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rameters are in accord with the changes in interatomic distances of the
1,3 type for | compared with butadiene or 1,4-cyclohexadiene.
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Intramolecular Rearrangement of Carbonyl Ligands in
the Octahedral Complex W(CO)sP(OMe); by a
Nondissociative Process: An Example of the Utility of
the Oxygen-18 Isotope Shift on the 13C NMR of the
Carbonyl Ligand

Sir:

Frequently carbonyl ligand rearrangements in octahedral
transition metal complexes have been observed to occur by
meuns of a mechanism involving prior ligand dissociation, e.g.,
as depicted in eq | and 2.!-% On the other hand intramolecular
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Figure 1. 'C NMR spectra of W(CO)sP(OMe); in CDCla. (A) Natural
abundance spectrum of W(CO)sP(OMe);, 6(Cring) 197.9 ppm (Jp.c =
37.6 112) and 6(Ceis) 1953 ppm (Jp.¢ = 10.7 and Jw ¢ = 125 Hz). Note
downtield portion of 8(Cryny) overlupped with peak due to W-Cg, coupling
(1his is resolved in the spectrum determined a1 higher resolution; see Figure
2. () Spectrum of W(CO)sP(OMe)a prepured from cis-W(CO)4-
[PIOMe);]NHCsH o ind 93% cnriched Y*CO in octanc a1 78 °C for 2
ditys. The 13CO ligand is ~90% randomized.

permutation of ligands in complexes of octahedral symmetry
by a process which does not involve ligand dissociation is less
well documented. Indeed, the barrier to intramolecular rear-
rangements by a non-bond-breaking process in octahedral
transition metal complexes has long been believed to be quite
lurge.%10 Several recent studies, however, indicate that the
process is the lowest energy mechanism for cis = trans isom-
crization reactions involving some of these complexes.!! !4 In
this communication stereochemical nonrigidity in W(CO)s-
P(OMe); occurring by a non-bond-breaking process is un-
ambiguously established.

Upon reacting cis-W(CO)4{P(OMe);]NHCsH o with
[HC]carbon monoxide in octane solvent at 78 °C for a pro-
longed period a nearly statistical mixture of cis- and trans-
W(CO)4('3CO)P(OMe); was obtained (see '3C NMR spectra
in Figure 1).'% If the piperidine substitution reaction is stopped
at an earlier stage in the substitutional process the
W(CO)4(13CO)P(OMe); product is more highly stereo-
sclectively enriched in the equatorial position, thus indicating
that a fluxional process is operative subsequent to the initial
13CO incorporation. The possibility that this stereochemical
nonrigidity in the W(CO)4('3CO)}P(OMe); species is occur-
ring by a dissociative process is ruled out in that reaction of
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Figure 2. N:ittural abundance 3C NMR spectra of oxygen-18-¢nriched
W(CO)sP(OMe)z in CDCl;. (A) W(CO)sP(OMe); enriched in oxy-
zen-18 stercoselectively (overliy allows Tor quantitulive assessment of 'O
level in H(Cein)). (B)Y W(CO)sP(OMe); ufier 2 days in octine a1 78 °C in
the presence of €190, 1¥0-shifted C resonances are indicated by arrows.
Both 1he axial and cqualorial resonances are shilted upficld by 0.040
ppin.

W(CO)sP(OMe); with 13CO in octane at 78 °C for 2 days
resulted in no incorporation of 13CO into the parent complex
as well as no production of W(CO)s(}*CO).

These observations taken collectively are indicative of a
non-bond-breaking mechanism for the ligand rearrangement
process in W(CO)sP(OMe)s. Nevertheless, in order to illus-
trate this more dramatically, as well as to introduce a novel
technique for probing these occurrences, a highly stereo-
selectively labeled W(CO)sP(OMe); species has been syn-
thesized by the phase-transfer catalyzed oxygen-18 exchange
reaction between the substrate and '#O-enriched hydroxide
ion.!®!7 Although the oxygen-18 incorporation reaction is
carried out under condition where some rearrangement of li-
gunds in the W(CO)sP(OMe)j; species occurs, it is possible to
synthesize a complex which is highly selectively enriched in
the equatorial carbonyl positions.'6-18

Previously we have shown that the oxygen- 18 isotope shift
on the '*C NMR of the carbon monoxide ligand in metal
carbonyl derivatives provides an extremely useful method for
establishing the degree of ¥O incorporation and its site spec-
ificity.'” Figure 2 exhibits the natural abundance '3C NMR
spectra of W(CO)sP(OMe); enriched in oxvgen-18 in both
its initially prepared state and after 2 days of rearrangement
in octane solvent at 78 °C in the presence of C'°0. It is possible
to assess from these '*C NMR spectral measurements that the
initially synthesized '80-enriched W(CO)sP(OMe)s is ster-
cosclectively labeled in equatorial carbonyl sites, with 37% of
the equatorial oxygens and 16% of the axial oxygens being
oxvgen-18 atoms.2? Further these !3C spectral data clearly
demonstrate that, once the stereoselectively oxygen-18-en-
riched W{CO)sP(OMe); species has been heated in octane at
78 °C for 2 days in the presence of C'%0, the equatorial and
axial carbonyl sites have equilibrated and, more importantly,
the total ratio of oxygen-18 to oxygen- 16 atoms has not been
altered (33% of all the oxygen atoms being oxygen-18 in both
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the initial and rearranged complex) during the fluxional pro-
cess.

These results provide for the first time clear-cut evidence
that neutral, six-coordinate molecules of the type M(CO)sL
can undergo ligand rearrangements in their /nract state. Pre-
sumably this fluxional process occurs through either a trigo-
nal-prismatic?!-24 or bicapped tetrahedron?® intermediate or
transition state. Further, it has been demonstrated that the
small upfield shift in the 13C resonance caused by oxygen-18
substitution at a carbon monoxide ligand permits an accurate
determination of the ratio of oxygen-18 to oxygen-16 atoms
in metal carbonyl derivatives to be made, thus providing a novel
and alternative methodology for tracing labeled carbon mon-
oxide ligands.?¢-28 Studies in progress indicate the barrier to
ligand rearrangement in Mo(CO)sP(OMe); by a non-bond-
breaking mechanism to be greater than that observed for the
tungsten species herein reported.?®-3! On the other hand
Cr(CO)sP(OMe); has been found to undergo ligand rear-
rangement by a nondissociative process in an even more facile
manner than W(CO)sP(OMe)3.32 Thus the metal dependence
for the ease of non-bond-breaking ligand rearrangements in
the group 6b M(CO)sP(OMe); species is Cr > W > Mo.
Quantitative investigations aimed at evaluating the activation
parameters for these processes are underway.
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Properties and Reactions of Manganese Methylene
Complexes in the Gas Phase. The Importance of
Strong Metal-Carbene Bonds for Effective

Olefin Metathesis Catalysts

Sir:

Transition metal carbene complexes are proving to be re-
markably versatile species. They are implicated as interme-
diates in a variety of reactions, including the decomposition
of metal alkyls,! polymerization of olefins by Ziegler-Natta
catalysts,” olefin homologation,? and cyclopropane formation
frori olefins.* One reaction for which a substantial body of
evidence supports the intermediacy of a metal carbene is olefin
metathesis,” an example of which is given in reaction 1. The

| | L )y _
CR2=CR2 + CR2=CR2 == CR,=CR, + CRZ-CR2 m

mechanism for metal carbene catalysis of this reaction is
suggested to be that shown ineq 2.

M ——CR,
MzCR) + CRy" CRp == l l
CR,— CRy

b, T gy
 ad +
CR2 CR2

The synthesis, reactivity, and thermochemistry of transition
metal carbenes have been focal points of recent studies in our
laboratory, using the techniques of ion cyclotron resonance
spectroscopy.’ Previously we reported the preparation and
reactions of (7°-CsHs)Fe(CO),CH,>* (#n = 1, 2).8 In this
communication the formation, properties, and reactions of the
gas phase carbenes MnCH,*, (CO)sMnCH»*, and
(COYMnCH,* are described. Reported results include ob-
servation of metathesis and abstraction reactions of the
methylene ligand with olefins and the first experimental de-
termination of metal-carbene bond dissociation energies.

Several reaction pathways result in the formation of
MnCH,*. These include a reaction sequence beginning with
the oxide MnO™, prepared by reaction of Mn* 9 with N,O,
reaction 3.'° For this and subsequent reactions, the neutral
products are inferred and not detected. In the presence of
cthylene, a new species, MnCH %, is observed, arising from
the metathesis of MnO* with CH>CH,;, reaction 4. The
MnCH,t ion can be generated in a single step by reaction of
Mn* with cyclopropane, reaction 5. Both MnO* and MnCH,*
are products of reaction of Mnt with ethylene oxide, reactions
6and 7.

Mn++N03%MnO++N3 (3)
MnO* + CH.CH; — MnCH>* + CH,0 4)
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Mnt 4 A_" MnCH} + CH,CH, (5)
o MnO* + CH.CH, (6)

Mt + i E
MnCH‘é + CHg0 (7)

The carbene MnCH;" reacts with the olefins CD,CD3,
CH3;CHCH,, and (CD;);CCD> to yield the new carbene
species MnCD,*t, MnCHCH;*, and MnC(CD3),™, respec-
tively; no MnCD,* is produced in the reaction with
(CD3),CCDa. These are the expected products from a me-
tathesis reaction, as illustrated by reaction 8.!! In the case of

MnCH»* + CD,CD; — MnCD»* + CH,CD>  (8)

the manganese ethylidene and propylidene ions, it is possible
the organic ligand has rearranged to a coordinated olefin.!?
The complexity of the reaction systems in which these species
are formed precluded investigation of their structure via further
reactions.

In competition with the metathesis reactions,!? abstraction
of the ligands from MnO* and MnCH,? to yield Mnt is seen
with olefins present, reactions 9 and 10.

MnO* + CHQCHQ_ — Mnt + C2H4O (9)
MnCH3+ + CD]CDQ - Mn+ + C3H2D4 (IO)

These reactions are of particular importance in that they
provide limits for the bond dissociation energies, D{Mn*-X).
The ability of Mn* to abstract CH; from cyclopropane, re-
action 5, establishes a lower limit to D(Mn*-CH>) of 92
kcal/mol.'*3 Since the reverse of reaction 5 would be endo-
thermic, the product of the ligand abstract, reaction 10, is most
likely propylene, the olefin homologation product, This pro-
vides an upper limit to D{(Mn*-CH,) of 100 kcal /mol.'6

To compare the reactivity of the *‘bare’” metal carbene
MnCH,* to species with more typical coordination, we ex-
plored the formation and reactions of the species (CO),-
MnCH.*. Attempts to generate (CO),MnCD,* ions by re-
action of (CO),Mn* with cyclopropane-d, result only in ions
of formula (CO),, Mn(C3Dg)*, m < n. However, a variety of
proton donors BH™, where B is a base (e.g., CHy, (CH;3).0),
undergo reactions |1 and 12 to yield carbene com-
plexes.!* ¥

(CO)SMnCHE + HF + B an
+
(COIgMnCHF  + BH «E
(COI,MACHE + CO + HF + B (2)
Pentacarbonylmanganese methylene ion reacts with the

olefins cis-2-butene and isobutylene to give (CO)sMn™, re-
action 13; the neutral hydrocarbon product could be either an

(CO)sMnCH:>* + C4Hg — (CO)sMn* + CsHyp (13)

olefin or a cyclopropane. The bond energy D[(CO)sMn*-
CHa3] is estimated from appearance potential data'® to be 77
+ 5 keal/mol,?® making cyclopropane formation exothermic
by approximately 15 kcal/mol. Reaction of olefins with
(COY4MnCH>* results only in CO displacement products. No
metathesis reactions are observed for either of these car-
benes.

These results are important in several respects. Although
evidence exists suggesting metal carbenes act as olefin me-
tathesis catalysts, speculation on the mechanism of this reac-
tion continues. This is due in part to difficulties in establishing
how these species can be generated, as well as inability to
characterize them in known catalytic systems. For example,
the metathesis of a metal oxide with olefins to generate car-
benes has been implicated, but not documented, in a number
of homogeneous systems.”® Evidence for a carbene species
generated by oxidative addition cf alkyl cyclopropanes to a
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