, 128.1, 99.08,
99.07, 72.0, 71.6, 67.3, 67.1. HRMS: [M-CI]" calcd for C,sH;sFeN,O-Rh: 536.9773;
found, 536.9767.

N,N'-Di-iso-butylamidoferrocene. A 100 mL flask was charged
4§:0 with 1,1’-diaminoferrocene’ (0.99 g, 4.6 mmol), CH,Cl, (50 mL),

NH and a stir bar. The flask was then placed in an ice bath and stirred

="
<%7NH for 5 min. Triethylamine (2.5 mL, 18 mmol) was then added,
4\(70 followed by iso-butyryl chloride (1.0 mL, 9.5 mmol). The ice bath
was removed and the reaction mixture was stirred for an additional
30 min. The reaction mixture was then washed with a saturated NaHCOj solution (3 x
100 mL) and dried with Na,SO4. Subsequent concentration of the organic phase under
reduced pressure afforded the desired product as a brown-orange solid (1.6 g, 98% yield).
'H NMR (DMSO-ds): § 9.07 (s, 2H), 4.47 (t, 4H, J = 2.8 Hz), 3.84 (t, 4H, J = 2.8 Hz),
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2.45-2.40 (m, 2H), 1.05 (d, 12H, J = 6.9 Hz). B3C NMR (DMSO-dg): 6 175.47, 96.43,
65.66, 62.45, 35.22, 20.23. HRMS: [M]" calcd for C;sH,sN,O,Fe: 357.1265; found

357.1264.
/iBu N,N'-Di-iso-butylaminoferrocene. A 250 mL flask fitted with a
@NH reflux condenser and a N, balloon was charged with N, N'-di-iso-
% NH butylamidoferrocene (1.6 g, 4.5 mmol), THF (50 mL), and lithium
G \;

'‘Bu aluminum hydride (0.70 g, 18 mmol). The reaction mixture was
heated to 85 °C and stirred for 10 h. After cooling the flask with an ice bath, degassed
ethyl acetate (90 mL) followed by a degassed aqueous solution of Rochelle’s Salt (7 g, 25
mmol, 0.25 M) were carefully added via syringe while stirring the reaction mixture. The
ice bath was removed and the solution was allowed to stir for an additional 1 h. After
allowing the resulting biphasic solution to settle, the organic phase was extracted via
syringe and concentrated under reduced pressure to afford the desired product as a brown
oil (1.2 g, 82% yield). 'H NMR (C¢Ds): 8 3.90 (s, 4H), 3.80 (s, 4H), 2.65 (d, 4H, J= 6.7
Hz), 1.67-1.58 (m, 2H), 0.88 (d, 12H, J = 6.7 Hz). "°C NMR (CDs): & 63.45, 56.22,
55.69, 29.02, 20.76. HRMS: [M]Jr calcd for CgHy9N,Fe: 329.1680; found 329.1678.

© N,N'-Di-iso-butylformamidinium|3]ferrocenophane*BF,

/iBu_IBF4
@N (8.1b). A 50 mL flask was charged with N,N'-di-iso-
Fe @»H butylaminoferrocene (1.0 g, 3.2 mmol), degassed
C >7—N
Q \iBu HC(OCH3);3 (10 mL), aqueous HBF4 (50% w/v, 0.3 mL, 4.71

mmol), and a stir bar. After the solution was stirred at
ambient temperature for 90 min, it was concentrated under reduced pressure. The

resulting brown solid was dissolved in CH,Cl, and then poured into Et,O which caused
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solids to precipitate. The solids were collected by filtration and dried under vacuum to
afford the desired product as a golden brown powder (600 mg, 44 % yield). 'H NMR
(DMSO-dy): 6 8.80 (s, 1H), 4.73 (s, 4H), 4.50 (s, 4H), 3.59 (d, 4H, J = 7.9 Hz), 1.92 (m,
2H), 0.93 (d, 12H, J = 6.5 Hz). ">C NMR (DMSO-dy): & 162.76, 92.79, 72.96, 68.51,
65.70, 26.65, 19.70. HRMS: [M]" calcd for C;9H,7N,Fe: 339.1524; found 339.1527.

igy V,/V-Di-iso-butyldiaminocarbene[3]ferrocenophane (8.2). A 10

@N mL flask was charged with N,N"-di-iso-

C®: N butylformamidinium[3]ferrocenophane*BF, (8.1b) (71 mg, 0.17
'Bu  mmol), NaHMDS (41 mg, 0.22 mmol), C¢Ds (3 mL), and a stir bar.

The flask was then sealed and stirred at room temperature for 1 h. The solution was then
filtered through a 0.2 pm PTFE membrane under an atmosphere of nitrogen to afford the
free carbene as a brown solution. The yield of free carbene was determined to be 31%
from the known concentration of the residual protio solvent (C¢DsH), calculated by
spiking the sample with 0.04 mL of ethyl acetate in 0.9 mL C¢Ds. '"H NMR (CgDg): 3.96
(t, 4H, J = 2.0 Hz), 3.86 (t, 4H, J = 2.0 Hz), 3.83 (d, 4H, J = 7.6 Hz), 2.10 (m, 2H), 0.97
(d, 12H, J = 6.6 Hz). ">C NMR (C4D¢): & 259.55, 101.29, 70.00, 69.02, 67.22, 27.70,
20.09.

i Complex 8.3b. A 10 mL flask was charged with N,N'-di-
/Bu

@N ;% iso-butylformamidinium][3]ferrocenophane*BF, (8.1b) (71
Feo %gr\

@ N mg, 0.17 mmol), NaHMDS (30 mg, 0.17 mmol), benzene (6
G \;

'‘Bu mL), and a stir bar. The flask was then sealed and stirred at
ambient temperature for 1 h. The solution was then filtered through a 0.2 um PTFE filter

under an atmosphere of nitrogen. [Rh(cod)Cl], (27 mg, 0.055 mmol) was added and the
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reaction mixture was stirred at ambient temperature for an additional 18 h. Removal of
the solvent under reduced pressure afforded a brown solid which was then purified by
column chromatography (media: silica gel; eluent: CH,Cl,) to obtain the desired product
as a bright yellow solid (49 mg, 50% yield). "H NMR (C¢D¢): & 5.36 (br, 2H), 5.29-5.15
(m, 4H), 4.03 (s, 2H), 3.89 (d, 4H, J = 7.5 Hz), 3.56 (s, 2H), 3.41 (br, 2H), 2.33 (br, 4H),
1.98-1.94 (m, 2H), 1.81-1.75 (br m, 4H), 1.13 (d, 6H, J = 6.8 Hz), 0.97 (d, 6H, J = 6.8
Hz). “C NMR (C¢Ds): & 225.81 (d, Jrn.c = 47.0 Hz), 98.02, 94.95 (d, Jrnc = 7.4 Hz),
71.0, 70.85, 68.73 (d, Jra-c = 14.4 Hz), 68.07, 67.20, 66.23, 32.84, 29.34, 27.07, 20.80,
20.41. HRMS: [M]" caled for Co7H3sN,ClIFeRh: 584.1128, found 584.1129.

/iBu Complex 8.4b. After charging a 10 mL flask with 8.3b (25
@N CliO mg, 0.043 mmol), C¢Ds (2 mL), and a stir bar, the resulting
)—Rh-cO
Cl

o

\

solution was placed under a slight pressure (balloon) of
‘Bu carbon monoxide. After stirring the solution for 2 h at
ambient temperature, quantitative formation of the desired product was observed via
NMR spectroscopy. Concentration of the solution under reduced pressure afforded the
desired product as a yellow solid (23 mg, 99% yield). "H NMR (C¢Ds): & 5.62-5.56 (m,
2H), 4.00 (s, 2H), 3.86 (s, 4H), 3.66-3.62 (m, 4H), 1.90-1.86 (m, 2H), 1.00 (d, 6H, J=4.5
Hz), 0.73 (d, 6H, 6.84). C NMR (C¢Ds): 6 212.76 (d, Jrn.c = 40.4 Hz), 187.76 (d, Jrn.c
= 54.5 Hz), 184.92 (d, Jrn.c = 75.8 Hz), 128.76, 128.63, 97.43, 97.41, 71.60, 71.13,
69.07, 66.87, 66.53, 27.04, 20.08, 19.75. IR (CH,Cly): 2075, 1995 cm™. IR (KBr): 2072,
1994 cm™. HRMS: [M]" caled for CyHasN,0,CIFeRh: 532.0087, found 532.0084.
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Electrochemical Analyses. Cyclic voltammetry experiments were conducted
using a CH Instruments Electrochemical Workstation (series 700B). The electrochemical
cell contained platinum working and counter electrodes and a silver wire as a quasi
reference electrode. Fe(Cp*), as added as an internal standard to each sample.
Conditions: CH,Cl,, 1 mM analyte, 0.1 M (BusN)(PFs) as electrolyte, referenced to
Fe(Cp*)2/Fe(Cp*)," at -0.13 V vs SCE, scan rate = 0.1 V s™. Cyclic voltammograms for
8.1, 8.3, and 8.4 are shown in Figures 8.6 — 8.8.
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Figure 8.6  Cyclic voltammograms for 8.1a (left) and 8.1b (right).
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Figure 8.7 Cyclic voltammograms for 8.3a (left) and 8.3b (right).
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Figure 8.8  Cyclic voltammograms for 8.4a (left) and 8.4b (right).

Spectroelectrochemical Experiment. A thin layer spectroelectrochemical cell
was assembled using a modified International Crystal Labs demountable cell. The body
of the cell was machined from Derlin® to eliminate potential current leakage through the
cell body. The path length was determined by the thickness of the platinum mesh

electrode and was set at 0.06 mm. The counter electrode was platinum/gold mesh with
164



platinum wire connectors. Silver wire was used as the reference electrode. A rubber O-
ring was used to form an leak-proof seal between the body of the cell and the crystal.
Similarly, a rubber seal was used as a cushion for the NaBr crystals. Pictures of the cell

in pieces and assembled are shown in Figure 8.9.

Figure 8.9  Spectroelectrochemical cell in pieces (left) and assembled (right).
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Chapter 9: N-Heterocyclic carbenes: Deducing o- and 7- contributions
in Rh-mediated hydroboration and Pd-mediated coupling reactions

ABSTRACT

The effect of tuning the electronic properties of N-heterocyclic carbene (NHC)
ligands was evaluated in multiple, mechanistically-distinct, metal-mediated reactions.
Hydroboration, Heck, and Suzuki reactions were shown to result in yields that were up to
eight times lower when m-withdrawing substituents were incorporated into the NHC
backbone relative to analogues bearing o-withdrawing groups. This demonstrates the
significance of the electronic nature of the interaction formed between NHC ligands and

transition metals and provides valuable considerations for catalyst design.
INTRODUCTION

Over the past 40 years,' N-heterocyclic carbenes (NHCs) (9.1)* have blossomed
into a class of ligands that have proven to be useful for a broad range of transition
metals.>* As strong, two-electron donors, they generally coordinate to metals in a fashion
that is analogous to phosphines;> however, in many instances, they often produce
complexes which are more thermally-stable® and/or exhibit higher catalytic activities.’
Prime examples include the Grubbs 2nd generation (9.2)’ and PEPPSI® catalysts (9.3) (see
Figure 1), both of which show higher catalytic activities in olefin metathesis and cross-
coupling reactions, respectively, than many of their phosphine-ligated counterparts.
Considering the number of synthetic methods known to prepare these compounds,” NHCs
are often the ligand of choice for applications ranging from metal-mediated catalysis to
organometallic materials.*'°

In view of this breadth of utility, substantial efforts have been directed toward

understanding the nature of the interactions formed between NHCs and transition metals.
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Like many other ligands,'' both the steric and electronic components of NHCs can be
independently modulated. Sterics are often modified by varying the N-substituents using
relatively straightforward processes that typically involve standard alkylation or
amination chemistries.'> In many cases, the size of the NHC’s N-substituents have been
shown to significantly influence the catalytic activities of their respective NHC-metal
complexes.® For example, in Pd-mediated coupling reactions, NHC ligands bearing bulky
N-substituents have been found to drastically increase the stability and activity of the
catalytically-pertinent species.”” Likewise, in NHC-ligated pre-catalysts, bulky NHCs
have been shown to promote the dissociation of ancillary ligands and facilitate the
formation of catalytically-active species.'* This feature is nicely exemplified in Ru-based
olefin metathesis catalysts containing sterically-encumbered NHC and phosphine

4e,15

ligands. Ultimately, a broad range of highly active catalysts have resulted from

judicious modification and optimization of the steric parameters of NHCs.’
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Figure 9.1  Representative examples of an N-heterocyclic carbene (NHC) (9.1) and
catalytically-active transition metal complexes bearing NHCs (9.2 and 9.3).
Ad = adamantyl, Mes = 2,4,6-trimethylbenzene, i-Pr = iso-propyl.

Tuning the electronic components of NHCs is also of great interest for enhancing
the catalytic activities of NHC-metal complexes.'® Most NHC frameworks offer three
distinct options for such purposes: 1) transposition of heteroatoms'’ (e.g., imidazole —
oxazole or thiazole), 2) incorporation of additional heteroatoms into the backbone,'® and
3) attachment of pendant electron-donating or withdrawing groups.'® With rare
exception,'® varying the N-substituents (particularly, N-aryl substituents) generally has
little effect on the electronic properties of NHCs. Regardless, NHC electronics can often
be modified without disrupting steric features, which effectively enables separation of
these two key components.

The electronic properties of NHCs, particularly their electron donating abilities,
are routinely quantified by measuring the CO stretching frequencies (vco) exhibited by
their respective Rh carbonyl complexes, (NHC)RhX(CO), (X = CI, I)."” Current data
indicates that the largest changes in the electron donating abilities of NHCs are achieved
by incorporating one or more heteroatoms into their backbones. For example, a Rh
carbonyl complex bearing an oxadiazolylidene (9.4; see Figure 9.2) exhibited a vco =
2020 cm’', which corresponds to the CO ligand frans to the NHC and is among highest

known frequencies for these types of complexes.”” While incorporation of additional
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heteroatoms into NHC scaffolds likely changes their electronic structures with respect to
typical imidazolylidenes, changes in sterics may contribute as well. For example, recent
reports revealed that varying the ring size of NHC-type ligands® (i.e., 9.5a — 9.5b —
9.5¢) had substantial effects on the vco exhibited by their respective Rh carbonyl
complexes.”? Hence, to properly study the effects of modifying the electronic components

of NHC:s, all other structural components should remain identical.

I\

- Ph/N\/o Ph/N\/N\Ph

9.4 9.5a

T veo = 2020 cm! 1990 cm””

CI—RIh—CO
I r\l m
es N\/ Ny

9.8.5b 9.5¢

1976 cm™” 2004 cm™

Figure 9.2 Representative complexes used for examining the electron donating
properties of N-heterocyclic carbenes. The number listed below each NHC
refers to the stretching frequency (vco) exhibited by the frans-CO group in
their respective (NHC)RhCI(CO), complexes. Ph = phenyl, Mes = mesityl,
Cy = cyclohexyl.

Adhering to this criteria, Organ and co-workers prepared a series of 1,3-
diadamantyl-benzimidazolylidene precursors that differed only in the functional groups
present at the distal 5- and 6-positions.” They then studied the ability of their respective
NHCs to facilitate Pd-mediated Suzuki cross coupling reactions®* between various aryl
chlorides and boronic acids (see Figure 9.3). This particular reaction was chosen

because it is fairly well accepted that its rate limiting step is oxidative addition of Pd"

species with aryl chlorides;” hence, ligand electronics should strongly influence the
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outcomes of these reactions. As expected, complexes bearing electron-rich 5,6-
dimethoxy-benzimidazolylidenes were generally found to give higher yields of product
than their electron-deficient 5,6-difluoro analogues over the same time periods. This
seminal contribution effectively paved a new avenue for tuning the activity of Pd-

catalysts bearing NHC ligands.
©
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Figure 9.3  Suzuki cross coupling reactions using Pd complexes ligated to

electronically-different N-heterocyclic carbenes (generated in situ).?*

While the installation of pendant functional groups onto NHC ligands clearly
influences the electronic and catalytic properties of their respective transition metal
complexes, the nature of these effects has not been studied in detail.”® For example,
NHCs are known to form o- and m-interactions with metals. Because the lone pairs on the
nitrogen atom were believed to fill the empty p-orbital of the flanking carbene atom in
preference to any ligated transition metal, m-backbonding interactions have historically
been considered to be negligible.”” However, that view has changed considerably over the
past several years. For example, Meyer, Frenking, and others employed a combination of
computational and crystallographic studies to conclude that n-backbonding interactions
contribute up to 30% of the overall bonding character formed between NHCs and certain

transition metals.”* More recently, our group synthesized and characterized a series of Rh
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olefin and carbonyl complexes bearing NHCs with different o- and m-withdrawing
groups. Using NMR and FT-IR spectroscopy, we were able to separate their relative
electronic effects which lead to the conclusion that n—backbonding interactions were not
only present in NHC-Rh complexes but, in some cases, could be finely tuned.”’

Poised by these results, we sought to build upon Organ’s initial investigation and
gain insight into how various o- and m-contributors influence the catalytic activities of
NHC-metal complexes. Herein, we compare the abilities of a series of Rh- and Pd-
complexes bearing specially-functionalized NHCs to facilitate hydroboration and
coupling reactions, respectively. We will show that both - and n-interactions are formed
between NHCs and transition metals and, in cases where one interaction dominates, can
significantly influence reaction yields, rates, and product mixtures. To the best of our
knowledge, this is the first study that deduces such 6- and n-effects in reactions catalyzed
by metal complexes bearing NHC ligands. On a broader level, the results obtained from
this fundamental study should help create new design parameters for optimizing reactions

catalyzed by metal complexes containing NHC-type ligands.
RESULTS

Synthesis and characterization of Rh complexes ligated to electronically-
different NHCs. In our previous study,”’ we prepared a series of Rh olefin (9.6) and
carbonyl (9.7) complexes ligated to 1,3-dimethylimidazolylidenes bearing various
functional groups in their 4- and 5-positions (see Figure 9.4). We benchmarked 1,3-
dimethyl-4,5-dichloroimidazolylidene as an NHC possessing predominately o-
withdrawing groups. However, due to known ortho-, para-directing effects of halo
substituents in electrophilic aromatic substitutions (EAS), the n-donor abilities of the CI
substituents in this NHC may counteract, at least partially, their c-withdrawing character.

In order to strengthen our hypothesis that n-backbonding interactions are operative in
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NHC-Rh complexes and to ensure that the previously observed electronic effects were
not due to weakened o-donation, Rh olefin and carbonyl complexes ligated to 1,3-
dimethyl-4-trifluoromethylimidazolylidene were prepared and studied. This particular
NHC derivative was chosen because CF; and NO, groups possess identical group
electronegativities (3.4).**! Hence, while the electron-withdrawing capabilities of these
two functional groups are virtually equal, they can be distinguished by the fact that CF;

groups exhibit minimal n-interactions (i.e., they are meta directors in EAS reactions).

9.6-H: R'=R?=H 9.7-H: R'=R?=H
9.6-Cl: R'=R2%=Cl 9.7-Cl: R'=R?=cl
9.6-CF3;: R'=H; R?2=CF; 9.7-CF3: R'=H; R2=CF;
9.6-NO,: R' = H; R2=NO, 9.7-NO,: R' = H; R2 = NO,
9.6-CN: R'=R2=CN 9.7-CN: R'=R?=CN

Figure 9.4  Structures of Rh olefin (9.6) and carbonyl (9.7) complexes synthesized and
examined in this study.
Rh complex 9.6-CF; was prepared in accord with our previously reported
protocol.” 1,3-Dimethyl-4-trifluoromethylimidazolium iodide was treated with Ag,O
followed by transmetallation using [Rh(cod)Cl], (cod = 1,5-cis-cis-cyclooctadiene) to

obtain pure 9.6-CF; as a yellow solid in 95% yield. Subsequently, pressurizing the
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solution of 9.6-CF3 with carbon monoxide afforded Rh complex 9.7-CF; in quantitative
yield. Analysis of these complexes using 'H NMR and FT-IR spectroscopy revealed that
key signals were in accord with analogues bearing pendant H and Cl groups (see Table
1). Furthermore, despite the identical electronegativities of trifluoromethyl and nitro
groups, 9.6-CF3 and 9.7-CF; exhibited spectroscopic properties that were significantly
different than 9.6-NO; and 9.7-NQO,, respectively. In addition, as shown in Figure 9.5, the
solid state structure of 9.6-CF; revealed bond distances that were similar to those found
in the solid state structures of 9.6-H and 9.6-Cl. For example, the Ccapene-Rh in 9.6-CF3
was found to be 2.018(4) A which is similar to Cearbene-Rh distances of 2.023(2) and
2.021(2) A exhibited by 9.6-H and 9.6-Cl, respectively. For comparison, the solid state
structures of 9.6-NO;, and 9.6-CN revealed shorter Ccabene-Rh distances of 2.005(3) and
2.006(6) A, respectively. Collectively these results provide additional support for our
notion that n-backbonding interactions are operative in NHC-Rh complexes and may be
tuned through derivatization of the NHC.* Moreover, comparing metal complexes
ligated to NHCs bearing trifluoromethyl groups to those with nitro groups should enable
(1) a means to separate o- and m-interactions formed between NHCs and metals and (2)

insight into how each of these fundamental contributors influence catalytic activities.

Complex 6(=CH) Complex Vco

(ppm)°* (em™)’
9.6-H 5.00 97-H 2004
9.6-C1  5.03 9.7-Cl 2010
9.6-CF;  5.06 9.7-CF; 2006
9.6-NO,  5.12 9.7-NO, 2012
9.6-CN  5.17 97-CN 2017

177



Table 9.1  Spectroscopic properties of various NHC-Rh complexes. “Chemical shifts
were determined using 1H NMR spectroscopy (solvent = CDCl3), reported
downfield to tetramethylsilane and referenced to residual protio solvent.
®Carbonyl stretching frequencies (vCO) were determined using FT-IR
spectroscopy for compounds in solution (CDCI13). Values reported are + 0.5
cm-1. The frequency indicated corresponds to the trans-CO moiety.

Figure 9.5 ORTEP drawing of 9.6-CFs. Selected bond lengths (A) and angles (°): C1-
Rh1, 2.018(4); C1-N1, 1.359(6); C1-N2, 1.353(3); N1-C2, 1.393(5); N2-C3,
1.373(5); C2-C3, 1.349(6); N1-C1-N2, 104.4(4).

Deducing ¢- and m-contributions in hydroboration reactions catalyzed by
Rh-NHC complexes. With a range of Rh complexes ligated to various functionalized
NHCs in hand, attention turned toward exploring their abilities to catalyze hydroboration
reactions. The hydroboration of terminal alkynes yields alkenylboronates, which
ultimately provides direct access to vinyl boranes, a synthetically useful class of
compounds.”* Although this reaction proceeds uncatalyzed,”” advantages of known’>
catalyzed variations include decreased reaction times and unique selectivities. In
particular, Rh catalyzed hydroborations of terminal alkynes with pinacol or
catecholboranes were shown to be greatly facilitated by phosphine ligands and often
provided (Z)-1-alkenylboronates in high yields.** Since NHC ligands have been shown
to have similar metal-activating properties as phosphine ligands,'” we explored the

ability of analogous NHC-Rh complexes to catalyze various hydroboration reactions. In
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addition, NHC ligands bearing different functional groups were probed to deduce how -
and m-contributions formed between NHCs and Rh influenced the outcomes of these
reactions.

Initial efforts were directed toward studying the hydroborations of
phenylacetylene and 1-octyne using pinacolborane and Rh olefin complexes 9.6. In
general, the reactions were performed using a slight modification of a procedure reported
by Miyaura.34 Mixtures of pinacolborane (1.0 equiv.), alkyne (1.2 equiv.), Rh catalyst (3
mol%), and an excess of triethylamine (5 equiv.) were prepared in THF at 25 °C and then
monitored over time by 'H NMR spectroscopy using an internal standard (mesitylene or
1,3,5-trimethoxybenzene). As a control, hydroborations using [Rh(cod)Cl], were also
performed. The results of these reactions are summarized in Table 9.2.

As shown in entry 1, Rh complex 9.6-H was found to catalyze the hydroboration
of phenylacetylene, affording a 55% yield of product, under these conditions. To the best
of our knowledge, this is the first example demonstrating that Rh-NHC complexes are
capable of catalyzing hydroboration reactions.”> Since increased catalyst loadings,
temperature variation, excess alkyne, or the absence of triethylamine did not improve
yields (see entries 2 — 5), all subsequent reactions utilized 3 mol% Rh complex and were
performed for 14 h at 25 °C using the substrate ratios described above.

After exploring various reaction conditions, our attention shifted towards
examining the effects of NHC ligand electronics. Complexes 9.6-Cl and 9.6-CF;
afforded similar yields of products as 9.6-H (see entries 6 and 7), which suggested to us
that the Rh center was not strongly influenced by NHCs bearing strong c-withdrawing
groups. In contrast, significantly lower yields of product were obtained when 9.6-NO; or
9.6-CN, complexes which contain NHCs bearing n-withdrawing groups, were used as

catalysts (see entries 8 and 9). It is noteworthy that the yield of the reaction catalyzed by
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9.6-CF3 was nearly twice that of the reaction catalyzed by 9.6-NO,. As mentioned above,
the NHCs in these catalysts bear functional groups with identical group
electronegativities; hence, we surmise that the observed difference in yields for these two
complexes is due to differences in the nature of the interaction (¢ versus m) formed
between the NHC and Rh. At any rate, all of the Rh-NHC complexes examined catalyzed
hydroborations significantly more efficiently than [Rh(cod)Cl], (c.f., entry 10), which
gave very low yields of product under otherwise identical conditions. These results
indicate, for the first time, that Rh complexes containing NHCs with o-withdrawing
groups can lead to different product outcomes than analogues bearing m-withdrawing

groups.
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Rh cat. (3 mol%) ngpi" R

R—== + HBpin > n :<
Et3N, THF, 25 °C R/

Bpin
Entry R Rh catalyst %Yield’ E:Z:T°
1 Ph 6-H 55 1.5:0.8:1.0
2 Ph 6-H (10 mol%) 50 1.8:14:1.0
3¢ Ph 6-H 47 1.5:02:1.0
4° Ph 6-H 15' 12:0.6:1.0
58 Ph 6-H 37 12:1.6:1.0
6 Ph 6-Cl1 42 1.3:0.0:1.0
7 Ph 6-CF; 50 1.3:02:1.0
8 Ph 6-NO, 24 14:1.0:1.0
9 Ph 6-CN 24 1.5:0.0:1.0
10 Ph [Rh(cod)Cl], 9! 22:1.1:1.0
11 n-Hex 6-H 27 38:14:1.0
12 n-Hex 6-H (10 mol%b) 45 46:2.1:1.0
13¢ n-Hex 6-H 25 37:08:1.0
14° n-Hex 6-H 8 1.7:1.0:0.0
15 n-Hex 6-Cl1 28 45:15:1.0
16 n-Hex 6-CF; 21 41:15:1.0
17 n-Hex 6-NO, 18 38:09:1.0
18 n-Hex 6-CN 21 3.8:2.0:1.0
19 n-Hex [Rh(cod)Cl], 10' 48:0.0:1.0
20 Ph (IMes)Rh(cod)Cl 26 45:1.6:1.0
21 n-Hex (IMes)Rh(cod)Cl 50 43:0.7:1.0
22 4-MeO-Ph 6-H 60 14:0.7:1.0
23 4-NO,-Ph 6-H 30 1.3:04:1.0
24 4-CN-Ph 6-H 33 1.3:03:1.0
25 4-MeO-Ph 6-CF; 43 1.5:02:1.0
26 4-NO,-Ph 6-CF; 17 14:03:1.0
27 4-CN-Ph 6-CF; 32 12:03:1.0
28 4-MeO-Ph 6-NO, 31 1.9:0.8:1.0
29 4-NO,-Ph 6-NO, 20 1.7:04:1.0
30 4-CN-Ph 6-NO, 28 12:04:1.0

Table 9.2  Hydroboration of alkynes catalyzed by various Rh complexes. General
conditions: [pinacolborane]y = 0.33 M (1.0 equiv.), [EtsN]o = 1.65 M (5.0
equiv.), [alkyne]o = 0.4 M (1.2 equiv.), Rh complex (3 mol%), THF, 14 h,
25 °C, unless otherwise noted. All reactions were performed in triplicate.
®Combined yield of all possible isomers, as determined from 'H NMR
analysis of crude reaction mixtures using an internal standard (mesitylene or
1,3,5-trimethoxybenzene). Unless otherwise noted, reported yields are +
<5%. “Average ratios of the olefin regioisomers found; E: trans, Z: cis, T:
terminal. “Reaction was performed at 60 °C. “[alkyne]y = 1.6 M (4.0 equiv.)
Yield is + <8%. No Et;N was added. cod = 1,5-cyclooctadiene. IMes =
1,3-dimesitylimidazolylidene.
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Considerably different reaction outcomes were observed for hydroborations of 1-
octyne catalyzed by the same set of Rh-NHC complexes. As shown in Table 9.2,
preliminary experiments suggested that while 9.6-H was capable of catalyzing the
hydroboration of this substrate under the conditions described above, relatively low
yields of product were obtained (see entry 11). However, in contrast to results obtained
with phenylacetylene, increased catalyst loadings (10 mol%) lead to higher yields of
product (entry 12), although elevated temperature and excess alkyne again did not
significantly improve yields (entries 13 — 14). Comparison of entries 11 and 15 — 18
revealed that Rh complexes 9.6 afforded virtually the same yield of product, within
experimental error, regardless of the functional group installed the NHC ligand.
Furthermore, the activities of these Rh-NHC complexes were found to be only marginally
more active than [Rh(cod)Cl], (entry 19). Hence, any influence caused by the pendant
functional groups on the NHC ligands in 9.6 appeared to have only a minimal effect on
the performance of these particular hydroboration reactions. More broadly, this result
suggested to us that the importance of relative 6- and m-contributions to the interactions
formed between Rh and NHCs may be substrate dependent.

Although Rh complexes bearing bulky phosphine ligands have been reported to
afford hydroboration products with high cis contents, very modest stereoselectivities
were generally observed in the aforementioned hydroboration reactions catalyzed by
9.6.>* However, this disparity may, at least partially, be explained by the difference in
sterics between the NHCs explored herein (which contain relatively small N-methyl
groups) and the bulky phosphines (i.e., PCy3) previously used.** This hypothesis is
partially supported by the observation that (IMes)Rh(cod)Cl (IMes = 1,3-

dimesitylimidazolylidene),”® a complex that bears bulky N-substituents, exhibited
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different (i.e., relatively high ftrans) selectivities, when compared to 9.6-H, for the
hydroboration of both phenylacetylene and 1-ocytne (see entries 20 and 21, respectively).
Based on a proposed mechanism of Rh catalyzed hydroboration of alkenes, first

reported by Minnig and N6th®” and later supported by others,*’

an analogous
mechanism for the hydroboration of alkynes is proposed in Figure 6. There are four key
steps in this mechanism: (1) oxidative addition of a borane to Rh-NHC catalyst A, (2)
alkyne coordination to the resulting Rh hydride B, (3) hydride migration (C — D), and
(4) reductive elimination, ultimately leading to an alkenylboronate product and A. The
structures of the intermediates shown in Figure 6 are supported by analogous Ir hydride
and Ir alkyl complexes bearing phosphine ligands, most of which have been characterized
spectroscopically or crystallographically.*

While each of the steps in the proposed mechanism should be influenced by the
electron density residing at the metal center, and therefore amenable to modulation by the
coordinated NHC, it has been previously proposed that reductive elimination is the rate

38241 Based on all the data shown

limiting step in Rh catalyzed hydroborations of alkenes.
in Table 9.2, we believe reductive elimination is also the limiting step for hydroboration
of alkynes catalyzed by the Rh-NHC catalysts described herein.

In particular, intermediate D features an NHC ligand situated ¢rans to the alkenyl
moiety. Electron withdrawing groups on the carbene ligand are positioned to remove
electron density from Rh, resulting in stronger bond formed between the alkene carbon
and the metal center. Hence, reductive elimination should be inhibited and result in
decreased yields of product in accord with the nature and strength of the electron
withdrawing group. Indeed, as shown for phenylacetylene in Table 9.2, a Rh catalyst

bearing an electron rich NHC ligand generally afforded higher yields of products than its

electron deficient analogues (c.f., entry 1 versus entries 6 — 9). Moreover, the nature of
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the interaction formed between NHCs and Rh appears to play an important role. Catalysts
ligated to NHCs bearing o-withdrawing CF; groups affected the outcomes of these
reactions to a relatively minor extent compared to analogues bearing n-withdrawing NO,
or CN groups (c.f., entry 7 versus entries 8 — 9). These results suggested to us that 7t-
withdrawing groups on the NHC ligand are more effective at decreasing electron density
at the Rh center and therefore more significantly influencing its reactivity compared to

analogues bearing c-withdrawing groups.
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Figure 9.6  Proposed general reaction scheme for the hydroborations of alkynes
catalyzed by Rh-NHC complexes.

To gain additional support for the notion that reductive elimination is the rate
determining step in Rh-NHC catalyzed alkyne hydroborations, a series of functionalized
phenylacetylene derivatives were synthesized and studied for their ability to react with
pinacolborane under the conditions described above (entries 22 — 30). Using 9.6-H as a

catalyst, higher yields of hydroboration product were obtained when phenylacetylene
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(entry 1) or 4-methoxyphenylacetylene (entry 22) were used as substrates when
compared to analogous reactions performed using relatively electron-deficient 4-nitro- or
4-cyanophenylacetylene (entries 23 and 24, respectively). In the former cases, the
increased electron density on the substrate may serve to weaken the bond formed
between the Rh center and the coordinated alkenyl group, facilitating reductive
elimination and resulting in higher yields of product. In contrast, the electron deficient
nature of the latter substrates may result in the formation of relatively strong bonds
between these two moieties which hinders the reductive elimination process and
ultimately product formation. Collectively, these results are consistent with the
hypothesis that reductive elimination is the rate-determining step in Rh-NHC catalyzed
reactions.

To explore whether the nature of the interaction formed between NHCs and Rh
influence the yields of hydroboration products obtained from functionalized
phenylacetylenes, the aforementioned reactions were repeated using 9.6-CF3; and 9.6-
NO; as catalysts (see entries 25 — 30). As expected, lower yields of product were
observed in all cases which is likely due to the decreased electron density on the Rh
center. However, the relative yields of product obtained from either catalyst were
virtually identical. Thus, we conclude that the pendant functional groups on these
phenylacetylene derivatives modulate the strength of the Rh-alkenyl bond more strongly
than the NHC ligand, thereby diminishing any noticeable effect caused by the latter.

Synthesis and characterization of Pd complexes ligated to 1,3-dimethyl-
imidazolylidenes bearing different pendant functional groups. Next, attention was
directed toward exploring how NHC-based ligands bearing different functional groups
influenced Pd-catalyzed Heck and Suzuki cross-coupling reactions.* Using previously

reported proctocols,” (NHC),PdI, complexes (9.8) bearing the same NHCs as in the

185



aforementioned Rh complexes (i.e., 9.6 and 9.7) were prepared from their corresponding
imidazolium salts and Pd(OAc); (see Figure 9.7). After 2 h at 80 — 100 °C in DMSO-dj,
NMR scale experiments indicated that the desired complexes formed in quantitative
yields with concomitant formation of AcOH. Furthermore, electron deficient
imidazoliums qualitatively reacted much faster than their electron rich analogues,
supporting the notion that acetate functions as a base in these reactions.”® For syntheses
performed on preparative scales, a 10 mol% excess of imidazolium salt was used to

ensure complete consumption of Pd(OAc),. "

Ultimately, Pd complexes 9.8 were
obtained in excellent yields (90 — 96%) by pouring their corresponding reaction mixtures
into excess water upon completion, which caused the precipitation of pale yellow solids
that were later collected by filtration. Complexes 9.8 were found to be stable to ambient
air and moisture and could be stored for months without any noticeable decomposition.

In addition to NMR and mass spectroscopy, Pd complexes 9.8 were characterized
by X-ray crystallography. With the exception of 9.8-CF3, all complexes adopted pseudo-
square planar geometries where the NHC ligands were cis to each other (an ORTEP of
9.8-Cl is shown in Figure 8 as a representative example). Although 9.8-CF;, which
adopted a frans geometry, was different than the other complexes prepared, it has been
previously shown that such differences do not influence ultimate product yields of
coupling reactions mediated by (NHC),PdX,-type pre-catalysts, although initiation rates
may vary.* Key bond lengths and angles for 9.8 are summarized in Table 3. Complexes
9.8-NO; and 9.8-CN, exhibited Pd-I and Pd-Caene bond lengths that were shorter than
the respective lengths in 9.8-H and 9.8-Cl. Similar differences were observed in the

series of Rh complexes reported in our previous studies,” which were ultimately

attributed to m-backbonding interactions.*’
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Figure 9.7

Figure 9.8

Ie

R1 /
N Pd(OAc)z
To»
X DMSO
R? \ 80 -100 °C

I >>>’Pd|2

9.8-H (R' = R2 =H), 95%

9.8-Cl (R' =R2=Cl), 93%
9.8-CF3 (R' = H; R? = CF3), 92%
9.8-NO, (R! = H; R? = NO,), 90%
9.8-CN (R' = R2 = CN), 96%

Synthesis of Pd-NHC complexes 9.8.

ORTEP diagram of 9.8-Cl. Ellipsoids are drawn at the 50% probability
level. Hydrogen atoms have been omitted for clarity. Selected bond lengths
are listed in Table 3. The crystal structures of 9.8-CN and 9.8-NO, were
also obtained (not shown) and found to be similar to 9.8-Cl. The NHCs in
the crystal structure of 9.8-CF3 (not shown) were found to be trans.
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Bond 9.8-H" 9.8-Cl1 9.8-CF3 9.8-CN 9.8-NO,

Pd1-11 2.6526(9)  2.6426(3) 2.5965(9) 2.6317(3)  2.6384(7)
Pd1-C1 1.993(3) 2.003(3) 2.006(9) 1.998 (4) 2.002(8)
CI-N1/2 1.351(4) 1.355(4) 1.342(11) 1.341(5) 1.338(10)

C2-C3 1.341(5) 1.340(4) 1.355(14) 1.353(6) 1.368(2)

NI-CI-N2 105.2(3) 105.2(3) 104.5(7) 105.7(3) 104.9(8)

Table 9.3  Selected bond lengths (A) and angles (°) for Pd complexes 9.8. “Data
reproduced from ref. 3e.

Deducing o- and m-contributions in Heck reactions catalyzed by Pd-NHC
complexes. With a range of Pd complexes in hand, attention turned toward exploring
their utilities in catalyzing the Heck reaction. In general, 1 mol% 9.8 was added to a
DMF solution containing tert-butyl-acrylate (1.4 equiv.) and aryl halide (1.0 equiv.), and
then heated to 120 °C for 18 h*® under nitrogen. Initial studies indicated that 120 °C was
the optimal temperature for these coupling reactions. At lower temperatures (i.e., 100
°C), very low yields of product were obtained for all the Pd-NHC catalyst systems
reported herein. At elevated temperatures (i.e., 140 °C), catalyst decomposition was
observed, as evidenced by the formation of Pd".

In a first set of reactions, NaOAc (1.5 equiv.) was used as base. Product yields
were determined by gas chromatography (GC) using an internal standard (mesitylene);
results are summarized or noted in Table 4. As expected, 1-iodo-4-methoxybenzene and
aryl bromides bearing activating groups (e.g., CHO) afforded the expected products in
excellent (>97%) yields. Remarkably, when the reaction was performed using Pd(OAc);
(no NHC ligand), product yields were equally as high. While highly active substrates are
useful for determining the mechanism of the reaction,* their extreme reactivities without

the supporting NHC ligand made them unsuitable for this work.
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0 Pd catalyst, base 0
+ # ¢
vl\0/Bu DMF, 120 °C, Bh AN o
R
R: H H OMe OMe CHO

Ent. Cat. X: Br Br Br Br Cl

base: NaOAc K,CO; NaOAc K,CO; K,CO;
1 9.8-H 19 100 8 47 1
2 9.8-Cl 11 100 4 42 1
3 9.8-CF; 76 100 28 75 1
4 9.8-NO, 8 100 4 22 3
5 9.8-CN 60 100 1 87 10
6"  Pd(OAc), 1 100 5 5 0

Table 9.4  Yields of products obtained by coupling tert-butyl acrylate with various aryl
halides using NHC-Pd complexes 9.8 as catalysts and NaOAc as base.
General reaction conditions: catalyst (1 mol%), [aryl halide]o = 0.33 M,
[tert-butyl-acrylate]o = 0.47 M, [base]o = 0.5 M, [mesitylene]0 = 0.33 M
(internal standard), DMF as solvent, 120 °C, nitrogen atmosphere, 18 h. All
reactions were performed in triplicate. Reported yields were determined by
GC and are +5%. Notes: 4-MeO-Phl and 4-CHO-PhBr afforded 100% yield
of product for all catalysts and bases studied. PhCl and 4-CHO-PhCl
afforded no yield of product for all catalysts and bases studied. "Pd(OAc),
was used without any NHC ligand.

As such, attention shifted toward exploring bromobenzene and 4-bromoanisole as
coupling partners. These substrates produced very little product when Pd(OAc), was used
without ligand. As expected for substrates containing deactivating functional groups, 4-
bromoanisole afforded lower yields of product when compared to bromobenzene for all
catalysts investigated. Although no universal trend was observed, 9.8-CF; appeared to
exhibit significantly higher activities than 9.8-NQO,. As described above, trifluoromethyl
and nitro groups possess identical electronegativities;”" hence, the relative activities
exhibited by 9.8-CF; and 9.8-NO, may be attributed to o- and n-contributions formed
between their respective NHCs and Pd. The relatively high yields of product obtained
when using 9.8-CF3 can be explained in terms of its overall donating ability being similar
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to benzimidazolylidene, a NHC ligand that has been reported to be highly efficient for
Heck couplings.”” While this underscores the importance of differentiating o- and -
components in NHCs to optimize yields, the overall activity displayed by these catalysts
was disappointingly low, with many substrates, such as aryl chlorides, failing to react.

Since the nature of the base used in Pd-mediated coupling reactions is known to
often have a profound effect on reaction rates,” we envisioned that the use of stronger
bases might facilitate regeneration of active Pd’-species better than NaOAc and thus lead
to higher yields of product. Indeed, as summarized in Table 9.4, significantly improved
yields and a broader scope of substrate reactivity was achieved when coupling reactions
were performed using K,COs as base.*

Based on the commonly accepted mechanism (see Figure 9.9), the rate liming step
of Pd-catalyzed Heck reactions is usually assigned to the oxidative addition of a Pd’
species into an aryl halide.”> Hence, it was surprising that 9.8-CF3 and 9.8-CN were the
two most active catalysts studied as they appeared amongst the least likely to undergo
rate-limiting oxidative addition. Furthermore, in similar studies, Organ demonstrated that
benzimidazolylidenes bearing electron-withdrawing fluorines in their 4- and 5-positions

resulted in the lowest yields of product.*
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Figure 9.9  Generally accepted mechanism for Pd-catalyzed cross-coupling reactions.

Hence, we surmised that the observed results may be explained by catalyst
stability. To gain support for this hypothesis, a kinetic study comparing the activity of
9.8-H (a Pd complex containing a relatively electron rich NHC that should favor
oxidative addition) with 9.8-CN (a Pd complex containing a relatively electron deficient
NHC) over time was performed. The aforementioned catalysts were selected due to their
large difference in electronic properies.”’ 4-Bromoanisole and tert-butylacrylate were
chosen as coupling partners due to the relatively high yields of products obtained with
these catalysts. The reaction conditions were analogous to those described in Table 9.4.
As shown in Figure 9.10, it was apparent that while 9.8-H initiated faster than 9.8-CN,
the former lost all catalytic activity after approximately 1.5 h. In contrast, despite
relatively slow initiation kinetics, 9.8-CN remained active for more than 8 h, which
ultimately afforded a higher yield of product. Assuming oxidative addition is the rate
limiting step, the resting state of the catalyst is likely to be a NHC Pd” complex, where

the Pd center is coordinated to one or two NHC ligands.’ Hence, the enhanced stability of
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9.8-CN may be explained by the presence of its m-withdrawing cyano groups, which

serve to stabilize electron rich Pd’.

100 -

60 -

40 |

Yield (%)

—-0-8-H
-&8-CN

20

1 1 1 1
200 300 400 500
Time (min)

1
100

Figure 9.10 Plots of yield versus time for the Heck reaction of tert-butylacrylate with 4-
bromoanisole, as catalyzed by 9.8-H and 9.8-CN. Conditions: catalyst (1
mol%), [4-bromoanisole]y = 0.33 M, [tert-butyl acrylate]o = 0.47 M,
[K2COs]o = 0.5 M, [mesitylene]0 = 0.33 M (internal standard), DMF as
solvent, 120 °C, nitrogen atmosphere. Yields were determined by GC.

These results suggest that for catalysts bearing electron withdrawing groups there
is a fine balance between stabilizing Pd’ intermediates and slowing down the rate of
oxidative addition. Indeed, close examination of Table 4 reveals that 9.8-NO;
consistently afforded the lowest yields of product; in contrast, 9.8-CF; afforded relatively
high yields of product. These subtleties highlight the sensitivity of catalytic activities
towards electronic substitution and particularly the relative contributions of - and =-
interactions present in NHC-Pd complexes.

Deducing o- and m-effects in Suzuki reactions catalyzed by Pd-NHC
complexes. Finally, the ability of NHC ligands with various functional groups to
influence other Pd-mediating coupling reactions was explored. In particular, the Suzuki

cross-coupling of aryl boronates with aryl halides was probed using NHC-Pd complexes
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9.8 as catalysts. Reactions were performed at 120 °C in DMF using 1 mol% of catalyst.
In general, reactions were performed using phenylboronic acid (1.1 equiv.), an aryl halide
(1.0 equiv.), and K,COj; (2.0 equiv.) as base; mesitylene (1.0 equiv.) was included as an
internal standard. For this study, only the aryl halides were varied because it has been
experimentally ~determined” that transmetallation with various derivatives of
phenylboronic acid does not have any effect on the reaction rate or yield. The reactions
were conducted for 18 h to minimize the effects of potentially different initiation rates
exhibited by the catalysts used in this study. Yields were determined by GC analysis of

aliquots taken from the crude reaction mixtures; results are summarized in Table 5.

X B(OH),
Pd catalyst, KoCO3
: AU
DMF, 120 °C, 18 h
R
R= CH; CH; OCH;
Entry Catalyst X= Br Cl Br
1 9.8-H 85 15 51
2 9.8-Cl 77 12 60
3 9.8-CF3; 56 15 63
4 9.8-NO, 32 0 12
5 9.8-CN 52 32 60
6" 9.Pd(OAc), 44 0 42

Table 9.5  Yields of products obtained by coupling phenylboronic acid with various
aryl halides using NHC-Pd complexes 9.8 as catalysts and K,COs as base.
General reaction conditions: catalyst (1 mol%), [aryl halide]o = 0.5 M,
[phenylboronic acid]y = 0.55 M, [K,COs]p = 1.0 M, [mesitylene]o = 0.5 M
(internal standard), DMF as solvent, 120 °C, nitrogen atmosphere, 18 h. All
reactions were performed in triplicate. Reported yields were determined by
GC and are £5%. "Pd(OAc), was used without any ligand.

Although close examination of Table 9.5 revealed no obvious general trends, we

postulate that the rate determining step of the catalytic cycle may change, depending on

the electronic characteristics of the catalyst. In particular, these results suggest that the
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reluctance of electron deficient catalysts to undergo oxidative addition may be
compensated by enhanced reductive elimination; an opposite trend can be envisioned for
catalysts possessing electron rich ligands. Hence, two distinct electronic factors may
facilitate opposing processes in the catalytic cycle which ultimately results in similar
overall activities. While it is difficult to establish general trends in catalytic activity, the
data in Table 6 revealed that 9.8-CF3 afforded higher yields of product than 9.8-NO, for
all substrates studied. Analogous results were observed in the aforementioned Heck

reactions using these same catalysts.
CONCLUSION

In conclusion, we have synthesized and characterized a series of Rh and Pd
complexes ligated to NHC ligands that bear different functional groups. These complexes
were explored as catalysts for facilitating three important synthetic reactions: Rh-
mediated hydroborations, Pd-mediated Heck reactions, and Pd-mediated Suzuki
couplings. Particular attention was directed toward exploring how the nature of the
functional group appended to the NHC ligand influenced the outcomes of the
aforementioned reactions. In Rh-catalyzed hydroborations involving phenylacetylene,
NHCs bearing n-withdrawing groups were found to afford lower yields of products when
compared to o-withdrawing analogues. However, essentially no differences were
observed in hydroborations of alkyl acetylenes under otherwise identical conditions.
Likewise, diminished effects were observed when functionalized phenylacetylenes were
employed as substrates. Similar overall results were observed in Pd-catalyzed Heck
reactions between tert-butylacrylate and certain aryl halides and, to a lesser extent, in
Suzuki couplings. Namely, depending the substrate, significant differences in reaction
yield was observed for Pd-catalysts bearing NHCs with m-withdrawing groups as

compared to analogues with o-withdrawing groups.
194



Collectively, these results provide additional support for the notion that NHCs not
only participate in m-interactions with transition metals, an often disputed argument, but
such interactions can significantly influence catalytic activities. More specifically, we
have demonstrated that the nature of the interaction formed between NHCs and transition
metals (i.e., 6 versus 1) often leads to significant differences in the outcomes of reactions
catalyzed by NHC-metal complexes. These results should provide useful guidelines for

the future design and optimization of metal catalysts bearing NHC ligands.
EXPERIMENTAL

General. All reactions were performed under an atmosphere of nitrogen using
standard Schlenk techniques or in a nitrogen filled glove-box. N,N-dimethylformamide
(DMF) was dried with molecular sieves and degassed by two freeze-pump-thaw cycles.
Tetrahydrofuran and toluene were distilled from Na/benzophenone and degassed by two
freeze-pump-thaw cycles. All reagents were purchased from commercial suppliers and
were used without further purification. "H NMR spectra were recorded using a Varian
Gemini (300 MHz or 400 MHz) spectrometer. Chemical shifts are reported in delta ()
units, expressed in parts per million (ppm) downfield from tetramethylsilane using the
residual protio solvent as an internal standard (CDCls, 7.24 ppm; DMSO-ds, 2.49 ppm).
BC NMR spectra were recorded using a Varian Gemini (75 MHz or 100 MHz)
spectrometer. Chemical shifts are reported in delta (6) units, expressed in parts per
million (ppm) downfield from tetramethylsilane using the solvent as an internal standard
(CDCls, 77.0 ppm; DMSO-ds, 39.5 ppm). °C NMR spectra were routinely run with
broadband decoupling. IR spectra were record using Perkin-Elmer Spectrum BX FT-IR
system. High-resolution mass spectra (HRMS) were obtained with a VG analytical
ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative intensity).

Crystallographic data (excluding structure factors) for the structures in this paper have
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been deposited with the Cambridge Crystallographic Data Centre. Copies of the data can
be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK, (fax: +44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk).

1,3-Dimethyl-4-trifluoromethylimidazolium iodide (9.1-CF3). A 30 mL vial
was charged with 4-trifluoromethylimidazole (1.0 g, 7.35 mmol), NaHCO; (0.62 g, 7.35
mmol), 20 mL CH3;CN, 5 mL CHsl, and stir bar. The vial was then sealed and the mixture
was stirred at 60 °C. After 24 h, the solvent was removed which afforded the desired
product as a 1:1 mixture with Nal in quantitative yield. "H NMR (DMSO-dj): § 9.42 (s,
1H), 8.61 (s, 1H), 3.92 (s, 3H), 3.88 (s, 3H). °C NMR (DMSO-dy): & 141.4, 126.5, 121.5
(q, Jor = 41.3 Hz), 118.6 (q, Jer = 267 Hz), 36.5, 35.1. ’F NMR (DMSO-dj): & -60.28.
HRMS: [M]Jr calcd for C¢HoF3N»: 166.0712; found: 166.0718.

1,3-Dimethyl-4-trifluoromethylimidazolylidene Agl. A 30 mL pressure vessel
was charged with a mixture of 1,3-dimethyl-4-trifluoromethylimidazolium iodide / Nal
(0.44 g of material, containing exactly 1.0 mmol azolium), Ag,O (0.23 g, 0.55 mmol),
CH,CI; (15 mL), and a stir bar. After sealing the vessel, the reaction mixture was stirred
at 50 °C for 2 h. Subsequent cooling to ambient temperature caused solids to precipitate
which were later removed via filtration. Evaporation of the residual solvent under
reduced pressure afforded 0.4 g (90% yield) of desired product as a white powder. 'H
NMR (DMSO-dy): & 8.25 (s, 1H), 3.92 (s, 3H), 3.88 (s, 3H). °C NMR (DMSO-dy): &
189.2, 126.3, 121.5 (m), 37.0. ’F NMR (DMSO-dj): -59.76.

Rh Complex 9.6-CF;. A 20 mL flask was charged with 1,3-dimethyl-4-
trifluoromethylimidazolylidene Agl (0.12 g, 0.30 mmol), [Rh(cod)CI], (73 mg, 0.15
mmol), THF (10 mL), and a stir bar. The resulting mixture was then stirred at 50 °C for 4
h. Afterward, the reaction mixture was cooled to ambient temperature and then filtered

through a 0.2 um PTFE filter. Removal of residual solvent under reduced pressure
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afforded 0.12 g (95% yield) of desired product as yellow solid. '"H NMR (CDCls): & 7.19
(s, 1H), 5.06 (s, 2H), 4.17 (s, 3H), 4.10 (s, 3H), 3.27 (s, 2H), 2.39 (br, 4H), 1.96 (br, 4H).
PC NMR (CDCLy): 8 189.6 (d, Jorn = 51.3 Hz), 123.9, 120.7, 118.1, 99.8 (br), 68.3 (d,
Jern=12.6 Hz), 38.3, 36.2, 32.9 (d, Jern = 11.2 Hz), 28.8 (d, Jern = 10.4 Hz). ’F NMR
(CDCl5): 6 -61.58. HRMS: [M-Cl]+ calcd for C4H9F5;N,Rh: 375.0555; found: 375.0550.
Crystals suitable for X-ray analysis were obtained by slow diffusion of hexanes vapor
into concentrated acetone solution of 9.6-CF3; CCDC 675951.

Rh Complex 9.7-CF3;. A 5 mL flask was charged with 9.6-CF3 (30 mg, 73
umol), CDCIl; (3 mL), and a stir bar. The resulting reaction mixture was then subjected
to slight pressure of CO (balloon). After 1 h, the reaction was complete as determined by
NMR spectroscopy. Removal of residual 1,5-cyclooctadiene (and solvent) was not
attempted because (NHC)Rh(CO),Cl type complexes are generally unstable in the solid
state.”” "H NMR (CDCl): & 7.37 (s, 1H), 4.00 (s, 3H), 3.94 (s, 3H). °C NMR (CDClL): &
184.8 (d, Jc.rn = 68.4 Hz), 180.8 (d, Jern = 59 Hz), 124.57 (d, cr= 5.1 Hz), 119.4, (q, Jc-
rh = 355 Hz), 39.0, 37.0. ’F NMR (CDClL): & -61.51. HRMS: [M-2CO]" calcd for
CsH7CIF3N,Rh: 301.9305; found: 301.9310.

Pd Complex 9.8-H. After charging a 25 mL flask with 1,3-dimethylimidazolium
iodide (0.45 g, 2.0 mmol), Pd(OAc), (0.21 g, 0.95 mmol), 15 mL DMSO, and a stir bar,
the resulting reaction mixture was heated to 120 °C for 2 h. Subsequent cooling to
ambient temperature followed by the addition of 40 mL of H,O to the reaction vessel
caused solids to precipitate. The solids were collected by filtration, washed with 20 mL of
H,0, and then dried under reduced pressure to afford 0.5 g (95% yield) of the desired
product as yellow powder. Spectroscopic data matched literature reports.”

Pd Complex 9.8-Cl. After charging a 25 mL flask with 1,3-dimethyl-4,5-
dichloro-imidazolium iodide (0.59 g, 2.0 mmol), Pd(OAc), (0.21 g, 0.95 mmol), 15 mL
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DMSO, and a stir bar, the resulting reaction mixture was heated to 80 °C for 1 h.
Subsequent cooling to ambient temperature followed by the addition of 50 mL of H,O to
the reaction vessel caused solids to precipitate. The solids were collected by filtration,
washed with 20 mL H,O, and then dried under reduced pressure to afford 0.61 g (93%
yield) of the desired product as a yellow powder. The solution structure of this complex
was found to be predominantly (>95%) cis by 'H NMR spectroscopy. 'H NMR (DMSO-
ds): 5 3.88 (s, 6H). °C NMR (DMSO-dy): 8 162.6, 117.1, 37.5. HRMS: [M]" calcd for
CioH12CLuN4PdI,: 685.6946; found: 685.6946. Crystals suitable for X-ray analysis were
obtained by slow cooling of saturated DMSO solution of 9.8-Cl; CCDC 675948.

Pd Complex 9.8-CF;. After charging a 25 mL flask with 1,3-dimethyl-4-
trifluoromethylimidazolium iodide (0.58 g, 2.0 mmol), Pd(OAc), (0.21 g, 0.95 mmol), 15
mL DMSO, and a stir bar, the resulting reaction mixture was heated to 80 °C for 1 h.
Subsequent cooling to ambient temperature followed by addition of 50 mL of H,O to the
reaction vessel caused solids to precipitate. The solids were collected by filtration,
washed with 25 mL of H,0, and then dried under reduced pressure to afford 0.60 g (92%
yield) of the desired product as a yellow powder. A mixture of complexes with cis- and
trans-geometries were found by "H NMR spectroscopy. Likewise, the '’F NMR spectrum
revealed that the product adopted a mixture of various geometrical isomers in an
approximately 2:2:2:1 ratio. As noted in the text, X-ray crystallography revealed that 9.8-
CF; adopted a trans geometry in the solid state. '"H NMR (DMSO-dy): & 8.26 (m, 2),
4.00-3.81 (m, 12H). °C NMR (DMSO-dj): 8 173.7, 168.8, 127.2 (q, Je.r= 7.7 Hz), 126.6
(m), 122.5-121.7 (m), 119.6 (q, Jc.r = 265 Hz), 119.4 (q, Jc.r = 265 Hz), 38.2, 37.3, 37.1,
36.4. "F NMR (DMSO-dy): & -59.94 (s, 3F), -60.16 (s, 3F), -60.24 (s, 2F + 0.8F from
overlapping minor isomer), -60.34 (s, 0.8F). HRMS: [M]" calcd for C,H4F¢N4PdI,:
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685.8252; found: 685.8256. Crystals suitable for X-ray analysis were obtained by slow
diffusion of water into a concentrated DMSO solution of 9.8-CF3; CCDC 675947.

Pd Complex 9.8-NO,. After charging a 25 mL flask with 1,3-dimethyl-4-
nitroimidazolium iodide (0.54 g, 2.0 mmol), Pd(OAc), (0.21 g, 0.95 mmol), 15 mL
DMSO, and a stir bar, the resulting reaction mixture was heated to 80 °C for 1 h.
Subsequent cooling to ambient temperature followed by addition of 50 mL of H,O to
reaction vessel caused solids to precipitate. The solids were collected by filtration,
washed with 50 mL of H,0, and then dried under reduced pressure to afford 0.58 g (90%
yield) of the desired product as a yellow powder. Although the solution structure of this
complex was found to be predominantly (>95%) cis by 'H NMR spectroscopy, equimolar
quantities of two isomers exhibiting C», and S, symmetries were observed. 'H NMR
(DMSO-dy): & 8.782 (s, 1H), 8.769 (s, 1H), 4.19 (s, 3H), 3.94 (s, 3H). >C NMR (DMSO-
ds): 8 169.4, 139.5, 127.40, 127.34, 39.6, 39.4. HRMS: [M]" calcd for C;oH;4NsO4Pdl,:
641.8201; found: 641.8204. Crystals suitable for X-ray analysis were obtained by slow
diffusion of hexanes into a concentrated CHC]l; solution of 9.8-NO,; CCDC 675951.

Pd Complex 9.8-CN. After charging a 25 mL flask with 1,3-dimethyl-4,5-
dicyanoimidazolium iodide (0.56 g, 2.0 mmol), Pd(OAc), (0.21 g, 0.95 mmol), 15 mL
DMSO, and a stir bar, the resulting reaction mixture was heated to 80 °C for 1 h.
Subsequent cooling to ambient temperature followed by addition of 50 mL of H,O to
reaction vessel caused solids to precipitate. The solids were collected by filtration,
washed with 50 mL of H,0, and then dried under reduced pressure to afford 0.60 g (96%
yield) of the desired product as a yellow powder. The solution structure of this complex
was found to be predominantly (>95%) cis by '"H NMR spectroscopy. 'H NMR (DMSO-
ds): & 4.04 (s, 6H). °C NMR (DMSO-dy): & 172.5, 115.9, 107.2, 39.0. HRMS: [M+H]"
calcd for Ci4H3NgPdl: 652.8387: found, 652.9391. Crystals suitable for X-ray analysis
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were obtained by slow diffusion of diethyl ether into a saturated N,N-dimethylformamide
solution of 9.8-CN; CCDC 675950.

General procedure used for performing hydroboration reactions. Rh complex
(0.03 mmol) was first weighed into a glass vial and then sealed with a 20/400
TFE/silicone (Alltech) septa followed by a plastic open-centered cap. THF (3 mL), Et;N
(0.7 mL, 5 mmol), pinacolborane (0.14 mL, 1.0 mmol), an internal standard such as
1,3,5-trimethoxybenzene (61 mg, 0.30 mmol) or mesitylene (0.17 mL, 1.2 mmol), and a
stir bar were then added in succession. After stirring at ambient temperature for 30 min,
I-octyne (0.18 mL, 1.2 mmol) or phenylacetylene (0.13 mL, 1.2 mmol) was then added.
After stirring the resulting mixture for an additional 14 h at 25 °C, any residual borane
was quenched through the addition of excess MeOH (0.5 mL). An aliquot was taken from
the crude reaction mixture, diluted with CDCl; and then analyzed using 'H NMR
spectroscopy.

General procedure used for performing Heck coupling reactions. A stock
solution of tert-butyl acrylate (0.47 M), aryl halide (0.33 M), and mesitylene (0.33 M)
(internal standard) was first prepared in DMF. In a separate vial, base (1.5 mmol),
catalyst (0.01 mmol), and 3 mL of the aforementioned stock solution were combined
under an atmosphere of nitrogen. The vial was then sealed and placed into an oil bath at
120 °C for 18 h. Afterward, an aliquot was removed, diluted with ethyl acetate, filtered
and then analyzed by GC.

General procedure used for performing Suzuki coupling reactions. A stock
solution of phenylboronic acid (0.55 M), aryl halide (0.5 M), and mesitylene (0.5 M)
(internal standard) was first prepared in DMF. In a separate vial, base (1.5 mmol),
catalyst (0.01 mmol), and 2 mL of the aforementioned stock were combined under an

atmosphere of nitrogen. The vial was then sealed and placed into an oil bath at 120 °C for
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18 h. Afterward, an aliquot was removed, diluted with ethyl acetate, filtered and then

analyzed by GC.
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Appendix A: Synthesis of Methyl 2-(trifluoromethyl)acrylate

EXPERIMENTAL

2-(trifluoromethyl)acrylic acid A.1 (75 g, 0.54 mol) was dissolved in 500 ml
dimethylsulfate and the reaction vessel was heated to 120 °C under atmosphere of
nitrogen for 48 hours (figure A.1). The color of the reaction changed to dark brown over
6 hours. After the reaction was cooled to room temperature, a '"H NMR analysis of an
aliquot showed that the ratio of desired product to starting material was 9:1.!

The crude reaction was subjected to vacuum distillation by heating the still pot to
120 °C and cooling the receiving flask with dry ice (-78 °C). The pressure was gradually
reduced to 100 millitorr over 1 hour, maintaining the temperature of the still head at ~100
°C to obtain 60 grams (73%) of clear liquid. The 'H NMR analysis of the liquid indicated
that the material collected consisted of desired product A.2 with approximately 6 mol%
of dimethyl sulfate impurity. Second distillation with a vigreaux column was performed
at atmospheric pressure and a fraction boiling at 75-80 °C was collected to obtain 45

grams of the desired product in 55% yield with no detectable impurities.

(0] (0]
CH,),SO
E,,ij\ oH (CH3),804 _ F3C\[HJ\OCH3
120 °C
A.1 A.2

Figure A.1 Esterification of 2-(trifluoromethyl)acrylic acid.
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'H NMR (CDCL): 6.62 (q, Ju.r= 1.5 Hz, 1H), 6.34 (q, Jur= 1.2 Hz, 1H), 3.73 (s,
3H) 8. >C NMR (CDCL): 8 161.6 (q, Je.r= 1.8 Hz), 132.6 (q, Je.r= 5.1 Hz), 131.2 (q, Jc-
r=32.1 Hz), 121.1 (q, Jer=272.1 Hz), 52.2. "’"F NMR (CDCl3): & -66.73 (s).

REFERENCES

1 Similar reaction using methyl triflate as solvent showed complete consumption of
starting material after 1 hour. However due to cost and high volatility of methyl
triflate, separation of impurities from the desired product was considered

impractical.
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