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to reflux and glpc analysis showed, after 15 min, 3 (60%), 4 
(36%), indan 6 (0%);  after 2 hr, 3 (14%), 4 (70%), 6 (6%); 
after 3 hr, 3 (10%), 4 (73%), 6 (7%); after 6 hr, 3 (O%) ,  4 
(68%), 6 (7%). 

Additional boiron trifluoride etherate (0.260 P. 1.82 mmol) 
was added to the refluxing solution. Glpc anzysis showed a 
steady decrease in 4 to 18% yield after 13.5 hr with no detectable 
increase in the amount of indan formation. 
With p-Toluenesulfonic Acid in Glacial Acetic Acid.--1-(0- 

Hydroxymethylpheny1)cycloheptanol (2) (0.270 g, 1.23 mmol), 
p-toluenesulfonic acid monohydrate (0.0534, 0.281 mmol), an 
internal standard n-heptadecane (0.0563 g), and 8 ml of glacial 
acetic acid were added to a 50-ml two-neck round-bottom flask 
equipped with magnetic stirrer, condenser, and nitrogen inlet. 
The solution was heated to reflux temperature and the reaction 
process was followed by glpc analysis ( 5  ft X 0.25 in. 2070 DC 
710 on 60-80 mesh Chromosorb W, 210°, 60 ml/min He) with 
the following results: after 1 hr, 3 (68%), 4 (31%); after 3 hr, 

3 (51%), 4 (40%). No indan by-product (6) was observed by 

Reaction with Sulfuric Acid in Glacial Acetic Acid.-Con- 
centrated sulfuric acid (0.09 g, 0.92 mmol) was added to a solu- 
tion of o-(1-cycloheptanol) benzyl alcohol 2 (0.135 g, 0.610 
mmol), n-heptadecane (0.0563 g) (internal standard) and 8 ml 
of acetic acid at  the reflux temperature. Glpc analysis (5 ft 
0.25 in. 20% DC 710 on 60-80 mesh Chromosorb W, 210°, 60 
ml/min He) showed, after 5 hr, 3 (20%), 4 (607@); after 17 hr, 
3 (OYO), 4 (737@). None of the side product 6 was detected by 

dPC. 

dPC. 

Registry No. -2, 34219-85-7; 3, 32921-59-8; 4, 
34219-87-9; 6 ,  34219-89-1 ; 6,7,8,9,10,11,12-hepta- 
hydro-5H-cyclonone [alindene, 34219-88-0; 3-phenyl- 
indene, 1961-97-3 

Homogeneous Hydrogen-Transfer Reactions Catalyzed by 
Tricarbonylchromium Complexes. Hydrogenation of Trienes1 

E. N. FRANKEL 
Northern Regional Research Laboratory,Z Peoria, Illinois 61604 

Received November l R ,  1971 

Hydrogenating 1,3,5-cycloheptatriene with methyl benzoate-Cr(C0)s yields a mixture of 1,3-cycloheptadiene 
and cycloheptene. The formation of 1,3- instead of l14-cycloheptadiene is in contrast to the results obtained 
with acyclic conjugated trienes. Deuteration experiments rule out 1,6 addition and support a mechanism in- 
volving 1,4 reduction followed by rapid isomerization of 1,4- to 1,3-~ycloheptadiene (1,3-hydrogen-deuterium 
shift). Catalytic hydrogenation of trans-1,3,5-hexatriene with methyl benzoate-Cr(COd) yields cis-1,4-hexa- 
diene as the most important intermediate, the product expected from 1,4 addition. Hydrogenation of cis-1,3,5- 
hexatriene gives mainly cyclohexene. This product is derived from 1,3-cyclohexadiene formed by thermal cy- 
cylization of the cis hexatriene. 

The homogeneous hydrogenation of unsaturated 
compounds continues to be the subject of intensive 
investigation. A high degree of selectivity is prob- 
ably the most important practical characteristic of 
homogeneous hydrogenation catalysts. a Our studies 
of the catalytic activity of arene-Cr(C0)S complexes 
have demonstrated a selectivity approaching 100% 
in the hydrogenation of 1,3 and 1,4 dienes to mono- 
e n e ~ . ~  Selectivity, kinetic, and deuterium tracer 
s t u d i e ~ ~ ~ ~ ~  have provided ample evidence for 1,4 addi- 
tion of hydrogen as the dominant mechanism of re- 
duction catalyzed by these arene-Cr(CO)a complexes. 
With 1,4 dienes and monoenes, double-bond isomeriza- 
tion by l,&hydrogen shift was i n d i ~ a t e d . ~ ~  

Hydrogenation of methyl p-eleostearate (all-trans- 
9,11, 13-octadeoatrienoate) with these complexes yielded 
the diene products expected from 1,4 addition 

(1) Presented in part a t  the symposium "Homogeneous Catalysis by 
Organometallic Compounds," Division of Inorganic Chemistry, 162nd Na- 
tional Meeting of th'e American Chemical Society, Washington, D. C., Sept 
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(trans-9,cis-12- and cis-l0,trans-13-octadecadienoates) . 6  

With a-eleostearate (cis-9, trans-1 1, trans- 13-oct adeca- 
trienoate) stereoselective 1,4 reduction producing up 
to 60% linoleate (cis-9,cis-12-octadecadienoate) mas 
observed, but concurrent isomerization to p-eleo- 
stearate yielded also the corresponding cis,trans-1,4- 
diene products. This paper reports an extension of 
these studies to the hydrogenation of 1,3,5-cyclohepta- 
triene and 1,3,5-hexatriene, 

Results and Discussion 

1,3,S-Cycloheptatriene. -Hydrogenations and deu- 
terations were catalyzed by methyl benzoate-Cr(CO)8 
as in earlier w ~ r k . ~ ~ , ~  Figure 1 plots results of kinetic 
runs with H2 and D2. 1,3-Cycloheptadiene mas the 
main initial product detected by glc. Cycloheptene 
was formed in only minor amounts a t  160°, but a t  
175" it was formed in significant amounts after 1,3- 
cycloheptadiene reached a maximum concentration 
of 80%. On the basis of previous ~ o r k , ~  no significant 
kinetic isotopic effect would be expected. Identifica- 
tion of 1,3-cycloheptadiene by glc was confirmed by 
uv and IH nmr analyses of the hydrogenation prod- 
ucts. That there was no 1,4-cycloheptadiene in the 
products was demonstrated by the absence of reso- 
nance corresponding to the a,a-methylene proton 
(C=CCH&=C) on C-3 (T 7.20). 

The formation of 1,3- instead of 1,4-cycloheptadiene 

(6) (a) Paper 72:1 (b) E. N. Frankel and F. L. Thomas, J .  Amer. Oil 
Chem. Soc., 49, 70 (1972). 
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Figure 1.-Catalytic hydrogenation and deuteration of 1,3,5- 
cycloheptatriene with methyl benxoate-Cr(CO)a: (A) run 1, 
9.5 mmol of substrate, 0.5 mmol of catalyst, 50 ml of n-hexane, 
160', 30 atm of Hz; (B) run 2, 0.2 mol of substrate, 0.005 mol of 
catalyst, no solvent, 175", 30 atm of Dz. 

from 1,3,5-cycloheptatriene is in contrast to methyl 
eleostearate in which 1,4-diene fatty esters are the 
only initial products of hydrogenation with Cr(CO)3 
complexes.6 Two possible routes can be considered 
for 1,3,5-cycloheptatriene, namely, (a) 1,6 addition 
or (b) 1,4 addition followed by rapid isomerization of 
1,4- to the more stable 1,3-cycloheptadiene (Scheme 
I). It has been shown' that the 1,3 isomer represents 

SCHEME I 6 b.l,4addition, Q 
- 

addition 

b.1,4 addition 

nearly 100% of the equilibrium mixture of cyclo- 
heptadienes. The ipternuclear CI-Cs distance of the 
triene system (2.5 A) and the CrC4 distance of the 
1,3-diene systeom (3.0 A) of 1,3,5-cycloheptatriene 
are within 0.5 A of each other in a model. Therefore, 
1,6 addition (a) is not an unlikely path in a cyclic 
conjugated triene. Deuteration experiments were 
carried out to  examine the two alternative reduction 
routes (a and b) in greater detail. 

The products of run 2 (Figure 1) were separated by 
preparative glc and the fractions were analyzed at 
two levels of reduction. Mass spectral analyses 
showed the deuteration mixture to  consist of cyclo- 
heptatriene-do, cycloheptadiene-dz, and cycloheptane-&. 
The absence of deuterated cycloheptatriene species 
after partial reduction demonstrates that no exchange 
occurs before addition. The absence of dl and da 
species in the reduced products indicates further that 
no scrambling of deuterium occurred after they are 
formed. If exchange and scrambling of hydrogen and 
deuterium do not occur, it is possible to elucidate the 
reduction mechanism with a reasonable degree of 
certainty by determining the deuterium distribution 
in the products. On the one hand, 1,6 addition (a) 

(7) R. B. Bates, Univeraity of Arizona, personal communication, 1971. 

Time, hr 

Figure 2.-Catalytic hydrogenation of cis- and trans-1,3,5- 
hexatriene (9.5 mmol) with methyl benzoate-Cr(C0)z (0.5 
mmol) in n-pentane solution (50 ml) at  170' under 30 atm of 
Hz. 
followed by 1,4 addition would yield l,&cyclohepta- 
diene-& with deuterium located all on the a-methylenes 
and cycloheptene-d4 with deuterium distributed half 
on the a-methylenes and half on the @-methylenes 
(Scheme 11). On the other hand, 1,4 addition followed 

SCHEME I1 
D 0 b 1,4adddlun* fi 

1 

by isomerization (b) would yield lj3-cycloheptadiene- 
clz with deuterium located on the a- (50%) and p- 
(25%) methylenes and on the vinyl carbons (259.1). 
It is assumed here that 1,4-cycloheptadiene-d2 is formed 
as a reactive intermediate uihich undergoes rapid 
isomerization to 1,3-cycloheptadiene-d~ by a 1,3 shift 
involving both hydrogen and deuterium in equal 
amounts. Further reduction of 1,3-cycloheptadiene- 
d$ by 1,4 addition would yield cycloheptene-de with 
deuterium located on the a- (50%) and 6- (37.5%) 
methylenes and on the vinyl carbons (12.5%). 

The deuterium distribution in the products deter- 
mined by ZH nmr is shown in Table I. The results 
are consistent with a mechanism involving reduction 
of 1,3,5-cycloheptatriene by 1,4 addition followed by 
isomerization (b), The direct 1,6-addition path (a) 
is ruled out by these results. These deuteration experi- 
ments have afforded a way of establishing the forma- 
tion of an intermediate (1,4-cycloheptadiene) which 
is too reactive to be determined directly by standard 
techniques such as glc, uv, and IH nmr. The inter- 
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Figure 3.-Catalytic hydrogenation of (A) trans-1,3,5-hexatriene (1 mmol) and of (B) cis-l,3,5-hexatriene (1 mmol), with methyl 
benzoate-Cr(C0)3 (0.05 mmol) in n-pentane solution (25 ml) at 160' under 30 atm of HP. 

TABLE I 
DEUTERIUM DISTRIBUTION BY 2H NMR 

Deuterium -1,3-Cyoloheptadiene-d2,b %- ,-Cycloheptene-dr,b %- 
in --Calodc-- --Calcdc-- 

following ?--After-- 1,6 1,4 After 1,6 1,4 
positionsa 2 hr 4 hr Addn Addn 4 h r  Addn Addn 

a-Methylene 40 45 100 50 50 50 50 
p-Methylene 25 25 25 40 50 37.5 
Vinylcarbon 35 30 25 10 12.5 

a a-Methylene CDC=C, B C D C I ~  76-80 cps; 0-methylene 
CDCH2C=C, 80-84; vinyl CD=C, 22. b Fractions separated 
by preparative glc (run 2, Figure 1B). See Scheme 11, (a) 
1,6 addition, (b) 1,4 addition followed by 1,3 shift. 

mediate 1,4 dienes from noncyclic conjugated trienes 
are stable and their formation from methyl eleostearate 
has been established.6 Further evidence of 1,4 diene 
formation from 1,3,5-hexatriene is reported below. 
1,3,5-Hexatriene. -This simplest of acyclic con- 

jugated trienes provided a suitable model. Rate 
studies with a mixture of cis- and trans-l,3,5-hexatriene 
showed the cis isomer to be more rapidly converted 
with methyl benzoate-Cr(C0)z than the trans isomer 
(Figure 2). 1,3-Cyclohexadiene and cyclohexene were 
important cyclic products. Acyclic products in- 
cluded cis-1,4-hexadiene, cis,cis- and cis,trans-2,4- 
hexadienes, arid cis-2- and cis-3-hexenes. cis- and 
trans-1 ,&hexadienes were also formed in minor amounts 
initially. 1,3-(Zyclohexadiene is the product expected 
from cyclization of cis-l,X,ij-hexatriene and ~ i s -1~4-  
hexadiene, the product expected from 1,4 reduction 
of trans-l,3,5-'hexatriene. 1,3-Cyclohexadiene is the 
valence tautomer of cis-1,3,5-hexatriene resulting 
from a Cope-type cyclization which is known to be a 
facile thermal reaction.* Control experiments dem- 
onstrated that this cyclization of cis-1,3,5-hexatriene 
occurs readily and irreversibly in the absence of cata- 
lyst. I n  a mixture of cis- and trans-1,3,5-hexatriene1 
complete conversion of the cis isomer to 1,3-cyclo- 

(8) (a) K. E. Lewis and H. Steiner, J .  Chem. Soc., 3080 (1964); (b) D. S. 
Glass, J. W. H. Watthey, and S. Winstein, TetrahedronLett., 377 (1965); (e) 
E. N. Marvell, G. Ciaple, and B. Schatz, zbad., 385 (1965); (d) E. Vogel, W. 
Grimme, and E. Dinne, zbad., 391 (1965). 

hexadiene occurred within 0.5-1 hr at 170" under 
either nitrogen or hydrogen pressure. Since the rel- 
ative concentration of trans isomer remained un- 
changed, no cis + trans isomerization took place under 
these conditions. When pure 1,3-cyclohexadiene was 
heated under the same conditions, no ring opening was 
observed either. 

To elucidate the reaction course further, cis- and 
trans-l13,5-hexatriene were separated and purified 
by preparative glc and hydrogenated separately. 
Hydrogenation of pure trans-l13,5-hexatriene pro- 
ceeded as expected by 1,4 addition and yielded pre- 
dominantly cis-l,4-hexadiene as the most important 
intermediate (Figure 3A). Other dienes included 
in decreasing concentration 2,4-hexadiene, 1,3-cyclo- 
hexadiene, and 1 ,&hexadienes. The monoenes were 
composed of cis-3- and cis-2-hexenes, together with 
minor amounts of cyclohexene. Since cyclohexadiene 
would be derived from cyclization of cis-1,3,5-hexa- 
triene, this evidence indicates that a trans + cis iso- 
merization of hexatriene occurs to  a small, but signifi- 
cant, degree. Hydrogenation of cis-l13,5-hexatriene 
(97% pure) resulted in cyclization as the main reac- 
tion (Figure 3B). 1,3-Cyclohexadiene reached a max- 
imum of 45% within 1 hr and was rapidly converted 
to cyclohexene, which leveled off a t  70-73%. Cycliza- 
tion was accompanied by 1,4 reduction as evidenced 
by the formation of cis-l,bhexadiene, which peaked 
at 25% and leveled off a t  18%. The corresponding 
conjugation and reduction products were observed 
(2,4-hexadiene, 2- and 3-hexenes) , 

These results clearly support the reaction sequence 
in Scheme 111. On the one hand, cyclization of cis- 
1,3,5-hexatriene is followed by 1,4 reduction of 1,3- 
cyclohexadiene. On the other hand, hydrogenation 
of trans-1,3,5-hexatriene by 1,4 addition is followed by 
isomerization of cis-lj4-hexadiene to a mixture of 
1,3- and 2,4-hexadienes, which are in turn reduced to 
cis-2- and cis-3-hexenes, respectively. There is also 
clear evidence for an equilibration between trans- 
and cis-1,3,5-hexatrienes that favors the trans isomer. 
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SCHEME I11 
1,4 addition 

l,4additionF 
1.3shift 

1,laddition. f l  A 
~ l .taddition, ~ 

Evidence for this type of geometric isomerization 
has already been observed with a- and /3-eleostearate.e 
Equilibrium K (trans/&) values of 3.97 (0') and 
2.97 ( S O )  were reported9 for the iodine-catalyzed isom- 
erization of 1,3,5-hexatriene. We have also reported 
on the reduction by 1,4 addition of 1,3-cyclohexadiene 
and 1,4-hexadiene4c and on the isomerization of 1,4 
dienes6b110 catalyzed by Cr(C0)3 complexes. The mech- 
anisms advanced involve a diene-HzCr(C0)8 inter- 
mediate in the 1,4 addition, and allyl-HCr(C0)3 or 
pentadienyl-HCr(C0)r intermediates in the isomeriza- 
tions by l,&hydrogen shift. The catalytic isomeriza- 
tion of trans-l,4-hexadiene occurred much more readily 
than that of cis-1,4-hexadiene7 and steric hindrance 
was invoked in the pentadienyl hydride intermediate 
from the cis isomer.1° The same steric hindrance in 
the hydride complex from the cis-1 ,4-hexadiene inter- 
mediate would account for its slow rate of hydrogena- 
tion and the slow conversion of its precursor, trans- 
113,5-hexatriene. 

Experimental Section 
Materials.-The catalyst methyl benzoate-Cr(C0)E was pur- 

chased (Strem Chemicals, Inc.).ll Cycloheptatriene (Chemical 
Samples Co.) was distilled and chromatographed through a short 
alumina column. It was 98yo pure by glc on a 1,2,3-tris(2- 
cyanoeth0xy)propane (TCEP) column. An unidentified im- 
purity (27,) was inert under hydrogenation conditions. 1,3,5- 
Hexatriene (Aldrich Chemical Co., K & K Laboratories, Inc.) 
was pure by glc and consisted of 56-64y0 trans and 36-44% cis 
isomers (TCEP column). Isomer identification was based on 
glc after reaction with iodine and maleic anhydride.12 The cis 
and trans isomers were separated by preparative glc on a p,p'-  
oxydipropionitrile (ODPN) column (14 ft x 0.2.5 in.; 20% on 
Chromosorb W, 60-80 mesh). The trans fraction, which 
emerged first, was pure (by glc on an ODPN column). The cis 
fraction (97%) contained 3% trans isomer. Other hydrocarbons 
of high-purity grade used for identification were purchased 
(Chemical Samples Co.). 

Hydrogenation and Separation.-The hydrogenation and 
deuteration procedures were the same as b e f ~ r e . ~ ~ J  Prod- 
ucts from from cycloheptatriene deuteration were first distilled 
and then separated by preparative glc on a Carbowax 20M 
column (8 ft X 0.25 in.; Chromosorb W, 60-80 mesh; 20% li- 

(9) C. W. Spangler, J .  Ore. Chem., 81, 346 (1966). 
(10) E. N. Frankel, J .  Catal., 24, 358 (1972). 
(11) The mention of firm names or trade products does not imply that  

they are endorsed or recommended by the Department of Agriculture over 
other firms or similar prodiicts not mentioned. 
(12) C. W. Spangier and 0. F. Woods, J .  Org. Chem., 80, 2218 (1965). 
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quid phase). Control runs were made to check the thermal 
valence isomerization of cis-l,3,5-hexatriene. A 44: 56% mix- 
ture of cis- and trans-1,3,5-hexatriene (1 g) in n-pentane (50 ml) 
was heated in a 150-ml autoclave at  170" in the absence of 
catalyst. In one run under hydrogen pressure (200 psi), the cis 
isomer was completely converted to 1,3-cyclohexadiene during a 
heat up of 30 min and the trans isomer was left unchanged. In  
another run under nitrogen pressure (50 psi), this conversion 
occurred within 1 hr after the temperature of the reaction mix- 
ture was reached. When pure 1,3-cyclohexadiene was heated 
under the same conditions, no formation of cis-1,3,5-hexatriene 
was observed within 6 hr. 

Analyses.-Analyses and product identification were carried 
out by glc on three different columns (TCEP, ODPN, and Carbo- 
wax 20M) as before.4c The uv spectrum (cyclohexane) of a 
fraction distilled from partially hydrogenated cycloheptatriene 
(glc analysis: 26,5% cycloheptatriene, 70.87, cycloheptadiene, 
and 2.7% cycloheptene) showed a maximum a t  247.5 nm ( E  

6125) due to 1,3-cycloheptadiene [lit.la Xmax 248 nm ( E  7150)] and a 
shoulder a t  265 nm due to unreacted 1,3,5-cycloheptatriene. 

Mass spectral analyses of deuterated products were done on a 
Nuclide 12-90-DF mass spectrometer a t  70 eV with a 180' metal 
inlet. Deuterium analyses were calculated as atoms per mole- 
cule in excess of natural abundance. The mass spectrum of 
1,3,5-~ycloheptatriene obtained by preparative glc (Carbowax 
20M column) after partial reduction with Dz (Figure lB,  2 hr) 
was the same in the parent peak region as that of the starting 
material. It contained, therefore, no deuterium (cyclohepta- 
triene-do). 1,3-Cycloheptadiene was separated by preparative 
glc from deuteration mixtures after 2 hr and 4 hr and cyclo- 
heptene was separated after 4 hr (Figure 1B). Fractions of 
deuterated 1,3-cycloheptadiene had an M peak of 96 corre- 
sponding to cycloheptadiene-dz. Relative isotopic peaks, do, 
dl, dz, and d3 were of the same order of intensity or below the cor- 
responding peaks M - 2, M - 1, M ,  and M + 1 in a nondeu- 
terated 1,3-~ycloheptadiene standard. The deuterated cyclo- 
heptene fraction had an M peak of 100 corresponding to cyclo- 
heptene-dr. Relative isotopic distribution d3, d4, and da was of 
the same order of magnitude as the distribution M - 1, ill, and 
M + 1 in nondeuterated cycloheptene. 

'H nmr spectra (CDCl3, 100 MHz, in T values relative to 
tetramethylsilane) showed the following resonances in 1,3- 
cycloheptadiene fractions: T 8.16 (@-methylene, 2 H ) ,  7.72 (a- 
methylene, 4 H),  4.34 (vinyl, 4 H) [l,4-cycloheptadiene 
reference:14 T 7.82 (a-methylene, 4 H) ,  7.20 (apmethylene), 
4.38 (vinyl 4 H)] . 2H nmr spectra (CDC13, 15.4 MHz in cycles 
per second relative to CDC13) showed three resonances: in 1,3- 
cycloheptadiene-dt fractions, 6 83.6 (D on 6-methylene, CDCH2- 
C=C), 75.8 (D on a-methylene CDC=C), and 22.3 (D on vinyl 
carbon, -CD=C-); in cyclohexene-da, 6 88.1 (D on @-meth- 
ylene), 79.6 (D on a-methylene), and 22.1 (D on vinyl carbon). 
Relative magnitude of these deuterium resonances are reported 
in Table I. 

Registry No. -1,3,5-Cycloheptatriene, 544-26-2; 
cis-1,3,5-hexatriene, 2612-46-6; trans-1,3,5-hexatriene, 
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