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Addition of carbon tetrachloride to cis-cyclooctene catalyzed by dichlorotris(triphenylphosphine)ruthenium(II)
gave a mixture of 1,2 and 1,4 adducts, in which 1-chloro-4-(trichloromethyl)cyclooctane predominated, in exceed-
ingly high yields. Relative amounts of the two proclucts were found to be linearly correlated with the catalyst con-
centrations at a stipulated temperature. With a fixed concentration of the catalyst, the product ratios were deter-
mined at different temperatures and activation parameters for the 1,2 and 1,4 additions were estimated.

Carbon tetrachloride and other organic polyhalides are
known to add olefins in the presence of various catalysts such
as peroxides,? metal salts,? or metal carbonyls.? Recently, we
have found that these addition reactions can be best effected
by a homogeneous ruthenium complex, dichlorotris(tri-
phenylphosphine)ruthenium(II).}4 This newly found catalytic
reaction has been shown to contain several distinctive features
(high yields of 1:1 adducts, unique selectivities, highly efficient
catalytic cycles, etc.) and a homolytic mechanism being op-
erative in the coordination sphere was suggested.
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In the present investigation, the ruthenium(II) complex
catalyzed addition of carbon tetrachloride to cis-cyclooctene
was examined in some detail in order to shed further light into
the mechanistic aspects of the catalytic processes. This choice
was made because there are available extensive investigations
of Traynham and Couvillon® on the free-radical additions of
carbon tetrachloride and other polyhalides to cis-cyclooctene
under various conditions. They showed that photochemically
or thermally initiated additions of carbon tetrachloride give
mainly stereoisomeric 1-chloro-4-(trichloromethyl)cyclooc-
tanes, products of transannular addition, with minor amounts
of the stereoisomeric 1,2-addition products.5a? The rutheni-
um(II) complex catalyzed reactions are also expected to give
similar product mixtures and the present work aims to de-
termine relative amounts of the two sets of the addition
products from which activation parameters would be derived
for the transannular hydrogen and intermolecular chlorine
abstractions by the intermediate 2-(trichloromethyl)cyclo-
octyl radical. A comparison of these parameters between the
reported free radical and the present additions is made, for
it seemed to us that such a comparison would provide better
understanding about the factors controlling unique selectiv-
ities exhibited in the ruthenium(II) catalysis.

Results and Discussion

Product study experiments were conducted in a sealed
Pyrex tube at 90 °C. When cis-cyclooctene was allowed to
react with 4 equiv of carbon tetrachloride in the presence of
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0.7 mol % (based on the olefin charged) of dichlorotris(tri-
phenylphosphine)ruthenium(II), a mixture of isomeric
CgH14Cl; compounds was obtained in 93% yield. Formation
of by-products was of little importance and only (trichloro-
methyl)cylooctane was detected by GLC in 2% yield. Other
very minor products were also found by GLC but their
structures were not further examined. The mixture of
CoH14Cl4 compounds was shown by GLC analysis to consist
of 25% 1-chloro-2-(trichloromethyl)cyclooctane (A) and 75%
1-chloro-4-(trichloromethyl)cyclooctane (B). These values

CCl
+ CC]‘ RuCl.(PPh )
Cl
A
Cl CCl
+ + minor products

B

were doubly checked by NMR integration of signals for CHCI
protons which are diagnostic to differentiate the 1,2 and 1,4
isomers®ab and the sample was found to be a 26:74 mixture of
A and B. Structures of these products were confirmed by
comparing their IR and NMR spectra with the reported va-
lues.5b

Interestingly, the relative amounts of the 1:1 adducts were
found to depend upon the concentration of the ruthenium(II)
complex. As the catalyst concentration increases, the ratio of
amount of A to that of B increases. For example, the ratio was
0.09 at a catalyst concentration of 0.12 mol % and 0.74 at 1.5
mol % (see Table I). In a single experiment, however, the ratio
was virtually constant throughout the reaction (see Figure 1).
Furthermore, in control experiments,? isomerization between
A and B in the presence of the ruthenium(II) complex was
found not to occur to any detectable extent. From these ob-
servations, it must be concluded that the dependency of the
produet ratio on the catalyst concentration is real.

In a simplified interpretation of these phenomena, the in-
termediacy of RullICl complex from which the (trichloro-
methyl)eyclooctyl radicals abstract a chlorine atom, as sug-
gested before, can be invoked.+b If we accept this view, the
product determining in addition processes may be envisioned
as shown below.”

According to the proposed scheme, rate expressions for the
formation of the products, A and B, are

d[A)/dt = k[RL][RulllC]] (1)
d[B]/dt = k3[R2][RulliCl] (2)
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Figure 1. Typical concentration-time profiles for 1,2 adduct, A, and
1,4 adduct, B, in the reaction of cis-cyclooctene (10 mmol) with carbon
tetrachloride (42 mmol) catalyzed by RuCla(PPhg)s (0.12 mmol) at
90 °C: (0) A, (0) B.

Table I. Effect of the Catalyst Concentration on the 1,2
Adduct/1,4 Adduct Ratios®

[RuCly(PPhy)s), [1,2 adduct]/ [RuCle(PPhg)s], [1,2 adduct]/

mmol [1,4 adduct] mmol [1,4 adduct]
0.012 0.09 0.088 0.49
0.023 0.13 0.116 0.58
0.059 (.28 0.153 0.74

@ Reaction conditions; cis-CgHy4 (10 mmol), CCly (42.2 mmol),
CgHg (5 mL) at 90 °C for 0.5-3 h. ¥ Determined by GLC. ¢ Aver-
age in triplicate runs.
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Since the steady-state treatment can be applied to the in-
termediate R2.,

d[R2]/dt = ks[R1] — k3[RZ][RUMIC]] = 0
and there results
ky[R%][RullCl] = k5[R"]
This substituted into eq 2 yields

d[B}/dt = kg[R] 3)
The simultaneous eq 1 and 3 are readily solved, giving
d{A]/d[B] = (k1/ks)[RullIC]] (4)

The concentration of the reactive intermediate complex,
RuMICl, is considered to be proportional to initial concen-
tration of the added complex, RuCly(PPhg)s, so that we find
after integration

[A]/IB] = (k1/k2)C[RuCla(PPhg);] (5)

where C is the proportionality constant.?

The final result, eq 5, implies that the ratio of the product
concentrations, [A]/[B], must be linearly correlated with the
initial catalyst concentration. This was found to be the case
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Figure 2. Dependence of relative amounts of the 1,2 and 1,4 adducts
on the catalyst concentration.

Table II. Temperature Dependences of
[1,2 Adduct (A)]/[1,4 Adduct (B)]

System A/B

RuCla(PPhs); catalysis®  1/4.6 (90 °C)%; 1/7.8 (155 °C)?®
Photochemically and 1/17 (44 °C); 1/99 (150 °C)
thermally induced
reactions®

a Reactions were carried out using 10.0 mmol of cis-CgHy4, 42.2
mmol of CCly, 0.43 mmol of RuCla(PPhs)s, and 5 mL of CgHg for
0.3-2 h. ® Determined by GLC. ¢ From ref 5.

Table III. Activation Parameters for Intermolecular
Chlorine Abstraction and for Transannular Hydregen

Abstraction®
Initiation AAH# keal/mol?  AASTF, euc
RuCly(PPhs)s -3 —4
Photochemical and thermal —4 -21

@ Obtained from the data in Table II. ® AAH* = AH¥(A) —
AH*(B). ¢ AAS* = ASF(A) — AS*(B).

as is shown in Figure 2, where [A]/[B] is plotted against
[RuCly(PPhs);] under a certain set of conditions (see Table
D.

The relative extents of vicinal and transannular additions
were next determined at different temperatures. Results are
listed in Table II together with reported [A]:[B] ratios for
photochemically and thermally induced additions.5? These
data lead to calculated differences in enthalpy change [AAHF
= AH#*(A) — AH*(B)] as well as those in entropy change
[AAS* = ASF(A) — AS¥(B)] for the two sets of addition re-
actions (see Table III). In both cases it appears that the en-
thalpy of activation favors the bimolecular chlorine abstrac-
tion from RuMIC] complex or from carbon tetrachloride by the
2-(trichloromethyl)cyclooctyl radical over the unimolecular
transannular hydrogen abstraction by 3 or 4 kcal/mol, while
the entropy of activation favors the latter reaction over the
former by 4 or 21 eu, respectively. However, it was felt that,
because of possible uncertainties involved in the calculated
figures, an exact interpretation of the difference in energy of
activation is difficult. Nevertheless, it seemed at least quali-
tatively true that loss in the entropy of activation for the 1,2
addition compared to the 1,4 addition is very much larger in
the typical free-radical reaction than in the ruthenium(II)
complex catalyzed reaction. The large difference in entropy
change between the two additions (4 vs. 21 eu) might be ex-
plained by considering the degree of freedom associated with
the intermediate 2-(trichloromethyl)cyclooctyl radical. Under
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free-radical conditions, little interaction is expected between
the intermediate radicals and other chemical species present.
On the other hand, the 2-(trichloromethyl)cyclooctyl radical
produced in the ruthenium(Il) catalysis is likely to be coor-
dinated to the metal center. This is to say that in the ruthen-
ium(IT) complex catalyzed reaction the degree of freedom
associated with the intermediate radical abstracting chlorine
atom would not be as large as in the typical free-radical re-
actions. Thus, the smaller loss in entropy of activation for the
1,2 addition found in the present case perhaps will reflect
coordination of radicals to the metal center and can be taken
as support for the hornolytic mechanism which is operative
in the coordination sphere.

Experimental Section

Boiling points are uncorrected. NMR spectra were recorded on
Varian A-60D and HA-100 spectrometers in 15-20% carbon tetra-
chloride solution. IR spectra were recorded on a Hitachi EP1-3G
spectrophotometer with neat samples. GLC analyses were performed
with a Ohkura Mode] 802T instrument equipped with a thermal
conductivity detector. Teflon columns (150-200 X 0.4 cm) packed with
10% DCQF-1, 10% polvdisthylene glycol adipate 10% SF-96 on 60-80
mesh Chromosorb W, were utilized for analytical studies. Corrections
were made for thermal conductivity of the various components.

Carbon tetrachloride, cis-cyclooctene, and benzene were com-
mercially available chemicals of over 99% purity and purified by
distillation under nitrogen prior to use. Dichlorotris(triphenylphos-
phine)ruthenium(I1) was prepared according to the literature.?

Reaction of cis-Cyclooctene with Carbon Tetrachloride in
the Presence of Dichlorotris(triphenylphosphine)rutheni-
um(ID). Examples of Product Study. A mixture of cis-cyclooctene
(8.08 g, 73.3 mmol), carbon tetrachloride {(45.1 g, 293 mmol), the ru-
thenium(II) complex (0.51 g, 0.53 mmol), and benzene (15 mL) in a
heavy-walled Pyrex tube was cooled in liquid nitrogen, degassed {one
time) at 0.3 mm, sealed, and heated at 90 °C for 21 h with stirring.
GLC analysis of the resulting mixture disclosed that the olefin had
been completely consumed and that the two principal products and
some by-products had been formed. The mixture was then diluted
with 60 mL of n-pentana to precipitate the catalyst which was re-
moved by filtration. Excess carbon tetrachloride and the solvent were
evaporated from the filtrate under reduced pressure and vacuum
distillation of the residual oil gave two fractions: (a) 0.65 g, a colorless
oil, bp 85-105 °C (1.3 mm); (b) 17.1 g, a colorless viscous oil, bp
105-134 °C (1.3 mm).

Among the by-products, only (trichloromethyl)cyclooctane was
isolated in approximately 95% purity from fraction (a) by GLC. The
IR and NMR spectra of this compound corresponded to the reported
spectra:®P IR (neat) 2960, 2850, 1470, 1450, 1360, 1245, 985, 890, 760
(s, C-CCly), 705 em~L; NMR (CCly) 6 2.35 {m, 1 H), 2.18 (m, 4 H), 1.63
(m, 10 H). There existed two peaks (27:73) on the GL.C chromatogram
of fraction (b) and each component was isolated in pure form by GLC
separation. The IR and NMR spectra of the first eluted compound
agreed with the reported spectra® of a mixture of cis- and trans-1-
chloro-2-(trichloromethyljcyclooctane: IR (neat) 2950, 2860, 1470,
1445, 1240, 975, 830, 7680 (s, CCCly), 690 em~! (w, CCl); NMR (CCly)
6 4.89 (m, 0.2 H, CHCl (cis isomer)), 4.563 (m, 0.8 H, CHCI (trans iso-
mer)}, 2.86 (m, 1 H), 2.25 (m, 4 H), 1.68 (m, 8 H). The IR and NMR
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spectra of the second peak corresponded to the reported spectra® of
1-chloro-4-(trichloromethyl)cyclooctane: IR (neat) 2950, 2860, 1470,
1445, 1240, 980, 950, 840, 760 (s, CCCly), 675 (w, CCl), 670 cm™! (w,
CCl); NMR (CCly) 6 4.17 (m, 1 H), 2.71 (m, 1 H), 2.23 (m, 8 H), 1.65
{m, 4 H).

In order to obtain precise data of the product composition, an ad-
dition reaction was carried out at 90 °C for 21 h using 2.21 g (20.1
mmol) of cis-cyclooctene, 13.02 g (84.6 mmol) of carbon tetrachloride,
0.138 g (0.14 mmol) of the ruthenium(II) complex, and 6 mL of ben-
zene. GLC analysis of the resulting mixture showed production of a
25:75 (26:74 by NMR analysis) mixture of the 1,2 and 1,4 isomers in
93% yield, along with 2% yield of (trichloromethyl)cyclooctane.

Dependence of the Ratios of the 1,2 and 1,4 Adducts on the
Catalyst Concentration. Solutions of ¢is-cyclooctene (1.10 g, 10.0
mmol), carbon tetrachloride (6.49 g, 42.2 mmol), the ruthenium(II)
complex (0.0113-0.147 g, 0.012-0.153 mmol), and benzene (5 mL) were
heated in sealed Pyrex tubes at 90 °C for 0.5--3.0 h during which time
reactions proceeded to 15--40% completion. The relative concentra-
tions of the 1,2 and 1,4 adducts were determined by GLC. All runs and
determinations were performed in triplicate and the results are pre-
sented in Table L.

Temperature Dependence of the Ratios of the 1,2and 1,4 Ad-
ducts. A solution of cis-cyclooctene (1.10 g, 10.0 mmol), carbon tet-
rachloride (6.49 g, 42.3 mmol), the ruthenium(II) complex (0.041 g,
0.043 mmol), and benzene (5 mL) was heated in a sealed Pyrex tube
at 90 °C for 1-2 h and 155 °C for 0.3-0.6 h. The resulting mixture was
stibmitted to GLC analysis. The results are presented in Table II.
Values listed were obtained from triplicate runs.

Registry No.—cis-Cyclooctene, 931-87-3; CCly, 56-23-5;
RuCly(PPhs)a, 15529-49-4; (trichloromethyl)eyclooctane, 7540-99-0;
cis-A, 65311-43-5; trans-A, 65311-44-6; B, 16844-39-6.
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