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Introduction

The C-[1–4] and N-bound[5–7] coordination modes of transi-
tion-metal cyanocarbanions 1 and 2 have been extensively
studied with respect to their molecular structure,[1,2,5] their
use as reagents and catalysts for C�C bond forma-
tion,[3,4,6,8–14] and their potential use as molecular devices.[7]

Most of the complexes reported are in the C-bound coordi-
nation mode[1,2] and can be prepared by ionic ligand exchan-
ge,[1a–d,2,3] oxidative addition to acetonitrile[1i,j] or a-halonitri-
les,[1e–h] or insertion into acrylonitrile.[1k,l] Complexes 1 are

widely used as Grignard-type anionic reagents for selective
nucleophilic addition reactions of carbonyl compounds and
enones owing to their specific soft nucleophilicity.[2] Com-
plexes 2 can be isolated, in most cases, by using a similar
synthetic methodology to C-bound complexes[5–7] and also
by C�N bond cleavage,[5h] when they have strong electron-
withdrawing groups at the a-position of the nitrile. The mag-
netic properties of N-bound complexes 2 with extended p-
conjugated systems, which are potential new motifs for func-
tional materials, have been studied extensively.[7]

The reactivity of complexes 1 and 2 has recently become
a focus of interest for organic and organometallic chemists
because these species have specific catalytic activity, with
high selectivity and sustainability, for a variety of C�C
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bond-forming reactions between nitriles and electrophiles,
which include carbonyl compounds,[6a–d,g,11] imines,[6b,12] ni-
triles,[13] electron-deficient olefins,[6b–g,11a,b,14] methylenecyclo-
propanes,[8] enynes,[9] allenes,[10] and bromobenzenes.[1d] Re-
ductive elimination of 1 followed by a redox catalytic cycle
has been postulated for palladium-catalyzed reactions,[1d,8–10]

whereas direct nucleophilic attack on electrophiles by 2 and
a nonredox mechanism occur for aldol and Michael-type re-
actions.[6,11]

Understanding these differences in the reactivities and
properties of 1 and 2 would not only provide significant in-
formation about C�H activation and catalyzed C�C bond-
formation in nitriles, but could also contribute to the design
of molecular devices that are highly sensitive to stimuli.
However, despite the high profile of both isomers in many
fields of chemistry, the stability and dynamic behavior of
these isomers is poorly understood relative to that of transi-
tion-metal enolates.[15,16] This discrepancy is probably a
result of the very high stability of the C�M and M�N bonds
in 1 and 2, respectively, which mainly arises from the a-func-
tionality of the nitrile moieties.

To obtain insight into the dynamism of 1 and 2, we at-
tempted to synthesize transition-metal cyanocarbanions with
unprecedented stability for both C- and N-coordination
modes. Sulfonyl groups, which are electron-withdrawing, but
have less resonance effect, were introduced at the a-position
of the coordinated nitrile moieties, thus enabling us to pre-
pare both isomers in a stable form. This basic research led
us to conduct a systematic study of the structure and proper-
ties of C- and N-bound transition-metal cyanocarbanions. A
series of C- and N-bound cyclopentadienyl (Cp) ruthenium
complexes of phenylsulfonylacetonitrile, anionic phosphane,
and p-acidic ligands 3 and 4 ([Ru{CH(CN)SO2Ph}(Cp)L1L2]
and [Ru+(Cp)(NCCH�SO2Ph)L1L2], respectively;
Scheme 1) have been isolated and characterized.[17] Upon
heating in an aprotic solvent, the complexes undergo selec-
tive linkage isomerization with no degradation of the coor-

dination situation. A systematic study of ligand effects re-
vealed that the preferred direction for C-to-N interconver-
sion is rigidly controlled by the steric and electric nature of
the ligand. Controlled experiments, kinetic studies, and den-
sity functional theory (DFT) calculations revealed that 1) C-
to-N and N-to-C isomerizations proceed by an intramolecu-
lar process that involves metal slippage over the �C�C�N
p-conjugated surface, and 2) C-to-N isomerizations proceed
by temperature-dependent participation of an intermolecu-
lar process that involves self-assembly of the metal atoms.[18]

Herein we describe the synthesis, characterization, and C-
to-N interconversions of the phenylsulfonylacetonitrile carb-
anion of RuCp complexes.

Results and Discussion

Synthesis and characterization of C- and N-bound isomers
of RuCp cyanocarbanions : A variety of C- and N-bound cy-
clopentadienylruthenium(II) complexes that contain the
phenylsulfonylacetonitrile anion are thermally stable, and
isolable through reactions of the corresponding halo com-
plexes. Typically, when a solution of [RuCl(Cp) ACHTUNGTRENNUNG(PPh3)2] (7)
was treated with Na[CH(CN)SO2Ph] in ethanol/hexane
(1:1) at RT, the isomeric mixture of the corresponding C-
and N-bound PPh3 complexes, [Ru{CH(CN)SO2Ph}(Cp)-
ACHTUNGTRENNUNG(PPh3)2] (3a) and [Ru+(Cp)(NCCH�SO2Ph) ACHTUNGTRENNUNG(PPh3)2] (4a),
were formed in a ratio of 41:59, in which pure complex 3a
was isolated by filtration of the precipitate (37%;
Scheme 2). Complex 4a (89%) was isolated as the sole

product after similar treatment in ethanol/toluene (1:1) in-
stead of ethanol/hexane. Treating [Ru ACHTUNGTRENNUNG(tBuNC)Cl(Cp) ACHTUNGTRENNUNG(PPh3)]
(8) with Na[CH(CN)SO2Ph] in boiling ethanol afforded the
corresponding C-bound complex [Ru ACHTUNGTRENNUNG(tBuNC){CH(CN)-
ACHTUNGTRENNUNGSO2Ph}(Cp) ACHTUNGTRENNUNG(PPh3)] (3k ; 77%) as a diastereomeric mixture
(65:35). A isomeric mixture (44:56) of the corresponding C-
and N-bound isonitrile complexes was formed by the same
reaction in ethanol/benzene (1:1) at RT, which gave the N-
bound isomer [Ru+

ACHTUNGTRENNUNG(tBuNC)(Cp)(NCCH�SO2Ph) ACHTUNGTRENNUNG(PPh3)]
(4k ; 18%). Similarly, the CO complexes [Ru-
{CH(CN)SO2Ph}(CO)(Cp) ACHTUNGTRENNUNG(PPh3)] (3 l ; 45%, diastereomeric
ratio d.r.=91:9) and [Ru+(CO)(Cp)(NCCH�SO2Ph) ACHTUNGTRENNUNG(PPh3)]Scheme 1. C- and N-bound RuCp cyanocarbanions 3 and 4.

Scheme 2. Synthesis of 3a and 4a.
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(4 l ; 30%) were formed by reaction of [RuCl(CO)(Cp)-
ACHTUNGTRENNUNG(PPh3)2] (9) in boiling ethanol. This is the first example, to
the best of our knowledge, of the preparation of C- and N-
bound isomers of transition-metal cyanocarbanions. As pre-
viously reported,[17] the second C- and N-bound isomers to
be isolated were PdTp (Tp=hydrotris(pyrazolyl)borate
ligand) complexes of the malononitrile anion.[2e] In contrast
with the stability of both the C- and N-bound complexes of
the phenylsulfonylacetonitrile anion, alkyl cyanoacetate
anions coordinate exclusively in a N-bound manner as a
result of their strong resonance effect. Typically, treating 7
with Na[CH(CN)CO2Et] gave [Ru+(Cp)(NCCHCO2Et)-
ACHTUNGTRENNUNG(PPh3)2] (6a) (E/Z 76:24; 70%)[6d] as the sole product.

A series of C- and N-bound phosphane complexes can be
derived from 3a and 4a by ligand-exchange reactions with
various mono- and bidentate phosphanes. Reaction of 3a
with PMe2Ph, Ph2PCH2PPh2 (dppm), Ph2PCH2CH2PPh2

(dppe), and Me2PCH2CH2PMe2 (dmpe) in boiling benzene
gave the corresponding C-bound complexes [Ru{CH(CN)-
ACHTUNGTRENNUNGSO2Ph}(Cp) ACHTUNGTRENNUNG(PMe2Ph)2] (3c ; 99%), [Ru{CH(CN)SO2Ph}-
ACHTUNGTRENNUNG(Cp) ACHTUNGTRENNUNG(dppm)] (3e ; 73%), [Ru{CH(CN)SO2Ph}(Cp) ACHTUNGTRENNUNG(dppe)]
(3 f ; 73%), and [Ru(Cp){CH(CN)SO2Ph} ACHTUNGTRENNUNG(dmpe)] (3 i ; 90%).
Similar treatment of 4a with PMePh2, PACHTUNGTRENNUNG(iPr)3, dppm, Ph2P-
ACHTUNGTRENNUNG(CH2)4PPh2 (dppb), Ph2PCpFeCpPPh2 (dppf), and
(cC6H11)2PCH2CH2P ACHTUNGTRENNUNG(cC6H11)2 (dcype) afforded the N-bound
complexes [Ru+(Cp)(NCCH�SO2Ph) ACHTUNGTRENNUNG(PMePh2)2] (4b ; 51%),
[Ru+(Cp)(NCCH�SO2Ph){P ACHTUNGTRENNUNG(iPr)3}2] (4d ; 36%), [Ru+(Cp)-
ACHTUNGTRENNUNG(dppm)(NCCH�SO2Ph)] (4e ; 30%), [Ru+(Cp) ACHTUNGTRENNUNG(dppb)-
ACHTUNGTRENNUNG(NCCH�SO2Ph)] (4g ; 85%), [Ru+(Cp)ACHTUNGTRENNUNG(dppf)(NCCH�-
ACHTUNGTRENNUNGSO2Ph)] (4h ; 51%), and [Ru+(Cp) ACHTUNGTRENNUNG(dcype)(NCCH�SO2Ph)]
(4 j ; 61%).

Table 1 shows selected IR and NMR spectroscopic data
for 3 and 4. CN and SO stretching bands of C-bound com-
plexes 3 appear in the range of ñ=2189–2209 (CN), 1304–
1311 (SO, asym), and 1141–1146 cm�1 (SO, sym), all of
which are shifted to a lower frequency than those of phenyl-
sulfonylacetonitrile (ñ=2258, 1318, and 1152 cm�1) as a

result of positive inductive effect of the metal moieties. Fur-
ther shifts to lower frequency were observed for both CN
(ñ=2163–2174 cm�1) and SO (ñasym=1286–1305, ñsym=1124–
1130 cm�1) stretching bands of a series of complexes 4, as a
result of the strong inductive and resonance effects that
arise from their naked anionic structures. s-Donating and p-
acidic ligands were found to lessen the shifts to lower fre-
quencies mentioned above; this can be clearly seen by com-
paring the wavenumber obtained for 4a (ñ=2163 cm�1)
with 4 j, 4k, and 4 l (ñ= , 2174, 2168, and 2172 cm�1, respec-
tively).

The chemical shifts of the CHCN protons in the 1H NMR
spectra are significantly altered by the nature of ligands in
both C- and N-bound complexes. The doublet of doublet,
CHCN proton signals of 3 in [D6]benzene appeared between
d=2.88 and 3.96 ppm in the following order: 3a>3e>3b@

3 f>3k>3c@3 i. Although this tendency could arise from
the s-donating properties of the ligands owing to their re-
spective basicity (PPh3>PMePh2>PMe2Ph/dppe>dmpe),
the difference between the two diastereomers of 3k (d=

3.20 and 3.28 ppm) and the large chemical shift in 3e cannot
be explained by this inward electronic effect from the metal
center. All significant variation in the CHCN chemical shifts
of complexes 3 can be rationalized by an outward, deshield-
ing effect from the closest benzene ring of the ligands. The
CHCN signals of N-bound complexes 4 appear as a singlet
between d=3.05 and 4.11 ppm. The size order of the chemi-
cal shifts, starting with 4b (d=4.11 ppm), is 4b>4a/4 j>4g,
are almost reversed compared with that for 3, which sug-
gests that the CHCN protons in 4 are affected by a remote,
shielding effect from a specific benzene ring of the ligands.

The signals for the nitrile carbon (CCN) appear in the
13C NMR spectra between d=123.6 and 126.0 ppm for 3 and
d=151.7–154.0 ppm for 4. The assignments of the CCN and
CCN signals were confirmed by 500 MHz HMBC and
HMQC NMR spectroscopy experiments, which revealed a
strong correlation between the CCN, CCN, and CHCN sig-

nals in these complexes.
Figure 1 shows that the signals
from the CCN atom are distrib-
uted over a wide range for 3
(d=27.7–58.0 ppm) and a
narrow range for 4 (d=44.0–
46.3 ppm); complexes with
strong s-donating ligands tend
to have signals with a higher
magnetic field in both cases.
These results indicate that the
electronic state of CCN can be
controlled by the electronic
nature of the ligands. In partic-
ular, remote control of 4, three
atoms distant from the CCN
atom, would provide significant
information about catalytic C�
C bond-forming reactions be-
tween nitriles and electro-

Table 1. Selected characterization data for ruthenium cyanocarbanions 3 and 4.

L1 L2 IR[a] [cm�1] 1H NMR[b]

d [ppm]

13C NMR[b]

d [ppm]
ñ(CN) ñas ACHTUNGTRENNUNG(S=O) ñsACHTUNGTRENNUNG(S=O) CHCN CHCN CHCN

3a PPh3 PPh3 2201 1304 1141 3.96 58.0 125.9
3b PMePh2 PMePh2 2189 1311 1143 3.81 28.8 126.0
3c PMe2Ph PMe2Ph 2189 1310 1142 3.18 30.0 125.4
3e Ph2PCH2PPh2 2193 1302 1143 3.87 52.9 125.2
3 f Ph2P ACHTUNGTRENNUNG(CH2)2PPh2 2193 1304 1141 3.35 29.0 125.4
3 i Me2P ACHTUNGTRENNUNG(CH2)2PMe2 2195 1304 1144 2.88 27.7 125.5
3k tBuNC PPh3 2201 1304 1144 3.20[c]/3.28[d] 31.0[c]/31.0[d] 124.06[c]/124.09[d]

3 l CO PPh3 2209 1310 1146 3.25[c]/3.43[d] 32.2[c]/32.1[d] 123.6[c]/123.6[d]

4a PPh3 PPh3 2163 1286 1124 3.90 45.9 152.7
4e Ph2PCH2PPh2 2166 1294 1125 3.35 45.2 154.0
4g Ph2P ACHTUNGTRENNUNG(CH2)4PPh2 2166 1305 1127 3.05 44.9 152.5
4h Ph2P(Cp)Fe(Cp)PPh2 2166 1296 1127 4.09 45.8 152.7
4j ACHTUNGTRENNUNG(c-C6H11)2P ACHTUNGTRENNUNG(CH2)2P ACHTUNGTRENNUNG(c-C6H11)2 2174 1292 1128 3.50 44.0 152.5
4k tBuNC PPh3 2168 1287 1127 3.72 45.2 152.0
4 l CO PPh3 2172 1296 1130 3.70 46.3 151.7

[a] Recorded as a KBr disc. [b] Recorded in C6D6. [c] Major diastereomer (R*Ru,S*C). [d] Minor diastereomer
(R*Ru,R*C).
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philes.[8–14] 31P NMR spectra showed a pair of doublet signals
for two diastereomeric P nuclei in 3, and singlet signals in 4.

Molecular structures of C- and N-bound complexes : The
structures of the complexes were confirmed by single-crystal
X-ray diffraction (Figure 2a–e shows complexes 3e, 3k, 3 l,
4a, and 4k, respectively). The crystallographic data for

these complexes are listed in Table 2. Table 3 summarizes
selected bond lengths and angles for these complexes and a
reference nitrile (2-phenylsulfonylbutane nitrile; 10). The
bond lengths of the C�N bonds in complexes 3 are shorter
than those in 10 and increase from 3 l/3k>3e. A significant
influence of the metal on the bond energies of the C�N
bonds was also demonstrated by the relative positions of the
C�N stretching bands (10>3 l>3k>3e ; ñ=2233, 2209,
2201, 2193 cm�1, respectively). The Ru(1)�C(2) distances
(2.166(8)–2.174(2) O) are in the same range as the C�M
bond lengths of various C-bound acetonitrile complexes
(2.1–2.2 O).[1–3] The bond angles of N(1)-C(1)-C(2)
(177.8(6)–178.8(9)8) and the angles around the C(2) atoms
indicate that the C(2) atom has high sp3 character. These re-
sults show that complexes 3 have an almost completely a-
metalated nitrile structure, in which h2- and h3-coordination
of the metal has an almost negligible contribution.

In 4a and 4k, the bond angles of Ru(1)-N(1)-C(1)
(172.0(4), 168.8(10)8) and N(1)-C(1)-C(2) (175.9(5), 179(1)8)
demonstrate that the cyanocarbanion moieties are linear.
The bond angles of C(1)-C(2)-S(1) (122.6(4), 119.3(8)8) indi-
cate the high sp2 character of the C(2) carbons. Complexes

Figure 1. a) and b) Ligand dependence of 13C NMR spectroscopic chemi-
cal shifts for CCN signals ([D6]benzene) of 3 and 4, respectively.

Figure 2. a)–e) Molecular structures of 3e, 3k, 3 l, 4a, and 4k, respectively.
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4a and 4k have longer N(1)�C(1) bonds (1.153(6) and
1.15(1) O, respectively) and shorter C(1)�C(2) bonds
(1.367(7) and 1.38(2) O, respectively) than 10. This decrease
in the triple-bond character of the C�N bonds and increase
in the double-bond character of C(1)�C(2) can be attributed
to delocalization of the anionic charge across the C�C�N p-
conjugated surface of the cyanocarbanions. The ultimate res-
onance structure of metal cyanocarbanions, the azaallenyl
M�N=C=C, is not appropriate in this case because the struc-
ture requires a Ru-N(1)-C(1) bond angle of 1208 and the
N(1)�C(1) and C(1)�C(2) bonds to have double-bond char-
acter, as seen in germanium complexes.[19] These results indi-
cate that N-bound cyanocarbanions have end-on coordina-
tion and a zwitterionic electronic state with weak delocaliza-
tion of the negative charge. The slight deviation of the
Ru(1)-N(1)-C(1) bond angle from 1808 can be attributed to
steric congestion of the ligands with a small contribution
from the azaallenyl electronic state.

Charge distributions on the cyanocarbanions were esti-
mated by using DFT calculations (B3LYP/LANL2DZ) for
the C- and N-bound model complexes [Ru{CH-

(CN)SO2Me}(Cp)ACHTUNGTRENNUNG(PH3)2] (11)
and [Ru(Cp)(NC ACHTUNGTRENNUNGCHSO2Me)-
ACHTUNGTRENNUNG(PH3)2] (12). As shown in
Figure 3, the natural bond orbi-
tal (NBO) atomic charges of
the optimized geometries of 11
and 12 (Figure 8a and c, later)
showed that the C(2) and N(1)
atoms of 12 are much more
negatively polarized than those
of 11 (11: �0.623, �0.345 12 :
�0.771, �0.515), whereas the
Ru(1) atom of 12 is positively
charged compared with 11 (11:
�0.096, 12 : �0.0007). These

data are in agreement with the suggested zwitterionic elec-
tronic state of the N-bound complexes and clearly illustrate
the significant difference in electronic state between these
two species.

Interconversions between C- and N-bound cyanocarbanions :
C- and N-bound complexes of transition-metal cyanocarban-
ions 3 and 4 undergo specific linkage isomerization upon
heating in solution. Typically, complex 3a is quantitatively
converted into 4a when heated in benzene at 60 8C, whereas

Table 2. Crystallographic data.

3e·1=2 CH3COCH3 3k 3 l·C6H6 4a 4k·C6H6 10 15·C4H8O

formula C38H33NO2P2RuS C36H35N2O2PRuS C32H26NO3PRuS C49H41NO2P2RuS C42H41N2O2PRuS C10H11N2S C62H52N2O4S2P2Ru2

Mw [gmol�1] 770.78 691.79 714.78 870.95 769.90 209.26 1289.41
crystal system orthorhombic triclinic triclinic monoclinic orthorhombic monoclinic monoclinic
space group Pbca ACHTUNGTRENNUNG(#61) P1̃(#2) P1̃(#2) P21/n ACHTUNGTRENNUNG(#14) P212121ACHTUNGTRENNUNG(#19) P21/a ACHTUNGTRENNUNG(#14) C2/2 ACHTUNGTRENNUNG(#15)
a [O] 42.40(1) 12.769(11) 12.618(4) 10.298(2) 17.95(1) 10.900(3) 17.442(4)
b [O] 19.648(7) 13.091(10) 13.897(8) 22.889(4) 20.169(6) 8.802(5) 16.626(9)
c [O] 17.943(8) 11.292(6) 10.595(4) 17.333(1) 10.467(5) 11.232(5) 21.903(5)
a [8] 90 98.67(6) 103.02(4) 90 90 90 90
b [8] 90 91.78(7) 108.21(2) 95.06(1) 90 91.10(3) 96.87(2)
g [8] 90 61.87(4) 85.51(4) 90 90 90 90
V [O3] 14947.9(10) 1643.8(20) 1719.5(12) 4069.5(10) 3790(2) 1077.5(8) 6306(3)
Z 16 2 2 4 4 4 8
T [8C] 20.0 23.0 23.0 23.0 23.0 20.0 20.0
reflns. collected 17059 7883 8282 10125 4872 2614 7765
independent reflns. 17059 7542 7918 9357 4843 2480 7268
obsd. [I>2.0s(I)] 7293 6600 7160 5300 2561 1363 5114
R[a] [I>2.0s(I)]/all 0.084/0.213 0.0275/0.0353 0.0600/0.0643 0.041/0.125 0.041/0.105 0.055/0.122 0.040/0.067
wR2[b] [I>0.0s(I)] 0.2455 0.0983 0.2168 0.127 0.181 0.178 0.165
GOF 1.005 1.015 1.008 1.00 1.04 1.02 1.05

[a] R=

P
jjFo j�jFc jjP
jFo j

[b] wR2=

�P
wðjFo j2�jFc j2 Þ2P

wðF2
oÞ2

�
1/2

Table 3. Selected bond distances [O] and angles [8] for 3e, 3k, 3 l, 4a, 4k, and 10.

3e 3k 3 l 4a 4k 10

N(1)�C(1) 1.148(14) 1.144(3) 1.144(6) 1.153(6) 1.15(1) 1.134(4)
C(1)�C(2) 1.459(13) 1.446(2) 1.435(5) 1.367(7) 1.38(2) 1.439(4)
C(2)�S(1) 1.795(8) 1.782(2) 1.788(3) 1.664(6) 1.68(1) 1.807(2)
S(1)�O(1) 1.429(6) 1.429(3) 1.439(3) 1.444(5) 1.454(8) 1.432(2)
S(1)�O(2) 1.448(6) 1.435(2) 1.438(3) 1.436(5) 1.437(9) 1.435(2)
Ru(1)�C(2) 2.166(8) 2.174(2) 2.169(4) – – –
Ru(1)�N(1) – – – 2.054(4) 2.056(9) –
N(1)-C(1)-C(2) 178.8(9) 178.1(2) 177.8(6) 175.9(5) 179(1) 178.0(3)
C(1)-C(2)-S(1) 106.5(6) 108.2(2) 109.0(2) 122.6(4) 119.3(8) 109.3(2)
Ru(1)-C(2)-C(1) 108.7(6) 109.89(15) 111.9(3) – – –
Ru(1)-C(2)-S(1) 114.0(4) 114.01(8) 111.92(17) – – –
Ru(1)-N(1)-C(1) – – – 172.0(4) 168.8(10) –

Figure 3. Selected NBO atomic charges of 11 and 12 at B3LYP/
LANL2DZ (cc-pVTZ for C, H, N).

www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2482 – 24982486

T. Naota et al.

www.chemeurj.org


4a is thermally stable. In contrast, complex 3e is inert to
thermal isomerization, but 4e undergoes quantitative N-to-
C isomerization under similar conditions (Scheme 3). These

results indicate that the relative thermal stabilities of C- and
N-bound complexes can be controlled to a large extent by
the phosphane ligands. A preliminary report on these new
linkage isomerizations[17] was followed by a report on a simi-
lar N-to-C isomerization in the Pd malononitrile anion [Pd-
ACHTUNGTRENNUNG(NCCHCN)MePyTp].[2e]

To pursue the ligand effect for the current linkage isomer-
ization, we examined the thermal stability of a series of
complexes 3 and 4 through ligand-exchange reactions with a
number of mono- and bidentate tertiary phosphanes
(Scheme 4). To identify phosphanes that induce thermal sta-

bility in N-bound complexes, we investigated the reactions
of thermally stable 3b with phosphanes in boiling benzene.
For 3b, ligand exchange with particular phosphanes, which
include PPh3, PACHTUNGTRENNUNG(iPr)3, dppb, dppf, and dcype, gave rise to
subsequent quantitative isomerization to afford the corre-
sponding N-bound isomers, whereas similar treatment with
other phosphanes afforded the corresponding C-bound ones.
Similarly, phosphanes that favor the C-bound coordination
mode were found to be PMePh2, PMe2Ph, dmpe, dppm, and
dppe by the ligand-exchange reaction with thermally stable
4a.

Apparently, the s-donating property of phosphanes is not
a major controlling factor for the thermal stability of C- and
N-bound complexes given its lack of correlation with the

order of basicity for monodentate phosphanes (P ACHTUNGTRENNUNG(iPr)3>
PMe2Ph>PMePh2>PPh3) and for bidentate phosphanes
(dmpe/dcype>dppm/dppe/dppb). However, the effects of
different phosphanes correlate well with their cone angle,
which is a convenient index to assess the steric situation
around the metal centers of phosphane complexes.[20] As
shown in Table 4, phosphanes with cone angles larger than

approximately 1408 stabilize the N-bound mode, whereas
those with angles less than 1408 favor the C-bound mode.
This result shows that the relative stability of complexes 3
and 4 is mainly controlled by steric interactions between ter-
tiary phosphanes and cyanocarbanion moieties. Such steric
congestion is clearly seen in the overhead views of 3e and
4a, as shown in Figure 4a and c, respectively. Complex 3e
has much less steric hindrance between the bulky phenylsul-
fonyl group of the cyanocarbanion and the phenyl groups of
dppm because of its small cone angle (Figure 4a), whereas
the phenyl groups of PPh3 in 4a block a considerable
number of regions in the cyanocarbanion moiety (Figure 4c).
In other words, the dppm complex rationally selects the C-
bound structure to obtain the original stability of the C�M
bonds, rather than the zwitterionic N-bound coordination
mode. The stable N-bound structure of 4a is also preferred
because it avoids energy loss from steric hindrance in the C-
bound structure rather than gaining energy from the C�M
bond.
N-bound complexes with p-acidic ligands, such as tBuNC

(4k) and CO (4 l), undergo facile N-to-C isomerization upon
heating in boiling benzene to afford 3k and 3 l with diaste-
reoselectivities of 51:49 and 52:48, respectively (Scheme 5).
The reaction of 4k, in particular, proceeds smoothly even at
temperatures below 60 8C, although all similar reactions
with bis-phosphane ligands (Scheme 1) required overnight
reflux in benzene. The ligand-exchange reaction of 4a with
tBuNC in boiling benzene also gave rise to quantitative for-
mation of 3k with the same diastereoselectivity. Complexes
3k and 3 l do not undergo C-to-N isomerization upon heat-
ing in solution as a result of their thermal stability. As

Scheme 3. C-to-N interconversions of cyanocarbanion complexes.

Scheme 4. Ligand-specific C-to-N interconversions.

Table 4. Correlation between the relative stability of cyanocarbanion
complexes and the cone angles of their phosphane ligands.

L1, L2
[a] Cone angle[b] [8] Stable structure

dmpe 107 C (3 i)
dppm 121 C (3e)
PMe2Ph 122 C (3c)
dppe 125 C (3 f)
PMePh2 136 C (3b)
dcype 143 N (4 j)
PPh3 145 N (4a)
dppb 145[c] N (4g)
dppf 146[d] N (4h)
P ACHTUNGTRENNUNG(iPr)3 160 N (4d)

[a] Abbreviations for phosphanes are as shown in Scheme 1. [b] Values
are obtained from the literature unless noted otherwise.[20] [c] Estimated
value based on crystallographic data for [RuCl2ACHTUNGTRENNUNG(dppb) ACHTUNGTRENNUNG(PPh3)].

[21] [d] Esti-
mated value based on crystallographic data for [Ru(Cp)ACHTUNGTRENNUNG(dppf)ACHTUNGTRENNUNG(C�
CC5H4N{W(CO)4ACHTUNGTRENNUNG(PPh3)})].

[22]
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tBuNC is a less bulky ligand (as shown in the overhead view
of 3k ; Figure 4b), steric effects must be a major factor in
the relative thermal stabilities of 3k and 3 l. Electronic ef-
fects that arise from the strong p acidity of the ligands
would also contribute to the decrease in activation energy
for h1–h2 transformation (conversion to side-on coordina-
tion), which is discussed later in the kinetic studies section.

Cyanocarbanion complexes that have a-CO2R groups sta-
bilize the zwitterionic N-bound coordination mode owing to
a strong resonance effect in their NCCHCO2R anion moiet-
ies. Typically, the N-bound bis-PPh3 complex [Ru+

(Cp)(NCCHCO2Et) ACHTUNGTRENNUNG(PPh3)2] (6a), which is highly stable as
an enol,[6d] is inert with respect to N-to-C isomerization
upon heating with or without any additional tertiary phos-
phane. Despite the high stability of N-bound cyanoacetate
anions, addition of p-acid ligands can force the N-bound
mode to convert into the C-bound mode. Reaction of 6a
with tBuNC (4 equiv) in boiling benzene afforded a quanti-
tative yield of a diastereomeric mixture (d.r.=62:38) of the
corresponding C-bound complex, [Ru{CH(CN)CO2Et}-
ACHTUNGTRENNUNG(CNtBu)(Cp) ACHTUNGTRENNUNG(PPh3)] (5k), as shown in Scheme 6. Complex
5k can also be prepared selectively by treating [RuCl-
ACHTUNGTRENNUNG(CNtBu)(Cp) ACHTUNGTRENNUNG(PPh3)] (8) with Na[CH(CN)CO2Et] in etha-
nol. Note that all linkage isomerizations mentioned in this
paper are irreversible, and require a reaction temperature of
approximately 60 to 80 8C. No tautomerization between two
coordination modes was observed under any reaction condi-
tions.

Mechanism of N-to-C isomerization : Kinetic studies on the
conversion of 4k to 3k in [D6]benzene were carried out by

means of 1H NMR spectroscopy with dibenzyl as an internal
standard.[18] Time dependence for the formation of 3k indi-
cated that a diastereomeric pair ((R*Ru,S*C)-3k and
(R*Ru,R*C)-3k) was formed in a fixed ratio of 59:41 over the
entire isomerization process, which shows that the process
involves two independent irreversible reactions for each dia-
stereomer. The consumption rates of 4k exhibited clear
first-order dependences (R2=1.000 in all cases) on the con-
centration of 4k at 333 to 348 K (8.96(2)T10�6, 1.574(7)T
10�5, 2.89(2)T10�5, and 4.853(4)T10�5 s�1 at 333, 338, 343,
and 348 K, respectively; Figure 5), which indicates that C-to-
N isomerization proceeds in a unimolecular manner.
The observed first-order rate constant (k1) fits well
(R2=0.999, Figure 6) with the Eyring relationship of
ln ACHTUNGTRENNUNG(k1/T) versus 1/T, from which the activation parameters
DH� and DS� were determined to be (107�2) kJmol�1 and
�ACHTUNGTRENNUNG(22�5) JK�1mol�1, respectively.

Note that the rates of the isomerization of 4k were not in-
fluenced by the solvent or additive used; the reaction in
CDCl3 proceeded at almost the same rate as that in
[D6]benzene (Table 5, entries 1 and 2). Addition of an
excess of strong ligands, such as PPh3, CH3CN, or tBuNC,
also had no effect on k1 (Table 5, entries 3–5). Although a
standard rationale for this reaction might involve the rate-
determining formation of the 16-electron cationic complex
13 followed by a fast rebound of the counter cyanocarban-
ion (Scheme 7). Such a dissociation mechanism can be re-
jected given the above-mentioned constancy and the fact
that the rate-determining formation of 16-electron com-
plexes in ligand dissociations are significantly influenced by

Figure 4. a)–c) Overhead views of ORTEP diagrams for 3e, 3k, and 4a, respectively.

Scheme 5. Irreversible N-to-C isomerization of 4k and 4 l.

Scheme 6. N-to-C isomerization of stable cyanoacetate anion 6a.
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the properties of solvents and external ligands.[23] Also, se-
lective formation of 4k with excess tBuNC (Table 5, entry 5)
shows that the corresponding 16-electron complex [{Ru-
ACHTUNGTRENNUNG(tBuNC)(Cp) ACHTUNGTRENNUNG(PPh3)}

+] is not formed because the same in-

termediate with a PF6 counterion is known to react readily
with tBuNC to afford [Ru ACHTUNGTRENNUNG(tBuNC)2(Cp) ACHTUNGTRENNUNG(PPh3)]PF6.

[24]

One plausible underlying mechanism for the present uni-
ACHTUNGTRENNUNGmolecular reaction is a metal-sliding process, in which the
metal undergoes rotation by 908 and subsequent parallel
translational motion on the C�C�N p-conjugated surface of
the cyanocarbanion (Scheme 8). Linkage isomerization has

been studied for a variety of transition-metal complexes of
heteroatom compounds,[25] which includes NO,[26] NO2,

[27]

SO2,
[28] Me2SO,[28a] SCN,[28b] amides,[29] and enolates.[30] All

previous cases involve a 1,2-[26–28] or 1,3-shift[28b,29,30] of the
metal atom, which are reasonable movements considering
the proximity of the two coordination sites on the bent
ligand platforms. The mechanism proposed herein requires
the metal atom to move between the considerably distant
N(1) and C(2) binding sites. The most crucial step in this
movement would be the initial 908 rotation, which occurs
during the h1–h2 transformation of the nitrile coordination
mode.[31] This step would be rate determining and could be
accelerated by the steric and electric effects of the p-acidic
ligands.

DFT calculations (B3LYP/LANL2DZ) for the transfor-
mation of 12 to 11 (Figure 3) were performed to gain insight
into C-to-N linkage isomerization. Figure 7 shows a simple
potential energy surface that was obtained with a sole opti-
mized structure for transition state (TS) 14. Optimized
structures for 11, 12, and 14 are shown in Figure 8. TS 14
has an almost complete h2-coordination mode as indicated
by its Ru(1)-N(1)-C(1) and Ru(1)-C(1)-N(1) bond angles of
71.8 and 85.88, respectively. Activation energy for N-to-C
isomerization is estimated to be 28.3 kcalmol�1, whereas
that for C-to-N isomerization is 38.9 kcalmol�1. This is con-
sistent with experimental results, which show that less bulky
phosphanes exclusively induce N-to-C isomerization
(Table 4). The calculated reaction profile strongly supports
the proposed mechanism that involves metal sliding
(Scheme 8). Note that in this profile, the cyanocarbanion
complex retains a noncovalent interaction between the Cp

proton and the sulfonyl oxygen
atom during the entire isomeri-
zation process. In other words,
the flexibly rotating Cp ring
acts as a hinge that supports the
entropically unfavorable long-
range movement of the metal.
The Ru(1)-N(1)-C(1) bond
angle of 12 (140.08) shows that

Figure 5. Time dependence of �ln ([4k]/[4k]0) for the isomerization of 4k
([4k]0=2.00T10�2m) to 3k in [D6]benzene at 333 (*), 338 (*), 343 (&),
and 348 K (&).

Figure 6. Eyring plot for the isomerization of 4k ([4k]0=2.00T10�2m) to
3k in [D6]benzene at 333–348 K. Slope=�1.28(2)T105, intercept=
21.1(6), R2=0.999.

Table 5. First-order rate constants for the isomerization of 4k to 3k at
333 K.

Entry Additive[a] Solvent k1 [s
�1]

1 – [D6]benzene 8.96(2)T10�6

2 – CDCl3 8.99(3)T10�6

3 PPh3 [D6]benzene 8.99(3)T10�6

4 CH3CN [D6]benzene 8.67(8)T10�6

5 tBuNC [D6]benzene 8.86(9)T10�6

[a] 4 equivalents.

Scheme 7. Possible rate-determining step for the isomerization of 4k, which involves the 16-electron complex
13.

Scheme 8. Proposed metal-sliding mechanism during N-to-C isomeriza-
tion.
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h1-coordination of the cyanocarbanion ligand is significantly
shifted towards an azaallenyl structure to obtain this stabili-
zation. This is in contrast with bulky complex 4a, which has
almost complete h1-coordination with no hydrogen bonding
(Figure 2). As shown in Scheme 8, the rate-determining step
for this metal-sliding process is proposed to be an h1–h2

transformation. Therefore, this initial bending of h1-coordi-
nation in 12 would make a significant contribution to de-
creasing the activation energy for this process, although this
type of interaction would not generally be essential for C-
to-N linkage isomerization.[2e]

Mechanism of C-to-N isomerization: C-to-N isomerization
involves an alternative mechanism, which differs from the
unimolecular pathway of N-to-C isomerization. As de-
scribed herein, complex 3a quantitatively afforded 4a upon
heating in boiling benzene or THF. In contrast, similar treat-
ment of 3a at RT in THF gave the corresponding m2-C,N co-
ordination dimer[1d,32] (R*Ru,S*C,R*Ru,S*C)-[Ru{CH(CN)-
ACHTUNGTRENNUNGSO2Ph}(Cp) ACHTUNGTRENNUNG(PPh3)]2 (15) as a major product. 1H NMR spec-
troscopic analysis of the reaction mixture indicated that 15
was formed as a single diastereomer. Analytically pure 15
(22%) was isolated by using a reprecipitation technique and
characterized by spectroscopic analyses (Scheme 9). The
molecular structure of 15, which was determined by using
single-crystal X-ray diffraction (Table 2, Figure 9a), shows
that the bridged cyclic structure is constructed from the
strongly distorted end-on coordination of weakly bent cyano
groups of C-bound moieties (Figure 9b). The Ru(1)-N(1)-
C(1) bond angle of 156.6(3)8 represents the smallest value
reported to date for m2-C,N coordination dimers (157.8(3)
and 165(5)8).[1d, 32] As expected from the distorted coordina-
tion mode, complex 15 is highly reactive with respect to ring
cleavage with a variety of ligands (see Scheme 10 for exam-
ples). Treating 15 with PPh3 and dppf in boiling benzene af-
forded quantitative yields of 4a and 4h, respectively. Similar
treatment with PMe2Ph gave rise to quantitative formation

of 3c. Heating a solution of 15 in benzene under CO
(100 atm) gave an 81:19 diastereomeric mixture of 3 l.

Changes in product distribution for the C-to-N isomeriza-
tion of 3a in [D6]benzene between 313 and 373 K were
monitored periodically by means of 1H NMR spectroscopy.
At 313 K, formation of a considerable amount of coordina-
tion dimer 15 and its diastereomer (16) was observed from
the initial stage of the reaction (Figure 10a). Complex 16
was isolated and characterized by 1H NMR spectroscopy in
[D6]benzene. A pair of doublet CHCN signals at d=4.18
and 4.22 ppm indicated that the stereochemistry of 16 is
(R*Ru,R*C,R*Ru,S*C) or (R*Ru,R*C,S*Ru,R*C) as a result its

Figure 7. Potential energy profile of the isomerization of 12 to 11. The
relative free energies are given in kcalmol�1.

Figure 8. a)–c) Optimized geometries of 12, TS 14, and 11, respectively,
with selected bond lengths [O] and angles [8].
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asymmetrical configuration. This result is in contrast with
the fact that 15 was obtained exclusively with similar treat-
ment in THF (Scheme 9). At higher temperatures, the pref-
erential and increasing formation of 4a was observed with
slow decay of 15 and 16 (Figure 10b). In contrast, an excess
of PPh3 completely inhibited the formation of dimer inter-
mediates. The consumption rates of 3a exhibit clear first-
order dependence (R2=0.994–0.999) in the reaction of 3a to
4a PPh3 (20 equiv) between 333 and 348 K (Figure 11),
which indicates that an intramolecular direct process via a
similar TS also exists in C-to-N isomerization. Activation
parameters DH� and DS� were estimated to be (121�1)
and (42�4)J�1mol�1, respectively, from the linear Eyring
relationship of ln ACHTUNGTRENNUNG(k1/T) versus 1/T (R2=1.000, Figure 12).

The reaction profiles in Figure 10 strongly suggest the ex-
istence of an intermolecular process in the C-to-N isomeri-
zations, and that this process contributes strongly at higher
temperatures. To investigate the putative intermolecular
process, kinetic studies were carried out on the cleavage of
15 with PPh3 (40 equiv) in [D6]benzene at 313 K. The time
dependence of the concentration of 3a and 4a showed that
both complexes were formed independently without an in-
duction period, (Figure 13) from which the initial rate con-
stants kobs (kobs=d[3a]/dt, d[4a]/dt) were determined to be
4.06(5)T10�8 and 7.00(2)T10�9 m s�1, respectively. These kobs

values did not alter significantly when the reaction was car-

Scheme 9. The temperature-dependent reaction of 3a.

Figure 9. a) Molecular structure of 15. b) Selected bond distances [O] and
angles [8] of 15.

Scheme 10. Ligand-specific ring-cleavage reactions of 15.

Figure 10. Reaction profiles for the isomerization of 3a ([3a]0=3.00T
10�2m) to 4a in [D6]benzene at 313 (a) and 348 K (b) as evaluated by
1H NMR spectroscopy. *: 3a, *: 4a, &: 15, &: 16.
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ried out with different concentrations of PPh3 (60 equiv,
kobs=4.25(3)T10�8 and 7.16(10)T10�9m s�1 for 3a and 4a,
respectively). These results indicate that the ring-cleavage
reactions of 15 to 3a and 4a proceed independently by the
rate-determining formation of different 16-electron com-
plexes: [Ru{CH(CN)SO2Ph}(Cp) ACHTUNGTRENNUNG(PPh3)] for 3a and [Ru+

(Cp)(NCCH�SO2Ph) ACHTUNGTRENNUNG(PPh3)] for 4a.
To compare the rates of the intra- and intermolecular pro-

cesses under the same reaction conditions, the value of kobs

for the C-to-N isomerization of 3a with excess PPh3 was de-
termined under the same conditions (313 K, PPh3,
(40 equiv), Figure 14). The rate-
determining step of the intra-
molecular process (15 to 4a,
kobs=7.00(2)T10�9m s�1) was
slightly faster than the intramo-
lecular pathway (3a to 4a,
kobs=d[4a]/dt=6.67(12)T
10�9m s�1) in the presence of
excess PPh3 (Scheme 11). As
described herein, we confirmed
that the rates of isomerization
of 4k to 3k (Table 5) and cleav-

age of 15 to 4a (Figure 13) are constant with varying con-
centrations of PPh3. Based on the unimolecular reaction
mechanism for the direct pathway of 3a to 4a (Figures 11
and 12), it is reasonable to suppose that the rate for this
direct pathway is also independent of PPh3 concentration,

Figure 11. Time dependence of �ln ([3a]/[3a]0) for the isomerization of
3a ([3a]0=2.00T10�2m) to 4a in the presence of PPh3 (4.00T10�1m) in
[D6]benzene, at 333 (*), 338 (*), 343 (&), and 348 K (&).

Figure 12. Eyring plot for the isomerization of 3a ([3a]0=2.00T10�2m) to
4a in the presence of PPh3 (4.00T10�1m) in [D6]benzene. Slope=

�1.45(2)T104, intercept=28.9(5), R2=1.000.

Figure 13. Time dependence of the concentrations of 3a and 4a for the in-
itial reaction of 15 with PPh3 in [D6]benzene at 313 K, [15]0=1.71T
10�3m. *: [3a], kobs=4.06(5)T10�8 m s�1, R2=0.996 and *: [4a], kobs=

7.00(2)T10�9 m s�1, R2=0.976 for [PPh3]0=6.83T10�2m. &: [3a], kobs=

4.25(3)T10�8 m s�1, R2=0.998 and &: [4a], kobs=7.16(10)T10�9 m s�1, R2=

0.994 for [PPh3]0=1.06T10�1m. Data were obtained in the range of 2.9 to
13.2% conversion of 15.

Figure 14. Time dependence of the concentration of 4a for the initial re-
action of 3a in the presence of PPh3 in [D6]benzene at 313 K ([3a]0=

1.71T10�3m, [PPh3]0=6.83T10�2m, kobs=6.68(12)T10�9 m s�1, R2=0.994).
Data were obtained in the range of 3.8 to 9.4% conversion of 3a.

Scheme 11. i) PPh3 (40 equiv), kobs ACHTUNGTRENNUNG(313 K)=4.06(5)T10�8 m s�1. ii) PPh3 (40 equiv), kobs ACHTUNGTRENNUNG(313 K)=7.00(2)T
10�9 m s�1. iii) PPh3 (40 equiv), kobs ACHTUNGTRENNUNG(313 K)=6.68(12)T10�9 m s�1.
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given the postulated metal-sliding mechanism (Scheme 8).
Thus we can be fairly certain that the rate for the pathway
from 15 to 4a is not negligible compared with that of the
direct pathway (3a to 4a), even at low concentrations of
PPh3. This conclusion implies that coordination dimers 15
and 16 are not dead-end resting states, but act as intermedi-
ates for C-to-N isomerizations.

Schematic representations of C-to-N interconversions of
cyanocarbanion complexes are shown in Scheme 12. The C-

to-N and N-to-C transformations proceed via the same h2-
TS (18) in a unimolecular manner, with continuous rotation-
al and translational motion of the metal atoms on the cyano-
carbanions. Naturally, these isomerizations are postulated to
proceed by h1–h2 transformations: 17 to 18 for C-to-N, and
19 to 18 for N-to-C. The positive DS� values for the C-to-N
isomerization of 3a ((42�4) JK�1mol�1, Figure 12) can be
explained by the rate-determining transformation of 17 to
18, in which charge separation would lead to increasing ran-
domness of the system. The negative DS� values for the N-
to-C isomerization of 4k (� ACHTUNGTRENNUNG(22�5) JK�1mol�1, Figure 6) can
be ascribed to the decreasing polarity of the zwitterionic
system (19 to 18). Owing to the free cyano functionality of
the C-bound complexes, the C-to-N isomerization accompa-
nies the temperature-dependent intermolecular process,
which includes the fast formation and cleavage of the corre-
sponding m2-C,N coordination dimer (20). This is quite a
rare example of a molecular transformation that is driven by
self-assembly of the substrates.

Conclusion

We found that cyclopentadienyl ruthenium cyanocarbanions
that have a-sulfonyl groups have unprecedented stability for
both the C- and N-bound forms, and we have also succeeded
in preparing exact coordination isomers of transition-metal
cyanocarbanions for the first time. X-ray diffraction analyses
unequivocally established that cyanocarbanions have almost
complete a-metalated and end-on binding modes. Switching,
irreversible linkage isomerization between the C- and N-

bound isomers can be performed by heating the isomers in
aprotic solvents. The direction of C-to-N interconversion,
that is, the relative thermal stability of these isomers, can be
controlled to a great extent by external ligands, which in-
clude mono- and bidentate phosphanes, CO, and isonitriles.
Controlled experiments with regards to the reaction of ther-
mally stable complexes 3 and 4 with various ligands revealed
that the steric situation around the metal center is a major
determinant of the thermal stability of these complexes. Ex-
perimental and theoretical studies on the mechanism of the
C-to-N interconversions revealed that C-to-N and N-to-C
isomerizations proceed by an intramolecular process and C-
to-N isomerization involves a temperature-dependent inter-
molecular process that proceeds by the self-assembly of
metal centers. N-Bound cyanocarbanions reportedly have
high specific catalytic activity for aldol and Michael reac-
tions, and the related carbon–carbon bond-forming reactions
of nitriles.[6,8–14] These results provide interesting information
regarding the controlled generation of these catalysts and a
mechanistic rationale for these important catalytic process-
es.

Experimental Section

Preparation of 3a and 4a : A solution of [RuCl(Cp) ACHTUNGTRENNUNG(PPh3)2] (7; 5.46 g,
7.50 mmol) and Na[CH(CN)SO2Ph] (3.05 g, 15.0 mmol) in ethanol/
hexane (1:1) was stirred for 24 h at RT under an argon atmosphere. The
resulting yellow precipitate was collected by filtration, washed successive-
ly with ethanol and hexane, and dried under reduced pressure to give 3a
as a yellow solid (2.41 g, 37%). Similar treatment of 7 (2.68 g,
3.70 mmol) with Na[CH(CN)SO2Ph] (1.50 g, 7.40 mmol) in ethanol/tolu-
ene (1:1) gave 4a (2.83 g, 89%).

3a : 1H NMR (270 MHz, C6D6): d =3.96 (dd, J=8.3, 1.7 Hz, 1H; CHCN),
4.90 (s, 5H; C5H5), 6.90–7.12 (m, 21H; ArH), 7.55–7.65 (m, 12H; ArH),
7.89 ppm (dd, J=7.5, 3.0 Hz, 2H; SO2C6H5 (ortho)); 13C{1H} NMR
(125 MHz, C6D6): d=143.3 (s; SO2C6H5 (ipso)), 137.3 (s; PC6H5 (ipso)),
135.4 (d, J=12.4 Hz; PC6H5 (ortho)), 134.3 (d, J=8.3 Hz; PC6H5 (meta)),
133.9 (s; PC6H5 (para)), 131.6 (s; SO2C6H5 (ortho)), 129.6 (s; SO2C6H5

(meta)), 128.8 (s; SO2C6H5 (para)), 125.9 (s; CHCN), 82.9 (s; C5H5),
58.0 ppm (s; CHCN); 31P{1H} NMR (202 MHz, C6D6): d=42.5 (d, J=

37.0 Hz), 51.5 ppm (d, J=37.0 Hz); IR (KBr) ñ=3057, 2201 (C�N), 1482,
1433, 1304 (asym, S=O), 1141 (sym, S=O), 1086, 745, 696 cm�1; FABMS:
m/z : 871 ([M]+), 691 ([Ru(Cp) ACHTUNGTRENNUNG(PPh3)2]

+), 609 ([Ru{C(CN)SO2Ph}(Cp)-
ACHTUNGTRENNUNG(PPh3)]

+), 429 ([Ru(Cp) ACHTUNGTRENNUNG(PPh3)]
+), 350, 307, 263; elemental analysis calcd

(%) for C49H41NO2P2RuS: C 67.57, H 4.74, N 1.61; found: C 67.50, H
4.79, N 1.77.

4a : 1H NMR (270 MHz, C6D6): d=3.90 (s, 1H; CHCN), 4.20 (s, 5H;
C5H5), 6.94–7.08 (m, 18H; ArH), 7.08–7.18 (m, 3H; ArH), 7.28–7.42 (m,
12H; ArH), 8.28 ppm (dd, J=7.6, 1.6 Hz, 2H; SO2C6H5 (ortho));
13C{1H} NMR (125 MHz, C6D6): d=152.7 (s; CHCN), 143.1 (s; SO2C6H5

(ipso)), 137.6 (s; PC6H5 (ipso)), 134.0 (s; SO2C6H5 (ortho)), 133.8 (s;
PC6H5 (ortho)), 129.4 (s; PC6H5 (meta)), 129.1 (s; SO2C6H5 (meta)), 128.8
(s; PC6H5 (para)), 128.1 (s; SO2C6H5 (para)), 83.0 (s; C5H5), 45.9 ppm (s;
CHCN); 31P{1H} NMR (202 MHz, C6D6): d=42.9 (s); IR (KBr) ñ=2163
(C�N), 1478, 1433, 1286 (asym, S=O), 1124 (sym, S=O), 1080, 696 cm�1;
FABMS: m/z : 691 ([Ru(Cp) ACHTUNGTRENNUNG(PPh3)2]

+), 429 ([Ru(Cp) ACHTUNGTRENNUNG(PPh3)]
+), 350; ele-

mental analysis calcd (%) for C49H41NO2P2RuS: C 67.57, H 4.74, N 1.61;
found: C 67.50, H 4.79, N 1.77.

Preparation of 3b : [RuCl(Cp) ACHTUNGTRENNUNG(PMePh2)2] (0.151 g, 0.250 mmol) was
treated with Na[CH(CN)SO2Ph] (0.102 g, 0.500 mmol) in ethanol/toluene
(1:1) at RT for 72 h under an argon atmosphere. After removal of the
solvent under reduced pressure, the residue was reprecipitated from ben-

Scheme 12. Schematic representations of the C-to-N interconversions of
transition-metal cyanocarbanions.
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zene/hexane to afford 3b (0.015 g, 10%). 1H NMR (500 MHz, C6D6): d=

1.91 (d, J=10.0 Hz, 3H; CH3P), 2.14 (d, J=8.0 Hz, 3H; CH3P), 3.81 (t,
J=4.0 Hz, 1H; CHCN), 4.89 (s, 5H; C5H5), 6.94–7.13 (m, 15H; ArH),
7.22–7.27 (m, 4H; PC6H5 (ortho)), 7.47–7.52 (m, 4H; PC6H5 (ortho)),
8.05 ppm (dd, J=8.0, 1.9 Hz, 2H; SO2C6H5 (ortho)); 13C{1H} NMR
(125 MHz, C6D6): d=143.9 (s; SO2C6H5 (ipso)), 142.4 (d, J=40.0 Hz;
PC6H5 (ipso)), 139.8 (d, J=38.8 Hz; PC6H5 (ipso)), 133.1 (d, J=10.0 Hz;
PC6H5 (ortho)), 132.9 (d, J=8.8 Hz; PC6H5 (ortho)), 131.4 (d, J=8.8 Hz;
PC6H5 (meta)), 130.8 (d, J=10.0 Hz; PC6H5 (meta)), 129.1 (s; SO2C6H5

(ortho)), 129.0 (s; PC6H5 (para)), 128.9 (s; PC6H5 (para)), 128.8 (s;
SO2C6H5 (meta)), 128.7 (s; SO2C6H5 (para)), 126.0 (dd, J=3.2, 1.3 Hz;
CHCN), 82.3 (s; C5H5), 28.8 (t, J=8.8 Hz; CHCN), 19.0 (d, J=27.5 Hz;
CH3P), 16.7 ppm (d, J=27.5 Hz; CH3P);

31P{1H} NMR (202 MHz, C6D6):
d=31.5 (d, J=39.7 Hz), 32.1 ppm (d, J=39.7 Hz); IR (KBr) ñ=3053,
2980, 2916, 2189 (C�N), 1433, 1311 (asym, S=O), 1287, 1143 (sym, S=O),
1086, 945, 911, 745, 592, 511 cm�1; FABMS: m/z : 747 ([M]+), 569
([Ru(Cp) ACHTUNGTRENNUNG(PMePh2)2]

+), 369 ([Ru(Cp) ACHTUNGTRENNUNG(PMePh2)]
+).

Preparation of 3k and 4k : [Ru ACHTUNGTRENNUNG(tBuNC)Cl(Cp) ACHTUNGTRENNUNG(PPh3)] (8 ; 0.547 g,
1.00 mmol) was treated with Na[CH(CN)SO2Ph] (0.406 g, 2.00 mmol) in
boiling ethanol (40 mL) for 24 h under an argon atmosphere. Removal of
the solvent and reprecipitation from benzene gave 3k as a yellow solid
(0.534 g, 77%). 1H NMR spectroscopic analysis of the (Cp) groups of 3k
showed that the d.r. of (R*

Ru,S*C)-3k/ ACHTUNGTRENNUNG(R*Ru,R*C)-3k was 65:35. Each dia-
stereomer was purified by recrystallization from benzene/hexane. Similar
treatment of 8 (0.547 g, 1.00 mmol) with Na[CH(CN)SO2Ph] (0.406 g,
2.00 mmol) in ethanol/benzene (1:1) at RT for 24 h gave 4k as a yellow
solid (0.122 g, 18%).

ACHTUNGTRENNUNG(R*Ru,S*C)-3k : 1H NMR (500 MHz, C6D6): d=1.18 (s, 9H; C4H9), 3.20 (d,
J=5.0 Hz, 1H; CHCN), 5.01 (s, 5H; C5H5), 6.94–7.12 (m, 12H; ArH),
7.59 (dd, J=10.5, 7.0 Hz, 6H; ArH), 8.10 ppm (d, J=8.0 Hz, 2H;
SO2C6H5 (ortho));

13C{1H} NMR (125 MHz, C6D6): d=144.1 (s; SO2C6H5

(ipso)), 137.2 (d, J=42.5 Hz; PC6H5 (ipso)), 134.3 (d, J=10.5 Hz; PC6H5

(ortho)), 132.2 (s; SO2C6H5 (ortho)) 131.6 (s; PC6H5 (meta)), 129.4 (s;
SO2C6H5 (meta)), 128.3 (s; PC6H5 (para)), 127.9 (s; SO2C6H5 (para)),
124.06 (s; CHCN), 83.9 (s; C5H5), 56.4 (s; (CH3)3CNC), 31.0 (s; CHCN),
30.6 ppm ((CH3)3CNC); 31P{1H} NMR (202 MHz, C6D6): d=62.4 ppm
(s); IR (KBr) ñ=2978, 2201 (C�N), 2114 (tBuNC), 1480, 1433, 1304
(asym, S=O), 1211, 1144 (sym, S=O), 1092, 808, 748, 696, 590, 530 cm�1;
FABMS: m/z : 692 ([M]+).

ACHTUNGTRENNUNG(R*Ru,R*C)-3k : 1H NMR (500 MHz, C6D6): d=0.95 (s, 9H; C4H9), 3.28
(d, J=6.5 Hz, 1H; CHCN), 5.11 (s, 5H; C5H5) 6.94–7.12 (m, 12H; ArH),
7.66–7.73 (m, 8H; ArH), 8.10 ppm (d, J=8.0 Hz, 2H; SO2C6H5 (ortho));
13C{1H} NMR (125 MHz, C6D6): d=144.1 (s; SO2C6H5 ACHTUNGTRENNUNG(ipso)), 137.2 (d,
J=42.5 Hz; PC6H5 (ipso)), 134.3 (d, J=10.5 Hz; PC6H5 (ortho)), 132.2 (s;
SO2C6H5 (ortho)) 131.6 (s; PC6H5 (meta)), 129.4 (s; SO2C6H5 (meta)),
128.3 (s; PC6H5 (para)), 127.9 (s; SO2C6H5 (para)), 124.09 (s; CHCN),
83.9 (s; C5H5), 56.4 (s; (CH3)3CNC), 31.0 (s; CHCN), 30.6 ppm
((CH3)3CNC); 31P{1H} NMR (202 MHz, C6D6): d =62.0 ppm (s).

4k : 1H NMR (500 MHz, C6D6): d=0.95 (s, 9H; C4H9), 3.72 (s, 1H;
CHCN), 4.35 (s, 5H; C5H5), 7.03–7.11 (m, 6H; ArH), 7.13–7.18 (m, 6H;
ArH), 7.57 (dd, J=10.5, 8.0 Hz, 6H; PC6H5 (ortho)), 8.17 ppm (dd, J=

8.0, 1.0 Hz, 2H; SO2C6H5 (ortho)); 13C{1H} NMR (125 MHz, C6D6): d=

152.6 (s; CHCN), 136.4 (d, J=53.6 Hz; PC6H5 (ipso)), 133.9 (d, J=

13.5 Hz; PC6H5 (ortho)), 130.0 (s; PC6H5 (meta)), 129.4 (s), 128.9 (s;
PC6H5 (para)), 128.6 (s), 128.5 (s), 128.5 (s), 128.2 (s), 127,8 (s), 125.8 (s;
(CH3)3CNC), 82.2 (s; C5H5), 57.3 ((CH3)3CNC), 45.2 (s; CHCN),
30.6 ppm (s; (CH3)3CN); 31P{1H} NMR (202 MHz, C6D6): d=53.9 ppm
(s); IR (KBr) ñ=2976, 2168 (C�N), 2130 (tBuNC), 1480, 1433, 1287
(asym, S=O), 1256, 1208, 1127 (sym, S=O), 1094, 1078, 748, 691, 567,
530 cm�1; FABMS: m/z : 692 ([M]+).

Preparation of 3 l and 4 l : [RuCl(CO)(Cp) ACHTUNGTRENNUNG(PPh3)] (9 ; 0.0492 g,
0.100 mmol) was treated with Na[CH(CN)SO2Ph] (0.0406 g, 0.200 mmol)
in boiling ethanol (4.0 mL) for 24 h under an argon atmosphere. Removal
of the solvent and reprecipitation from benzene gave 3 l as a yellow solid
(0.0283 g, 45%). 1H NMR spectroscopic analysis of the Cp groups of 3 l
showed that the d.r. of (R*Ru,S*C)-3 l/ ACHTUNGTRENNUNG(R*Ru,R*C)-3 l was 91:9. Analytically
pure (R*Ru,S*C*)-3 l was obtained by recrystallization from benzene. Simi-
lar treatment of 9 (0.492 g, 1.00 mmol) with Na[CH(CN)SO2Ph] (0.406 g,

2.00 mmol) in boiling ethanol (40 mL) for 6 h gave 4 l as a yellow solid
(0.192 g, 30%).

ACHTUNGTRENNUNG(R*Ru,S*C)-3l : 1H NMR (270 MHz, C6D6): d =3.25 (d, J=7.0 Hz, 1H;
CHCN), 4.96 (s, 5H; C5H5), 6.92–7.06 (m, 12H; ArH), 7.43–7.55 (m, 6H;
ArH), 8.05 ppm (dd, J=8.3, 1.5 Hz, 2H; SO2C6H5 (ortho));

13C{1H} NMR
(125 MHz, C6D6): d =204.5 (s; CO), 142.4 (s; SO2C6H5 (ipso)), 134.7 (d,
J=47.8 Hz; PC6H5 (ipso)), 134.0 (d, J=11.3 Hz; PC6H5 (ortho)), 133.5 (d,
J=11.0 Hz; PC6H5 (meta)), 132.1 (s; SO2C6H5 (ortho)), 130.5 (d, J=

2.4 Hz; PC6H5 (para)), 128.9 (s; SO2C6H5 (meta)), 128.4 (s; SO2C6H5

(para)), 123.6 (s; CHCN), 88.2 (s; C5H5), 32.2 ppm (CHCN);
31P{1H} NMR (202 MHz, C6D6): d=58.2 ppm (s); IR (KBr) ñ =2963, 2209
(C�N), 1948 (CO), 1508, 1435, 1310 (asym, S=O), 1262, 1146 (sym, S=O),
1091, 1024, 802, 748, 696, 590, 530 cm�1; FABMS: m/z : 636 ([M]+).

ACHTUNGTRENNUNG(R*Ru,R*C)-3l : 1H NMR (270 MHz, C6D6): d=3.43 (d, J=4.6 Hz, 1H;
CHCN), 5.01 (s, 5H; C5H5), 6.92–7.06 (m, 12H; ArH), 7.55–7.62 (m, 6H;
ArH), 8.05 ppm (dd, J=8.3, 1.5 Hz, 2H; SO2C6H5 (ortho));

13C{1H} NMR
(125 MHz, C6D6): d =204.5 (s; CO), 142.4 (s; SO2C6H5 (ipso)), 134.7 (d,
J=47.8 Hz; PC6H5 (ipso)), 134.0 (d, J=11.3 Hz; PC6H5 (ortho)), 133.5 (d,
J=11.0 Hz; PC6H5 (meta)), 132.1 (s; SO2C6H5 (ortho)), 130.5 (d, J=

2.4 Hz; PC6H5 (para)), 128.9 (s; SO2C6H5 (meta)), 128.4 (s; SO2C6H5

(para)), 123.6 (s; CHCN), 88.2 (s; C5H5), 32.1 (CHCN).

4l : 1H NMR (500 MHz, C6D6): d=3.70 (s, 1H; CHCN), 4.41 (s, 5H;
C5H5), 7.00–7.12 (m, 12H; ArH), 7.45–7.51 (m, 6H; ArH), 8.10 ppm (dd,
J=8.5, 1.5 Hz, 2H; SO2C6H5 (ortho)); 13C{1H} NMR (125 MHz, C6D6):
d=202.9 (d, J=20.2 Hz; CO), 151.7 (s; CHCN), 144.1 (s; SO2C6H5

(ipso)), 134.3 (d, J=49.0 Hz; PC6H5 (ipso)), 133.6 (d, J=11.1 Hz; PC6H5

(ortho)), 129.4 (s; PC6H5 (para)), 128.9 (d, J=10.6 Hz; PC6H5 (meta)),
128.5 (s; SO2C6H5 (ortho)), 128.3 (s; SO2C6H5 (meta)), 128.3 (s; SO2C6H5

(para)), 46.3 ppm (s; CHCN); 31P{1H} NMR (202 MHz, C6D6): d=

50.0 ppm (s); IR (KBr) ñ=2172 (C�N), 1960 (CO), 1480, 1435, 1296
(asym, S=O), 1260, 1130 (sym, S=O), 1096, 1080, 837, 750, 691, 610, 564,
530 cm�1.

General procedure for the preparation of complexes 3 and 4 by ligand
exchange reactions : The treatment of 3a or 4a with appropriate phos-
phanes was carried out in boiling benzene under an argon atmosphere.
After removal of the solvent under reduced pressure, the resulting prod-
ucts were obtained by reprecipitation with hexane.

Preparation and analysis of 3c : Treating 3a with PMe2Ph (4 equiv) gave
3c (99%). 1H NMR (500 MHz, C6D6): d=1.16 (d, J=8.5 Hz, 3H; CH3P),
1.35 (d, J=8.0 Hz, 3H; CH3P), 1.41 (d, J=9.0 Hz, 3H; CH3P), 1.62 (d,
J=8.5 Hz, 3H; CH3P), 3.18 (t, J=3.5 Hz, 1H; CHCN), 4.97 (s, 5H;
C5H5), 6.91–7.14 (m, 13H; ArH), 8.28 ppm (dd, J=8.3, 1.5 Hz, 2H;
SO2C6H5 (ortho));

13C{1H} NMR (125 MHz, C6D6): d=144.4 (s; SO2C6H5

(ipso)), 143.1 (d, J=39.8 Hz; PC6H5 (ipso)), 142.1 (d, J=37.0 Hz; PC6H5

(ipso)), 131.9 (s; SO2C6H5 (ortho)), 130.6 (d, J=10.1 Hz; PC6H5 (ortho)),
129.7 (d, J=9.1 Hz; PC6H5 (ortho)), 128.9 (s; SO2C6H5 (meta)), 128.8 (s),
128.7 (d, J=3.2 Hz; PC6H5 (meta)), 128.6 (d, J=3.0 Hz; PC6H5 (meta)),
128.5 (s; SO2C6H5 (para)), 128.3 (s), 128.1 (s; PC6H5 (para)), 127.9 (s;
PC6H5 (para)), 125.4 (dd, J=4.3, 3.4 Hz; CHCN), 81.6 (s; C5H5), 30.0
(dd, J=9.6, 7.2 Hz; CHCN), 24.0 (dd, J=29.4, 3.3 Hz; CH3P), 21.2 (d,
J=29.4 Hz; CH3P), 18.2 (d, J=26.0 Hz; CH3P), 15.1 ppm (d, J=24.4 Hz;
CH3P);

31P{1H} NMR (202 MHz, C6D6): d=21.3 (d, J=46.3 Hz),
15.1 ppm (d, J=46.3 Hz); IR (KBr) ñ =3034, 3004, 2978, 2189 (C�N),
1480, 1433, 1310 (asym, S=O), 1287, 1142 (sym, S=O), 1098, 943, 911,
831, 745, 592, 540, 494 cm�1; FABMS: m/z : 623 ([M]+), 485
([Ru(Cp)(NCCHSO2Ph) ACHTUNGTRENNUNG(PMe2Ph)]

+), 443 ([Ru(Cp) ACHTUNGTRENNUNG(PMe2Ph)2]
+), 305

([Ru(Cp) ACHTUNGTRENNUNG(PMe2Ph)]
+).

Preparation and analysis of 3e : Treating 3a with dppm (2 equiv) gave 3e
(73%). 1H NMR (270 MHz, C6D6): d =3.87 (dd, J=6.0, 3.2 Hz, 1H;
CHCN), 4.57 (t, J=9.8 Hz, 2H; PCH2P), 4.93 (s, 5H; C5H5), 6.85–6.94
(m, 12H; ArH), 7.09–7.20 (m, 8H; ArH), 7.77 (m, 3H; ArH), 8.02 ppm
(m, 2H; SO2C6H5 (ortho));

13C{1H} NMR (125 MHz, C6D6): d=144.7 (s;
SO2C6H5 (ipso)), 141.6 (dd, J=36.5, 7.6 Hz; PC6H5 (ipso)), 138.6 (dd, J=

35.3, 8.8 Hz; PC6H5 (ipso)), 137.4 (dd, J=27.7, 3.8 Hz; PC6H5 (ipso)),
135.6 (dd, J=36.5, 3.8 Hz; PC6H5 (ipso)), 132.8 (t, J=12.6 Hz; PC6H5

(ortho)), 132.4 (d, J=10.1 Hz; PC6H5 (ortho)), 132.0 (t, J=13.9 Hz;
PC6H5 (ortho)), 131.4 (s; SO2C6H5 (ortho)), 130.3 (s), 130.1 (s; PC6H5

(meta)), 130.0 (s; PC6H5 (meta)), 129.0 (s; PC6H5 (para)), 128.84 (s),
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128.76 (s), 128.63 (s; SO2C6H5 (para)), 128.55 (s), 128.52 (s), 128.45 (s),
127.6 (s), 125.2 (dd, J=5.0, 2.5 Hz; CHCN), 82.4 (s; C5H5), 82.3 (s;
C5H5), 52.9 (t, J=21.4 Hz; CHCN), 29.9–30.1 ppm (m, PCH2P);
31P{1H} NMR (202 MHz, C6D6): d =7.82 (d, J=96.3 Hz), 13.3 ppm (d, J=

96.3 Hz); IR (KBr) ñ=2193 (C�N), 1435, 1302 (asym, S=O), 1143 (sym,
S=O), 1086, 590, 536, 511 cm�1; FABMS: m/z : 730 ([M]+), 589, 550
([Ru(Cp) ACHTUNGTRENNUNG(dppm)]+), 307; elemental analysis calcd (%) for
C38H33NO2P2RuS: C 62.46, H 4.55, N 1.92; found: C 62.39, H 4.59, N
1.99.

Preparation and analysis of 3 f : Treating 3a with dppe (2 equiv) gave 3 f
(73%). 1H NMR (270 MHz, C6D6): d =3.35 (dd, J=5.7, 2.3 Hz, 1H;
CHCN), 4.78 (s, 5H; C5H5), 7.03–7.16 (m, 15H; ArH), 7.27–7.40 (m, 8H;
PC6H5 (ortho)), 8.12 ppm (dd, J=10.1, 7.6 Hz, 2H; SO2C6H5 (ortho));
13C{1H} NMR (125 MHz, C6D6): d=144.9 (d, J=42.9 Hz; PC6H5 (ipso)),
143.8 (s; SO2C6H5 (ipso)), 139.8 (d, J=42.9 Hz; PC6H5 (ipso)), 137.2 (d,
J=33.8 Hz; PC6H5 (ortho)), 135.9 (d, J=33.9 Hz; PC6H5 (ortho)), 133.9
(d, J=11.3 Hz; PC6H5 (meta)), 132.3 (d, J=10.0 Hz; PC6H5 (meta)),
132.0 (d, J=9.6 Hz; PC6H5 (para)), 131.6 (s; SO2C6H5 (ortho)), 130.3 (s;
SO2C6H5 (meta)), 130.0 (d, J=9.6 Hz; PC6H5 (para)), 128.6 (s; SO2C6H5

(para)), 125.4 (s; CHCN), 83.5 (s; C5H5), 32.4 (dd, J=30.3, 16.6 Hz;
PCH2CH2P), 29.0 (dd, J=6.9, 1.3 Hz; CHCN), 27.2 ppm (dd, J=32.0,
15.3 Hz; PCH2CH2P);

31P{1H} NMR (202 MHz, C6D6): d =79.2 (d, J=

64.0 Hz), 82.3 ppm (d, J=64.0 Hz); IR (KBr) ñ=2193 (C�N), 1482, 1435,
1304 (asym, S=O), 1188, 1141 (sym, S=O), 1098, 742, 694, 530 cm�1;
FABMS: m/z : 745 ([M]+), 600, 567, 432.

Preparation and analysis of 3i : Treating 3a with dmpe (2 equiv) gave 3 i
(90%). 1H NMR (500 MHz, C6D6): d =0.60–0.71 (m, 1H; PCH2CH2P),
0.81–1.06 (m, 2H; PCH2CH2P), 0.97 (d, J=9.0 Hz, 3H; PCH3), 1.21 (d,
J=8.5 Hz, 6H; PCH3), 1.23 (d, J=8.5 Hz, 3H; PCH3), 1.25–1.35 (m, 1H;
PCH2CH2P), 2.88 (dd, J=4.0, 1.5 Hz, 1H; CHCN), 4.84 (s, 5H; C5H5),
7.03 (tt, J=7.5, 2.5 Hz, 1H; SO2C6H5 (para)), 7.09 (tt, J=8.0, 2.0 Hz, 2H;
SO2C6H5 (meta)), 8.29 ppm (dd, J=8.0, 1.5 Hz, 2H; SO2C6H5 (ortho));
13C{1H} NMR (125 MHz, C6D6): d =144.9 (s; SO2C6H5 (ipso)), 131.8 (s;
SO2C6H5 (ortho)), 128.8 (s; SO2C6H5 (meta)), 127.9 (s; SO2C6H5 (para)),
125.5 (t, J=3.2 Hz; CHCN), 80.9 (t, J=2.4 Hz; C5H5), 33.4 (dd, J=31.8,
18.3 Hz; PCH2CH2P), 29.5 (dd, J=30.4, 15.9 Hz; PCH2CH2P), 27.7 (dd,
J=8.2, 5.8 Hz; CHCN), 22.1 (d, J=27.7 Hz; PCH3), 20.9 (d, J=28.5 Hz;
PCH3), 16.9 (d, J=20.7 Hz; PCH3), 15.8 ppm (d, J=19.8 Hz; PCH3);
31P{1H} NMR (202 MHz, C6D6): d =52.7 (d, J=34.2 Hz), 54.1 ppm (d, J=

34.2 Hz); IR (KBr) ñ=3017, 2928, 2907, 2195 (C�N), 1424, 1304 (asym,
S=O), 1144 (sym, S=O), 938, 733, 590 cm�1; FABMS: m/z : 497 ([M]+).

Preparation and analysis of 4b : Treating 4a with PMePh2 (6 equiv) gave
4b (51%). 1H NMR (500 MHz, C6D6): d=1.40–1.48 (brm, 6H; CH3P),
4.11 (s, 1H; CHCN), 4.16 (s, 5H; C5H5), 6.94–7.13 (m, 15H; ArH), 7.30–
7.45 (m, 8H; PC6H5 (ortho)), 8.30 ppm (d, J=8.0 Hz, 2H; SO2C6H5

(ortho)); 31P{1H} NMR (202 MHz, C6D6): d=33.1 ppm (s); IR (KBr) ñ=

3056, 2921, 2170 (C�N), 1480, 1435, 1267 (asym, S=O), 1140 (sym, S=O),
1128, 1096, 1078, 889, 750, 694, 590, 507 cm�1; FABMS: m/z : 747 ([M]+),
569 ([Ru(Cp) ACHTUNGTRENNUNG(PMePh2)2]

+), 369 ([Ru(Cp) ACHTUNGTRENNUNG(PMePh2)]
+).

Preparation and analysis of 4d : Treating 4a with P ACHTUNGTRENNUNG(iPr)3 (4 equiv) gave
4d (36%). 1H NMR (270 MHz, C6D6): d=0.70–1.40 (m, 42H; PC3H7),
3.39 (s, 1H; CHCN), 4.25 (s, 5H; C5H5), 6.75–7.15 (m, 3H; ArH), 8.00–
8.10 ppm (m, 2H; SO2C6H5 (ortho));

31P{1H} NMR (202 MHz, C6D6): d=

39.7 ppm (s); IR (KBr) ñ=3056, 2961, 2924, 2170 (C�N), 2072, 1480,
1433, 1261 (asym, S=O), 1144 (sym, S=O), 1088, 1028, 747, 696, 521 cm�1.

Preparation and analysis of 4e : Treating 4a with dppm (1.1 equiv) gave
4e (30%). 1H NMR (500 MHz, C6D6): d=3.35 (s, 1H; CHCN), 4.44 (s,
5H; C5H5), 4.53 (dt, J=15.0, 11.0 Hz, 1H; PCH2P), 4.68 (dt, J=15.0,
11.0 Hz, 1H; PCH2P), 6.86–7.16 (m, 15H; ArH), 7.28–7.33 (m, 4H;
PC6H5 (ortho)), 7.72–7.77 (m, 4H; PC6H5 (ortho)), 7.85 ppm (dd, J=8.0,
2.1 Hz, 2H; SO2C6H5 (ortho));

13C{1H} NMR (125 MHz, C6D6): d=154.0
(s; NCCH�), 146.7 (s; SO2C6H5 (ipso)), 132.8 (s; PC6H5 (ipso)), 132.3 (s;
PC6H5 (ortho)), 131.7 (s; SO2C6H5 (ortho)), 130.8 (s; PC6H5 (meta)),
129.9 (s; SO2C6H5 (meta)), 129.7 (s; PC6H5 (para)), 128.2 (s; SO2C6H5

(para)), 78.6 (s; C5H5), 45.2 (s; NCCH), 27.7 ppm (PCH2P);
31P{1H} NMR

(202 MHz, C6D6): d=14.3 ppm (s); IR (KBr) ñ =2166 (C�N), 1435, 1294
(asym, S=O), 1258, 1125 (sym, S=O), 1100, 1076, 725, 513 cm�1; FABMS:
m/z : 731 ([M]+), 551 ([Ru(Cp) ACHTUNGTRENNUNG(dppm)]+).

Preparation and analysis of 4g : Treating 4a with dppb (1.1 equiv) gave
4g (85%). 1H NMR (270 MHz, C6D6): d=1.09–1.30 (brm, 4H;
CH2CH2P), 1.79–2.04 (brm, 2H; CH2P), 2.98–3.14 (brm, 2H; CH2P),
3.04–3.06 (brm, 1H; CHCN), 3.96 (s, 5H; C5H5), 7.06–7.18 (brm, 18H;
ArH), 7.38–7.47 (brm, 12H; ArH), 8.231 ppm (dd, J=8.4, 2.0 Hz;
SO2C6H5 (ortho));

13C{1H} NMR (125 MHz, C6D6): d =152.5 (s; CHCN),
141.9 (s; SO2C6H5 (ipso)), 139.7 (s; PC6H5 (ipso)), 137.9 (s; PC6H5

(ortho)), 134.0 (s; SO2C6H5 (ortho)), 132.7 (s; PC6H5 (meta)), 132.2 (s;
SO2C6H5 (meta)), 129.7 (s; PC6H5 (para)), 129.5 (s; SO2C6H5 (para)), 81.7
(s; C5H5), 44.9 (s; CHCN), 29.3 (s; CH2), 28.2 (s; CH2), 23.6 (s; CH2),
23.4 ppm (s; CH2);

31P{1H} NMR (202 MHz, C6D6): d=46.2 ppm (s); IR
(KBr) ñ=3051, 2166 (C�N), 1480, 1433, 1305 (asym, S=O), 1127 (sym,
S=O), 1093, 1080, 745, 696, 517 cm�1; FABMS: m/z : 774 ([M]+), 691, 595
([Ru(Cp) ACHTUNGTRENNUNG(dppb)]+).

Preparation and analysis of 4h : Treating 4a with dppf (1.05 equiv) gave
4h (51%). 1H NMR (270 MHz, C6D6): d=3.67–3.73 (brm, 2H; PC5H4),
3.99 (s, 5H; C5H5), 4.04–4.07 (brm, 2H; P C5H4), 4.09 (s, 1H; CHCN),
4.15–4.18 (brm, 2H; P C5H4), 5.34–5.37 (brm, 2H; P C5H4), 7.00–7.15
(m, 12H; ArH), 7.33–7.40 (brm, 4H; ArH), 7.75–7.83 (brm, 4H; ArH),
8.33 ppm (dd, J=8.0, 2.1 Hz, 2H; SO2C6H5 (ortho)); 13C{1H} NMR
(125 MHz, C6D6): d =152.7 (s; CHCN), 141.2 (s; SO2C6H5 (ipso)), 140.7
(d, J=33.9 Hz; PC6H5 (ipso)), 140.5 (d, J=35.4 Hz; PC6H5 (ipso)), 138.8
(d, J=37.0 Hz; PC6H5 (ipso)), 138.6 (d, J=38.6 Hz; PC6H5 (ipso)), 134.4
(s), 133.5 (d, J=23.6 Hz; PC6H5 (ortho)), 129.9 (s; SO2C6H5 (ortho)),
129.6 (s; PC6H5 (meta)), 129.2 (s; PC6H5 (para)), 128.5 (s; SO2C6H5

(meta)), 128.4 (s; SO2C6H5 (para)), 128.3 (s), 128.1 (s), 127.9 (s), 127.6
(s), 126.0 (s), 125.8 (s), 86.1 (d, J=38.0 Hz; PC5H4), 85.9 (d, J=36.0 Hz;
PC5H4), 82.5 (s; C5H5), 75.9 (s; PC5H4), 73.5 (s; PC5H4), 73.4 (s; PC5H4),
72.9 (s; PC5H4), 69.3 (s; PC5H4), 69.1 (s; PC5H4), 45.8 ppm (s; CHCN);
31P{1H} NMR (202 MHz, C6D6): d=49.4 ppm (s); IR (KBr) ñ=2166 (C�
N), 1480, 1433, 1296 (asym, S=O), 1127 (sym, S=O), 1080, 747, 696,
608 cm�1; FABMS: m/z : 900 ([M]+), 720 ([Ru(Cp) ACHTUNGTRENNUNG(dppf)]+), 429, 307.

Preparation and analysis of 4j : Treating 4a with dcype (1.1 equiv) gave
4j (61%). 1H NMR (500 MHz, C6D6): d=1.20–1.98 (brm, 48H;
C12H22PC2H4PC12H22), 3.40–3.60 (brm, 1H; CHCN), 4.57 (s, 5H; C5H5),
7.10–7.13 (m, 2H; SO2C6H5 (meta)), 7.17 (t, J=7.0 Hz, 1H; SO2C6H5

(para)), 8.26 ppm (dd, J=10.5, 1.5 Hz, 2H; SO2C6H5 (ortho));
13C{1H} NMR (125 MHz, C6D6): d=152.5 (s; CHCN), 134.1 (s; SO2C6H5

(ipso)), 129.2 (s; SO2C6H5 (ortho)), 128.5 (s; SO2C6H5 (meta)), 127.6 (s;
SO2C6H5 (para)), 77.2 (s; C5H5), 44.0 (s; CHCN), 40.5 (dd, J=19.2,
15.6 Hz; PCH2CH2P), 37.1 (t, J=19.2 Hz; PCH2CH2P), 30.8 (s; C6H11),
29.7 (s; C6H11), 29.6 (s; C6H11), 28.1–27.9 (m, C6H11), 27.8–27.6 (m,
C6H11), 27.0 (s; C6H11), 26.5 (s; C6H11), 22.1 (s; C6H11), 21.9 (s; C6H11),
21.7 ppm (s; C6H11);

31P{1H} NMR (202 MHz, C6D6): d=88.5 ppm (s); IR
(KBr) ñ=2928, 2851, 2174 (C�N), 1447, 1292 (asym, S=O), 1261, 1128
(asym, S=O), 1080, 1043, 891, 853, 801, 750, 691, 530 cm�1; FABMS: m/z :
769 ([M]+), 589 ([Ru(Cp) ACHTUNGTRENNUNG(dcype)]+).

Isomerization of 3 to 4 : The general procedure for C-to-N isomerization
is exemplified by the conversion of 3a to 4a : A solution of 3a (0.0109 g,
0.0125 mmol) in benzene (10.0 mL) was heated at 60 8C for 3 h under an
argon atmosphere. Evaporation of the solvent under reduced pressure
gave an orange residue. 1H NMR (270 MHz, C6D6) spectroscopic analysis
of the reaction mixture indicated that 3a was quantitatively converted
into 4a. Similar treatment of 4a did not result in reaction, even after
being heated at reflux in benzene for 24 h.

Isomerization of 4 to 3 : The general procedure for N-to-C isomerization
is exemplified by the conversion of 4e to 3e : A solution of 4e (0.00933 g,
0.0125 mmol) in benzene (10.0 mL) was heated at reflux for 24 h under
an argon atmosphere. Evaporation of the solvent under reduced pressure
gave a yellow residue. 1H NMR (270 MHz, C6D6) spectroscopic analysis
of the reaction mixture indicated that 4e was quantitatively converted
into 3e. Similar treatment of 3e did not result in reaction, even after
being heated at reflux in benzene for 24 h. The conversion of 4k in boil-
ing benzene for 12 h gave a 51:49 diastereomeric pair of 3k (99%,
1H NMR spectroscopy with an internal standard), whereas no reaction
took place upon heating a solution of 3k in benzene. The conversion of
4 l in boiling benzene for 24 h gave a 52:48 diastereomeric pair of 3 l
(75%, 1H NMR spectroscopy with an internal standard).
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General procedure for C-to-N interconversions from 3b or 4a with vari-
ous phosphanes : A solution of 3b (0.00933 g, 0.0125 mmol) or 4a
(0.0109 g, 0.0125 mmol), phosphane (monophosphane: 0.0500 mmol, di-
phosphane: 0.0250 mmol), and dibenzyl (0.0150 mmol) in benzene
(10 mL) was heated under reflux for 24 h under an argon atmosphere.
After removal of the solvent under reduced pressure, the residue under-
went 1H NMR (270 MHz, C6D6) spectroscopic analysis. Product yields
were determined based on the internal standard (dibenzyl). Treating 3b
with dppb, dppf, and dcype gave 4g (79%), 4h (75%), and 4j (71%) as
the sole products, respectively, whereas similar treatment with PMe2Ph,
dppm, dppe, and dmpe afforded 3c (94%), 3e (80%), 3 f (81%), and 3 i
(61%), respectively. Treating 4a with PMePh2, PMe2Ph, dppm, dppe, and
dmpe gave 3b (85%), 3c (79%), 3e (51%), 3 f (72%), and 3 i (90%) as
the sole product, respectively, whereas similar treatment with P ACHTUNGTRENNUNG(iPr)3,
dppb, dppf, and dcype afforded 4d (47%), 4g (99%), 4h (99%), and 4j
(99%).

Reaction of 4a with tBuNC : A solution of 4a (0.436 g, 0.500 mmol) and
tBuNC (0.166 g, 2.00 mmol) in benzene (40 mL) was heated at reflux for
24 h under an argon atmosphere. 1H NMR spectroscopic analysis of the
reaction mixture showed that 3k was formed quantitatively. Removal of
the solvent under reduced pressure and reprecipitation with hexane af-
forded 3k (0.268 g, 39%) as a 52:48 diastereomeric mixture (1H NMR
spectroscopy).

Reaction of 6a with tBuNC : A solution of 6a (0.401 g, 0.500 mmol) and
tBuNC (0.166 g, 2.00 mmol) in benzene (40 mL) was heated at reflux for
24 h under an argon atmosphere. 1H NMR spectroscopic analysis of the
reaction mixture showed that [Ru{CH(CN)CO2Et}ACHTUNGTRENNUNG(CNtBu)(Cp) ACHTUNGTRENNUNG(PPh3)]
(5k) was formed in a quantitative yield. After removal of the solvent
under reduced pressure, the residue underwent column chromatography
(neutral alumina; eluent: acetone/hexane 1:4) to afford 5k as a 62:38 dia-
stereomeric mixture (0.223 g, 36%).

Preparation of 5k from 8 : The reaction of 8 (0.547 g, 1.00 mmol) with
Na[CH(CN)CO2Et] (0.270 g, 2.00 mmol) was carried out in boiling etha-
nol (40 mL) for 24 h under an argon atmosphere. The mixture was con-
centrated under reduced pressure and reprecipitated with benzene to
give 5k as a yellow solid (0.527 g, 84%). 1H NMR spectroscopic analysis
of the Cp groups of 5k showed that the d.r. is 70:30. 1H NMR (500 MHz,
C6D6): d =0.99 (t, J=7.0 Hz, 3H; OCH2CH3 (minor)), 1.06 (s, 9H; C4H9

(major)), 1.09 (t, J=7.0 Hz, 3H; OCH2CH3 (major)), 1.13 (s, 9H; C4H9

(minor)), 2.39 (d, J=5.5 Hz, 1H; CHCN (major)), 2.66 (d, J=5.5 Hz,
1H; CHCN (minor)), 3.84–4.16 (m, 2H; OCH2CH3), 4.68 (s, 5H; C5H5-
ACHTUNGTRENNUNG(minor)), 4.77 (s, 5H; C5H5 (major)), 7.05–7.18 (m, 12H; ArH), 7.55–7.62
(m, 6H; PC6H5 (ortho, minor)), 7.65–7.74 ppm (m, 6H; PC6H5 (ortho,
major)); 31P{1H} NMR (202 MHz, C6D6): d =60.7 (s; major), 61.8 ppm (s;
minor); IR (KBr) ñ =2197 (C�N), 2112 (tBuNC), 1690 (CO), 1480, 1433,
1368, 1321, 1229 (CO), 1211, 1150, 1092, 1049, 806, 748, 696, 530 cm�1;
FABMS: m/z : 624 ([M]+).

Preparation of (R*Ru,S*C,R*Ru,S*C)-15 : A solution of 3a (0.174 g,
0.200 mmol) in THF (0.5 mL) was allowed to stand at RT for 48 h. The
resulting red precipitate was collected by filtration, washed with small
portions of benzene, and dried under reduced pressure to give 15 as a
yellow solid (0.0536 g, 22%). 1H NMR spectroscopic analysis (500 MHz)
of the reaction mixture showed that the reaction gave complex 15 as a
single diastereomer. Similar treatment in [D6]benzene afforded a 73:27
mixture of 15 and its minor diastereomer 16. Minor diastereomer 16 was
isolated by reprecipitation with benzene/hexane.

15 : 1H NMR (270 MHz, C6D6): d=2.95 (d, J=5.0 Hz, 2H; CHCN), 4.75
(s, 10H; C5H5), 6.61–6.68 (m, 6H; ArH), 6.94–7.10 (m, 18H; ArH), 7.54–
7.64 ppm (m, 16H; ArH); 31P{1H} NMR (202 MHz, C6D6): d=57.2 ppm
(s); IR (KBr) ñ=2195 (C�N), 1479, 1431, 1300 (asym, S=O), 1143 (sym,
S=O), 1091, 747, 691, 594, 532 cm�1; FABMS: m/z : 1218 ([M]+), 1038
([M�NCCHSO2Ph]

+), 691 ([M�2PPh3]
+), 609

([M�Ru(Cp)(NCCHSO2Ph) ACHTUNGTRENNUNG(PPh3)]
+).

16 : 1H NMR (270 MHz, C6D6): d=4.18 (d, J=4.2 Hz, 1H), 4.22 (d, J=

4.2 Hz, 1H), 4.63 (s, 10H; C5H5), 7.05–7.30 (brm, 24H; ArH), 7.68–
7.80 ppm (brm, 16H; ArH); FABMS: m/z : 1218 ([M]+). The stereo-
chemistry of 16 was tentatively assigned to be the unsymmetrical configu-

ration of (R*Ru,R*C,R*Ru,S*C) or (R*Ru,R*C,S*Ru,R*C) from the low-field
doublet of two nonequivalent a-protons of nitriles.

Ring-cleavage reactions of 15 with various ligands : A solution of 15
(0.0153 g, 0.0125 mmol) and phosphane (monophosphane: 0.0500 mmol,
diphosphane: 0.0250 mmol) in benzene (10 mL) was heated at reflux
overnight. After removal of the solvent under reduced pressure, the resi-
due was analyzed by 1H NMR spectroscopy (270 and 400 MHz, C6D6).
Quantitative formation of 4a and 4h was observed when PPh3 and dppf
were used as ligands, whereas 3c was formed quantitatively upon similar
treatment with PMe2Ph. Complex 3 l was obtained quantitatively
(1H NMR spectroscopy, (R*Ru,S*C)/ ACHTUNGTRENNUNG(R*Ru,R*C)=81:19) when the reaction
was carried out in boiling benzene (10 mL) under CO (100 atm) for 24 h.

X-ray structure determination : Crystals suitable for X-ray diffraction
were mounted on a glass fiber with epoxy adhesive. Intensity data were
collected by using a Rigaku AFC-7R four-circle data collector with MoKa

radiation (l =0.71069 nm). The unit cell parameters were determined by
using a least-squares fit to 2q values for 25 strong higher reflections.
Three standard reflections were chosen and monitored every 150 reflec-
tions. Empirical absorption correction showed no significant decay during
data collection. The structures of 3e, 3k, 3 l, 4a, 4k, 10, and 15 were
solved by direct or heavy-atom Patterson methods, and refined by the
full-matrix least-squares method. In the subsequent refinement, the func-
tion �w(jFoj2�jFc j 2)2, in which Fo and Fc are the observed and calculated
structure factor amplitudes, respectively, was minimized. The positions of
all non-hydrogen atoms were determined from difference Fourier elec-
tron density maps and refined anisotropically. All calculations were per-
formed by using the teXsan and Crystal Structure crystallographic soft-
ware packages and illustrations were drawn by using ORTEP. The details
of the structure determinations are given in Tables 2 and 3.
CCDC 651717 (3e·1=2CH3COCH3), 651719 (3k), 651718 (3 l·C6H6), 651720
(4a), 651721 (4k·C6H6), 651722 (10), and 652164 (15) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational methods : All calculations were carried out by using the
implementation of BeckeVs three-parameter hybrid functional by the
Gaussian 03 program combined with the Lee–Yang–Parr correlation
functional theory (B3LYP).[33, 34] We used the LANL2DZ basis set[35] that
consists of the Dunning and Huzinaga valence double-z basis D95V for
first-row atoms[36] and the Los Alamos effective core potential (ECP),
which includes relativistic effects plus double-z atomic orbitals for ruthe-
nium. Geometry optimizations were achieved by using analytical gradient
techniques without any symmetry assumptions.[37] Stationary points were
characterized by frequency calculations to verify that the transition-state
structure has only one imaginary frequency. The intrinsic reaction coordi-
nate path was traced to check the energy profiles that connect transition
states with the two minima of the proposed mechanism by using a
second-order integration method.[38] Zero-point energies and thermody-
namic functions were computed for 298.15 K and 1 atm. The atomic
charges of the optimized structures were calculated by using the NBO
program bundled with the Gaussian 03 package.[39]
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