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A series of ruthenium(1r) orthometallated aminocarbene complexes have been synthesized and characterized. Their

electrochemistry, electronic absorption, emission, and the crystal structures of [Ru(phen)2 {:C(CHZPh)NHC6H4}]-

CF,S0;, [Ru(bpy),{=C(CH,Ph)NMeC H,}]PF, and [Ru(bpy),{=C(CH,C,H,;S)NHCH,}]CF;SO; have been studied.
The nature of the electronic transitions and the origin of the emission are discussed and an assignment of a *‘MLCT

emission has been supported by EHMO studies.

Introduction

Since the first synthesis of a carbene complex the chemistry
of Fischer carbene complexes has been developing in an
explosive fashion and has become an important branch of
organometallic chemistry. The major thrust of this develop-
ment stems from the synthesis and characterization of
hundreds and thousands of related complexes and their use as
synthons and catalysts. They have been vastly used in cyclo-
propanation reactions, olefin metathesis,> ring-opening
metathesis polymerization (ROMP),* ring-closing metathesis
(RCM)** and carbonyl olefination reactions.' This provided
a driving force for the rapid development of new areas of
organometallic chemistry and a large portion of the research
efforts involving carbene, alkene and metallacycle complexes
of transition metals is oriented toward understanding these
important catalytic sequences. An extremely important and
related chemistry is Fischer-Tropsch chemistry,® in which both
vinylidene and carbene species are thought to be key inter-
mediates in the hydrogenation of CO catalyzed by iron-group
metals to give a variety of organic products. While syntheses
and studies of ruthenium complexes of these sorts are mainly
confined to those containing phosphine ligands,” corresponding
studies on complexes with nitrogen donor ligands are relatively
rare and less extensively explored.® In view of the rich photo-
physical and photochemical behaviour of ruthenium(ir) poly-
pyridyl complexes® and our recent efforts on luminescent
organometallic complexes,' the introduction of a polypyridyl
moiety to ruthenium(ir) carbene complexes is expected to bring
rich luminescence behaviour to the organometallic ruthenium
carbene species. Recently, we communicated the isolation of
a luminescent ruthenium(ir) aminocarbene complex of bipyr-
idine."! As an extension of our preliminary communication
and to provide further insights on the spectral origin of the
electronic absorption and emission behaviour, an extensive
series of ruthenium(u) orthometallated aminocarbene com-
plexes have been synthesized and characterized. Their electro-
chemistry, photophysical behaviour, and crystal structures are
also reported. Spectral assignments of the electronic absorption
and emission origin of these complexes have also been sup-
ported by EHMO calculations.
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Experimental
Materials and reagents

2,2'-Bipyridine, 1,10-phenanthroline and 4-trifluoromethyl-
aniline were obtained from Lancaster Synthesis Ltd., aniline,
anisidine, 4-bromoaniline, 1-chloro-4-ethynylbenzene and
phenylacetylene from Aldrich Chemical Co. 2-Ethynylthio-
phene ? and the ruthenium(n) starting materials, cis-[Ru(bpy),-
ClL,]" and cis-[Ru(phen),CL,],"®* were synthesized according
to the literature procedures. Aniline, N-methylaniline and
phenylacetylene were freshly distilled before use. Acetonitrile
(Lab-Scan, AR) was used as obtained for synthesis and distilled
over calcium hydride for physical measurements. Tetra-n-
butylammonium hexafluorophosphate ("Bu,NPF) (Aldrich,
98%) was purified by recrystallization from ethanol three times
before use. All other reagents were of analytical grade used as
received.

General preparation method

All reactions were performed under strictly anaerobic and
anhydrous conditions using standard Schlenk techniques.
cis-[Ru(bpy),CL]-2H,0 (100 mg, 0.19 mmol) and AgOTf
(OTf = O,SCF;) (100 mg, 0.39 mmol) were mixed and stirred in
dry acetone (20 ml) under nitrogen for 3 hours. The solution
was filtered to remove the precipitated AgCl and evaporated
to dryness. Reaction of cis-[Ru(bpy),(Me,CO),][OTf], with
acetylene (A) (0.58 mmol) in the presence of an excess of amine
(B) (0.77 mmol) in dry acetone under an inert atmosphere of
nitrogen gave a purple solution, which was then filtered and
evaporated to dryness under reduced pressure. The product was
either obtained as its hexafluorophosphate salt, by adding a
saturated methanolic solution of NH,PF¢ to the complex in
methanol, or directly as the trifluoromethanesulfonate salt. The
purple solid obtained was recrystallized by vapour diffusion of
diethyl ether into an acetonitrile or acetone solution of the
product to yield purplish red crystals.

[Ru(bpy),{=C(CH,Ph)NHC,H }IPF, 1. A = Phenylacetylene
(59 mg, 0.58 mmol); B =aniline (72 mg, 0.77 mmol). The
complex has previously been communicated." Yield: 60%.
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Elemental analyses, C;,H,sF¢NsPRu, Calc. (found) (%): C 54.26
(54.22), H 3.75 (3.56), N 9.30 (9.23). 'H NMR (300 MHz,
CD;CN, 298 K): 0 4.3 (s, 2H, CH,), 6.3 (d, /=7, 2H, aromatic
H), 6.40 (d, /=6, 1H, aromatic H), 6.6-6.7 (m, 3H, aromatic
H), 6.8 (m, 1H, aromatic H), 6.90 (t, /=7.5, 1H, aromatic H),
7.2 (m, 1H, aromatic H), 7.2-7.3 (m, 5H, aromatic H), 7.6-7.9
(m, 8H, aromatic H), 8.2 (s, 1H, aromatic H), 8.2 (d, /=6, 1H,
aromatic H), 8.3 (d, J=8 Hz, 1H, aromatic H), 11.3 (s, broad,
1H, NH). ¥C NMR (67.8 MHz, CD;CN, 298 K): § 52.7 (CH,),
114.0-176.6 (aromatic C), 266.0 (Ru=C). Positive FAB-MS:
mlz 607, {M — PF}*.

[Ru(bpy),{=C(CH,PhNHCH,OMe}ICIO, 2. A =Phenyl-
acetylene (59 mg, 0.58 mmol); B=anisidine (95 mg, 0.77
mmol). The complex has previously been communicated.
Yield: 70%. Elemental analyses, C;sH;,CIN;OsRu, Calc.
(found) (%): C 57.03 (57.24), H 4.10 (4.08), N 9.50 (9.74).
'H NMR (300 MHz, CD,CN, 298 K): 6 3.5 (s, 3H, OCH,), 4.3
(s, 2H, CH,), 5.8 (d, J = 2.5, 1H, aromatic H), 6.2 (d, /=7, 1H,
aromatic H), 6.4 (dd, J=6, 2.5, 2H, aromatic H), 6.7
(t, J=6.5, 2H, aromatic H), 6.9 (t, J=7.5, 1H, aromatic H),
7.2-7.3 (m, 6H, aromatic H), 7.7 (dt, J=17.5, 1.5, 1H, aromatic
H), 7.7-7.9 (m 7H, aromatic H), 8.2-8.3 (m, 2H, aromatic H),
8.3 (d, J=8 Hz, 1H, aromatic H), 11.2 (s broad, 1H, NH). '3C
NMR (125.8 MHz, CD;CN, 298 K): § 53.3 (OCH,), 55.7
(CH,), 105.9-180.1 (aromatic C), 262.7 (Ru=C). Positive ESI-
MS: m/z 638, {M — CIO,}*.

[Ru(phen),{~C(CH,Ph)NHCH}ICF;SO; 3. A =Phenyl-
acetylene (59 mg, 0.58 mmol); B = aniline (72 mg, 0.77 mmol).
The complex was synthesized by using cis-[Ru(phen),CL)]
(103 mg, 0.19 mmol) as the starting material instead of
cis-[Ru(bpy),Cl,]. Yield: 60%. Elemental analyses, C;H,gF;-
N,O;RuS, Calc. (found) (%): C 58.20 (58.22), H 3.51 (3.56), N
8.70 (8.83). "H NMR (300 MHz, CD,CN, 298 K), 6 4.4 (m, 2H,
CH,), 5.9 (d, J =8, 2H, aromatic H), 6.2 (t, J = 8, 2H, aromatic
H), 6.3, (d, J=7, 1H, aromatic H), 6.4 (t, J=7, 1H, aromatic
H), 6.5 (t, J="7.5, 1H, aromatic H), 6.8 (t, J=7.5, 1H, aromatic
H), 7.3 (d, J=7, 1H, aromatic H), 7.4 (m, 2H, aromatic H),
7.5 (m, 1H, aromatic H), 7.6 (m, 1H, aromatic H), 7.6 (m, 1H,
aromatic H), 7.8 (m, 2H, aromatic H), 8.0 (s, 2H, aromatic H),
8.1 (m, 2H, aromatic H), 8.2 (m, 2H, aromatic H), 8.3 (m,
2H, aromatic H), 8.7 (d, /=8 Hz, 1H, aromatic H), 11.4 (s,
broad, 1H, NH). ®C NMR (125.8 MHz, CD,CN, 298 K):
0 52.8 (CH,), 113.5-178.3 (aromatic C), 265.6 (Ru=C). Positive
ESI-MS: m/z 656, {M — PF}".

[Ru(bpy),{=C(CH,Ph)NMeCH}IPF, 4. A = Phenylacetyl-
ene (59 mg, 0.58 mmol); B = N-methylaniline (82 mg, 0.77
mmol). Yield: 85%. Elemental analyses, C;sH;,F¢NsPRu, Calc.
(found) (%): C 54.83 (54.60), H 3.94 (4.01), N 9.13 (9.12).
'"H NMR (300 MHz, CD,CN, 298 K): 6 3.9 (s, 3H, NCH,), 4.6
(d, /=16, 1H, PhCH), 4.8 (d, J= 16, IH, PhCH), 6.0 (d, J = 8,
2H, aromatic H), 6.4 (dd, /=6, 1, 1H, aromatic H), 6.6 (t, J =8,
2H, aromatic H), 6.7 (t, /=7, 1H, aromatic H), 6.8-7.0 (m,
2H, aromatic H), 7.1 (t, J=7, 1H, aromatic H), 7.2-7.4 (m,
SH, aromatic H), 7.6-7.9 (m, 8H, aromatic H), 8.1 (d, J=5.5,
1H, aromatic H), 8.2 (d, /=38, 1H, aromatic H), 8.3 (d, /=8
Hz, 1H, aromatic H). *C NMR (125.8 MHz, CD,CN, 298 K):
0 48.0 (NCH,;), 52.7 (CH,), 114.2-179.0 (aromatic C), 267.9
(Ru=C). Positive ESI-MS: m/z 622, {M — PF}*.

[Ru(bpy),{=C(CH,C,H,S)NHC H}ICF,SO;, 5. A=2-
Ethynylthiophene (63 mg, 0.58 mmol); B = aniline (72 mg,
0.77 mmol). Yield: 70%. Elemental analyses, C;;H,F;N5O;-
RusS,-CH,CN, Calc. (found) (%): C 52.30 (52.25), H 3.64 (3.35),
N 10.45 (10.64). "H NMR (300 MHz, CD,CN, 298 K): 6 4.4 (m,
2H, CH,), 5.9 (d, J=8, 1H, aromatic H), 6.4 (d, J=6, 1H,
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aromatic H), 6.5 (m, 1H, aromatic H), 6.6 (m, 1H, aromatic H),
6.8 (m, 1H, aromatic H), 6.9 (d, J =7, 1H, aromatic H), 7.2-7.9
(m, 12H, aromatic H), 8.0 (d, J=5.5, 1H, aromatic H), 8.1
(d, J=17, 1H, aromatic H), 8.2 (d, /=5, 1H, aromatic H), 8.3
(d, /=8, 1H, aromatic H), 8.4 (d, /=8 Hz, 1H, aromatic H),
11.2 (s, broad, 1H, NH). C NMR (125.8 MHz, CD,CN,
298 K): 0 45.8 (CH,), 114.3-177.0 (aromatic C), 261.9 (Ru=C).
Positive ESI-MS: m/z 614, {M — PF4}".

[Ru(bpy),{=C(CH,Ph)NHCH,Br}IPF, 6. A = Phenylacetyl-
ene (59 mg, 0.58 mmol); B =4-bromoaniline (132 mg, 0.77
mmol). Yield: 95%. Elemental analyses, C;,H,,BrF;NsPRu,
Calc. (found) (%): C 49.11 (49.02), H 3.27 (3.12), N 8.42 (8.16).
'H NMR (300 MHz, CD,CN, 298 K): ¢ 4.3 (s, 2H, CH,), 6.2
(d, J=8.5, 2H, aromatic H), 6.4 (d, J =2, 1H, aromatic H), 6.7
(t, J=1.5, 2H, aromatic H), 6.9 (t, J=7.5, 1H, aromatic H),
7.0 (dd, J =6, 2, 1H, aromatic H), 7.1-7.4 (m, 6H, aromatic H),
7.6-8.0 (m, 8H, aromatic H), 8.1 (d, J=5, 1H, aromatic H),
8.2 (d, /=8, 1H, aromatic H), 8.3 (d, /=8 Hz, 1H, aromatic
H), 11.3 (s, broad, 1H, NH). C NMR (125.8 MHz, CD,CN,
298 K): 0 52.6 (CH,), 115.7-182.1 (aromatic C), 267.6 (Ru=C).
Positive ESI-MS: m/z 687, {M — PF4}".

[Ru(bpy),{=C(CH,Ph)NHCH,CF;}]PF, 7. A = Phenylacetyl-
ene (59 mg, 0.58 mmol); B = 4-trifluoromethylaniline (124 mg,
0.77 mmol). Yield: 50%. Elemental analyses, C;sH,,FoNs-
PRu-%(CH;),CO, Calc. (found) (%): C 51.77 (52.12), H 3.67
(3.34), N 8.10 (8.10). '"H NMR (300 MHz, CD,CN, 298 K):
0 4.2 (s, 2H, CH,), 6.1 (d, J=17.5, 2H, aromatic H), 6.6 (m,
3H, aromatic H), 6.8 (t, /=7.5, 1H, aromatic H), 7.0-7.3 (m,
7H, aromatic H), 7.5 (d, J =5, 1H, aromatic H), 7.6 (dt, /=38, 2,
1H, aromatic H), 7.7-7.9 (m, 6H, aromatic H), 8.1 (d, J=5.5,
1H, aromatic H), 8.2 (d, J=38, 1H, aromatic H), 8.3 (d, /=8
Hz, 1H, aromatic H), 11.3 (s, broad, 1H, NH). *C NMR (125.8
MHz, CD,CN, 298 K): 6 52.0 (CH,), 112.4-177.5 (aromatic C),
269.6 (Ru=C). Positive ESI-MS: m/z 676, {M — PF} ™.

[Rl'l(bpy)z{=C(CH2C6H4C1)NHC6H4}]PF6 8. A = p-Chloro-
phenylacetylene (79 mg, 0.58 mmol); B=aniline (72 mg,
0.77 mmol). Yield: 65%. Elemental analyses, C;sH,,CIF¢Ns-
PRu, Calc. (found) (%): C 51.88 (51.83), H 3.46 (3.44), N 8.90
(8.63). '"H NMR (300 MHz, CD,CN, 298 K): 64.3(q, /=9, 14,
2H, CH,), 6.2 (d, J=8.5, 2H, aromatic H), 6.4 (d, J=7,
1H, aromatic H), 6.7 (d, J=38.5, 3H, aromatic H), 6.8 (dt,
J=17.5, 1, aromatic H), 7.1-7.4 (m, 6H, aromatic H), 7.6-8.0
(m, 8H, aromatic H), 8.2 (t, J=8, 2H, aromatic H), 8.3 (d,
J =8 Hz, 1H, aromatic H), 11.3 (s, broad, 1H, NH). *C NMR
(125.8 MHz, CD,CN, 298 K): § 50.9 (CH,), 113.3-176.0
(aromatic C), 264.6 (Ru=C). Positive ESI-MS: m/z 642,
{M — PF¢}*.

Physical measurements and instrumentation

Electronic absorption spectra were recorded on a Hewlett-
Packard 8452A diode array spectrophotometer, steady state
emission and excitation spectra at room temperature and 77 K
on a Spex Fluorolog-2 Model F 111 fluorescence spectro-
photometer. Solid state photophysical studies were carried out
with solid samples contained in a quartz tube inside a quartz
walled Dewar flask. Measurements of the EtOH-MeOH (4 : 1,
v/v) glass or solid state samples at 77 K were similarly con-
ducted with a liquid nitrogen filled optical Dewar flask. Excited
state lifetimes of solid and solution samples were measured
using a conventional laser system. The excitation source was the
355 nm output (third harmonic, 8 ns) of a Spectra-Physics
Quanta-Ray Q-switched GCR-150 pulsed Nd-YAG laser (10
Hz). Luminescence decay traces were recorded on a Tektronix
Model TDS 620A digital oscilloscope and the lifetime (7)
determination was accomplished by single exponential fitting



of the luminescence decay traces with the model, I(¢)=1,
exp(—t/t), where I(¢) and I stand for the luminescence intensity
at time ¢ and 0, respectively. Solution samples for luminescence
lifetime measurements were degassed with at least four freeze—
pump-thaw cycles. 'H and *C NMR spectra were recorded on
a Bruker DPX-300 (300 MHz) FT-NMR spectrometer,
positive-ion FAB mass spectra on a Finnigan MAT95 mass
spectrometer and electrospray-ionization mass spectra on a
Finnigan LCQ mass spectrometer. Cyclic voltammetric
measurements were performed by using a CH Instruments, Inc.
model CHI 620 Electrochemical Analyzer. Electrochemical
measurements were made in acetonitrile solutions with 0.1 M
"Bu,NPF; as supporting electrolyte at room temperature. The
reference was a Ag-AgNO,; (0.1 M in acetonitrile) electrode
and the working electrode glassy carbon (Atomergic Chemetal
V25) with a piece of platinum wire as counter electrode in
a compartment separated from the working electrode by a
sintered glass frit. The ferrocenium—ferrocene couple (FeCp,™)
was used as the internal reference. All solutions for electro-
chemical studies were deaerated with pre-purified argon gas
just before measurements. Elemental analyses of all the metal
complexes were performed on a Carlo Erba 1106 elemental
analyzer by the Institute of Chemistry at the Chinese Academy
of Sciences in Beijing.

EHMO Calculations

All the calculations were carried out within the standard
extended Hiickel method * with the CACAO program (Version
5.0)." The geometrical parameters were based on the X-ray
diffraction data. Standard atomic parameters were taken
for H, C, O and N." The exponents ({) and the valence shell
ionization potential (H; in eV) used for Ru are the literature
parameters,'® ie. 2.08 and —7.73 for 5s, 2.04 and —4.40 for
Sp respectively. The H; value for 4d was —11.23. A linear com-
bination of two Slater-type orbitals ({;=5.378, ¢, =0.5340;
{,=2.303, ¢, =0.6365) was used to represent the atomic 4d
orbitals.

Crystal structure determination

Experimental details are given in Table 1. Crystals of 3 suitable
for X-ray studies were obtained by slow diffusion of diethyl
ether vapour into an acetonitrile solution of 3. A red crystal
mounted on a glass fiber was used for data collection on a
Rigaku AFC7R diffractometer. The space group was deter-
mined to be PI (no. 2) from statistical analysis of intensity
distribution and the successful refinement of the structure
solved by Patterson methods and expanded by Fourier methods
(PATTY)" and refinement by full-matrix least squares using
the software package TEXSAN™ on a Silicon Graphics Indy
computer. One crystallographic asymmetric unit consists of
one formula unit. The F and O atoms of the anion were dis-
ordered with F(1), F(1"), F(1"), F(2), F(2'), F(3) and F(3’)
having occupation numbers 0.52, 0.30, 0.18, 0.51, 0.49, 0.60 and
0.40 respectively and O(1), O(1"), O(2), O(2"), O(3) and O(3")
having 0.52, 0.48, 0.58, 0.42, 0.65, and 0.35 respectively. In
the least-squares refinement 45 non-H atoms were refined
anisotropically, the disordered F and O atoms and C(39) iso-
tropically, the positional parameters of H(1) bonded to N(5)
were refined and 27 H atoms at calculated positions with
thermal parameters equal to 1.3 times that of the attached C
atoms were not refined. The final Fourier difference map was
featureless.

Crystals of 4 were obtained by slow diffusion of diethyl
ether vapour into an acetonitrile solution of 4. A purple crystal
was used for data collection and the space group determined as
above. One crystallographic asymmetric unit consists of half
one formula unit. The F atoms of the anion were disordered
with F(1), F(2), F(2"), F(3), F(3"), F(4), F4"), F(5), E(5"),
F(6) and F(6’) having occupation numbers 1.0, 0.62, 0.38, 0.60,

0.40, 0.62, 0.38, 0.60, 0.40, 0.60 and 0.40 respectively. In the
least-squares refinement 42 non-H atoms were refined aniso-
tropically, 11 disordered F atoms isotropically, and 30 H atoms
at calculated positions with thermal parameters equal to 1.3
times that of the attached C atoms were not refined. The final
Fourier difference map was featureless.

Crystals of 5 were obtained by slow diffusion of diethyl ether
into an acetonitrile solution of 5. A purple crystal was used for
data collection as above. The space group of the crystal was
determined to be C2/c (no. 15) from systematic absences and
on the basis of a statistical analysis of intensity distribution
and the successful refinement of the structure solved by direct
methods (SIR 92)" and expanded by Fourier methods and
refined by full-matrix least squares using TEXSAN™ on a
Silicon Graphics Indy computer. One crystallographic asym-
metric unit consists of one formula unit. S(1) and C(10) were
disordered due to rotation of the ring about the C(8)-C(9)
bond and S(1') having occupation number 0.4 was constrained
to C(10) having occupation number of 0.6 and C(10") having
occupation number 0.4 was constrained to S(1) having occu-
pation number 0.6. The F and O atoms of the anion were
also disordered with F(1), F(1"), F(2), F(2"), F(3), F(3’), O(1),
0O(1"), O(3) and O(3") having occupation numbers of 0.58, 0.42,
0.63, 0.37, 0.80, 0.20, 0.68, 0.32, 0.65 and 0.35 respectively.
In the least-squares refinement 39 non-H atoms were refined
anisotropically, S(1) and C(10) and the 10 disordered F and
O atoms and C(33) isotropically, the positional parameters of
H(1) bonded to the N(5) and located in the difference Fourier
were refined, and 23 other H atoms at calculated positions with
thermal parameters equal to 1.3 times that of the attached
C atoms were not refined. The 3 H atoms of the disordered
thiophene ring were not included in the calculation. The final
Fourier difference map was featureless.

CCDC reference numbers 150734-150736.

See http://www.rsc.org/suppdata/dt/b1/b100696g/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion
Synthesis

The synthetic route for the formation of ruthenium(ir)
orthometallated aminocarbene complexes is summarized in
Scheme 1. The terminal acetylene first co-ordinates to the
co-ordinatively unsaturated ruthenium(ir) metal centre, which
rapidly rearranges to form the vinylidene complex. The vinyl-
idene complex cannot be intercepted in the course of the
one-pot reaction as the vinylidene ligand is apparently not
protected by the planar bipyridine or phenanthroline ligands,
making the electron-deficient a-carbon highly susceptible to
nucleophilic attack. Thus if a nucleophile, such as aniline, is
present, an orthometallated aminocarbene complex is formed
readily through the formation of an aminocarbene complex
and subsequent orthometallation of the phenyl ring (Scheme
1)."* However, if water is present, a ruthenium(i) (benzyl)-
carbonyl complex is generated instead via the hydroxycarbene
complex intermediate, which is formed by nucleophilic attack
of a water molecule on the a-carbon of the vinylidene ligand
(Scheme 2).!! In a similar reaction studied by Bianchini et al.*
treatment of the vinylidene complexes with primary amines
gives thermally unstable ruthenium(m) aminocarbene com-
plexes which degrade via toluene elimination. Stable amino-
carbene complexes can be obtained only when a secondary
amine, such as piperidine, is used instead. On the other hand, in
the case studied here, stable orthometallated aminocarbene
complexes can be acquired from primary amines. This is
probably due to stabilization of the metal centre by fulfilling
an octahedral configuration at the expense of orthometallation
of the aminophenyl ring. It is also found that only a phenyl
ring attached to an amine group can perform orthometallation.
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3 N N=phen,X=Ph,Y=H,Z=H
N

4 N N=bpy, X=Ph,Y=H,Z=Me
N

5N N=bpy,X=—©,Y=HVZ=H
-

6 N N=bpy, X=Ph,Y=Br,Z=H
N

7 N N=bpy, X=Ph,Y=CF3 Z=H

/N
8 N N =bpy, X = CgHs-Cl-p, Y=H, Z=H

Scheme 1 Synthetic route to ruthenium(i) orthometallated amino-
carbenes.
2+
2+
M —‘ H,0 OH —‘

(bpy)2RU=Co=Cy —>  (bpy)oRu—

| X = Ph |

L X L

—H+ \ -L

(bpy),Ru—CO —‘ *

Scheme 2 Synthetic route to ruthenium(u) (benzyl)carbonyl com-
plexes.

This can be accounted for by the lone pair electron delocaliza-
tion from the nitrogen atom into the phenyl ring, making the
ortho-carbon electron rich (Scheme 3).

S Q
P ND _H* iy NH®
[Ru]:C\ —_— [Ru]—C\
CH, +H* Ch,

Scheme 3 Lone pair electron delocalization of aminocarbene ligand.

Crystal structure determination

The perspective drawings of the complex cations of 3-5 are
shown in Figs. 1-3, respectively. Bond distances and angles are
in Table 2. In general, all complexes show similar distorted
octahedral structures with comparable bond lengths and angles.
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C(19) C(20)
C(22)
EC 23

C(34)

Fig. 1 Perspective drawing of the complex cation of 3 with the atomic
numbering scheme. Hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are shown at the 40% probability level.

C33

Ci2

C13

Cl4

Fig. 2 Perspective drawing of the complex cation of 4. Details as in
Fig. 1.

The N-Ru-N bond angles subtended by the chelating bipyr-
idine ligands vary from 77.1(2) to 77.6(3)° and that by the
phenanthroline ligands is 78.6(2)°. This is consistent with the
fact that phenanthroline is structurally more rigid than bipyr-
idine. The deviation from the ideal 90° for a regular octahedral
geometry is a result of the steric requirements of the bidentate
ligands. The C-Ru-C bond angle is in the range 79.6(3)—
80.1(4)° comparable to those found in other orthometallated
carbene complexes.”’ The bond angles around the carbene
carbon range from 114.2(6) to 129.7(5)°, which is consistent
with the sp? hybridization of the carbene carbon.?!

The Ru-N bonds [2.051(7)-2.077(4) A] that are trans to the
pyridine rings have similar bond lengths to those found in other
ruthenium(i) polypyridyl complexes (ca. 2.05 A)? but those
[2.120(5)-2.155(5) A] that are frans to the orthometallated
carbon atoms are longer than normal. This may be accounted
for by the strong trans effect of the carbon atoms in the ortho-
metallated phenyl rings. In general, the two Ru—C(sp?) distances



Table 1 Crystal and structure determination data for ruthenium(ir) orthometallated aminocarbene complexes 3-5

4 5

3
Formula [C3sHsNsRu]* (CF;S0;7)
M, 804.81
TIK 301
alA 12.088(2)
bIA 12.579(3)
c/A 12.820(2)
al® 71.50(1)
pr 69.34(1)
yl° 88.87(1)
VIA? 1720(1)
Crystal colour Red
Crystal system Triclinic
Space group P1 (no.2)
V4 2
A (graphite monochromated, Mo-Ka) 0.71073
ulem™ 5.80
No. of data collected 5680
No. of unique data 5404
No. of data used in refinement, m 4335
No. of parameters refined, p 465
R 0.056
wR 0.083

[CssH30NsRu] ™ (PF,7) [Cs,Hy6NsRuS]" (CF;80;7)
766.69 762.79

301 301
9.851(4) 24.552(7)
12.981(4) 9.855(7)
14.631(4) 30.216(7)
70.26(6) —

86.02(6) 116.87(3)
68.59(6) —

1636(9) 6521(4)
Purple Purple
Triclinic Monoclinic
P1 (no. 2) C2/c (no. 15)
2 8

0.71073 0.71073
5.96 6.68

6040 6270

5763 6113

3827 2589

423 402

0.046 0.052
0.058 0.065

Fig. 3 Perspective drawing of the complex cation of 5. Details as in
Fig. 1.

are significantly different. The bond distances from ruthenium
to the carbene carbon [1.960(7)-1.974(6) A] are shorter than
that of ruthenium to the metallated phenyl ring [2.047(6)—
2.053(9) A]. This can be ascribed to the presence of double
bond character in the ruthenium to carbene carbon bonds.
A substantial double-bond character is noticed between the
heteroatom and the carbene carbon. The C-N bond distances
[1.317(8)-1.358(8) A] are reduced below that characteristic of
a single bond between N and an sp? hybridized carbon, which is
typical of Fischer type aminocarbenes (ca. 1.31 A).23

For complex 4 the carbene carbon to nitrogen bond [C(7)-
N(5), 1.358(8) A] is significantly longer than those observed in
the other complexes [1.317(8)-1.33(1) A]. The bond angles
around the nitrogen atom [125.9(7), 118.3(6) and 115.8(5)°]
show that the nitrogen atom is sp* hybridized. The Ru(1)-C(7)-

Table 2 Selected bond distances (A) and bond angles (deg) for 3-5

3 Ru()-N(1) 2.155(5) Ru(1)-N(2) 2.070(5)
Ru(1)-N(3) 2.147(5) Ru(1)-N(4) 2.055(5)
Ru(1)-C(1) 1.974(6) Ru(1)-C(2) 2.047(6)
C(8)-C(9) 1.526(9) C(1)-C(8) 1.516(9)
C(1)-N(5) 1.317(8) C(T)-N(5) 1.417(8)
N()-Ru(1)-N@2)  78.6(2) NG)-Ru(1)-N@)  78.6(2)
C(1)-Ru(1)C(2)  79.8(3) Ru(1)-C(1)-C(8)  129.7(5)
Ru(1)-C(1)-N(5)  115.9(5) C(8)-C(1)-N(5)  114.2(6)

4 Ru()-N(1) 2.122(5) Ru(1)-N(2) 2.061(4)

Ru(1)-N(3) 2.077(4) Ru(1)-N(4) 2.131(4)
Ru(1)-C(7) 1.960(7) Ru(1)-C(1) 2.047(6)
C(8)-C(9) 1.509(9) C(7)-C(8) 1.506(9)
C(7)-N(5) 1.358(8) C(6)-N(5) 1.421(8)
C(15)-N(5) 1.479(9)
N(1)-Ru(1)N@2)  77.5(2) NG)-Ru(1)N@)  77.1(2)
C()-Ru(1)-C(7)  79.6(3) Ru(1)-C(7)-C(8)  124.8(5)
Ru(1)-C(7)-N(5)  117.3(5) CB)-C(7)-N(5)  117.8(6)
C(T)-N(5)-C(15)  125.9(7) C6)-N(5)-C(7T)  115.8(5)
C(6)-N(5)-C(15)  118.3(6)

5 Ru(1)N(1) 2.074(7) Ru(1)-N(2) 2.128(7)
Ru(1)-N(3) 2.138(7) Ru(1)-N(4) 2.051(7)
Ru(1)-C(7) 1.963(9) Ru(1)-C(1) 2.053(9)
C(8)-C(9) 1.51(1) C(7)-C(8) 1.50(1)
C(7)-N(5) 1.33(1) C(6)-N(5) 1.40(1)
N(1)-Ru(1)N(@2)  77.6(3) N(3)-Ru-N(4) 77.6(3)
C()-Ru(1)-C(7)  80.1(4) Ru(1)-C(7)-C(8)  128.7(8)
Ru(1)-C(7)-N(5)  115.7(7) C(8)-C(-N(5)  115.7(8)

C(8) bond angle is ca. 4° larger and the C(8)-C(7)-N(5) bond
angle ca. 4° smaller than those found in other complexes. All
these can be ascribed to the presence of the N-methyl group,
which increases the steric bulkiness around the nitrogen
atom. The bond lengths around the nitrogen atom are in the
decreasing order of C(15)-N(5), C(6)-N(5) and C(7)-N(5),
showing the increasing C—N double bond character.

All ruthenium(ir) orthometallated aminocarbene complexes
show m-m interactions between the phenyl ring in the phenyl-
methylene group and the pyridyl ring in the ancillary ligand of
bpy or phen. The distances observed between the two aromatic
ringsin 2, 3,4 and 5 are 3.58, 3.45, 3.55 and 3.62 A, respectively.
The dihedral angles between the two planes are 10.31, 12.96,
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Table 3 Calculated molecular orbital energies and transition energies

Composition (%)

HOMO-LUMO
Ancillary ligands Orthometallated Energy gap,
Complex No. Level/eV Ru [2(bpy) or 2(phen)] aminocarbene ligand AE,,,/leV
2¢ 97 —8.892 5 47 42 1.275
98 -9.530 7 88 —t (100—— 99)
99 (LUMO) —9.658 2 89 1
100 (HOMO) —10.933 85 —t 6
101 —11.002 78 8 5
102 —11.259 73 6 14
3 101 —-9.434 —t 94 1 1.251
102 —9.593 10 90 —t (104 — 103)
103 (LUMO) —9.686 1 94 1
104 (HOMO) —10.937 86 3 6
105 —11.029 77 12 5
106 —11.239 74 5 16
4 96 —8.965 9 18 61 1.284
97 —9.548 9 87 —t (99— 98)
98 (LUMO) -9.654 1 91 1
99 (HOMO) —10.938 85 1 4
100 —11.010 77 10 5
101 —11.284 73 3 16

“ Crystal structural data taken from reference 11. * Percentage composition of less than 0.5%.

HOMO /

MO =99, E=-10.938 eV
LUMO+1

MO =98, E=-9.654 eV
LUMO+2 /

MO =97, E=-9.548 eV MO =96, E =—8.965 eV

Fig. 4 CACAO plots of HOMO, LUMO, LUMO+1 and LUMO+2
of 4. The minimum wavefunction coefficient is 0.12.

11.65 and 12.51° correspondingly. The short distances and
the nearly parallel structures imply the presence of m—m inter-
action, which is weakest for 5. This may be explained by the
poor n—7 overlap between the five-membered thiophene ring
and six-membered pyridyl ring.

EHMO Calculations

Table 3 summarizes the calculated molecular orbital energies,
percentage composition and the HOMO-LUMO energy gap of
2, 3 and 4. Fig. 4 shows the CACAO plots of HOMO, LUMO,
LUMO+1 and LUMO+2 of 4. From the calculations the
energy gaps between the HOMO and the LUMO of different
complexes were small. However, it is important to stress that the
qualitative results concerning the nature of the frontier orbitals
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are more meaningful while the quantitative results are not
important in such semi-empirical MO studies. The HOMO was
found to contain predominantly ruthenium metal centre
character (>85%) with some partial localization on the amino-
carbene ligand. The energies of the LUMO and LUMO+1
are nearly the same, and are mainly localized on the ancillary
ligands of bipyridine or phenanthroline (>87%). The
LUMO+2 was made up of orthometallated aminocarbene *
orbital character for 2 (42%) and 4 (61%), and phenanthroline
n* orbital character for 3 (94%). The assignment of LUMO+2
in 3 is suggestive of the presence of lower lying n* orbitals in
the more delocalized phenanthroline ligands.

Electronic absorption spectroscopy

All the ruthenium(1r) aminocarbene complexes are soluble in
common organic solvents to give deep purplish red solutions.
They show intense absorption bands in the UV region and
moderately intense absorption bands in the visible region. All
complexes have essentially identical absorption spectra. The
electronic absorption bands of all complexes at wavelengths
smaller than 300 nm have large molar absorption coefficients
which are of the order of 10* dm® mol™ cm™. These absorption
bands most probably arise from the intraligand (IL) 1 —— n*
transitions localized on phenyl rings and ancillary ligands
such as bipyridine and phenanthroline. The absorption bands
at 464-480 nm are tentatively assigned to the dn(Ru)——>
n*(aminocarbene) MLCT transitions, and those at 564—576 nm
mainly due to the n(Ru) — n*(diimine) MLCT transitions,
probably with some mixing of a mn(aminocarbene)—>
n*(diimine) ligand-to-ligand charge transfer (LL'CT)
character.

Emission properties

Excitation of all complexes at 4> 350 nm produces red lumi-
nescence (Table 4). All ruthenium(ir) orthometallated amino-
carbene complexes show emission bands at 782-813 nm. A
change in the substituents on the aminocarbene ligands has
been shown to have relatively little influence on the emission
energies of these complexes. It is likely that the emission
originates from the lowest energy triplet metal-to-ligand charge
transfer (MLCT) state, probably derived from the excitation



Table 4 Photophysical data for the ruthenium(ir) orthometallated aminocarbene complexes

Emission /., “/

Complex Medium (7/K) nm (zo/ps) Absorption A, ’nm (e/dm* mol ' cm™")
1° CH,CN (298) 808 (<0.1) 250 (37960), 298 (46400), 370 (11630), 484 (6230), 572 (6610)
Solid (298) 775
Solid (77) 704
Glass? (77) 742
2¢ CH,CN (298) 813 (<0.1) 250 (37680), 298 (52720), 370 (12650), 482 (6850), 571 (7090)
Solid (298) 767
Solid (77) 701
Glass? (77) 745
3 CH;CN (298) 804 (<0.1) 226 (89810), 266 (91270), 352 (5040), 464 (7830), 564 (6600)
Solid (298) 774
Solid (77) 704
Glass? (77) 743
4 CH;CN (298) 806 (<0.1) 248 (43020), 290 sh (46840), 298 (55540), 374 (14690), 482 (8040), 576
(8270)
Solid (298) 771
Solid (77) 713
Glass“ (77) 743
5 CH,CN (298) 806 (<0.1) 248 (36470), 288 sh (40730), 296 (44440), 368 (11010), 476 (6000), 564
(6200)
Solid (298) 776
Solid (77) 708
Glass? (77) 744
6 CH,CN (298) 792 (<0.1) 250 (36300), 296 (45310), 366 (11390), 470 (6610), 554 (6960)
Solid (298) 754
Solid (77) 685
Glass? (77) 706
7 CH;CN (298) 782 (<0.1) 248 (36870), 296, (42410), 368 (9660), 464 (5740), 550 (6140)
Solid (298) 740
Solid (77) 700
Glass? (77) 700
8 CH,CN (298) 809 (<0.1) 250 (40540), 298 (50920), 370 (12800), 488 (6700), 570 (7560)
Solid (298) 776
Solid (77) 705
Glass? (77) 736

“ Excitation wavelength at 580 nm. Emission maxima are corrected values. ® In acetonitrile at 298 K. ¢ From reference 11. ¢ EtOH-MeOH (4 : 1, v/v).

Normalised emission intensity

r : T T T . T T
600 650 700 750 800 850
Wavelength/nm

Fig.5 Normalized solution emission spectra of 2 (+-+), 3 () and 7 (--)
in acetonitrile at 298 K.

involving a dn(Ru) to n*(bpy/phen) MLCT transition. A small
energy dependence in the emission energy in the order
7>6>1~5~4~8>2isobserved, which appears to be in line
with such a MLCT assignment. The slightly lower *MLCT
transition energy of 2 than 1 is probably due to the larger elec-
tron donating ability as well as the poorer n-accepting ability of
the methoxy-substituted orthometallated aminocarbene ligand,
rendering the dn(Ru) orbital slightly higher in energy. Similarly,
the blue shifts of the *MLCT emission of 6 and 7 than 1 and 2
(Fig. 5) may be rationalized by the presence of the respective
electron withdrawing bromo and trifluoromethyl substituents

on the orthometallated aminocarbene moiety in 6 and 7, which
lowers the dr(Ru) orbital energy. The *MLCT emission energy
was found to correlate well with the electronic effects of the
orthometallated aminocarbene ligands, in which the presence
of the most electron-rich methoxy group in 2 shows the lowest
emission energy, while the presence of the most electron-poor
trifluoromethyl group in 7 shows the highest *MLCT emission
energy. The emission bands are also found to be of much lower
energies than that of [Ru(bpy);*" (613 nm),** which can be
explained by the electron-donating ability of the orthometal-
lated phenyl rings as well as the poorer m-accepting ability of
the orthometallated aminocarbene moiety than 2,2’-bipyridine,
resulting in the formation of a higher-lying dn(Ru) orbital.
The assignments have also been supported by results obtained
from EHMO studies, in which a small difference in the HOMO-
LUMO gap energy between complexes with different substitu-
ents on the aminocarbene ligands has been observed.

Electrochemical properties

The electrochemical data for complexes 1-8 are collected in
Table 5. In general, the changes in reduction and oxidation
potentials are probably due to the relative stabilization of the
ruthenium(m) state over Ru(mr) by a combination of ¢ and =«
effects exhibited by the ligands. All the ruthenium(i) ortho-
metallated aminocarbene complexes show similar reversible to
quasi-reversible couples at ca. —1.6 and —1.9 V vs. SCE. These
potentials are relatively independent of the scan rate. AE,
values of ca. 60-90 mV were observed (AE,=|E,, — E,).
These couples are assigned to the one-electron bipyridine-based
reductions that are commonly observed in other ruthenium(ir)
bipyridine complexes.> The first reduction occurs at a more
negative potential than that found in [Ru(bpy);*" (—1.33 V vs.
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Table 5 Electrochemical data for ruthenium(i) orthometallated
aminocarbene complexes*

Complex Oxidation®/V vs. SCE Reduction/V vs. SCE
14 +1.66 —1.66
-1.89
24 +1.67 —1.65
—1.88
3 +1.67 —1.66
-1.89
4 +1.67 —1.65
-1.87
5 +1.73 —1.66
—1.86
6 +1.77 —1.63
-1.87
7 +1.86 —1.58
—1.80
8 +1.65 —1.65
—1.86

“In acetonitrile solution with 0.1 M "Bu,NPF; as supporting electrolyte
at room temperature; scan rate 100 mV s™'. * E,, refers to the anodic
peak potential for the irreversible oxidation waves. ¢ Eyj, = (E,, + E,)/2;
E,, and E, are the anodic and cathodic peak potentials, respectively.
4 From reference 11.

SCE).” This indicates that the bipyridine ligands in the ortho-
metallated aminocarbene complexes are poorer m acceptors,
which can be ascribed to the charge effect as well as the better
electron-donating and poorer m-accepting abilities of the
orthometallated phenyl ligands, enhancing the dn(Ru)——>
n*(bpy) m back donation. Irreversible oxidation waves are
noted at ca. +1.6 to +1.9 V vs. SCE and are assigned as metal-
centred oxidation from Ru(ir) to Ru(t). The irreversible nature
of the oxidation is indicative of the instability of the ruthenium
aminocarbene complexes, in which the HOMO is not purely
metal-centred in character, but with some localization on the
aminocarbene ligand. The oxidations of ruthenium(ir) in 6
and 7 are slightly more difficult. This may be ascribed to the
presence of electron withdrawing groups on the ortho-
metallated aminocarbene ligands, which results in the form-
ation of lower lying dn(Ru) orbitals.
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