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The reaction of the 30-electron methoxycarbyne complex Bpe(«-COMe)u-PCy,)(u-CO)] with
carbon monoxide gives quantitatively the electron-precise derivativeQlg¢u-COMe)(u-PCy)(CO)),
in which the methoxycarbyne ligand adopts a highly asymmetric semibridging coordination mode. This
tricarbonyl species dissociates one of its CO ligands under thermal conditions (333 K) to give the 32-
electron complex [MgCp(u-COMe)(u-PCy)(CO)] in high yield. The structures and bonding of both
complexes, as well as that of the isostructural carboxycarbyne compleida-C(COMe)} (u-PCy,)-
(CO),] were studied by means of density functional theory. These calculations allow us to describe the
intermetallic interaction in the edge-sharing bioctahedral dicarbonyls by a configuration of tkéd$;pe
(6%)2, with the 0* orbitals being involved int back-bonding to the carbonyl ligands, and therbitals
significantly delocalized over the M@(carbyne) triangle, then becoming thebonding component of
the metat-carbyne bond. For these complexes, an atoms-in-molecules (AIM) analysis allows us to locate
the corresponding intermetallic bond critical points, these exhibiting relatively high values of the electron
density (ca. 0.43 e &). Both the MO and AIM analysis of these dicarbonyl complexes suggest that the
binding of the methoxy- and carboxycarbyne ligands to the dimetal center is quite similar.

Introduction which in turn retains some multiplicity in its €O bond

. . . . (originally a double bond in the corresponding carbonyl-bridged
In the previous part of this series we have shown that a variety precursor).

of cationic hydroxy- and methoxycarbyne complexes of the type
[M2Cpo(u-COR)u-PR?)2]BF4 (M = W, R = Me, R = Ph; M

= Mo, R = H, Me, R = Et) and [MaCp,(u-COR){u-COR)-
(u-PCw)]BF4 (R = R = Me; R= Me, R = H, Et) can be
easily obtained by the reaction of the corresponding neutral
monocarbonyl precursors with either HBBE® or [Me;0]BF,.!

We also reported there a complete theoretical study of these
systems, proving the usefulness of density functional theory
(DFT)2 methods for the interpretation of the electronic structure
and bonding in these highly unsaturated binuclear complexes.
Indeed, the use of the hybrid functional B3LYP for these face-
sharing bioctahedral complexes not only leads to an excellent
agreement between optimized and experimentally determined
geometries, but also allow us to describe the intermetallic bond
as one of order three following from the configuratiofv*.

We should note, however, that in these complexegthending
orbitals are delocalized over the M&(carbyne) triangle and
hence constitute the-bonding component of the metatarbyne
interaction. Therefore, a reduction of the direct overlap between
the metal atoms occurs as a consequence of the formation o
the metat-carbon multiple bond of the alkoxycarbyne ligand,

We have noted previously that the study of the reactivity of
hydroxy- and alkoxycarbyne ligands at unsaturated binuclear
centers might be of interest not only because of the unusual
transformations that can be induceblt also in the context of
important academic and industrial reactions like the metal-
catalyzed hydrogenation of CONe thus initiated a systematic
study of the reactivity of the above-mentioned 30-electron
hydroxy- and alkoxycarbyne complexes, the results of which
will be reported separately. Besides, to expand the range of
reactive substrates at hand, we were also interested in preparing
related alkoxycarbyne complexes with metaietal bond orders
lower than three, so we could examine the effect of these weaker
intermetallic interactions upon the metalarbyne binding and
the reactivity associated with it. In this paper we report full
details of our study of the 32- and 34-electron complexes derived
from the addition of one or two CO ligands to the 30-electron
complex [MaCp(u-COMe)u-PCy,)(u-CO)] (1).°> To better
understand the effects of the added ligands upon the metal
fmetal and metatcarbyne bonding we have analyzed the
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Chart 1 of the C-0 stretches depending on the relative arrangement of
Cy, Cy: o the CpMo(CO) fragments (cis or trans with respect to the
Cpy  wPu, Cp Gy WP, C average MgPC plane; see Chart 1). As can be appreciated in
OC\\“/MQT,//’M(’\C Oc\w/Mo\ ,//’M°\C the Figure 2,_ the experimental pattern o_f th_e IR spectrum of
g i (¢] g ¢ P compound?2 in the C-O stretching region is in excellent
2""9 ; OMe agreement with that calculated for the cisoid structure, and it is
rans-2 significantly different from that calculated fdrans2, thus
Cy, 8 Cy, 8 excluding the presence of significant amounts of the latter isomer
Cp\Md.n\P%, o CP\Md.i% Mo in the solutions of this compound. In agreement with such an
é \\C// “cp é \\C// “cp asymmetric structure, .the CO Ilggnds Z)fglve rise to three
o 1 o I 13C NMR resonances in the terminal region, whereas the Cp
OMe COMe ligands exhibit two distinct chemical environments. Unexpect-
3 4 edly, the bridging carbyne atom displays a relatively low

chemical shift (300.7 ppm), when compared to those found for

structure and bonding within the new alkoxycarbyne complexes OUr previous 30-electron alkoxy- or hydroxycarbyne complexes
using DFT methods and subsequent MO and AIM analysis, (ca. 365 ppm}, or other alkoxycarbyne-bridged complexes
following the scheme used previously with the 30-electron described in the literature>® This feature can be mainly
a|k0xycarbyne Comp|exésA para||e| Study of the Carboxycar- attributed to the hlghly asymmetric coordination of the alkoxy—
byne complex [MaCp{ u-C(CO:Me)} (u-PCy)(CO),] also has carbyne ligand ir2, as predicted by the DFT calculations (see
been performed, this allowing us to compare the metatbon later), yielding Mo-C(carbyne) distances differing by ca. 0.45
binding of the methoxycarbyne ligand with that of a non-alkoxy A (Table 2), with the short distance approaching the value found
carbyne ligand. With the current study we thus complete a wide in the only terminal methoxycarbyne complex reported so far,
analysis of the structure and bonding of alkoxycarbyne-bridged [WTp'(COMe)(CO}] (Tp' = HB(N2CsMezH)3),"° which is also
complexes of the group 6 elements having intermetallic bond characterized by a quite shielded carbyne resonang@48.2

orders ranging forma”y from 3 to 1. ppm) As for the phosphlde bl’idge, we note that it giVeS rise to
a3P NMR resonance with a chemical shift (219.7 ppm) similar
Results and Discussion to those measured for other electron-precise dimolybdenum

phosphide-bridged complexes such as the tricarbonybQyg

Reaction of Compound 1 with Carbon Monoxide.Orga-  (u-PEb),(CO)s] (194.7 ppm) or the hydridephosphide complex
nometallic compounds having unsaturated dimetal centers are[Mo ,Cpy(u-H)(u-PCy)(CO)] (218.8 ppm).
usually reactive toward carbon monoxitiey give the corre- Decarbonylation Reaction of Compound 2.Tricarbonyl
sponding addition products. Thus, it is not surprising that complexes of the group 6 elements suct2ase rare species,
compound1l reacts with CO when its solutions are stirred placed midway between the usually more stable tetracarbonylic
overnight under a slight overpressum§ ca. 4 atm) to give or dicarbonylic structures ([NCpx(u-X)(u-Y)(CO)], n=2, 4).
the electron-precise tricarbonyl derivative [pGp,(u-COMe)- For instance, the related complex [Mepy(u-PEb)2(CO)]
(u-PCy,)(COX] (2) in quantitative yield (Chart 1), although no  experiences a spontaneous decarbonylation at room temperature
intermediates are detected in this somewhat slow process. Theo give thetrans-dicarbonyl complestrans[Mo,Cpy(u-PEb),-
tricarbonylic nature of compound is clearly denoted by the  (CO),] in high yield? Thus, we decided to study the decarbo-
presence of three strong—@© stretching bands in its IR nylation reactions o2 as a potential route to the corresponding
spectrum (Table 1). The frequencies and intensities of theseunsaturated dicarbonyl complex. Photolysis of a toluene solution
bands are very similar to those found for the isoelectronic of compound2 with visible-UV light induces rapidly a double
complexes [MeCpy(u-PEb)(CO)]” and [Moy(u-17%:175-CsHa- decarbonylation process whereby compounis rapidly and
SiMe;CsHa)(u-PMey)2(CO)],8 in which the three carbonyl  cleanly regenerated, with no intermediates being detected.
ligands are placed on the same side of the average plane definetHowever, when toluene solutions @fare heated at 333 K, a
by the metal and phosphorus atoms, as confirmed for the lattersingle decarbonylation occurs progressively (45 min) to give
compound through an X-ray study. Therefore, a similar cisoid the trans-dicarbonyl complex [MgCpy(u-COMe)u-PCy)-
geometry is assumed for compoud Moreover, we have  (CO),] (3) in high yields (Chart 1). The process is reversible,
shown in the previous part of this series that the DFT-calculated so the tricarbonyl2 can be regenerated in .cé h atroom
frequencies and intensities for the-O stretches of the carbonyl  temperature by stirring a toluene solution ®iinder a slight
and methoxycarbyne ligands in our complexes are in good CO overpressurepéo ca. 4 atm). Finally, we should point out
agreement with the experimental values measured by IRthat no further decarbonylation can be induced thermally.
spectroscopy. Therefore we can confidently use calculated -
values of intensity and frequency to distinguish between different , eggzs(ag ng,sg'd\(’)vri F}: E?”&nfmﬁggacnggﬁ'"é%%cﬁuﬁ‘égyféég)
isomeric structures. In particular, as we will discuss later in the (c) Bronk, B. S.: Protasiewicz, J. D.. Pence, L. E.. Lippard, S. J.
context of the DFT calculations of gompoqﬁdthe interaction \(Ijvrggngmetallicﬂgslal?c ;4392411;. g%)ggeyger(t:r;{i DY;-FgﬁSQEe' SD. ﬁ..; CDr?;/LS’
between the M(CO.) an_d M(Copscillators n thls. molecule is B.;F.;. Pcregnzr,]osn.qj/l.; Lee, G.-HL Cherﬁ.( S)ocD'aIté’n Transg.igéa 3033,
strong enough to give rise to two substantially different patterns (f) Friedman, A. E.; Ford, P. CJ. Am. Chem. Sod989 111, 551. (g)
Keister, J. BPolyhedron1988 7, 847. (h) Friedman, A. E.; Ford, P. Q.

(6) (a) Collman, J. P.; Boulatov, FAngew. Chem.nt. Ed. 2002 41, Am. Chem. Sod 986 108 7851. (i) Farrugia, L. J.; Miles, A. D.; Stone,
3948. (b) Winter, M. JAdv. Organomet. Chenl989 29, 101. (c) Curtis, F. G. A.J. Chem. So¢Dalton Trans.1985 2437. (j) Beanan, L. R.; Keister,
M. D. Polyhedron1987, 6, 759. (d) Cotton, F. A.; Walton, R. AMultiple J. B.Organometallicsl985 4, 1713. (k) Nuel, D.; Dahan, F.; Mathieu, R.
Bonds Between Metal Atopnd ed.; Oxford University Press: Oxford, J. Am. Chem. So&985 107, 1658. () Shapley, J. R.; Yeh, W.-Y.; Churchill,
UK, 1993. M. R.; Li, Y.-J. Organometallics1985 4, 1898. (m) Green, M.; Mead, K.

(7) Gar¢a, M. E.; Riera, V.; Ruiz, M. A,; Rueda, M. T.; 8a, D. A.; Mills, R. M.; Salter, I. D.; Stone, F. G. A.; Woodward, P.J1.Chem.
Organometallic2002 21, 5515. Soc, Chem. Commuri982 51.
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Table 1. Selected IR and NMRP Data for Compounds 1—4
compd »(CO) 5(P) 8(u-C) [Jerl
[Mo>Cpa(u-COMe)-PCys)(u-CO)] (1)° 1672 (s) 227.8 352.0 [19]
[M0o2Cpy(u-COMe)u-PCy,)(CO)] (2) 1933 (vs), 1860 (s), 1843 (m, sh) 219.7 300.7 [9]
[M02Cps(u-COMe)(u-PCys)(COY] (3) 1894 (w, sh), 1863 (s) 125.0 404.0 [5]
[Mo2Cpxf 1-C(CO:Me)} (u-PCys) (CO)] (4)8 1929 (w, sh), 1900 (vs) 128.2 402.8

aRecorded in dichloromethane solutionjn cm~1. ® Recorded in CBCl; solutions at 290 K and 121.56'P) or 75.48 ¥3C) MHz, unless otherwise
stated;0 in ppm relative to internal TMS!C) or external 85% aqueoussPO; (31P); J in Hz. ¢ Data taken from ref 5¢ COMe ligand.¢ Data taken from

ref 3a.fIn benzeneds solutions.

Table 2. Selected DFT-Optimized Bond Lengths (A) and
Angles (deg?}

parameter 2 trans-2 3 5
Mol—Mo2 3.158 3.176 2.734 2.692.656(1}
Mol—C* 2.343 2.357 2.015 2.000L.993(5}
Mo2—-C* 1.902 1.902 2.027 2.006L.977(6}
Mol1-CO 1.967 1.985 1.970 1.941.993(8}

1.981 1.975
Mo2—-CO 1.954 1.948 1.973 1.972.015(7}
C*-0 1.316 1.315 1.321
C*—CO,Me 1.455{1.447(8}
O—Me 1.447 1.449 1.440 1.430..448(7}
c=0 1.220{1.215(7}
C(O)-OMe 1.3641.353(7}
Mol—P 2.613 2.621 2.449 2.452.409(2}
Mo2—-P 2414 2421 2.463 2.46@.394(2}
C—0—Me 117.3 116.7 119.3
Mo2—-C—O  149.3 150.6 143.8 1381

aMol refers to the atom positioned trans to the methyl group of the
COMe ligand, except for compounrd for which the labeling is arbitrary;
C* refers to the bridgehead atom of the carbyne ligdrixperimental
values for4 given in braces (see ref 119Mo2—C—C angle.

Indeed, when toluene solutionsdivere heated at temperatures

cyclopentadienyl rings, which are inequivalent in the static
structure (Chart 1). This fluxional behavior can be attributed to
the rotation, fast on the NMR time scale, of the OMe group
around the G-C(carbyne) bond and it has been studied in detail
previously for other alkoxycarbyne complexe’s;'3therefore
this was not further investigated.

Computational Studies.As we have shown in the previous
part of this series, the use of DFT methods for our 30-electron
methoxycarbyne-bridged complexes leads to optimized geom-
etries in excellent agreement with those experimentally deter-
mined through X-ray diffraction studies. Moreover, the analysis
of the Kohn—Sham (KS) molecular orbitals has been shown to
be a valuable tool to gain insight into the metatetal and
metal-carbon bonding in these highly unsaturated systems.

With this in mind, we have carried out similar DFT
calculations (see the Experimental Section for further details)
for the new methoxycarbyne complex&§or both thecis- and
transisomers) and, and for the carboxycarbyne compldx
The latter two complexes are isoelectronic and isostructural,
both of them exhibiting an edge-sharing bioctahedral geometry,
and provide an excellent opportunity to analyze the differences
in the bonding between an alkoxycarbyne ligand and the better

higher than 333 K just a generalized decomposition took place known alkylidyne ligands, the latter lacking the possibility of
to give a complex mixture of products, none of them being the any partialz C—O interaction. In addition, the results of these

monocarbonyl complex.
The structural characterization of compoudidan be made

calculations will allow us to examine the influence of the
intermetallic interaction (with formal bond orders of one and

easily by comparison of its spectroscopic data (Table 1) with two for the tricarbonyl and dicarbonyl species, respectively) on

those previously reported for the related bis(phosphide) com
plexes [MCp(u-PRy)2(CO)],7 and with those of the carboxy-
carbyne complex [MgCp{u-C(CO:Me)} (u-PCy,)(CO),] (4)

- the metat-alkoxycarbyne binding. Following the scheme used

in our previous work, we will first discuss the optimized
geometries for these molecules, this being followed by an

(Chart 1). The latter was recently prepared by us upon analysis of the electronic structure and bonding in these

demethylation of the dimethoxyacetylene complex pRIp,-
{u-n7%n?-Cy(OMe)} (u-PCy,)(CO)]BF4,32and its structure has
been confirmed through an X-ray stuiyThe IR spectrum of
3 shows two C-O stretching bands with the typical pattern of

complexes from two different points of view, the properties of
the relevant molecular orbitals, and the topological properties
of the electron density as managed in the AIM theldry.

Optimized Geometry of the Dicarbonyl Complexes 3 and

trans-dicarbonyl complexes defining angles between the CO 4 The most relevant parameters derived from the geometry

ligands close to 180(weak and strong, in order of decreasing
frequencies}? while its 3P NMR spectrum exhibits a resonance

optimization of the dicarbonyl8 and4, and for the two isomers
of the tricarbonyl2 can be found in Table 2, with the

at 125.0 ppm, in the range found for other related 32-electron corresponding views being collected in Figure 1. The experi-

compounds of typérans[Mo,Cpz(u-PCy)(u-X)(CO),] (X =
3e-donor ligand§257all of them formally displaying a Mer

Mo double bond. The bridging methoxycarbyne ligand gives
rise to a highly deshielde’C NMR resonance at 404.0 ppm,
a chemical shift similar to that found for the compkx402.8
ppm). We note that these values are some 3D ppm higher

than those reported for other complexes displaying bridging

alkoxycarbyne ligands3:°9 this deshielding effect probably

mental data from the X-ray diffraction of compouddre also
collected in Table 2 for comparative purpodéas can be seen
for this latter complex, the optimized bond lengths are in quite
good agreement with the corresponding experimental data,
although those involving the metal atoms tend to be slightly
longer (less than 0.05 A) than the corresponding values

(13) For examples of fluxional behavior, see for example: (a) Bavaro,

being related to the large magnetic anisotropy of the multiple | w.:'Keister, J. B.J. Organomet. Chenl985 287, 357. (b) Keister, J.

metal-metal bonds$P Finally, compound was found to exhibit

B.; Payne, M. W.; Muscatella, M. Drganometallics1983 2, 219. (c)

dynamic behavior in solution, as concluded from the presence Johnson, B. F. G.; Lewis, J.; Orpen, A. G.; Raithby, P. R$$5G.J.

in the'H and3C NMR spectra of just one resonance for both

(11) Garca, M. E.; Garta-Vivo, D.; Ruiz, M. A. Unpublished results.
(12) Braterman, P. 9/etal Carbonyl SpectraAcademic Press: London,
UK, 1975.

Organomet. Chenl979 173 187. (d) Keister, J. BJ. Chem. SocChem.
Communl1979 214. (e) Gavens, P. D.; Mays, M.J.Organomet. Chem.
1978 162, 389.

(14) (a) Bader, R. F. WAtoms in MoleculesA Quantum TheoryOxford
University Press: Oxford, UK, 1990. (b) Bader, R. F. @hem. Re. 1991,
91, 893.
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Table 3. Calculated and Experimental C-O Stretching
Frequencie$

2 3
® v
o P
o (o]
o c
4

Figure 1. Optimized geometries for complex@s3, and4, with
hydrogen atoms omitted for clarity.

measured in the solid state. We also found this tendency for
our 30-electron face-sharing bioctahedral complexes bearing
bridging methoxycarbyne ligandsand this is in any case a
common finding with the functionals currently used in the DFT
computations of transition-metal complexgga.15

The intermetallic distances calculated for the dicarboByls
and4 (ca. 2.70 A) are in good agreement with the double metal
metal bond that is to be proposed for these 32-electron
complexes according to EAN formalism. As expected, these
values are significantly longer (ca. 0.2 A) than those previously
calculated for our triply bonded face-sharing bioctahedral

»(C—-0O)lcm?
compd calcl expf percent
2 2037 (100) 1947 (vs) 46
1981 (55) 1882 (s) 5.2
1971 (56) 1870 (s) 5.4
1319 (37)
trans-2 2033 (77)
1976 (53)
1954 (100)
1318 (43)
3 1990 (20) 1894 (sh, w) 5.1
1976 (100) 1862 (vs) 6.1
1296 (20)
4 2018 (28) 1929 (sh, w) 4.6
1992 (100) 1900 (vs) 4.8
1750 (21) 1652 (w, €0) 5.9

aValues corresponding to the CO, Ce\le, or COMe ligands, with
relative intensities in parentheses; experimental datd faken from ref
3a.P Uncorrected values.In petroleum ether2) or CH,Cl; solutions 8,
4). d(calcd — exp)/exp.

C—0O—-C angle close to 120, and is also in agreement with
the MO and AIM analysis to be discussed later on.

A frequency analysis for the dicarbony®sand 4 ensured
that the optimized geometries correspond to real minima of the
potential energy surface (PES), since no imaginary frequencies
were found. The calculated and experimental values of th@ C
stretching frequencies for both the carbonyl and the methoxy-
carbyne ligands for the dicarbonysand4 are shown in Table
3. The calculated values overestimate the experimental figures
by ca. 5-6%, which seems to be a normal bias for DFT-derived
IR stretching frequencié€st” For the neutral comples, the

complexes, doubtless as a consequence both of the decreasec_q stretching frequency of the methoxycarbyne ligand was

in the metat-metal bond order (from 3 to 2) as well as in the
number of bridging ligands (also from 3 to 2). The geometrical
parameters are quite similar for both complexes, although the
interatomic distances within the M@ triangle are longer for

3, by ca. 0.03 (Me-Mo) and 0.02 A (Me-C bonds). There are
two factors that could explain these observations. First, there
might be a genuine steric effect derived from the presence of
the methoxyl group in the same plane containing the metal and
carbyne atoms in the first compound. Second, a slight lengthen-
ing of the Mo—C bonds might also be expected if some o
interaction in the methoxycarbyne ligand were to be present,
which is detrimental to they-c bonding interaction, as found
previously for our 30-electron methoxycarbyne compleixas.
related competing interaction is not possible for the carboxy-
carbyne complex, hence its shorter MeC lengths. In line
with this, the calculated distance for the-C(carbyne) bond

in 4is 1.46 A, a value typical for single bonds betweeR-sp
hybridized C atoms® while the value of 1.32 A for the
corresponding €0 bond in3 is somewhat shorter than those
found for comparable single bonds, such as the (<P bonds

in organic molecules (ca. 1.35 A3? or that found for the ester
moiety of the carboxycarbyne ligand 4f(1.36 A). This can

be taken as indicative of the presence of some multiplicity in
this bond, which is consistent with the conformation of the
COMe ligand (arrangement in the M® plane, with the

(15) Cramer, C. JEssentials of Computational Chemistrgnd ed.;
Wiley: Chichester, UK, 2004.

(16) (a) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry
Principles of Structure and Reacity, 4th ed.; HarperCollins College
Publishers: New York, 1993. (b) Allen, F. H.; Kennard, O.; Watson, D.
G.; Brammer, L.; Orpen, G.; Taylor, R. Chem. So¢.Perkin Trans. 2
1987 S1.

calculated previously to be 1315 cfyand this relatively high
value was taken as another piece of evidence for the persistence
of somemc_o interaction within the methoxycarbyne ligand,
also in agreement with the subsequent MO and AIM analysis.

In the case 08, the calculated €O stretching frequency (1296
cm™) is comparable to the above figure, and therefore similar
conclusions can be extracted.

The electronic charges computed for these dicarbonyl mol-
ecules have been collected in Table S1 (see the Supporting
Information), which includes Mulliken chargéss well as those
derived from the NBO analysis (NPA chargé®)For both
complexes, the highest negative atomic charges are found at
the oxygen atoms of the carbonyl ligands, in agreement with
their greatr-acidity and the large electronegativity of the oxygen
atoms. As expected, the atomic charge at the C(carbyne) atoms
is highly dependent on the group directly attached to it. The
carboxycarbyne comple4 displays a high negative charge of
—0.39 (Mulliken) or —0.24 e (NPA) at this site, in good
agreement with the figures previously calculated for model
compounds with terminal carbyne ligands such as [CrCI(CH)-
(CO)q] (—0.42 e) and [Cr(CH)(CQ)" (—0.32 e)?° However,

(17) Yu, L.; Srinivas, G. N.; Schwartz, M. Mol. Struct(THEOCHEM)
2003 625, 215.

(18) Mulliken, R. S.J. Chem. Phys1955 23, 1833.

(19) Mulliken population analyses fail to give a useful and reliable
characterization of the charge distribution in many cases, especially when
highly ionic compounds and diffuse basis functions are involved. Charges
calculated according to the Natural Population Analysis (NPA) do not show
these deficiencies and are more independent of the basis set: (a) Reed, A.
E.; Weinstock, R. B.; Weinhold, B. Chem. Phys1985 83, 735. (b) Reed,

A. E.; Curtis, L. A.; Weinhold, FChem. Re. 1988 88, 899.

(20) Ushio, J.; Nakatsuji, H.; Yonezawa, J. Am. Chem. Sod 984

106, 5892.
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for complex3, with a methoxyl substituent at the carbyne ligand,
we found a significantly lower electron density at the C(carbyne) 2 cis-2 trans-2
atom, which turns out to be almost negligible-Q.03 e,
Mulliken) or slightly positive (+0.21, NPA), with values quite W

similar to those previously calculated for our face-sharing
bioctahedral methoxycarbyne complexes,that derived from

the semiempirical MO calculations carried out on the cluster
[Cos(us-COMe)(CO}].2* This decrease in electron density at
the carbyne atom of the methoxycarbyne ligand (when compared
to the carboxycarbyne ligand) cannot be attributed to the
presence of the already mentioned_o interaction in the
former, since such an interaction is expected to increase (rather
than decrease) the electron density at the C(carbyne) atom.
Therefore the low negative charge at the bridgehead carbon atom

of the methoxycarbyne ligand must be attributed essentially to ——
the high electronegativity of the oxygen atom bound to it. ) : :
Optimized Geometries of the Tricarbonyl Complex 2. The Figure 2. Experimental (left, petroleum ether solution) and DFT-

calculated (middle and right) IR spectra for compouhéh the

optimized geometries of the tricarbonyl isomeasis-2 and
P g y C—O stretching region.

trans-2 are fully consistent with the decrease in the intermetallic
bond order and the high asymmetry expected for these mol-
ecules. The intermetallic distances found for both isomers (ca.
3.16 A) are consistent with the electron-precise nature of these
34-electron complexes, for which a single metaletal bond
has to be proposed according to the EAN formalism, and they
are significantly longer (by ca. 0.4 A) than the corresponding
lengths in the dicarbonyl8 or 4, as expected. In both isomers
the metal atoms and the bridging phosphorus and carbon atom
define a puckered M&P rhombus, with dihedral angles of ca.

Molecular Orbitals of the 32-Electron Complexes 3 and
4. A detailed study of the molecular orbital diagrams for edge-
sharing bioctahedral complexes was reported early by Hoffmann
and co-workerg? and was revisited and widened recently by
some of ug3 The metat-metal bonding in these systems follows
érom the occupation of one, onesxr, and oned bonding MO's,
with their corresponding antibonding combinations being the

16Q° (cis-2) and 150 (trans2). The most relevant feature in next ones in energy. Using this scheme as a first :;pzproaé:h, we
H 1 1 *
these central frameworks is the highly asymmetric coordination Might therefore expect a configuration of the typer”%(0*)

of the methoxycarbyne ligand in both cases, which is placed for the 32-electron complexe3 and 4, and thus a formally

much closer to the monocarbonylic metal center. This asym- plouble metatmetal bond, in agreement with the EAN formal-

metry is so pronounced that the longer distance (ca. 2.35 A) is ISm. This situation, however, could be _signific_a_ntly m_odified
remarkably greater than the value expected for a comparableIn our complexes as a result of orbital mixing with the
Mo—C single bond, i.e., the distances found for symmetrically m-acceptor ligands present there, as turns out to be the case.

bridging carbonyl ligands (ca. 2.10 A§.Conversely, the second The most relevant molecular orbitals of compoudand4
Mo—C bond length is much shorter, with a value of only 1.90 &€ depicted in Figure 3, along with their a3500|ated_energy and
A, a figure approaching that for the terminal methoxycarbyne prevalent bonding character. The occupied frontier orbitals
complex (WTP(COMe)(COY]; Tp' = HB(N,CaMezH)s; W= exhibit some differences. In both compounds the highest
C = 1.86(1) A)1° Thus we can describe the coordination of °¢cupied molecular orbital (HOMO) corresponds to the metal
the methoxycarbyne ligand in these molecules as semibridgingM€talo* orbital, with an important contribution of the*c-o

or nearly terminal, with an MeC bond close to triple (Chart  °rpitals of the terminal carbonyls, thus implying the presence
1), in agreement with thé*C NMR data of compounc of significant metal to carbom back-bonding, which necessarily

discussed above. The dicyclohexylphosphide bridge is also moredecreases the antibonding character of this orbital with respect

strongly bound to the monocarbonylic metal fragment, but the [© the metat-metal binding. Below this, there is a group of
asymmetry here is less pronounced, with the-Nolengths three orbitals with similar energies and then the corresponding
differing by ca. 0.2 A. ' d-component of the MeMo bond for these compounds [MO

A frequency analysis for both isomersig2 and trans2) 120 @) and MO 127 §)]. The latter orbitals are so low in energy

ensured that the optimized geometries correspond to real minimaP€cause of their pronounced delocalization over the;Mo

of the PES, and also allowed us to distinguish between both tiangle (by mixing with the relevant p orbital of the C atom),
isomers on the basis of their IR patterns (Figure 2 and Table and hence represent fsffectlvely ﬁneompopent of the meta
3). The calculated patterns of the-O stretching bands for carbyne bond. A similar effect was previously found for our

both isomers are different enough to safely exclude the presencé‘ace-sfhar:ing bioctahedral m(fatl1hoxy<:_a|rbyne compI(Txes, in which
of significant amounts of th&ansisomer in the solutions of ~ 9"€ O theo components of the triple metametal bond is

compound2, which exhibit an IR spectrum with the pattern involved n thez Mo—C bonding of t_he carbyne ligaridThe
calculated for the cisoid structure, and NMR resonances tré€ orbitals below the HOMO in compounds and 4
indicative of the presence of a single species in solution. C0rrespond to ther andx components of the double metal
Furthermore, we note that the cisoid structure is calculated to metal bond qnd to the upper-energy component of the metal
be slightly more stable than that of the isoriems2 (by AG ligando-bonding orbltal_s holding th_e central yRC framework,
=2 kJ mol'l at 298 K and 1 atm). This small difference itself _b“t _there are some differences in the metab_tal overlaps
would not justify the absence dfans2 in solution, which implied. For the carboxycarbyne compléxthe intermetallic
possibly is less favored b_y the_ solutsolvent interactions, (22) Shaik, S.: Hoffmann, R. Fiesel, C. R.. Summervile, RJHAM
although we have not studied this effect. Chem. Soc1980 102, 4555. o I

(23) Palacios, A. A,; Aulla, G.; Alemany, P.; Alvarez, Snorg. Chem.
(21) Aitchison, A.; Farrugia, L. JOrganometallics1987, 6, 819. 200Q 39, 3166.
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Compound 2 Compound 3 Compound 4

HOMO 131/-4.62, Poam T Mvco HOMO 124 /-4.87, &M-M + Mv.co HOMO 131 /-5.27, &M-M + Mu-co

MO 130/ —5.16, v.come T Bv-co MO 123 /-5.23, Onp + Owe MO 130 /-5.58, Thi-M

MO 129 /-5.59, Tii-M MO 122/ —5.29, O'J'{?TM_M + Mv.co MO 129/ —5.67, am + Bvuco

MO 128/ —5.90, Thim T M.coMe MO 121 J'r—5.33, O'r!?rm_M + Mv.co MO 128/ —5.78, Owm.p + Ouie

MO 127/ -6.22, Gyp + Ouic MO 120/ =5.97, Sy + Min-come MO 127/ —6.53, Syt + Mt-coamte
Figure 3. Selected molecular orbitals of complexgs3, and4, with their energies and main bonding character indicated below.

bond consists of the two classicalandz components, while not be further discussed. Finally we note that the lowest
for the methoxycarbyne complex this bond is made up of two unoccupied molecular orbitals (LUMO) of these dicarbonyl
nearly equivalent bent (or banana) bonds. At the moment we complexes are largely metal-based molecular orbitals (MO 125
can give no satlsf_actor_y (_axplanauon to this result. _ (3) and MO 132 4), see the Supporting Information), and
. As for the bondllng within the methoxycarbyne molety, thgre exhibit7* - antibonding character. As could be expected for
ISa molqcular orbital (MO 103, see Table 8.3 n the Sup'portlng such unsaturated molecules, the incorporation of electron-donor
Information) that reveals the presence of significafiionding . . . .
ligands to the dinuclear center under orbital-controlled conditions

interaction in the G-C(carbyne) bond of this ligand, therefore . . . . .
competing with the Me-C x bonding (MO 120), as found for 1S to be accompanied by a reduction of the intermetallic bond

our 30-electron methoxycarbyne complekesid thus this needs ~ Order. In fact, for the compleg, which is the CO-addition
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Table 4. Topological Properties of the Electron Density at
the Bond Critical Points?

2 3 4 i
L=
bond 0 V2o o V2o 0 V2p / / \\\\\?
= ) \T
Mol—Mo2 0.419 1.660 0.444 1.99 TN
Mol—C* 0478 323 0.918 6.23 0918 6.65 /@@ ) @
Mo1—C* 0.929 529 0.92% 5.8 \\',%7¥%
Mo2-C*  1.085 830 0.866 6.73 0.938 6.96 ’\ ® ) /E
Mo2—C* 0.874 5.89 0.902 6.14 x\\\ﬁ///p
C*—OMe 2.084 0.82 2029 2.47 c
0—Me 1582 —9.95 1.633 -11.08 1.651 —9.97 . : .
0.885 10.68 Figure 4. Electron density maps in the MG(carbyne) plane of
Mol-CO  0.865 10.08 0.885  10.20 0.862  10.09 ~ compounds? (A), 3 (B), and4 (C). Nuclear positions&), bond
Mo2—-CO 0.901 11.27 0.878 10.24 0.877 9.87  critical points @), ring critical points ), and bond critical paths
c-0 2.984 2475 2956 23.51  2.990 25.02  (bold lines) are also indicated.
2975 2422 2952 2340 2.969 24.10
2.938 2270
Mol—-P 0.499 214 0.528 327 0.526 3.17 ) ) ) »
Mo2—P 0.560 3.22 0.523 3.00 0524 3.12 plexes with chemlcally predlctabIeM\/I bonds?*such as [CQ
C*—CO;Me 1.927 -18.29 (CO)X]?® and [Fe(CO)),?8 or for the phosphide-bridged com-
C=0(OMe) 2.736 3.97 plexes [Fe(u-H)x(u-PH)(COM(PHg)] *~ U (x = 1, 2)27 Since
C,(ko)*OMe 1.956 —11.52 the quality of the DFT-derived electron density is quite
C*MoPMc® 0.203  1.150 0.362 1.62 0.374 1.62 . !
MoC*Mo¢ 0.419 203 044 219 dependent on the basis sets used, we then tested different

aValues of the electron density at the bond critical poipjsafe given combinations of basis sets a-md effective C-0re pOtentla-lls (-ECP)'
in e A~3; values of the laplacian of at these points\(%p) are given in e The best results were obtal_n(_ed_when uslng a Combmat'_on of
A-5; Mol refers to the atom positioned trans to the methyl group of the the StuttgartDresden relativistic effective core potentials
COMe ligand, except for compount] for which the labeling is arbitrary; (SDD-RECP) for molybdenum atoms and 6-31G* basis for light
C~ refers to the bridgehead atom of the carbyne ligand; all the data were gtoms. These computations were carried out on the previously
computed with the LANL2DZ ECP: Data computed with the SDD ECP. o imized structures for these complexes, since we did not
¢Values at the ring critical point. A : L

observe significant differences between the optimized structure
of the complex3 by using either the LANL2DZ or the SDD

product of 3, we find a longer metatmetal distance, in pseudopotentials. Keeping in mind the relativistic derivation of
agreement with this bond-order reduction, as discussed below.the SDD ECP, we can assume that it will yield a more accurate

Molecular Orbitals of cis-2. The MO’s of this highly description of the electron density especially in the intermetallic
asymmetric molecule exhibit a strong mixing of atomic orbitals region, then being more reliable to analyze the metattal
and are difficult to interpret. The HOMO of this compound is bonding. The values gf and its laplacian so computed at the
axr* combination of metal AO’s with a significant contribution ~ Mo—Mo and Mo-C(carbyne) bcp's for compoundsand 4
of the 7*c_o orbital of the terminal carbonyls, and correlates have been added to Table 4 (the values for other bonds were
in shape with the LUMO of its precurs8 as expected. Mixing  Similar to those obtained with the usual basis set and are not
with thesz* c_o orbital of the terminal carbonyls is also observed included).
in the orbitals following the HOMO, which represent the Mo First, we note that the use of the SDD/6-31G* basis for the
Mo o bond (MO 129) and the MeC(carbyne)r bonding. In dicarbonyl complexes and 4 leads to the location of the
contrast to the tricentriec bonding interaction between both  corresponding metalmetal bcp’s (Figure 5). As expected, the
metal centers and the C(carbyne) atom that is found for the values ofp at these points (ca. 0.43 e & are intermediate
symmetrically bridged carbyne complex8sor 4, the corre- between those calculated for triply bonded carbonyl complexes
spondingr interaction in2 is now more localized between the  (ca. 0.60 e A3) and that computed for the singly bonded [Mo
carbon atom and the monocarbonyl metal center, and it can beCp,(CO)] (ca. 0.17 e A3),! which is in agreement with the
recognized through the orbitals MO 130 (M€ & bonding) double metatmetal bond proposed for these 32-electron
and MO 128 (distorted tricentric MeC—Mo  bonding). This complexes, also sustained by the MO analysis. In contrast, no
is in agreement with the geometric parameters already discussedintermetallic bcp could be located for the tricarboByprobably
revealing a very asymmetric binding of the carbyne ligand, due to the much longer MM separation, this leading to a quite
strongly bound to the monocarbonylic center. flat plateau of almost equal along the intermetallic vector

Topological Analysis of the Electron Density.In the (Figure 5), where the mathematical conditions of the bcp cannot
previous part of this series we have shown that the analysis ofbe satisfied. Note, however, that the electron density at the
the electron density under the AIM theory provides very intermetallic region o2 does not vanish, but keeps a minimum
valuable information (complementary to that of the MO analysis) value of ca. 0.22 e A3, similar to the density of the singly
for the characterization, interpretation and even quantification bonded [MaCp,(CO)] at the intermetallic bep (ca. 0.17 4.1
of the different bonds present in our highly unsaturated 30- Finally, we note that the values &?p at the intermetallic bcp
electron methoxycarbyne complexe®/e have therefore per-  for compounds3 and4 are moderately positive (1.62.76 e
formed a similar analysis for the complex2to 4, with special A-5). This feature was also found for our 30-electron meth-
attention to the data relative to the metatetal and metat oxycarbyne complexésand seems to be a characteristic of
carbyne bonds. The values of the electron dengijyaqd its
laplacian §2p) at the most relevant bond critical points (bcp)  (24) Macchi, P.; Sironi, ACoord. Chem. Re 2003 238-239, 383.
of these complexes are collected in Table 4. (25) Low, A. A, Kunze, K. L.; MacDougall, P. J.; Hall, M. Bnorg.

The first significant observation is that in none of the cases Ch(ezrg).lgglg;o,sg?;; 3. P.: Poblet, J.MPhys, Chen663 7, 6362,
could a Mo-Mo bcp be located with the usual basis set (Figure  (27) phillips, A.; lenco, A.; Reinhold, J.; Baher, H.-C.: Mealli, C.
4), a circumstance previously found for other carbonyl com- Chem. Eur. J2006 12, 4691.
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Figure 5. Electron density map in the M@(carbyne) plane of
complex 3, with nuclear positions®), bond critical points 4),
ring critical points ¢), and bond critical paths (bold lines) also

18 20 22 24

indicated (top). Below are represented the electron density profiles

along the metatmetal vector for the complexels 2, and3.

metal-metal interactions in transition metal complexXést-

tributed to the diffuse character of the electrons involved in the

bonding?*
As for the M—C(carbyne) bonds, the values pfat the
corresponding bcp’s in the dicarbony@snd4 are quite similar,

with figures close to the values calculated for our 30-electron

methoxycarbyne complexes (in the range 6:833 e A?3).1
The average value for the carboxycarbyne compl€R.93 e

Organometallics, Vol. 26, No. 24, 2009

ester like the methyl acetate, as far as the values afid its
laplacian are concerned (see Table 4 and the Supporting
Information), except for the value pfat the bcp of the €CO,-

Me bond in 4 (1.93 e A?3), somewhat higher than the
corresponding figure for the MeC bond in methyl acetate (1.75

e A3), as expected when comparing {spC(si) and
C(sp)—C(sp) bonds (shorter interatomic separation in the
former bonds). It is important to notice that all these bonds
exhibit large negative values 61%p, in agreement with their
covalent naturé?* From this general behavior, however, we have
to exclude the &0 bond, which exhibits a positive value for
this function at the corresponding bcp (3.97 and 4.45 &f8r

4 and methyl acetate, respectively). Actually this is the usual
feature found for multiple €0 bonds, and can be mainly
attributed to the displacement of the bcp toward the carbon
atom?*

As for the G-OMe bonds in the methoxycarbyne complexes
cis-2 and3 we find that the electron density at the corresponding
bep’s (ca. 2.05 e &%) has values comparable to those found
for our 30-electron methoxycarbyne complexes (2233 e
A~3).1 and all these are in turn slightly higher than the values
found for the C(O}-OMe bonds in4 or methyl acetate. We
take this alone as an indication of the presence of some
multiplicity in the C—OMe bonds of our methoxycarbyne
complexes. Besides this, there is an independent feature pointing
to the same conclusion: the values for the lapaciap aff the
C—OMe bcp’s in all our methoxycarbyne complexes are
positive (ca. 0.82.5 e A5, see Table 4 and ref 1), a common
feature of multiple GO bonds as stated above, while the
corresponding figures for the C(©DMe bonds ir4 or methyl
acetate keep the high negative values {ekl.5 e A5) expected
for single covalent €0 bonds.

Concluding Remarks

The 30-electron methoxycarbyne compleroes behave as
a substrate having a triple intermetallic bond, then being able
to incorporate two CO molecules to give the corresponding

A9 is only slightly higher than the corresponding average value electron-precise tricarbonyl complé which in turn renders

for the methoxycarbyne compleX (0.90 e A3). From these

the 32-electron dicarbonyB through a reversible thermal

data we can conclude that the strength of the interaction betweergecarbonylation. The DFT methods used to study these com-
the dimetal center and a COR ligand is not significantly different plexes lead to optimized geometries which in the case of its

from that of a CR ligand having an electron-withdrawing
hydrocarbon group. The tricarbony displays a strongly

unsaturated dicarbony are in excellent agreement with that
experimentally determined for the related carboxycarbyne

asymmetric coordination of the carbyne ligand, and this causescomplex4, and the frequency calculation for the two possible
the electron density at the bcp of the shorter bond to be jsomers of the tricarbony2 allows the unambiguous identifica-

considerably higher (1.09 e &) than the values calculated for
symmetrical methoxycarbyne bridgeimdeed approaching the
electron density calculated for the terminal carbynesCH
(1.17 e A3).2% Conversely, the longer MeC bond incis-2 is
characterized by a much lower valuewét the corresponding
bep (0.48 e A3), which is substantially lower than the values
found for comparable MC single bonds, such as the electron
density calculated for CrC#(0.77 e A3),29 or the values of
ca. 0.71 e A3 found for the Moe-C bonds of the carbonyl
bridges in our 30-electron complexksThis justifies our
description of the coordination of the carbyne ligand2ims
strongly semibridging, with Me C bonds of orders higher than
two and lower than one, respectively (Chart 1).

The bonding within the CeMe substituent of the carbyne
ligand of4 is comparable to that of this fragment in an organic

(28) Gervasio, G.; Bianchi, R.; Marabello, Chem. Phys. Let2004
387, 481 and references cited therein.

(29) Vidal, I.; Melchor, S.; Dobado, J. Al. Phys. Chem2005 109,
7500.

tion of its dominant structure in solution as the cisoid one. The
analysis of the molecular orbitals for the 32-electron edge-
sharing bioctahedral complex&sand 4 gives support to the
presence of a double metahetal bond derived from a
configuration of the typ@20272(6*),2 in which thed* orbitals
are involved in ther back-bonding to the terminal carbonyls,
while the 6 orbitals are delocalized over the Mg(carbyne)
triangle and then constitute thebonding component of the
metal-carbyne bond, which is very similar in both the meth-
oxycarbyne and the carboxycarbyne ligands. Yet, some residual
m-bonding interaction at the-©0 bond of the methoxycarbyne
ligand can be identified, which weakens the M8 bond of
this ligand to a small extent. The tricarbon@l exhibits a
methoxycarbyne ligand with a strongly asymmetric, nearly
terminal coordination to the metal atoms, with the latter kept at
a short distance by a-type bonding orbital.

The topological analysis of the electron density within all
these molecules is fully consistent with the MO description of
the bonding just given. In particular, we find that the electron
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density in the intermetallic region of these molecules reaches aunder vacuum and the residue was dissolved in dichloromethane

relatively flat plateau. As a result, only for the double-bonded
dicarbonyls3 and 4, and using a high quality basis, can the
intermetallic bcp’s be located, with values pfat these points

of ca. 0.4 e A3, which are figures intermediate between those
of the triply bonded [MeCp(CO)] and the singly bonded [Me
Cp2(CO)]. The electron densities at the M& bonds of the
dicarbonyl complexe8 and4 are similar, and then support the
idea that the strengths of binding to the metal of the methoxy-

petroleum ether (1:4) and chromatographed on an alumina column
(activity 1V, 20 x 2 cm) at 253 K. Elution with dichloromethane
petroleum ether (1:2) gave a pale pink fraction that yielded, after
removal of solvents, compouritlas a red microcrystalline solid
(0.52 g, 68%). Anal. Calcd for £gH3sM0,05P: C, 50.50; H, 5.70.
Found: C, 50.67; H, 5.93:co (CH.Cl,) 1894 (w, sh), 1863 (s)
cm™1 IH NMR 6 5.45 (s, 10H, Cp), 4.78 (s, 3H, OMe), 24.1

(m, 22H, Cy).31P{*H} NMR 6 125.0 (s).13C{'H} NMR ¢ 404.0

carbyne and carboxycarbyne ligands are comparable, with the(d, Jcp = 5, u-COR), 227.8 (dJep = 11, CO), 90.2 (s, Cp), 70.5
former being slightly weakened because of the presence of somgs, OMe), 44.9 [dJce = 19, C{(Cy)], 36.0 [s, C§Cy)], 34.2 [s,

m-interaction in the €&OMe bond, which in turn is supported
by the relatively high value ofp and positive (instead of
negative) value of its laplacian at the corresponding bond critical
point.

Experimental Section

General Procedures and Starting Materials All manipulations
and reactions were carried out under a nitrogen (99.995%)

atmosphere with standard Schlenk techniques. Solvents were

purified according to literature procedures and distilled prior to
use® Petroleum ether refers to that fraction distilling in the range
338-343 K. CompoundL was prepared as described previodsly.

C62(Cy)], 28.5 [d,Jcp: 8, C35(Cy)], 28.4 [d,JCP =10, C§3(Cy)],
26.6 [s, C(Cy)].

Computational Details. All computations described in this work
were carried out with the GAUSSIANO3 packagen which the
hybrid method B3LYP was applied with the Becke three parameters
exchange function® and the Lee-Yang—Parr correlation func-
tional3® Effective core potentials (ECP) and their associated
double¢ LANL2DZ basis set were used for the molybdenum and
phosphorus aton?$, supplemented by an extra d-polarization
function in the case of . The light elements (O, C, and H) were
described with 6-31G* basf. Geometry optimizations were
performed under no symmetry restrictions, using initial coordinates

Chromatographic separations were carried out with use of jacketedderived from X-ray data of the same or comparable complexes,
columns cooled by a closed 2-propanol circuit, kept at the desired and frequency analyses were performed to ensure that a minimum
temperature with a cryostat. Commercial aluminum oxide (Aldrich, structure with no imaginary frequencies was achieved in each case.
activity I, 150 mesh) was degassed under vacuum prior to use. TheFor interpretation purposes, natural population analysis (NPA)
latter was mixed under nitrogen with the appropriate amount of charge¥>were derived from the natural bond order (NBO) analysis
water to reach the activity desired. All other reagents were obtained of the data% Molecular orbitals and vibrational modes were
from the usual commercial suppliers and usgd as received. IR isualized by using the Molekel prograthFor the AIM analysis
stretching frequencies were mee_lsured in solution and are referred,¢ p we also carried out single-point calculations on the previously
to asv (solvent). Nuclear magnetic resonance (NMR) spectra were optimized geometries but using a combination of the relativistic

routinely recorded at 300.13H), 121.50 ¢P{H}), or 75.47 {°C- . -
1 . - ; effective core potentials (RECP) from the Stuttgddresden group
{*H}) at 290 K in CRCl, solutions unless otherwise stated. (SDD) to represent the innermost electrons of the Mo atom together

Chemical shifts §) are given in ppm, relative to internal tetra- . i ; . .
methylsilane J(H,&)HC) ogr externap|p85% aqueoussPO; (31P). with their associated valence basis set of doubtpsality 38 and
the 6-31G* basis for light elements. The topological analysisg of

Coupling constantsJf are given in Hz. ; ) X e
Preparation of [Mo,Cpa(u-COMe)(u-PCy»)(CO)3 (2). A was carried out with theaim routine?
toluene solution (10 mL) of compourt (0.100 g, 0.169 mmol)
was placed in a bulb equipped with a Young's valve. The bulb  (31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
was cooled at 77 K, evacuated under vacuum, and then refilled M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
with CO. The valve was then closed, and the solution was allowed ,\N/Ie n?‘ﬁrﬁc?t' é-_Céo'g'S'l'i'aTA' -J's?aiiréﬁ?gzg'-sé SQAT?\IW""%&J&SE@LO”E \5&;-
to reach room tempe_ra_ture and further stlrred_ for 14 h to give an Nakatsuji,’H.; ’Hada, M.; Ehara, M.: Téyoté, K. deuda, R. Haseéawa, J_’;
orange solution containing compoues the major product. After Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
removal of solvents under vacuum, dichloromethane (10 mL) and X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
then petroleum ether (15 mL) were added. Removal of the solvents é"g;“r:]'i”oh?-?lagr?]’:lﬁerésj géh?gg}(ri“aj””WFf-A'?glgaéye\‘(/g %ggﬁrﬂéﬁk?-?
from the latter mixture under vacuum gave compouhds an Voth, G A Salvaddr, P Dannenb’erg.;, J..’J.; Zakr’ze\'/vsI'(’i, V.G, Dap’prk':’h,
orange powder (0.099 g, 91%). Anal. Calcd fosidssMo,04P: S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
C, 50.17; H, 5.46. Found: C, 50.21; H, 5.3%0 (CH,Cl,) 1933 D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
(vs), 1860 (s), 1843 (m, sh) crh H NMR 6 5.34, 5.00 (2x s, 2 G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
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