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Deprotonation of the complexes ( q 5 - C ~ H ~ ) ( C O ) ( P ( O M e ) 3 ~ M ~ R  (R = Me or C-C~HS) with 
n-BuLi followed by reaction with allyl bromide generates the  carbynes (q6 -  

C ~ H S ) ( C O ) I P ( O M ~ ) ~ ) M ~ R  (la, R = CH2CH&H=CH2; lb, R = C(CH2CH=CH2)CH2hH2). 
Photooxidation of la  in CDCG yields 2-cyclohexenone (2a). Protonation of la with HC1 also 
affords 2a in addition to the q2-acyl complex (15-C~H5)IP(OMe)3)C12Mo[CO(CH2)3CH=CH2] 
(3), while thermal decomposition in CDCl3 yields 2a and 1P-pentadiene (4a). Deuterium- 
labeling studies suggest that 2a forms by a mechanism involving initial formation of a cationic 
carbene complex followed by cyclization via an intramolecular ene reaction. Carbyne lb forms 
2-cyclohexenone-5-spirocyclopropane (2b) upon decomposition in chloroform, but the principal 

product is the metallacycle (q5-C5H~)C1IP(OMe)31M~CH2CH=C(C3H5)t)H(CHO)J (5). De- 
rivatives of la  with Substituents on the tethered olefin do not form cyclohexenones upon thermal 
decomposition, yielding instead substituted pentadienes. 

r 

Introduction 

The photochemistry of carbyne complexes is a subject 
that has recently attracted significant interest due to the 
number of modes of reactivity exhibited by the carbyne 
ligand.' In the course of our investigations into the 
behavior of the metal carbynes (q6-CsH5)L2MdR (M = 
Mo, W; L = CO, P(OMe)3; R = alkyl or aryl) under both 
photochemical and thermal conditions, we have demon- 
strated that it is possible for the carbyne ligand to undergo 
rearrangement and decoordination from the metal to yield 
organic molecules such as cyclopentenones,2 olefina,2e and 
dienes.2d The reaction pathways and thus final products 
are sensitive to the carbyne substituents and reaction 
conditions. However, it appears that these reactions share 
a common first step: conversion of the metal carbyne into 
a cationic carbene complex. This transformation can be 
accomplished by protonation of the starting carbyne or, 
more interestingly, by photochemical oxidation to a 
paramagnetic carbyne followed by hydrogen abstraction 
from the reaction medium.2d The high reactivity of the 
oxidized carbyne complexes in these systems provides an 
interesting contrast to the stable paramagnetic carbynes 
that have recently been rep~r ted .~  Our mechanistic 
investigations of these reactions suggest that further 
transformations of the resulting cationic carbene complex 
depend on the functionality of the substituent and the 

*Address correspondence to thia author at the Department of 
Chemistry, University of Florida, Gainesville, FL 32611. 
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identity of the ancillary ligands. Here we report the 
conversion of t h e  carbyne l igand of ( q 5 -  
CSHS)(CO){P(OM~)~JM~CH~CH~CH=CH~ to cyclo- 
hexenone upon oxidation. The results of deuterium 
labeling studies are consistent with cyclization by a formal 
ene reaction involving a metal-carbon double bond which 
is, to our knowledge, unprecedented. Substitution of the 
carbyne moiety at various positions results in alternative 
organic and organometallic products and demonstrates a 
delicate balance of reactivity depending on the nature of 
the carbyne ligand. 

Results and Discussion 

Synthesis and Photooxidation of la. The complex 
(rp-CsHs)(CO)(P(OMe)3}M~CH2CH2CHICH2 (la) was 
generated from (q5-C~H~)(CO)(P(OMe)3)MdMe2C by 
deprotonation with n-butyllithium followed by addition 
of allyl bromide (Scheme I). Similar elaborations of 
carbyne ligands by deprotonation and alkylation have been 
reported previously by Green and Templeton and provide 
a powerful synthetic route to functionalized carbyne 
~omp1exes.l~~~ Irradiation of la in CDCl3 resulted in rapid 
decomposition and the formation of 2-cyclohexenone (2a) 
in 40% yield (eq 1). The 6-position of 2a was 20% 

la 2a 

deuterated, demonstrating that the hydrogen is derived 
mainly from the starting material, although some attack 

(3) (a) Felixberger, J. K.; Kiprof, P.; Herdtweck, E.; H e r r " ,  W. A,; 
Jakobi, R.; GGtlich, P. Angew. Chem., Znt. Ed. Engl. 1989,28,334-337. 
(b) Herrmann, W. A.; Felixberger, J. K.; Anwander, R.; Herdtweck, E.; 
Kiprof, P.; Riede, J. Organometallics 1990,9,1434-1443. (c)  Manna, J.; 
Gilbert, T. M.; Dallinger, R. F.; Geib, S. J.; Hopkins, M. D. J. Am. Chem. 
SOC. 1992,114,5870-5873. (d) Lemoe, M. A. N. D. A.; Pombeiro, A. 3. 
L.;Hughes,D.L.;Richards,R. L. J.  Organomet. Chem. 1992,434,C6-C9. 

(4) Brower, D. C.; Stoll, M.; Templeton, J. L. Organometallics 1989, 
8,2786-2792. 
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Scheme I 

Mortimer et al. 

Scheme I1 

C3H5Br 

I 

la 

on the solvent does occur. No inorganic products could 
be isolated from the reaction mixture, and according to 
lH NMR spectra of the solutions, the remaining material 
is composed of a complex mixture of minor products. 

Transformation of la into 2a also occurred slowly in 
room light in CDC13. These milder conditions gave 
significantly higher yields of 2a (55 75 1, and as a byproduct 
l,&pentadiene (3a) was observed in 7 75 yield. It is possible 
that 3a is formed during photolysis of la, although it is 
not observed in the reaction mixtures. In control exper- 
iments where la was photolyzed in the presence of added 
3a, no pentadiene remained at the end of the reaction, 
demonstrating that it does not survive the experimental 
conditions. 

Previous studies on the photooxidation of related 
carbynes% have shown that reaction takes place through 
excitation of the low-energy d-r* (or MLCT) band, 
followed by electron transfer to CDCl3. The UV spectrum 
of la shows the presence of such a band at 440 nm, and 
irradiation of la through a 430-nm long pass fdter in CDCh 
resulted in complete disappearance of la. No cyclohex- 
enone was formed upon irradiation in CeDs, implying that 
an electron acceptor is required in the system. Cyclo- 
hexenone was formed upon photolysis in CDzClz, though 
with this less strongly oxidizing acceptor, a lower yield of 
18% was obtained. Cyclic voltammetry studies on the 
butenylcarbyne la showed an irreversible oxidation wave 
at 0.0 V relative to the ferrocene/ferricinium couple in 
CHZC12, consistent with rapid decomposition of the radical 
cation following oxidation. 

In order to confirm that formation of 2a was in fact due 
to photooxidation of the carbyne complex and not to 
protonation by acid formed within the chloroform during 
photolysis,6 experiments were performed in which la was 
photolyzed in the presence of base. Generation of organic 
radical cations in the presence of 2,6-di-tert-butylpyridine 
has been used to distinguish radical cation chemistry from 
acid-catalyzed reactions.6 Similar experiments using 
either 2,6-di-tert-butylpyridine or proton sponge resulted 
in no change in the rate of reaction or yield of 2a. 

Reaction of la with Acid. However, since prior 
studiesM have shown that upon occasion the photooxi- 
dation reaction manifold can be accessed via protonation 
of the carbyne complexes, the reaction of la with HC1 was 
examined. Protonation of la with a small  exceas of ethereal 
HCl in c&3 resulted in relatively rapid formation of ($- 

(6) BQhler,R.E. In TheChemistlyoftheCarbon-HalogenBond;Patai, 
S., Ed.; Wiley London, 1973; p 862. 

(6) (a) Mirailad, G. A.; Bauld, N. L. Organometallic8 1991,10,2M)6- 
2608. (b) Gaeemann, P. G.; Singleton, D. A. J. Am. Chem. SOC. 1984,106, 
7993-7994. 

hv 
CDCI, OCcMfCR 

/ 
\ 

L 

" \  

C~-IS)C~~P(OM~)S)M~~~-C(O)CH~CHZCHZCH=CH~) (4) 
(eq 2) as the result of the addition of 2 equiv of HC1 per 

complex. Unreacted la was also initially present in the 
reaction mixture, but over the course of 24 h all la was 
consumed and 2a was generated in a yield of ca. 20% by 
NMR. Solutions of la in c& without acid showed no 
tendencyto form 2a after the same period of time. Kreisel 
has demonstrated that +acyl complexes similar to 4 are 
formed via carbene intermediates upon protonation of 
carbynes with HCl.' Preferential formation of q2-acyl 
complexes over the photooxidation products upon addition 
of HC1 to metal carbynes was also observed for cyclopro- 
pylcarbyne complexes.2d The differing rates of formation 
of 2a and 4 imply that while concentration of chloride is 
high in the reaction mixture the acyl complex ie the 
preferred product, but as the chhxide concentration drops 
intramolecular rearrangement becomes the dominant 
pathway. 

These results suggest that the first mechanistic steps in 
the formation of cyclohexenone match thoee of our 
proposed mechanism for the decompoeition of cyclopro- 
pylcarbynes in CDCbM in which a cationic carbenespecies 
is an early intermediate. This intermediate can be a c d  
either by photochemical electron transfer to the solvent 
and abstraction of a hydrogen atom from the reaction 
medium or, under certain conditions, directly by proto- 
nation of the carbyne (Scheme 11). Reactions where H+ 
is added by a 1 e- oxidation/H abstraction pathway have 
been reported for other organometallic comple~ee .~~~ In 
conjunction with the observation that photooxidation and 
protonation do not always yield the same products,2 it 
should be noted that the carbyne carbon is not necessarily 
the expected site of protonation in carbyne complexee of 
this type. Depending on the exact nature of the ancillary 

~ 

(7) (a) Kreisel, F. R; Sieber, W. J.; Wolfgruber, M.; Riede, J. Angew. 
Chem., Znt. Ed. Engl. 1984,23, 640. (b) Kreieel, F. R.; Sieber, W. J.; 
Keller, H.; Riede, J.; Wolfgruber, M. J. Organomet. Chem. 1987,320, 
83-90. (c) Kreisel, F. R.; Keller, H.; Schiitt, W. J. Organomet. Chem. 
1992,441, 76-80. 
(8) (a) Armetaad, J. A.; Cox, D. J.; Davis, R. J. Organomet. Chem. 

1982,236,213-219. (b) Waterman, P. S.; Giering, W. P. J. Organomet. 
Chem. 1978,155, C47CM). 

(9) The related pathway in which net H- addition occurs by electron 
tranafer/H-abstraction L ale0 known in organometallic eyterrm. Reg 
resentative examples include the following: (a) Aatruc, D. Ace. Chem. 
Res.1991,24,3&42. (b )Nla te ,S . ;G~ ,V. ;Lapinte ,C .J .Ogc"et .  
Chem. 1992,434,89-96. (c) Narayanan, B. A.; Amatore, C.; K d ,  J. K. 
Organometallics 1987, 6, 129-139. (d) Kuchynka, D. J.; Amatore, C.; 
Kochi, J. K. Znorg. Chem. 1986,26,4087-4097. 
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Scheme IV Scheme I11 

15 : 85 la-(3,3-d2) 

hV CHC1, 1 
2a-(2,4-d3 17 : 83 Za-(4,6-d2) 

ligands, it is possible to find the proton either adding to 
the carbyne carbon to form a carbene, as postulated in 
this case, or adding to the metal center to form a metal 
hydride carbyne complex.1° Intermediate complexes in 
which there is an agostic interaction between the carbene 
hydrogen and the metal have also been observed.'l It has 
been suggested that the proton always adds to the carbyne 
carbon and subsequently may transfer to the metal;1° if 
so, such a shift is not competitive with the intraligand 
transformation discussed herein. 

Photooxidation of la-dz. To gain information about 
the cyclization step, deuterium-labeled la was prepared 
from a 79:21 mixture of CH2=CHCD2Br and 
CDdHCHzBr ,  yielding la-(3,3-dz) and la-(6,5dz) as 
an 85:15 mixture. Mass spectral analysis of the 2-cyclo- 
hexenone obtained by photolysis of the mixture in CHCL 
confirmed that it was 100 % d2. Integration of ita IH NMR 
spectrum was consistent with a mixture Of 2a-(4,6-dz) and 
2a42,kdz) in 83:17 ratio, the same within experimental 
error as the isomer ratio of the starting material la (Scheme 
111). 

Mechanism of Cyclization. This distribution of 
deuterium label in 2a-dz strongly suggests the mechanism 
of cyclization shown in Scheme IV. After formation of 
the cationic carbene complex A as previously discussed, 
either by protonation of la or by photooxidation followed 
by abstraction of hydrogen from the reaction mixture, 
conversion of A to B is formally an intramolecular ene 
reaction, in which hydrogen shifts from C3 to the carbene 
carbon and a C5-Mo bond is formed. To our knowledge, 
ene reactions involving a metal-carbon double bond as 
enophile are unknown, but pericyclic processes involving 
M=C bonds have been proposed for the rearrangement 
of chromium vinylcyclopropylcarbenes into cyclopenten- 

and intramolecular ene reactions in organic systems 
are well d~cumented.'~ Conversion of the a-allyl complex 
B into the T-allyl complex C is followed by carbonyl 
insertion into the Mo-C bond to give D and reductive 

(10) Bottrill, M.; Green, M.; Orpen, A. G.; Saundera, D. R.; Williams, 
I. D. J. Chem. Soc., Dalton Trans. 1989, 511-518. 

(11) (a)Wengrovius,J.H.;Schrock,R.R.;Churchill,M.R.;Wasserman, 
H. J. J. Am. Chem. SOC. 1982,104,1739-1740. (b) Mayr, A.; Asaro, M. 
F.; Kjelsberg, M. A.; Lee, K. S.; van Engen, D. Organometallics 1987,6, 

(12) Herndon, J. W.; McMullen, L. A. J.  Am. Chem. SOC. 1989,111, 
6854-6856. 

(13) Snider, B. B. In Comprehensiue Organic Synthesis Vol. 5; 'host, 
B. M., Fleming, I. Eds.; Pergamon Press: Oxford, 1991; pp 9-20. 

432-434. 

C B 

D E t 

x 
F 

elimination to yield the 3-cyclohexenone complex E. 
Isomerization of the coordinated olefin would yield F as 
precursor to 2a. These further steps in the mechanism 
are precedented in the literature. The organic ligands of 
C and D have been observed previously in the iron carbonyl 
complexes (C0)3Fe(a,q3-C&J (6) and (CO)J?e(u,qS-C(0)- 
CsHs] (7) and were reported as yielding 2-cyclohexenone 

4 .._______ 

6 1 

upon air 0xidati0n.l~ Complexes E and F provide a facile 
pathway for the isomerization from nonconjugated to 
conjugated enone via an agostic hydride interaction 
between the ligand and the metal. Complex 8, containing 
a dimethylcyclopentenone moiety ligated to molybdenum 
in a similar fashion to F, has been structurally charac- 
terizedFd and chromium-mediated isomerizations of cyclic 
alkenes have been observed and are believed to proceed 
through metal hydride intermediates.16 

8 

Substituent Effects on Carbyne Cyclization. To 
investigate effects of olefin substituents on the reaction, 

(14) (a) Aumann, R. J.  Am. Chem. SOC. 1974, 96, 2631-2632. (b) 
McDaniel, K. F.; Kracker, L. R.; Thamburaj, P. K. Tetrahedron Lett. 

(15) (a) Barton, D. H. R.; Davies, S. G.; Motherwell, W. B. Synthesis 
1979, 265-266. (b) Hemdon, J. W.; Tumer, 5. U.; Scbnatter, W. F. K. 
J. Am. Chem. SOC. 1988,110,3334-3335. 

1990,31, 2373-2376. 
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carbynes lb-g were prepared and their decomposition in 
chloroform was monitored. The cyclopropyl(ally1) carbyne 
lb was synthesized in a similar manner to la by depre 
tonating the cyclopropyl carbyne (~5-CsH5)(CO)tP(OMe)3~ 
M&(c-C3HP with n-butyllithium followed by reaction 
with allyl bromide. Thermal decomposition of 1 b in CDCk 
afforded the expected cyclohexenone derivative 2-cycle 
hexenone-5-spirocyclopropane (2b) in ca. 5 7% yield, but 
the principal product was characterized as (q5-  

C5H5)Cl{P(OMe)3)Md{CH&H=C(C3H5)hH(CHO)) (5) 
which was isolated in 43% yield (eq 3). 

Mortimer et al. 

’0 l b  2b 

In complex 5 the presence of the aldehyde group is 
confiied by a doublet resonance in the lH NMFi spectrum 
at 10.22 ppm and by C = O  and CH stretches in the IR 
spectrum at 1644 and 2849 cm-’, respectively. For the 
methylene group directly attached to the metal, decoupling 
experiments demonstrate 31P coupling to both protons 
with values of 3 and 8 Hz, and the methyne group bonded 
to the metal shows broadening which we also attribute to 
unresolved 31P coupling. In the 13C NMR spectrum the 
metal-bonded methylene carbon resonates at 38.5 ppm 
with a typical aliphatic ‘H coupling of 126 Hz. However, 
the relatively strong (7 Hz) 31P coupling of the methyne 
hydrogen adjacent to this methylene group suggests that 
a resonance structure in which the organic ligand is a 
coordinated dienal moiety may contribute to the bonding 
in this molecule. This and other reactions of a-substituted 
cyclopropylcarbynes leading to metallacycles are currently 
under further investigation. 

The formation of a cyclohexenone product from l b  
demonstrates the tolerance of the cyclization to a,a- 
substitution on the carbyne ligand, but thecompetingring- 
opening pathway leading to 5 makes it difficult to quantify 
the intrinsic effect on the yield. Attempts to prepare the 
a-methyl- and a,a-dimethylsubetituted butenylcarbynes 
which would not be susceptible to ring-opening reactions 
were unsuccessful, instead giving complex mixtures of 
products. 

A number of butenylcarbynes, lc-g, with various 
substituents on the olefin were prepared according to the 
deprotonationlelectrophilic addition methodology. Upon 
photolysis, these complexes failed to give identifiable 
products. However, when allowed to decompose in CDC13 
in the dark or under room light, the known dienes 3c-g16 
were identified by comparison of the ‘H NMR spectra of 
the reaction mixtures with authentic samples or published 
spectra. No cyclohexenone derivatives were detected 
following decomposition of lc-g, and diene yields from 
decomposition reactions of the substituted carbynes were 

(16) The dieneala, 4c, 4f, and 4g are commerciallyavailable (Aldrich). 
For 4 d  Sheffy, F. K.; Godschalx, J. P.; Stille, J. K. J. Am. Chem. SOC. 
1984,106,4833-4840. For 4a Barluenga, J.; Yus, M.; Concellon, J. M.; 
Bemad, P. J. Chem. Res., Miniprint 1980,06774692. 

3a-3g 

R1 Rz R3 R1 Rz R3 Yield(%) 
l a  H H H  3a H H H  7 
l c  Me H H 3c Me H H 52 
Id COqEt H H 3d CO,Et H H 32 
l e  H Me Me 3e H Me Me 30 
If, l g  H Me H 3f,3g H Me H 50 

H H Me H H Me 

observed to be considerably higher than from the parent 
complex la. Diene formation in this reaction is easily 
rationalized by a [1,21 H-shift within the cationic carbene 
intermediate, giving an olefin complex which ejects the 
observed organic product (Scheme V). There is ample 
precedent for formation of olefins upon decomposition of 
alkylcarbene complexes.” Cyclization reactions requiring 
approach of a tethered olefin to the metal center have 
been observed to be sensitive to steric congestion,’* and 
it appears that when substituents are present on the double 
bond, formation of the metallacylic intermediate leading 
to cyclohexenone products is sufficiently slowed that the 
hydride shift mechanism predominates. 

Conclusion 

Our previous studies on the photooxidation of metal 
carbynes have demonstrated that formation of organic 
products via rearrangement of the carbyne ligands is 
general for carbyne complexes with alkyl substituents. The 
studies reported here extend the range of available 
processes by establishing that cyclization of carbyne 
ligands bearing pendant olefins can be triggered by 
photooxidation and, in some cases, by reaching a common 
intermediate through protonation of the starting material. 
Deuterium-labeling studies have allowed the course of the 
reaction to be followed, providing evidence for an ene- 
type reaction, the first such in which a metal-carbon 
multiple bond functions as an enophile. The sensitivity 
of the reaction to substitution at the tethered alkene is 
consistent with the proposed cyclization mechanism. 
Further studies on generation of organic products from 
metal carbynes are underway. 

Experimental Section 
General Methods. Standard inert atmosphere techniques 

were used throughout. Diethyl ether and THF were distilled 
from Na/Ph&O. Hexane, chloroform (ethanol free), and meth- 
ylene chloride were distilled from CaH2. All NMR solvents 

(17) (a) Cesey, C. P.; Albin, L. D.; Burkhardt, T. J. J. Am. Chem. SOC. 
1977,99,2633-2639. (b) Brookhart, M.; Tucker, J. R.; Husk, G. R.J. Am. 
Chem. SOC. 1983,105, 258-264. (c) Brookhart, M.; Studabaker, W. B. 
Chem. Reu. 1987,87,411-432. 

(18) Hoye, T. R.; Suriano, J. A. Organometallics 1992,11,2044-2050. 
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Formation of Cyclohexenones 

were degassed by three freeze-pump-thaw cycles. Benzene-de 
was vacuum transferred from Na/PhzCO. CDCls and CDzCl2 
were stored over 3-A molecular sieves. Ethyl a-(bromomethy1)- 
acrylate was prepared by esterification of w(bromomethy1)acrylic 
acid, which was synthesized according to published methods.lB 
All other s t a r t i n g  materials were purchased in reagent grade and 
used without further purification. Column chromatography 
separations were performed at low temperature (-40 OC) on 
neutral alumina (Brockmann Activity I). 

lH, 13C, and 3lP NMR spectra were recorded on a Varian XL- 
400 NMFt spectrometer. NMR shifta are referenced to 85% 
H a & .  IR spectra were recorded on a Perkin-Elmer 1600 
spectrometer. UV-vis spectra were recorded on a Hewlett- 
Packard 8425A diode array spectrophotometer. GC/MS was 
performed on a HP5890A chromatograph (containing a 5-m X 
0.25-mm column of SE54 on fused silica) equippedwith a HP5970 
series mass selective detector. High-resolution mass spectra were 
obtained at the Mass Spectrometry Facility, University of 
California, San Francisco. Microanalyses were carried out by 
Robertson Microlit Laboratories, Inc., Madison, NJ. Complexes 
la-g were obtainedasoils which were unsuitable for microanalysis 
due to solvent contamination that could not be removed upon 
extended exposure to vacuum. Complexes l b  and Id were also 
found to contain small amounts of the complex cis-Mo(CO)4- 
(P(OMe)&m which could not be removed by chromatography. 
Copies of the 'H NMR spectra of la-g are available in the 
supplementary material. 

Synthesis of (16-C6H6)(CO)(P(OMe)s)M~~CHCH2- 
CH==CH2 (la). The methylcarbyne (q6-CsH~)(CO)(P(OMe)~]- 
M d M e "  (214 mg, 0.63 mmol) in 15 mL of THF was reacted 
with a 2.5 M hexane solution of n-butyllithium (500 pL, 1.25 
mmol)at-78OC. After30min,allylbromide(130pL, 1.50mmol) 
was addedandthe solution warmedtoroomtemperature. Solvent 
was removed in uucuo and the residue extracted with hexane and 
then chromatographed on neutral alumina using 3:l hexane/ 
EhO as eluent to afford la as a yellow oil (149 mg, 62%) after 
removal of solvent. For la: 'H NMR (C&) 5.85 (m, 1 H, =CHI, 
5.26 (d, 5 H, C&., JPH = 1 Hz), 4.98 (m, 2 H, =CHz), 3.37 (d, 
9 H, OMe, JPH = 12 Hz), 2.33 (m, 4 H, CH2) ppm; laC{'H] NMR 

137.8(=CH), 115.0 (=cH2),91.0 (C&6),51.2(0Me),49.4 (CCHd, 
32.8 (CH2) ppm; 31P(1H) NMR (C&d 203.8 ppm; IR (CHzClz) 
1901 cm-' (UCO); UV (n-hexane) 230 (t = 20 OOO), 250 (sh), 328 
(sh), 440 (E = 90) nm; HRMS (FAB) m/z calcd for M+ (C1SI2104- 
PMo) 382.0232, found 382.0237. 

Synthes is  of (q6-C&) (CO){P( OMes]Mo=CC(CHt- 

C H 4 H t ) C H C H t  (lb). The cyclopropylcarbyne ($-CsHd- 
(CO)(P(OMe)r)Md(c-C3Hs)" (270 mg, 0.74 "01) in 10 mL 
ofTHFwasreactedwitha2.5M hexanesolutionofn-butyllithium 
(440 pL, 1.11 mmol) at -78 "C. After 30 min, allyl bromide (130 
pL, 1.50 mmol) was added and the solution warmed to room 
temperature. Solvent was removed in uacuo and the residue 
extracted with hexane and then chromatographed on neutral 
alumina using 3 1  hexane/EhO as eluent to afford l b  as a yellow 
oil (296 mg, 98%) after removal of solvent. For l b  'H NMR 

=CH2), 3.55 (d, 9 H, OMe,JpH = 12 Hz), 2.10-2.22 (m, 2 H, CHd, 
1.05 (m, 2 H, c-C3)4), 0.50 (m, 2 H, c-CsH4) ppm; 13C('H) NMR 
(CDCb) 318.4 (d, M d ,  Jpc = 26 Hz), 241.5 (d, CO, JPC = 18 
Hz), 136.2 (=CH), 115.9 (=CHd, 90.6 (CSHd, 51.4 (OMe), 40.0 
(CH2), 39.4 ( M d C ) ,  16.2,16.0 (CH2CH2) ppm; alP{lHJ NMR 
(C&) 204.7 ppm; IR (CHZC12) 1895 cm-l (vco); HRMS (FAB) 
m/z calcd for M+ (Cl&I=OzMo) 408.0388, found 408.0392. 

Synthesis of ( rp-CsH6) (CO)~(OMe) , )M~CHCHC-  
(Me)=CHZ (IC). As described for the preparation of la ,  
deprotonation of (rlb-C5Hs)(CO)(P(OMe)s)M~Me (87 mg, 0.26 

(Cas)  314.3 (d, M d , J p c  = 27 Hz), 241.9 (d, C0,Jpc = 18 Hz), 

I 

I 

(CDCl3) 5.93 (m, 1 H, 4 H ) ,  5.35 (8,  5 H, CsHs), 5.02 (m, 2 H, 
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"01) in 10 mL of THF with 2.5 M n-butyllithium (200 pL, 0.61 
mmol) followed by reaction with H&=C(Me)CHaBr (70 pL, 0.67 
"01) afforded IC as a yellow oil (66 mg, 64%). For IC: 'H 
NMR (CDCU 5.36 (s,5 H, C&d, 4.67,4.62 (br 8 , l  H, +Ha), 
3.57 (d, 9 H, OMe, JPH = 12 Hz), 2.28-2.43 (m, 4 H, CHa), 1.66 
(s,3 H, Me) ppm; laC(lH) NMR (cad 314.2 (d, M e ,  J ~ c  = 
28Hz), 241.8(d, C0,Jpc = 19 Hz), 144.5 (<Me), 110.6 (=CH2), 
91.0 ( c a s ) ,  51.2 (OMe), 48.4 ( M d C ) ,  36.4 (CH,), 22.4 (Me) 
ppm; 31P(1H) NMR (c$DS) 203.8 ppm; IR (CH2C12) 1900 cm-' 
(YCO); HRMS (FAB) m/z calcd for M+ (CdIaOQMo) 396.0388, 
found 396.0399. 

Syptbeeb of ( ~ ~ ~ s ) ( C O ) ~ ( O ~ ) a ) M ~ H a C H a C ( c o r  
Et)=CH2 (ld). As described for the preparation of la, depro- 
tonation of (q6-C&~)(CO)(P(OMe)a)MdMe (104 mg, 0.31 
m o l )  in 10 mL of THF with 2.5 M n-butyllithium (270 pL, 0.67 
"01) followed by reaction with H2C=SC(CHzBr)COzEt (100 pL, 
ca. 3 equiv) afforded Id as a yellow oil (66 mg, 47%). For Id: 

4.17 (q,2 H, OCH2, J m  = 7 Hz), 3.56 (d, 9 H, OMe, JPH = 12 
Hz), 2.42-2.55 (m, 4 H, CH2), 1.27 (t, 3 H, Me, Jm = 7 Hz) ppm; 
l3C('H) NMR (Cas)  312.9 (d, M d ,  Jpc = 27 Hz), 241.9 (d, CO, 
Jpc = 20 Hz), 166.5 (C=O), 139.8 (C=CH2), 125.1 (c--CH2), 

'H NMR (CDCb) 6.14,5.57 (8, l  H, =SCH%), 5.35 (895 H, c&6), 

91.0 (C&),60.5 (OCH2),51.2 (OMe),48.6 ( M d C ) ,  31.0 (CHd, 
14.1 (Me) ppm; slP(lH) NMR (C&) 203.5 ppm; IR (CH2Cb) 
1906 ( y ~ a o ) ,  1712 cm-l (Y-); HRMS (FAB) m/z calcd for M+ 

Synthesis of ( ~ 6 - C ~ H ~ ) ( C O ) { P ( o M e ) a ] M ~ ~ c H ~ H z -  
CH-CMeZ (le). As described for the preparation of la, 
deprotonation of (+C&)(CO)(P(OMe)s)MdMe (88mg, 0.26 
"01) in 10 mL of THF with 2.5 M n-butyllithium (210 pL, 0.52 
"01) followed by reaction with HzC==CHC(Cl)(Me)2 (70 pL, 
0.62 "01) afforded le as a yellow oil (65 mg, 61%). For le: 'H 
NMR (CDCb) 5.36 (d, 5 H, CbHs, JPH = 1 Hz), 5.10 (t, 1 H, CH, 
J m  = 13 Hz), 3.57 (d, 9 H, OMe, JPH = 12 Hz), 2.17-2.31 (m, 4 
H, CH2), 1.65,1.58 (s,3 H, Me) ppm; 13C(lH) NMR (C&) 315.6 

124.1 (=CMe2), 91.0 (Cas) ,  51.2 (OMe), 50.3 ( M d C ) ,  27.5 
(CHa), 26.8,17.7 (Me) ppm; slP(lH] NMR ( c a s )  203.9 ppm; IR 
(CH&lz) 1901 cm-' (VCO); HRMS (FAB) mlz calcd for M+ 

Synthesis of ( ~ 6 - C 6 H 6 ) ( C O ) ( P ( O M e ) s ) M o ~ C H ~ H ~ -  
CH-CHMe (1f + lg). As described for the preparation of la, 
deprotonation of (q6-CbHs)(CO)(P(OMe),)M~Me (97 mg, 0.29 
"01) in 10 mL of THF with 2.5 M n-butyllithium (120 pL, 0.29 
mmol) followed by reaction with a mixture of cis- and trans- 
BrCH2CH=CHCH3 (80 pL, 0.79 mmol; Aldrich crotyl bromide, 
85%) afforded a mixture of 1f and l g  in approximately 3:2 
proportions as a yellow oil (37 mg, 32%). It is not possible to 
unambiguously state which is the major isomer. For a mixture 
of If and lg [an asterisk (*) denotes the minor isomer]: 'H NMR 
(CDCb) 5.42 (m, 2 H, HC=CH), 5.37 (8, 5 H, C5&), 5.36* (8, 5 
H, CsHs), 3.56 (d, 9 H, OMe, JPH = 12 Hz), 3.56* (d, 9 H, OMe, 
JPH = 12 Hz), 2.26 (m, 4 H, CHd, 1.61 (d, 3 H, Me, Jm = 4 Hz), 
1.58* (d, 3 H, Me, JHH = 6 Hz) ppm; lsC('H) NMR ( c a s )  315.5 

(C=CHMe), 125.8,124.6* (C=CHMe), 91.2 (CsHs), 51.2 (OMe), 
50.4, 50.1* ( M d C ) ,  32.1*, 32.0 (CHZ), 23.2*, 18.3 (Me) ppm; 
slP{lH) NMR ( C a d  203.9,203.9* ppm; IR (CH2C12) 1900 cm-' 
(vco); HRMS (FAB) m/z calcd for M+ (CISH~OQMO) 396.0388, 
found 396.0382. 

Synthesis of (r16-CsHs)Clt~P(OMe)s]MO(b-C(0)(C&)a- 
CE==CHZ) (4). The butenylcarbyne ($-CaH3(CO){P(OMe)3]- 
M d C H & H & H = C H 2  (88 mg, 0.23 mmol) in 10 mL of Et.& 
was treated with a 1 M solution of HCl-EhO (460 pL, 0.46 mmol) 
to afford a brown oil after removal of solvent. Recrystallization 
from CH2C12/Eh0 yielded orange crystals of 4 (74 mg, 77 %). For 

5.43 (d, 5 H, C a s ,  JPH = 4 Hz), 5.07 (br d, lH, =CHz, J m  = 17 
Hz), 5.04 (br d, 1H, =CH2, JHH = 10 Hz), 3.87 (d, 9 H, OMe, JPH 
= 10 Hz), 3.17 (t, 2 H, C(O)CH2, JHH = 7 Hz), 2.19 (at, 2 H, 
CH&H, J m  = 7,6 Hz), 1.90 (m, 2 H, CH2) ppm; W('H) NMR 
(CDCb) 279.0 (d, C 4 , J p c  = 13Hz), 137.1 (-CH), 115.9 (-CH2), 

(C1,HaOaMo) 454.0443, found 454.0426. 

( d , M d , J p C  =28H~),241.9(d,COJpc= 19H~) ,131 ,7 (4H) ,  

(C&=OlpMo) 410.0545, found 410.0535. 

( d , M d , J p C  = 31 Hz), 242.1 (d, C0,Jpc = 16 Hz), 130.8,130.0* 

3: 'H NMR (CDCla) 5.78 (ddt, 1 H, =CH, JHH 17,10,7 Hz), 
_____ 

(19) Ramarajan, R.; Ramalingam, K.; ODonnell, D. J.; Berlin, K. D. 
Og. Synth. 1983, 61, 56-59. 

(20) (a) Poilblanc, R.; Bigorgne, M. Compt. Rend., Ser. C 1961,252, 
3054-3056. (b) Lenzi, M.; Poilblanc, R. Compt. Rend., Ser. C 1966,263, 
614-611. 
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96.9 (C&), 55.1 (OMe), 41.2 [C(O)CH21, 32.8 (CHGH), 24.5 
(CH3 ppm; 31P{lH) NMR (Cas )  175.9 ppm; IR (CH2C12) 1544 
cm-' ( v w ) .  Anal. Calcd for ClJbCl2OflMo: C, 37.1; H, 5.1; 
C1, 15.6. Found C, 37.0; H, 4.9; C1, 15.7. 

Mortimer et al. 

The solution was left under an oxygen-free atmosphere for 48 h. 
Volatile components of the reaction mixture were removed by 
vacuum transfer, yielding 2a in 55% yield and 3a in 7% yield 
as determined by integration against the TMS peak in the 'H 
NMR spectrum. 

Formation of 2-Cyclohexenone-&spinyclopropane (2b). 
A solution of l b  in CDCb was allowed to decompose in room 
light for 4 days until no starting material could be detected by 
'H NMR, and then the organic fraction containingtb was vacuum 
transferred. For 2 b  lH NMR ( c a s )  6.99 (dt, 1 H, 4 H ,  J m  

CH2CO), 2.22 (d, 1 H, 4 H C H 2 ,  JIM = 10,2  Hz), 0.63,0.41 (m, 
2 H, CH2CH2); GC/MS m/z 122 (M+), 123 [(M + 1)+1. 

Deuterium-Labeling Espetiments. Allyl alcohol-l-dn was 
prepared by treatment of acryloyl chloride with L~AIDI~' and 
converted to a 79:21 mixture of CH2=CHCDnBr and 
C D d H C H B r  by the method described for unlabeled mate- 
rial.22 Synthesis of la-& as described above for la afforded an 
e 1 5  mixture of la-(3,3-d~) and la-(46dr). For the mixture: 
1H NMR (c&) 5.85 (m, 1.00 H, 4 H ) ,  4.98 (m, 1.70 H, 4 H d ,  
2.33 (m, 2.30 H, CH2CH2) ppm. Photolysis in CHCb yielded an 
8317 mixture of 2a-(4,6d~) and 2a-(2,4-da). For the mixture: 

H, H6), 1.48 (0.98 H, H4), 1.22 (2.03 H, H5) ppm; GUMS m/z 
[re1 intensity] 98 [M+, 5195],99 [(M + l)+,  3761. For 2a-dr, the 
calculated intensity for (M + 1)+ is 6.6% of M+. 

Cyclic Voltammetry of la. Cyclicvoltammetry experiments 
were carried out in CHzCl2 using a Princeton Applied Research 
Model 273A potentiostat in conjunction with a three-electrode 
cell. The working electrode was a platinum bead, the auxiliary 
electrode a platinum wire, and the reference an Ag/Ag+ electrode 
in CHzCl2 separated from the test solution by a fiie porosity frit. 
Solutions were 0.5 X 10-9 M in la and 0.1 M in ["B*N]Cl as 
supporting electrolyte. 

= 1 0 , 4  Hi), 6.09 (dt, 1 H, 4 H ,  J m  = 1 0 , 2  Hz), 2.26 ( ~ , 2  H, 

'H NMR (Cas)  6.15 (1.00 H, H3), 5.92 (0.83 H, H2), 2.04 (1.16 

Synthes is  of (qs-CsHs)C1{P(OMe)s)Mo{CH&H=C- 
(CsHs)CH(CHO)) (5). The cyclopropyl(ally1)carbyne l b  (152 
mg, 0.37 mmol) was dissolved in 1 mL of CDCb and left under 
a Nz atmosphere in room light for 15 days until no further change 
was seen in the lH NMR. The volatile components including 
2-cyclohexenone-5-spirocyclopropane (2b) were removed by 
vacuum transfer, and the residue was taken up in Eta0 (ca. 2 
mL). The solution was chromatographed on aluminaand a purple 
band eluted using a 9 1  EhO/MeOH mixture. Solvent was 
removed and the resulting oil recrystallized from hexane/EbO 
(41)  to afford purple microcrystals of 5 (71 mg, 43%). For 5: 

=CHCH2Mo, JHH = 7, JPH = 7 Hz), 6.12 (m, 1 H, N H ) ,  5.23 
(br d, 1 H, 4 H 2 ,  J m  = 17 Hz), 5.08 (br d, 1 H, 4 H 2 ,  J m  = 
10 Hz), 4.52 (d, 5 H, CsHs, JPH = 2 Hz), 4.06 (d, 1 H, CH2, Jm 
= 7 Hz), 4.02 (d, 1 H, CH2, J m  = 7 Hz), 3.19 (d, 9 H, OMe, JPH 
= 10 Hz), 2.04 (dd, 1 H, CHzMo, Jm = 7, JPH = 3 Hz), 1.86 (br 
d, 1 H, CHMo, J m  = 8 Hz), 0.28 (dd, 1 H, CH~MO, JHH = 7, JPH 
= 8 Hz), ppm; 13C NMR ( c a s )  201.0 (d, CHO, JHC = 173 Hz), 
138.1 (d, CH=CHz, JHC = 153 Hz), 130.0 (8,  CBCH), 116.8 (t, 
CH=CH2, JHC 156 Hz), 104.5 (d, C=CH, JHC = 163 Hz), 92.8 
(dd, CsHa, JHC = 176,8 Hz), 65.1 (dd, CHMO, JHC = 154,19 Hz), 
53.3 (dd, OMe, JHC = 146, J p c  = 10 Hz), 44.4 (t, CH2, JHC = 157 
Hz), 38.5 (t, CHzMo JHC = 126 Hz) ppm; 31P{'H) NMR ( c a s )  
164.4 ppm; IR (CH2C12) 1644 cm-' ( v w ) , 2 8 4 9  cm-' (VCH-.); 
HRMS (EI) m/z calcd for M+ (ClauClOflMo) 444.0155, found 
444.0290. Anal. Calcd for Cld-IuClOJ'Mo: C, 43.4; H, 5.5; C1, 
8.0. Found: C, 43.4; H, 5.6; C1, 7.9. 

Photolysis of Carbynes. A typical procedure follows A 
5-mm NMR tube was charged with a solution of la (15 mg, 0.39 
mmol) in CDCla containing 0.5% TMS (0.8 mL). The solution 
was irradiated in a Pyrex immersion well with a Hanoviamedium- 
pressure mercury vapor lamp for 3 h. Volatile components of 
the reaction mixture were removed by vacuum transfer, yielding 
2a in 40% yield as determined by integration against the TMS 
peak in the 'H NMR spectrum. Wavelength-dependence studies 
on la were carried out using a 430-nm Corning 3-73 sharp cut 
filter. 

Photolysis of la in the  Presence of Base. A solution of la 
(20 mg, 0.53 "01) in CDCb containing 0.5 % TMS (1.2 mL) was 
prepared and split into two parts, each sample being placed in 
a 5-mm NMR tube. Excess 2,6-di-tert-butylpyridine (2 equiv) 
was added to one tube. The two samples were photolyzed for a 
total of 4 h with monitoring by 'H NMR at hourly intervals. No 
change in rate of reaction or final yield was observed between the 
two samples. A similar procedure was followed using proton 
sponge as a base. 

Thermal Decomposition of Carbynes. A typical procedure 
follows: A 5-mm NMR tube was charged with a solution of la 
(20 mg, 0.53 mmol) in CDCb containing 0.5% TMS (0.8 mL). 

1 

'H NMR (Cas )  10.22 (d, 1 H, CHO, J m  = 8 Hz), 6.22 (dt, 1 H, 
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Supplementary Material Available: 'H NMR spectra for 
the complexes la-g (18 pages). Ordering information is given 
on any current masthead page. 

OM9305069 

(21) Scheutz, R. D.; Millard, F. W. J. Org. Chem. 1969,24, 297-300. 
(22) Kamm, 0.; Marvel, C. S. Org. Synth. 1921, 1, 27. 
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