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Reaction of 7b with CO. A slow stream of carbon monoxide
was bubbled for ca. 1 min through a solution of 7b (71 mg, 0.14
mmol) in 0.5 mL of CgDg. The solution turned yellow, and the
carbonyl complex 13 as well as the unsaturated alkyne HC=C-
C(CHy)==CHj could be detected by IR and 'H NMR spectroscopy.

Preparation of trans-[RhCl(=CCH=CMe,)(P'Pr;),]BF,
(14). A solution of 7b (97 mg, 0.19 mmol) in 10 mL of diethyl
ether was treated at room temperature dropwise with 1 mL of
a 0.2 M solution of HBF, in OEt,. A violet solid precipitated,
which was filtered off, repeatedly washed with ether, and dried
in vacuo: yield 107 mg (95%); dec at 76 °C. Anal. Caled for
CyHtBCIF,P,Rh: C, 45.01; H, 8.21. Found: C, 44.73; H, 8.40.
'H NMR (CD,Cl,, 90 MHz, —60 °C): & 3.93 (s, “CH==), 2.78 (m,
PCHCHjy), 2.45 and 2.08 (both s, =C(CHj),), 1.36 (dvt, N = 14.6,
JHH) = 7.3 Hz, PCHCH,).

Reaction of 14 with NaH. A suspension of 14 (71 mg, 0.12
mmol) in 10 mL of ether was treated at room temperature with
NaH (20 mg, 0.85 mmol). After being stirred for 10 min, a
blue-green solution was obtained, which was filtered and con-
centrated in vacuo. The residue was washed with pentane (-30
°C) and shown by !H NMR spectroscopy to be 7b, yield 50 mg
(82%).

X-ray Structural Analysis of 7b. Single crystals were grown
from pentane at 25 °C. Crystal data collection parameters are
summarized in Table ITI. Intensity data were corrected for
Lorentz and polarization effects. An empirical absorption cor-
rection was applied; the minimal transmission was 96.05%. The
structure was solved by direct methods (SHELXS-86). There
are two crystallographically independent molecules in the unit
cell. Atomic coordinates (see Table IV) and anisotropic thermal
parameters of the non-hydrogen atoms were refined by full-matrix
least squares. The positions of all hydrogen atoms were calculated

according to ideal geometry (distance C-H = 0.95 A) and were
refined by the riding method. For other details, see Table III.

X-ray Structural Analysis of 11b. Single crystals were grown
from benzene/pentane with excess pyridine in 8 h at 25 °C.
Crystal data collection parameters are summarized in Table III.
Intensity data were corrected for Lorentz and polarization effects.
An empirical absorption correction was applied; the minimal
transmission was 95.9%. The structure was solved by direct
methods (SHELXS-86). Atomic coordinates (see Table V) and
anisotropic thermal parameters of the non-hydrogen atoms were
refined by full-matrix least squares. The positions of all hydrogen
atoms except the metal-bound hydride were calculated according
to ideal geometry (distance C-H = 0.95 A) and were used for
structure-factor calculations in the last full-matrix least-squares
refinement. For other details, see Table III.
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Reaction of the clusters [M{u;-CO)(u-dppm)s]** (dppm = Ph,PCH,PPh,; 1a, M = Pt; 1b, M = Pd) with
cyanide gave the adducts [M3(CN)(u;3-CO)(u-dppm);]* (2a, M = Pt; 2b, M = Pd) in which the carbonyl
is asymmetrically bridging and the cyanide is terminal. Solvated crystals of complex 2a[PF¢] have been
characterized by X-ray diffraction [crystal data for 2a[PF;}-Me,CO-H,0: P1,qa =11.3731 (6) &, b = 15.4180
(15), ¢ = 24.0242 (29) A, o = 79.839 (9)°, 8 = 82.117 (7)°, vy = 81.422 (6)°, V= 40735 () A%, Z=2,R =
0.047, R, = 0.066]. Complexes 2 are fluxional in solution, with cyanide migrating rapidly around the M,
triangle even at —90 °C. Thus, they provide good models for the structure and mobility of terminal cyanide
on a metal surface. However, the binding mode of cyanide to the metal triangle appears to be different

from that of CN on a Pd(111) or Pt(111) surface.

The binding of cyanide to metal surfaces has been of
much recent interest, but the precise mode of attachment
has been difficult to determine.! Because many ligands
bind in similar ways to clusters and surfaces, a study of

(1) (a) Kordesch, M. E.; Stenzel, W.; Conrad, H. Surf. Sci. 1987, 186,
601. (b) Hagans, P. L.; Guo, X.; Chorkendorff, L; Winkler, A.; Siddiqui,
H.; Yates, J. T., Jr. Surf. Sci. 1988, 203, 1. (c¢) Zhou, X.-Y.; Shi, D.-H,;
Cao, P.-L. Surf. Sci. 1989, 223, 393. (d) Somers, J. S.; Kordesch, M. E.;
Hemmen, R.; Lindner, Th.; Conrad, H.; Bradshaw, A. M. Surf. Sci. 1988,
198, 400. (e) Lindquist, J. M.; Ziegler, J. P.; Hemminger, J. C. Surf. Sci.
1989, 210, 27.
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cyanide binding in clusters might aid assignments. Al-
though cyanide is known to bond in transition metal
complexes in the forms A-D (of which A and B are most
M = N
Mo C==N M- C==N—M SC==N_——M C/\
M M/ M
A B C s}
common), there are remarkably few cyanide cluster com-

plexes and, to our knowledge, no coordinatively unsatu-
rated clusters to act as models for chemisorbed cyanide.??
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Table I. Cyanide and Carbonyl IR Data (cm™) for
Complexes 2

complex no. »(CO) »(}3C0O) »(CN) »(**CN)

[Pts(us-CO)]** la 1765

[Pta(us-CO)(CN)]*  2a 1807 2114
[Pts(us-1*CO)CN)]*  2a* 1769 2114
[Pts(us-COY(’CN)]*  2a** 1807 2066
[Pdg(us-CO) 1b 1860

[Pd3(us-CO)}CN)I*  2b 1823 2133
[Pd3(us-*CO)(CN)]* 2b* 1784 2133
[Pd3(us-CO)(PCN)]* 2b** 1823 2095

Chemisorbed cyanide on Pd(111) and Pt(111) is thought
to be bound parallel to the surface,'*!® perhaps in bonding
mode D,® but calculations for cyanide on Ni(111) strongly
suggest that cyanide should be perpendicular to the surface
and bound through the carbon atom only.' This article
reports the first cyanide adducts of coordinatively un-
saturated clusters; the new complexes provide a good
model for the proposed perpendicular surface bonding
mode of cyanide, and it is shown that terminal cyanide can
migrate rapidly between metal centers.

Reaction of the clusters [M;(u3-CO){(u-dppm);]** (dppm
= Ph,PCH,PPhy; 1a, M = Pt; 1b, M = Pd),* in acetone
solution at —78 °C, with 1 equiv. of cyanide followed by
warming to room temperature gave the corresponding
adducts [M3(CN)(u3-CO)(u-dppm);]* (2a, M = Pt; 2b, M
= Pd)? according to eq 1.
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1a, M = Pt 2a, M = Pt
1b, M = Pd 2b, M = P¢

The single-crystal X-ray structure determination of 2a
as the PF salt (Figure 1) defined the structure accurately
but could not distinguish unequivocally between the
cyanide and carbonyl group (vide infra). Therefore, se-
lectively labeled derivatives 2* (13CO) and 2** (3CN") were
also prepared and IR analysis (Table I) then clearly in-
dicated the presence of bridging carbonyl and terminal
cyanide groups in both 2a and 2b. The structure deter-
mination, taken together with the IR analysis, reveals that
the cyanide ligand in 2a is terminally bonded to Pt(2)

(2) (a) Sharpe, A. G. The Chemistry of Cyano Complexes of the
Transition Metals; Academic Press: London, 1976. (b) Appleton, T. G.;
Hall, J. R.; Williams, M. R. Aust. J. Chem. 1987, 40, 1565. (c) Brown,
C.; Heaton, B. R.; Sabounchei, J. J. Organomet. Chem. 1977, 142, 413.
(d) Manzer, L. E.; Parshall, G. W. Inorg. Chem. 1976, 15, 3114.

(3) (a) Curtis, M. D,; Han, K. R.; Butler, W. M. Inorg. Chem. 1980, 19,
2096. (b) Aspinall, H. C.; Deeming, A. J.; Donovan-Mtunzi, S. J. Chem.
Soc., Dalton Trans. 1983, 2669. (c) Deraniyagala, S. P.; Grundy, K. R.
Inorg. Chim. Acta 1984, 84, 205.

(4) Puddephatt, R. J.; Manojlovic-Muir, Lj.; Muir, K. W. Polyhedron
1990, 9, 2767 and references therein.

(5) Data for 2a[PFg]-2Me,CO are as follows. Anal. Caled for [Pts-
(u3-CO)(CN)(dppm);3] [PF¢)-2(acetone): C, 45.95; H, 3.63; N, 0.65. Found:
C, 45.3; H, 3.8; N, 0.8. FAB MS: m/e 1791 [caled for Pt;(CO)(CN)-
(dppm);*, m/e 1791]. NMR data (multiplicities due to **Pt couplings
omitted): §(*H) = 7.4-6.9 [m, 60 H, Ph); 5.6 [br/s, 6H, %J(PtH) = 42 Hz,
CH,P,]; 5(3'P) = -20.9 [s, \J(PtP) = 3223, 2J(PtP) = 84, 3J(PP’) = 182
Hz, dppm]; 5(1%Pt) = -2632 [br t, [J(PtP) = 3200 Hz}; 5(*3C) = 197
[dxsept, 2J(C*C?) = 32.3, 2J(C*P) = 9.6, 'J(C*Pt) = 636 Hz, C*0], 126.8
[d, 2J(C*CP) = 32.3, !J(CPPt) = 427 Hz, CPN]. Crystal data for 2a-
[PFg]-Me,CO-H,0; P1,a = 11.3731 (8) A, b = 15.4180 (15) A, ¢ = 24.0242
(29) A, o = 79.839 (9)°, 8 = 82.117 (7)°, v = 81.422 (6)°, V = 4073.5 (7)
A%, Z =2, R =0.047, R, = 0.066. NMR for 2b in CD,Cl,: 5(*'P) = -13.7
[s, dppm]; 8(*3C) = 200.1 [sept, (3.J(C*P) = 9.2-Hz coupling observed at
-40 °C), u3-C*0], 140.4 [sept, 2J(CPP) = 12 Hz, CPN].
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Figure 1. View of the cation 2a, showing the coordination of the
platinum atoms. Probability ellipsoids of 50% are displayed.
Hydrogen atoms and phenyl rings are omitted for clarity.

[Pt(2)-CN = 2.07 (2) A, Pt(2)-C-N = 177 (2)°] with the
Pt(2)-C-N vector nearly parallel with the normal to the
Pt; plane (intervector angle 10.1°) such that the Pt(1)-C-
(CN) and Pt(3)-C(CN) distances of 3.27 (2) and 3.56 (2)
A are clearly nonbonding. The carbonyl ligand bridges the
Pt; triangle in a very asymmetric fashion: the Pt(2)-C(CO)
distance of 1.94 (2) A is very much shorter than the Pt-
gl;—g(CO) and Pt(3)-C(CO) distances of 2.44 (2) and 2.25
2) A.

The ground-state structure for 2 has only 2-fold sym-
metry, and the P NMR spectrum is therefore expected
to contain three resonances due to dppm phosphorus
atoms. However, only a single resonance was observed for
2a or 2b at temperatures down to —90 °C, indicating that
the cluster cations are fluxional.> The *C NMR spectra,
at room temperature or -80 °C, of 2a* or 2a** each con-
tained a 1:4:7:4:1 quintet due to coupling to %Pt, indi-
cating the apparent presence of both triply bridging car-
bonyl [6(CO) = 197 ppm, 2J(PC) = 10, !J(1**PtC) = 636
Hz] and cyanide [6(CN) = 126.8 ppm, 'J(}*¥PtC) = 427 Hz]
ligands, and the spectrum of 2a*** (133CO, 3CN labeled)
showed the additional coupling %J(**C'3C) = 32 Hz. These
data establish that 2a is fluxional, with the cyanide ligand
migrating rapidly around the Pt; triangle as shown in eq
2. Further, the observation of the couplings J(Pt—CO),
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LJ(Pt-CN), and 2J(CO-CN) in the fast fluxionality regime
shows that the process occurs without dissociation of either
the carbonyl or cyanide ligand from the cluster. It is not
possible to distinguish between transition states having
uo-CN or u3-CN groups for the cyanide migration, but eq
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2 shows the simpler mechanism with a u;-CN intermediate.

While the complexes 2 have the same structure for M
= Pd and Pt, intermediates in their formation from 1 and
CN™ at low temperature were different and are charac-
terized as [Pt;(CN)(us-CO)(u-dppm);]* (3) and [Pds-

S g\
RN A

3, M =Pt

(CN)5(uo-CO)(u-dppm)s] (4), respectively, by their low-
temperature NMR spectra.® These complexes were not
fluxional at —40 °C, and for example, 3 gave a °C resonance
for the cyanide ligand which appeared as a 1:4:1 triplet due

4, M = Pd

(6) NMR for 3 in CD,Cl, at ~40 °C: $(*'P) = -25.9 [m, 3J(P*P*) = 212,
2J(P*P) = 19, 1J(PtP*) = 3380 Hz, P*], ~43.7 [m, 3J(P*P¢) = 212, 2J(P*P*)
= 13, WJ(PtP) = 2240 Hz, P¢], -61.1 [t, 2J(PPP?) = 12.8, J(PtP®) = 2920,
2J(PtP®) = 412, 3J(PPPY) = 228 Hz, P*); §(13C) = 232.3 [d, 2J(C*CP) = 20,
LJ(PtC) = 860, 2J(PtC®) = 130 Hz, u-C*0], 131.7 [d, 2J(C:CP) = 20,
LJ(PtCP) = 984 Hz, C®'N]. NMR for 4 in CD,Cl, at -40 °C: §(3'P) = 13.8
[t, 2J(PUP) = 26.2, 2J(P*C*) = 29 Hz, P*, 11.8 [t, 2J(P"P) = 49.8 Hz, P},
-0.6 [tt, 2J(PPP®) = 50, 2J(P*P°) = 26 Hz, P*); 6(1*C) = 235.3 [m, 2J(P*C?)
= 29, u-C*0), 135.5 [td, 2J(CP) = 17, 2J(C>C*) = 42 Hz, CPN], 131.7 [td,
2J(CP) = 12, 2J(CPC) = 42 Hz, C°N].

to 1ngb(“‘E’PtC) = 984 Hz, as expected for a terminal cyan-
ide.2be

The above data clearly establish that, in these model
complexes, cyanide has a lower tendency than the iso-
electronic carbonyl to act as a u,-C- or us-C-bonded ligand
(or a higher tendency to act as a terminal ligand) on the
Pd; or Pt triangle. No evidence for the bonding mode D,
thought to be present on the Pd(111) or Pt(111) surface,’
was found; this bonding mode, in which cyanide acts as
a 4-electron ligand, is theoretically possible since the
clusters 2 are still coordinatively unsaturated (44e clusters).
Instead, the terminal cyanide bonding can be considered
to model cyanide adsorbed on Ni(111) and several other
metal surfaces.! The very easy mobility of terminal
cyanide between metal centers, established here for the
first time, suggests that a similar surface mobility can be
expected and indicates that there is only a small energy
difference between terminal and bridging cyanide bonding
modes.
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The photochemical reactions of Cp,Fe,(CO), with various nucleophiles (L) in solution have been studied
employing flash photolysis methods. The products of reactions were identified using IR spectroscopy,
and formation of monsubstituted products Cp,Fe,(CO),;L were observed. It appears that the L = P(OMe),,
P(OEt);, P(0-i-Pr);, P(OBu);, P(OPh);, PPhg, P(i-Pr)3, PCys, PPh,y(CgF;s), PPh(C¢F;),, and CH;CN de-
rivatives occur as a mixture of cis and trans isomers in solution, whereas the PEt;, PPr;, PBuy, P(¢-Bu)s,
P(o-tolyl),, P(mesityl)s, and 1-hexene derivatives are present as predominantly one isomer. The derivatives
of L = P(mesityl);, PPhy(C¢F5), PPh(CgF5),, P(CgFs)s, and 1-hexene are not stable at room temperature.
For L = P(OMe);, both Cp;Fe,(CO);P(OMe); and the disubstituted product [CpFe(CO)P(OMe);], were
observed at room temperature after a single flash photolysis of Cp,Fe,(CO), with P(OMe);. An intermediate,
possibly Cp,Fe,(CO){u-C0),(n*-HC=CBu), was observed as a precursor to the alkyne insertion product,
Cp:Fe,(CO) (u-CO){(p-0:73-HC=CBuCO), in the flash photolysis of Cp,Fe,(CO), with 1-hexyne. The kinetics
and mechanism of reactions of Cp,Fe,(u-CO); with various ligands were investigated via studies of reaction
rate law, determination of activation parameters, and analyzis of kinetics data in terms of linear-free-energy
relationships. Two possible reaction pathways, i.e., an associative bimolecular pathway and a nonassociative
pathway involving an intramolecular bridge-cleavage step, are discussed. A consistent rate enhancement
effect by an unsubstituted phenyl ring or oxygen atom in the ligand is evident in the data.

Introduction

The photochemical reactions of Cp,Fe,(CO), (Cp(CO)-
Fe(u-CO),Fe(CO)Cp) continue to attract attention.!”” It

(1) (a) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochem-
istry; Academic Press: New York, 1979. (b) Abrahamson, H. B.; Pa-
lazzotto, M. C.; Reichel, C. L.; Wrighton, M. S. J. Am. Chem. Soc. 1979,
101, 4123. (c) Hepp, A. F.; Blaha, J. P.; Lewis, C.; Wrighton, M. S.
Organometallics 1984, 3, 174.

has been established that photolysis of Cp,Fe,(CO), gen-
erates 17-electron radicals, Cp(CO),Fe’, via homolysis of

(2) (a) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1980, 102, 7794.
(b) Meyer, T. J.; Caspar, J. V. Chem. Rev. 1985, 85, 187.

(3) (a) Tyler, D. R.; Schmidt, M. A,; Gray, H. B. J. Am. Chem. Soc.
1979, 101, 2753. (b) Tyler, D. R.; Schmidt, M. A.; Gray, H. B. J. Am.
Chem. Soc. 1983, 105, 6018. (c¢) Goldman, A. S.; Tyler, D. R. Inorg. Chem.
1987, 26, 253. (d) Castellani, M. P.; Tyler, D. R. Organometallics 1989,
8, 2113. (e) Tyler, D. R. In Organometallic Radical Processes; Trogler,
W. C,, Ed,; Elsevier: Amsterdam, 1990; p 338.
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