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Summary: The binuclear allenyl complexes My CO)e(ps-
PPho)(u-n':17%,,-C(Ph)=C=CHy) (1a, M = Ru; 2a, M =
Os), obtained from the u-nl:nf-acetylides My(CO)g(u-
PPho)(u-n':p2-C=CPh) via reaction with diazomethane,
have unprecedented structures in which C, is o-bonded
to one metal site while the Cs—C, double bond is
coordinated to the second metal. Previously only u-n:
Pop and pu-nqpn’s s, bonding modes were known for
the allenyl ligand on dinuclear centers. Reaction of 1a
with PhoPCH,PPh; affords Rug(CO){u-DPPM)[u-n?,n3-
P(Phy)C(O)C(Ph)CCHy3] (6), containing a novel allenyl-
carbonyl—phosphido ligand.

The allenyl fragment —C(H)=C=CH}; is a cumulated
Cs hydrocarbyl ligand, for which an extensive organo-
metallic chemistry is beginning to develop.! In addition
to ! and »® coordination in monometallic compounds,?
four bonding modes have been established in poly-
nuclear systems where the allenyl group occupies a
bridging position. For binuclear complexes u-72:73 and
u-nt:n? bonding is well established,® with the m-bound
metal in the latter case attached to the C,—Cgs double
bond. For tri- and tetranuclear clusters the more
common uz-nt:p2n?4 and less frequent ug-ntin?in2n?5
bridging modes are known. We now report a previously
unknown coordination mode for an allenyl group in
binuclear systems in which the near-linearity of the
cumulated, metalated allene is retained and demon-
strate the existence of both u-nl:n%.s (A) and u-ntin?,
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(B) bonding® in complexes of the type Ma(CO)s(u-PPhy)-
[u-71y2-C(Ph)=C=CRz] (M = Ru (1), Os (2)).
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The series of complexes 1 (M = Ru, R = H (1a) Me
(1b) Ph (1¢)) is accessible via carbon—carbon coupling
reactions between diazoalkanes and acetylides Rus-
(CO)(u-PPhe)u-n':n2-C=CPh).” The complex lc has
structure A, in which the allenyl ligand is u-7':7%-
bound. Other heterobinuclear allenyl complexes have
also been shown to have similar u-1':%%5 coordination.3#
An isomeric, as yet undocumented structure for com-
plexes of formula 1 and related homo- or heterometallic
allenyls is B, in which the outer C3—C, double bond of
the allenyl group is coordinated.

cPh
Ph 2
——C—CH. Ph — 2
(OC)sM—————M(CO)3 <00>3R/%—/—Ru<con
\PP{ PPh,
1a,M=Ru 1c
2a,M=0s

Chemically 1a is extremely reactive toward nucleo-
philes, forming saturated and unsaturated metallocycles
via exclusive nucleophilic attack at Cg.% Other allenyls,
including some 7-bound ligands, also show a propensity
for attack at C4.° In contrast, some heterobimetallic
u-ntn%. s allenyls appear to be unreactive toward nu-
cleophiles at the hydrocarbyl sites.!® The distinctive
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reactivity of la together with some unusual NMR
features prompted us to synthesize the corresponding
diosmium complex 2a and undertake a detailed study
of structure—reactivity relationships for 1a, its diphenyl
derivative le, and 2a. In this communication we
describe the unprecedented structures of 1a and 2a, an
EHMO analysis modeling their chemical reactivity
patterns, and further studies indicating novel reaction
chemistry.

The preparative route to la and 2a involves treat-
ment of Rux(CO)g(u-PPhs)(u-7':72-C=CPh) and Oss(CO)-
(u-PPhg)(u-nl:n?%-C=CPh)” with NoCH; at 295 K, giving
high yields of 1a and 2a, respectively (Scheme 1). The
13C{1H} NMR spectrum of 1a!l revealed, in contrast to
that of 1le, a static structure on the NMR time scale
indicative of an unusual bonding arrangement of the
hydrocarbyl ligand. The chemical shifts in binuclear
allenyl complexes32812 generally move to higher field
in the order 3(Cs) > 4(Cy) > &(C,). For 1lal! (R = H)
and 2a,'3 however, a different trend was observed with
&(Cy) (1a, 141.1; 2a, 142.1 ppm) > 6(Cp) (1a, 99.2; 2a
88.3 ppm) > 3(C,) (1a, 1.0; 2a, —3.3 ppm).}* Indeed,
the chemical shifts and the XJcu values of C, (1a, Jcy
= 169 Hz; 2a, 1Jcg = 170 Hz) lie in the range observed
for the correponding carbon atom in the dimetallacy-
clopentene (3) and dimetallocyclopentane (4) deriv-
atives.%2 Single-crystal X-ray analyses of 1a!% and 2al®
were carried out to fully elucidate the structural char-
acteristics of the bridging hydrocarbyl ligand.

The molecular structure of 1a (Figure 1) shows that
addition of the HoC' moiety has occurred at C, of the
acetylide precursor, affording an allenyl moiety bound

(11) Selected data for 1a: IR (Ce¢Hyz) W(CO) 2075 s, 2044 s, 2011 s,
1995 m, 1904 w cm™!; 3'P{'H} NMR (CDCl;) 6 138.3 ppm; 13C{*H}
NMR (CDyClp) 6 199.8 (d, 2Jp¢ = 12.1 Hz, CO), 198.2 (s, CO), 198.1 (d,
2Jpc & 9 Hz, CO), 196.9 (d, 2Jp¢ = 31.7 Hz, CO), 196.6 (d, 2Jpc = 12.1
Hz, CO), 195.5 (d, ZJpc = 28.7 Hz, CO), 141.1 (s, Cy), 140.2 (d, YJpc =
29.0 Hz, C,ps,), 139.2 (d, 2Jpc = 5.5 Hz, Cips0), 138.6—127.1 (mult, Cpheny)),
99.2 (s, Cp), 1.0 (s, C,) ppm; *H NMR (CDyCly) 6 7.68-7.00 (mult, 15i-I,
Hiheny), 2.11 (d, 2Jun = 6.3 Hz, 1H, =CHHy), 1.46 (dd, 2Juu = 6.3 Hz,
3Jpu = 2.6 Hz, 1H, =CH,H,) ppm. Anal. Caled for Cy7H;70sPRuyCHo-
Cly: C, 44.52; H, 2.53. Found: C, 44.77; H, 2.47.

(12) Cherkas, A. A.; Breckenridge, S. M.; Carty, A. J. Polyhedron
1992, 11, 1075.

(13) Selected data for 2a: IR (CH;Clp) »(CQ) 2077 s, 2044 5, 2004 s,
1988 m, 1964 w cm~1; 31P{'H} NMR (CDCls) 6 73.4 ppm; 12C{'H} NMR
(CDoClp) 6 179.7 (d, 2Jpc = 38.8 Hz, CO), 179.0 (d, %Jpc = 28.7 Hz,
CQ0), 177.2 (4, %Jpc = 7.5 Hz, CO), 176.1 (d, 2Jpc = 5.0 Hz, CO), 175.8
(d, 2Jpc = 7.5 Hz, CO), 174.9 (4, 2Jpc = 5.0 Hz, CO), 143.8 (d, 2Jpc =
7.0 Hz, Cypso), 142.1 (s, Cy), 138.1 (d, 'Jpc = 38.8 Hz, Cy,,), 135.4—
127.3 (mult, Cyneny), 88.3 (s, Cg), —3.3 (s, C,) ppm; 'H NMR (CD:Cly)
617.7-6.8 (muft, 15H, Hppeny)), 2.54 (d, 2Juu = 6.2 Hz, 1H, =CH H,),
1.71 (dd, ZJHH =6.2 HZ, 3Jp}{ =25 Hz, lH, =CHB.H1,) ppm. Anal. Caled
for Co7H1,06P0se"CH,Cly: C, 36.02; H, 2.05. Found: C, 36.23; H, 2.07.

(14) Although we favor this assignment on the basis of a comparison
with the metallacycles 3 and 4 and 2-D 8C~1H spectra, the alternative
assignment 6(C,) (1a, 99.2 ppm; 2a, 88.3 ppm), 6(Cp) (1a, 141.1 ppm;
2a, 142.1 ppm), 6(C,) (1a, 1.0 ppm; 2a, —3.3 ppm) with C; at lowest
field is also possible. INADEQUATE 13C NMR experiments failed to
distinguish between these possibilities.

(15) Crystal data for la: pale yellow 14-faced polyhedra from the
slow evaporation of a CH3;Cly/C¢Hy4 solution at 295 K, Cg7H1706-
PRuyCH,Cly, M, = 755.4, tetragonal, space group P432:2, a = 12.300-
(2) A, ¢c=37.67TUN A, Z =8,V =56992) A%, deac = 1.761 g cm™3,
uMo Ko) = 13.44 cm~1, F(000) = 2976. The structure was solved
(Patterson/Fourier methods) and refined (full-matrix least squares) on
the basis of 4305 observed (F > 6.00(F)) reflections measured at 175
K using Mo Ko (A = 0.710 73 A) radiation via the w scan technique
(20max = 60.0°) on an LT-2-equipped Siemens R3m/V diffractometer.
The final R and R, values were 2.07 and 2.22%, respectively. The
absolute structure was established using the unmerged (7393 observed)
data and refining both possible enantiomorphs. This yielded final R
and R,, values of 2.26 and 2.39% in the space group P432,2 and 2.56
and 2.72% in the space group P4,2,2, thus confirming the correct
assignment.
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to two ruthenium atoms (Ru(1)-Ru(2) = 2.860(1) A) also
bridged symmetrically by a phosphido group (Ru(1)—
P(1) = 2.331(1) A; Ru(2-P(Q1) = 2.348(1) A). Of
particular interest is the the allenyl ligand, which is
o-bonded via C(7) to Ru(1) (2.132(3) A) and -bonded to
Ru(2) through C(8) and C(9) (Ru(2)—C(8) = 2.370(3) A;
Ru(2)~C(9) = 2.335(3) A). The bond lengths C(7)-C(8)
(1.296(4) A) and C(8)—C(9) (1.355(5) A) are significantly
different and reflect this bonding arrangement. This
is the first instance in which an allenyl fragment has
been found to have the Cs—C, double bond uniquely
coordinated in a s fashion to a second metal atom.
Wojcicki and co-workers have reported the synthesis of
the heterobimetallic ketoallenyl complex [RuFe(CO)4Cp-
(u-n2:m3-C(O)C(Ph)C=CHy)] (5).1%17 The presence of an
inserted carbonyl reduces the strain otherwise present
in the allenyl ligand (C—C—C =~ 145°), allowing coor-
dination of the internal C=C (C,—Cp) bond to the iron
center and the external Cs—C, bond to the ruthenium
atom. In the related complex Rug(CO)g(u-PPho)lu-
C(Ph)=C=CPh.] (1¢)* the allenyl ligand is o-bonded via
Cy but m-bonded through C, and Cs (Ru(1)-C(7) =
2.102(7) A; Ru(2)-C(7) = 2.374(6) A; Ru(2)-C(8) =
2.173(7) A; C(1)—C(8) = 1.382(11) A; C(8)—C(9) = 1.350-
(12) A). In 1a the hydrocarbyl ligand is less sterically
demanding than in le, and this may account for the
adoption of an unprecedented u-n':n%,, arrangement.
The angle C(7)—C(8)—C(9) (172.3(3)°) in 1a reflects the
near-linearity of the ligand, and indeed, the resemblance
to a metalated allene is much greater than in 1e (C(7)—
C(8)-C(9) = 144.0(4)°). Crystals of 1a and 2a are
isomorphous and isostructural (Figure 1), with the
Os~—C and C—C distances in 2a essentially unchanged
from those in 1a (Os(1)-C(7) = 2.15(1) A; 0s(2)—C(8)
= 2.35(1) &; 0s(2)-C(9) = 2.34(1) A; C(1)-C(8) = 1.27-
2) A; C(8)~C(9) = 1.35(2) A). We have performed
EHMO!® studies on the model complex Ruy(CO)g(u-
PH,)(u-n:n?s,-HCCCHy) to evaluate the contributions
of the allenyl carbon atoms to the LUMO and SLUMO,
since the selectivity toward nucleophilic attack might
presumably be defined by the nature of these orbitals.

(16) Crystal data for 2a: pale yellow 14-faced polyhedra from the
slow evaporation of a CH2Cl; solution at 295 K, CgH;70POsoCHo-
Clg, M, = 933.7, tetragonal, space group P4,2:12,a = 12.285(1) A, ¢ =
37.528(T) A, Z = 8, V = 5664(2) A%, deale = 2.190 g em™3, u(Mo Ka) =
92.5 em™1, F(000) = 3488. The structure was solved and refined as for
1a on the basis of 4237 observed (F > 6.00(F)) reflections measured at
175 K. The final R and Ry, values were 4.18 and 4.43%, respectively.
The absolute structure was established using the unmerged (7466
observed) data and refining both possible enantiomorphs. This yielded
final R and R, values of 5.98 and 6.93% in the space group P432;:2
and 4.79 and 5.16% in the space group P4,2:2, thus confirming the
correct assignment.
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Figure 1. Molecular structure of Rux(CO)s(u-PPhs)(u-n':n?s,-C(Ph)=C=CHy;) (1a) illustrating the coordination mode of
the allenyl ligand to the second metal site. For clarity, only the ipso carbon atoms of the phosphido bridge are shown. A

view of the osmium analogue 2a is shown in the insert.
Scheme 1

M2(CO)g(p-PPhy)(u-n' n?-C=CPh)

R,CN,
Ph CPh;y
No—E——CH, N/
\ TN\
(00)3;.4———7M(00)3 (OC)sRuT/Ru(CO)S

\PPh2 PPh,

1a,M =Ru lc

2a, M = Os

Despite extensive orbital mixing owing to the low
symmetry of the molecule, the LUMO and SLUMO
clearly have major contributions from the S-carbon,
while C, and C, make virtually no contribution. Thus,
the observed regiospecificity of nucleophilic attack at Cg
would appear to be under both charge and orbital
control. As the allenyl group slips parallel to the M(1)—
M(2) bond toward M(2) such that the M(2)—~M(1)—C(7)
angle increases, the contribution from Cs to the LUMO
increases, suggesting that the transition state may be
close to the slipped geometry. Our EHMO studies also
indicate that there is an essentially flat energy surface
(Alenergy) =~ 1 eV) on going from the bonding arrange-
ment observed for 1a to that observed for 1¢, with the
former bonding mode slightly favored. The slightly less
stable geometry results principally from a distortion of
the Ruy(CO)s(PHy) fragment on going from la to le.
Indeed, if the geometry of the RugP core is held constant
and the bonding mode of the allenyl ligand shifts from
u-ntn2s,, to u-nt:n2y,s the two structural isomers are
essentially isoenergetic.

Although the chemistry of 1la with monodentate
nucleophiles is dominated by nucleophilic attack at Cg,
we have recently discovered that reactions with biden-
tate phosphines lead to a new reaction pathway. Reac-

tion (toluene, 60 °C) of 1a (0.230g, 0.343 mmol) and
DPPM (0.196 g, 0.510 mmol) results in the rapid, and
high-yield (>60%) formation of Rus(CO)4(u-DPPM)[u-
7%:n3-P(Ph2)C(O)C(Ph)CCH;] (8). Spectroscopic inves-
tigations!? suggested substantial rearrangement of both
the supporting phosphido bridge and the C3 hydrocarbyl
fragment. The 3!P{1H} NMR spectrum revealed three
coupled resonances (6 58.7 (dd, 2Jpp = 240 Hz, 3 or 4Jpp
= 5 Hz, Py), 44.1 (dd, 2Jpp = 72 Hz, 4Jpp = 5 Hz, Py),
30.6 (dd, 2Jpp = 240 Hz, 3 °r 4Jpp = 72 Hz, P;) ppm) all
at high field with respect to the shift of the phosphido
bridge in 1a. In the 13C{'H} NMR the diagnostic high-
field shift assignable to C, of the hydrocarbyl ligand in
la (6 1.0 ppm) was no longer observed. A single-crystal
X-ray study provided full structural details?® (Figure 2).
The DPPM ligand has displaced two carbonyl ligands
and adopts its familiar role of bridging two metal
centers. The most remarkable feature of the structure,
however, is the transformation of the allenyl ligand into
a (formally) ketone-functionalized allene which is coupled
to the phosphorus atom of the phosphido bridge, con-
verting the latter into a phosphine. This coupling
sequence results from a dual insertion of a carbonyl
ligand into the Ru—C, bond of the C3 hydrocarbyl and
into one arm of the phosphido bridge (Scheme 2). The
synthesized ketoallenyl phosphine is a six-electron
donor to the dimetal center. The near-linear arrange-
ment of P(1)~Ru(1)—P(2) (177.0(1)°) accounts for the
large (240 Hz) coupling observed in the 3!P{1H} NMR
spectrum. The C—C distances in the original C; ligand
are significantly elongated in 6 (C(6)—C(7) = 1.494(19)

(19) Selected data for 6: IR (CH;Clp) v(CO) 2006 sh, 1991 vs, 1979
sh, 1949 s cm™1; 31P{*H} NMR (CDCls) & 58.7 (dd, 2Jpp = 240 Hz, Jpp
= 5 Hz, Py), 44.1 (dd. 2Jpp = 72 Hz, 3 °r 4Jpp = 5 Hz, P3), 30.6 (dd, 2Jpp
= 240 Hz, 8 o 4Jpp = 72 Hz, P;) ppm; 3C{*H} NMR (CDCly) 6 205.6
(d, 2Jpc = 10.1 Hz, CO), 204.9 (t, 2Jpc = ZJpc = 10.6 Hz, CO), 197.0 (br
q, Jec ~ 10.6 Hz, C=0), 178.6 (mult, Cp), 141.7—126.2 (mult, CphenyD),
97.9 (dd, 2Jpc = 76.5 Hz, 2Jpc = 17.7 Hz, Cy), 71.7 (d, %Jpc = 19.9 Hz,
C,), 50.8 (t, 2Jpc ~ 2Jpc = 21.9 Hz, —CHz—) ppm.

(20) Crystal data for 6: yellow polyhedra from a concentrated CHg-
Cl; solution at 263 K, C51H3905P3Ruz2CH:Clg, M; = 1196.7, monoclinic,
space group P2i/n, a = 15.190(5) A, b = 23.550(6) A, ¢ = 15.281(4) A,
B =108.02°, Z = 4, V = 5198(2) A%, deee = 1.529 g cm~3, u(Mo Ka) =
9.25 cm™1, F(000) = 2408. The structure was solved and refined as for
1a on the basis of 5492 observed (F > 6.00(F)) reflections measured at
295 K. The final R and R, values were 4.01 and 4.04%, respectively.
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Figure 2. Perspective view of the molecular structure of
Rux(CO)y(u-DPPM)[u-ni:nt:n3-P(Phs)C(O)YC(Ph)CCH,] (6) il-
lustrating the interaction of the ketoallenyl phosphine
ligand to the two metal centers. For clarity, only the ipso
carbon atoms of the phenyl rings on the phosphorus atoms
are shown.

A; C(7)-C(8) = 1.421(15) A) with a small angle at C(7)
(C(6)—C(7)—C(8) = 111(1)°). The Ru—C distances (Ru-
(1)-C(7) = 2.148(11) A; Ru(2)—C(6) = 2.286(13) A; Ru-
(2)-C(7) = 2.120(11) A; Ru(2)-C(8) = 2.311(11) &)
indicate two short and two longer contacts. There is
no precedent for coupling of allenyl, carbonyl, and
phosphido groups to generate ketoallenyl phosphine
ligands. However heterobimetallic allenylcarbonyls
have recently been described,'®!” and the coupling
sequence described here for allenyl complexes bears a
resemblance to the chemistry observed for a heterobi-
nuclear phosphido—alkyne complex.2!

These results define a new coordination mode for the
allenyl ligand and demonstrate the capability of the
—~C(R)=C=CR'R” fragment to use either one or both
sets of orthogonal 7 orbitals for bonding in binuclear
systems. This versatility and evidence that the allenyl

(21) Regragui, R.; Dixneuf, P. H.; Taylor, N. J,; Carty, A. J.
Organometallics 1984, 3, 814,
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groups can participate in new ligand coupling/insertion
reactions point to a diverse chemistry for the cumulated
ligand.
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