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microsolutions result in the evoluton of a single species absorbing
strongly at 400 and 790 nm (Figure 4A). (These data should
be contrasted with those for Zr/toluene/Ar 12-K matrix cocon-
densations, which show a major absorption at 360 nm and which
is believed to be associated with the authentic (7°-C¢HsCH,),Zr%
complex). In situ addition of PEt; to this solution at 140 K causes
a rapid spectral transformation (Figure 4D) with new bands at
350 and 432 nm believed to be characteristic of (n°-
Cs¢HsCH,),Zr(PEt;). The remarkable reactivity of these Zr/
toluene/MCH 140-K solutions can be appreciated from the
spectral alterations induced by in situ addition of CO(383, 612
nm), N,(400, 610 nm) (see for example, Figure 4C,B) and THF
(410, 840 nm). The resemblance of these optical data to that of
the product of depositing Zr vapor with DC510 at 250 K, 375,
470 nm (Figure 4E) is noteworthy. Of interest also is the ob-
servation that the species formed on reacting Zr/toluene/ MCH
140-K solutions with THF will not react further with CO but is
converted by PEt; to the postulated (#5-C¢HsCH,),Zr(PEt,)
complex, as evidenced by the growth of bands at 350 and 432 nm
(vide supra). The Zr/toluene microsolution optical data and ligand
displacement information can be tentatively rationalized in terms
of a 16-¢lectron bis(toluene)zirconium(0) complex, in which the
vacant coordination site may be occupied by a weakly bonding,
possibly n2-toluene, ligand. Work is also continuing on this
fascinating system.

The aforementioned examples rather convincingly demonstrate
the feasibility of spectroscopically probing the progress of metal
vapor—solution reactions and subsequent in situ ligand additions
by using optical spectroscopy. An extension to other forms of
spectroscopy is straightforward. Clearly the method holds great
potential for studying the spectroscopy and chemistry of or-
ganometallic reactive intermediates in solution and for optimizing
the yields and elucidating the thermal stabilities of specific
products in macroscale metal vapor-solution syntheses.
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The potential utility of polynuclear transition-metal clusters
in homogeneous catalysis has spurred efforts to investigate the
chemistry of unsaturated molecules bound in multisite fashion
to several metal atoms.! In the specific context of CO hydro-
genation it has been suggested that u,-n? or uy-n? bonding of CO
may be important in CO activation, particularly to C-O bond
cleavage, generating carbidic carbon atoms.2 Although there is
recent evidence that cluster-bound carbides show unique re-
activity,* knowledge of the chemical behavior of cluster carbides,

(1) Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer,
W. R. Chem. Rev. 1979, 79, 91-137.

(2) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479-490.

(3) Bradley, J. S,; Ansell, G. B,; Hill, W. E. J. Am. Chem. Soc. 1979, 101,
7417-7419.

(4) Tachikawa, M.; Muetterties, E. L. J. Am. Chem. Soc. 1980, 102,
4541-4542,
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Figure 1. Polyhedral stereochemistry of Rus(CO),,(C=CPh)(PPh,).
Skeletal Ru—Ru bond lengths are shown (inset). Other important bond
lengths and angles not mentioned in the text are Ru(4)-P 2.294 (2),
Ru(5)-P 2.278 (2) A; ZRu(4)-C(14)-Ru(5) 79.7 (0), LRu(1)-C(14)-
Ru(2) 79.1 (0), £C(14)-C(15)-Ph 141.4 (4)°.

or their relatives the cluster-bound acetylides, is generally lacking.

In exploring the patterns of reactivity for sideways-bound
acetylides, we have synthesised and characterized a unique
square-pyramidal ruthenium carbonyl cluster in which the ace-
tylide is bonded in a hithertofore unknown ps—n? fashion. No
pentanuclear carbonyl clusters of ruthenium have yet been
structurally characterized, and, indeed, this stereochemistry is
relatively rare for other metals.>® Within the iron subgroup only
Fes(CO)ISC,7 FesN(CO)MH,s and OSs(Co)ls(POMC),9 all with
square-pyramidal metal skeletons, have been structurally char-
acterized.!'® The molecule Rus(CO);; (C=CPh)(PPh,) is a
member of the interesting acetylide series Ru,(CO)¢(us-1%-
CzR)(Pth), RU3(C0)9([I.3'172'C2R)(Pth), RU3(C0)6(#2'CO)2'
(#3-n*-C;R)(PPh,) (R = Ph, i-Pr, t-Bu), and Rus(CO)3(us
1%-C,R)(PPhy)(R=Ph)."!

The pentanuclear cluster is generated thermally. Heating the
monosubstituted ruthenium cluster Ru;(CO),;(PPh,C=CPh) in
heptane at 70 °C for 8 h results in fragmentation of the starting
material to give predominantly the dinuclear carbonyl acetylide
Ru,(CO)¢(C=CPh)(PPh,),!! a hexanuclear product, as yet un-
characterized, and Rus(CO),;(C=CPh)(PPh,) which precipitates
from the reaction mixture in 30% yield on concentration in vacuo.!
Infrared studies!® confirmed the presence of only terminal carbonyl
groups and a *'P NMR spectrum suggested a single phosphido

(5) Chini, P.; Longoni, G.; Albano, V. G. Adv. Organomet. Chem. 1976,
14, 285-344.

(6) Gladfelter, W. L.; Geoffroy, G. L. Adv. Organomet. Chem. 1980, 18,
207-272.

(7) Braye, E. H.; Dahl, L. F.; Hubel, W.; Wampler, D. L. J. Am. Chem.
Soc. 1962, 84, 4633-4639.

(8) Tachikawa, M.; Stein, J.; Muetterties, E. L.; Teller, R. G.; Beno, M.
A.; Gebert, E.; Williams, J. M. J. Am. Chem. Soc. 1980, 102, 6648-6650.

(9) Fernandes, J. M.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. Acta
Crystallogr., Sect. B 1979, B35, 1711-1714.

(10) The ruthenium and osmium analogues of Fes(CO),sC are known and
may have similar structures; see: Eady, C. R.; Johnson, B. F. G.; Lewis, J;
J. Chem. Soc., Dalton Trans. 1975, 2606-2611. A number of derivatives of
Fes(CO),sC have also been synthesized; see: Cooke, C. G.; Mays, M. J. J.
Organomet. Chem. 1975, 88, 231-236.

(11) Carty, A. J. Adv. Chem. Ser., in press. Carty, A. J.; MacLaughlin,
S. A,; Taylor, N. J. J. Organomet. Chem. 1981, 204, C27-C32.

(12) The pentanuclear cluster was separated from traces of Ru,;(CO);; by
dissolution in benzene, followed by chromatography through a short (12 cm)
Florisil column. Blue-black crystals were obtained from heptane-benzene
solutions (yield 30%), mp 214-216 °C. Anal. Calcd: C, 34.29; H, 1.31; P,
2.68. Found: C, 34.62; H, 1.35; P. 2.68.

(13) IR »(CO) (C4H;;) 2076 m, 2043 vs, 2024 s, 2014 m, 2000 w cm™;
3P NMR (C¢Dg) 6 (with respect to 85% H,PO,) +253.
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bridge between two strongly bonded ruthenium atoms.!b!?

The structure was determined by a single-crystal X-ray dif-
fraction study.” An ORTEP 11 plot is illustrated in Figure 1, which
also provides bond length data (inset) for the metal framework.
The five ruthenium atoms form a square-based pyramid with
Ru(1), Ru(2), Ru(4), and Ru(5) defining the base and Ru(3),
the apex. Apical Ru(3) lies 2.086 A above the best plane!’ defined
by the four basal metal atoms and is slightly displaced away from
the basal edge [Ru(4)-Ru(5)] bridged by the phosphido group.
The base of the pyramid is slightly but significantly distorted
toward a rectangle with the shorter Ru-Ru bond [Ru(4)-Ru(5)
=2.696 (1) A] bridged by a phosphido group occupying equatorial
sites. The remaining seven Ru-Ru distances (average, 2.855 A)
are normal, as compared to bond lengths in other ruthenium
clusters,'6 with no single bond length deviating by more than 0.04
A from the mean. The lack of structural data for any other
square-pyramidal Ru, cluster precludes a more detailed analysis.
The acetylide which bridges the Ru(4)-Ru(5) edge in symmetrical
fashion is simultaneously » bonded to the remaining two basal
atoms Ru(1) and Ru(2). The Ru(4)-C(14) {2.114 (8) A] and
Ru(5)-C(14) [2.095 (8) A] distances are significantly shorter than
the corresponding Ru-C (acetylide) distances [Ru(2)-C(19)
2.22(1) and Ru(3)-C(19) 2.185(9) A] in Rus(CO)¢ (uprC=
Bu-1),(PPh,),(Ph,PC,Bu-#)'7 where, however, the symmetrically
bridging acetylide is not involved in 5 bonding with other metal
atoms. Comparison of ruthenium—carbon (acetylide) bond lengths
in Rus(CO),3(use-C,Ph)(PPh,) [Ru(1)-C(14) 2.190 (8), Ru-
(1)-C(15) 2.216 (8), Ru(2)-C(14) 2.234(8), Ru(2)-C(15)
2.163(9) A] with corresponding values in Ru;(CO)q(u;-C,Pr-
i)(PPh,) [average Ru-C (acetylide) 2.321 A] and Ru,(CO)¢
(u2-C,Bu-1)(PPhy)!! [average Ru—C (acetylide) 2.350 A] indicates
a significant increase in the strength of metal-acetylide bonding
as the number of interacting metal atoms increases. As a result
of the strong 7 interactions with Ru(1) and Ru(2), the carbon-
carbon triple bond is lengthened to 1.342 (11) A. This distance
which is characteristic of uncoordinated alkene double bonds is
the greatest we have yet observed for a-p-acetylide complexes of
group 8 metals.

Remarkably, the stereochemistry of the acetylenic carbon atom
C(14) is planar® in contrast to the marked cis or trans bending
at both carbon atoms which usually accompanies u,- or uj-alkyne
or acetylide bonding. Figure 1 also illustrates that C(14) occupies
a capping site on the Ru(1)-Ru(2)-Ru(4)-Ru(5) face, with the
five ruthenium atoms and C(14) defining a distorted octahedron.
This stereochemistry is reminiscent of the cluster carbide Fes-
(CO);sC,’ although in the present case the capping atom remains
part of an acetylide. Athough a stereochemical similarity between
Fes(CO),3C and Rus(CO),3(C=CPh)(PPh,) is evident, further
speculation on a possible conversion of the latter to a cluster
carbide and on the chemical behavior of the multisite-bound
acetylide must await the results of experiments currently in
progress.

Finally, in view of current interest in 3P (PPh,) chemical shift
correlations with M—M bond lengths, we note that the very low
field 3'P chemical shift of the PPh, group in Rus(CO);(C=
CPh)(PPh,) is consistent with the presence of a very strong Ru-Ru
bond [Ru(4)-Ru(5) = 2.696 (1) K] and short Ru-P bond lengths

(14) Dark blue crystals of Rus(CO);;(C,Ph){(PPh,) are monoclinic, space
group P2,/n with a = 9.966 (2), b = 16.877 (2), ¢ = 21.707 (4) A; 8 = 100.51
(2)°% Z = 4; py, = 2.14, p, = 2.139 g em™; ppeka = 21.15 em™; F(000) =
2208. The structure was solved and refined by using 3335 observed [/ =
3¢(I)], independent reflections measured on a Syntex P2, automatic dif-
fractometer using Mo Ko radiation out to 24 < 45°. With all nonhydrogen
atoms having anisotropic thermal parameters and hydrogen atoms isotropic
coefficients, the structure was refined by full-matrix least-squares methods
to R and R, values of 0.033 and 0.039, respectively.

(15) The atoms Ru(1), Ru(2), Ru(4), and Ru(5) deviated by less than
+0.02 A from the mean plane through these atoms.

(16) Churchill, M. R; Hollander, F. J.; Hutchinson, J. P. Inorg. Chem.
1977, 16, 2655-2659 and references therein.

(17) Carty, A. J.; Taylor, N. J.; Smith, W. F. J. Chem. Soc., Chem.
Commun, 1979, 750-751.

(18) The atom C(14) deviates by only 0.060 A from a least-squares plane
containing Ru(4), Ru(5), and C(15).
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(average 2.286 A) rather than an unusually small Ru(4)-P-Ru(5)
angle. 1’
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We wish to report a large, inverse solvent deuterium isotope
effect on the initial rates of base-induced p-nitrostyrene formation
from [8-(p-nitrophenyl)ethyl]ammonium ions in aqueous aceto-
hydroxamate buffers (eq 1). For compounds 1a and 1b, the

B ] +
OZN@CHZ—CHZ—NR3 + BT —= BH + $NRz +
OgN—@—CH=CH2 1)

la, :NR, =trimethylamine (pK,; = 9.85)

b, :NR, =quinuclidine (pK, =11.45)

¢, :NR, =4-methyl-1 4-diazabicyclo[2.2.2]octanium
(pK, =3.01)*

magnitude of the inverse effect can be increased by increasing
the buffer concentration (at constant buffer ratio). This variation
is quantitatively accounted for by application of the steady-state
approximation to the ElcB mechanism (eq 2) and serves as a
ky]1B7]
k- [BHI

k
>C—H >C- — products 2

sensitive test for that mechanism whenever the proton-transfer
step is not entirely rate controlling.

In the figure are shown plots of experimental first-order rate
constants for reaction of compound 1b in H,O and D,0, both
against acetohydroxamate concentration. Three features are of
interest: (1) The plots are curved. For the reaction in H,O, buffer
saturation is observed indicating a complete change of rate control
from step 1 (proton transfer) to step 2 (leaving group departure).
The buffer curvature for both solvents is quantitatively described
by the steady-state analysis of the E1cB mechanism (see below)
from which the lines through the experimental points were cal-
culated. Similar, but less marked, curvature has been observed
previously with increasing concentrations of substituted-quinu-
clidine buffers in H,0.2 (2) The observed rate constants are larger
in D,O than in H,O. (3) The inverse solvent isotope effect
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