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Figure 2. GVB(3/6)PP one-clectron orbitals near the transition state
(O(H-Ru—-C) = 50.0°). (a) Orbital pair describing the Ru—H bond of
the reactant 1 and the C-H bond of the product 2; (b) orbital pair
describing the Ru—C ¢-bond for both 1 and 2; (¢) orbital pair describing
the Ru~C w-bond of 1 and the Ru d= lone pair of 2. Contours are shown
at intervals of 0.05 au.

smooth transition from an Ru-H to a C~H bond may be possible,
since the in-plane carbon p-orbital is oriented correctly for for-
mation of the in-plane C-H bond. Indeed, at the highest level
of theory examined, we find that the CH, insertion into Ru-H
proceeds with a low activation barrier (11.5 kcal/mol) and is
thermodynamically favorable, with an exothermicity of 7.1
kecal/mol, as displayed in the reaction coordinate of Figure 1.
Notice that the transition state occurs approximately halfway
between reactants and products, as expected for a reaction which
is nearly thermoneutral (Hammond postulate).

Figure 2 shows the orbitals near the transition state [O(H-
Ru-C) = 50°]. Here we see that the Ru—H bond smoothly
converts into the C—H bond (Figure 2a), while the Ru-C ¢-bond
(Figure 2b) does not change significantly. At the transition state,
the Ru~C =-bond (Figure 2c) has begun to move out of the way
of the incipient C-H bond and already has substantial Ru d
lone-pair character.!? The Ru—C and Ru-H bonds at the tran-
sition state have lengthened significantly from their values in 1,
increasing from 1.87 to 1.93 A for Ru~C and from 1.65 to 1.77
A for Ru~H.

The exothermicity, activation barrier, and transition-state ge-
ometry were calculated at five levels of theory, as shown in Figure
1.13 The geometries along the reaction coordinate were predicted
by analytic gradients of Hartree—Fock wave functions,'# with all
geometrical parameters optimized at each H-Ru—C angle.!* In

(12) By the point at which 6(H-Ru—C) = 40.0°, the Ru d lone pair is fully
formed. (The equilibrium geometry of CIRuCH; has an H-Ru~C angle of
23.2°)

(13) Full details to be published elsewhere. A valence double-{ quality
basis was used.

(14) Hartree—Fock (HF) calculations are known to predict accurate ge-
ometries. As a test, we optimized the geometry of 1 at both the HF and
GVB-RCI(3/6) levels and found that the two geometries were very similar
(e.g., all bond lengths and angles differed by at most 0.03 A and 11.9°,
respectively); see ref 11.

(15) The geometries of 1 and 2 were optimized with no restrictions except
the retention of C, symmetry (lower symmetry cases were found to be higher
in energy; ref 11).

the highest level of theory considered (the bottom curve of Figure
1), we optimize the six active orbitals (the orbitals actively involved
in the insertion, namely, the Ru~H and the Ru—C ¢- and 7-bond
pairs) self-consistently for a full six-electron CI within those six
orbitals (all occupations of six electrons in six orbitals—the
GVB(3/6)CI-MCSCF level). This level allows a balanced de-
scription of the three bond pairs changing during the reaction.
Higher level, extended basis dissociation-consistent CI calcula-
tions! on various dissociation processes involving these species!
suggest that the true exothermicity is 10.4 kcal/mol, in good
agreement with our MCSCF calculations.

. In conclusion, we have shown that alkylidene migratory in-
sertions can be quite facile, proceeding with a low activation
barrier. These calculations provide the first quantitative evidence
for the feasibility of this elementary reaction (previously postulated
based on experimental results,*¥ but never directly observed).
These results suggest that for Ru, the reverse reaction of a-hy-
drogen elimination is subject to a barrier of 18.6 kcal/mol. This
is consistent with the fact that a-H eliminations most often occur
for the early transition metals. Work in progress on the related
reaction of CH, insertion into an Ru-alkyl bond suggests an
exothermicity of 4.9 kcal/mol. The activation barrier will probably
be higher than that for H due to the necessary reorientation of
the alkyl upon migration from Ru to CH,.!'” The alkyl migration
differs primarily from the hydride energetics because the incipient
C-C bond is weaker than the incipient C-H bond. While our
calculations suggest that late transition metals undergo CH,
insertion with relative ease, early metal alkylidenes have been
observed that do not insert into M—R bonds. We believe that this
is due to the much greater strength of the M—C #-bond for the
early transition metals.'®
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The coupling of two carbyne ligands on a single transition-metal
center has been analyzed theoretically by Hoffmann, Wilker, and
Einsenstein.! These authors concluded that the reaction should
be allowed for systems containing six electrons in the metal-ligand
m-orbitals. In Fischer-type carbyne complexes, e.g., [(W==
CPh)Br(CO),] (1), there are six electrons in metal-ligand =-
orbitals.> The carbyne complex 1 is derived from tungsten
hexacarbonyl, itself a six-w-electron system, by transformation
of a carbonyl ligand into a carbyne ligand. Since the number of
w-electrons is not changed during this reaction, a second trans-
formation of one of the remaining carbonyl ligands in 1 into a
carbyne ligand should lead to a tungsten bis(carbyne) system with

(1) (a) Hoffmann, R.; Wilker, C. N.; Eisenstein, O. J. Am. Chem. Soc.
1982, 104, 632-634. (b) Wilker, C. N.; Hoffmann, R.; Eisenstein, O. Nouv.
J. Chim. 1983, 7, 535-544.

(2) (a) Fischer, E. O.; Schubert, U. J. Organomet. Chem. 1975, 100,
59-81. (b) Kostié, N. M.; Fenske, R. F. Organometallics 1982, 1, 489-496.
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six metal-ligand w-electrons. According to Hoffmann et al. this
configuration should result in the formation of a tungsten acetylene
complex. Here we would like to report the realization of this
situation.

Complex 1 is prepared by reaction of W(CO)s with phenyl
lithium and oxalyl bromide.»* The intermediate tungsten acyl
complex is isolated as its tetramethylammonium salt [NMe,]-
[W(C(O)Ph)(CO)s] (2). The carbonyl ligands in 1 have been
demonstrated by Fischer to undergo attack by organyl lithium
reagents to give tungsten acyl complexes of the type Li[(W=
CPh)Br(C(O)R)(CO);] (3).° These compounds, at least in
principle, contain the requisite components for the generation of
a second carbyne ligand within a tungsten carbyne complex.
However, complexes 3 are very thermally labile. Since it is known
that bis-substituted carbyne complexes of the type [(W==CPh)-
Br(CO),L,] are significantly more stable than the monosubstituted
derivatives [(W=CPh)Br(CO);L]. it appeared likely that the
stability of complexes 3 would increase with the introduction of
an additional donor ligand. Consequently, we considered mo-
nosubstituted carbonyl tungsten carbyne complexes as a suitable
starting point for the potential synthesis of a tungsten bis(carbyne)
system.

The triphenylphosphine-substituted complex [(W==CPh)Br-
(CO);(PPh;)]° (4), is easily accessible in a simple one-pot pro-
cedure in the reaction of 2 with oxalyl bromide and triphenyl-
phosphine.* Addition of 1 equiv of methyllithium in ether to a
cold (=78 °C) solution of 4 in THF results in clean formation of
the acyl tungsten carbyne complex Li[(W==CPh)Br(C(O)-
Me)(CO),(PPh;)] (5). Complex § is stable at temperatures below
0 °C for several hours. Two strong absorptions in the infrared
at 1986 and 1916 cm™ indicate the presence of two cis CO ligands;
a weak band at 1522 ¢cm™! is observed for the acyl ligand. The
13C NMR spectrum (—-80 °C) of 5 exhibits resonances at 315.1
ppm for the carbon atom of the acyl ligand, at 267.2 ppm for the
carbyne carbon, and at 217.4 ppm (*Jcp yans = 47 Hz) and 216.8
ppm (¥Jcpes = 7 Hz) for the carbonyl ligands. Both the low
carbonyl! stretch of the acyl ligand and the low-field resonance
of the acyl carbon atom indicate a strong carbenoid character of
the acyl ligand and thus the possibility of attack by electrophiles
at the oxygen atom of the acy! ligand. Upon addition of oxalyl
bromide to the orange solution of § at ~78 °C the color turns deep
brown. The low-temperature product is postulated to be [(W=
CPh)[=C(OC(0O)COBr)Me]Br(CO),(PPh,)] (6). Metal carbene
complexes of the type [(W=C(OC(O)COBr)R)(CO)s] have
previously been demonstrated to be intermediates in the trans-
formation of tungsten acyl complexes into tungsten carbyne
complexes by reaction with oxalyl bromide.* After addition of
a slight excess of triphenylphosphine at 0 °C and warming of the
mixture to room temperature, the color of the solution turns deep
blue. Removal of the solvent, washing of the residue with acetone,
and recrystallization from CH,Cl,/pentane give the blue-green
tungsten alkyne complex [WBr,(PhC=CMe)(CO)(PPh;),] (7}
in 50% yield. 7 was characterized by comparison of its IR and
'H NMR data with the values reported in the literature” as well
as by elemental analysis.®’

In the intermediate tungsten carbyne carbene complex 6, the
six metal-ligand w-electrons are sufficient to stabilize independ-
ently a metal—-carbon triple bond and a metal—carbon double bond.
As the bromooxalate dissociates from intermediate 6, a new
electron-deficient methylcarbyne ligand is generated. The two

(3) Mayr, A.; McDermott, G. A.; Dorries, A. Organometallics 1985, 4
608-610.

(4) McDermott, G. A.; Dorries, A.; Mayr, A. Organometallics, in press.

(5) Fischer, E. O.; Lindner, T. L. Z. Naturforsch., B1977, 32B, 713-714,

(6) Fischer, E. O.; Ruhs, A.; Kreissl, F. R, Chem. Ber. 1977, 110, 805-815.

(7) Davidson, J. L.; Vasapollo, G. J. Chem. Soc., Dalton Trans. 1985,
2239-2245.

(8) 7: 'H NMR (CDCl,) § 7.24, 7.49 (m, 35 H, C¢Hy), 2.47 (s, 3 H,
CH,); IR (CH,Cly) vep = 1945 cm™. Anal. Caled for C4HyBr,P,W: C,
54.57; H, 3.78. Found: C, 54.48; H, 3.91.

(9) No products have been detected containing dimethyl- or diphenyl-
acetylene ligands which might arise in case of intermolecular ligand coupling
pathways.

J. Am. Chem. Soc., Vol. 109, No. 2, 1987 581

o -
C 0 HSC\C’,O ‘I Li
| .C LiCH;, | /CO €20,8r,
Br—W=CPh Ervving Br——vl\lECPh —_—
-78°C
PP ¢ -78°C PhsP ¢
0 0
A 5
e, o-tbe
C-B-gr o
KA o C Phy
/.C PPhsy | "PC/CH]
Br— WZ=CPh —_— Br—w— i
PhsP 78°C Ph SN
3 o} tort E-1 Ph
0
6 7

carbyne ligands have to share a pair of electrons in a three-center
bond involving two p-orbitals of the carbyne carbon atoms and
a d-orbital of the central tungsten atom.
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Coupling of the two carbyne ligands likely occurs quickly after
or possibly even simultaneously with the dissociation of bromo-
oxalate from the carbene ligand in 6. The facile formation of
coordinated methylphenylacetylene is thus in agreement with the
theoretical conclusion by Hoffmann et al.!

The stability of the intermediate electron-deficient tungsten
bis(carbyne) complex should increase with the introduction of
donor substituents at the carbyne carbon atoms.! Indeed, stable
molybdenum bis(aminocarbyne) complexes with the same formal
electron count as the present system have been generated by
protonation of electron-rich molybdenum and tungsten bis(iso-
cyanide) complexes.! Higher formal electron counts are predicted
to make carbyne—carbyne coupling a forbidden reaction, but
increasing electronegativity of the metal center should lower the
barrier for this process.! Recently, a formal carbyne—carbyne
ligand coupling reaction has been observed on a palladium center.!!
Irradiation of bis(a-diazomethyl)palladium complexes [Pd(C-
(N,)R),(PR’3),] with UV light gives rise to acetylene complexes
[Pd(RC,R)(PR’3),]. The formation of alkyne ligands from the
coupling of carbyne ligands involving several transition-metal
centers!? as well as the reverse of this reaction!? has been observed

(10) (a) Chatt, J.; Pombeiro, A. J. L.; Richards, R. L.; Royston, G. H. D;
Muir, K. W.; Walker, R. J. Chem. Soc., Chem. Commun. 1975, 708-709. (b)
Chatt, J.; Pombeiro, A. J. L.; Richards, R. L. J. Chem. Soc., Dalton Trans.
1980, 492498,

(11) Murahashi, S.-I; Kitani, Y.; Uno, T.; Hosokawa, T.; Miki, K.; Yo-
nezawa, T.; Kasai, N. Organometallics 1986, 5, 356-365.

(12) See, for example: (a) Khand, I. U,; Knox, G. R.; Pauson, P. L;
Watts, W. E. J. Organomet. Chem. 1974, 73, 383-388. (b) Fischer, E. O;
Rubhs, A.; Friedrich, P.; Huttner, G. Angew. Chem. 1977, 89, 481-482; Angew.
Chem., Int. Ed. Engl. 1977, 16, 465-466. (c) Fischer, E. O.; Wittmann, D.;
Himmelreich, D.; Neugebauer, D. Angew. Chem. 1982, 94, 451-452; Angew.
Chem., Int. Ed. Engl. 1982, 21, 444-445, (d) Green, M.; Porter, S. J.; Stone,
F.G. A. J. Chem. Soc., Dalton Trans. 1983, 513-517. (e) Busetto, L.; Green,
M.; Hessner, B.; Howard, J. A. K.; Jeffery, J. C.; Stone, F. G. A, J. Chem.
Soc., Dalton Trans. 1983, 519-525. (f) Howard, J. A. K.; Laurie, J. C. V;
Johnson, O.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1985, 2017-2024.

(13) (a) King, R. B.; Harmon, C. A. Inorg. Chem. 1976, 15, 879-885. (b)
Fritch, J. R.; Vollhardt, K. P. C. Angew. Chem. 1980, 92, 570-572. (c)
Schrock, R. R,; Listemann, M. L.; Sturgeoff, L. G. J. Am. Chem. Soc. 1982,
104, 4291-4293. (d) Park, J. T.; Shapley, J. R.; Churchill, M. R.; Bueno,
C.J. Am. Chem. Soc. 1983, 105, 6182-6184. (e) Chisholm, M. H.; Folting,
K.; Hoffmann, D. M.; Huffmann, J. C. J. Am. Chem. Soc. 1984, 106,
6794-6805. (f) Clauss, A. D.; Shapley, J. R.; Wilker, C. N.; Hoffmann, R.
Organometallics 1984, 3, 619-623. (g) Nuel, D.; Dahan, F.; Mathieu, R.
Organometallics 1985, 4, 1436-1439. (h) Chi, Y.; Shapley, J. R. Organo-
metallics 1985, 4, 1900-1901. (i) Eaton, B.; O’Connor, J. M; Vollhardt, K.
P. C. Organometallics 1986, 5, 394-397. (j) Chisholm, M. H.; Conroy, B.
K.; Huffman, J. C.; Marchant, N. S. Angew. Chem. 1986, 98, 448-449;
Angew. Chem., Int. Ed. Engl. 1986, 25, 446-447.
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in a variety of systems. Related reactions are the coupling of
carbyne ligands with carbonyl ligands'# as well as the coupling
of two carbonyl ligands'*® and of two isocyanide ligands.!*®
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Gas-phase photodissociation of metal carbonyls to metal atoms
and CO is well-known.'”* Multiphoton ionization experiments
have shown that dissociation of the carbonyls to ground- and
excited-state metal atoms is unexpectedly efficient relative to
competing ionization processes.>”!* Because the mechanisms
behind metal atom formation are not entirely clear, we have
investigated the KrF* laser (248 nm) multiple-photon dissociation
of Cr(CO), to Cr* and CO in the gas phase. We present evidence
that Cr* is formed by two processes: (1) a direct process, where
Cr(CO)y is excited into a dissociative continuum, and (2) a se-
quential process, where a Cr(CO), intermediate photoproduct
absorbs an additional photon to produce Cr*.

We monitored formation of Cr* by detecting the emission
obtained upon unfocused KrF* laser irradiation of ~20 mtorr
of Cr(CO) contained in a flow cell. Laser fluences ranged from
31040 mJ cm™2. Emission normal to the laser beam was dispersed
by a monochromator (resolution 0.5-2 A) and detected by a
photomultiplier tube in conjunction with a boxcar integrator.
Standard lamps were used to calibrate the optical system.

KrF* laser photodissociation of Cr(CO), produces a rich Cr
emission spectrum. Emission from more than 40 states was de-
tected.'* The relative populations' of the Cr* states follow a
statistical distribution.® Emission is not quenched by CO, Ar, and
He at pressures from 1 to 10 torr (except for two states, see below).
The laser-fluence-dependence of the emission intensity indicates
that production of Cr* occurs via both two-photon and three-

(1) Callear, A. B. Proc. R. Soc. London, A 1961, 265, 71.
(2) Callear, A. B. Proc. R. Soc. London, A 1961, 265, 88.
(3) Callear, A. B.; Oldman, R. J. Nature (London) 1966, 210, 730.
(4) Callear, A. B.; Oldman, R. J. Trans. Faraday Soc. 1967, 63, 2888.
(5) Karny, Z.; Naaman, R.; Zare, R. N. Chem. Phys. Lett. 1978, 59, 33.
(6) Hellner, L.; Masanet, J.; Vermeil, C. Nouv. J. Chem. 1979, 3, 721.
(7) Krasinski, J.; Bauer, S. H.; Kompa, K. L. Opt. Commun. 1980, 35, 363.
(8) Gerrity, D. P.; Rothberg, L. J.; Vaida, V. J. Phys. Chem. 1983, 87,
2222.
(9) Duncan, M. A.; Dietz, T. G.; Smalley, R. E. Chem. Phys. 1979, 44,
415.
(10) Gerrity, D. P.; Rothberg, L. J.; Vaida, V. Chem. Phys. Lett. 1980,

(11) Engelking, P. E. Chem. Phys. Lert. 1980, 74, 207.

(12) Fisanick, G. J.; Gedanken, A.; Eichelberger, T. S., IV; Kuebler, N.
A.; Robin, M. B. J. Chem. Phys. 1981, 75, 5215.

(13) Whetten, R. L.; Fu, K.-J.; Grant, E: R. J. Chem. Phys. 1983, 79,
4899.

(14) Based upon assignments of: Kiess, C. C. J. Res. Natl. Bur. Stand.
1953, 51, 247.

(15) Populations calculated from the data of: Sugar, J.; Corliss, C. J.
Chem. Phys. Ref. Data 1977, 6, 317.
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Figure 1. Cr emission spectrum at 2-A resolution, showing quenching
of Cr(t°F3 ;) emission (peak D) by CO. At left, pco = 1 torr; at right,
Dco = 5 torr. Peak assignments are as follows, with the upper state
energy vs. the a’S, ground state noted in parentheses: (A) y'P§ — a’S,
(27935 em™); (B) y’P — a’S; (27820 cm™); (C) y'P§ — a’S; (27 729
em™); (D) °F}, — 2°G,; (0.56-A spacing not resolved) (48210 and
48218 cm™); (E) x°H$ — a°G (48 140 cm™).

photon processes. All states of Cr* for which AE,g of formation'®
from Cr(CO)g is less than the energy of two photons (115 keal/mol
each) are indeed formed by a two-photon process, whereas all other
states are formed by a three-photon process.

One-photon KrF* laser photodissociation of Cr(CO), gives
predominantly,'®1® or exclusively,? vibrationally hot Cr(CO)y,,
suggesting that Cr* may be formed in our experiments by reactions
1 and 2. If Cr* formation proceeds by this pathway, however,

Cr(CO)¢ + 1hy — Cr(CO),! + 2CO (1)
ka
Cr(CO),! + 1(2)hv —> Cr* + 4CO 2)

quenching of Cr* emission by added CO might be expected to
occur by competition of reaction 3 with reaction 2. Only five

k
Cr(CO),! + CO —> Cr(CO)s 3)

of the Cr* states we detected are thermodynamically accessible
from Cr(CO)s with the observed fluence dependence;?' thus,
quenching of Cr* emission should be readily apparent if k;[CO]
2 k5.2 These rates should in fact be comparable: at a CO
pressure of 10 torr,* k;[CO] =~ 5-7 X 107 s7, k, is not known,
but we estimate?’ that k, =~ 5 X 107 s7! at a typical laser fluence
of 20 mJ cm™. The lack of quenching thus indicates that for-

(16) Calculated from Cr state energies'* and the Cr(CO), dissociation
energy (AE®5 = 150 % 0.6 keal/mol'").
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42,223,
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4721,
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(21) See ref 16. Cr(C0O)s—CO bond energy = 37 kcal/mol.22
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106, 3905.

(23) Turro, N. J. Modern Molecular Photochemistry; Benjamin/Cum-
mings: Menlo Park, CA, 1978; pp 246-248.

(24) Fletcher, T. R.; Rosenfeld, R. N. J. Am. Chem. Soc. 1986, 108, 1686.

(25) Estimated from k = oF7"'¢, where o is the absorption cross section
of Cr(CO), at 248 nm, F is the photon flux, 7 is the laser pulse length, and
¢ is the quantum yield. At 20 mJ cm™ and = 25 ns as measured, assuming
thlat ¢ = 1 and that ¢ = ocyco) at 248 nm (5.3 X 1077 em?), k = 5 X 10’
st
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