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Addition of a slight excess of 4-methoxy-1-hexene to  Mo(cHcMe2Ph)(NAr)(OR~6)2 (la) or 
Mo(CHCMe3) (NAr)(oR~s)z (lb) in pentane (ORF~ = OCMe(CF3)d yielded crystalline, red- 
orange anti-Mo[CHCH2CH(OMe)CH2CH31 (NAr)(oR~6)2 (2). A similar reaction was used to 
prepare the difunctional complex ~~~~-[(A~N)(ORF~)~M~=CHCH~CH(OM~)~ZCBHI (3). Styrene 
reacts with la or lb in DME over a period of 12 h to  afford orange syn-Mo(CHPh)(NAr)- 
(ORF&(DME) (4) in good yield. 4-(Dimethylamino)styrene and 2,4,6-trimethoxystyrene react 
analogously to yield dark red S~~-M~(CH-~-C~H~-NM~~)(NA~)(ORF~)~ (DME) (5) and red anti- 
Mo[CH-2,4,6-C6H2-(OMe)sl (NA~)(ORF~)~(DME) (6). 4 also can be synthesized from Mo- 
(NAr)2C12(DME) via Mo(NAr)z(CHnPh)n and Mo(CHPh)(NAr)(OTfMDME). The reaction 
between 1 and 0.5 equiv of octatetraene in DME afforded s~~-(DME)(RF~O)~(A~N)MO(CH)~- 
MO(NA~)(ORF&(DME) (Sa). A related complex, s~~-(E~~O)(RF~~)~(A~N)MO(CH)~MO(NA~)- 
( O R F ~ ) ~ ( E ~ Z O )  (Sb), could be prepared directly in diethyl ether or by dissolving Sa in diethyl 
ether. ~~~~-(THF)(RF~~)~(A~N)MO(CH)~M~(NA~)(ORF~)~(THF) (Sc) was observed upon 
dissolving Sa in THF. Addition of 4 equiv of LiO-t-Bu and 2 equiv of quinuclidine (quin) to 
Sa yields metallic green (quin)(t-Bu0)~(ArN)Mo(CH)~Mo(NAr)(O-t-Bu)~(quin) (Sd). 1,4- 
Divinylbenzene reacts smoothly with la or lb to give another conjugated difunctional alkylidene 
complex, ~,~-[(DME)(RF~~)~(A~N)MOCHI~CSHI (loa). Mo(CH~)(NA~)(ORF~)~(DME) (lla) 
could be generated and observed by ‘H NMR upon adding an excess of ethylene to a solution 
of lb in DME-dlo in a septum-sealed NMR tube. Addition of 2,2’-bipyridine (bpy) to l la 
yielded isolable Mo(CH2) (NAr)(oR~~)p(bpy) (1 lb). 2,3-Dicarbomethoxynorbornadiene (100 
equiv) could be polymerized in a living manner in DME using lb, 4, 5, Sa, Sb, or 10a as the 
initiator. 2,3-Bis(trifluoromethyl)norbornadiene (100 equiv) was also polymerized in a living 
manner by la in DME. Addition of an excess of LiO-t-Bu (8 equiv) to  a solution of 3 in toluene, 
followed by 200 equiv of methyltetracyclododecene (MTD), gave low-polydispersity poly-MTD 
(M,/M, = 1.03) in 93% yield. Complexes 4,5,9a, Sb, and 10a react cleanly with pivaldehyde 
or benzaldehyde in CDzClz or DME. A combination of Wittig reactions was used to prepare 
the di-tert-butyl-capped polyenes (t-Bu)(CH=CH),(t-Bu) (n = 4,6,8). The techniques described 
here should expand the opportunities for making polymers via living ROMP reactions and, in 
particular, should allow one to  introduce conjugated sequences with a known, fixed length into 
a variety of polymers and to attach functional groups to both ends of a polymer. 

Introduction 

Alkylidene complexes of the type M(CHR)(NAr)(OR’)z 
(M = Mo,ls2 W;3 Ar = 2,6-diisopropylphenyl) are readily 
accessible, well-defined metathesis catalysts. (The Mo- 
(CHCMe2Ph)(NAr)(O+Bu)2 catalyst is now commercially 
available from Strem Chemicals, Inc.) When OR’ = O-t- 
Bu, these catalysts do not react rapidly with ordinary 
internal olefins but do react rapidly with norbornenes and 
norbornadienes. Therefore, they are useful initiators for 
living ring-opening metathesis polymerization (ROMP)I 
reactions to give polymers in which the initial alkylidene 
ligand is introduced at the beginning of the polymer 

(1) Fox, H. H.; Yap, K. B.; Robbins, J.; Cai, S.; Schrock, R. R. Inorg. 
Chem. 1992,31, 2287. 

(2) Schrock, R. R.; Murdzek, J. S.; Bazan, G .  C.; Robbins, J.; DiMare, 
M.; ORegan, M. J. Am. Chem. SOC. 1990,112, 3875. 

(3) Schrock, R. R.;DePue, R. T.; Feldman, J.; Yap, K. B.;Yang, D. C.; 
Davis, W. M.; Park, L. Y.; DiMare, M.; Schofield, M.; Anhaus, J.; 
Walborsky, E.; Evitt, E.; Krdger, C.; Betz, P. Organometallics 1990, 9, 
2262. 

(4) Grubbs, R. H.; Tumas, W. Science 1989,243,907. 

0276-7333/93/2312-0759$O~.Oo/O 

chain.”’ For example, Mo(CHFc)(NAr)(O-t-Bu)z (Fc = 
ferrocenyl) has been used to prepare redox-active polymers 
with redox-active end  group^.^ Since polymerizations can 
be terminated in a Wittig-like capping reaction with a 
functionalized benzaldehyde? it is now possible, in theory, 
to control the nature of the groups at both ends of a ROMP 
polymer, including polyenes.1’J-12 Such control is crucial 
to the synthesis of potentially interesting materials such 
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as push-pull polyenes.13-15 Therefore, it is important to 
develop routes to new alkylidene initiators for living 
polymerization reactions. A potential secondary benefit 
is that initiators other than a neopentylidene or neo- 
phylidene complex may have a lower ratio of the rate of 
propagation to the rate of i n i t i a t i~n .~~ ' J~ '*  Finally, it 
would be desirable in some circumstances to develop a 
difunctional (bimetallic) initiator in order to synthesize a 
polymer by growing the polymer chain in two directions 
at  the same time.lg 

The most straightforward way to prepare new mono- 
substituted alkylidene complexes of the same basic type 
is via a metathesis reaction between a neopentylidene or 
neophylidene complex and a terminal olefin. It is most 
desirable that the metathesis reaction be essentially 
quantitative and relatively fast and that the new alkylidene 
complex be stable and isolable. tert-Butoxide complexes 
are not suitable in general since they react only slowly 
with terminal olefins and the new monosubstituted 
alkylidene complexes are often unstable. Hexafluoro-tert- 
butoxide complexes are much more reactive,20 but living 
polymerization of a norbornene or disubstituted norbor- 
nadiene requires that metathesis of the disubstituted 
double bonds in the polymer chain be slow on the time 
scale of polymerization. Therefore, conditions must be 
found where a new alkylidene complex can be prepared 
readily in a metathesis reaction but remains useful for a 
living polymerization reaction. 

Four-coordinate alkylidene complexes are inherently 
unstable toward bimolecular decomposition.21 Five- or 
six-coordinate base adducts are much more stable22 but 
also much less r e a c t i ~ e . ~ ~ - ~ ~  For example, quinuclidine 
has been used to stabilize unsubstituted vinyl alkylidene 
complexes such as cis- and trans-M(CHCH=CHMe)- 
(NAr)(OR~6)2(quinuclidine) (M = Mo, W; O R F ~  = OCMe- 
(CF3)2).22 Adducts of methylene complexes can be ob- 
served, e.g., W(CHZ)(NA~)(ORF~)~(PM~~),~~,~~ W(CH2)- 
( N A ~ ) [ O C ( C F ~ ) Z ( C F ~ C F ~ C F ~ ) I ~ ( P M ~ ~ ) , ~ ~ ~ ~ ~  and Mo(CH2)- 
( N A ~ ) ( O R F ~ ) ~ ( P M ~ ~ ) . ~ ~  Intramolecular coordination of a 
base also can be an effective means of stabilizing alkylidene 
complexes. For example, W(CH-O-C~H~-OM~)(NA~)- 
(ORF&(THF) is stabilized by both intramolecular and 
intermolecular base coordination.= Coordinating solvents 
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such as THF are also basic enough totemper the metathetic 
activity of these complexes toward internal olefins, es- 
pecially complexes that contain more electron-withdrawing 
a l k o x i d e ~ . ~ ~ ? ~ ~  Since a neopentylidene or neophylidene 
complex might not coordinate a donor ligand as strongly 
as a complex containing a relatively small alkylidene,% a 
metathesis reaction between a neophylidene or neopen- 
tylidene complex and a terminal olefin in the presence of 
a weakly coordinating base might yield a stable new 
alkylidene complex that would then not react readily with 
internal olefinic bonds of the type found in polymers 
prepared by ROMP. One might expect benzylidene 
complexes to be among the more stable and easily made 
in a metathetical reaction, and the ready availability of 
functionalized styrenes would allow one to prepare a 
variety of functionalized benzylidene complexes. W(CH- 
t-Bu)(NAr)(oR~s)z is known to react with cis-&methyl- 
styrene to yield w(cHPh)(NAr)(oR~6)2~~ as a crystalline, 
isolable material, but the analogous Mo complex, Mo- 
(CHPh)(NAr) [OCMez(CF3)12, although it could be ob- 
served in situ,2 could not be isolated.30 Molybdenum 
benzylidene complexes also are generated in situ when 
styrene is employed as a chain transfer reagent in ROMP 
reactions, terminating the Polymerization and regenerating 
the ~atalyst .~ '  A molybdenum tert-butyl imido ben- 
zylidene complex also has been 

In this paper we report the synthesis of a number of new 
Mo(V1) alkylidene hexafluoro-tert-butoxide complexes 
that are stabilized by external or internal Lewis base 
coordination, including several difunctional alkylidene 
complexes. We also demonstrate the utility of the 
alkylidene complexes prepared in this work for ROMP in 
dimethoxyethane (DME) and Wittig-like reactions with 
aldehydes, and show that hexafluoro-tert-butoxide com- 
plexes can be converted into tert-butoxide catalysts in 
situ in order to take advantage of the mild nature of tert- 
butoxide catalysts for living ROMP reactions. 
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Results and Discussion 

Synthesis of New Alkylidene Complexes. Addition 
of a slight excess of 4-methoxy-1-hexene to a solution of 
yellow MO(CHCM~ZP~)(NA~)(ORF~)Z (la) or Mo(CHC- 
Mes)(NAr)(oR~6)2 (lb) in pentane (ORF~ = OCMe(CF&) 
yields crystalline, red-orange Mo[CHCH2CH(OMe)CH2- 
CH31(NAr)(oR~6)2 (2) in good yield (eq 1). A related 
difunctional alkylidene complex (3; eq 2) can be prepared 
in a similar manner in 2 h from la and the appropriate 
a,o-diene. NMR data for 2 and 3 and other alkylidene 
complexes described later are summarized in Table I. 
NMR spectra of 2 and 3 suggest that no plane of symmetry 
is present in either complex, and the JCH. value (158 Hz) 
suggests that the alkylidene is the anti rotamer2*22 in each 
case. The structure shown in eq 1 (or a related square- 
pyramidal species containing an axial imido ligand) is 
consistent with these data. To our knowledge, no five- 
coordinate complex of this type has been structurally 
characterized, although six-coordinate W(CH-o-CsH4- 
OM~)(NA~)(ORF~)~(THF)  has been shown to have a 
structure related to that shown in eq 1 in which the THF 
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Table I. Selected 'H and I3C NMR Data for Mo(VI) Alkylidene Complexes 

12.35 
12.38 
12.95 
12.60 
13.16 
15.05, 
12.53 
12.53 
12.41 
11.70 
12.94 
12.93 
12.56, 
13.26, 

284.9 
288.2 
273.0 
272.2 
271.7 
269.2 
255.7 

267.5 
267.4 
271.5 
255.5 
279.1 

4.44 315.3, 308.4 

1.99 
2.92 285.5 

a Chemical shifts reported in CD2Cl2 unless otherwise noted. * In C6D6. In THF-ds. Observed in situ in DME-dlo. 

is bound trans to the W=C bond.28 Five-coordinate 
monoadducts of imido alkylidene complexes of this type 

Mo(CHCMe,Ph)(NAr)(oRF6)* + \ 
-CH2=CHCMe2Ph 

l a  0 
Me 

Ar 

2 
Me * I  L n  

c 

- / - 2 CH2=CHCM@Ph 

Me 
Ar 
N 

Ar 

normally have the donor ligand in an axial position and 
the alkylidene and imido ligands in equatorial positions.22 

Styrene reacts cleanly with la or lb in DME over a 
period of 12 h to afford orange Mo(cHPh)(NAr)(oR~s)z- 
(DME) (4) in good yield (eq 3). Productive metathesis to 
give stilbene is slow under these conditions. For example, 
when 47 equiv of styrene in DME was added to 4 in DME 
(3.7 mM), only 8.3 equiv of tram-stilbene was obtained 
after 14 h. Several analogous benzylidene complexes that 
contain a-donating groups have also been prepared. 
4-(Dimethylamino)styrene and 2,4,64rimethoxystyrene 
react with la or lb to yield dark red Mo[CH-~-C~H~-NM~ZI-  
(NAr)(oR~s)z (DME) (5) and red Mo[CH-2,4,6-C&- 
(OMe)31 (NA~)(ORF~)~(DME) (6), respectively. All three 
benzylidene complexes are stable and crystalline and are 
red (versus the yellow color of l), consistent with the 
conjugated nature of the alkylidene.10s22 Isolable ben- 
zylidene complexes could not be prepared in diethyl ether 

121 
117 
157 
158 
126 
124 
159 
131, 127 
127 
132 
152 

125 
124 
(JHH = 6.0) 
139 ( J H H  = 3.9) 

or THF directly from lb, Mo(CH-t-Bu)(NAr) [OCMeZ- 
(CF3)12, or Mo(CH-t-Bu)(NAr)(O-t-Bu)z. Metathesis re- 

4 

DME 

5 

actions in the presence of 4-(dimethylamino)pyridine or 
quinuclidine (quin) did not yield stable adducta of 
benzylidene complexes. 

On the basis of the relatively low value for JCH, in 4 and 
5 (Table I), and by analogy with the structure of Mo- 
(CH-t-Bu)(NAr)(OTDz(DME) (OTf = 03SCF3),2 the 
complexes are believed to be the syn rotamers with the 
overall structures shown in eqs 3 and 4. In each species 
DME exchanges readily at  room temperature with free 
DME. (Low-temperature lH NMR experiments could not 
be carried out due to the low solubility of these complexes 
in most solvents.) In contrast, the alkylidene ligand in 6 
is in the anti orientation in solution (JcH, = 159 Hz; Table 
I), consistent with coordination of an o-methoxy group to 
the metal, probably in a five-coordinate species analogous 
to the type proposed for 2 and 3 (eq 5). Dimethoxyethane 

AT 

6 OMe 

cannot be removed in vacuo from solid samples of 6, 
however, so we presume that DME is bound to give a six- 
coordinate species in the solid state. The Mo(V1) analog 
of W(CH-~-C~H~-OM~)(NA~)(ORF~)~(THF)~~ could not 
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be prepared directly in THF or diethyl ether by the 
metathetical methods employed here. 

A universal catalyst precursor that contains a ben- 
zylidene ligand could be prepared directly in four steps 
from ammonium molybdate, one of which involves an 
a-hydrogen-abstraction reaction in a dibenzyl complex. 
Mo(NA~)~C~~(DME)' ,~ reacts cleanly with 2 equiv of KCH2- 
Ph33 to give Mo(NAr)n(CHzPh)2 (7). Treatment of 7 with 
3 equiv of triflic acid afforded Mo(CHPh)(NAr)(OTfh- 
(DME) (8), which is isolated as a mixture of isomers, 
according to NMR studies. Two alkylidene resonances 
are observed in a 1:l ratio at  15.05 and 14.44 ppm (in 
CD2C12; a 1:6 ratio at  15.33 and 14.70 ppm in C&). The 
isopropyl methyl groups in one isomer are all equivalent, 
consistent with a structure containing a freely rotating 
imido phenylgroup and trans triflates. In the other isomer, 
the isopropyl methyl groups are diastereotopic, which 
suggests that the triflates are cis to one another. The 
ratio of the two isomers is solvent-dependent. In C6D6, 
86 % of the mixture consists of the symmetric isomer. This 
synthetic route is analogous to that used to prepare 
neopentylidene (R = Me) and neophylidene (R = Ph) 
complexes of the type Mo(CHCMezR)(NAr) (OTfMDME), 
which are universal precursors to virtually any dialkoxide 
complex.2 The success of the a-hydrogen abstraction to 
give 8 is surprising in view of the reluctance with which 
benzyl groups were found to undergo clean a-hydrogen- 
abstraction reactions in the early tantalum alkylidene 
chemistry.% Evidently the triflate ligands in the presumed 
intermediate, Mo(NAr)(CH2Ph)z(OTfh, make the metal 
electrophilic enough to initiate a-hydrogen abstraction 
via an agostic H, interaction in one of the benzyl groups, 
while coordination of dimethoxyethane after the ben- 
zylidene ligand is formed protects the benzylidene complex 
against bimolecular decomposition. Since the a-hydrogen- 
abstraction reaction is known to be accelerated by coor- 
dinating ligands, another strong possibility is that 
dimethoxyethane also accelerates a-hydrogen abstraction 
in Mo(NAr)(CH2Ph)2(0Tf)2 by coordinating to the rel- 
atively electrophilic metal. 

A metathesis reaction between la or lb and 0.5 equiv 
of octatetraene in DME afforded [(DME)(RF~O)~(A~N)- 
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21a + - 
- 2 HzC=CHCMezPh 

Mo]z(CH)6 (9a; eq 6). The solution changes from yellow 

133) Schlosser, M.; Hartmann, J. Angew. Chem., In t .  Ed. Engl. 1973, 

(34) Schrock, R. R. Alkylidene Complexes of the Earlier Transition 
12, 508. 

Metals; Plenum: New York, 1986. 

to deep red as the reaction goes to completion, consistent 
with formation of a conjugated alkylidene c ~ m p l e x . * ~ ~ ~ ~  
The six-coordinate structure of 9a shown in eq 6 is proposed 
on the basis of the observed stoichiometry, the stability 
of the compound in solution and in the solid state (see 
below), and the similarities between the 'H NMR data for 
9a and those for 4, 5, and 6. However, 9a must be in 
equilibrium in solution with free DME and a four- 
coordinate alkylidene complex, on the basis of the reac- 
tivity of the complex toward norbornenes and norborna- 
dienes (see below), as well as the fact that the DME ligand 
in 9a can be replaced easily by diethyl ether or THF to 
give monoadduct 9b or 9c (eq 7). Complex 9b can be 
prepared directly from la and octatetraene in ether in 
66% yield. 9c could not be prepared directly in THF, 
because the initial metathesis step is too slow. All three 
complexes (9a-c) are isolable, crystalline species that are 
stable at  25 OC in solution and in the solid state. The 
value of JCH, for 9c (152 Hz) is indicative of an anti 
orientation of the alkylidene with respect to the imido 
ligand, while JCH, values for 9a (132 Hz) and 9b (127 Hz) 
are more consistent with their being syn rotamers. 

Addition of 4 equiv of LiO-t-Bu and 2 equiv of 
quinuclidine (quin) to 9a yields metallic green (quin) (t- 
BuO)~(A~N)MO(CH)~MO(NA~)(O-~-BU)~(~U~~) (9d; eq 8). 

9d 

9d is much less stable than 9a-c in the solid state; samples 
of crystalline 9d decompose even at  -40 "C over a period 
of days. We propose that quinuclidine is not bound 
strongly because of the more electron-donating nature of 
the alkoxide ligands. Nevertheless, 9d can be used im- 
mediately after it is prepared, for example, to synthesize 
discrete polyenes (see below). 

1,4-Divinylbenzene also reacts smoothly with la or lb 
to give another difunctional alkylidene complex, 1,4- 
[(DME)(RF~O)~(A~N)MOCHI~C~H~ (loa; eq 9). 10a can 

- 
2 l b +  e - 2 HZC=CHCMq 

DME 

'OR,, 

1 Oa 

be isolated as a crystalline, bright orange solid which is 
soluble in DME and THF but is nearly insoluble in other 
common solvents. Proton and carbon NMR data (Table 
I) suggest that the structure of 10a is analogous to that 
proposed for 4; there is only one aryl proton resonance for 
the alkylidene aryl group, as one would expect for the 
structure depicted in eq 9 in which rotation about the 
Ca-Cipso bond is fast on the NMR time scale. The value 
for JCH. (125 Hz) is consistent with a syn orientation of 
the alkylidene with respect to the imido ligand. An isolable 
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I"'" 
13.4 13.2 13.0 12.8 12.6 12.4 12.2 12.0 ppm 

Figure 1. lH NMR alkylidene region of (a) Mo(CHd(NAr)- 
(ORF&(DME) (9a) in DME-dlo under excess ethylene, (b) 
sample in (a) after ethylene was removed, showing Mo- 
(CHCMed(NAr)(ORFe)z (lb) and 9a, (c) Mo(CHd- 
(Nk)(OR~&(bpy) (9b) in CDZC12 (the asterisk denotes lb). 

THF adduct (lob) can be prepared from 10a simply by 
dissolving 10a in THF. However, as in the case of 9a, 
metathesis with divinylbenzene proceeds too slowly to 
prepare 10b directly from la or lb in THF. The DME 
ligand in 10a (and in 4,5, or 6) is not displaced by diethyl 
ether, as found in the case of 9a, which suggests that DME 
is the preferred donor ligand for benzylidene complexes. 

It is interesting to note that productive metathesis is 
relatively slow in all reactions mentioned so far, and 
methylene complexes have not been observed. However, 
MO(CH~)(NA~)(ORF~)~(DME) (1 la) can be generated and 
observed by 'H NMR upon adding an excess of ethylene 
to a solution of lb in DME-dlo in a septum-sealed NMR 
tube. Two broad resonances at 12.54 and 11.96 ppm are 
observed for the syn and anti methylene protons of l l a  
(Figure la), along with resonances for free ethylene, which 
is also broad, and neohexene. When free ethylene was 
removed from this sample in vacuo, ca. 90% of lb was 
regenerated and the residual methylene resonances for 
lla (ca. 10% of the mixture) could be observed as two 
sharp doublets a t  12.56 and 11.99 ppm (JHH = 6.0 Hz) 
(Figure lb). Presumably some neohexene is also removed 
upon removing the ethylene so that a mixture of lb and 
l l a  is obtained instead of pure lb. We propose that in 
the presence of excess ethylene the methylene complex is 
reacting with ethylene at  a rate of the order of the NMR 
time scale. Consequently, the resonances for the meth- 
ylene and ethylene protons are broadened. The methylene 
complex can be generated in DME from 1 b on a preparative 
scale under a pressure of ethylene and trapped as a highly 
crystalline and stable 2,2'-bipyridine (bpy) adduct (1 lb) 
in 65% isolated yield (eq 10). The alkoxides are inequiv- 

Ar 
N 

RF6°4,, I I 
-H+CHCMQP~ -DME 

+. bPY la + CzH4 .O - MO = C H ~  

\ DME 

1 la 
Ar 

-u 
llb 

= 2,2'-bipyridine (bpy) u 
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Table 11. CPC and Yield Data for 
Poly(2,3-dicarbometboxynorbornadiene)~~ Prepared in DME 

catalyst Mn" MwIMn" yield (%) 

I b  16 400 1 .04b 86 
4 16 200 1.06 94 
5 15 200 1.03 90 
9a 13 400 1.18 93 
9b 14 500 1.12 98 
1 Oa 14 500 1.06 94 

Determined by GPC versus polystyrene standards. The reaction 
was quenched after 90 min. An analogous reaction which was allowed 
to run for 16 h yielded a polymer whose properties were identical with 
those of the polymer obtained after 90 min. 

alent in llb, and it has no plane of symmetry (according 
to NMR data). The methylene protons appear as sharp 
doublets (JHH = 3.9 Hz; Figure IC). One possible structure 
for l lb  is shown in eq 10. 
ROMP and Wittig Reactions. 2,3-Dicarbomethox- 

ynorbornadiene (100 equiv) is polymerized smoothly in 
DME using lb, 4,5,9a, 9b, or 10a as the initiator. Both 
the monomer and the polymer are soluble in DME. The 
polymerization could be quenched with benzaldehyde to 
yield a polymer in high yield that was shown to have a low 
polydispersity (MwIMn; Table 11). The polydispersities 
of the polymers prepared from 9a and 9b were larger due 
to a small amount of double- and half-molecular-weight 
polymer that was present. The half-molecular-weight 
polymer might arise in a reaction in which one end of the 
difunctional catalyst is incompletely initiated or has been 
terminated in some side reaction (e.g., with oxygen). The 
double-molecular-weight polymer is relatively common in 
polymerization reactions of this type and may arise from 
reactions that involve oxygen.35 The polymerization is 
rapid (complete after 1 h), and 13C NMR shows this 
polymer to be 98% cis. In order to confirm that there is 
no secondary metathesis of the polymer chain, a polym- 
erization reaction mixture was stirred for 16 h before being 
quenched; the cis/trans content, tacticity, and yield of the 
polymer was unchanged (87% yield, Mw/M,, = 1.04). 
2,3-Bis(trifluoromethyl)norbornadiene (100 equiv) also 

was successfully polymerized in DME using la to give a 
low-polydispersity polymer (1.08) in high yield (94%). The 
cis/trans content (97% cis) and tacticity of the polymer 
was determined by 13C NMR to be identical with that 
prepared using la in THF.24 

A metathesis study of cis-Zpentene (500 equiv) in DME 
using la was undertaken in order to confirm that the 
metathesis activity of this complex in DME toward 
ordinary internal olefins is relatively low. After 17 h, the 
mixture of 2-butenes, 2-pentenes, and 3-hexenes suggested 
that the reaction had progressed ca. 35 % of the way toward 
equilibrium. In comparison equilibrium was reached in 
2 min in toluene.2 The ability of THF to moderate the 
reactivity of the analogous tungsten complex has already 
been noted.23 A typical double bond in a ROMP polymer 
would be more sterically protected than that in 2-pentenes 
and also is often deactivated by electron-withdrawing 
substituents such as COzMe or CF3 groups.6 

Methyltetracyclododecene (MTD) can be polymerized 
using the hexafluoro-tert-butoxide initiators, but poly- 
MTD having a relatively high polydispersity is obtained 
in THF. For example, polymerization of 100 equiv of MTD 
by 3 in THF for 10 min followed by capping with 

(35) Feast, W. J.;Gibson, V. C.; Khosravi, E.; Marshall, E. L.; Mitchell, 
J. P. Polymer 1992, 33, 872. 
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Table 111. Polyenes (n-ene) Prepared from Wittig-like 
Reactions with Various Aldehydes and Alkylidene Complexes 

al kylidene t - B u e , . B u  w e n e l  
comDlex aldehyde 

Fox et al. 

lba o/-o 4-ene 

9d t-Bu+O. 4-ene 

9d I-BU-0' 6-ene 

9d CBU-0' 10-ene 

a Two equivalents employed. 

benzaldehyde gave (MTD)~oCHCH~CH(OM~)C~H&H- 
(OMe)CH2CH(MTD)w in 78% yield which had a poly- 
dispersity of 1.35. In this case, internal coordination of 
the methoxy group could slow the rate of initiation 
significantly relative to propagation and lead to a higher 
polydispersity than would otherwise be expected. An 
analogous reaction in which la was employed as the 
initiator gave a polymer with a polydispersity of 1.2 after 
1 h of reaction. Addition of an excess of LiO-t-Bu (8 equiv) 
to a solution of 3 in toluene, followed by 200 equiv of MTD, 
gave low-polydispersity poly-MTD (M,IM,, = 1.03) in93 % 
yield after quenching with benzaldehyde. Similar results 
were obtained by starting with la. The presence of LiORm 
or LiO-t-Bu did not seem to effect the polymerization 
reaction. For example, 200 equiv of MTD was added to 
a mixture of 9a and excess LiO-t-Bu in toluene without 
isolating the less reactive bis(tert-butoxide) complex, and 
the reaction was quenched with benzaldehyde. The 
polymer (P~CH)(MTD)~W(CH)~(MTD)~W(CHP~), which 
was obtained in 94% yield, had a polydispersity of 1.05. 
The UV/vis spectrum of this polymer is consistent with 
the presence of the tetraene unit.1°J2 Addition of 200 equiv 
of norbornene to 9d followed by quenching with pival- 
dehyde yielded low-polydispersity (PhCH) (norbomene)lW- 
(CH)6(norbomene)l~(CHPh) (PDI = 1.07), consistentwith 
a more controlled (living) polymerization in the presence 
of 1 equiv of quinuclidine per metal. These studies suggest 
that even polymerization of norbornene itself or MTD 
can be controlled under some conditions and secondary 
metathesis limited, or if that is not the case, that a less 
reactive tert-butoxide catalyst can be prepared and used 
in situ. 

Another important aspect of polymerization reactions 
is termination of the reaction with aldehydes in a Wittig- 
like reaction5 Complexes 4,5,9a, 9b, and 10areact cleanly 
with pivaldehyde or benzaldehyde in CD2C12 or DME. The 
reactions of 9a and 9b were complete after 20 min, 
according to proton NMR spectra, and no side products 
were observed. Reactions in DME were complete after 1 
h and also showed no evidence of side products. Inter- 
estingly, treatment of l b  with excess trans,trans-2,4- 
hexadiene-196-dialdehyde affords 8,Sdimethylnona-tran- 
s,trans,trans-2,4,6-trienal in good yield (eq 11). We have 

l b  +excess O w o  - 
Mo(O)(N&)(OR,& + r - ~ u  -o (11) 

also found that reactions between 9d and aldehydes in 
THF are quantitative and that di-tert-butyl-capped 
polyenes, (t-Bu)(CH=CH).(t-Bu) (n = 4,6, 8),10J2 can be 
prepared in a stoichiometric reaction in high yield (Table 
111). The 4-ene can be prepared by adding excess 

pivaldehyde to 9d or 0.5 equiv of trans,trans-2,4-hexa- 
diene-l,8dialdehyde to lb. This synthesis of discrete all- 
trans polyenes is more convenient and efficient than 
polymerization methods, which require low-temperature 
chromatography under an inert atmosphere of a distri- 
bution of polyenes with different chain lengths.1°J2 Vari- 
ations of the reactions shown in Table I11 have been used 
to prepare the known all-trans di-tert-butyl-capped poly- 
enes that contain up to 12 double bonds.36 

Conclusions 

We have shown that a variety of Mo(V1) hexafluoro- 
tert-butoxide alkylidene complexes can be prepared if they 
are stabilized by internal or external coordination of a 
base, that they can be employed as living ROMP initiators, 
and that they react smoothly with a variety of aldehydes 
in Wittig-like reactions. DME appears to be the preferred 
external base for stabilizing alkylidene complexes, yet the 
DME is labile and the alkylidene complexes therefore react 
with especially reactive olefins such as norbornenes and 
norbornadienes. A methylene complex can also be sta- 
bilized in DME, which suggests that bimolecular decom- 
position of intermediate methylene complexes is relatively 
slow. Dimethoxyethane may also play an important role 
in accelerating and controlling a-hydrogen-abstraction 
reactions in dibenzyl complexes. We have also shown that 
in circumstances when hexafluoro-tert-butoxide initiators 
are not entirely satisfactory for synthesizing low-polydis- 
persity polymers, tert-butoxide initiators can be prepared 
in situ and employed in ROMP reactions. The techniques 
described here should expand the opportunities for making 
polymers via living ROMP reactions and, in particular, 
should allow one to introduce conjugated sequences with 
a known, fixed length into a variety of polymers and to 
attach functional groups to both ends of the polymer. 
Future work will be directed toward determining what 
other types of monomers can be polymerized in a living 
fashion and what functionalities can be tolerated. 

Experimental Section 
All experiments were performed under a nitrogen atmosphere 

in a Vacuum Atmospheres drybox or by standard Schlenk 
techniques unless otherwise specified. Silica gel (Merck grade 
60,3 x40cm) wasdried(at -130OC) invacuoovemight. Pentane 
was washed with sulfuric/nitric acid (95/5 v/v), sodium bicar- 
bonate, and water, stored over calcium chloride, and distilled 
from sodium benzophenone ketyl under nitrogen. Reagent grade 
diethyl ether, tetrahydrofuran, toluene, benzene, and 1,2- 
dimethoxyethane were distilled from sodium benzophenone ketyl 
under nitrogen. Reagent grade dichloromethane was distilled 
from calcium hydride under nitrogen. Toluene used for poly- 
merizations was stored over a Na/K alloy. DME and polymer- 
ization grade THF were vacuum-transferred a second time from 
sodium benzophenone ketyl. Benzene-ds and CD&lz were 
sparged with argon and stored over molecular sieves (4 A), THF- 
dB and DME-dlo were vacuum-distilled from Na/benzophenone. 
HPLC grade solvents were used in GPC and HPLC runs and 
were degassed prior to use. HPLC spectra were run using a 
Hewlett-Packard 1090M HPLC equipped with a 250-mm reverse- 
phase (C18) Econosil analytical column purchased from Alltech 
Associates. Gel permeation chromatography (GPC) was carried 
out using Shodex KF-802.5,803,804,805, and 8OOP columns, a 
Knauer differential refractometer, and a Viscotek H-500 dif- 
ferential refractometer/viscometer on samples 0 .143  % w/v in 
THF which were filtered through a Millex-SR 0.5-pm filter in 

(36) Park, L. Y. Ph.D. Thesis, MIT, 1991. 



Five- and Six-Coordinate Alkylidene Complexes 

order to remove particulates. GPC columns were calibrated 
versus polystyrene standards (Polymer Laboratories Ltd.) which 
ranged from 1206 to 1.03 X 106 MW. The GPC data wereahalyzed 
using Unical4.03 (Viscotek). UV/vis spectra were recorded on 
a Hewlett-Packard 8451A diode array spectrophotometer in the 
range of 190-820 nm. NMR data were obtained at 300 MHz (IH) 
and 75.43 MHz (1%) and are listed in parts per million downfield 
from tetramethylsilane for proton and carbon. Coupling con- 
stants are listed in hertz. Spectra were obtained at 25 OC unless 
otherwise noted. Elemental analyses (C, H, N) were performed 
on a Perkin-Elmer 2400 CHN analyzer. 

All chemicals used were reagent grade and purified by ordinary 
methods. Pivaldehyde (Aldrich) was distilled and passed over 
alumina before use. Quinuclidine and 2,2'-bipyridine (Aldrich) 
were recrystallized from diethyl ether prior to use. 1,4-Divi- 
nylbenzene (Aldrich) was purified as described in the l i t e r a t ~ r e . ~ ~  
Mo(NAr)2C12(DME),1 Mo(CHCMeZPh)(NAr)(OTfMDME)? 4,4- 
dimethyl-trans-2-pentenal,% P - M ~ ~ N - C ~ H ~ C H C H ~ , ~  K C H Z P ~ , ~ ~  
trans,trans-l,3,5,7-octatetraene,40and trans,trans-2,4-hexadiene- 
1,6-dialdehyde41 were prepared by literature methods. 
Mo(cHcMezPh)(NAr)(OR~6)2 (la). LiOCMe(CF3)2 (459 

mg, 2.44 mmol) was added to a cold (-30 OC) solution of Mo- 
(CHCMe2Ph)(NAr)(OTD2(DME) (0.966 g, 1.22 mmol) in 50 mL 
of diethyl ether. The reaction mixture was warmed to room 
temperature while it was stirred over a period of 1 h. The solvents 
were removed in vacuo, the resulting solid was extracted with 
pentane, and the mixture was filtered. The pentane was removed 
in vacuo to yield a dark yellow solid. Recrystallization of the 
solid from pentane at  -40 "C produced 802 mg of yellow crystalline 
product (86%): lH NMR (Cas )  6 12.12 (s, 1, MoCHCMeaPh), 
7.19-6.92 (m, 8, aromatic), 3.56 (sept, 2, CHCMeZ), 1.53 (a, 6, 
OCMe(CF&), 1.18 (d, 12, CHMez), 1.17 (s, 6, MoCHCMeZPh); 
'"C NMR (C6D.9) 6 284.9 (d, J = 121, MoCHR), 154.0 (8, Ci,, 
NAr), 148.0 (8 ,  C,, NAr), 147.6 (s, Cipso Ph), 129.6 (d, C, NAr), 
128.6 (d, C,, Ph), 126.7 (d, C, Ph), 125.9 (d, C, Ph), 124.2 (9, 'JCF 
= 289, OCMe(CF:j)2), 124.1 (q, ~ J C F  = 289, OCMe(CF&), 123.5 
(d, J = 159, C, NAr), 81.3 (sept, 3 J C F  = 29, OCMe(CF3)2), 55.4 
(8 ,  MoCHCMenPh), 30.4 (q, J = 133, MoCHCMeaPh), 28.7 (d, 
J = 130, CHMeZ), 23.8 (q, J = 127, CHMeZ), 18.8 (q, J = 130, 
OCMe(CF&). Anal. Calcd for MoC30H36F12N02: C, 47.07; H, 
4.61; N, 1.83. Found: C, 47.06; H, 4.56; N, 1.95. 
CH3CH&H( OMe)CH2CH=CH2. Allylmagnesium bromide 

(1.0 M in ether, 100 mmol) in 100 mL of ether was added to a 
solution of propanal (5.81 g, 100 mmol) in 200 mL of ether a t  0 
OC over a period of 1 h. The mixture was warmed up to room 
temperature and stirred for 1 h. A saturated aqueous solution 
of NH4Cl (200 mL) was added, and the organic layer was separated 
and dried over MgS04. 4-Hydroxy-1-hexene (5.36 g, 54%) was 
obtained by distilling the residue at  110 "C. 

4-Hydroxy-1-hexene (5.36 g, 53.5 mmol) in 20 mL of ether was 
added to Na (1.29 g, 53.5 mmol) suspended in 100 mL of ether. 
The solution was stirred for 1 h and refluxed for 2 h or until all 
the Na had disappeared. Dimethyl sulfate (9.29 g, 73.7 mmol) 
was added over a period of 20 min at  25 OC, and the mixture was 
stirred for 3 h. [NH4]OH (5 mL, 15 N) was then added to 
decompose the excess dimethyl sulfate. The reaction mixture 
was worked up with water and washed several times until the pH 
was neutral. The organic layer was separated and dried over 
MgS04. The solvent was removed in vacuo, and the residue was 
distilled at 112 OC to give 4-methoxy-1-hexene (3.77 g, 61% 1: IH 

3.12 (s, 3, OCH& 3.00-2.87 (m, 1, -CHOMe-), 2.30-2.07 (m, 2, 
=CHCH2-), 1.50-1.38 (m, 2, -CH2CH3), 0.85 (t, 3, -CH& 
CH~CH~CH(OM~)CH~CH=MO(NA~)(ORF~)~ (2). 4-Meth- 

oxy-1-hexene (47 mg, 410 pmol) was added to a solution of la 

NMR (C&) 6 5.93-5.75 (m, l,=CH-), 5.10-5.00 (m, 2, cH2=), 
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(37) Wiley, R. H.; Jin, J. I.; Kamath, Y. J. Polym. Sci. 1968, 6, 1065. 
(38) Wittig, G.; Suchanek, P. Chem. Ber. 1967, ZOO, 347. 
(39) Marvel, C. S.; Overberger, C. G.; Allen, R. E.; Saunders, J. H. J. 

(40) Spangler, C. W.; Little, D. A. J. Chem. SOC., Perkin Trans. 2 1982, 

(41) Korrsmehl, C.; Bohn, B. Chem. Ber. 1974, 107, 710. 

Am. Chem. SOC. 1946,68, 736. 

2379. 

(0.20 g, 296 pmol) in 7 mL of pentane. The color changed quickly 
from yellow to orange-red. After the mixture was stirred for 2 
h, the solvent and 3-methyl-3-phenylbutene were removed in 
vacuo. The solid product was recrystallized from ether/pentane 
to yield orange-red crystals (0.13 g, 66%): IH NMR (C6Ds) 6 
12.35 (dd, 1, MoCHR), 7.12-6.90 (m, 3, Havl), 4.38-4.20 (sept, 2, 
CHMeZ), 4.00-3.87 (m, 1, -CH(OMe)-), 3.63-3.48 (m, 1, 
-CH.Hb-), 3.20 (s,3, OMe),  3.08-2.95 (m, 1, -CH.Hb-), 1.52-1.39 
(m, 2, -CHz-), 1.36 (s,3,OCMe(CF3)2), 1.35 (d, 6, CHMez), 1.32 
(d, 6, CHMeZ), 1.25 (8, 3, OCMe(CF3)d, 0.54 (t, 3, -CH3); I3C 

147.3 (9, CJ, 128.1 (d, J = 161, Cp), 124.7 (q, ~ J C F  = 293, OCMe- 
(CF3)2), 124.5 (q, ~ J C F  = 293, OCMe(CF&), 123.5 (d, J = 160, 
Cm), 83.3 (d, J = 144, -CH(OMe)-), 81.4 (m, OCMe(CF3)2), 56.3 
(q, J = 137, OMe), 46.3 (t, J = 128, -CH2-), 28.8 (d, J = 131, 
CHMe), 25.1 (q,J= 131, CHMe2), 23.3 (q,J= 131, CHMez), 24.6 
(t, J = 127, -CHz-), 20.0 (q, J = 126,OCMe(CF3)2), 19.8 (q, J = 
126, OCMe(CF3)2), 19.8 (q, J = 126, OCMe(CF3I2), 8.6 (q, J = 
126, -CH3). Anal. Calcd for CZ6H&12N03Mo: C, 42.58; H, 4.81; 
N, 1.91. Found: C, 42.42; H, 4.55; N, 1.97. 
CH2=CHCH2CH(OMe)C6H4CH(OMe)CH~CH=CH~. Al- 

lylmagnesium chloride (2.0 M, 72 mmol, 36 mL) was added 
dropwise to a solution of terephthaldehyde (4.02 g, 30 mmol) in 
150 mL of benzene and 150 mL of THF. After the mixture was 
stirred for 3.5 h, it was worked up with a saturated aqueous 
solution of NH4Cl at 0 "C. The organic layer was separated and 
washed with a saturated NaHC03 solution, rinsed twice with 
water, and dried over MgS04. Solvent was removed in vacuo to 
yield a red oily liquid (5.19 g, 74%). Colorless crystals of the 
dialcohol were obtained after purification by column chroma- 
tography (silica gel, THF/hexane = 1/2). 

A solution of the dialcohol (1.67 g, 7.65 mmol) in 15 mL of 
THF was added to a suspension of NaH (0.50 g, 16.7 mmol) in 
15 mL of THF. Dihydrogen was generated, and the color changed 
to greenish yellow upon refluxing the mixture over a period of 
1 h. The mixture was cooled down to 25 "C using a water bath, 
and dimethyl sulfate was added slowly. After being stirred for 
3 h, the reaction mixture was worked up as described above. The 
product (1.65 g, 88% ) was purified by column chromatography 
(silica gel, EhO/hexane = 2/3): lH NMR (C6D6) 6 7.30 (s, 4, 
Haw,), 5.87-5.72 (m, 2, =CH-), 5.10-4.98 (m, 4, CH2=), 4.21- 
4.15 (dd, 2, -CH(OMe)-), 3.20 (a, 6, OMe), 2.62-2.35 (m,4, -CH,-); 

( C H p ) ,  83.8 (-CH(0Me)-), 56.8 (-OMe), 42.8 (-CH2-). 
[(RF~O)~(NA~)M~=CHCH~CH(OM~)]ZC~H~ (3). To a so- 

lution of la (1.50 g, 2.01 mmol) in 50 mL of pentane was added 
CH4HCH2CH(OMe)C6H4CH(OMe)CH2CH=CH2 (0.248 g, 
1.00 mmol). After the reaction mixture was stirred for 1.5 h (the 
color changed from yellow to red), solvent and side products 
were removed in vacuo over a period of 2 h. The orange-red 
residue was dissolved in a minimum amount of pentane (about 
15 mL) and orange crystals (0.93 g, 67 % ) were obtained upon 
cooling the solution: IH NMR (CDzC12) 6 12.38 (dd, 2, MoCHR), 
7.55 (s, 4, Hary]), 7.20 (s,6, imido HarY1), 5.15 (dd, 2, -CH(OMe)-), 
4.40-4.25 (m, 2, -CH&-), 4.15 (sept, 4, CHMe21, 3.65-3.50 (m, 
2, -CH&,-), 3.35 (s,6, -OMe), 1.56 (8,6,0CMe(CF3)2), 1.36 (d, 
12, CHMeZ), 1.33 (d, 12, CHMeZ), 1.31 (s, 6, OCMe(CF&); I3C 
NMR (CD2Cl2) 6 272.2 (d, J = 158, MoCHR), 152.1 (8 ,  Clpw NAr), 
147.4 (s, C, NAr), 139.5 (8, C,,, Ph), 128.8 (d, J = 159, C, Ph), 
128.3 (d, J = 161, C, NAr), 124.8 (q, ~JCF = 286,OCMe(CFM, 
124.4 (9, ~ J C F  = 286,OCMe(CF&), 123.6 ( d , J =  158, C, Ph), 85.3 
(d, J = 148, -CH(OMe)-), 81.8 (sept, VCF = 23, OCMe(CF3)d, 
81.2 (sept, = 23,OCMe(CF&), 57.0 (4, J = 148, OMe),  49.8 
(t, J = 131, -CH2-), 28.9 (d, J = 130, CHMeZ), 25.2 and 23.3 (9, 
J = 128, CHMe2), 20.1 (9, J = 132, OCMe(CFdz), 20.0 (q, J = 
132,OCMe(CF&). Anal. Calcd for C~~HMFZ~O~NZMOZ:  c, 43.68; 
H, 4.34; N, 1.89. Found: C, 44.06; H, 4.45; N, 1.78. 
Mo~CHP~)(NA~)(ORF~)~(DME) (4). lb  (0.300 g, 0.426 

mmol) was dissolved in 15 mL of DME, and styrene (45 pL, 0.426 
mmol) was added. After 1 h the solvents were removed in vacuo 
and the residue was recrystallized from ether to afford 0.23 g 
(0.283 mmol) of the orange product (66% ): 'H NMR (CDzC12) 

NMR (CD2C12) 6 273.0 (d, J = 158, MoCHR), 152.0 (8, Clpso), 

I3C NMR (CD2C12) 6 141.6 (C,,,,), 135.5 (-CH=), 127.0 (C,), 116.8 
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MoCMH&Fl2N0,: C, 45.19; H, 5.02; N, 1.55. Found C, 44.79; 
H, 4.94; N, 1.52. 

Mo(NAr)t(CHaPh)r (7). Mo(NAr)zClz(DME) (1.9 g, 3.13 
mmol) was dissolved in 40 mL of diethyl ether and the solution 
was chilled to -40 "C. KCHzPh (0.815 g, 6.26 mmol) was added 
slowly as a solid over 2 min, followed by 5 mL of THF. After the 
mixture was stirred for 12 h, the volatiles were removed in vacuo 
and the solid was redissolved in ether. The mixture was filtered 
through Celite and concentrated in vacuo for crystallization at 
-40 OC. A red crystalline product was obtained (1.49 g, 76%): 
lH NMR ( c a s )  6 7.01-6.93 (m, 16, HWd, 3.75 (sept, 4, CHMez), 
2.83 (8, 4, MoCHZPh), 1.13 (d, 24, CHMez); 13C NMR (C&e) 6 
153.6 (8, Cip  NAr), 143.5 (8, Co NAr), 137.1 (8, Cip Ph), 130.8 
(d, J = 158, Co Ph), 129.6 (d, J = 159, Cm Ph), 126.8 (d, J = 159, 
Cp Ph), 125.9 (d, J = 158, Cp NAr), 122.7 (d, J 155, Cm NAr), 
47.9 (t, J = 136, MoCHzPh), 28.6 (d, J = 127, CHMez), 23.6 (q, 
J = 127, CHMez). Anal. Calcd for CssHdzMo: C, 72.59; H, 
7.69; N, 4.46. Found C, 72.56; HI 7.71; N, 4.79. 
Mo(CHPh)(NAr)(OTf)2(DME) (8). Mo(NAr)z(CHzPh)z 

(0.556 g, 0.88 mmol) was dissolved in 15 mL of DME and cooled 
to -40 OC. Triflic acid (0.400 g, 2.65 mmol) was added in 1 mL 
of DME. The solution was stirred for 16 h, and the color changed 
from red to dark yellow. The DME was removed in vacuo, and 
the solid was extracted with cold (-30 OC) toluene (60 mL). The 
suspension was filtered through Celite, and the toluene was 
removed in vacuo. The product was crystallized from ether to 
give a yellow product (0.345 g, 55%). There were two isomers 
by NMR, the ratio of which changed in different solvents. In 
c&& 86% of the mixture was the major isomer with equivalent 
isopropyl methylgroups, and in CDZC12, the isomers are observed 
in a 1:l ratio: lH NMR 6 (CDZC12) 15.05 (e, 1, MoCHPh), 14.44 
( ~ ~ 1 ,  MoCHPh), 7.39-7.10 (HWi), 4.36 (b), 4.16 (e), 4.12 (b), 4.08 
(m), 3.91 (b), 3.78 (s), 3.64 (m), 1.16 (d, 6, CHMez), 1.08 (d, 12, 
CHMeZ), 0.98 (d, 6, CHMe2); 13C NMR 6 315.3 (MoCHPh), 308.4 
(MoCHPh), 152.5,149.9 (9, 'JCF = 337, CF3), 149.7 (4, 'JCF = 337, 
CF3), 131.9, 131.4, 131.2, 130.9, 129.6, 129.4, 128.6, 128.1, 124.4, 
124.2,119.6 (9, ~JCF = 317, CFa), 119.5 (4, 'JCF = 317, CF3), 77.6, 
76.0,73.8,71.4,66.1,63.4,62.0,28.6,28.4,24.4,23.9,23.7. Anal. 
Calcd for CzsHnNOsFsSzMo: C, 40.06; H, 4.44; N, 1.87. Found: 
C, 40.36; H, 4.52; N, 1.60. 
(DME)(R~O)z(NAr)Mo(CH)rMo(NAr)(ORpr)r(DME) (W. 

To a solution of la (98 mg, 132 pmol) in 4 mL of DME was added 
the solution of octatetraene (7 mg, 66 pmol) in 1 mL of DME at 
25 OC. After the mixture was stirred for 1 h (color changed from 
yellow to dark red), solvent was removed in vacuo and the residue 
was dissolved in pentane. The insoluble brown powder was 
filtered and recrystallized from pentane/CHnClz to yield dark 
red crystals (52 mg, 52%): 'H NMR (CDzClz) 6 12.53 (d, 2, 
MoCHR), 7.80 (m, 2, Hp), 7.35-7.20 (m, 6, HWl), 5.50-5.40 (m, 
2, H?), 3.62-3.48 (sept, 4, CHMed, 3.50 (8, 8, -OCHz-), 3.35 (8, 
12, -OM& 1.40 (a, 12, OCMe(CFsh), 1.20 (d, 24, CHMez); I3C 
NMR (CDzClz) 6 267.5 (d, J 127, MoCHR), 153.4 (s, Cim), 
148.6 (8, Co), 145.5 (d, J = 156, Cp), 130.2 (d, J 161, Cp), 124.3 
(d, J = 135, Cy), 123.7 (4, ~JCF = 247, OCMe(CFs)z), 123.6 (d, J 
= 160, Cm), 81.8 (sept, 'JCF = 2O,OCMe(CFs)z), 72.2 (d, J = 145, 
-OCHr), 59.1 (q, J = 140, OMe), 29.0 (d, J = 129, CHMeZ), 23.6 
(q, J = 127, CHMeZ), 19.0 (q, J = 132,OCMe(CFs)z). Anal. Calcd 
for CuH,2FuN~O&loz: C, 42.53; H, 4.76; N, 1.84. Found: C, 
42.97; H, 4.76; N, 1.77. 

(Etro)(RpcO)r(NAr)Mo(CH)rMo(NAr)(OR~)a(Et20) (9W. 
This complex was prepared by two routes as described below. (a) 
To a solution of la (98 mg, 132 pmol) in 4 mL of Et0 was added 
the solution of octatetraene (7 mg, 66 pmol) in 1 mL of E t 0  at 
25 OC. The color changed quickly to dark red, and a precipitate 
formed. After the mixture was stirred for 1 h, the precipitate 
was collected and rinsed with cold pentane to give a dark brown 
powder (65 mg, 66%). (b) The DME ligand in Sa was easily 
replaced by dissolving the compound in EtO,  generating the 
ether adduct quantitatively: lH NMR (CDzCh) 6 12.52 (d, 2, 
MoCHR), 7.80 (m, 2, Hp), 7.35-7.10 (m, 6, HWt), 5.52-5.36 (m, 
2, H7), 3.65-3.35 (m, 12, -CHMez and -OCHr), 1.40 (e, 12, 
OCMe(CF&), 1.20 (d, 24, -CHMez), 1.15 (t, 12, OCH2Me); 13C 

6 12.95 (s,l,MoCHR),7.36-7.05 (m,8,H,&3.56 (sept, 2,CHMed, 
3.50 (s,4, CHzOMe), 3.34 (s,6, CHzOMe), 1.46 (8, 6, OCMe(CFdd, 
1.14 (d, 12, CHMeZ); I3C NMR (CDzClz) 6 271.7 (d, J = 126, 
MoCHR), 154.1 (8,  Ci, NAr), 148.6 (8 ,  C, NAr), 145.1 (8,  Cip  
Ph), 130.2 (d, J = 161, C, NAr), 129.7 (d, J = 161, C, Ph), 128.6 

290,OCMe(CF&), 124.1 (q, 'JCF = 290,OCMe(CFdd, 123.9 (d, 
J = 158, C, NAr), 81.9 (sept, z J ~ ~  = 29, OCMe(CFdz), 72.4 (t, 
J = 143, CHZOMe), 59.1 (q, J = 138, CHzOMe), 29.1 (d, J = 129, 
CHMeZ), 23.6 (q, J = 127, CHMez), 19.3 (q, J =  130,OCMe(CF3)d. 
Anal. Calcd for MoCalH&lzNOd: C, 45.77; H, 4.83; N, 1.72. 
Found: C, 45.95; HI 4.68; N, 1.76. 

Metathesis of Styrene. 4 (30 mg, 0.037 mmol) was dissolved 
in 10 mL of DME, and styrene was added (182 mg, 1.732 mmol). 
The solution was stirred for 14 h, 100 pL of t-BuCHO was added, 
and the volatiles were removed in vacuo. The solid was dissolved 
in pentane and the solution passed through a column of A1&. 
trans-Stilbene was isolated upon evaporation of the solvent (55 
mg, 35 % ) and was analyzed by 'H NMR and UV/visspect.roecopy. 
M~[CH-~-C~HI-NM~Z](NA~)(ORF~)~(DME) (5). la (0.600 

g, 0.784 mmol) was dissolved in 15 mL of DME, and 44dime- 
thy1amino)styrene (0.115 g, 0.781 mmol) was added. After 12 h 
the solvents were removed from the red reaction mixture in vacuo 
and the residue was recrystallized from dichloromethaneto afford 
0.524 g (0.611 mmol) of the dark red product (78%): lH NMR 
(CDZC12) 6 12.60 (8,  1, MoCHR), 7.32 (t, 1, NAr H,), 7.23 (d, 2, 
NAr H,), 7.19 (d, 2, benzylidene Ho), 6.52 (d, 2, benzylidene H,), 
3.60 (sept, 2, CHMez), 3.50 (s,4, CHzOMe), 3.34 (s,6, CHzOMe), 
2.99 (8,  6, NMeZ), 1.43 (s,6, OCMe(CF3)z), 1.17 (d, 12, CHMez); 

NAr), 151.5 (8, Ci, Ph), 148.2 (s, C, NAr), 135.1 (s, C, Ph), 129.8 
(d, J = 159, C, NAr), 129.3 (d, J 159, C, Ph), 124.2 (9, 'JCF = 
289,OCMe(CF&, 123.6 (d, J = 159, Cm NAr), 111.1 (d, J =  141, 
C, Ph), 81.4 (sept, 'JCF = 31, OCMe(CF&), 72.2 (t, J = 140, 
CHZOMe), 59.1 (q, J = 141, CHzOMe), 40.2 (q, J = 135, NMed, 
28.9 (d, J = 129, CHMez), 23.6 (9, J = 126, CHMed, 19.3 (q, J 
= 131,OCMe(CF3)2). Anal. Calcd for MoCd&FlzNOI: C, 46.27; 
H, 5.18; N, 3.27. Found C, 45.97; H, 4.96; N, 3.49. 
2,4,S-Trimethoxystyrene. A 6.3-mL amount of a 1.6 M (10.2 

mmol) n-butyllithium solution was added to 75 mL of ether at 
room temperature. Solid triphenylmethylphoephonium bromide 
(3.64 g, 10.2 mmol) was added over 5 min. The solution turned 
yellow as it was stirred for 4 h. 2,4,6-Trimethoxybenzaldehyde 
(2.00 g, 10.2 mmol) was added to the mixture, which was stirred 
overnight. The solution was filtered, washed with water, and 
dried over MgSOI. The solution was filtered and was passed 
through a short column of silica. The ether was removed in vacuo. 
The resulting liquid was filtered to remove the crystalline 
aldehyde; 460 mg was obtained (23%): 'H NMR ( c a s )  6 7.45 
(dd, 1, RCHCH3, 6.42 (dd, 1, RCHCHZ), 6.05 (8,  2, aromatic), 
5.58 (dd, 1, RCHCHd, 3.34 (8, 3, para OMe),  3.29 (8,  6, ortho 
OMe). 

Mo[CH-2,4,5-C6H2- (OMe)a] (NAr) (ORF~)Z( DME) (6). 1 b 
(0.100 g, 0.142 mmol) was dissolved in 15 mL of DME, and 2,4,6- 
trimethoxystyrene (27 mg, 0.139 mmol) was added. The solution 
was stirred for 1 h and became red. The volatiles were removed 
in vacuo, and the solid was recrystallized from CHzC12 to afford 
83 mg of an orange product (66%): 'H NMR (Cas) 6 13.16 (8, 

1, MoCHR), 7.04 (d, 2, NAr H,), 6.98 (t, 1, NAr H,), 6.98 (t, 1, 
NAr Hp), 6.10 (8, 1, benzylidene Hm),  5.98 (s,1, benzylidene H,), 
4.43 (sept, 2, CHMe2), 3.75 (8 ,  3, OMe), 3.33 (e, 4, CHzOMe), 3.29 
(8, 3, OMe), 3.12 (8, 3, OMe), 3.11 (s, 6, CH20Me), 1.43 (d, 12, 
CHMez), 1.20 (e, 6,OCMe(CF3)2); 13C NMR (CDZClz) 6 255.7 (d, 
J = 159, MoCHR), 162.5 (8, Ci, Ph), 158.3 (8, Co Ph), 152.5 (8, 
Ci, NAr), 148.2 (8 ,  C, NAr), 147.0 (8,  C, Ph), 128.1 (d, J = 164, 
C, NAr), 124.3 (q, 'JCF = 289,OCMe(CF&), 124.1 (q, 'JCF = 289, 
OCMe(CF&), 123.3 (d, J = 160, Cm NAr), 116.1 (8, C, Ph), 92.2 
(d, J = 161, C, Ph), 89.6 (d, J = 156, Cm Ph), 81.3 (sept, 'JCF = 
26,OCMe(CFdd, 72.2 (t, J = 140, CHZOMe), 59.0 (q, J = 145, 
CHZOMe), 57.5 (9, J = 140, OMe), 56.4 (9, J = 149, OMe), 56.3 
(q, J = 149, OMe), 29.0 (d, J = 131, CHMez), 24.1 (q, J = 126, 
CHMeZ), 19.4 (q, J = 129, OCMe(CF3)z). Anal. Calcd for 

(d, J = 161, Co Ph), 128.0 (d, J = 157, Cm Ph), 124.3 (9, 'JCF = 

13C NMR (CDzC12) 6 269.2 (d, J = 124, MoCHR), 154.1 (8, Ci, 
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NMR (CD2C12) 6 267.4 (d, J = 132, MoCHR), 153.4 (5, Cipo), 
148.6 (8,  C,), 145.5 (d, J = 157, Cp), 130.2 (d, J = 161, Cp), 124.3 
(d, J = 153, CT), 123.8 (q, 'JCF = 276, OCMe(CF3)2), 123.6 (d, J 
= 161, C,), 81.6 (sept, 2 J ~ p  = 32, OCMe(CFdd, 66.0 (t, J = 146, 
-OCH2-), 29.0 (d, J = 131, CHMed, 23.6 (q, J = 129, CHMez), 
19.0 (q, J = 133, OCMe(CF3)2), 15.4 (q, J = 127, OCHae) .  

(THF)(R~O)l(NAr)Mo(CH)sMo(NAr)(ORpr)z(THF) (949. 
The DME ligand in 9a was also easily replaced by dissolving the 
compound in THF, generating the THF adduct quantitatively: 
lH NMR (CD2Cl2) 6 12.41 (d, 2, MoCHR), 7.78 (m, 2, Ho), 7.35- 
7.15 (m, 6, Hwl), 5.37 (m, 2, HT), 3.73 (m, 8, -OCHz-), 3.63 (m, 
4, CHMeZ), 1.79 (m, 8, -OCH&Hz-), 1.32 (8,  12, OCMe(CF3)2), 
1.19 (d, 24, CHMe2); 13C NMR (CD2C12) 6 271.5 (d, J = 152, 
MoCHR), 153.1 (8,  Ci,), 148.5 (9, Cd, 146.4 (d, J = 156, Cp), 
129.8 (d, J = 161, Cp), 124.4 (q, 'JCF = 283,OCMe(CF3)2), 124.2 
(d, J = 155, C,), 123.6 (d, J = 162, Cm), 81.6 (sept, 'JCF = 29, 
OCMe(CF&), 69.3 (t, J= 147, -OCHr), 28.8 (d, J = 128, CHMed, 
25.8 (t, J = 133, -OCH2CH2-), 23.7 (q, J = 127, CHMez), 18.6 (q, 
J = 132, OCMe(CF3)z). 

(qu in)  (Me&0)2( NAr)Mo(CH)&Io( NAr)  (0CMes)r- 
(quin) (9d). Quinuclidine (1 mL of a 2.2 mg/mL stock solution 
in CHZC12, 2 equiv) was added to a solution of 9a (15 mg, 9.8 
pmol) in 1 mL of CH2C12. The reaction mixture was stirred for 
10 min. A solution of LiO-t-Bu (1 mL of a 3.4 mg/mL stock 
solution in CHzClz, 39.2 pmol) was added, and the mixture was 
stirred for 40 min. The solvent was removed in vacuo, and the 
residue was extracted with pentane. A brown powder was 
collected and was washed with cold pentane. Although the 
reaction proceeded quantitatively, on the basis of the 'H NMR 
spectrum of the crude mixture, the isolated compound was not 
pureowingto the instability of the product and the contamination 
of alkoxides: lH NMR (THF-d8) 6 11.70 ppm (b, 2, H,-vinyl 
alkylidene), 7.55 (b, 2, HBvinyl alkylidene), 7.10 (b, 6, H, and 
Hp), 5.28 (b, 2, H,-vinyl alkylidene), 3.96 (b, 4, CHMed, 2.90 (b, 
12, H,-quin), 1.52 (b, 12, Hrquin), 1.22 (bs, 18, CMe3), 1.99 (bd, 
12, CHMe2); 13C NMR 6 255.5 (C,), 147 (tentatively assigned to 
Cp), 122.8 (tentatively assigned to C,). More extensive charac- 
terization of 7d has been difficult due to ita thermal instability. 

1,4-[ (DME)(RpsO)z(NAr)MoCH]2CsHc (loa). l b  (0.300 g, 
0.426 mmol) was dissolved in 8 mL of DME, and divinylbenzene 
was added (27 mg, 0.207 mmol). After it was stirred for 12 h, the 
solution turned orange. The solventa were removed in vacuo, 
the solid was washed with CH2C12, and the orange product was 
collected by filtration. Additional product was collected by 
crystallization from CH2C12; yield 0.247 g (70% 1: 'H NMR (DME 
dlo) 6 12.94 (s,2, MoCHR), 7.36 (t, 2, imido H,), 7.18 (d, 4, imido 
H,), 7.10 (s,4, alkylidene H,), 3.58 (sept, 4, CHMeZ), 1.24 (s, 12, 
OCMe(CF&), 1.02 (d, 24, CHMe2); 13C NMR (DME-dlo) 6 279.1 
(d, J = 125, MoCHR), 154.3 (s, Ci, NAr), 148.8 (8 ,  C, NAr), 
146.5 (8 ,  Ci, Ph), 131.0 (d, J = 162, C, NAr), 128.8 (d, J = 161, 
C, Ph), 124.3 (q, 'JCF = 290,OCMe(CFdd, 124.1 (q, 'JCF = 290, 
OCMe(CF&), 124.5 (d, J = 160, C, NAr), 82.3 (sept, 'JCF = 28, 
OCMe(CF&), 29.0 (d, J = 130, CHMeZ), 23.9 (q, J = 125, CHMed, 
18.7 (q, J = 130, OCMe(CF3)z). Anal. Calcd for M o C ~ ~ H ~ ~ F ~ Z -  
NO4: C, 43.42; H, 4.68; N, 1.81. Found: C, 43.30; H, 4.60; N, 
1.73. 
1,4-[(THF)(Rp6O)t(NAr)MaCB]2CsHI (lob). 10b was ob- 

served upon dissolving 10a in THF-de: 'H NMR (THF-&) 6 
12.93 (5.2, MoCHR), 7.33 (t, 2, imido Hp), 7.18 (d, 4, imido Hm), 
7.10 (e, 4, alkylidene Ho), 3.62 (sept, 4, CHMed, 1.24 (8 ,  12, 
OCMe(CF&), 1.02 (d, 24, CHMed. 

Observation of Mo(CHt)(NAr)(oRpr)z(DME) (lla). l b  
(0.020 g, 0.028 mmol) was dissolved in 600 pL of DME-dlo in a 
septum-sealed NMR tube. Two milliliters of ethylene was 
injected into the tube via a syringe, pressurizing the system with 
ethylene. The lH NMR spectrum of the methylene complex 1 la 
was taken, showing two broad H, resonances at 12.54 and 11.96 
ppm. The ethylene was then removed in vacuo, and the 'H NMR 
spectrum was taken again, showing that most of the alkylidene 
had reverted to the neopentylidene lb, although approximately 
12 % of the methylene was still present. The two H, resonances 
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for the methylene complex were sharp doublets at  12.56 and 
11.99 ppm (JHH = 6.0). 

Mo(CHz)(NAr)(ORpr)t( bpy) ( 11 b). 1 b (0.150g, 0.196 mmol) 
was dissolved in 5 mL of DME in a 20-mL vial sealed with a 
septum. A 20-mL amount of ethylene was bubbled into the 
stirring solution via syringe, pressurizing the system withethylene. 
After 5 min, a solution of 2,2'-bipyridine (30 mg, 0.196 mmol) in 
2 mL of DME was added via syringe and stirred for 5 min. The 
solvents were removed in vacuo, and the product was recrys- 
tallized from methylene chloride layered with pentane (1:l) to 
afford yellow crystals of l l b  (0.104 g, 65%): 'H NMR (CD2ClZ) 

9.24 (m, 1, bpy), 8.67 (m, 1, bpy), 8.15-7.95 (m, 4, bpy), 7.66 (m, 
1, bpy), 7.35 (m, 1, bpy), 6.97-6.90 (m, 3, NAr), 4.36 (sept, 2, 
CHMeZ), 1.41 (8, 3,OCMe(CF&), 1.20 (8,  3,OCMe(CF&), 1.10 
(d, 6, CHMeZ), 0.79 (d, 6, CHMe2); 13C NMR (CD2C12) 6 285.5 (t, 

(a, bpy), 150.3 (d, J = 187, bpy), 149.3 (d, J = 187, bpy), 148.8 
(8,  Co), 140.0 (d, J = 167, bpy), 139.6 (d, J = 166, bpy), 126.4 (d, 
J = 160, C,), 126.2 (q, 'JCF = 288, OCMe(CF3)2), 125.7 (d, J = 
166, bpy), 125.4 (q, 'JCF = 290, OCMe(CF&d, 125.2 (q, lJcp = 
289,OCMe(CFdd, 124.9 (q, 'JCF = 289,OCMe(CF&), 123.0 (d, 
J = 157, C,), 122.7 (d, J = 166, bpy), 121.6 (d, J = 166, bpy), 80.1 
(sept, 'JCF = 27, OCMe(CF3)2), 79.2 (sept, 'JCF = 27, OCMe- 
(CF3)2), 28.0 (d, J = 131, CHMeZ), 25.3 (q, J = 126, CHMeZ), 23.3 
(q, J = 126, CHMeZ), 18.6 (q, J = 129, OCMe(CF&), 17.5 (q, J 
= 129, OCMe(CF&). Anal. Calcd for M O C ~ I H ~ ~ F ~ ~ N ~ O Z :  C, 
46.34; H, 4.14; N, 5.23. Found C, 46.59; H, 4.33; N, 4.86. 
Poly(2,3-dicarbomethoxynorbornadiene)~~. la (10 mg, 

0.013 mmol) was dissolved in 4 mL of DME. The monomer (270 
mg, 1.3 mmol) was dissolved in 1 mL of DME and added all at 
once to a stirring solution of the catalyst. After 90 min, 8 pL of 
benzaldehyde was added to terminate the reaction. The polymer 
was precipitated in hexanes and dried in vacuo to give 231 mg 
of polymer (86 % ). Polymerizations involving the other catalysts 
were conducted under similar conditions. 

Poly( 2,3-bis(trifluoromet hyl)norbornadiene)1@ la (5 mg, 
0.007 mmol) was dissolved in 4 mL of DME. 2,3-Bis(trifluo- 
romethy1)norbornadiene (149 mg, 0.70 mmol) was dissolved in 
1 mL of DME and added all at once to a stirring solution of the 
catalyst. After 16 h, 5 pL of benzaldehyde was added. After 1 
h, the polymer was precipitated in hexanes and dried in vacuo 
to afford 140 mg of polymer (94%). 

Metathesis of cis-2-Pentene by la in DME. la (4 mg, 0.005 
mmol) was dissolved in 2 mL of DME, cis-2-pentene (282 ML, 500 
equiv) was added, and the solution was stirred for 17 h. An 
aliquot was quenched by passing it through Al203. GLC analysis 
showed it to consist of a mixture of 2-butenes, 2-pentanes, and 
3-hexenes. The less volatile components were used to assess 
activity; the ratio of 2-pentenes to 3-hexenes was found to be 
1:0.13. 

(MTD)lo&HCH~CH(OMe)CsHICH( OMe)CH&H- 
(MTD)lw. To the solution of 3 (10 mg, 6.7 pmol) in 5 mL of 
toluene was added LiO-t-Bu (5 mg, 53.6 Mmol,100% excess), and 
the mixture was stirred for 1 h. A 200-equiv amount of MTD 
(234 mg, 1.34 mmol) was added all at once, and after 10 min the 
reaction mixture was capped with benzaldehyde (reaction time 
1 h). The polymer was precipitated in 100 mL of methanol and 
dried in vacuo to yield 219 mg (93% ) with a polydispersity of 
1.03. 

(MTD)lw(CH)6(MTD)l~. The same procedure was used as 
described above to make this polymer. A white polymer was 
obtained with a polydispersity of 1.05 (94% yield). 

Reactions with Aldehydes. Complexes 4,5,9a, 9b, and 10a 
were each treated with pivaldehyde and benzaldehyde, and the 
expected coupled products were obtained quantitatively. The 
general procedure was dissolving alkylidene complexes in CHr  
Clz or DME followed by adding appropriate aldehydes (in 10% 
excess) and removing the metal oxo product by passing through 
silica gel column (ether eluent). 

8,tl-Dimethylnona- trans,trans,trane2,4,&trienaL l b  (0.150 
g, 0.308 mmol) was dissolved in 5 mL of THF. A solution of 

6 13.26 (d, 1, JHH = 3.9, MoCH~), 12.92 (d, 1, JHH = 3.9, MoCH~), 

J = 139, MoCH~), 159.3 (d, J = 186, bpy), 154.5 (8,  Cipo), 152.2 
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trans,trans-2,4-hexadiene-1,6-dialdehyde (0.068 g, 0.615 mmol) 
in 5 mL of 'THF was added, and the solution was stirred for 1 
h. The solvent was then removed in vacao. The solids were 
extracted with pentane, and the soluble material was chromato- 
graphed on silica gel. Pentane was used to elute any di-tert- 
butyl-capped decapentaene that had formed. Ether was then 
used to elute the desired product. The solvent was then 
evaporated and the product obtained in 65% yield: lH NMR 

5.6-5.8 (overlapping multiplets, 3), 0.91 (8, 9, CMe3). 
(t-Bu)(CH=CH)&-Bu) (&em). 9d (125 mg, 0.110 mmol) 

was dissolved in 10 mL of THF, and excess pivaldehyde (-5 
equiv) was then added. The solution was stirred for 45 min, 
turning light orange. The solvent was removed in vacuo, and the 
resulting solids were taken up in pentane; this solution was passed 
through a column of silica gel in order to remove the metal-oxo 
complex. The product was isolated as a white solid in essentially 
quantitative yield (22 mg, 0.101 mmol, 92%). This compound 
and other polyenes were identified by UV/vis and HPLC.'* 

(t-Bu)(CH=CH)c(t-Bu) (6-ene). 9d (85 mg, 0.116 mmol) 
was dissolved in THF, and 0.5 equiv of hexa-2,4-diene-1,6- 
dialdehyde (6.4 mg, 0.0580 mmol) was added. After the mixture 
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(C&) 6 9.44 (d, 1, H,,), 6.49 (dd, l) ,  6.15 (dd, l) ,  5.99 (dd, 11, 

Fox et  al. 

was stirred for 1 h, the solvents were stripped away, leaving an 
orange solid. This material was purified by chromatography on 
a column of silica gel; the product was eluted with pentane. The 
product was isolated as a yellow solid in 15-mg yield (0.550mm01, 
94%). 

(t-Bu)(CH=CH)dt-Bu) (10-ene). 9d (90 mg, 0.079 "01) 
was dissolved in 5-10 mL of THF. A 2-fold excess of 8,s 
dimethylnona-2,4,6-trienal(26 mg, 0.160 "01) was dissolved in 
5 mL of THF and added to the solution. After the mixture was 
stirred for 1 h, an orange solid material had precipitated from 
the solution. The solvents were stripped away and the solids 
extracted with pentane. The remaining solid material was 
identified as the desired product (27 mg, 0.072 mmol, 91 % 1. 
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