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Observation of Inter-Metal Carbonyl Exchange in
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Inter-metal carbonyl exchange in [(#°-CsHs)>.Mo,(CO)g] and [(17°-CsHs),MoW(CO)g], via [(1°-
CsHs)2Mo(u-C0)»(CO)4] and [(173-CsHs).MoW(u-CO),(CO)4], has been observed by $C NMR
spectroscopy. The AG* for the exchange is 13.9 £ 0.2 kcal mol~! for the gauche isomer of
[(#%-CsHs)2M02(CO)s] and 14.9 4 0.2 kcal mol~* for the trans isomer.

Inter-metal carbonyl exchange is well established for
derivatives of group 8 and 9 metals but is relatively
uncommon for derivatives of group 6 and 7 metals.! For
example, in [(75-CsHs).Fex(C0)4)% and [Fes(CO)12],2 car-
bonyl exchange is extremely facile, with activation
energies well below 10 kcal mol~t. However, it has been
shown for [Mn,(CO)y0] that even at 130 °C there is no
evidence of carbonyl exchange, setting a lower limit of
20 kcal mol~?1 for the activation energy of inter-metal
carbonyl exchange.* Inter-metal carbonyl exchange has
been demonstrated to occur in [MnRe(CO)10] with AG¥34g
= 27 kcal mol~1.5 Substitution can reduce the activation
energy for inter-metal carbonyl exchange with AG¥3s
falling to 25.5 kcal mol~t in [Mnx(CO)g(CNBUY),],6 AG*sgg
= 19.1 kcal mol~ in [Mn,(CO)7(CNMe)z],” and AG¥;
= 16.3 kcal mol~! for isomerization of a,e-[Mny(CO)s-
(PBun3),] to a,a-[Mny(CO)g(PBuU";),].B

Moving to group 6, it might then be expected that
inter-metal carbonyl exchange should be even more
difficult. However, in 1973, Adams, Brice, and Cotton
demonstrated the exchange of MeNC between the
molybdenum atoms in [(°-CsHs).Mo,(CO)s(CNMe)] and,
by implication, a corresponding CO transfer.® They
determined a free energy of activation of 13.0 + 0.5 kcal
mol~1, but the exact nature of this dynamic process is
not clear.

One of the clearest demonstrations of carbonyl ex-
change between molybdenum atoms occurs with [(°-
CsRs)(0C)3sMoMo(r7-C7H7)(CO),], R = H and Me, where
three separate 13CO signals are observed in the intensity
ratio 1:2:2 at —80 °C and average to a broad singlet at
40 °C.10 Inter-metal carbonyl exchange is also involved
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1
in the fluxionality of [(#®-CsHs)W(CO),(u-PPH_)Cr-
(CO)s]*t and 1.22 In contrast, [(°:1%-azulene)Mo,(CO)g],
2, and its derivatives do not show inter-metal carbonyl
exchange, but localized scrambling is facile.13

In addition to ligand exchange, it has been established
that [(%°-CsHs)2Mo0,(CO)s] undergoes restricted rotation
about the Mo—Mo bond.'* In most solvents, the trans
isomer is dominant. In 1989, Lindsell and Tomb
demonstrated that [(77°-CsHs),W2(CO)g], in dg-DMSO/
THF, consists of a 55:45 mixture of gauche and trans
isomers, 3 and 4, M = W, which undergo exchange by
rotation of the W—W bond, with gauche—trans inter-
conversion being facile, but gauche—gauche being too
slow to detect; see Scheme 1.1 This is completely
analogous to the observations by Farrugia on [(°-
CsHs),Fex(CO)4)? and our observations on [(7°-CsHs),-
Fe2(CO)4-n(CNMe)n], n=1and 2.16 Lindsell and Tomb
observed a weak EXSY peak between the carbonyl trans
to the W—W bond and one of the cis-carbonyls in the
gauche isomer and attributed the peak to a 13C—13C
nOe. The work of Lindsell and Tomb, which showed
that, in DMSO/THF, [(®-CsHs)2W>(CO)s] exists with the
gauche form in a slight excess,!® raised the possibility
of using DMF as a low-temperature solvent for [(#°-
CsHs)2Mo,(CO)g], where both the gauche and trans
forms would be present in substantial quantities.

Experimental Section

[(#°-CsHs)2M0,(CO)e], enriched by approximately 35% in
13CO, was synthesized by exposing a stirred solution of [(;°-
CsHs)>Mo0,(CO)4] in CH.Cl, to **CO for 30 min, when the
absorption of gas ceased.’” The resulting *CO-enriched [(;°-
CsHs)2Mo02(CO)e] was purified by chromatography on alumina
using CHCI; as the eluent.

The NMR spectra were recorded using a Bruker WH400
NMR spectrometer, and the temperatures were measured by
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Scheme 1. Rotation of the M—M Bond in
[(#°%-CsHs)>2M»(CO)¢], M = Mo and W, Viewed along
the M—M Bond with the Carbonyls trans to the
M—M Bond Omitted for Clarity
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replacing the sample with an NMR tube containing CH,ClI,
and a thermocouple connected to a Comark electronic ther-
mometer. Carbon-13 chemical shifts were referenced to the
central line of the low frequency CDj signal of (CD3);,NCDO
at 0 30.1. Selective 7 pulses were generated using the DANTE
pulse sequence.’® Magnetization transfer measurements were
performed and the data analyzed as previously described.'®
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Figure 1. The 100.62 MHz 13C NMR spectrum of the
carbonyl region of ca. 35% 13CO-enriched [(3%-CsHs),Mo,-
(CO)¢] in DMF/d;-DMF, 4:1, (a) at —40 °C and (b) at 10
°C.
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Figure 2. The 100.62 MHz 3C NMR spectrum of the
carbonyl region of ca. 35% 13CO-enriched [(35-CsHs),Mo,-
(CO)¢] in DMF/d;-DMF, 4:1, at —40 °C. The spectrum has
been resolution enhanced using a Gaussian weighting
function. Each tick mark represents 0.1 ppm.

Results and Discussion

The 13C NMR spectrum of the carbonyl region of 13C-
enriched [(17°-CsHs)2Mo0,(CO)s] in DMF/d,-DMF, 4:1, at
—40 °C, is shown in Figure la. It has previously been
established that [(7°-CsHs)2Mo0,(CO)e] exists in solution
as a mixture of gauche and trans isomers.'* In the
gauche isomer, 3, there are three carbonyl environ-
ments, in the intensity ratio 1:1:1. This is most clearly
observed in the Newman projection. The two carbonyls
cis to the Mo—Mo bond are inequivalent, with C1O
having a torsion angle of 180° with respect to the
cyclopentadienyl on the second molybdenum, while the
corresponding angle for C20 is 60°. The third carbonyl
C20 is trans to the Mo—Mo bond. In the trans isomer,
4, M = Mo, there are two carbonyl environments, trans
and cis to the Mo—Mo bond in the intensity ratio 1:2.

In DMF/d;-DMF, 4:1, at —40 °C, the gauche and trans
isomers are present in an approximate concentration
ratio of 1.6:1; see Figure 1. There is fine structure due
to 13C—13C coupling; see Figure 2. The signals due to
C3 and C® show overlapping singlets, doublets, and
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Figure 3. The 100.62 MHz COSY 3C NMR spectrum of
the carbonyl region of ca. 35% 13CO-enriched [(17°-CsHs),-
Mo,(CO)g] in DMF/d;-DMF, 4:1, at —40 °C.

triplets due to coupling to none, one, and two 13CO
groups. C1, C?, and C* only show overlapping singlets
and doublets implying that 23(C*,C?) is negligible. This
was confirmed in the COSY-90 spectrum (see Figure 3),
which showed coupling between the carbonyl at 6 237.3
and those at 230.0, and 227.1 and between the carbonyls
at 6 235.8 and 227.5.2° This permits the assignment of
the carbonyls at 6 237.3, 230.0, and 227.1 being due to
the gauche isomer and those at 6 235.8 and 227.5 to
the trans isomer.2! On the basis of intensity, the signal
of the trans isomer at 6 235.8 is assigned to C°0 and at
227.5 to C*O. By analogy, the signal of the gauche
isomer at ¢ 237.3 is assigned to C20O, and those at &
227.1 and 230.0 are assigned to C!O and C20. It is
noteworthy that, in the trans isomer, coupling is ob-
served between C*O and C®0, and in the gauche isomer,
coupling is observed between C1O and C30 and between
C20 and C20 but not between C!O and C20. Each of
the observed coupling constants is 10.5 Hz. This is
consistent with observations of 2J(3'P3CO) in [(n°-
CsHs)Mo(CO)2(PR3)X], R = alkyl or aryl group, where
2J(1P13CO)yjs is ca. 25 Hz, while 2J(31P13CO)¢rans is ca.
5 Hz.2223 In this group of compounds, coupling to 31PR3
is anticipated to be approximately double that to 13CO.
For example, in [W(CO)s(PR3)], 1J(*8W13C) is ca. 125
Hz,2* while 1J(183W31P) is ca. 250 Hz.%

At 10 °C, all the carbonyl signals are broadened by
exchange, but the signals of the gauche isomer at ¢
237.3 and 227.1 are broadened the most, and the signal
at 6 230.0, also due to the gauche isomer, is broadened

(20) Referenced to the low-frequency 3CHjs of the (CH3),NCHO at
0 30.1.

(21) In the gauche isomer, the two carbonyls on each molybdenum
cis to the Mo—Mo bond are inequivalent. In the Newman projection
in Scheme 1, it can be seen that one is between two CO groups on the
other molybdenum and the other CO group is between a cyclopenta-
dienyl and CO ligand.
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Figure 4. Changes in height of the 13C NMR signals of
[(#%-CsHs)2M0,(CO)s] at 0 237.3 and 227.1 at —19.5 + 2 °C
as a function of time after applying a selective DANTE
m-pulse at 6 237.3: (+) signal at 6 237.3; (o) signal at o
227.1.

the least; see Figure 1b. The exchange between the
carbonyls at 6 237.3 and 227.1 was investigated quan-
titatively by applying a selective # DANTE pulse!® at 6
237.3 and monitoring the magnetization transfer to the
signal at 6 227.1. The magnetization transferred ex-
clusively?® to this site at —19.5 & 2 °C. The data were
fitted as previously described to yield excellent agree-
ment between the experimental and calculated changes
in signal height; see Figure 4. The rate of exchange was
determined as 5.5 &+ 0.1 s71, corresponding to a AG* =
13.9 4 0.2 kcal mol—2.

The mechanism of this exchange has been anticipated
by Cotton et al., in the proposed mechanism of CNMe
exchange in [(#5-CsHs)2Mo,(CO)s(CNMe)] and CO ex-
change in [(#%-CsHs)2Fe;(u-C0O)2(CO)2].2” They postu-
lated intermediates, [(17°-CsHs)2Mo2(u-CO)2(CO)3(CNMe)]
and [(#°-CsHs)2Moz(u-CO)(u-CNMe)(CO)4]. The pro-
posed bridged structure was subsequently confirmed by
Lentz et al., who determined the X-ray structure of [(3°-
CsMes),Moy(u-CNCF3),(CO)4), 5.8 Note that in 5 all the
terminal carbonyls are equivalent.

For the gauche-isomer, 3, M = Mo, it is probable that
the mutually trans-carbonyls C20 in Scheme 1 form a
bridge, analogous to the mechanism reported by Cotton
for [(#3-CsHs)2Fex(CO)4).° For the gauche isomer, the
bridged intermediate, 6, simply exchanges C20 between
equivalent positions on the two molybdenum atoms,
while C10 and C30 move into equivalent positions and
exchange. This requires C'O to be assigned to the
signal at 6 227.1 and C20 to 6 230.0. The movement of
C20 into a bridging position is possibly anticipated in
the X-ray structure of [(173-CsHs)2Mo02(CO)e],2° where the
nonbonded Mo----C2 distance is 3.178 A, which can be
compared with the Mo-+--C! distance of 3.247 A, al-
though the difference in distances is only of the order
of 20 or 3o.

At 1 + 2 °C, two further dynamic processes become
significant, namely the well-documented rotation about
the Mo—Mo bond which interconverts the gauche and
trans isomers, see Scheme 1, and carbonyl exchange
between the molybdenum atoms in the trans isomer.

(26) No magnetization transfer to any other site was detected. This
is consistent with other exchange mechanisms being at least 1 order
of magnitude slower.
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Figure 5. Changes in height of the 13C NMR signals of
[(7°-CsHs)2M0,(CO)e] at 1 & 2 °C as a function of time after
applying a selective DANTE z-pulse at (a) 6 235.8 and (b)
0 230.0. The symbols used for the various signals are as
follows: (O) signal at 6 237.3; (O) signal at 6 235.8; (+)
signal at 6 230.0 (x) signal at 6 227.5; (¢) signal at 6 227.1.

This was investigated quantitatively using magnetiza-
tion transfer in two interleafed experiments, first by
applying a selective # DANTE pulse!8 to the signal at 6
235.8, C50, and then, in a separate set of measure-
ments, to the signal at 6 230.0, C20. The magnetization
transfer was monitored as a function of time between
the selective & pulse and the general F(,2) pulse and
analyzed as previously described.’® The data were
fitted!® to yield rates of 4.1 s for trans — gauche
isomerization, 2.6 s~1 for gauche — trans isomerization,
and 7.4 s~1 for C°0 — C*0O exchange, corresponding to
AG¥y78 = 15.3 £ 0.2, 15.5 &+ 0.2, and 14.9 £ 0.2 kcal
mol~1, respectively. The fit is shown in Figure 5.
Examination of Figure 5a shows that when C®0 is
inverted, the dominant magnetization transfer is to C*O,
which is due to exchange via the bridged intermediate
7. There is also slower exchange to the cis isomer due
to rotation about the Mo—Mo bond. The barrier is 1
kcal mol~1 higher than for the gauche isomer, presum-
ably reflecting the fact that all four carbonyls C*O are
equivalent, while, in the gauche isomer, only the two
carbonyls, C20, are suitable for bridging. Examination
of Figure 5b shows that when C20 is inverted, the
dominant magnetization transfer is to C*O, which is due
to rotation about the Mo—Mo bond. There was no
exchange detected corresponding to rotation intercon-
verting C!O and C20. Hence gauche—gauche intercon-
version is a slower process, presumably due to the
difficulty of the two cyclopentadienyl groups passing
each other. The same conclusion has been reached
previously for [(7°-CsHs)>,W2(CO)s]*® and [(°-CsHs).Fe;-
(C0O)4].2%% It should be noted that the lowest energy
carbonyl exchange process via the [(#%-CsHs)2Moa(u-
CO0),(C0O)4] intermediate, 6, for the gauche isomer does
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Figure 6. The 100.62 MHz 3C NMR spectrum of the
carbonyl region of ca. 18% 3CO-enriched [(35-CsHs)2M,-
(CO)6], M2 = Moy, MoW, and W, in DMF/d;-DMF, 4:1. Part
a: At —20 °C. The 13CO signals are tentatively assigned.
M, is given in parentheses. In the case of the mixed
complex, the first symbol refers to the atom attached to
the 13CO. Part b: At 10 °C. Part c: Difference spectrum at
10 °C with presaturation at  217.8, using a 3 s DANTE
pulse sequence.

involve the cyclopentadienyl groups passing each other.
The AG* value for rotation is comparable with that
previously reported by Adams and Cotton.!* They gave
a rate which yields AG*3p3 = 15.4 kcal mol~2, but they
did not specify if the rate given referred to the trans —
gauche or gauche — trans isomerization.

The exchange of C1O and C30 and of C*O and C50
could arise from a rearrangement centered on one
molybdenum atom. This is unlikely, as the barrier for
this process is normally somewhat higher and would be
expected to exchange C!O, C20, and C30. Faller and
Anderson have shown that [(#°-CsHs)Mo(CO),LX] un-
dergo cis < cis and cis <> trans isomerization but with
a higher activation energy unless R = H.3° However,
the localized carbonyl scrambling in [(%:5%-azulene)-
Mo,(CO)e], 2, and its derivatives is facile.!® It cannot
therefore be assumed that the observed carbonyl ex-
change in [(°-CsHs)2Mo2(CO)s] involves inter-metal
exchange. The mechanism usually proposed for ligand
exchange in [(17°-CsHs)Mo(CO),LX] complexes is via a
3:3:1 structure, 8. In the case of [(°-CsHs)2M02(CO)s],
the second molybdenum could occupy the equatorial, L,
or axial, R, position. The pairwise exchange of carbonyls
in the low-energy process of gauche-[(5°>-CsHs),Moz-
(CO)¢] could be explained either by the second molyb-
denum atom occupying an equatorial position, where
there are two equivalent equatorial carbonyls, and one
axial carbonyl or the second molybdenum occupying the

(30) Faller, J. W.; Anderson, A. S. 3. Am. Chem. Soc. 1970, 92, 5852.
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axial position with restricted rotation of the Mo—Mo
bond in 8 allowing only two carbonyls to exchange.
Inter-metal carbonyl exchange was unambiguously
demonstrated by synthesizing [(175-CsHs),MoW(CO)g], by
taking a solution of 23CO-enriched [(#°-CsHs),M02(CO)s]
and an equimolar quantity of [(#°-CsHs)>W2(CO)e] in
benzene under N, and exposing to sunlight for 15 min.
The solution was evaporated and the mixture dissolved
in DMF/d;-DMF, 4:1. The 100.62 MHz 3C NMR
spectrum at —20 °C of the carbonyl region is shown in
Figure 6a. By comparison with the chemical shifts of
[(775-C5H5)2M02(CO)5] and [(175-C5H5)2W2(CO)6],15 the
signals due to 13CO attached to molybdenum come from
0 226—238 and to tungsten from 6 214—224. In each
case the carbonyls cis to the metal—metal bond occur
in the low-frequency group and the carbonyls trans to
the metal—metal bond in the high-frequency group. The
DANTE pulse sequence was used at 10 °C to provide a
3 s presaturation pulse of the signal at 6 217.4, which
is probably C2O(WMOo)3! in [(1°-CsHs),MoW(CO)g]. The
spectrum at 10 °C without presaturation is shown in
Figure 6b. The spectrum in Figure 6c¢ shows the
difference spectrum between this one and one recorded
with presaturation. In addition to magnetization trans-
fer to carbonyls attached to tungsten at 6 215.2, 215.5,
222.0, and 223.2, magnetization transfer also occurs to
the carbonyls attached to molybdenum at § 225.7/225.9,
227.4, and possibly at 236.4. Without further assign-
ment, this provides unambiguous evidence for carbonyl
exchange between tungsten and molybdenum in [(#°-
CsHs).MoW/(CO)g]. Tentative assignments of the signals

(31) The convention is adopted that the numbering for structures 3
and 4 is used, followed by the atom to which the carbonyl is attached.
Hence C'O(MoW) means carbonyl 1 from 3, which is attached to
molybdenum in [(75-CsHs),MoW(CO)s].
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due to [(#°-CsHs),MoW(CO)e] are given in Figure 6.
Irradiation at WC20, at 0 217.4, in [(#>-CsHs),MoW-
(CO)¢] is transferred into C*O(WMo) and C1O(WMo) at
0 215.2 and 215.5 by rotation about the Mo—W bond. It
is transferred to C20(MoW) at 6 223.2 by inter-metal
exchange. There is transfer to C*O(MoW) by a combi-
nation of rotation and inter-metal exchange.

Examination of the assignments in Figure 6a shows
that the saturation transfer of Figure 6c involves all the
carbonyls of [(7%-CsHs):MoW(CO)g], apart from
C5(MoW).3233 The failure to observe saturation transfer
from C2(WMo) to C5(MoW) is not surprising as a
minimum of three steps are required for the transfer.3
In view of the exchange demonstrated here for [(7°-
CsH5s)>,M2(CO)g], M2 = Mo, and MoW, it is probable that
the EXSY peak observed by Lindsell between C1O and
C20 of [(7°-CsHs)2,Wo(CO)g] also arises from exchange
and not the nOe previously suggested.1®

In conclusion, the mechanism originally proposed by
Cotton to explain the fluxionality of [(#°-CsHs),Mo,-
(CO)s5(CNMe)] has been unambiguously demonstrated
to occur in [(17°-CsHs)2M3(CO)s], M2 = Mo, and MoW.
Carbonyl exchange in these compounds is remarkably
facile and could be occurring in many other related
compounds.
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(32) CtO(MoW) and C*O(MoW) overlap, and it is not possible to
determine whether the saturation transfer is to both sites.

(33) The first symbol refers to the atom attached to the 13CO giving
the particular signal.

(34) Two bridging transfers and a rotation of the Mo—W bond are
required.



