141

Journal of Organometallic Chemistry, 125 (1977) 141—154
© Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

THE NAPHTHALENECHROMIUM TRICARBONYL-CATALYZED ADDITION OF CARBON TETRACHLORIDE TO
OLEFINS AT AMBIENT TEMPERATURES
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Naphthalenechromium tricarbonyl is an effective catalyst for the addition
reaction of carbon tetrachloride to olefins to form 1,1,1,3-tetrachloroalkanes.

Mechanistic aspects of this reaction are discussed.

Introduction

The catalytic effectiveness of naphthalenechramium tricarbonyl in the regio-
selective and stereospecific hydrogenation of dienes at ambient temperatures has
been recently demonstrated [1,2]. The scope of this and similar hydrogenation
reactions [3] and additional mechanistic studies [4] will be presented in separate
commmications. The observation in the course of previous studies [5,6] that the
chromium catalytic species involved in the hydrogenation reactions with dienes
appears capable of activating ;mt only the hydrogen molecule, but also the carbon-
hydrogen bond in the cyclohexane molecule, thereby providing a source of hydrogen
-atoms for hydrogenation, prompted us to investigate the possibility of catalytically
activating carbon-halogen bonds with arenechromium tricarbonyl complexes. The

in:;.tiuinncgion of choice for these studies was the addition of carbon tetrachloride
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to olefinic systems. The catalysis of this reaction by mononuclear metal carbonyl
complexes [7] such as Fe(CO)s, Mo(CO)6 and Cr(CO)6 as well as dinuclear metal
carbonyls [8] such as Coz(CO)B, [CS!'IS!"es(CO)Z]2 and [CSHSMO(CO)_,’]2 has been reported
to require relatively high temperatures (>150°) and long reaction times (> 15 hr)

leading to conversion yields of up to 70%.

The use of ruthenium(II)triphenylphosphine complexes as catalysts in the
addition of CCl 4 t° olefins, in a sealed tube, has been found [9] to give good
conversion yields at lower temperatures (80°) and shorter reaction times (v 4 hr).

We were hopeful that the high catalytic activity of the naphthalenechromium
tricarbonyl/tetrahydrofuran system as exhibited in the hydrogenation of dienes [1-4]
might manifest itself also in the CC14 addition to olefins and that milder

reaction conditions could be achieved. Some of the results of our investigation

on this reaction are presented in this commmication.

Experimental

Apparatus - NMR spectra were determined on a Varian T-60 spectrometer in
CcCl1 4 solution with tetramethylsilane as internal standard and are expressed in
G-values. Infrared spectra were taken on a Perkin-Elmer Model 257 grating spectro-—
photometer. G.l.c. analyses were performed on a Packard Model 805 (series 7300)
instrument fitted with a flame ionization detector and disc integrator; (calibratic
with standard samples indicated an accuracy of 21%). G.l.c. separation of reactior
products on a Varian Aerograph Model 920 or 90-P afforded the collection of samples
mass spectra measurements. The latter were carried out with a high-resolution

MAT-711 (Varian) or an ATLAS-CH4 mass spectrometer (with direct inlet at 70 eV).

Materials - All reagent grade olefins were distilled and freed from
peroxides by passage through an ;c(ive alumina (basic) column. Carbon tetra-
chloride was purified by distillation and._tetrahydrofuran was distilled over )
calcium hydride.under nitrégen i-ediately prior to. us& in reactions: AlY solveﬁts
and reactants were- degassed prior to reu:tions and ttansfers were- carned out under

m.trogen uth symge tec!quilé: "1
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trans—Cr(CO)4[P(06Hs)3];1 were synthesized and purified as described in the

literature.

All reactions were routinely performed at room temperature under dry, oxygen:
free nitrogen in 10 ml Xrlenmeyer flasks carefully protected from light and fitted

with rubber sealing caps and magnetic stirrers.

In a typical reaction, a solution of norbornadiene (180 mg, 1.9 mmoles)
in 2.5 ml of a mixture of THF/CCI4 (7:3) was added with a syringe to a degassed
erlenmeyer flask containing naphthalenechromium tricarbonyl (10 mg, 0.038 mmoles).
The reaction mixture, protected from light, was magnetically stirred for about
20 hr. Aliquots were removed at fixed time intervals and analyzed for products
by g.l.c. with a 15% DEGS column on chromosorb W. In some experiments the aliquots
were also used for measuring the infrared spectral changes in the 2000 cm-1 metal

carbonyl region (vide infra).

In a preparative experiment, cyclooctene (2.5g, 22.8 mmoles) and NCT (0.2g,
0.76 mnoles) in 15 ml THI-‘/CCI4 (1:1) were magnetically stirred at room temperature
overnight. After removing the solvent and unreacted olefin by distillation, the
Teaction product was passed over alumina (basic) and eluted with THF, to yield

v4.4g of 1l-trichloromethyl-2-chloro-cyclooctane, corresponding to a 76% conversion

yield.

Results
The reaction of CCl4 with norbornadiene (NBD) in the presence

of naphthalenechromium tricarbonyl (NCT) was first investigated. When the reaction
was carried out with 3.8 mmoles of NBD and 0.38 mmoles catalyst, all the olefin
was consumed after 2 hr. G.l.c. analysis showed the formation of three saturated
pioducts, IA! I and Ic in a ratio of 8:14:1 respectively. Separation by
preparative g.l.c. and mass spectra measurements showed that the two major products
IA (31%) and Ig (55%) were ;soner§c NBD-CCI4 adducts (CBH8F14)‘ The minor product
Ic {4%) had the composition C HoCZ, corre’spmding to the addition of two CCly
gtoups to 'NED. Under s1n11ar renrtzon conditions but using only 2 mole % NCT

cazalyst f:el-:zve to NBD). \gst conversicn to HBD-CCI‘ adaucts was reached after
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catalyst promoted only a 23% conversion of NBD to the CCl,-adducts. Similarly,

bipyridyl Cr(CO)4 led to a conversion of 8.3%; and trans-Ct(CO)4[P(C6H5)3]2 yielded
a conversion of 11.1%. With mesytilene Cr(CO)S, dimethylterephthalate Cr(CO)3 or
triphenylphosphine [12] as catalysts, no NBD-CCI4 adducts were formed at all and

after 5.5 hr of reaction time unchanged NBD was recovered quantitatively.

The effect of the THF/CC1l, ratio on the 3 conversion of NBD to NBD-CCl,
adducts after 5 hr reaction time is shown in Fig.l. The results indicate that
optimal conversions should occur with 30%-50% CCl, in the solvent mixture. The
effects of reaction time on olefin conversion with various THFICCI4 solvent mixture

are illustrated in Fig.2. A reaction time of 4-5 hr would be required for maximum

conversion with a 2 mole % catalyst (relative to olefin). For comparison, a

hydrogenation experiment carried out with NBD and NCT (! mole %) in THF at ambient
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% Olefin Conversion

Fig.2: The effect of reaction time on % conversion of norborpadiene
into the CCl,-adducts for various THF/CCl4 solvent mixtures.
Reaction conditions: as in Fig.1.

temperature, under conditions described elsewhere [4], ylelded after 30 min. a

54% co:;version to the hydrogenated products, nortricyclene (.70%) and norbornene
(v30%). For further comparison with the hydrogenation reaction, the catalyst (NCT)
was first dissolved in THF and allowed to equilibrate at room temperature for

15 min in order to obtain a significant concentration of (THF) 3Cr(C0) 3 which has
been shown [2] to be the active catalytic species .in hydrogenation. An appropriate
solution of NBD in CCl was then charged to the THF-cstalyst system. In a {uxallel,
and simultsneous experiment, all the reactants (in identical nou'nts as in the first
cxperinent) were ulded tagether fto- the start (i e. o-ittmg the equilibration
-step). The progress of the renction. as -onitorsd by g.1l.c., was initially rather
:shnn 1n both oxperhents. leading to approximately 50V conversion of NED at the
end of aﬁout one ﬁour ‘n'te u_lction in lﬁicli uII tﬁe reactants had been added
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of 5 hr (total reaction time). On the other hand, the reaction with the prior
equilibrating step, reached a maximum olefin consumption of 60% at the end of abou

1.5 hr total reaction time and no further change occurred for another 3.5 hrs.

Dt A AT lr" (LT Y TR TP LW T AR el

This behaviour was quite different from that which had been observed in hydrogenati: )

experiments under analogous conditions [2] and provided a strong indication that

different active catalytic species could be involved in the two reactions: hydro-

I R T

genation of dienes and CCl4 addition to olefins (see Discussion). Additional

support for this possible conclusion became available when we attempted to obtain

[

direct spectroscopic evidence on the identity of the catalytic species in the

[

olefin-(:Cl4 addition reaction by a method which had proven helpful in the investi-

Yl o

gations on the hydrogenation reaction [1,2]. NCT in THF exhibits initially typical

Veo absorptions in the infrared spectrum at 1970(s), 1900(s) and 1890(s) cm'l.

PO goee) 180 AP

Solvolysis by THF leads to the species (THF)SCr(COJS, identified by v., at 1920 andi

co
1773 cm-l, which in approximately 40 min at room temperature constitutes about

ALt Ld

55% of the equilibrated mixture [2]. NCT in €Cl, exhibited Ve bands at 1980, 1920

m,ym AL

and 1905 cm™! which retained unchanged intensity even after 24 hr. A solution of N{ H

in a mixture of 'l'HF/CCl4 (7:3) protected from light exhibited a new band Veo 3t
1940 cm'l which grew in intensity at the expense of the 1890 cm-l band. The

1940 cm'1 band reached maximum intensity after about 2 hr and‘ remained constant
for another ho;.nr h(hilst the bands at 1-900 and 1890 cm'l continued to decrease. At
the same time, two new absorptions at 2030 and 1980 c.m'1 began to appear, the 1980
cm-:l band growing stronger at the expense of all the other ban&s. After 20 hr

the absorpcion patiem in the vc.o region was as follows: 2030(w), 1980(s), 1940(w)

1890 (m) cn . The light—protectioh was then removed and after 30 min of exposure

to daylight the solution changed colour from brown to violet and the infrared
spectrum exhibited absorptions at vco 2030(w) and 1§80(s) cn'l characteristic of
Cr(C0)6 in this solvent mixture. Work up of the violet solution led to the

isolation of (THF) CrCl (50% y:.eld) 1dent1£1ed by conpa.r:.scm with an authentic :

sénple [13]; it is nlportant to note the absence in this THF/CCI nedzun, of E
the bands typ:.cal of the hydrogenati.on catalytic species [2] (’ﬂ{F) Cr(CO)} (\n.de {

§
1
ggL). ‘In the presence of NBD the same i.nfrarcd gattern as described above was %;
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in the presence and absence of CC14 in the solvent mixture. This latter band belongs
to the stable (NBD)Cr(CO)4 complex. A similar band was not observed with other

olefins studied in this work.

The next step was to investigate the NCT-catalyzed addition of CC14 to other
dienes, known to undergo selective hydrogenation with arene Cr(CO)3 catalysts [1-4].
Conjugated dienes, such as 2,4-hexadiene, methyl 2,4-hexadienocate (methyl sorbate)
and cycloheptatriene subjected to the same reaction conditions as NBD, were
recovered unchanged and no chlorinated products could be detected. Interestingly,
the presence of these dienes in the NCT/THF/CCI4 system did not interfere with the
evolution of the same infrared absorption pattern as described above.

On the other hand, linear non-conjugated dienes and monoolefins, incorporating
a terminal carbon-carbon double bond formed CC14-adducts undexr catalysis with NCT
in the T'HF/CCI4 system at ambient temperatures. Monoolefins with non-terminal
double bonds such as 2-hexene and 3-hexene were recovered unchanged. However,
cyclic monoenes and non-conjugated cyclodienes were also converted to CC14-adducts
in this reaction. The results are summarized in Table 1, which also includes
data for the chlorine-containing mass-spectrum fragments observed for the
CC14—adducts. Table 2 presents the NMR data for the reaction products. Unexpectediy,
non-conjugated linear dienes, in which both double bonds were in the terminal position
e.g. 2methyl-hexa-1,5-dienc formed only the two isomeric mono(olefin-CC14) adducts,
the remaining double bond being left unreacted. A similar result was obtained with
cyclo-octa-1,5-diene, where only a 1:1 adduct was obtained, but the remaining
double-bond was not present in the product, probably due to an intramolecular

cyclization reaction, as observed in the case of NBD.

Discussion
Any attempts to discuss the addition of C(_Zl4 to olefins under

catalysis by the NCT (naphthalenechroaium tricarbonyl) /THF system, must take into
account the known [2] formation of several intermediate species as a result of
reaction between the coéidinuting solvent and the arenemetal carbonyl-complex. The

stipuiseldispllceiqét pf the arene moiety by THF, as illustrated in equation (i),
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(1) (fast)
hth (slow) 2 THF .
(Napht alene)Cr(CO)S + THF . (Naphthalene) (T!-lF)Cr(CO)S —— (THF) 3Cr(C0) Sh’\aphth.

XVII XVIII

hydrogenation reaction [2]. Intermediate XVII was detected by infrared spectroscopy
only in the very early stages of the equilibration process before its characteristic
absorption band (%1940 cm-l) was swamped by that of the longer-lived (and hence
more abundant) intermediate XVIII. However, even the latter was found [2] to
undergo further transformations and disproportionations leading to (THF)ZCr(COJ4

XIX; (THF)Cr(CO)S, XX; Cr(CO,G, XXI and Cr,0,, XXII. In the presence of a sufficient

273
concentration of CC14 (+30%) in the NCT/THF system the course of the equilibration
reaction was changed and different intermediate species and/or disproportionation
products could be observed. On monitoring the reaction course by infrared, as
mentioned above, the appearance of species XVIII was completely suppressed in

the presence of CCl4 (as shown by the absence of the typical bands at 1920 and

1773 cm-l). - Therefore, we infer that interaction between CCI4 and the coordinating
sphere of the metal must take place after formation of species XVII and before
formation of species XVIII. This conclusion agrees also with the established
greater reactivity of (naphthalene)Cr(CO) 3 relative to (phenanthrene)Cr(CO)s and
(mesytylene)Cr(CO)3 in the ligand exchange reaction whereby the THF partially
displaces the arenemetal bonds {1,2]. If the amount of THF exceeds 70% in the
'l‘l*ll‘/'.:(:l3 mixture, the second step in the equilibrium (eq.i) becomes predominafnt
leading to formation of species XVIII. wWhereas this would be beneficial in the
hydrogenation reaction, it is not so in the addition of CCl, to olefins. . When

NCT was allowed to equilibrate in THF in order to establish an optimal concentration
‘of ('mF)3Cr(C0)3, XVIII, before addition of CCl4 and NBD(I), a lower conversi;m

of olefin to olefin .CC14 adduct resulted. Thus, formation of XVIII not only
decreased the coacentration of NCT (and/or of species XVII) at the time CCl, was
added to the reaction, but also it provided an additional facile path for the side
/(dispropor_tiongtiop) reactions which hasten temination of the catslytic cycle.

On the other hlnd, an mcxease hx the [CCI‘]/THF ratio mght fsvaur the side reaction

Between CCI,_ an the chromium specxes which leads to formation of tﬁe catalyticaily
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inactive product (THF) 3Crt‘:l.3 and thus bring about the decrease in the yield of

CCl,-adducts (see Fig. 1 and 2). Since conjugated dienes do not undergo the CCl, -
addition reaction, whereas terminal monoenes do so, we have to consider mechanistié ;
pathways different from those postulated for the selective hydrogenation of

dienes [2,4,6]. A possible mechanism is presented in Scheme 1. Oxidative additior ,

(Arene)Cr(CO) 3 g (Arene) (THF)Cr (CO) 3 = (THF) 3Cr (Co) 3* Arene

XXIII XVIII
CcCl 4 Arene
RI
1
e
c1 scmszl (CC1) (C1)Cr (THF) (CO) 4 (THF) ,CrCl .
13 XXIV XXVI :
R'
ccr, CcH, = c/ :
2\
Rll

AL Q0 s Mo &

g
Ci,C - CH, - f - Cx(THF) (CO) 4

Rl' xxv
Scheme 1. Catalytic cycle for addition of CCl ato monoenes

of CCl 4 to the catalytic species XXIII, leading to the hexacoordinate Cr(II) specie
XXIV is followed by insertion of the olefin into the metal-trichloromethyl bond to i
fora the 1l-alkyl-3,3,3-trichloropropyl complex (XXV). Reaction of this complex wi
another molecule of CCl‘ yields the 1,1,I,3-tetrachloroaslkane product and
regenerates the chloro-trichloronethyl[ﬁr]colplex (XX1IV), to renew the catalytic c

The possibility that species XXIII could react with CCl, to form free
trichloromethyl radicals has been considered and excludeti as a major reaction path.
For a free-radical nechanis- in wluch ccl, radicals would be respcnsible for

mn:uting the radIcaI leIt{on to oleﬁns “one vould have" expocted tha fomtim
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observed. Furthermore, augmenting the molar equivalent of naphthalenechromium
tricarbonyl catalyst in these reactions resulted in a parallel increase in the
yield of the 1:1 - CCl4lolefin adduct (Table 1). By analogy, we believe that the
free radical mechanism proposed for the addition of CCl, to terminal olefins
catalyzed by ruthenium (II) complexes [9] should be reconsidered and revised in

the light of our findings.

The mechanism suggested in Scheme 1 differsonly in the initial steps from
that proposed [8] for the CCl, addition to olefins under catalysis by dinuclear

metal carbonyls such as [CSHSHO(CO) With these catalysts, CC14 is envisaged

sl2-
to react by forming two chlorinated intermediate species: CC13Mo(C0)3(C5H5) and
ClMo(CO)s(CSHS). Insertion of the trichloromethylmetal complex into the olefin
leads to the same type of complex as XXV in Scheme 1. The second chlorinated
intermediate, ClMo(CO) S(CSHS) isnot considered to play any further role in the

reaction mechanism.

Finally, just as for the hydrogenation reaction (1,2], the very mild reaction
conditions which are sufficient for the addition of CCl 4 to olefins indicate a
high catalytic activity for naphthalenechromium tricarbonyl in coordinating selvents
The versatility and scope of this catalytic system is being further

investigated.
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