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reactive acetylene (at the same temperature) was injected 
through the vaccine cap with a hypodermic syringe. Disap- 
pearance of the added acetylene was determined by infrared 
analysis of the C=C stretching band in the solution after 
an additional 2-hr . period. The disubstituted acetylene 
was recovered from the reaction mixture along with the usual 
polymer products from the added acetylene, when formed. 

Mathematical Analysis of Deuterium Isotope Effect in 
the Trimerization of I-Heptyne.-The reactions considered 
in the polymerization process were 

kv  
C + 2 X + Z  ( 8 )  

C + 2 Y + Z  (9) 
k, 

C + X + Y k i Z  (10) 
kr 

c +  Y + x + z  (11) 

(12) 

(13) 

kH 
2 + X +  Product + C 

Z + Y + Product + C 
kD 

where 
X = a measure of hydrogen compound concentration 
Y = a memure of deuterium compound concentration 
Z = a measure of intermediate concentration 
C = a meaaure of “active” catalyst concentration 
kH, kD = rate constants for the rate-determining step 

involving reaction with an undeuterated and 
deuterated molecule, respectively 

k, = rate constant for the formation of intermediate Z 

The assumption was made that the product formed 
was exclusively trimer and that only one hydrogen atom 
was transferred in the rate-determining step. These reac- 
tions then led to the differential equations 

- - =  dX kzZX + krC(2X2 + 2XY) 
dt 

- - =  d Y  ~ D Z Y  + k,C(BXY + 2Y2) (15) dt 

_ - -  dZ - k&X f k&Y - k,C(X2 + 2 x Y  f Y2) (16) 

A t  steady state dZ/dt = 0. Solution of equation 16 and the 
subsequent substitutions V = Y/X and K = kH/kD into 
the ratio of equations 14 and 15 resulted in expression 17 
in V ,  X, and K, 

2 In ( V  + 1) + ~ 3K I ~ v + + ~ s = I ~ x  (17) 

where S = a constant of integration. With the initial condi- 
tion ( t  = 0) that V = X = 1, the final theoretical relation- 
ship was 

dt 

1 - K  

2 In (V + 1) + - 3K ln V - 1.38629 = In X (18) 

In Table I V  are shown the values of V predicted from the 
model chosen. The experimental data were first fitted 
to  equation 17 by least squares to obtain estimates of K 
and S. The resulting estimate of S waa found to be not 
significantly different from the theoretical value. There- 
fore, the data were refitted to equation 18 for which the 
best value of K waa 2.56 with a 9574 confidence interval of 
2~0.46. 

Infrared analyses were performed on a Perkin-Elmer 
Model 21 infrared spectrophotometer with sodium chloride 
optics. Ultraviolet spectra were determined on a Cary 
Model 14 ultraviolet spectrophotometer. 
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The treatment of monoiilefins with iron carbonyls leads to isomerization. The effects of olefin structure and solvent 
upon the reaction are discussed, and a mechanism for the reaction is suggested. 

Recent interest in reactions of iron carbonyl and 
its derivatives with nonconjugated diolefins1I2 
prompts us to report some of our data regarding re- 
actions of iron carbonyls with monoolefins. It has 
been shown that the iron carbonyl hydrides are ac- 
tive catalysts for hydrogenation and isomerization 
of olefins, 3 , 4  as are the cobalt carbonyl hydrides,586 
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and it was noted that treatment of 1-octene with 
iron pentacarbonyl gave a mixture of internal iso- 
mers.’ We have investigated the geometrical and 
positional isomerization occurring when mono- 
olefins of various structures are heated with iron 
carbonyls. 

Terminal olefins are rapidly converted to mix- 
tures of internal isomers when heated with iron car- 
bonyls. 

Table I compares the experimental values for 
isomer distribution of hexenes after heating with 
0.5 mole % triiron dodecacarbonyl with the ther- 
modynamic equilibrium values calculated by stand- 
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TABLE I 
COMPARISON OF EXPERIXENTAL AND THEORETICAL ISOMER DISTRIBUTIONS 

% yo cis- % trans- % 
CHFCH( CHt)aCH, CHdCH=CH( CH9)zCHs CHICH=CH( CH2)zCHs CHsCII&II=CHCH'CHa 

Exp." 1.6 16.2 
Calcd. 1 20 

CHs CHI 

13 
 EX^.^ 0 13 
Calcd. 0.07 12 

a 1-Hexene, refluxed 4 hr. 

CHFCHCH~ b H-CHs CHz= b (CH2)zCHa 
Exp ? 0 

4-Methyl-l-pentene, refluxed 19 hr. 

57.6 
47 

CH, 

74 
74 
79 

CHI- b =CHCH&H, 

2-Methyl-l-pentene, 

25 
32 

13 
13 
9 . 4  

refluxed 19 hr. 

ard methodss from free energies of formation a t  
25°.9 

Clearly, the experimental data parallel the trends 
of the theoretical values. 

The disubstituted internal olefins formed are 
found mainly in the trans configuration, and in the 
case of branched-chain olefins, trisubstituted iso- 
mers are preferentially formed. For instance, 2- 
methyl-1-pentene is found in much larger amounts 
in the products of methylpentene isomerization 
than is 4-methyl-1-pentene. 

The results of some other reactions are shown in 
Table 11. Internal olefins react much more slowly 
with iron carbonyls than do terminal olefins, and 
trisubstituted olefins are even less reactive. While 
1-hexene was essentially completely converted to 
2-hexene and 3-hexene within two hours, under the 
same conditions 74% of a sample of (82% cis) 2- 
hexene was unchanged in nineteen hours. Cis 
olefins are isomerized more readily than their trans 
isomers, as is shown by the case of 4-methyl-2-pen- 
tene. The trisubstituted internal olefin 2-methyl- 
2-pentene appeared to be unaffected under our iso- 
merization conditions. These observations on the 
relative reactivity of types of olefins parallel those 
made by other workers studying related reactions 
involving ?r-complex formation.6z6 It should be 
noted that occasionally the iron carbonyl-olefin 
reactions produce small amounts of less volatile, 
unidentified substances. 

Pettit and Arnet reported that heating 4-vinyl-l- 
cyclohexene with iron pentacarbonyl gave a mix- 
ture of conjugated diene-iron tricarbonyl com- 
pounds.2 In the course of our studies we found 
that vinylcyclohexane was isomerized by treatment 
with triiron dodecacarbonyl to a mixture of l-ethyl- 
1-cyclohexene and ethylidenecyclohexane, while 
under the same conditions a mixture of 4-methyl-l- 
cyclohexene and 3-methyl-1-cyclohexene showed no 
conversion to the more highly substituted isomer, 
1-methyl-1-cyclohexene. These observations make 
it likely that the C8Hl2 isomers in the complexes 

( 8 )  F. D. Rossini, "Chemical Thermodynamics," John Wiley & 
Sons, Inc.. New York. N.Y., 1950, p. 439. 
(9) Selected Values of Properties of Hydrocarbons and Related 

Compounds, American Petroleum Insti tute Research Project 44, 
table 23-2-(5.1201). 

earlier isolated2 contain both double bonds within 
the ring. 

The actual isomerization process is probably 
catalytic, since only 0.005 mole of iron carbonyl per 
mole of 1-hexene caused almost complete disap- 
pearance of the terminal olefin in two hours, but 
thermal decomposition of the iron carbonyl prevents 
its use in exceedingly small quantities. A tem- 
perature above 100' is required for reaction with 
iron pentacarbonyl, and a temperature above 60" 
for reaction with triiron dodecacarbonyl. Thus, 
the boiling point of the olefin determines the choice 
of iron carbonyl for reaction. For example, l-hex- 
ene (b.p. 64") is best isomerized with triiron dodec- 
acarbonyl, whereas with 1-octene (b.p. 121') iron 
pentacarbonyl may be conveniently used. The use 
of pressure vessels to raise the reaction temperature 
is ineffective since the isomerization is apparently 
inhibited by carbon monoxide pressure. In  some 
cases the use of a higher boiling inert solvent to 
raise the reaction temperature is helpful (Tables 

An interesting aspect of these studies is the effect 
of additional solvent species upon the reaction, also 
briefly noted by workers on related topics.6 Addi- 
tion of small amounts of polar substances such as 
acetone, 1,2-dimethoxyethane, or ethanol appears 
to promote isomerization whereas the presence of 
acetic acid or benzoyl chloride strongly inhibits 
isomerization (Tables 111, IV, V). The addition of 
a small amount of pyridine permits the use of iron 
pentacarbonyl with lower boiling olefins (see Ex- 
perimental). 

We have noted that when an iron carbonyl and an 
olefin, either internal or terminal, are heated in 
carbon tetrachloride, some polymerization may 
occur, but the main reaction is addition of carbon 
tetrachloride to the double bond. The iron chlo- 
ride-catalyzed free radical addition of carbon tetra- 
chloride to olefins has recently been described.'O 
The reaction of carbonyls of chromium, molyb- 
denum, tungsten, and iron with polyhalo- 
genated organic compounds has been used to 
initiate the free radical telomerization of ethylene 

111, IV). 
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TABLE I11 ions.I6 Indeed, the reaction mixtures containing 
pyridine, a ketone, ether, or alcohol exhibit the 

[Fea(CO)121 refluxed, trans-2- The mechanism of these reactions is probably 
similar to those proposed for other metal carbonyl None 0.004 16 11 

50 yo heptane .008 23 69 hydride-catalyzed  isomerization^,^^" involving a t  
5% acetone ,005 22 46 some stage formation of a metal carbonyl hydride- 

REACTION O F  CiS-2-PENTENE (9570) WITH Fel( C0)iz 
Time c/o characteristic red color of iron carbonyl anions. 

Solvent [Pentenel hr. pentene 

TABLE I V  
REACTION O F  2-HEXENE WITH Fes( CO)iza 

Time 
[Fea(CO)izI refluxed, % % cis- % trans- % 

Solvent [Hexene] hr. 1-hexene 2-hexene 2-hexene 3-hexene 
Starting material 0 0 0 82.4 10.8 1 . 0  
None 0.006 19 1 . 3  61.7 26.5 7 .5  
7% acetone ,006 23 1 .6  31.5 43.6 13.9 
98% heptane .20 3 . . .  20 70 10 

a Other impurities make up to loo'%. 

TABLE V 
REACTION OF I-HEXENE (99%) WITH Fe3(C0)12 

Time 
[Fes(CO)nI refluxed, % % cis- % trans- % 

Solve11t [Hexene] hr. 1-hexene 2-hexene 2-hexene 3-hexene 
None 0,005 4 1 .6  16.2 57.6 24.6 
9% acetone .008 6 1 .7  16.8 53.3 26.7 
9% C6HjCOCl .008 22 55.8 8.3 24.3 11.6 

with the halogenated c~mpoundll- '~  and the free 
radical polymerization of vinyl m0n0mers.l~ 

It is difficult to formulate mechanisms for the 
olefin i~omerizationsl-~ catalyzed by iron or cobalt 
carbonyls which do not involve formation of a 
metal-hydrogen bond, and the carbonyl hydrides 
of these metals are easily formed.l5#l6 Molyb- 
denum hexacarbonyl, which was found to be in- 
active in producing conjugat'ed from nonconju- 
gated diolefins, yields carbonyl hydrides only 
after relat8ively drastic treatment8.l5,l6 Nonetheless, 
we have found that' refluxing octene-1 may be con- 
verted by molybdenum hexacarhonyl to a mixture of 
internal isom.ers. This observation suggests t'he 
formation of a molybdenurn-hydrogci~ bond under 
relatively mild conditions. 

As the iron carbonyl hydrides are knon-n to  be 
potent agents for the isomerization of ~ l e f i i r i s , ~ ~ ~ ~ ' ~  
t'he active species in t'he isomerizations catalyzed 
by the unsubstituted metal carbonyls probably are 
iron carbonyl hydrides. The solvent effects noted 
in this work furt'her this hypothesis, since t'he bases 
which promote isomerization are known to pro- 
mote disproportionation of iron carbonyls to mix- 
t'ures containing the protonatable carbonyl an- 

(11) 11. X. Freydlina and  A. B. Belyavaky, Dokl.  Akad.  .\'auk 

(12) R. X. Freydlina and  A.  B. Bclyavsky, Izu. &ad. Xauk 

(13) A .  N. Nesmeyanov, R. K. Freydlina, E. C. Chukovskaya, 

(14) C. H. Bamford and  C Finch, Proc. Chem. Soc.,  110 (1962). 
(15) &I. L. H. Green, Angew. Chem., 7 2 ,  719 (1960). 
(16) W. Hieber, W. Beck, and G. Braun, ibid., 72 ,  79; (1960). 
(17) H. W. Sternberg and  I. Wender, International Conference on 

Coordination Chemistry, Special Publication No. 13, The Chemical 
Society, London, 1939, p. 53. 

SSSR, 127, 1027 (1959). 

S S S R  Otd. Khim. Nauk,  177 (1961). 

R. G. Petrova, and .4. E. Belyavsky, Tetrahedron, 17, 61 (1962). 

olefin a-complex (I) in equilibrium with a u-alkyl 
metal compound (11). In  this way both geometri- 
cal and positional isomerization could easily occur. 

R R 
\ /  

H I  H 
/"=",. 

/" h-c 
R 

/ I  I \  
H F e  H H  

J. (COh 
H-Fe-CO 

C 
'\CO 

(1) (11) 

An altcrnativc mechanism is one involving initial 
formation of an olefin-iron tricarbonyl complex 
(111) , followed by abstraction of the allylic hydro- 
gen to form a a-allyl iron carbonyl hydride com- 
plex (IV), in which rearrangement of the double 
bond could take place. 

Fe 
(C0)S  
I11 I V  

A a-butenyl iron carbonyl chloride complex has 
been isolated,ls and a-allyl complexes of other tran- 
sition metals are well kn01vn.l~ 

(18) F. J. Iinpastato and I<. G. Ihrman, J .  Am. Chem. So i . ,  88, 3726 
(1961). 

(19) For an  introduction t o  the extensive literature on such com- 
pounds see IT-. R. McClellan, H. H.  Hoehn, H. N. Cripps, E. L. 
Muetterties, and B. W. Howk, ibid. ,  88, 1601 (1961). 
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The two suggested routes are closely related and 
ample analogy exists for each. Of course, for the 
case of stilbene the latter mechanism is impossible 
and another source of hydrogen is required, possibly 
from impurities in the solvent or triiron dodecacar- 
bonyl. Both mechanisms require n-complex for- 
mation, and substitution of electron-withdrawing 
groups on the double bond might be expected to  
lower its donor abilities and therefore its tendency 
to form the essential 7-complex. Indeed, cis-1,2- 
dichloroethylene has not been successfully isomer- 
ized by us using iron carbonyl catalysts. 

It is of interest that the double bond “migrates 
past” unreactive olefins to give other species. 
Thus, 2-methylpentenes are formed from 4-methyl- 
I-pentene, although trans-4-methyl-2-pentene is 
exceedingly difficult to isomerize; and 1-hexene is 
converted to 3-hexene, despite the unreactivity of 
2-hexene. Formation of the initial 7-complex seems 
to be the rate-determining step in these reactions, 
and rearrangement occurs within the complexed 
species without requiring formation of the inter- 
mediate olefins. 

Experimental 
Reagents.-The olefins used were commercial products 

(997, pure grade, when available) of the Phillips Petroleum 
Go., except for 1-hexene and cis-stilbene, supplied by Mathe- 
son, Coleman and Bell Go., and vinylcyclohexane, supplied 
by K and N Laboratories, Inc. Iron pentacarbonyl was ob- 
tained from Antara Chemical Go. and molybdenum 
hexacarbonyl from Climax Molybdenum Co. Triiron 
dodecacarbonyl wm prepared by a method based on that of 
Hieber.20 

Analytical.-The olefinic products and starting materials 
were analyzed by vapor phase chromatography, and reten- 
tion times were compared with those of the pure compounds. 
Peak areas were determined using a Perkin-Elmer printing 
integrator. Routine analyses used a 21-ft. column of Adol- 
40 on Chromosorb at  50” with 15 p s i .  helium as carrier 
gas. Crucial runs were checked using a 300-ft. squalane 
capillary column. Elemental analyses were performed by 
the Analytical Research Division of this Company. Infra- 
red spectra were taken on a Reckman I R d  instrument, and 
the C-H deformation frequencies and C=C stretching 
frequencies were correlated with the type of olefin present. 11 

Typical Procedure.-Reactions were ordinarily carried 
out’ by refluxing the olefins and metal carbonyls alone, or in 
the presence of another solvent, under nitrogen for from 2 
to 24 hr. 

(1)  1-Hexene.-A mixture of 25 rid. (200 mmoles) of 
1-hcxcne with 0.5 g. (1 niniole) of triiron dodecacarbonyl was 
rcfluxcd under nitrogen. Samples of 3-ml. volume were 

Sonic cxamples follow. 

(20) W. Hiober, Z. Anorg. d i l g e m .  Chsm., 204, 171 (1932). 
(21)  L. J. Bellamy, “TIIP Inf ra r rd  Spectra of Coni~ilrx 1Iolccules.” 

2ml c d . ,  J o h n  Wiley & Sons, Inc., N e w  York, N. Y .  1938, I,p. 34-55. 

withdrawn by syringe a t  intervals, distilled a t  0’ under 
reduced pressure, and analyzed by infrared and V.P.C. (re- 
sults in Table I). 

I-Octene and Molybdenum Hexacarbony1.-A mix- 
ture of 25 ml. (160 mmoles) of 1-octene with 1.32 g. (5 
mmoles) of molybdenum hexacarbonyl was refluxed under 
nitrogen for 21 hr. The cooled mixture was filtered. The 
infrared spectrum of the filtrate showed mainly trans 
internal olefin, with some cis and terminal olefinic groups 
present. 

(3)  Use of Pyridine with Iron Pentacarbony1.-A mix- 
ture of 5 ml. (38 mmoles) of iron pentacarbonyl with 20 ml. 
of 1-hexene (160 mmoles) and 2 ml. (25 mmoles) of pyridine 
was refluxed under nitrogen for 17 hr. The cooled mixture 
was filtered, giving a pyrophoric residue and a red filtrate, 
which wab distilled a t  0’ to give a colorless liquid. V.P.C. 
analysis showed the composition to be 6870 1-hexene, 570 
cis-2-hexene, 24% hexene-3 and trans-hexene-2, and 3 % 
high boiling impurities. 

(4.) Inhibition of Reaction by Carbon Monoxide Pres- 
sure.-A 150-ml. steel bomb was charged with 15 ml. of hep- 
tane, 15 ml. (120 mmoles) of 2-hexene, and 0.7 g. (14 mmoles) 
of triiron dodecacarbonyl. The bomb was sealed, cooled to 
-196O, evacuated, and heated a t  90’ for 17 hr. Filtration 
of the cooled mixture gave a clear liquid showing in infrared 
and V.P.C. analysis virtually no change from the starting 
material. 

( 5 . )  Vinylcyc1ohexane.--A mixture of 20 ml. (140 
mmoles) of vinylcyclohexane with 0.4 g. (0.8 mmoles) of 
triiron dodecacarbonyl was refluxed under nitrogen for 19 hr. 
Filtration of the cooled mixture followed by distillation gave a 
colorless liquid. Infrared analysis indicated the absence 
of vinylic double bonds and the presence of RR’C=CHR” 
groups. V.p.c. analysis showed the presence of two sub- 
stances of similar retention times. The nuclear magnetic 
resonance apectrum (Varian A-60 spectrometer) was con- 
sistent with the presence of ethylidene cyclohexane and 
1-ethyl-1-cyclohexene. 

( 6  .) Use of Carbon Tetrachloride with Triiron Dodecacar- 
bony1.-A mixture of 20 ml. (160 mmoles) of 1-hexene with 
20 ml. (210 mmoles) of carbon tetrachloride and 4.0 g. ( 8  
mmoles) of triiron dodecacarbonyl was refluxed under nitro- 
gen for 4.5 hr. After filtration of the cooled mixture to re- 
move a white solid, all material volatile a t  room temperature 
under the vacuum of a water aspirator was distilled. V.P.C. 
analysis showed only carbon tetrachloride with a trace of 
1-hexene to be present. The renlainder of the product wa3 
distilled a t  60”/(0.1 mm.) to  give a clear, colorlese liquid. 
Found: C, 36.70; H, 5.36; C1, 59.66. C7H&l4 requires: 
C,35.3; H, 5.0; C1, 59.7. 

(7) cis.Stilbene.-A mixture of 1.0 g. (5.6 mmoles) 
of cis-stilbene in 25 ml. of cyclohexane with 0.2 
g. (0.4 mmole) of triiron dodecacarbonyl was refluxed under 
nitrogen for 22 hr. The mixture was cooled in Dry Ice and 
filtered, giving white crystals. Evaporation of the filtratct 
gave more crystals. The crystals had infrared spectra iden- 
tical with that of trans-stilbene. No conversion to  trans- 
stilbene was detected in the infrared spectrum when cis- 
stilbene was merely refluxed in cyclohexane. 
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