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by crystallization from aqueous acetonitrile. After prolonged 
storage at  room temperature, the surface of the crystals turned 
brown, though NMR spectroscopy showed no perceptible de- 
composition. The same product 4a was obtained when allyl 
bromide was used instead of allyl chloride. 

Preparation of 4b. After MO(CO)~ (1 g, 3.78 mmol) was 
refluxed with 2-methallyl chloride (1 mL) in acetonitrile (15 mL) 
for 5 h, the ligand 1 (1.3 g, 3.9 mmol) in acetonitrile (5 mL) was 
added to the hot solution. The yellow crystalline product 4b was 
isolated (0.77 g, 44%) as described for 4a. 

Preparation of 4c. The procedure is the same as that de- 
scribed for 4a. From MO(CO)~ (1 g, 3.78 mmol), 2-phenyl-3- 
bromel-propene (0.75 mL), and ligand 1 (1.3 g, 3.9 m o l ) ,  there 
was obtained 0.436 g (23%) of 4c as a yellow solid. 

Attempted Preparation of 4c from 2. The complex 2 (0.25 
g, 0.49 mmol) was refluxed with allyl bromide (1 mL) in aceto- 
nitrile (20 mL) containing THF (3 mL) for 4 h. No change was 
observed by TLC. When the mixture was cooled, the complex 
2 (0.2 g) was recovered. 

X-ray Crystal Structure Determination of 4c. An X- 
ray-grade crystal of 4c was grown in toluenehexane. Diffraction 
data were collected for a crystal of size 0.275 X 0.45 X 0.5 mm 
on an Enraf-Nonius CAD-4 diffractometer. Unit cell dimensions 
were determined with use of 25 well-centered reflections located 
in the region 17O < 0 < 41O. An orthorhombic cell was indicated 
with cell constants as listed in Table IV. Reflections were 
measured with an index range h = 0-11, k = 0-15, and I = 0-17 
with use of the w/28 scan mode and an average scan speed of lo 

min-l. Three standard reflections monitored every 3000 s of X-ray 
time showed negligible variation in intensity. 

From the systematically absent reflections in the data set, the 
space group P212121 was inferred. The structure was solved with 
use of Patterson and Fourier techniques. Refinement of the 
structure with use of SHELX-76p converged to R = 0.0817 for 1842 
observed reflections. A weighting scheme waa not applied. 
Non-hydrogen atoms were treated with anisotropic temperature 
factors. Hydrogens that could be geometrically fixed were held 
constant during the last few cycles of refinement. 
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Mo(CH-t-Bu)(NAr)[OCMe(CF ( la )  (Ar = 2,6-diisopropylphenyl) reacts with excess vinyltri- 
methylsilane to give MO(NA~)[O~M~(CF~),]~(CH,=CHS~M~~) (2). Complex 2 reacts with trimethyl- 
phosphine, 2-butyne, and excess ethylene to give Mo(NAr) [OCMe(CF3),]2(PMe3)2 (3), Mo(NAr)[OCMe- 
(CF3)2]2(MeC=CMe) (4), or Mo(NA~)[OCM~(CF~)~]~(C~H~) (8), respectively. Complex 4 reacts with PMe3 
to give Mo(NA~)[OCM~(CF~)~],(M~C=CM~)(PM~~) (5), and 8 reacts with PMe3 to give Mo(NAr)- 
[OCMe(CF3)2],(CH,=CH,)(PMe3) (9). Metallacycle Mo(CH2CH2CHJ(NAr) [OCMe(CF3),], (6) decomposes 
in the presence of excess ethylene to form 8 and reacts with trimethylphosphine to give Mo(CH2)- 
(NAr)[OCMe(CF3)2]2(PMe3) (7). Mo(CH-t-Bu)(NAr)(O-t-Bu), (lb) reacts with excess ethylene to give 
Mo(CH2CH2CH2)(NAr)(O-t-Bu), (lo), which reacts with trimethylphosphine to give Mo(CH,)(NAr)(O- 
t-Bu),(PMe3) (11). 10 decomposes to [Mo(NAr)(O-t-Bu),], (12; C2/c, a = 14.772 (6) A, b = 15.470 (4) A, 
c = 10.625 (8) A, p = 104.62 (3)O, 2 = 4, M, = 834.88, p = 1.276 g/cm3, p = 5.99 cm-l, R1 = 0.035, R2 = 
0.047). 12 is an imido-bridged dimer that is believed to form upon coupling of methylene ligands in two 
Mo(NAr)(CH,)(O-t-Bu), complexes. 

Introduction 
Complexes of t he  type M(CH-t-Bu)(NAr)(OR), (M = 

M o , ~  W;2 Ar = 2,6-diisopropylphenyl; R = alkyl, aryl, 
fluoroalkyl) have proven to be useful olefin metathesis 
catalysta. When R is relatively electron withdrawing (i.e., 
R = CMe(CF3)2), they will metathesize acyclic olefins. 
When R is relatively electron donating (i.e., R = t-Bu), they 

(1) Schrock. R. R.: Murdzek. J. R.: Bazan, G.; Robbins, J.; DiMare, M.; , . . . . . , . . - ___, - . -. , - > - ,  

ORegan, M. J .  Am. Chem. SO~. 1990,112, 3875. 
(2) (a) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K. B.; Yang, 

D. C.; Dams, W. M.; Park, L. Y.; DiMare, M.; Schofield, M. H.; Anhaus, 
J. T.; Walborsky, E.; Evitt, E.; Kruger, E.; Betz, P. Organometallics 1990, 
9, 2262. (b) Schrock, R. R.; DePu e, R. T.; Feldman, J.; Schaverien, C. 
J.; Dewan, J. C.; Liu, A. H. J .  Am. Chem. SOC. 1988, 110, 1423. 

do not react readily with acyclic olefins but do  react rapidly 
with strained cyclic olefins, especially norbornenes and 
n~rbornad ienes .~  Molybdenum complexes appear to be 
more tolerant of functionalities than tungsten complexes," 
bu t  they also appear t o  be less stable than their tungsten 
analogues.' In  particular, molybdenum olefin metathesis 
catalysts appear to decompose more readily by pathways 
that yield reduced (MOW))  complexes.' In this paper we 
attempt to  clarify these decomposition pathways and the 

(3) (a) Schrock, R. R. Acc. Chem. Res. 1990,23,158. (b) Bazan, G.; 
Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; ORegan, M. B.; 
Thomas, J. K.; Davis, W. M. J .  Am. Chem. SOC. 1990, 112,8378. 

(4) Bazan, G. C.; Schrock, R. R.; Cho, H.-N.; Gibson, V. C. Macro- 
molecules, in press. 
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molybdenum(1V) products that are formed. 

Results 
Derivatives of Mo(NA~)[OCM~(CF,)~],(CH~= 

CHSiMe,). MO(CH-~-BU)(NA~)[OCM~(CF~)~]~ (la) has 
been shown to react with a slight excess of vinyltri- 
methylsilane in pentane a t  -30 "C to yield Mo- 
(CHSiMe3)(NAr)[OCMe(CF3),]2 and neohexene.' Mo- 
(CHSiMe3) (NAr) [OCMe(CF,),], could not be isolated, 
however, because it reacts with an additional 2 equiv of 
vinyltrimethylsilane to give 1,3-bis(trimethylsilyl)propene, 
presumably via 8-hydride rearrangement of an unobserv- 
able a,d-disubstituted metallacycle (eq 1) and an unstable 

Ar 
N 

+ HzCdHSiMe, * RO-t!/*: 

- H+C!HSiMq 

Ar 
N 

MOCCHSiM&oliAr)COR~ I 

OR = OCMe(CF& RO 

II 
- MySiCHPCHCHzSiMq t 

+ H2CCHSiMy ROm-Mo..mOR (1) 
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complex with the formula Mo(NAr) [OCMe(CF3),I2- 
(CH2=CHSiMe3) (2), which could be characterized only 
in solution by NMR meth0ds.l The 13C NMR spectrum 
of 2 shows an olefin CH resonance at  6 67.4 (JcH = 129 Hz) 
and an olefin CH2 resonance at  6 63.6 ( J C H  = 157 Hz); the 
alkoxide ligands are inequivalent. The structure of Mo- 
(NAr)[OCMe(CF3)2]2(CH2=CHSiMe3) is proposed to be 
that in which the C=C axis is oriented perpendicular to 
the N/Mo/(olefin center) plane in its lowest energy con- 
formation, since in this circumstance ?r bonding to the 
olefin would be maximized. Note that 2 is relatively stable 
toward bimolecular decomposition reactions and toward 
formation of a metallacyclopentane complex by reaction 
with more vinyltrimethylsilane, perhaps for steric reasons. 
These results should be compared with those made in the 
system involving ethylene, which is discussed later. 

Crystalline, well-characterized relatives of 2 have now 
been prepared (Scheme I). We propose that purple Mo- 
(NAr) [OCMe(CF3)2]2(PMe3)2 (3) is a trigonal bipyramid 
with equatorial phosphine and equatorial and axial al- 
koxide ligands, since it exhibits two resonances for the 
alkoxide ligands and one resonance for equivalent phos- 
phines in its NMR spectra (lH, I9F, 13C, and 2 reacts 
with 2-butyne to yield red-orange Mo(NAr) [OCMe- 
(CF3)2]2(MeC=CMe) (4).  Proton and carbon NMR 
spectra of 4 indicate that the alkoxide ligands are equiv- 
alent, as are the 2-butyne methyl groups and acetylene 
carbon atoms (6 170.6), consistent with a pseudotetrahedral 
structure analogous to the structure proposed for 2. The 
reaction between 4 and trimethylphosphine gives Mo- 
(NAr)[OCMe(CF3)2]2(MeCdMe)(PMe3) (5), which also 
can be formed by adding 2-butyne to 3. Unlike 3 and 4, 
5 has no symmetry. We believe 5 is most likely to be a 
pseudotrigonal bipyramid in which the 2-butyne ligand 
occupies an equatorial position and is oriented along the 
O-Mo-P axis perpendicular to the equatorial plane, since 
in this circumstance a back-bonding to the acetylene ligand 
would be maximized. An analogous square-pyramidal 
complex cannot be ruled out. The trimethylphosphine 
ligand in 5 does not exchange with free phosphine on the 
NMR time scale, and 5 is stable to loss of PMe3 in vacuo 
for short periods of time. 

Reactions Between Mo(CH- t -Bu) (NAr)[ OCMe- 
(CF3)2]2 and Ethylene. We reported that Mo(CH-t- 
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Bu)(NA~)[OCM~(CF~)~] ,  reacts with excess ethylene to 
give trigonal-bipyramidal Mo(CH2CH2CH2)(NAr)- 
[OCMe(CF,),], (6) in high yield, but that 6 is unstable.' 
We now find that 6 decomposes in solution in the presence 
of trimethylphosphine to form Mo(CH,)(NAr)[OCMe- 
(CF,),I2(PMe3) (7, eq 2) in high yield. In the proton NMR 
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6 
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spectrum of 7 in toluene-d8, the methylidene protons ap- 
pear as two doublets of doublets a t  6 12.62 ( J H H  = J p H  = 
6 Hz) and 12.95 ( J H H  = 6 Hz, J p H  = 9 Hz). The "C NMR 
spectrum shows an eight-line resonance for the methylid- 
ene carbon at 6 278.7 (JCH = 137 and 159 Hz, Jcp = 24 Hz). 
These data are similar to those for the analogous tungsten 
methylidene phosphine c o m p l e x e ~ ~ ~ ~ ~  and structurally 
characterized molybdenum and tungsten alkylidene com- 
plexes? In such complexes the proton that points away 
from the imido ligand is that which has the lower value 
for J C H ,  since it appears to be involved in an agostic in- 
teraction with the metal.l*k 7 is only marginally stable; it 
decomposes quickly in solution, and attempts to isolate 
it in the solid state have failed. We believe that 6 most 
likely loses ethylene to give unstable Mo(CH2)(NAr)- 
[OCMe(CF3)2]2, although attack by PMe3 followed by loss 
of ethylene is a possibility that cannot be ruled out. 

When 6 is allowed to decompose in the presence of ex- 
cess ethylene, it yields an unstable species that we propose 
is a molybdacyclopentane complex, Mo(NAr) [OCMe- 
(CF3),],(C,Hd (8, eq 3), quantitatively (by NMR analysis). 
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8 also can be prepared quantitatively by adding excess 

(5) Feldman, J.; Davis, W. M.; Thomas, J. K.; Schrock, R. R. Or- 

(6) Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O'Regan, 
ganometallics 1990, 9, 2535. 

M. B.; Schofield, M. H. Organometallics 1991, 10, 1832. 
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Figure 1. (a) '8C{lH) NMR spectrum (75.4 MHz, toluene-d,, -40 
"C) of Mo(NA~)[OCM~(CF~~],('BC~~ (PC,). (b) WIIH) NMR 
spectrum (same conditions) of 8 made by using W2H4 and W2H4 
in a 1:3 ratio. 

ethylene to MO(NA~)[OCM~(CF~)~]~(CH~HS~M~,) (2). 
Since the most stable type of metdacyclobutane complex 
in this class of complexes is a square pyramid: we believe 
8 most likely is a square pyramid. Decomposition of 6 in 
the presence of propylene gives a complex mixture of un- 
identifiable produds that are not observed in the presence 
of ethylene alone. Since 13C labeling studies (see below) 
do not reveal any trace of propylene, we propose that 6 
decomposes by loss of ethylene and bimolecular coupling 
of methylene ligands in MO(CH~)(NA~)[OCM~(CF~)~]~ to 
give ethylene. 

It has been possible to characterize 8 only by proton and 
carbon NMR spectroscopy. The proton NMR spectrum 
(300 MHz) of 8 in toluene-d8 at  -40 OC displays broad 
resonances for the ethylene protons at  6 3.10, 2.80, 2.60, 
and 2.52. One reasonance each is observed for the alkoxide 
methyl, isopropyl methyl, and isopropyl methine protons, 
consistent with the relatively high symmetry of the pro- 
posed square-pyramidal 8. Mo(NAr) [OCMe(CF,),],- 
(13C4H8) (8-13C4) can be prepared either by allowing 13C- 
labeled 6 to decompose in solution under 13CzH4 or by 
adding 13C2H4 to 2. The W('H) NMR spectrum of 8J3C4 
at  -40 "C in toluene-d8 (Figure la )  shows two multiplets 
a t  6 76.8 and 38.6 for the metallacycle carbons, indicative 
of an AA'XX' spin system. If 8 is made with a mixture 
of 13C2H4 and 12CzH4 (1:3), both resonances become 
doublets (Figure lb), consistent with formation of pri- 
marily a M O W H ~ ' ~ C H J ~ C H J ~ C H ~  ring and consequently 
simplification of the NMR spectrum to a first-order pat- 
tern. The coupling constant observed from this spectrum 
is 32 Hz (Jc  cJ; JcmCd = 4 Hz and JcFd = 32 Hz subse- 
quently can be determined from the spectrum of the fully 
labeled metallacycle.' (JCmc: is evidently too small to be 
detected in this experiment.) Similar NMR spectra were 
observed recently for a structurally characterized tung- 
stacyclopentane complex.8 We assign the downfield 
carbon resonance to C, and the upfield resonance to C, 

(7) Raman, A. Nuclear Magnetic Resonance, Basic Principles; 

(8) Chirholm, M. H.; Huffman, J. C.; Hampden-Smith, M. J. J .  Am. 
Springer-Verlag: New York, 1986; p 62. 

Chem. SOC. 1990, I l l ,  5284. 

on the basis of comparison with the tungstacyclopentane 
complex and its analogues.8 

The singlet resonance between each branch of each 
doublet in Figure l b  appears with time and is consistent 
with the presence of mono-13C-labeled metallacycles. We 
speculate that 12CHz=13CHz arises via metathesis that is 
catalyzed by a trace amount of an alkylidene complex 
which remains in the system as a result of the synthetic 
method. However, a t  this stage we cannot exclude the 
possibility that traces of unidentified alkylidene complexes 
are being formed through hydrolysis or decomposition 
reactions, nor can we exclude the (less likely) possibility 
that traces of an alkylidene complex are being formed 
through contraction of the MC4 ring to an MC3 ringg 
followed by loss of olefin from the MC3 ring. 

At higher temperatures (0-50 "C) reversible changes in 
the NMR spectra of 8 in the presence of ethylene are 
complex. At least one new species is present in addition 
to 8; this new compound displays resonances for the alk- 
oxide and imido ligands (see Experimental Section) but 
no new resonances for bound ethylene. A broad resonance 
that is found at  -5.2 ppm in the presence of excess 
ethylene, the approximate chemical shift of the protons 
in free ethylene, suggests that ethylene is involved in ex- 
change processes. The 13C NMR spectrum of 8 W 4  shows 
no evidence for the presence of a monoethylene adduct; 
the metallacycle carbon resonances decrease in intensity 
and the resonance at  123 ppm for free ethylene broadens 
as the temperature is increased. Although extensive 
studies of equilibria between tantallacyclopentane com- 
plexes and Ta(II1) olefin complexes might suggest that 
ethylene is lost from 8 to give a monoethylene complex 
analogous to 2,9 there is no evidence that could be used 
to support the proposal that a Mo(1V) monoethylene 
complex is present in this system. 

The reaction between 8 and trimethylphosphine pro- 
duces Mo(NAr) [OCMe(CF3)21z(CH2=CHz)(PMe3) (9, eq 
4) quantitatively (by proton NMR analysis). 9 also is 

PMC3 

PMC, Rot,,., 
MooJAr)[oCMe(CF,hlz(c,Hd -m2m2 - AINs+-lI (*) 

OR 

9 

8 

formed when Mo(NAr) [OCMe(CF3)2]z(PMe3)2 is treated 
with excess ethylene. Proton and carbon NMR studies 
show that 9 is structurally similar to Mo(NAr)(OR)z- 
(MeC=CMe)(PMeJ (5). We think that 9 most likely is 
a trigonal bipyramid in which the ethylene is bound in an 
equatorial position and the C-C axis lies parallel to the 
P-Mo-O axis, although again a square-pyramidal version 
cannot be excluded. The reaction between 9 and 2-butyne 
gives 5 quantitatively. Attempts to isolate 8 and 9, even 
at  low temperatures, failed. 

Reactions of Mo(CH-t-Bu)(NAr)(O-t-Bu)z with 
Ethylene. When an NMR sample of Mo(CH-t-Bu)- 
(NAr)(O-t-Bu), (lb) is allowed to react with 4 equiv of 
ethylene for 5 h a t  room temperature in toluene-de, Mo- 
(CHzCHzCHz)(NAr)(O-t-Bu)z (10, eq 5) can be observed 

Ar AI 
N N 

( 5 )  2 a w ! J 4 2  II - t -B@w*-m 
II 

t.BuOW*''O t.~uO( %H-I-BU a 2 e H - l - B u  t-BuO' 7 
l b  10 

by NMR spectroscopy. Complex 10 is formed in low yield 

(9) McLain, S. J.; Sancho, J.; Schrock, R. R. J.  Am. Chem. SOC. 1980, 
102, 5610. 
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Table I. Selected Bond Lengths (A) and Angles (deg) in 
[ Mo(NAr)(O-t -Bu)& (12) 

Mo(l)-M0(2) 2.654 (1) Mo(l)-N(l)  1.955 (4) 
M0(1)-0(3) 1.887 (3) M0(2)-N(l) 1.952 (4) 
M0(2)-0(4) 1.892 (3) 

Mo(l)-N(l)-M0(2) 85.6 (2) 0(3)-Mo(l)-N(l)  118.2 (1) 
0(4)-M0(2)-0(4)' 111.6 (2) MO(l)-N(l)-C(ll)  137.4 (3) 
0(3)-M0(2)-0(3)' 111.1 (2) M0(2)-N(l)-C(ll)  137.0 (3) 
0(4)-M0(2)-N(f) 117.4 (1) 

(-25%), but the only other complex observed by NMR 
spectroscopy is 1 b. Resonances for the metallacycle pro- 
tons appear as three broad unresolved resonances at  room 
temperature (6 3.8,3.0, 2.3) in a 1:1:2 ratio. At -40 "C, the 
resonance at  6 3.8 appears as a broad virtual quartet and 
the resonance at  6 2.3 as a broad virtual triplet. By com- 
parison with a variety of square-pyramidal tungstacyclo- 
butane complexes6 the resonances at  6 3.8 and 3.0 can be 
assigned to the two @-protons, and that a t  6 2.3 to two of 
the four a-protons. (The other two a-proton resonances 
apparently are obscured, as is often the case in analogous 
tungsten  system^.^) In the carbon NMR spectrum of 10 
made with 13C-labeled ethylene, the a-carbon resonance 
appears as a doublet a t  6 34.9 and the @-carbon resonance 
at 6 29.1 (JCc = 32 Hz; cf. C, a t  6 41.9 and C, at 6 24.5, JCC 
= 30 Hz, in the tungsten analogues). The reaction between 
10 and PMe3 yields Mo(CH2)(NAr)(O-t-Bu),(PMe3) (11). 
The yield of 11 is low (-10% based on lb) because 
ethylene competes with PMe3 to reform 10. In contrast, 
note that 7 forms irreversibly in the presence of ethylene, 
presumably because the metal is considerably more elec- 
trophilic. The proton NMR spectrum of 11 displays two 
doublets of equal intensity at room temperature a t  6 12.32 
and 11.94 (JHH = 5 Hz), consistent with a structure 
analogous to that of 7 (eq 2). The sample must be cooled 
to -40 O C  in order to resolve hydrogen-phosphorus cou- 
pling (JHp = 4 Hz for each), since PMe3 is bound much 
less strongly in 11 than it is in 7. (Free PMe3 exchanges 
with that in 11 on the NMR time scale.) All attempts to 
isolate 10 and 11 have failed. 

Even under ethylene, 10 decomposes to form a product 
with the empirical formula Mo(NAr)(O-t-Bu), (12). It can 
be isolated in -50% yield. An X-ray study shows 12 to 
be a dimer (Figure 2) that contains symmetrically bridging 
imido ligands (M-N = 1.955 (4), 1.952 (4) A), a planar 
Mo2N2 ring, and a pseudotetrahedral arrangement of lig- 
ands around each metal. (See Table I for bond distances 
and angles.) The Mo-Mo distance (2.654 (1) A) is shorter 
than most Mo-Mo single bonds, but substantially longer 
than the longest Mo-Mo double bond.'O It is not neces- 
sary to postulate that there is a bond between the two 
molybdenum centers, since the Mo-Mo distance may be 
established by the Mo2N2 core itself." 12 does not react 
with simple olefins or PMe,, consistent with a relatively 
inert, delocalized Mo2N2 core. 

Discussion 
The two most common modes of decomposition of high 

oxidation state ("do") alkylidene complexes in the presence 
of olefins are rearrangement of metallacyclobutane com- 
plexes by a @-hydride mechanism and bimolecular coupling 
of alkylidene ligands, especially methylenes.12 Rear- 
rangement of an alkylidene ligand to an olefin is a third 

(IO) Chisholm, M. H. Polyhedron 1983, 2, 681. 
(11) (a) A similar situation is found in [Ru(NAr)($-C6He)12." (b) Kee, 

T. P.; Park, L. Y.; Robbins, J.; Schrock, R. R. J. Chem. SOC., Chem. 
Commun. 1991, 121. 

(12) (a) Schrock, R. R. In Reactions of Coordinated Ligands; Bra- 
terman, P. R.. Ed.; Plenum: New York, 1986; P 221. (b) Feldman, J.; 
Schrock, R. R. h o g .  Inorg. Chem., in prees. 

Organometallics, Vol. 10, No. 8, 1991 2905 

rh P 
W n  

Q 
\ 

d 
Figure 2. Drawing of the structure of [Mo(NAr)(o-t-B~)~l~ (12). 

decomposition mode that has been observed13 but one that 
does not appear to be as common as the first two. Al- 
though the instability of many of the most important 
compounds discussed here has prevented a full docu- 
mentation of alkylidene decomposition pathways, all that 
we have observed here suggests that they are analogous 
to the two most commonly observed. One important 
difference in the chemistry of molybdenum complexes 
observed here versus their tungsten counterparts is that 
molybdenum complexes are less stable toward what can 
be regarded as reductive processes, consistent with what 
one might predict on the basis of periodic trends. It has 
been shown recently that certain rhenium alkylidene and 
metallacyclobutane complexes that contain the Re(C-t- 
Bu)(OR), core are even more susceptible to reductive 
decomposition pathways,14 again consistent with periodic 
trends. 

Propylene, the product of rearrangement of the unsub- 
stituted molybdacyclobutane ring in 6, is not observed. 
Therefore the faster reaction is likely to be loss of ethylene 
to give an intermediate methylene complex, which then 
decomposes bimolecularly to give ethylene. Details of the 
coupling reaction are obscure at  this stage, but there is 
abundant evidence that methylene complexes decompose 
via formation of bis(pmethy1ene) species initially followed 
by coupling of the two methylene ligands to give 0.5 equiv 
of an ethylene complex.lh Cleavage of a bis(pmethy1ene) 
intermediate in this system would give "MO(NA~)(OR)~". 
It is interesting to note that a d2 trigonal-planar tungsten 
species of this type has been isolated, in which OR is the 
relatively bulky silox ligand.15 

Almost certainly 12 is formed also when Mo(CH2)- 
(NAr) (0-t-Bu), decomposes bimolecularly. A lower elec- 
trophilicity of the Mo center in tert-butoxide complexes 
versus OCMe(CF3), complexes would account for decom- 
position to give 12 even in the presence of ethylene. Since 
the isolated yield of 12 is only -5070, other as yet un- 
identified decomposition pathways probably are accessible. 

(13) Rocklage, S. M.; Fellmann, J. D.; Rupprecht, G. A,; Messerle, L. 
W.; Schrock, R. R. J. Am. Chem. SOC. 1981, 103, 1440. 

(14) (a) Toreki, R.; Schrock, R. R.; Vale, M. G. J. Am. Chem. SOC. 
1991, 113, 3610. (b) Toreki, R.; Schrock, R. R. Unpublished results. 

(15) Eppley, D. F.; Wolczanski, P. T. Presented at the 199th National 
Meeting of the American Chemical Society, Boston, MA, April 1990, 
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These proposals are consistent with the fact tha t  12 was 
first observed as a side product of the  reaction between 
Mo(CH-t-Bu)(NAr)(O-t-Bu)2 and vinylferrocene to give 
Mo(CHFc)(NAr)(O-t-Bu), (Fc = ferrocenyl).16 Since 
Mo(CHFc)(NAr)(O-t-Bu), is relatively stable in the  ab- 
sence of vinylferrocene, it was proposed that 12 formed via 
decomposition of Mo(CH2)(NAr)(O-t-Bu)2, an unobserv- 
able intermediate formed via metathesis. 

To our knowledge 8 is t he  only example of a metalla- 
cyclopentane complex of a do metal in group 6. In view 
of the fact that related metallacyclobutane complexes are 
well-known,6 it is not surprising to find that such a species 
can be observed. However, i t  is somewhat surprising to  
find that i t  is not more stable toward loss of ethylene or 
that i t  does not decompose via a &hydride rearrangement 
to give l-butene. On the other hand a metallacyclopentane 
complex does not form from 2 and vinyltrimethylsilane. 
All of these characteristics would appear to limit the  po- 
tential utility of metallacyclopentane complexes of this 
type as catalysts for the selective dimerization of terminal 
olefins, reactions which tantallacyclopentane complexes 
containing the  TaCp*C12 core carry out relatively effi- 
ciently." 

Mo(CHR)(NAr)(OR), complexes, 2, and 4, all could be 
regarded as members of the same class of pseudotetrahe- 
dral complexes of the type M~(NAr)(OR)~(?r-ligand), and 
adducts of 5 and 9 appear to be analogous to structurally 
characterized trigonal-bipyramidal Mo(CHR)(NAr)- 
(OR)2(Ph).6 The ready formation and interconversion of 
four- and five-coordinate species suggests tha t  the  chem- 
istry of Mo and W complexes containing the  d2 M- 
(NAr)(OR), core could be relatively extensive, although 
a greater resistance to bimolecular decomposition processes 
through the use of even bulkier ligands would be highly 
desirable. Under some circumstances even the M- 
(NR')(OR), core itself is stable, forming a trigonal-planar 
moleculel6 analogous to recently characterized trigonal- 
planar d2 Os(NAr)3.18 

Robbins et al. 

and were therefore characterized only by NMR methods. 
Preparation of Compounds. MO(NA~)[OCM~(CF~)~]~- 

(PMe,), (3). Excess PMe, (100 pL, 0.98 mmol) was added to a 
chilled (-30 "C) solution of MO(NA~)[OCM~(CF~)~]~(CH~= 
CHSiMe,) (0.20 g, 0.27 mmol) in a minimum of pentane (>0.5 
mL). A green microcrystalline solid immediately precipitated. 
This solid was filtered off and washed with cold pentane. The 
filtrate was taken to dryness, and the residue was recrystallized 
from a mixture of pentane and ether to give purple crystals. The 
green microcrystals produce a purple solution when dissolved in 
pentane or ether, and cooling of such solutions subsequently gives 
purple crystals. The green and purple materials give identical 
solution NMR spectra and elemental analytical data: 'H NMR 
6 6.92 (m, 3 H, Ar), 3.52 (sept, 2 H, CHMe2), 2.04 (8, 3 H, 
OCMe(CF3),), 1.43 (s,3 H, OCMe(CF,),), 1.25 (d, 6 H, CHMe2), 
1.06 (d, ,JpH = 9, 18 H, PMe,), 1.07 (d, 6 H, CHMe,); 13C NMR 
(100.6 MHz) 6 152.6 (Ciw), 143.7 (CJ 126.5 (9, 'JCF = 293, 
OCMe(CF3)J, 125.7 (CJ, 125.6 (9, lJm = 289,OCMe(CF&, 123.8 
(C,,,), 81.5 (sept, 2JcF = 28,OCMe(CFJJ, 21.0 (OCMe(CFJJ, 18.9 
(OCMe(CF3)2), 18.9 (d, lJcP = 24, PMe,); '9 NMR 6 -75.8 and 
-76.8 (OCMe(CF,),): 31P NMR 6 25.3 (PMe.1. Anal. Calcd for 

Experimental Section 
General Procedures. All preparative-scale experiments were 

performed under a nitrogen atmosphere in a Vacuum Atmospheres 
drybox or by using standard Schlenk techniques, unless otherwise 
noted. AU NMR-scale experiments were carried out in NMR tubes 
adapted with high-vacuum valves made by Brunfeldt Co., unless 
otherwise noted. Reagent grade ether was distilled from sodium 
benzophenone ketyl under nitrogen. Pentane was washed with 
5% nitric acid in sulfuric acid, stored over calcium chloride, and 
then distilled from sodium benzophenone ketyl under nitrogen. 
Deuterated NMR solvents were passed through a column of 
activated alumina. 

Mo(CH-t-Bu)(NAr) [OCMe(CF,),],, Mo(CH-t-Bu)(NAr)(O-t- 
Bu)~ ,  and MO(NA~)[OCM~(CF~)~]~(CH~=CHS~M~~) were pre- 
pared as described in the literature.' '3C2H4 (99%) was purchased 
from MSD Isotopes and was used as received. AU other reagents 
were purchased from commercial sourcea and purified by standard 
techniques. 

NMR data are listed in parta per million downfield from TMS 
for proton and carbon and downfield from CC13F (0 ppm) for 
fluorine. ,'P NMR spectra were referenced to P(OMe3) (141.0 
ppm relative to 85% HSP04). Coupling constants are quoted in 
hertz. Obvious multiplicities and routine coupling constants 
usually are not listed. Spectra were obtained in benzene-d, at 
25 "C unless otherwise noted. Compounds 7-1 1 were not isolable 

(16) Albagli, D.; Bazan, G. C.; Wrighton, M. S.; Schrock, R. R. Sub- 

(17) McLain, S. J.; Sancho, J.; Schrock, R. R. J.  Am. Chem. SOC. 1980, 

(18) Anhaus, J. T.; Kee, T. P.; Schofield, M.; Schrock, R. R. J. Am. 

mitted for publication. 

102, 5610. 

Chem. SOC. 1990,112, 1642. 

CBH41FlzN02P,MG 'C, 39.76; H, 5.26; N, 1.7k Found: C, 39.50; 
H, 5.07: N, 1.73. 

~ M O ( N A ~ ) [ O C M ~ ( C F , ) , ] ~ ( M ~ M ~ )  (4). 2-Butyne (29 lL, 
0.36 mmol) was added all at  once to a solution of Mo(NAr)- 
[OCMe(CF3)2J2(CH2=CHSiMe3) (0.25 g, 0.34 mmol) in pentane 
(25 mL). The solution slowly turned red-orange. After 2 h the 
solution was fdtered to remove a small amount of white precipitate. 
The filtrate was taken to dryness to give 4 as a red-orange powder 
(0.22 g, 0.32 mmol, 94% yield) which is >95% pure by NMR 
spectroscopy. Recrystallization from pentane yields analytically 
pure red-orange needles: 'H NMR 6 6.89 (m, 3 H, Ar), 3.59 (sept, 
2 H, CHMe,), 2.29 (8,  6 H, MeCECMe), 1.42 (8 ,  6 HO, OCMe- 
(CF3)2), 1.15, (d, 12 H, CHMe,); ',C NMR 6 170.6 (MeC=CMe), 

(C,,,), 81.8 (sept, OCMe(CF,),, ,JCF = 29), 28.2 (CHMe2), 23.3 
(CHMe2), 18.9 (OCMe(CF&), 15.4 (MeC=CMe). Anal. Calcd 
for CuH~,2N02Mo: C, 41.93; H, 4.25; N, 2.04. Found C, 41.99, 
H, 4.33; N, 1.90. 
MO(NA~)[OCM~(CF,)~]~(M~C=CM~)(PM~~) (5). Excess 

PMe, (20 pL, 0.19 mmol) was added all at once to a solution of 
MO(NA~)[OCM~(CF,)~]~(M~C=CM~) (70 mg, 0.10 mmol) in 
pentane (1 mL). The solution immediately turned dark yellow. 
Solvents were removed in vacuo to give the yellow crystalline 
product quantitatively: 'H NMR S 6.79 (m, 3 H, Ar), 3.85 (sept, 
1 H, CHMe2), 2.64 (s,3 H, M e W M e ) ,  2.59 (sept, 1 H, CHMe2), 
2.21 ( 8 ,  3 H, MeCECMe), 1.89 (8,  3 H, OCMe(CF,),), 1.48 (8, 3 
H, OCMe(CF,),), 1.25 (d, 3 H, CHMe,), 1.08 (d, 9 H, PMeJ, 1.01 
(d, 3 H, CHMe2), 0.86 (d, 3 H, CHMe2), 0.63 (d, 3 H, CHMe,); 
13C NMR (toluene-d8) 6 156.7 (Ciw, Jpc = 71, 152.1 (C,J, 151.0 
(MeCrCMe, Jpc = 32), 150.8 ( M e W M e ,  Jpc = 7), 145.8 (Co), 
129.0 (CJ, 124.4 (C,,,), 123.0 (C& 83.1 (sept, OCMe(CF3)2, 'Jcp 
= 28), 81.3 (sept, OCMe(CF3)2, 'JCF 28), 27.7, 26.4, 25.8, 25.1, 
19.9,17.3, 16.2, 13.7, 13.4, 13.2. The CF, carbon resonances could 
not be assigned unambiguously. Anal. Calcd for 

H, 5.34; N, 1.93. 
MO(CH~)(NA~)[OCM~(CF~)~]~(PM~~) (7). PMe3 (5.0 pL, 

0.057 mmol) was added to a solution of Mo(CH2CH2CHz)- 
(NAr)[OCMe(CF3),I2 (6) (0.021 mmol) in toluene-d8 and the 
sample was examined immediately by proton NMR spectroscopy. 

A '%enriched NMR sample was prepared as follows: PMe8 
(0.050 mmol) was transferred in vacuo onto a frozen solution of 
Mo(NAr)(13CH213CH213CHz)[OCMe(CF3)z]2 (0.021 mmol, made 
by addition of l3CzH4 to la). The sample was warmed to room 
temperature and NMR spectra were acquired immediately: 'H 
NMR (toluene-de) 6 12.95 (dd, 1 H, Ho, J H H  = 6, J P H  = 6), 12.62 
(dd, 1 H, HN, J H H  = 6, J p H  = 9), 4.25 (br m, 1 H, CHMe2), 3.79 
(br m, 1 H, CHMe2), 3.6-3.2 (br overlapping, 2 H, CHMez), 2.11 
(br s, 3 H, OCMe(CF3),), 1.40 (br s, 3 H, OCMe(CFJ2), 1.25 (br, 
12 H, CHMe2) 0.78 (d, PMe, overlapping with free PMe,, J p H  = 
12 Hz); 13C NMR (toluene-d8, -40 "C) 6 278.7 (ddd, Jc% = 137, 

do(NAr)[OCMe(CF,),],(C4H8) (8). (a) Ethylene (3 mL, 0.12 
mmol, 5.7 equiv) was added all at once via syringe to a septum- 
capped NMR tube containing la (15 mg, 0.021 mmol) in tolu- 

153.5 ( C d ,  145.8 (CJ, 127.9 (CJ, 124.2 (9, CF,, 'Jm = 289), 123.0 

C ~ H S F ~ ~ N O ~ P M O :  C, 42.48; H, 5.02; N, 1.83. Found: C, 42.47; 

JCH = 159, Jpc = 24). 



Reduction of Molybdenum Imido-Alkylidene Complexes 

Table 11. Non-Hydrogen Coordinates for 12 
X V 2 

O.oo00 Mo(U 
O.oo00 

-0.0601 (2) 
0.0333 (2) 

-0.0907 (3) 
-0.1813 (3) 
-0.2601 (3) 
-0.3462 (3) 
-0.3561 (3) 
-0.2792 (4) 
-0.1904 (3) 
-0.2564 (3) 
-0.2774 (4) 
-0.3247 (4) 
-0,1105 (4) 
-0.1099 (5) 
-0,1136 (4) 
-0.0690 (5) 
-0.0287 (4) 
0.0772 (4) 

-0.0681 (5) 
0.1076 (4) 
0.1722 (4) 
0.1610 (5) 
0.0631 (4) 

OT2817 (3) 
0.65664 (3) 
0.8972 (2) 
0.5879 (2) 
0.7423 (2) 
0.7418 (2) 
0.7622 (3) 
0.7599 (3) 
0.7367 (4) 
0.7172 (3) 
0.7193 (3) 
0.7905 (3) 
0.8870 (4) 
0.7393 (4) 
0.6954 (3) 
0.7477 (4) 
0.5986 (4) 
1.0385 (4) 
0.9493 (3) 
0.9543 (4) 
0.9092 (4) 
0.5276 (3) 
0.5219 (4) 
0.5597 (4) 
0.4406 (3) 

0.2500 
0.2500 
0.1726 (2) 
0.3322 (2) 
0.2639 (2) 
0.2773 (2) 
0.2237 (3) 
0.2381 (3) 
0.3032 (3) 
0.3562 (3) 
0.3451 (2) 
0.1501 (3) 
0.1414 (3) 
0.0923 (3) 
0.4060 (3) 
0.4726 (3) 
0.4217 (3) 
0.1267 (4) 
0.1230 (3) 
0.1423 (3) 
0.0515 (3) 
0.3583 (3) 
0.3086 (3) 
0.4302 (3) 
0.3645 (3) 

ene-d,. Within 0.5 h, the solution had turned red-orange, indi- 
cating the formation of Mo(NA~)(CH~CH~CH~)~[OCM~(CF,)~~~ 
(verified by 'H NMR analysis). Within 5 h, the color had changed 
again to deep red, indicating the formation of 8: 'H NMR 
(toluene-de) 6 6.90 (m, 3 H, Ar), 5.24 (br, CZH4), 3.62 (sept, 2 H, 
CHMeJ, 1.40 (br s ,6  H, OCMe(CF,),), 1.12 (d, 6 H, CHMe,); 'H 
NMR (toluene-ds, -40 "C) 6.90 (m, 3 H, Ar), 3.81 (sept, 2 H, 
CHMe,), 3.10 (br m, 2 H, C4He), 2.80 (br m, 2 H, C4He), 2.60 (br 
m, 2 H, C4H8), 2.52 (br m, 2 H, C,H8), 1.33 (br s , 6  H, OCMe- 
(CF3)2), 1.19 (d, 6 H, CHMe2). 

(b) Ethylene (3 mL, 0.12 mmol, 5.7 equiv) was added all at once 
via syringe to a septum-capped NMR tube containing Mo- 
(NAr)[OCMe(CF3),J2(CH2=CHSiMe3) (15 mg, 0.021 mmol) in 
toluene-d,. Formation of 8 was complete in 1 h. 
'9c NMR data for the metallacycle carbons were obtained from 

a sample of 8-13C4 prepared by adding 13CzH4 (0.12 mmol, 5.7 
equiv) to a frozen solution of either la (15 mg, 0.021 mmol) or 
Mo(NAr)[0CMe(CF,),I2(CH2=CHSiMe3) (15 mg, 0.021 mmol) 
in toluene-de in an NMR tube fitte with a Teflon valve on a 
high-vacuum line. The solution was allowed to warm to room 
temperature, and '9 NMR spectra were acquired after 5 or 1 h, 
respectively. 

NMR spectra were simplified and various carbon-carbon 
coupling constants were extracted from spectra of a sample more 
dilute in 13C. 13C2H, (0.06 mmol) was condensed onto a frozen 
solution of 8 made from Mo(NAr)[OCMe(CFS),J2(CH2-CHSiMe3) 
(32 mg, 0.045 mmol) and "CZH4 (0.18 mmol) in toluene-de. The 
sample was kept frozen until the spectrum was taken. 

13C NMR (toluene-d8, -40 "C) 6 76.8 (C, and CUI, JCH = 128), 
38.6 (C and C,, JcH = 141, JC c, = 32, JC cp' = 4, JC = 32). 

Mo(kAr) [ OCMe(CF3)2]2(CfI,=CH,) ( $Me3) (9). @thylene 
(3 mL, 0.12 mmol) was added via syringe to a solution of Mo- 
(NAr)[OCMe(CF3)2J2(PMe3)2 (50 mg, 0.064 mmol) in 0.5 mL of 
benzene-d6 or toluene-d8 in a septum-capped NMR tube. The 
sample turned from deep purple to yellow immediately: 'H NMR 
6 6.74 (m, 2 H, Ar), 6.61 (m, 1 H, Ar), 3.82 (br sept, 1 H, CHMe,), 
2.63 (m, 1 H, ethylene), 2.23 (br sept, 1 H, CHMe2), 1.91 (m, 1 
H, ethylene), 1.80 (br s,3 H, OCMe(CF3)J, 1.77 (m, 1 H, ethylene), 
1.52 (br s,3 H, OCMe(CF3),), 1.32 (br d, 3 H, CHMe,), 1.20 (br, 
1 H, ethylene), 1.07 (br d, 3 H, CHMe2), 0.96 (d, JPH = 9, 9 H, 
PMe,), 0.93 (br d, 3 H, CHMe,), 0.76 (br d, 3 H, CHMe,); 
NMR (toluene-d& 6 150.4 (C ,147.4 (Cd, 146.4 (C,) 124.4,123.8, 
123.6, 123.2,81.4 (sept, 0 d e(CF,),, lJCF = 29), 44.9 (CH*Hz, 
J w  13), 43.7 (CHFCH~), 29.5, 27.4, 25.4, 24.3, 24.3, 24.0, 23.7, 
1?':4, 16.4, 16.2, 13.5, 13.1; 

A W-enriched NMR sample was prepared as follows: PMe3 
(0.060 mmol) was condensed onto a frozen solution of Mo- 
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(NAr)[OCMe(CF3)2]2(13CrHB) (0.021 m o l )  in an NMR tube: '9 

= 159). 
Mo(CH2CH&H,)(NAr)(O-t-Bu), (10). Ethylene (0.12 m o l ,  

4 equiv) was condensed onto a frozen solution of l b  (15 mg, 0.031 
mmol) in toluene-ds in an NMR tube via gas transfer on the 
high-vacuum line. The sample was allowed to stand at  room 
temperature for 5 h, after which time the metallacycle had formed 
in 25% yield by NMR spectroscopy. Only resonances for some 
metallacycle protons could be assigned unambiguously 'H NMR 
(toluene-de, -40 "C) 6 3.7 (br m, 1 H, Hp), 3.0 (br m, 1 H, H,), 
2.3 (br m, 2 H, H,). 

A partial 13C NMR spectrum was obtained as follows: 13C2H4 
(0.15 mmol, 5 equiv) was condensed onto a frozen solution of l b  
(15 mg, 0.031 mmol) in toluene-de in an NMR tube via gas transfer 
on the high-vacuum line. The sample was warmed to room 
temperature and left for 5 h ',C NMR (toluene-de) 6 34.9 (dt, 

MO(CH~)(NA~)(O-~-BU)~(PM~~) (11). Excess PMe3 (0.12 
mmol, 4 equiv) was added via gas transfer to a solution of 10 in 
an NMR tube prepared as described above. A proton NMR 
spectrum taken immediately afterwards showed that the me- 
thylidene complex (11) had formed in 10% yield (based on lb). 
Only resonances for the methylidene protons could be assigned 
unambiguously: 'H NMR (toluene-de, -40 "C) 6 12.32 (dd, JHH 
= 5, JpH = 4), 11.94 (dd, JHH = 5, JPH = 4). Only one broad 
resonance for the phosphine methyl groups was observed. 

[MO(NA~)(O-~-BU)~], (12). Ethylene (2 atm) was placed over 
a solution of l b  (200 mg, 0.42 mmol) in 1 mL of toluene in a 
pressure vessel. After 2 days the sample was taken to dryness 
in vacuo, leaving behind a red-brown semisolid. This solid was 
washed with cold pentane, leaving behind the product as a 
purple-red powder, which was slightly soluble pentane (90 mg, 
0.11 mmol, 52% yield): 'H NMR 6 7.24 (m, 6 H, Ar), 2.25 (sept, 
4 H, CHMe,), 1.28 (overlapping s and d, 60 H, 0-t-Bu and 
CHMed; '% NMR (125.7 MHz)  6 160.4 (ei), 141.4 (Cb, 126.7 (CJ, 
125.0 (C,,,), 79.6 (OCMe,), 32.6 (OCMe,), 27.1 (CHMe,), 26.3 
(CHMe,). Anal. Calcd for C&,0NZ04Mo~ C, 57.55; H, 8.45; 
N, 3.36. Found: C, 57.68; H, 8.85; N, 3.09. 

X-ray Crystal Structure  of [ M ~ ( N A ~ ) ( O - ~ - B U ) ~ ] ~ .  X- 
ray-quality crystals were obtained from recrystallization from 
pentane. Data were collected at  -72 "C on a Rigaku AFC6R 
diffractometer with graphite-monochromated Mo Ka radiation 
(A = 0.71069 A) and a 12-kW rotating anode generator. A total 
of 4944 reflections were collected, 4646 of which were unique. 
Equivalent reflections were merged. The intensities of three 
representative reflections measured after every 150 reflections 
remained constant throughout data collection, indicating crystal 
and electronic stability. The structure was solved by direct 
methods.l9 Refinement was by full-matrix least squares using 
TEXSAN. The non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were included in calculated positions (dc- = 
0.95 A). Crystal data are a = 14.772 (6) A, b = 15.470 (4) 1, c 
= 19.625 (8) A, 0 = 104.62 (3)", V = 4346 (3) A3, space group = 
C2/c (No. 15), Z = 4, M, = 834.88, p = 1.276 g/cm3, and p = 5.99 
cm-'. Final R = 0.035 and R, = 0.047. Important bond distances 
and angles can be found in Table I and final non-hydrogen 
positional parameters in Table 11. 
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NMR 6 44.9 (Jcc = 35, Jcp = 13, JCH = 156), 43.7 (Jcc 35, JCH 

JCH = 140, Jcc = 32, C,), 29.1 (tt, JCH = 129, Jcc = 32, 

(19) (a) Gilmore, C. J. J .  Appl. Crystallogr. 1984,17,42. (b) Beursk- 
ens, P. T. Technical Report 1984/1; Crystallography Laboratory: Toer- 
nooiveld, 6525 Ed. Nijmegen, Netherlands. 


