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Donor Functionalized Ruthenium N-Heterocyclic
Carbene Complexes in Alcohol Oxidation
Reactions

Abbas Raja Naziruddin, Chun-Shiuan Zhuang, Wan-Jung Lin and Wen-Shu Hwang*

N-pyridyl, N*-amido functionalized imidazolium bromides were obtained in high yields as N-heterocyclic
carbene (NHC) precursor and used as bidentate or a pincer ligands to obtain ruthenium complexes via
silver NHC transmetallation route. Incorporation of a phenyl group as an amido-N substituent (R = Ph)
results in bidentate coordination mode through Cyuc and the Npyrigyi donors, whereas in its absence (R =
H) a pincer coordination mode was observed through Npyridayi®CnrcOamido donors. Ruthenium complex
featuring pincer type NCO coordination mode with a protic NH function adjacent to the coordinating
Oamido atom was found to efficiently catalyse the oxidation of activated alcohols effecting quantitative

conversions within 30 minutes.

However oxidation of deactivated alcohols required longer reaction

times to effect the quantitative transformation.

INTRODUCTION

Excellent catalytic activity and high robustness of metal-N-
heterocyclic carbene (NHC) complexes along with their simple
preparation from readily available azolium precursors as well as
their ability to catalyse diverse array of organic reactions have
propelled substantial development in transition metal mediated
organic transformations over the past two decades.' Steric and
electronic tuning of NHC ligands can be achieved through the
N-wingtip functionalization or through the backbone
modification® to obtain highly selective organometallic
catalyst,’ OLED materials® or molecules with anticancer
activities.” N-donor functionalized NHC wingtips combine the
structural aspects of NHC ligands along with that of hetero
atom group in these hybrid bidentate®™ © © or tridentate” donor
sets. Complexes bearing NHC ligands functionalized with
heterocyclic ~ groups  including  pyridine,®  pyrazine,’
pyrimidine,ga’ 8%, 10 quinoline,11 benzimidazole,'? oxazoline,
phenanthroline,'* are significantly studied over the last few
years. In-addition to N-donor functionalized NHC ligands; few
reports also describe the direct oxidative insertion of the alkyl
wingtip to the ruthenium center with the formation of chelate
complexes. '’

A special class of weakly coordinating ligands act as
hemilabile donors, which upon coordination to catalytically
active metal center exhibit co-operative effects.'® Mixed
chelate complexes feature the coordinated NHC ligand intact
whereas a reversible de-coordination and coordination of linked
hemilabile moiety promote the substrate binding and the

This journal is © The Royal Society of Chemistry 2013

product dissociation steps of the catalytic cycle to exhibit co-
operativity.'” Even though such cooperative catalyses are well
established in hemilabile groups linked to phosphine donors via
phenylene bridges in a pincer type coordination mode,'® such
occurrences involving NHCs donors are relatively rare.'® Silver
or gold complexes bearing NHC ligands functionalized with
hemilabile amido group in the N-wingtip are previously
known.”® Few ruthenium?' or iridium®* NHC complexes
bearing hemilabile O-donor have also been previously
employed in transfer hydrogenation reactions, whereas
palladium complexes with S-functionalized NHCs in pseudo
pincer  fashion employed in  intermolecular
hydroamination reactions.'”

The oxidation of alcohols to the corresponding aldehydes or
ketones is one of the key steps in conventional organic
transformations  including natural product synthesis.”
Although a variety of methods have been developed for this
purpose, most of them employ rather harsh reaction conditions
and require stoichiometric amounts of oxidant generating
undesirable coproduct, that eventually result in unselective
transformations.?* Aerobic oxidations of alcohols using metal
free,” homogeneous®2°
metal catalysts have been previously developed, but most of
these reactions require the addition of large amounts of base,
heating, or pressured oxygen. Due to the importance of this
transformation in organic synthesis, the development of
efficient oxidation processes under milder conditions are highly
desirable. 2™ 2

were

or heterogeneous**® 2> 27 transition
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Several ruthenium complexes have been studied as catalysts
for oxidation of alcohols.?*®?° In this work, we report three new
ruthenium complexes of potential chelating ligands, featuring
an N-donor of the pyridyl wingtip and an O-donor of the amide
wingtips linked to the central NHC precursor. Our interest in
these ligand system emerge from the fact that metal complexes
with amido functionalized NHC ligands are rare and to the best
this is the first report of ruthenium
functionalized NHC
In addition we have evaluated the use of these

of our knowledge,

complexes featuring amide/pyridyl
ligands.

complexes as precatalyst towards alcohol oxidation reactions.

RESULTS AND DISCUSSION

Synthesis of ligand precursors and complexes are outlined
in Scheme 1. Ligand precursors 1a and 1b were obtained in
high yields by heating equimolar stoichiometric amounts of 2-
2-bromo-N,N-diphenyl-
acetamide or 2-bromo-N-phenyl-acetamide in acetonitrile under
reflux conditions for 6 h. The 'H NMR spectrum of la
exhibited a sharp downfield resonance at ¢ 9.89 ppm, for
NCHN imidazolium proton, while the "H NMR of spectrum of
1b revealed two such downfield signals at 6 10.65 and 9.71
ppm, corresponding to the N/ and NCHN imidazolium protons

imidazol-1-ylmethyl-pyridine  and

respectively. NMR data of 1a and 1b are in comparable range
to those of similar imidazolium NHC precursors.*® Reaction of
1a or 1b with Ag,O in dichloromethane under exclusion of
light at ambient temperature resulted in the formation of
Ag-NHC complexes 2a or 2b within 4 h. Ruthenium—NHC
complex 3a was obtained in good yields (80.7%) via standard
transmetallation reaction of complex 2a with [Ru(PPh;);Cl,] in
acetonitrile under refluxion in 5 h. 3a was further subjected to
counter ion exchange by reacting with NH,PF4 in an aqueous
solution at ambient temperature to yield 4a. Similar to the
synthesis of 3a, the ruthenium complex 3b was also obtained
from direct transmetallation reaction of 2b with [Ru(PPh;);Cl;]
in CH;CN at ambient temperature in 5 h, the chloride salt thus
obtained was also subjected to an anion exchange reaction
using NH,PFg resulting in the formation of the pincer complex
3b with PF¢ counter ions.

All the ligand precursors and ruthenium complexes are

characterized by standard analytical techniques. 'H NMR
spectra of all complexes are devoid of NCAHN imidazolium
proton resonances and '*C  NMR spectra exhibited

characteristic carbenoid carbon atom resonance around J ~ 180
ppm, confirm the coordination of carbene ligand in 2a, 2b, 3a,
3b and 4a. *'P NMR spectra of complexes 3a, 4a, and 3b
exhibited the coordinated phosphorus resonances around o
45-48 ppm.’' The methylene bridges linking the pyridyl and
the amide donor to the central NHC ligand in 3a, 4a, and 3b
exhibited four sets of doublet resonances in the range of o
6.1-5.4 and 4.3-2.9 ppm with a coupling constant of Jy_y; ~16
Hz due to the diastereotopicity of methylene protons arising
due to complexation.*? IR spectra of complexes 2a, 2b, 3a and
4a displayed an amide C=0 stretching band at 1675-1693 cm ™',
while 3b exhibited a large lowering of this stretching frequency
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to 1621 cm™!, due to the coordination of the oxygen atom to the
ruthenium center. All complexes reported in this work were
observed to be air and moisture stable.
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Scheme 1 Synthesis of N-O functionalized NHC ligand precursors and their
ruthenium complexes via silver NHC transmetallation route.

Single crystals suitable for X-ray diffraction analyses were
obtained by slow diffusion of diethylether into a CH;CN
solution of 4a or by slow evaporation of CH,Cl, solution of 3b.
Crystal data and refinement parameters are listed in Table S1
(ESI).

This journal is © The Royal Society of Chemistry 2012
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Fig 1. a. Molecular structure of 3b. b. Molecular structure of 4a. Hydrogen and PF¢ anion are omitted for clarity.

Table 1 Selected bond lengths (A) and angles (°) of 3b and 4a

3b 4a

Ru(1)—C(29) 1.978(6) Ru(1) -C(27) 2.033(3)
Ru(1)—N(4) 2.147(5) Ru(1) -N(1) 2.148(3)
Ru(1)—P(1) 2.317(2) Ru(1) -P(1) 2352(2)
Ru(1)—0(1) 2.143(4) Ru(1) -N(5) 2.0293)
Ru(1)—N(5) 2.113(6) Ru(1)—N(6) 2.028(3)
Ru(1)—N(6) 1.994(5) Ru(1) -N(7) 2.102(3)
C(25)—0(1) 1.244(7) C(29) -O(1) 1.213(4)
C(29)—Ru(1)—N(5) 169.90(2) C(27) -Ru(1) -N(7) 172.48(12)
N(4) —Ru(1)-P(1) 173.50(14) N(1)-Ru(1)-P(1) 174.51(8)
N(6)-Ru(1)-0(1) 176.02(21) N(5)-Ru(1)-N(6) 175.25(11)
C(29)-Ru(1)-N(4) 81.69(24) C(27)-Ru(1)-N(1) 83.96(12)
O(1)-Ru(1)-N(4) 90.19(17) N(6)-Ru(1)-N(7) 87.81(11)
N(5)-Ru(1)-N(6) 85.75(24)

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 00, 1-3 | 3
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Selected bond lengths and angles are summarized in Table 1.
Molecular structure of 4a, depicted in Fig. 1b, shows the N/O-
functionalized NHC ligand 1a (R = Ph) coordinates to the
ruthenium center through the carbenoid—C and the pyridyl-N,
donors with Ru(1)-C(27) and Ru(1)-N(1) bond lengths
measuring 2.033(3) and 2.148(3) A, respectively to form a six-
membered chelate ring with a bite angle of 83.96(12). The PPh;
ligand occurs in a trans configuration to the pyridyl-N atom,
featuring Ru(1)-P(1) bond distance of 2.352(2) A. The
octahedral coordination sphere of ruthenium center is
completed by three CH;CN ligands with first two Ru—N bond
distances measuring 2.028(3) and 2.029(3) A, whereas the third
Ru—N bond that occur trans to the NHC ligand is relatively
elongated 2.102(3) A. In addition, bond angles of three trans
donor pairs across the ruthenium center, C(27)—Ru(1)-N(7),
N(1)-Ru(1)-N(6), and N(5)—Ru(1)-N(6) were observed to be
172.48(12), 174.51(8), and 175.25(11)°, respectively. The
bonding parameters around the ruthenium center confirm a
slightly distorted octahedral geometry and are in a comparable
range to those of closely related ruthenium complexes in the
literature.*

Molecular structure of 3b, as depicted in Fig. la, also
confirms a distorted octahedral geometry around the ruthenium
center. The N/O-functionalized mixed NHC donor 1b (R = H)
act as a terdentate pincer ligand exhibiting an additional weak
coordination through the oxygen atom. One of the weakly
bound CH;CN in 4a, is substituted by a C=0 donor of an amide
functionalized N-wing tip featuring a Ru—O bond distance of
2.143(4) A. The ruthenium pincer complex 3b exhibit a shorter
Ru—Cyyc bond distance of 1.978(6) A, relative to that observed
in 4a. Indeed upon coordination of the amide carbonyl (O)
donor to the ruthenium center, the C=0O bond distance was
elongated to 1.244(7) A in 3b, from 1.213(4) A in 4a. This data
is also commensurate with the C=O stretching frequency
observed from the IR spectrum. Two CH3;CN ligands are
observed in a mutually cis configuration with Ru—N bond
distances measuring 2.113(6) A (trans to Cyuc) and 1.994(5) A
(trans to Oc—o).

Ruthenium complexes reported herein were evaluated
towards catalytic oxidation of alcohol to the corresponding
aldehyde or ketone. Our optimization experiments confirmed
that a combination of KO'Bu, toluene and 5 mol% ruthenium
pre-catalyst at reaction temperature of 100 °C afforded the best
result for catalytic oxidation of benzyl alcohol. Furthermore, we
do not observe any over oxidation of the aldehyde to the
carboxylic acid. The standard oxidation experiment was thus
performed on benzyl alcohol (2.0 mmol) using the ruthenium
pre-catalysts (5.0 mol %) and KO'Bu (1.0 mmol) in toluene (5
mL) at 100 °C. Product yields were monitored by GC.

This journal is © The Royal Society of Chemistry 2013
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Catalytic results for the oxidation of benzyl alcohol using
3a, 4a, and 3b are summarized in Fig. 2. Reaction profiles
show that 3a, 4a, and 3b demonstrate very good activity
towards catalytic oxidation of benzyl alcohol resulting in
almost quantitative formation of benzaldehyde within 100, 50,
and 25 min respectively. Complexes 3a and 4a bearing three
CH;CN ligands could facilitate a facile release of the labile
CH;CN ligands to generate vacant site for the incoming
deprotonated benzyl-alkoxide moiety to initiate the catalytic
reaction and further propel the subsequent pS-hydrogen
elimination reaction to furnish the carbonyl product. A
comparison of reaction profiles of 3a vs. 4a also supports
strong counter ion effect that significantly influences the results
of catalytic conversion. However, 3b with only two CH;CN
ligands and a labile O-donor via the NHC wingtip, exhibited
even better activity than 3a or 4a; we speculate that N-wing tip
substituent on the NHC ligand bearing less sterically hindered
amide—O donor along with the protic NH function lying
adjacent the weakly coordinating oxygen atom could contribute
to the enhanced activities of 3b.

100
90-
80-
70] |
0] ¢
s0] |
40 |
30—."

—4A— [4a]
—e—[3b]
—=—[3a]

Conversion (%)

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (min)
Fig. 2 Reaction profiles for the oxidation of benzyl alcohol (2.0 mmol) to
benzaldehyde with Ru(II) precatalysts 3a, 4a and 3b (5.0 mol%) in toluene (5
mL) in the presence of KO'Bu (1.0 mmol) at 100 °C. Catalytic conversions of
the standard benzyl alcohol substrate were monitored by GC.

Post-catalytic analysis of 3b and 4a was conducted to study
the stabilizing effect of the chelating N/O functionalized NHC
and phosphine ligands in catalytic reaction. After the
completion of the catalytic reaction, the reaction mixture was
extracted in an ether/water system. The organic phase was
separated and the aqueous layer was decanted. The residue was
dissolved in acetonitrile and the solution was filtered. The
filtrate was further dried in vacuo and the residue was subjected
to NMR and IR analyses. Results confirmed that the N/O
functionalized NHC ligand as well as the phosphine ligand
remains intact at the ruthenium center in 3b and 4a.

Dalton Trans., 2013, 00, 1-3 | 4
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To investigate the tolerance of substituent functionality on
benzyl alcohol and study the generality of the current catalytic
system towards activated or unactivated alcohols few selected
substrates were screened for catalytic reactions using 3b and 4a
under optimized conditions. Although the pre-catalysts 3b and
4a afforded almost quantitative conversion for activated
aromatic alcohols and unactivated alcohols within 30 minutes
and 3 ~ 8 h, respectively, a relative study of catalytic activities
of 3b and 4a in 30 minutes are tabulated in Table 2. Indeed, an
expected trend of higher conversions for activated alcohols
using both the pre-catalysts 3b and 4a was observed. As
evident from the entries 1 and 6, conversion of phenylmethanol

Table 2 Results of oxidation of different alcohols catalyzed by 4a and 3b in
30 min.*

Entry Alcohol (Substrate) Catal. yield %°
1 OH 3b 99
©/\ 4a 91
2 /@/\OH 3b 99
Cl 4a 95

3b 65 (97in 3.0 h)

o
N
P4
@]
T

R

4a 45 (98 in 4.5 h)

3b 45 (96in 4.5 h)

o]
T

4a 29 (99 in 7.0 h)

5 NO 3b 30(97in7.0 h)

N

4a 12 (95in 8.0 h)

4

6 OH 3b 98
©)\ 4a 90

7 OH 3b 95
4a 88

8 OH 3b 93
4a 85

/

8

©
O
©]
=

3b 76 (96 in 2.5 h)

Y

4a 59 (97 in 4.0 h)

2 Reaction conditions: 2.0 mmol alcohol, 1.0 mmol KO-'Bu, and 5.0 mol%
precatalyst in 5 mL toluene at 100 °C in 30 min.
"Isolated yields

This journal is © The Royal Society of Chemistry 2012
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or 1-phenylethanol occurred almost quantitatively with the
precatalyst 3b (99-98%); whereas the conversion was slightly
lowered upon using 4a as the precatalyst (91-90%). With a p-
chloro substituent on the phenyl ring (entry 2) higher yields of
the corresponding aldehyde (95%) was observed upon using the
precatalyst 4a, while almost quantitative conversions
using 3b was retained (99%).

We also tested the effect of catalytic conversions upon
introducing an electron withdrawing substituent (NO,) at p-
(entry 3), m- (entry 4) or o- (entry 5) positions of the
phenylmethanol substrates. In all cases the isolated yields at
the end of 30 minutes were observed from moderate to poor;

upon

however the precatalyst 3b was relatively more efficient for
such oxidation of deactivated aromatic alcohols. The pre-
catalyst 3b effected 65%, 45% and 30% conversion of (p-NO,)-
phenylmethanol, (m-NO,)-phenylmethanol (0-NO,)-
phenylmethanol respectively. Especially the poor yields in the

and

oxidation of (m-NO,)-phenylmethanol, could arise from mixed
factor of steric and electronic effects as well as the occurrence
of intramolecular hydrogen bonding between the nitro and
hydroxyl groups that considerably deactivates the substrate.
However such substrates usually require prolonged reaction
time over 20 h to yield quantitative conversions.*® Secondary
alcohol substrates like diphenylmethanol, 6-methoxy-1,2,3,4-
tetrahydronaphthalen-1-ol (entries 7 and 8) underwent good
conversions with the precatalyst 3b (95-93%) and 4a
(88—85%). Previously an in situ generated Cu—NHC-TEMPO
catalyst took 15 h to effect the oxidation of furan-2-ylmethanol
with 71% conversions.** Precatalyst 3b facilitated a slight
improvement of this catalytic yield (entry 9) (76%), however in
a remarkably shorter reaction time (30 min.).

SUMMARY

In conclusion, we have prepared a amide
functionalized NHC ligand precursor, that coordinates to the
ruthenium center in either bidentate or pincer coordination

new

modes, leading to a distorted octahedral geometry around the
metal center. Amongst three new ruthenium complexes
reported herein, the complex featuring a pincer coordination
mode renders a hemilabile coordination to the ruthenium center
through C=0 group of the amide function along with a protic
NH moiety adjacent to the coordinating oxygen atom. In
addition the pincer type NHC complex exhibits good catalytic
performances towards oxidation of alcohols. Activated alcohols
were almost quantitatively converted into the corresponding
aldehydes, whereas the deactivated alcohols were converted
into the aldehydes with moderate to poor yield. In this work, we
have also made substantial improvement in the catalytic results
by improving yields within shorter reaction times and also
avoided the usage of halogenated solvents in the catalytic
transformations.

EXPERIMENTAL

Dalton Trans., 2012, 00, 1-3 | 5
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General Synthetic methods, materials and
physical measurements:

Solvents and reagents were purchased from Sigma Aldrich or
Acros Organics in analytical grade and used without further
purification. NMR spectra were recorded on a Bruker AVANCE
DPX-400 spectrometer (1H, 400.13 MHz; 13C, 100.61 MHz)
with tetramethylsilane as an internal standard. Elemental
microanalyses were performed at the Taiwan Instrumentation
Center. IR spectra were recorded on a Mattson Genesis Series
FT- spectrophotometer. G.C analyses were performed with a
GC9800  gas  chromatography  (Shanghai
Chromatograph Instrument Co.) equipped with a flame
ionization detector and a 10m (2.65 pum film thickness)
RESTEK Rtx-2887 fused silica capillary column. 2-imidazol-1-
ylmethyl-pyridine,*** 2-bromo-N,N-diphenyl-acetamide, and 2-
bromo-N-phenyl-acetamide® were prepared according to
literature protocols.

Kechuang

Synthesis
1-(diphenylcarbamoyl-methyl)-3-pyridylmethyl-
imidazolium bromide (1a)

A mixture of 2-imidazol-1-ylmethyl-pyridine (0.522 g, 3.28
mmol) and 2-bromo-N,N-diphenyl-acetamide (0.960 g, 3.28
mmol) in CH3;CN (20 mL) was heated under reflux for 6 h. The
reaction mixture was cooled and poured into diethyl ether (100
mL) and the resulting yellow precipitate was filtered. The
yellow solid was recrystallized three time by dissolving with
methanol (10 mL) and titurated with diethyl ether (100 mL) to
obtain white product 1a (1.265 g, 86 % yield). '"H NMR
(CDCl3): 6 9.89 (s, 1H), 8.36 (dd, Jy_y = 4.6, 1.7 Hz, 1H), 7.77
(s, 1H), 7.71 (d, Jy_y = 7.8 Hz, 2H), 7.53 (td, Jy_n = 7.7, 1.8
Hz, 1H), 7.40 (q, Jy_y = 7.8 Hz, 3H), 7.31 (t, Jy_n = 7.7, 3H),
7.27 (s, 1H), 7.12 (t, Jy_y = 7.5 Hz, 3H), 7.04 (d, Jy_y = 7.5 Hz,
1H), 5.32 (s, 2H), 5.23 (s, 2H) ppm. *C NMR (CD;CN): §
165.1 (C=0), 153.2 (NCN), 149.7, 142.6, 140.5, 137.9, 137.6,
130.2, 129.5, 129.1, 126.8, 124.3, 123.8, 123.0, 122.1, 53.5,
51.9 ppm. IR (KBr): viax (cm™) 1681 (C=0). Mass (MALDI):
m/z 368 for [M']

1-phenylcarbamoylmethyl-3-pyridylmethyl-3H-
imidazolium bromide (1b)

A mixture of 2-Imidazol-1-ylmethyl-pyridine (0.340 g, 2.14
mmol) and 2-bromo-N-phenyl-acetamide (0.456 g, 2.14 mmol)
in CH3CN (20 mL) was heated under reflux for 6 h. Following
the procedure similar to that of 1a, product 1b was obtained as
brown solid (0.717 g, 90 % yield). '"H NMR (CDCl5): 6 10.65
(s, 1H), 9.71 (s, 1H), 8.43 (d, Jy_y = 4.5 Hz, 1H), 7.60 (m, 4H),
7.48 (t, Jy_y = 8.0 Hz, 2H), 7.14 (m, 3H), 6.95 (t, Jy.y = 7.5
Hz, 1H), 5.53 (s, 2H), 5.50 (s, 2H) ppm. >*C NMR (CD;CN): §
163.0 (C=0), 152.1 (NCN), 149.9, 137.7, 137.6, 137.3, 128.8,
124.5, 124.0, 123.6, 123.5, 122.2, 120.1, 54.1, 52.3 ppm. IR
(KBr): vinax (em™) 1693 (C=0); 3399 (N-H stretching). Mass
(MALDI): m/z 293 for [M'].

[2a]

6 | Dalton Trans., 2012, 00, 1-3

Ag,0 (0.421 g, 1.81 mmol) was added into a CH,Cl, (10 mL)
solution of 1la (0.540 g,
suspension was stirred at ambient temperature for 4 h under

1.25 mmol) and the resultant

exclusion of light. After this time, the reaction mixture was
filtered through Celite and the filtrate was dried in vacuo. The
residue was dissolved in CH,Cl, (5 mL) and the solution was
added into diether ether (30 mL) to yield yellow precipitate.
Upon filtration and drying in vacuo, [2a] was obtained as
yellow solid (0.332 g, 31.4% yield). "H NMR (CDCly): § 8.54
(d, Jy_y = 5.1 Hz , 2H), 7.66 (t, Jy_y = 7.8 Hz, 2H), 7.43 (m,
12H), 7.28 (m, 6H), 7.22—7.15 (m, 10H), 5.35 (s, 4H), 4.87 (s,
4H) ppm. C NMR (CDCl3): 6 182.9 (NCN), 170.1 (C=0),
166.2, 155.8, 155.2, 149.7, 141.7, 140.5, 137.5, 130.7, 129.1,
126.7, 126.0, 123.9, 123.4, 123.2, 123.0, 122.7, 122.2, 121.8,
120.4, 57.0 (CH,), 53.9 (CH,) ppm. IR (KBr): vy (cm™") 1687
(C=0). Mass (MALDI): m/z 846.4 for [M']. Anal. Calcd. for
Cy46H4oNgO,AgBr: C, 59.76; H, 4.36; N, 12.12. Found: C, 59.58;
H,4.22; N, 11.98.

[2b]

To a solution of 1b (0232 g, 0.621 mmol) in
dichloromethane (5 mL) and methanol (0.5 mL) was added
Ag,0 (0.220 g, 0.948 mmol) and the suspension was stirred at
ambient temperature for 4 h under exclusion of light. The
reaction mixture was filtered through Celite followed by drying
the filtrate in vacuo. A solution of the resultant residue in
dichloromethane (5 mL) was poured into diethylether (30 mL)
to yield an yellow precipitate, which was separated and further
dried in vacuo to obtain 2b as yellow solid (0.124 g, 26.6 %
yield). '"H NMR (CDCl,): § 8.48 (d, J;;_yy = 4.8 Hz, 2H), 7.71
(d, Jy_g = 8.0 Hz, 4H), 7.56 (t, Jy_y = 8.1 Hz, 2H), 7.20 (m,
8H), 7.04 (m, 8H), 5.28 (s, 8H) ppm. *C NMR (CDCL): §
182.1 (NCN), 165.4 (C=0), 155.1, 149.6, 139.0, 138.6, 137.3,
128.6, 123.9, 123.5, 123.2, 122.2, 121.2, 120.5, 120.0, 56.8,
54.6 ppm. IR (KBr): vpa (cm™) 1693 (C=0), 3262 (N-H
stretching). Mass (MALDI): m/z 693 [M"]. 4nal. Calcd. for
C;4H3;,NgO,AgBr: C, 52.86; H, 4.18; N, 14.51. Found: C, 52.65;
H, 4.06; N, 14.32.

[3a]

[Ru(PPh;);CL,] (1.43 g, 1.5 mmol) was added into a solution
of [2a] (0.70 g, 0.75 mmol) in CH;CN (5 mL) and the mixture
was heated under reflux for 5 h, filtration of the reaction
mixture yielded a clear solution. Solvent was removed in vacuo
and the residue was suspended in a mixture of CH,CI, (50 mL)
and H,O (35 mL) and the product was extracted (x3 times)
from the aqueous phase. The aqueous extracts were collected
and dried in vacuo to obtain [3a] (0.536 g, 80.7% yield). 'H
NMR (CDCl;): 6 9.58 (d, Jy_ = 4.0 Hz, 1H), 7.83 (m, 5H),
7.36 (m, 6H), 7.19 (m, 6H), 7.09 (m, 3H), 7.02 (m, 6H), 6.86
(m, 3H), 6.49 (s, 1H), 6.11 (d, Jy_z = 16.0 Hz, 1H), 5.94 (d,
Jy-y=16.0 Hz, 1H), 4.30 (d, Jy_ = 17.0 Hz, 1H), 2.49 (d, Jy_n
= 17.4 Hz, 1H), 2.01 (s, 3H), 1.78 (s, 3H), 1.63 (s, 3H) ppm.
3C NMR (CDCl,): § 180.6 (NCN), 167.0 (C=0), 156.6, 154.4,
141.3, 139.6, 138.1, 130.6, 129.0, 128.8, 128.7, 128.6, 128.0,
127.9, 127.5, 126.5, 126.2, 125.6, 124.9, 124.7, 124.2, 124.0,
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121.3, 55.5, 52.4, 4.7, 4.0 ppm.*'P NMR (300MHz, CDCl;): §
47.25 ppm. IR (KBr): vipax (cm™") 1675 (C=0). Mass (MALDI):
m/z 885 for [M — CH3CN + 2CI1]" and 767 for [M — 3-CH;CN
+ Cl]". 4nal. Calcd. for C4;H,4CLLN,OPRu: C, 60.97; H, 4.79;
N, 10.59. Found: C, 60.71; H, 4.86; N, 10.50.

[4a]

An aqueous solution (H,O, 5 mL) of [3a] (0.329 g, 0.355
mmol) and NH4PFg (0.12 g, 0.75 mmol) was stirred at ambient
temperature for 24 h, after which the reaction mixture was
extracted in CH,Cl, (10 mL x 3) and the solvent was removed
in vacuo. The resultant residue was further washed with
minimal amounts of CHCl; (1 mL x 3) and dried in vacuo to
obtain [4a] as green solid (0.395 g, 96.7% yield). 'H NMR
(CD3CN): 6 9.01 (d, Jy— = 5.7 Hz, 1H), 8.09 (t, Jy_ = 15.1
Hz, 1H), 7.75 (d, Jy_y = 7.7 Hz, 1H), 7.63 (t, Jy_ = 6.8 Hz,
2H), 7.56 (m, 4H), 7.36 (m, 12H), 7.22 (d, J;_y = 7.4 Hz, 1H),
7.16 (d, Jy_y = 7.8 Hz, 2H), 7.09 (m, 2H), 7.02 (d, Jyz_y = 7.6
Hz, 2H), 6.91 (d, Jy_ = 2.2 Hz, 1H), 5.71 (d, Jy_ = 16.6 Hz,
1H), 5.43 (d, Jy_ = 16.6 Hz, 1H), 4.07 (d, Jy_ = 16.5 Hz, 1H),
2.94 (d, Jy_ =16.8 Hz, 1H), 2.16 (s, 3H), 1.99 (s, 3H), 1.72 (s,
3H) ppm. *C NMR (CDCly): d 179.5 (NCN), 167.4 (C=0),
157.0, 155.5, 142.9, 141.2, 140.4, 134.7, 131.6, 131.3, 130.1,
129.8, 129.6, 129.5, 128.5, 127.8, 127.0, 126.8, 126.6, 124.6,
123.6, 122.9, 55.6, 32.1, 4.9, 4.5 ppm. *'P NMR (CD;COCDs):

0 45.0 ppm. IR (KBI): Ve (cm™') 1683 (C=0). Mass (MALDI):

m/z 920 for [M + PF¢ — 2.CH;CN]"), 733 for [M — 3-CH;CN]".
Anal. Calcd. for C4;Hy44F,N;OP3Ru: C, 49.26; H, 3.87; N, 8.56.
Found: C, 49.44; H, 3.93; N, 8.51.

[3b]

A similar procedure as described for [4a], starting from
[Ru(PPh3);Cl,] (1.280 g, 1.30 mmol) and [2b] (0.505 g, 0.653
mmol) was followed to obtain [3b]. An exception being, the
chloride salt of [3b] could not be isolated directly from the
aqueous reaction mixture, hence the aqueous solution was
further treated with NH,PF¢ (0.212 g, 1.31 mmol). Other work-
up steps, analogous to that in the preparation of [4a] was
followed to obtain [3b] as yellow solid (0.177 g, 26.3% yield).
'"H NMR (CD;CN): 6 9.34 (s, 1H), 9.13 (d, J;;_y = 3.0 Hz, 1H),
8.01 (t, Jy_y="7.8 Hz, 1H), 7.73 (d, Jyy_y = 7.7 Hz, 1H), 7.61 (s,
1H), 7.55-7.32 (m, 20H), 7.21 (t, Jy_z = 11.0 Hz ,1H), 6.95 (s,
1H), 5.72 (d, Jy_u = 16.1 Hz, 1H), 5.49-5.42 (m, 1H), 4.30 (d,
Ju_g=16.7 Hz, 1H), 3.74 (d, J;_y = 16.7 Hz, 1H), 1.99 (s,3H),
1.92 (s, 3H) ppm. *C NMR (CDCly): § 188.5 (NCN), 171.5
(C=0), 157.8, 155.9, 130.1, 136.7, 134.5, 133.3, 132.9, 132.0,
130.4, 130.0, 129.6, 129.6, 127.6, 127.0, 125.9, 124.6, 124.4,
123.5, 121.5, 120.6, 56.2, 52.9, 3.9 ppm. *'P NMR (CD;CN): §
48.21 ppm. IR (KBr): vy (cm™) 1621 (C=0), 3396 (N-H
stretching). Mass (MALDI): m/z 1027 for [M + 2-PF¢]" and 841
for [M + PFy¢ - CH;CN]". Adnal Calcd. for
C;9H3,F,NqOP;Ru-CH,Cl,: C, 43.14; H, 3.53; N, 7.55. Found:
C,43.27; H,3.57; N, 7.51.

General procedure for the catalytical oxidation of alcohols.

This journal is © The Royal Society of Chemistry 2012
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In a standard catalytic experiment, the alcohol substrate (2.0
mmol), ruthenium—NHC pre-catalyst (5.0 mol%), KO'Bu (1.0
mmol), and toluene (5 mL) were charged into a screw capped
vial under air and heated at 100 °C in an oil bath. After the
completion of the catalytic reaction, the reaction mixture was
extracted in diethyl ether/water system (1:1, V:V). The organic
phase was separated and ether was removed in vacuo. The
isolated product yields were monitored by NMR spectroscopy.

X-ray crystallography.

The single crystals suitable for X-ray diffraction analyses
were obtained by slow diffusion of diethyl ether into a CH;CN
solution of 4a or by slow evaporation of CH,Cl, solution of 3b.
Data was collected on an APEX II diffractometer, using
graphite monochromatic Mo Ka radiation (1 = 0.71073 A).
Data reduction was performed with SAINT, which corrects for
Lorentz and polarization effects. Absorption corrections were
performed using multiscan (SADABS).*® All H atoms were
added in idealized positions. Structures were solved by the use
of direct methods and refinement was performed by the least-
squares methods on F with the SHELXL-97 package.’” Crystal
data, including the details of data collection, refinement and
complete geometric information are available in CIF format.
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