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On the Reversibility of n~-Cyclobutadiene Metal Formation From 
--------------------------------------------------------------
Complexed Alkynes: Unimolecular Isomerization of Labeled 
---------------------------------------------------------
Racemic and Enantiomerically Enriched n 5 -Cyclopentadienyl-n~-
-------------------------------------------------------------
cyclobutadiene Cobalt Complexes 
--------------------------------

G. Villet, K. Peter C. Vollhardt*t and Mark J. Winter:j: 

Department of Chemistry, University of California, 

and the Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

Abstract 

Diastereomeric 1,2-bis(trimethylsilyl)-3-alkylcyclobutadiene cyclo

pentadienyl cobalt complexes in which the alkyl group contains a chiral 

center may be synthesized, separated, and equilibrated in the gas phase 

at 540-650° by flash vacuum pyrolysis or in solution in refluxing 

pristane (30l°C). The process is unimolecular as shown by crossover 

experiments and kinetic analysis. Isomerization occurs by inversion at 

the four-ring, demonstrated by the pyrolysis of complexes enantiomerically 

enriched at the chiral carbon center and analysis of the products 

by optically active NMR shift reagents. No other processes but diastereo

isomerization.are observed in solution. In the gas phase increasing 

temperatures lead to increasing decomposition of starting complexes to 

cobalt metal and alkynes derived by retrocyclization of the cyclobuta

diene ligand, in addition to positionally isomerized complexes. Such 

positional isomerization is also the mechanism of diastereoisomerization 

as shown by the pyrolysis of 1-triethylsilyl-2-trimethylsilyl substituted 

and 13c-labeled complexes. The data strongly imply that the cyclization 
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of alkynes to cyclobutadienes in the coordination sphere of cobalt 

is reversible. 
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The interaction of transition metal complexes with alkynes 

frequently results in the formation of n4 -cyclobutadiene metal 

complexes. 1 However, the mechanism ~f their formation has never 

been elucidated. Two obvious pathways are· illustrated in Scheme 1. 

The first involves a concerted one step [2+2] cycloaddition in the 

coordination sphere of the metal {~}. This reaction, when occurring 

3 

in the neighborhood of only one metal, is postulated to be unfavorable 

on theoretical gr~unds, 2 • 3 although its synmetry dictated 11 forbiddenness 11 

. ~, ~ [2+2] 
M + 2. Ill· -.. M· 1t 

A 

oxidative 1 
coupling . 

11 
Concerted 

11 

·~ 
~~:~;,~r-

ization 

c 

is removed for binucle~r meta·l catalysis. The second, currently most 

accepted-mechani-stic po.ssi'b.ility is a stepwise process comprising 

in·itial oxidative coupling of the two alkynes followed by valence 

tautomertzat'ion (A-+B-+C} .• 1 •2•4 Me.tallacyc.lopentadienes of· the type ~ have 

been invoked as crucial intennediates in the cyclotrimerization of 
Sa alkynes to benzenes.. Cyclobutadiene complexes: may be relay points 

in the synthesis of cyclooctatetraene.- from acetylene, 1 ,Sb, and in. alkyne 



metathesis. 5c Some isolable·representatives of~ thermally convert 

to cyclobutadiene metal complexes, 6~ supporting the notion that they 

might also be intermediates en route to C. However, it is not 

clear whether this reaction, which appears to be forbidden, 6b proceeds 

through initial retrocyclization (e.g. ~+~~). There are indications 

that complexes of type C may react through representatives of B. 5d 

We present for the first time compelling evidence for the reversible 

formation of A from C in the pyrolysis of n 5 -cyclopentadienyl-n~

cyclobutadiene cobalt complexes. While we cannot rule out Bas an 

intermediate in this process, if it is present, our data demand that 

tt be relatively ~onfigurationally stable when M = n5 -CpCo. 

Schem~ 2 ........ """'" 

I" a. R = OH; R17 R2= Si(CH3l3 
lb. R = OCH3 ; R1=R2 = SHCH3l3 
I c. R = C6H5 ; R 1 = R? = Si(CH3)3 
ld. R = C6H5 ; R 1 ='SI(CH3)3; 

R2 = Si(C2H5)3 
le. R = C6H5 ; R 1 = Si (C2H5l 3 ; 

R2 = Si(CH3l3 

2a. R = OH, R1 = R2 = Si(CH3)3 
2b. R = OCH3 ; R 1 = R2 = Si(CH3)3 
2c. R = C6H5 ; R 1 = R2 = Si(CH3l3 
2d. R = C6 H5 ; R1 = Si(CH3)3; 

R2 = Si(C2H5)3 
2e. R = C6H5 ; R1 = Si(C2H5)3; 

R2 = SHCH3l3 
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Starting materials la-c and 2a~c were prepared in good yield by adding ---- ----
the appropriate alkyne to refluxing bis(trimethylsilyl)acetylene (BTMSA} 

in the presence of stoichiometric amounts of CpCo(C0) 2,8 and the 

diastereomers separated by column chromatography on alumina and/or 

by reverse phase high pressure liquid chromatography (CH30H-H20 eluant).
9 

Their re·lative stereochem·i stry is arbitrarily assigned as ~ for the 

high Rf isomer, ~ for the other. When either diastereomer 1 or 2 - -
(racemic) is exposed to flash vacuum pyrolysis conditions at very 

( . -5 } 1 0 short contact times ~· 0. 005 s, ca.. 10 torr between 540°C 

and 650°C extensive equilibration between the two is observed. This 

is illustrated for compounds!~ and~~ in Figure l. 

Several observations are significant. At higher temperatures 

increasing decomp.osi ti on of the sta.rt i ng camp 1 exes is observed furnishing 

a coba 1 t mirror and tfie four a·l kynes derivable from retrocyc1 i zati on 

of the four-ring .. 11 At all temperatures ~he mass balance is excellent
12

,
13 

and the ratio of trapped alkynes approximately constant. 14 Decompos.i-

tion with concomitant isomerization to the 1,3-bis(trimethylsilyl) 

i-somer ~7 is obs·erved, but only to a sma 11 extent (Figure 1). The 

i·dentity of this compound was ascertained by independent synthesis. 15 

When independently pyrolyzed, 3 is stable at temperatures ( 540-650°C) -
at which lt and 2c show substantial interconversion, but furnishes 

small amounts (589°C,. 2.c+lc.,. 4%) of its isome:rs at higher temperatures 



% 

o pyrolysis of I c 
~ pyrolysis of 2c 
o appearance of 3 

0~·~~--~----~--~--~--~ 
540 560 580 600 620 640 660 

T, OC 

Figure 1: Flash vacuwn pyrolysis results of diastereomers lc (squares) ....,. _____ ...,.,_...., --
and ~= (triangles). Percentages of the cyclobutadiene isomers are 

normaltzed to sum to TOO%. 
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when a·lkyne fonnation is extensive. Copyrolysis of one diastereomer 

each of ~ and ~7 (racemic·) at 589°C gives the respective other 

diastereomer, but no crossove.r product. 

In rigorously puri'fied pristane using silylated glassware (neat 

hexamethyldi si lazane} and a glass encased magnetic stirrer !~ and 3: 
(racemic} equilibrate· on hea·ting following clean first. order kinetics 13 

(e.g. 3~-+-!~= k301 oc = 2.226 x 10-5 sec-·1; b.G-;. = 51.7 kcal mole- 1}. 

Under these conditions there is no decomposi-tion and no isomerization 

to ~· A crossover experiment in solution using ~ and ~- confinned 

the intramolecular character of the transformation. 

The identity of the inverting center (.cyc.l obutadi ene ring versus 

chiral carbon} was ascertained using enantiomerically enriched 2a. --
Fo.r this purpose 1-butyne.-3-ol was part.ially resolved16 and the (+·}{R} 

enantfomer reacted with BTMSA and CpCo(C0} 2 to furnish -after h.p.l.c. 

(reverse phase, CH3CN-H2o, 93:7} l~ and~~ each as a 4:1 mixture of 

enantiomers detennined by NMR using tris(3-trifluoromethylhydroxymethylene

d.-camphorato} europium shift reagent. When enanttomerically enri'ched 

7 



2a was flash pyrolyzed at 571°C it equilibrated exclusively with 

enantiomerically enriched (4:1) la (2a:la = 65.6:34.4), the major 

enantiomer being la, the minor its mirror image. 17 The enantiomeric 

purity of recovered starting material remains unchanged. 

While the observed data are intuitively best accommodated 

by the intermediacy of D (Scheme 2), an alternative pathway could -
involve retrocyclization to a bisalkyne complex (such as E), 

followed by rotation and ring closure. To probe this possibility 

1-triethylsilyl-2-trimethylsilylethyne was cocyclized with 3-phenyl-

1-butyne to give four compounds ld, e, 2d, e separated by h.p.l.c. 7' 9 

To unambiguously assign the structures of pairs of related positional 

isomers (e.g. ld, 2e versus le, 2d) they were independently synthesized 
. -- -- -- --

from triethylsilylethyne and l-trimethylsilyl-3-phenyl-l-butyne7 

on the one hand and trimethylsilylethyne and 1-triethylsilyl-3- phenyl-

l~butyne7 on the other. 18 Should D be responsible for the equilibra-

tion of (la-c).t(2a-c), ld would reversibly give 2e, and le will lead ---- ---- -- --
to 2d. On the other hand the intermediacy of 5 should equilibrate 

all isomers ld, e, 2d, e with each other, if both alkyne ligands -- - -- - . 

are free to rotate, but should isomerize only !fg~ or !~g_: 

respectively, if one ligand (most likely the more hindered bissilyl

alkyne} were immobile. 19 Surprisingly, equilibration occurs only 

within the pairs ldt2d and 1et2e, strongly implicating the occurrence 
-- -- -- iow-

of the latter process. This is further corroborated by a 13c-labelling 

experiment with 1,4-13c-labeled cyclobutadiene complex ld (indicated --
by dark dots in Scheme 2), prepared from (C2H5)3Si 13c2H. Isomerization 
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of this compound proceeds cleanly to the 1,3-13c-labeled isomer. 20 

We conclude that 1 and ~ reversibly isomerize through the 

intermediacy of~ by single alkyne rotation. Although we cannot 

rule out D as being kinetically accessible, if formed it cannot 
. -· 

be planar and has to be configurationally stable, since planarization 

would interconvert ld and 2e,and le and 2d. 
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