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when we found that the new compounds were formed in
a reaction of [Fe,(u-SMe)3(CO),(L),)BF, and an additional
ligand. Furthermore in this reaction a third species was
also detected. The reaction (CH,CN solution at reflux, 24
h) was

[Fey(u-SMe)4(CO)(L),]BF, + L —
[Fez(ﬂ'SMe)a(Co)g(L)alBF4 +
[Fe,(u-SMe);(CO),(L),]BF, + CO

Carbonyl displacement by a ligand is a reasonable and
expected reaction in this situation, so the new species,
predictably, have the formulas [Fe,(u-SMe),(CO),_,-
(L)o4n]BF, (n =1, 2).

Unfortunately, the mixtures of products along with
starting materials proved very difficult to separate, so that
analytically pure products were not obtained. However,
'H NMR data provided unequivocal characterizations. For
example, the 'TH NMR spectrum of [Fe,(u-SMe);(CO);-
(PMe,);]BF, consisted of three doublets for the three
chemically different phosphines, plus a singlet, doublet,
and triplet for the three SCH; groups. The multiplicity
of these latter resonances result from coupling to zero, one,
and two phosphines located trans to the methyl group.
The 3'P{!H} NMR spectrum was also in accord with this
formulation, since it contained three resonances that were
doublets of doublets, the splitting due to 3'P-3!P couplings.
These spectra uniquely fit the structure
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The 'H and 3P NMR spectra of the third compound
[Fey(u-SMe)3(CO),(PMes), ] BF, showed only one type of
phosphine. The 'H NMR spectrum contained one doublet
for the phosphine methyl protons, along with two SCH,
resonances in a 2:1 intensity ratio. The 3P NMR spectrum
was a singlet. These data uniquely identify this species
as
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Knowing the identities of these compounds allows com-
ment on their formation in the electrochemical experi-
ments. Several factors seem to be in evidence. The first
is that the presence of water seems to promote this reac-
tion. Water can be present, of course, from the calomel
reference electrode. Second, most of the original electro-
chemical runs were on solutions that had been made up
some time earlier and stored for periods up to several days.
Control experiments indicated that this is sufficient time
for some ligand redistribution to take place. Finally,
electrochemical oxidation would presumably give product
species that are quite labile, so that free phosphine would
likely be generated in these solutions. In this context, note
that oxidation products of isoelectronic [Mny(u-SMe)s-
(CO)¢)™ were found to rapidly decompose. Further we
tried, without success, to isolate the products of oxidation
of these compounds. All efforts gave only products of
decomposition. Decomposition of an oxidation product
means that free phosphine is expected to be present in
these solutions. The presence of free phosphine also
promotes this process.

It is appropriate to add a brief comment on the elec-
trochemistry. The oxidation potential data, given in ta-
bular form (Table I) show predictable trends. A trend in
E,,, values is seen on the basis of the nature of the
phosphine. This small variation is predictable on the basis
of donor ability of the phosphines PMe; > PEt,Ph or
PMe,Ph > PPh;. Increasing the numbers of phosphines
makes it easier to oxidize the complex, again as predicted
since phosphines are better electron donors than CO.
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Treatment of (7°-C;R;)Mo(CO);CF; (R = H, Me (3)) with Me;SiOTf in benzene solution at ambient
temperature results in precipitation of the corresponding carbene triflate salts [(n*-C;H;)Mo(CO)3(CF,)]OTf
(1) and [(n*-CsMe;)Mo(CO)5(CF,)]OTY (4) in high yield. The solid-state structures of 4 and its trifluoromethyl
precursor 3 have been determined. In addition to being the first example of a structurally characterized
group VI dihalocarbene complex, the observed lateral orientation of the planar CF, carbene moiety with
respect to the basal plane in 4 is unprecedented for CpMLj(carbene) systems. Crystal data for 3: or-
thorhombic, P2,cn, with a = 9.208 (1) A, b = 9.822 (1) &, ¢ = 17.176 (2) A, V = 1553.4 (3) A%, Z = 4, Ry
= 2.49%, and R,r = 3.52%. Crystal data for 4: tetragonal, P4,/mbc, with a = 17.895 (2) A, ¢ = 12.040
(2) A, V =3855.5 (10) A%, Z = 8, Ry = 3.86%, and R, = 3.78%.

Introduction

Transition-metal dihalocarbene complexes constitute an
unusual subclass of carbene compounds which may exhibit
either electrophilic reactivity, as observed for classic het-
eroatom-substituted “Fischer-type” systems, or nucleo-

philic reactivity that is normally associated with
“Schrock-type” alkylidenes.! In addition to addressing

(1) (a) Gallop, M. A,; Roper, W. R. Adv. Organomet. Chem. 1986, 25,
121. (b) Brothers, P. J.; Roper, W. R. Chem. Rev. 1988, 88, 1293 and
references therein.
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fundamental questions concerning carbene structure and
bonding, the demonstrated substitutional lability of halide
substituents suggests a considerable potential for utilizing
dihalocarbenes as metalated carbon atom synthons
“L,M==C” in organometallic C1 chemistry.2* Despite
these considerations, the chemistry of dihalocarbene com-
plexes remains relatively limited in scope and is very much
restricted to the late transition metals, particularly those
of the iron triad.

In 1978 Reger and Dukes reported that treatment of
(7°-CsH5)Mo(CO)o(L)CF, (L = CO, PPhy) with SbF; at -78
°C in liquid SO, afforded the thermally unstable hexa-
fluoroantimonate salts [(n®-CsHz;)Mo(CO),(L)(CF,)]SbF¢.}
These complexes are notable for being both the first re-
ported examples of transition-metal difluorocarbenes and
the only known examples of dihalocarbene coordination
to a d* metal center. In retrospect, a comparison of this
system with the later metal d® dihalocarbene complexes
subsequently prepared by Roper,2 Mansuy, and Shriver*
would clearly be desirable; however, all attempts to isolate
these compounds resulted in decomposition to form
[(#5-CsH;)Mo(CO),]" as the sole identifiable product.

We have been interested in exploiting the lability of
dihalocarbenes as a route to new bimetallic C1-bridged
complexes, particularly those that incorporate both early-
and late-metal centers. During the course of our initial
work we chose to reexamine the stability of Reger’s system.
In accordance with his observations, we find that most
common fluoride-abstracting reagents (BF3, CPhgt) yield
the tetracarbonyl cation as the only isolable major product.
However, when (n°-C;H;)Mo(CO);CF; or (»°-C;Me;)Mo-
(CO)5CF; (8) was treated with Me;SiOSO,CF; in benzene
solution, the carbene triflate salts [(n5-CsR5)Mo(CO);-
(CF,)]OSO,CF; (R = H (1), Me (4)) precipitated in
near-quantitative yield. In this paper we report the
characterization of carbene complexes 1 and 4, the crystal
structures of both 4 and its trifluoromethyl precursor 3,
and some brief observations concerning the reactivity of
4, The solid-state structure of 4 is of particular interest
due to the unprecedented lateral orientation of the planar
carbene fragment in the four-legged piano-stool basal
plane.

Results and Discussion
Complexes (7°-C;R;)Mo(CO),CF; (R = H, Me (3)) react
cleanly with a 2-fold excess of MegSiOSO,CF3 (TMSOTY)
in benzene at room temperature to give the corresponding
orange-yellow difluorocarbene salts [(#°-C;R;)Mo(CO)s-
(CF,)]SO4CF; (R = H (1), Me (4)) in high yield according
to eq 1. The reaction is complete within a few minutes.

TMSOTS
(r*-C5R5)Mo(C0);CF; —————s

[(n5-CsR5)Mo(CO)4(CF5)]OTf + TMSF (1)
R =H, Me

(2) (a) Clark, G. R.; Marsden, K.; Roper, W. R.; Wright, L. J. J. Am.
Chem. Soc. 1980, 102, 1206, 6570. (b) Roper, W. R.; Wright, A. H. J.
Organomet. Chem. 1982, 233, C59. (c) Clark, G. R.; Hoskins, S. V.; Roper,
W. R. J. Organomet. Chem. 1982, 234, C9. (d) Clark, G. R.; Roper, W.
R.; Wright, A, H. J. Organomet. Chem, 1982, 236, C7. (e) Clark, G. R,;
Marsden, K.; Rickard, C. E. F.; Roper, W. R.; Wright, L. J. J. Organomet.
Chem. 1988, 338, 393.

(3) (a) Beck, W.; Knauer, W.; Robl, C. Angew. Chem., Int. Ed. Engl.
1990, 29, 318. (b) Mansuy, D.; Lecomte, J.-P.; Chottard, J.-C.; Bartoli,
J.-F. Inorg. Chem. 1981, 20, 3119.

(4) (a) Richmond, T. G.; Crespi, A. M.,; Shriver, D. F. Organometallics
1984, 3, 314. (b) Crespi, A. N.; Shriver, D. F. Organometallics 1985, 4,
1830. (c) Crespi, A. M,; Sabat, M,; Shriver, D. F. Inorg. Chem. 1988, 27,
812.

(5) Reger, D. L.; Dukes, M. D. J. Organomet. Chem. 1978, 153, 67.

(6) Mansuy, D. Pure Appl. Chem. 1980, 52, 681.
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One of the keys to the success of this reaction is the use
of a nonpolar solvent to precipitate the products as they
form, since rapid decomposition occurs in CH,Cl, solution
at 20 °C to regenerate (n®-C;R;)Mo(CO);CF; as the major
identifiable product. The exact nature of the fluoride-
abstracting agent used also appears to be essential;
treatment of (75-C5;R;)Mo(CQ),CF; with excess BF3Et,0,
[Ph;C]BF,, or [PhyC]PF resulted primarily in the for-
mation of tetracarbonyl cations under identical reaction
conditions,’ whereas no reaction was observed between 3
and other potential trimethylsilyl sources, Me;SiOC(O)CF,
and Me;SiOSO,Ph. The reaction of 3 with 1 equiv or more
of Me;SiCl or MegSil gave uncharacterized insoluble
precipitates and Me;SiF. Although the stabilities of 1 and
4 are comparable in the solid state, the solution stability
of the permethylated derivative is substantially greater in
CH,Cl,, with decomposition occurring on the time scale
of days for 4 at —20 °C versus just hours for 1.

I9F and 13C NMR spectroscopic data for carbene com-
plexes 1 and 4 in SO, solution are in accord with values
reported by Reger for the hexafluoroantimonate salt of 1.
Resonances for the CF, fluorines appear as singlets at 163.7
(cf. 5 163.6 for [CpMo(CO)4(CF,)]SbF)® and 143.3 ppm,
respectively, shifted considerably downfield from values
for the parent trifluoromethyl complexes (n°-C;Hz;)Mo-
(CO)4CF, (6 12.3)8 and 3 (6 0.7). The resonance for the
triflate CF, group appears far upfield at -78.9 ppm. The
essentially identical chemical shifts observed for both the
triflate and SbFy salts of [CpMo(CO)4(CF,)]* suggest that
there is little or no significant anion interaction with the
difluorocarbene ligand for these complexes in solution,
consistent with the observed solid-state structure of 4 (vide
infra). The 3C NMR spectra of 1 and 4 are particularly
diagnostic, with low-field CF, carbons appearing as bino-
mial triplets at 4 272.8 (*Jcp = 472 Hz) and 271.8 (*J¢p =
465 Hz). In each complex one of the two carbonyl carbon
signals observed is split into a triplet (J = 9 Hz) due to
three-bond coupling to the carbene fluorines. For com-
parison, a quartet with 3/ = 6 Hz is found for one of the
carbonyl carbon resonances of 1. In contrast to well-known
trends correlating %J magnitudes with coordination ster-
eochemistry, insufficient literature precedent exists to
assign the observed carbonyl resonances as cis or trans
based on 3J values.® However, careful integration of the
13C carbonyl resonances for 1 reveals that the fluorine-
coupled resonance is due to the cis carbonyls; on the basis
of this result the carbonyl resonances for 1 and 4 are sim-
ilarly assigned.

A comparison of »(CO) infrared data for 1 and 4 with
those for other [(#°-CyR;)Mo(CO)4(L)]* complexes sup-
ports the conclusion made earlier for d® metal systems! that
the net w-acceptor ability of difluorocarbenes is excep-
tionally high. »(CO) values for [CpMo(CO);(CF,)1* (2105,
2015 cm™) are substantially higher than those reported for
the phosphine and phosphite complexes [CpMo(CO),-
(PPhy)]PF; (2025, 1995 cm™)! and [CpMo(CO)y(P-
(OMe);)1PF; (2070, 1998, 1976 cm™)!! and are shifted 25
cm™! relative to values reported for the donor-substituted
carbene [CpMo(CO);(CH(OMe))]PF, (2081, 1990 cm™),12

(7) Analysis of product distributions was most conveniently carried out
by ¥C NMR spectroscopy. '*C{'H} NMR (SO,, 0 °C) data for [(n’-
C:Me;)Mo(CO),]*: § 220.07 (CO), 112.58 (C5(CHy)g), 11,10 (C5(CHp)s).

(8) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1964, 2, 15.

(9) Mason, J. Multinuclear NMR; Plenum Press: New York, 1987;
Chapter 4.

(10) Treichel, P. M.; Barnett, K. W.; Shubkin, R. L. J. Organomet.
Chem. 1967, 7, 449.

(11) Nolte, M. J.; Reimann, R. H. J. Chem. Soc., Dalton Trans. 1978,
932.
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Table I. Summary of Crystallographic Data for
[(n®-CsMes)Mo(CO)4(CF,) IOTS (4) and
(n-CsMe;)Mo(CO),CF, (3)

C15H15F5OGSMO C“H15F303M0

cryst size, mm 0.36 X 0.56 X 0.94 0.54 X 0.60 X 0.74
cryst syst tetragonal orthorhombic
space group P4y/mbe P2,cn
temp, °C -100 24
a, A 17.895 (2) 9.2083 (11)
b, A 9.8220 (13)
c, A 12.040 (2) 17.176 (2)
Vv, A3 3855.5 (10) 1553.4 (3)
Z 8 4
Pealer &/ 1.772 1.643
wavelength, A 0.71073 0.71073
mol wt 714.28 384.21
4, cm™! 8.41 8.59
Tmas/ Tonin 0.126/0.096 0.128/0.096
26 range, deg 4.0-46.0 4,0-58.0
scan type w w/28
scan range, deg 2.2 2.0
no. of rflns measd 5823 4533
no. of unique rflns 1420 4161
no. of rflns with F > 1252 3469

6.00(F)
Rp, % 3.86 2.49
Ryp %o 3.78 3.52
goodness of fit 2.44 1.04

»(CF) values have also been used as an indicator of CF,
acceptor ability among similar compounds, with low-energy
bands being correlated with long C-F bonds and electro-
philic carbene reactivity.! For both 1 and 4, bands appear
at 1270 and 1032 cm™ that are readily assigned to the
triflate counteranion. Assignment of one of the two re-
maining bands at 1195, 1155 cm™ for 1 and 1142, 1133 cm™
for 4 to the CF, unit is uncertain due to the presence of
a third triflate mode that appears to be sensitive to the
nature of the associated cation.!®* However, all these bands
are in the middle of the range observed previously for
difluorocarbenes (980-1233 cm-1).!b

No changes in the 19F NMR spectra for 1 and 4 are
observed down to -70 °C. Thus, the single fluorine reso-
nances observed are consistent with either a lateral
ground-state orientation of the CF; moiety in the piano-
stool basal plane or a low barrier to rotation about the
Mo-carbene bond on the NMR time scale. Since low
carbene rotational barriers have been observed for both
[(n°-C5H;)Fe(PPh,)(CO)(CF,)]BF#* and [(n®-C;H;)Mo-
(PPh3)(CO),(CH,)]OS0,CF 5, the crystal structure of 4
was carried out to determine the difluorocarbene orien-
tation in the solid state and to compare CF; bonding pa-
rameters with metrical data reported for d® transition-
metal dihalocarbene coordination. The trifluoromethyl
complex 3 has also been structurally characterized and
provides the first direct comparison of a dihalocarbene with
its trihalomethyl precursor.!?

Crystallographic Studies. Crystal and data collection
parameters for compounds 3 and 4 are summarized in
Table I. Atomic coordinates and selected structural pa-
rameters are given in Tables II-IV. ORTEP representations
are given in Figures 1 and 2. The overall coordination

(12) Markham, J.; Tolman, W.; Menard, K.; Cutler, A. J. Organomet.
Chem. 1985, 294, 45.

(13) (a) Miles, M. G.; Doyle, G.; Cooney, R. P.; Tobias, R. S. Spec-
trochim. Acta 1969, 25A, 1515. (b) Schréder, V. F. A.; Géanswein, B.;
Braver, G. Z. Anorg. Allg. Chem. 1972, 391, 295.

(14) Kegley, S. E.; Brookhart, M.; Husk, G. R. Organometallics 1982,
1, 760.

(15) An internal structural comparison of CF; and CF; ligands has
been made for (PPh,),(CO)Ir(CF,)(CF;): Brothers, P. J.; Burrell, A. K,;
Rickard, C. E. F.; Roper, W. R. J. Organomet. Chem., in press.
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Table II. Atomic Coordinates (xX10%) and Isotropic Thermal
Parameters (A? x 10%) for (1°-CsMe;)Mo(CO),CF, (3)

atom x y z Ue

Mo 2656 2300 (1) 1467 (1) 35 (1)
C() 2370 (3) 314 (3) 1259 (2) 49 (1)
0o(1) 2284 (4) -819 (3) 1117 (2) 77 (1)
C(2) 3628 (4) 1432 (4) 2370 (2) 50 (1)
0(2) 4205 (4) 946 (3) 2891 (2) 79 (1)
C(@3) 1511 (4) 2980 (4) 2385 (2) 56 (1)
0(3) 892 (4) 3405 (4) 2902 (2) 88 (1)
C4) 336 (6) 2175 (5) 1066 (3) 56 (1)
F(1) 158 (3) 1750 (3) 314 (2) 76 (1)
F(2) -405 (3) 3369 (3) 1077 (2) 79 (1)
F(3) -542 (3) 1317 (4) 1476 (2) 84 (1)
C(11) 4714 (4) 3640 (4) 1374 (2) 47 (1)
C(12) 4861 (5) 2536 (4) 842 (3) 43 (1)
C(13) 3755 (4) 2690 (3) 261 (2) 47 (1)
C(14) 2961 (3) 3889 (4) 440 (2) 55 (1)
C(15) 3542 (4) 4469 (3) 1123 (3) 57 (1)
C(11M) 5762 (5) 3942 (5) 2019 (3) 75 (2)
C(12M) 6036 (4) 1486 (5) 833 (3) 63 (1)
C(13M) 3595 (6) 1842 (6) —461 (2) 75 (2)
C(14M) 1863 (5) 4552 (6) -83 (3) 90 (2)
C(15M) 3138 (6) 5809 (4) 1479 (3) 92 (2)

2 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor.

Table III. Atomic Coordinates (X10*) and Isotropic
Thermal Parameters (A2 x 10%) for
[(n®-CsMes)Mo(CO)(CF,)JOTH (4)

atom x y z s
Mo 4928 (1) 2155 (1) 10000 36 (1)
Cc() 4071 (4) 2273 (4) 8885 (6) 70 (2)
0(1) 3594 (3) 2364 (3) 8310 (5) 119 (3)
C@) 5292 (9) 1402 (9) 8841 (13) 74 (4)

0(3) 5638 (7) 997 (8) 8157 (12) 128 (4)
C(2) 4943 (8) 1208 (7) 10828 (12) 72 (5)
F(1) 4648 (5) 1047 (5) 11798 (8) 111 (4)
F(2) 5362 (6) 611 (5) 10715 (11) 160 (7)
C(11) 6160 (4) 2534 (4) 10000 39 (2)
C(12) 5813 (2) 2847 (3) 9047 (4) 35 (1)
C(13) 5259 (2) 3368 (2) 9411 (4) 33
C(11M) 6841 (4) 2031 (5) 10000 60 (3)
C(12M) 6062 (3) 2760 (3) 7864 (4) 58 (2)
C(13M) 4833 (3) 3896 (3) 8688 (4) 43 (2)
S 3084 (1) 5179(1) 10000 43 (1)
04) 3368 (2) 5499 (2) 11000 (3) 69 (1)
0(5) 3021 (3) 4374 (3) 10000 66 (2)
C(20) 2129 (5) 5476 (6) 10000 74 (4)
F(3) 2097 (4) 6231 (4) 10000 142 (4)
F(4) 1757 (2) 5242 (3) 10875 (4) 125 (2)

?Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor.

Figure 1. ORTEP view of (75-CsMe;)Mo(CO),CF; (3) with atom-
labeling scheme. Ellipsoids are drawn at the 30% probability level.
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Figure 2. ORTEP view of [(n>-CsMes)Mo(CO)3(CF,)]OTS (4) with
atom-labeling scheme. Ellipsoids are drawn at the 30% probability
level. The triflate counteranion has been omitted for clarity.

geometry of both 3 and 4 is that of a normal four-legged
piano-stool complex or Cp-capped square pyramid. No
close (<3.28-A) intermolecular contacts were observed
between [(n%-CsMes)Mo(CO);(CFy)]* and the triflate
counteranion. Mo—C(ring) distances for 3 (2.309 (5)-2.372
(4) A, average 2.338 A) and 4 (2.307 (7)-2.360 (4) A, average
2.321 A) do not differ significantly from the range of values
found for other Mo(Il) pentamethylcyclopentadienyl
complexes (2.320-2.372 A).18 A clear difference in the ring
rotational conformation is evident when both molecules
are viewed along the Mo-ring centroid axis (Figure 3).
Whereas 3 adopts the commonly observed configuration
for CpM(CO);X molecules, having the CF; group eclipsed
with one ring carbon and the trans carbonyl bisecting the
opposite bond, the reverse is true for 4. Since it has been
inferred from prior work that the best r-acceptor assumes
the bisecting position,!” one might be tempted to conclude
that the CF, group in 4 has a comparable r-acceptor ability
with CO. This inference taken by itself is entirely cir-
cumstantial but is nevertheless consistent with IR data and
further structural observations discussed below.

An additional significant point of departure between the
two structures 3 and 4 concerns the trans angles, L-Mo-
CO. For 3, the angles for trans CF;~Mo—CO (130.2°) and
trans CO-Mo-CO (113.3°) fall within the normal ranges
observed for CpM(CO),L structures (L-M-CO, 125-133°;
CO-M-CO, 105-117°).1"18 In the difluorocarbene complex
4 the relative magnitudes for L-Mo—CO are reversed with
the angle for trans CF,-Mo~CO (115.6°) being consider-
ably more acute relative to that of CO-Mo-CO (138.9°).
Calculations by Hoffmann!’ on CpMo(CO);Me and more
recent work by Poli'® indicate that the increase in the
L-Mo-CO angle may be attributed to the loss of metal
d(xy) and d(z?) w-acceptor interactions relative to
CpMo(CO),*. These observations again would appear to
reflect substantial carbene w-acceptor behavior for 4. It
should be noted that although a crystallographically im-
posed disorder between the CF, group and the C(3)-0(3)
carbonyl group by a bisecting mirror plane (see Experi-
mental Section) should result in a secondary disorder for

(16) (a) Leoni, P.; Aquilini, E.; Pasquali, M.; Marchetti, F.; Sabat, M.
J. Chem. Soc., Dalton Trans. 1988, 329. (b) Clegg, W.; Compton, N. A.;
Errington, R. J.; Norman, N. C. Acta Crystallogr., Sect. C 1988, C44, 568.
{c) Allen, S. R.; Barnes, S. G.; Green, M.; Moran, G.; Trollope, L.; Murrall,
N. W,; Welch, A. J.; Sharaiha, D. M. J. Chem. Soc., Dalton Trans. 1984,
1157. (d) Reiss, J. G.; Klement, U.; Wachter, J. J. Organomet. Chem.
1985, 280, 215. (e) Kubas, G. J.; Wasserman, H. J.; Ryan, R. R. Or-
ganometalltcs 1985, 4, 2012.

(17) Kubacek, P.; Hoffmann R.; Havlas, Z. Organometallics 1982, 1,

180.
(18) Poli, R. Organometallics 1990, 9, 1892,
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Table IV. Selected Bond Distances (A) and Angles (deg)
for (n5-CsMes)Mo(CO),CF, (3) and
[(n*-CsMeg)Mo(CO);(CF,)JOTS (4)

(n*-CsMey)- [(#*-CsMeg)-
Mo(CO);CF;  Mo(CO),(CF,)][OTH]
Bond Distances

Mo-C(1) 2.001 (3) 2.049 (7)
Mo-C(2) 1.983 (4) 1.965 (13)
Mo-C(3) 2.010 (4) 2.046 (16)
Mo-C(4) 2.248 (5)
Mo—-C(11) 2.312 (3) 2.307 (7)
Mo-C(12) 2.309 (5) 2.316 (4)
Mo-C(13) 2.338 (3) 2.360 (4)
Mo-C(14) 2.372 (4)
Mo-C(15) 2.357 (4)

C(11)-C(12) 1.424 (5) 1.421 (6)

C(12)-C(13) 1.434 (6) 1.430 (6)
C(13)-C(14) 1.420 (5)
C(14)-C(15) 1.409 (6)
C(15)-C(11) 1.419 (5)
C(13)-C(13A) 1.419 (9)
C(11)-C(11M) 1.499 (6) 1.514 (10)
C(12)-C(12M) 1.494 (6) 1.500 (7)
C(13)-C(13M) 1.500 (6) 1.493 (8)
C(14)-C(14M) 1.501 (6)
C(15) -C(15M) 1.498 (6)

C(1)-0(1) 1.141 (4) 1.110 (9
C(2)-0(2) 1.145 (5)
C(3)-0(3) 1.135 (5) 1.182 (21)
C(4)-F(1) 1.368 (5)
C(4)-F(2) 1.357 (6)
C(4)~-F(3) 1.363 (6)
C(2)-F(1) 1.313 (17)
C(2)-F(2) 1.313 (16)
CNT-Mo® 2.001 1.993

Bond Angles

C(1)-Mo-C(2) 77.3 (1) 115.6 (5)
C(1)-Mo—C(3) 113.3 (1) 81.9 (5)
C(1)-Mo-C(4) 76.5 (2)
C(2)-Mo-C(3) 76.5 (2) 77.0 (6)
C(2)-Mo-C(4) 130.2 (2)
C(3)-Mo-C(4) 76.1 (2)
C(1)-Mo-C(14) 81.9 (4)
C(1)-Mo-C(3A) 138.9 (5)
C(2)-Mo-C(1A) 76.5 (5)
Mo-C(1)-0(1) 175.9 (3) 176.7 (6)
Mo-C(2)-0(2) 179.0 (3)
Mo-C(3)-0(3) 177.6 (4) 175.9 (14)
Mo~-C(4)-F(1) 114.8 (3)
Mo-C(4)-F(2) 115.2 (3)
Mo-C(4)-F(3) 116.0 (3)
Mo-C(2)-F(1) 129.4 (10)
Mo-C(2)-F(2) 131.1 (11)

F(1)-C(4)-F(2) 102.5 (4)

F(1)-C{4)-F(3) 103.2 (4)
F(2)-C(4)-F(3) 103.2 (4)
F(1)-C(2)-F(2) 98.2 (11)
CNT-Mo-C(1) 121.7 114.5
CNT-Mo-C(2) 114.3 129.8
CNT-Mo-C(3) 125.0 106.6
CNT-Mo-C(4) 115.5

aCNT-centroid of cyclopentadienyl ring.

the remaining C(1)-O(1) group due to an averaging of the
different geometrical constraints imposed by the two
different trans groups, no such disorder is in fact ob-
served.!® This fortuitous result would seem to indicate
that the “angular trans influences™8 of CF, and CO ligands
in this molecule either are very similar or are masked by
solid-state effects.

No exceptional differences in trifluocromethyl ligation
are noted between complex 3 and other crystallographically

(19) No unusual elongation of the anisotropic thermal parameters for
C(1) and O(1) attributable to variation in the CO-Mo-L angle are ob-
served; see Figures 2 and 3.
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Figure 3. ORTEP view of molecules 3 (left) and 4 (right) in views down the Mo—(ring centroid) axes.

characterized Mo(II) fluoroalkyls. The observed Mo—C(4)
distance of 2.248 (5) A is intermediate between the re-

ported values for CpMo(*BuNC)(n*-*BuNC(C(CF3)),C-
(CFy)) (2.27 (2), 2.22 (2) A)20 and CpMo(CO),(C5F,) (2.28
(1) 3‘).21 No significant distortion of Mo-C(4)-F angles
or unusual lengthening of any of the C(4)-F bonds are
apparent that would suggest the presence of incipient
carbene character in the CF; moiety.

Although disorder between the CF, and C(3)-0(3)
groups in 4 lowers the precision of metrical parameters
obtained for the carbene group, the values obtained com-
pare favorably with the small number of reported di-
fluorocarbene structures.'®4b1522  Consistent with trends
previously noted for other difluorocarbene complexes, the
Mo~C(2) carbene bond distance of 1.965 (13) A is 0.08 A
less than the Mo—carbony! distances and almost 0.28 A
shorter than the Mo-CF; distance found for 3. Short
M-difluorocarbene bonds have been previously attributed
to multiple bonding derived from d=-pr interactions
and/or hybridization effects (Bent’s rule).>*® Since any
Mo-CF, bond shortening due to fluorine substitution in
4 'should be at least matched by an analogous shortening
of the Mo~CF; bond in 3, the observed 0.28-A difference
between the two complexes cannot be simply accounted
for by carbon hybridization differences (C(sp®) - C(sp?)
~ 0.03 A)® and may be attributed to a substantial multiple
bonding component between molybdenum and the di-
fluorocarbene unit. The presence or absence of any =-
donation between the fluorine and the carbene center in
4 as well as in other difluorocarbene complexes cannot be
addressed due to the limited precision and number of data
sets available for comparison.

The most unique feature in the structure of 4 is the
disposition of the CF, group with respect to the (5°-
C:Me;)Mo(CO); fragment. The observed angles for F-
(1)-C(2)-F(2), Mo-C(2)-F(1), and Mo-C(2)-F(2) (98.2
(11), 129.4 (10), and 131.1 (11)°, respectively, sum 358.7°)
show that the carbene unit is essentially planar and sym-
metrical with respect to the Mo—C(2) axis. However, in
contrast to all structurally characterized examples of
four-legged piano-stool structures with single-faced 7-ac-

(20) Davidson, J. L.; Green, M.; Nyathi, J. Z.; Stone, F. G. A.; Welch,
A. J. J. Chem. Soc., Dalton Trans. 1977, 2246.

(21) Churchill, M. R,; Fennessey, J. P. Inorg. Chem. 1967, 6, 1213.

(22) (a) Clark, G. R.; Hoskins, S. V_; Jones, T. C.; Roper, W. R. J.
Chem. Soc., Chem. Commun. 1983, 719. (b) Roper, W. R. J. Organomet.
Chem. 1986, 300, 167.

(23) Churchill, M. R. Perspect. Struct. Chem. 1970, 3, 91.

ceptor ligands, which adopt an “upright” ligand orientation
as in structure A, complex 4 adopts the alternative lateral

= =
v ARy

A B

carbene orientation B with an angle of 80° between the
carbene plane and the plane defined by Mo, C(2), and the
ring centroid. This conformation preference is evidently
not steric in origin, since CpML;(carbene) complexes with
both larger (trans-CpMo(CO),(GePhg)(C(OEt)Ph))%2 and
smaller ([trans-CpW(CO),(PR3)(CH,)]*)!* carbene sub-
stituents exhibit the ground-state geometry A. Hoffmann
has analyzed conformation preferences for CpMLg(carb-
ene) systems in terms of effective overlap between a ligand
orbital of pr symmetry and dr orbitals d(xy) and d(2?).17
In his analysis maximum overlap for d(xy) occurs at § =
90° (proportional to sin §) and at 6 = 45 and 135° for d(z?)
(proportional to sin 26), where 4 is the centroid-M-ligand
angle. Consistent with these predictions, overlap for
CpMo(GePhgy)(CO),(C(OEt)Ph), with 6 ~ 114°, was found
to be more optimal for d(xy), in accord with the observed
geometry A. Since 6 = 130° for 4, it seems reasonable that
in this instance the optimal overlap is obtained with the
d(z?) orbital by adopting the lateral geometry B.
Although our initial goal of accessing isolable group VI
difluorocarbene systems has been realized, a preliminary
survey of the reactivity of 4 with a range of substrates is
disappointing. No identifiable products were observed in
the reaction of 4 with potential nucleophiles and/or me-
tathesis agents such as Na[(Bu)({Bu),AlH], Li[Et,BH],
MelLi, or PhLi. Attempts to form u-CF, bimetallic com-
pounds via reactions with (C;H,Me)Mn(CO),(THF),
((Cy)sP),Pt, or (PhyP),Pt(C,H,) were similarly unsuc-
cessful. The only moderately clean reaction observed thus
far for 4 is with excess HOCH,CH,OH in CH,Cl, to give
a 3:1 mixture of products, the minor component being the
tetracarbonyl cation [(5-CsMeg)Mo(CO),]*. The major
component in this reaction is tentatively identified as the

(24) (a) Chan, L. Y. Y.; Dean, W. K.; Graham, W. A, G. Inorg. Chem.
1977, 16, 1067. (b) Carriedo, G. A.; Hodgson, D.; Howard, J. A. K,;
Marsden, K.; Stone, F. G. A.; Went, M. J.; Woodward, P. J. Chem. Soc.,
Chem. Commun. 1982, 1006. (c) Bailey, N. A,; Chell, P. L.; Mukhopa-
dhyay, A.; Tabbron, H. E.; Winter, M. J. J. Chem. Soc., Chem. Commun.
1982, 215. (d) St. Denis, J. N.; Butler, W.; Glick, M. D.; Oliver, J. P. J.
Organomet. Chem. 1977, 129, 1.
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cyclic  carbene  complex [(n®-CsMes)Mo(CO);4-

p—————
(COCH,CH,0)]* (see Experimental Section).

The lack of clean derivative chemistry for carbene com-
plexes 1 and 4 is not very surprising in view of their pro-
nounced solution thermal sensitivity and unusual coun-
teranion specificity. However, the enhanced stability of
the more electron-rich permethylated complex 4 compared
to that of 1 is notable and suggests that further increasing
the electron density via the incorporation of donor phos-
phine substituents may yield stable difluorocarbene sys-
tems more amenable to study. Efforts along these lines
as well as further investigations of the parent systems are
currently in progress.

Experimental Section

General Considerations. All manipulations were conducted
under an atmosphere of nitrogen by using Schlenk, high-vacu-
um-line and/or glovebox techniques.®® Glassware utilized in the
synthesis of carbene complexes 1 and 4 was flame-dried under
high vacuum prior to use in order to minimize hydrolysis side
reactions. DME and benzene were stored over sodium-benzo-
phenone ketyl and vacuum-distilled prior to use. CH,Cl,, SO,,
and (CF3C0),0 were dried and vacuum-distilled from P,0;.
Me;SiOSO,CF; (Aldrich) was used as received and stored under
nitrogen. Elemental analyses were performed by Desert Analytics.
Infrared spectra were recorded on a Mattson Cygnus 100 FTIR
instrument as Nujol mulls unless otherwise noted. NMR spectra
were obtained with a JEOL GSX-400 instrument. Spectra taken
in liquid SO, were locked and referenced to acetone-dg sealed in
a capillary. °F spectra were referenced to CFCl; as an external
standard with downfield chemical shifts taken to be positive.
(n*-CsH;)Mo(CO),CF; was prepared by following a literature
procedure.®

[(n®-CsH;)Mo(CO);(CF;)]JOSO,CF; (1). A solution of
CpMo(CO);CF; (0.100 g, 0.31 mmol) in 20 mL of benzene was
treated with Me,SiOSO,CF; (0.133 g, 0.60 mmol) via syringe at
room temperature. Within 5 min yellow crystalline 1 began to
precipitate. After the mixture was stirred for 1 h, the solid was
filtered off, washed with benzene, and dried under vacuum.
Complex 1 may be stored in the solid state at room temperature
for several days without significant decomposition and may be
stored indefinitely at —20 °C under nitrogen. 1 decomposes rapidly
in dichloromethane solution within 1-2 h at —20 °C but may be
kept in liquid SO, at 0 °C for several days without any noticeable
spectroscopic changes. IR (Nujol, cm™): 2105 m, 2015 s, 1270
s, 1195 m, 1155 m, 1032 m. *H NMR (SO,, 0 °C): §6.42 (s). F
NMR (SO,, 0 °C): §163.7 (s; CF,), -71.8 (s; 0SO,CF;). 3C NMR
(SO,, 0 °C): 5 272.8 (t, lWJ¢p = 472 Hz; CFy), 209.4 (t, %Jcp = 9
Hz; CO's cis to CFy), 207.9 (s; CO trans to CFy), 117.2 (q, 'Jcr
=319 HZ; OSOZCF:;), 93.0 (dt, 1JCH =186 HZ, 3JCH =6 HZ; C5H5).

(n°-C;Me;)Mo(CO)3(C(O)CF;) (2). A mixture of 1.35g (5.1
mmol) of Mo(CO)g and 0.70 g (4.9 mmol) of [C;Me;]Li was re-
fluxed in 150 mL of DME for 12 h. Evolution of CO was observed
during this time, and a dark orange-yellow solution resulted. The
solution was cooled to —78 °C, and 2.10 g of (trifluoromethyl)acetic
anhydride (10.0 mmol) was added by vacuum transfer. Upon
addition, the solution turned red and was slowly warmed to room
temperature and stirred overnight. After removal of volatiles
under vacuum, the resulting residue was extracted with several
portions of petroleum ether until the extracts were colorless.
Concentrating the combined extracts and cooling to —78 °C yielded
1.50 g (71%) of crystalline orange-yellow product (mp 6465 °C).
The compound may be briefly exposed to air in the solid state
and is best stored under nitrogen. Anal. Caled for C;gH,;F;:MoQO,:
C, 43.71; H, 3.67; F, 13.83. Found: C, 43.72; H, 3.65; F, 14.11,
IR (Nujol, cm™): 2016 s, 1949 vs, 1637 m, 1221 m, 1172 m, 1128
m, 833 m, 710 m. *H NMR (CDCl,): 6 1.97 (s). F NMR (CDCl,):
8 —80.5 (s).

(n°-CsMe;)Mo(CO);CF, (3). The solid-state thermal decar-
bonylation of 2 under nitrogen was monitored by °F NMR
spectroscopy. After 4-6 h at 110 °C, decarbonylation is virtually

(25) All reactions were carried out under a reduced ambient pressure
of approximately 590 Torr (7200-ft elevation).

Koola and Roddick

quantitative to give the yellow trifluoromethyl complex 3 in a
purity suitable for most purposes. An analytical sample was
recrystallized from petroleum ether (mp 165-167 °C dec). Like
2, 3 may be exposed to air for brief periods. Due to photosen-
sitivity, compound 3 is best stored under nitrogen in the dark.
Anal. Caled for C H,:F;MoOg: C, 43.77; H, 3.94; F, 14.83. Found:
C, 43.59; H, 3.82; F, 14.58. IR (Nujol, cm™): 2032 s, 1946 s, 1926
s, 1047 s, 993 sh, 981 s. 'H NMR (CgDy): 6 1.65 (s). F NMR
(CgDg): 6 0.7 (s). '°C NMR (CgDg): 6 242.47 (s; CO trans to CF3),
232,26 (g, 3Jcr = 6 Hz; CO’s cis to CFy), 154.31 (g, 'Jor = 368 Hz;
CF,), 108.49 (s; C5(CHy)g), 11.40 (q, 'Joy = 128 Hz; C5(CHy)s).
[(7>-CsMes)Mo(CO)3(CF3)]OSO,CF; (4). Carbene complex
4 was synthesized by a procedure analogous to that used for
carbene 1. The yield starting from 0.340 g (0.89 mmol) of 3 after
washing and drying under vacuum was 0.400 g (0.78 mmol, 87%)
of orange-yellow crystalline solid, which could be stored at 20
°C under nitrogen for several months without noticeable decom-
position. Solutions of 4 in CHyCl, at -20 °C showed little
spectroscopic change after 1 week; SO, solutions at 0 °C can be
stored for longer periods. Recrystallization from CH,Cl, at -55
°C afforded large orange prisms suitable for crystallographic
analysis. IR (Nujol, cn™?): 2099 s, 2040 vs, 1272 vs, 1225 w, 1142
s,11335, 1032 s. TH NMR (SO,, 0 °C): 4 2.53 (s). F NMR (SO,,
0°C): 6143.3 {s; CF,), -77.8 (s; SO;CF;). 13C NMR (S0, 0 °C):
6 270.5 (t, 1Jop = 465 Hz; CFy), 216.0 (t, 8Jr = 9 Hz; CO’s cis to
CF,), 213.3 (s; CO trans to CFy), 121.1 (g, lJcr = 320 Hz; SO;CF»),
112.2 (5, C5(CH3)5), 11.2 (q, 1JCH =130 HZ, C5(CH3)5).
Reaction of 4 with Ethylene Glycol. A 100-mg amount of
carbene complex 4 in ca. 3 mL of CH,Cl; was treated with 15 uL.
of HOCH,CH,OH at -78 °C. When this mixture was warmed
to ambient temperature, a homogeneous light yellow solution was
obtained. After removal of the volatiles, *C NMR analysis of
the crude product revealed a 3:1 mixture of two products, the
minor product being the tetracarbony! cation [(n°-CsMes)Mo-
(CO),)*. The main product has been tentatively identified as the

cyclic carbene complex [4°-CsMe;)Mo(CO),(COCH,CH,0)]OTH.
13C NMR of major product (CD,Cly, 25 °C): & 245.37 (s; C-
(OCH,CH,0)), 232.73 (s; CO), 226.85 (s; CO), 109.41 (s; C5(CHy)s),
74.27 (t, IJCH = 161 Hz; OCHQCHzo), 10.88 (q, IJCH =131 HZ;
Cs(CHy)s).

Crystal Structure Determinations. X-ray data were col-
lected on a Nicolet R3m/V automated diffractometer system with
a dedicated Micro VAX II computer system and fitted with an
LT-2 low-temperature device. The radiation used was Mo Ka
monochromatized by a highly-ordered graphite crystal. The
parameters used during collection of diffractometer data for
complexes 3 and 4 are summarized in Table I. All computations
used the SHELXTL PLUS (Version 3.4) program library (Nicolet
Corp., Madison, WI).

(n*-C;Me;)Mo(CO);CF; (3). A large light yellow block (0.54
X 0.60 X 0.74 mm) grown from benzene by slow evaporation was
sealed in a glass capillary under nitrogen. Orthorhombic unit cell
dimensions were derived from a least-squares fit of 46 random
strong reflections (22° < 26 < 30°). A total of 4161 unique
reflections were collected in the range 4 < 26 < 58° with indices
+h,+k,+{ by using the w/28 scan technique with a variable scan
rate of 3.0-30.0° min~!. Systematic absences for the total data
set were consistent with either space group Pmcn or P2 cn.
Subsequent successful refinement in P2;cn (an alternative setting
of Pna2; (No. 33), related by (x, y, 2) — (2, 5, —x)) indicated that
the acentric space group with Z = 4 and no crystallographically
imposed molecular mirror plane was the correct choice. Three
standard reflections monitored after every 100 data collected
showed no systematic variation. Data were corrected for ab-
sorption with use of an empirical ellipsoidal model based on ¢
scans for 12 reflections with 10° < 26 < 44°.

The structure of 3 was solved with use of SHELXTL PLUS di-
rect-methods software, which revealed almost all the non-hydrogen
atoms on the initial E map. All remaining non-hydrogen atoms
were located in subsequent difference Fourier maps and were
refined anisotropically. Hydrogen atom positions were added in
ideal calculated positions (d(C-H) = 0.96 A) with methyl hy-
drogens refined as a rigid group. All hydrogen isotropic thermal
parameters were set to approximately 1.2 times the isotropic
equivalent of the associated carbon atom. Full-matrix least-
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squares refinement gave an R value of 0.025 (R,, = 0.035) for 3469
data with I > 3¢(J). The final Fourier difference map showed
no peaks greater than +0.49 e/A%
[(n5-CsMes)Mo(CO)3(CF,)1SO;CF; (4). An orange prism of
4 measuring 0.36 X 0.56 X 0.94 mm was obtained by slow cooling
of a CH,Cl, solution to -55 °C. Mounting in a glass capillary under
nitrogen and cooling to 100 °C for alignment and data collection
was carried out quickly in order to minimize decay of the thermally
sensitive compound. Random centering on 48 strong reflections
(22° < 26 < 30°) suggested a tetragonal unit cell; 4/mmm Laue
symmetry was confirmed by examination of +h,+k,%! and
xk,xh,x! equivalent reflections. A total of 5823 redundant data
were collected with use of a variable w scan rate of 6.0-30.0° min™!
with indices h,%k, 2, giving 1420 unique reflections (R, = 0.016).
Three standard reflections monitored after every 100 data col-
lected showed no systematic variation. The data were corrected
for absorption by using the semiempirical ¢-scan method. Sys-
tematic absences were consistent with either P4,/mbc or P4sbc.
A direct-methods solution in P4,/mbc followed by a series of
difference Fourier maps placed all non-hydrogen atoms. Although
full anisotropic refinement in P4,bc with all hydrogen atoms placed
in idealized positions gave a low final R value of 0.034, the n%-C;Me;
ring and the C(3)-0(3) carbonyl group were highly distorted. In
the alternative centrosymmetric space group P4,/mbc, a crys-
tallographically imposed mirror plane bisects both the molyb-
denum complex and the triflate counteranion and requires dis-

order between the difluorocarbene and the C(3)-O(3) carbonyl
ligands. Nevertheless, full refinement in this space group yielded
a structure with no significant distortions and indicated that
P4,/mbc was the correct choice. Due to moderate correlation
between the anisotropic thermal coefficients of F(2) and O(3),
both C(3) and O(3) were made isotropic for the final stages of
refinement, which gave a final R value of 0.039 by use of 1252
reflections with [ > 3¢(I). The final Fourier difference map
revealed a residual peak of 1.13 e/A® associated with the triflate
counteranion, with no other peak greater than 0.51 e/A3,
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The mononuclear, four-coordinate aluminum compounds AIR,(BHT)L and AIR(BHT),L [R = Me, Et;
BHT = 2,6-di-tert-butyl-4-methylphenoxide; L = 2-Mepy, 4-Mepy, 2,6-Megpy, CH;,CN, N(C,H,),CH, HNE,,
HNBu,, H,N'Bu, H,N"Bu, NHj;, py-O] are obtained when AlR; is treated with the correct molar equivalent
of BHT-H and the appropriate Lewis base. The aluminum-methyl C NMR chemical shift for the
monoaryloxide compounds AlMe;(BHT)L is dependent primarily on the steric bulk of the Lewis base.
The reaction of AlMe; with pentafluorophenol yields [Me,Al(u-OC¢F5)],. Cleavage of the phenoxide-bridged
dimer by N(C,H,);CH leads to the formation of the Lewis acid—base complex. The molecular structures
of AlMe,(BHT)(2,6-Me,py) (4), AlEt,(BHT)(H,N'Bu) (16), AlEt,(BHT)(py-O) (19), AlMe(BHT),(py-
0)-1/,CH,Cl, (20), and AIMe,(OCF;)[N(C;H,);CH] (23) have been determined by X-ray crystallography.
The relationship between Al-O bond distances, Al-O-C bond angles, and the presence of Al-O 7-bonding
is discussed. Crystal data for 4: monoclinic, P2,/n, a = 9.994 (2) A, b = 21.647 (4) A, ¢ = 10.822 (2) A,
B8 =93.74 (2)° (198 K), Z = 4, R = 0.058, R, = 0.066. Crystal data for 16: monoclinic, P2,/n, a = 9.025
(2) A, b=13.862 (2) A, c =19.339 (4) A, B8 = 96.60 (1)° (183 K), Z = 4, R = 0.060, R, = 0.068. Crystal
data for 19: monoclinic, P2,/n, a = 9.630 (2) A, b = 18.232 (4) A, ¢ = 13.980 (3) A, 8 = 101.62 (2)° (173
K), Z = 4, R = 0.055, R,, = 0.055. Crystal data for 20: monoclinic, C2/c, a = 25.025 (4) A, b = 16.877 (3)

A, c=19261(5 A

= 117.59 (2)° (193 K), Z = 8, R = 0.073, R,, = 0.077. Crystal data for 23: triclinic,

8
Pl, a = 6.9822 (6) A, b =9.4896 (8) A, ¢ = 12.7230 (9) A, « = 93.140 (6)°, 8 = 94.650 (6)°, = 102.580 (7)°

(183 K), Z = 2, R = 0.039, R,, = 0.044.

Introduction

Recent work in our laboratories has been concerned with
the synthesis and characterization of aluminum aryloxide
compounds derived from 2,6-di-tert-butyl-4-methylphenol
(I) (BHT-H from the trivial name butylated hydroxy-

* Author to whom correspondence should be addressed.

OH

I

toluene).2* The use of this sterically hindered aryloxide
ligand allows for the isolation of monomeric four-coordi-
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