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A new method for the halogenation of olefinic bonds without the utilization of molecular halogens is described. 
This synthetic technique is based on the reaction of olefins with copper(I1) halides in the presence of strong 
coordinating agents. Con- 
jugated diolefins experienced predominately 1,4 addition. Complexed copper(I1) halides in combination with 
different halide donors afforded an in situ synthesis of pseudohalogen compounds, which yielded ultimately 
chloroiodo- and chlorobromoalkanes. The general scope of these reactions has been demonstrated for a variety 
of olefinic substrates and for a number of ligands. The synthetic utility and the mechanistic implications of 
these reactions are discussed. 

Simple olefins are converted to vicinal dihaloalkanes in good to excellent yields. 

While substitutive halogenation of reactive organic 
compounds by copper(I1) halides has been known for 
several decades, halogen addition in copper(I1) halide- 
olefin reactions has been observed relatively recently. 
These addition reactions have involved either vapor 
phase halogenation over supported copper(I1) halides2 
or liquid phase reactions a t  temperatures exceeding 
100” . 3  Under these circumstances thermal dissociation 
of the copper salt was considered to be an important 
factor. 

A previous paper from this laboratory has described 
copper(I1) bromide-olefin systems where bromination 
occurred spontaneously at  room temperature and was 
not deprndent on thermal treatmente4 These results 
were rationalized on the basis of the influence of copper 
ion complexation on the reaction. This view was pre- 
dicated onthe known sensitivityof the relative stabilities 
of metal ion oxidation states to coordination with strong 
n-bonding  ligand^.^^^ In  this case ligand induced dis- 
sociation of copper(I1) halide in the presence of olefin 
yielded the corresponding halogeh addition product (eq 
1). 4,7-9  

(1) Acetone: (a) V. Kohlschutter, Chem. Ber., 27, 1110 (1904). Ketones 
olefins: (b) J. K.  Kochi, J .  Amer. Chem. Soc., 77, 5274 (1955); (c) J. K. 
Kochi and D. M. Mog, ibid., 87, 522 (19681, and references cited therein; 
(d) E. R.  Glazier, J .  OW. Chem., 27, 2937, 4397 (1962); (e) P .  B. Sollman 
and R.  M. Dodson, ibzd. ,  26, 4180 (1961); (f) K. B. Doifode and M. G. 
Marathey, ibid., 29, 2025 (1964); (9) L. C. King and G. K. Ostrum, ibid., 
29, 3459 (1964); ( h )  A. W. Fort,  ibid., 26, 765 (1961); (i) E. W. Kosower, 
W. J. Cole, G. S. Lou, D. E. Cardy, and G. Meisters, ibid., 28, 630 (1963); 
( j )  E.  W. Kosower and G. S. Lou, ibid.. 28, 633 (1963). (k) 
D. C. Konhebel, J .  Chem. Soc., 1216 (1963); (I) D. C. Nonhebel, Proc. 
Chem. Soc., 307 (1961); (m) J. C. Ware and E. F. Borchert, J .  Ore. 
Chem., 26, 2263, 2267 (1961); (n) P .  Kovacic and K. E. Davis, J .  Amer. 
Chem. Soc., 86, 427 (1964). Carboxylic acids: (0) R. Louw, Chem. Commun., 
544 (1966). Chelates: (p) R. H.  Barker, M. Kato, G. W. McLaughlin, 
and H. B. Jonassen, Bull. Chem. SOC. Jap., 39, 1327 (1966). 

(2) (a) R.  P .  Arganbright and W. F.  Yates, J .  Org. Chem., 27, 1205 (1962) ; 
(b) P. P. Nicholas and R. T. Carroll, ibid. ,  38, 2345 (1963); (c) British 
Patent 907,435 (1962). 

(3) (a) H.  E. Holmquist, Canadian Patent 771,217 (19671, 771,218 
(1967); (b) C. E .  Castro, J .  Ore. Chem., 26, 4183 (1961); (c) C. E. Castro, 
E. J. Gaughan, and D. C. Omsley, ibid., 30, 587 (1965), and references cited 
therein; (d) T. Kayono, Bull. Chem. Soc. J a p . ,  43, 1439, 3501 (1970); 
( e )  K. Ichikawa, S, Uemura, Y .  Takagaki, and T. Hiramoto, Bull. Jap. 
Petrol. Inst., 12, 77 (1970); (f)  M. L. Spector, H.  Heinsmann, and K. D. 
Miller, Ind. Eng. Chem., 6 ,  327 (1967). 

(4) W. C. Baird, Jr., and J. H. Surridge, J .  Org. Chem., 36, 2090 (1970). 
(5) H. J .  Emeleus and J. S. Anderson. “Modern Aspects of Inorganic 

Chemistry,” Routledge and Kegan Paul Ltd., London, 1960, Chapter 6. 
(6) J. C. Barnes and D. C. Hume, Inore. Chem., 2, 444 (1963). 
(7) W. Schneider and A. V. Zelewsky, H e h .  Chim. Acta, 46, 1848 (1963). 
(8) (a) J. Gam,  Chem. Zuesti ,  19, 826 (1965); Chem. Abst., 64, 4575c 

(1966); (b) H. C. hlruthyunjaya and A. R. Vasudeva Murthy, Indian J .  
Chem., 7, 403 (1969). 

(9) (a) J. N. Cislova, G. Ondrejovic, and J. Gazo, Z .  Chem., 6, 429 (1966); 
(b) M. Asscher and D. Vofsi, J .  Chem. Soc., 1887 (1963). 

Aromatics: 

c=c 
CuX2L, e CLIXL, + l/zXn -+ XCCX (1) 

L = ligand 

On the basis of these preliminary results a general 
investigation of the ability of complexed copper(I1) 
halides to function as selectivc olefinic halogenation 
reagents was initiated. This paper presents the syn- 
thetic chemistry that has evolved from this program. 

Results 

Ligands for Copper(I1) Halide Halogenation.-Po- 
tential ligands for copper(I1) halide halogenation were 
screened utilizing the reaction of cyclohexene with 
copper(I1) chloride and bromide as a model system 
(eq 2). Effective ligands are listed in Table I. Liquid 

( 2 )  

ligands were employed in stoichiometric excess; if 
a solid ligand, or a catalytic quantity of a ligand, were 
involved, the reaction was performed in excess olefin 
or a suitable inert diluent. 

The most beneficial ligands were thosr nitrogen, 
phosphorus, and sulfur compounds that stabilize cop- 
pcr(1) through strong back donations5 Acrtonitrile 
emerged as a particularly useful reagent due to its 
cff ectivencss as a stabilizing ligands,sb,ro and the sim- 
plicity of the synthetic procedurr. Powerful complex- 
ing agents like hexamethylphosphoramidc, tetramethyl- 
guanidine, N,N,N’,N’-tetramcthylethylene- and -pro- 
panediamine were totally ineffective, a reflection of the 
preferential stabilization of copper(I1) by these n 
donorsS5 That  the olefinic bond itself can promote 
halogenation43ll is evidenced by reaction in solvents 
whose coordination with metal ions has no T component 
and a weak to  moderate u bond. Representative of 
these diluents are oxygenated compounds and dimethyl- 
formamide, which are included in Table I for conven- 
ience although they are not ligands in the strictest 
sense. Their function is to solubilize the reactants. 

All of the ligands in Table I were capable of achieving 
bromination; only nitriles were effective for chlorina- 
tion. This distinction is attributed to two factors. 
One was the relative lability of the copper(I1) salts 
toward ligand-induced d i s s o c i a t i ~ n . ~ ~  The other was 

0 + 2cux2 - a’ + 2cux 

(10) R.  A. Walton, Quart. Rev., Chem. Soc., 19, 126 (1965). 
(11) F. A. Cotton and G .  Wilkinson, “Advanced Inorganlc Chemistry,” 

Interscience, New York, N. Y., 1966, pp 680, 772. 



HALOGENATION WITH COPPER(II) HALIDES J. Org. Chem., Vol. $6, No.  22, 1971 3325 

Nitrogen compd 

AcetonitrilebmC 
Benzonitrileb~c 
Glutwonitdeb 
Succinonitrileb 
Tetracyanoethyleneb 
Dimethylformamide 

Oxygen oompd 

Tetrahydrofuran 
Methanol 
Acetic acid 
Acetone 

TABLE I 
LIGANDS FOR COPPER(II) HALIDE HALOGENATIONP 

Phosphorus compdb Sulfur compd 

Triphenylphosphine Thiophene 
Triphenylphosphine oxide Tetrahydrothiophene 
Triphenyl phosphite Sulfolane 
Methyl phosphate Dimethyl sulfoxide 
Methyl phosphite Sulfur dioxide 
Butyl phosphite 
tert-Butyl phosphite 
lJ2-Bis(diphenylphosphino- 

4-Methyl-l-phospha-2,6,7- 

May be used catalytically for copper(I1) bromide bromination. 

ethane) 

trioxabicyclo [2.2.2]octane 
a Yields ranged from 20 to 95%. Most effective ligands for 

copper(I1) chloride chlorination. 

halogenation of the ligand, particularly those bearing 
active ring systems (triphenyl phosphite, thiophene) or 
active hydrogens (alkyl phosphites, dimethyl sulfoxide). 
This halogenation is believed to occur within the cop- 

TABLE I11 
HALOGENATION OF OLEFINS WITH COPPER(II) 

HALIDES IN ACETONITRILE 
--Yield of vicinal dihaloalkane, %"-- 

per(I1) complex itself3c>l2 and was particularly prev- CuC1zb CuBraC CuC1zd CuClz' 
alent with copper(I1) chloride. These difficulties did Olefin ClCCCl BrCCBr ICCCl BrCCCl 

I d  Brz/ 

not manifest themselves in the more labile copper(I1) CHa=CHz 32 57 70 
bromide reactions. CH&H=CHz 85l 

The copper(I1) halide reactions occurred with a mini- CH&H=CHCHa 91% 
mum of solvent (ligand) participation to givc ,f3-halo- (CH$)$CH=CHz 17 91 73 

(CHs)zC=C(CHa)z 53 91 
Cy clohexene 
PhCHGCHz 87 75" 
Norbornene 680 

73f 801 95' 557 alkyl products. The comparative data of Table I1 

TABLE I1 
BROMINATIQN OF CYCLOHEXENE IN VARIOUS MEDIA CHz=CHCH=CHz 43b 92k 90h 

Product distribution,a % Cy clopentadiene 701 
CHaCH=CHCOOCH3 49b 
CHz=CHCl 81" 

32b CHa=CHCN 
CHz=CHOOCCHs 8 3 p  
 based on olefin or copper(I1) halide charged. 

Bromine 1-Br-2-Y- 
source Solvent-ligand 1,Z-Brrc-C~Hia c-CaHia Ref 

CuBrz CHaCN 
BrZ CHaCN 67 33 4 d 
CuBrz CHsOH 79 21 4 

b60-800, 65 
2-4 hr. c 26', 5-15 min. d 25-60', 30-60 min. E 80', 1 hr. Bra CHaOH 35 

f 93-97y0 trans. 0 Mixture of isomers. 80% trans 1,4; 5% CuBrz CHaCOOH 90 10 

CuBrz (CHa)zCO 59 41 1 0 0 ~ o  1,4. 76y0 l-chloro-2-iod0, 24% 1-iodo-2-chloro. 
Brz (CHa)zCO 25 75 c 1-Chloro-2-iodo-1-phenylethane. 85% 3,5; 15% 3,4 di- 

a Cyclohexene conversion, 80-9570 in all cases, b T. I,. Cairns, chlorides. 0 73% l-iodo-2,2-dichloro; 27% l-iodo-1,2-dichloro. 

98-100 0-2 

c 

Brz CHaCOOH 74 26 c cis-1,4; 15% 3,4. $Cis  .-c dl; trans .-c meso. 9 100% trans. 

P. J. Grayham, P. L. Barrick, and R.  S. Schreiber, J. Org. Chem., 
17, 751 (1952). F. Boerwinkle and A. Hassner, Tetrahedron 
Lett., 3921 (1968), and references cited therein. d y  = CH3- 
CONH, CHa0, C&COO, HO radicals. 

highlight the differences between these reactions and 
those of molecular halogen in identical reaction media. 

monium ion) by such nucleophilic solvents is antici- 
pated, the predominance of dibromide product in the 
copper(I1) bromide reactions is believed to reflect the 
participation OS a more active bromide ion source than 
bromide or tribromide ions. 

acted with copper(I1) chloride in acetonitrile or benzo- 
nitrile solution to produce vicinal dichloroalkanes in 
yields of 30-8QY0 (eq 3) .  The reactions were per- 

are presented in Table 111. The selectivity to the 

p 1-Chloro-1-acetoxy-2-iodoethane. 

the formation of allylic chlorides \vas rlot detected. 
The anhydrous and hydrated forms of copper(I1) 
chloride were used without any effect on yield or 

addition of an molar 
amount of potassium chloridc depressed thc yield by a 

deleterious influcnce of excess chloride ion is ascribed to 
the competitive formation of polychloro copper(I1) 
c ~ m p l e x e s . ~ ~  This displacement of the activating 
nitrile ligand is reflected in a reversal of copper(I1) 
chloride dissociation. 

and cyclopentadiene, merit some discussion. Although 
both substrates experienced chlorination in acetonitrile, 
the reactions were markedly sensitive to  catalysis by 

capture Of the reaction (bra- factor of 5 under identical reaction conditions, ThC 

with Copper(11) Chloride'-olefins re- The reactions of the conjugated diolefins, butadiene 

formed at 60-800 for 2-4 hr, and representative data iodine or iodine donors (es 4; Table IV). The soI~rcF: 

vicinal dichlorides was essentially quantitative, and CHz~CHCH=CHz + 2cuc12 CHGN, 60°, 1.5 Iir + 
c1  catalyst 

ClCHzCHCH=CHa (15%) 
RCN I ClCHzCH=CHCHzCl (8570) 

RCH=CHR + 2CuClz -+ RCHCHR + 2CuC1 (3) 
I I 

c 1  c1 
(12) J.  G. Verksde and T. S. Piper, Inorg. Chem., 1, 453 (1962). (13) S. E. Msnahan snd R. T. Iwamoto, %bid., 4, 1409 (1965). 
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TABLE IV 
CATALYSIS OF BUTADIENE CHLORINATION IN ACETOXITRILE~ 

Mol of CuClz: mol 
Catalyst of catalyst Yield, %b 

43 
CUCl 20: 1 49 
1% 50: 1 80 
CUI 40: 1 76 

Based on copper(I1) chloride charged. a 60°, 1.5 hr. 

of this catalysis was the in situ generation, reaction, and 
regeneration of the interhalogen compound, iodine 
monochloride. While the synthesis of interhalogen 
compounds will be developed thoroughly in a subse- 
quent section of this report, some remarks arc relcvant 
at  this point. The reaction sequence is initiated by the 
formation of iodine monochloride from copper(I1) 
chloride and iodine (cq 5a). Subsequent addition to 

CuClz + ' / a12  ---f CUCl + IC1 (sa)  
CHz=CHCH=CHz + IC1 ICHpCH=CHCHZCl (5b) 

ICHzCH=CHCH&l + CUCl- 
ClCHzCH=CHCHzCI + C d  ( 5 ~ )  

ICHzCH=CHCH*Cl + CuClp 
ClCHzCH=CHCHzCl + CUCl + '/*I2 (5d) 

CUI + CUClZ --3 2CuCI + '/zIz (5e)  

butadiene (5b) followed by halogen exchangc with 
either copper(1) chloride (5c) or coppcr(I1) chloride 
(5d) produced the isomeric dichlorobutenes and rc- 
leased iodine or copper(1) iodide for recycle (5d, 5e) .  
The overall stoichiometry is represcnted by cy 4, and 
the catalytic role played by iodine is evident from the 
sequence 5a-c. The validity of the halogen exchange 
reactions (5c15d) has been verified experimentally in 
control rcactions. The observed isomeric distribution 
between 1,4- and 3,4-dichlorobutenes may rcflect either 
Sx2 and S N ~ '  exchangc reactions betn-een the labile 
allylic iodide and the copper chlorides or thc equilibrium 
distribution of thcse dihalides over copper(1) salts in 
nonaqueous media.14 The reaction of cyclopentadiene 
is considered to occur in a similar manner. 

Bromination with Copper(I1) Bromide.-Olefins re- 
acted readily with copper(I.1) bromide in the presence 
of a variety of ligands (Table I) to produce exclusively 
vicinal dibromoalkanes in high yields (Table 111). 
The reaction conditions were extremely mild, many 
olefins experiencing bromination a t  room tempera- 
ture with reaction periods of 5-15 min. Certain de- 
activated olefins (Table 111) required more forcing con- 
ditions. The formation of allylic bromides was not 
observed under any circumstances. 

A unique feature of the copper(I1) bromide system 
was the use of the activating ligands in catalytic quan- 
tities. Representative data are presented in Table V 
using cyclohexene as a model olefin (eq 6). The reac- 

+ 2CuBr (6) 
catalyst 0 + BCuBr, - 

tion was carried out using excess olefin, or an inert 
alkane or aromatic hydrocarbon, as a diluent. This 
catalytic activity was not anticipated, for it seemed 
reasonable that the ligands would be removed from the 

(14) F. J. Bellringer and H. P.  Crocker, British Patent 800,787 (1958). 

TABLE V 
CATaLYsis O F  CYCLOHEXEXE BROMINATIOP 

Mol of CuBr2:mol 
Catalyst of catalyst Yield, %b 

53 
Acetonitrile 6:  1 87 

1,2-Bis (diphenyl- 

tert-Butylphosphite 15: 1 98 

Triphenylphosphine 5:  1 74 

phosphinoethane) 18: 1 97 

a 25", 1 hr. Based on copper(I1) bromide charged. 

reaction by coordination with copper(1) bromide. In  
retrospect, it is suggested that the ligands are released 
from the copper(1) ion by the formation of the stable 
coppcr(1) bromide latticc. 

A control experiment with ncat cyclohexcnc (eq 6) 
has shown that under thcse heterogcncous conditions 
the pure olefin was less effective in promoting reaction. 
Solubilization of the coppcr(I1) salt mould seem to be a 
prercquisite for participation by olefin by ligand ex- 
change in the homogcncous phase. Potent olefinic 
ligands such as butadiene and norbornadiene16 react 
sluggishly in pure hydrocarbon media, but facile reac- 
tion occurs in methanolic solution4 or, alternativcly, in 
the presencc of a catalytic quantity of ligand.17*18 

Comparable catalysis has not been obscrved for 
copper(I1) chloride reactions. This failure is ascribed 
to a requirement for high ligand concentration in order 
to encourage dissociation of this less reactive copper 
salt. 

Fluorination with Copper(I1) Fluorides. -KO success- 
ful fluorinations have been realized utilizing a number 
of copper(I1) fluoride-ligand combinations. The major 
obstacles were the extremely unfavorable Auoride- 
fluorine oxidation potential and the unstable nature of 
copper (I) fluoride.'jb 

Synthesis of Interhalogen Compounds. Chloroiodo- 
alkanes.-The ligand-induced dissociation of copper- 
(11) chloride afforded an opportunity for the in situ 
formation and reaction of such interhalogens as iodine 
and bromine monochloride. This option was pre- 
dicated on the rationale that the addition of a halogen 
or halide anion to the copper(I1) chloride system would 
yield a redox reaction that produced the corresponding 
interhalogens (eq 7 ) .  If this redox reaction occurred 

ligand 
2CuClp + XZ -+ 2CuCl+ 2 x c 1  

2CuClz + X- -+ 2CuC1 + XCl + C1- 

(7a) 

(7b) 
ligand 

in the presence of an olefin, the subsequent additmion 
reaction would produce vicinal chloro halides. In this 
way these organic dihalides could be synthesized mith- 
out the necessity of independently preparing the re- 
quisite pseudohalogens from elemental halogens. 

Iodine monochloride has been generated and reacted 
in situ by the reaction of molecular iodine or iodide 

(15) (a) L. Pauling, "College Chemistry," W. H. Freeman and Co., 
San Francisco, Calif., 1951, pp 552-555; (b) T. Moeller, "Inorganic Chemis- 
try," Wley ,  New York, N. Y., 1952, pp 831-834. 

(16) J. M. Harvelchuck, D. A .  Aikens, and R.  C. Murray, Jr., Inorg. 
Ckem.,  8, 539 (1969). 

(17) For example, butadiene is brominated by  copper(I1) bromide in 
n-heptane containing acetonitrile as a catalyst at  room temperature. I n  the 
absence of the nitrile the reaction temperature is increased to  75-100' a t  
which point thermal dissociation of the copper salt becomes effective. 

(18) The quantities of ligands being used are insufficient to  drive the re- 
action through solubilization of copper(I1) bromide par se. 
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salts with copper(I1) chloride. Acetonitrile was util- 
ized as the ligand due to the ease of the procedure and 
the high reaction rates provided by this medium. Re- 
actions involving molecular iodine occurred a t  room 
temperature and were complete within a few minutes. 
The reaction of gaseous olefins was sufficiently rapid 
that the reaction was accomplished by simply passing 
thc olefin into the reaction mixture. Some representa- 
tive examples arc found in Table 111. Reactions utiliz- 
ing iodide salts as the iodine source (eq 8) were carried 
out a t  70-80" for 30-60 min. Table VI illustrates the 

TABLE VI  
IODINE DONORS FOR SYNTHESIS OF 

CHLOROIODOALKANE sa 
Iodine source Yield, Iodine source Yield, 

(MI,) % b  (MI,) 70 
1 2  90 CdIz 95 
H I  94 TiIr 92 
KI 78 SnIz 82 
NHJ 92 CUI 84 
[PhaPCHa+]T- 95 BaIz 67 
A113 94 MnIz * 4Hg0 96 
Ferz 86 

a SOo, 15-120 min. * Based on cyclohexene charged. 

types of iodine donors that may be supplied to the re- 
action; cyclohexene was used as a model olefin, and the 
stoichiometry was as shown. 

CH&N + 2nCuC1, + MI, 7 

A control reaction in which t~ans-l,2-dichlorocyclo- 
hexane was treated with potassium iodide in acetonitrile 
a t  80" for 3 hr yielded the dichloride unreacted. The 
result demonstrated that the chloroiodide was the true 
product and did not arise from iodide displacement on 
initially formed dichloride. In  another control experi- 
ment 1-chloro-2-iodocyclohexane was refluxed in ace- 
tonitrile with copper(I1) chloride for 3 hr; no reaction 
took place indicating that no copper-catalyzed isomeri- 
zation, elimination, or halide exchange reactions were 
occurring. Other potential side reactions were eff ec- 
tively suppressed by the solvent, acetonitrile. The 
reaction with hydrogen iodide (eq 8) was free of any 
cyclohexyl iodide due to the neutralization of this acid 
by the basic nitrile. In  a similar manner the Lewis acid 
properties of several of the inorganic by-products, e .g . ,  
AlCl,, SnClz, etc., were neutralized by coordination with 
acetonitrile. Destruction of the olefin or chloroiodide 
product through Lewis acid catalyzed alkylation reac- 
tions was successfully avoided. 

Unsymmetrical olefins yielded chloroiodoallianes 
structurally identical with those produced by the addi- 
tion of preformed iodine monochloride (Table 111). 
P r ~ p y l e n e ' ~  and vinyl chloride20 gave mixtures of 
Markovnikov and non-Narkovnikov oriented chloro- 
iodoalkanes. Styrene,21 vinyl acetatelZ2 and tert- 

(19) C. K. Ingold and H. G. Smith, J .  Chem. Soc., 2742 (1931). 
(20 )  M. L. Henry, C. R .  Acad.  S a . ,  Ser. C, 97, 1491, (1883); 98, 370, 518, 

(21) R. E. Buckles and D. F. Knaack, J. Chem. Educ., 31,  298 (1960), and 
680, 741 (1884). 

references cited therein. 
(22) W. C. Baird, Jr., J. H. Surridge, and M. Bum, J .  Or@. Chem., 36 ,  

2088 (1971). 
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b ~ t y l e t h y l e n e ~ ~  gave exclusively the Rlarkovnikov 
products as anticipated on the basis of electronic and 
steric effects. The product orientation in all of these 
cases was consistent with classical iodonium ion S N 1  
and S N ~  mechanisms. 19s21 s Z 3  

The reaction of conjugated diolefins has been pre- 
viously described, and that chemistry is in accord with 
the in situ production and reaction of iodine mono- 
chloride. The role played by copper(1) iodide (eq 5c, 
5e) is supported by the demonstrated ability of this 
copper salt to supply iodine to the reaction (eq 8). 

Although iodine monochloride has not been isolated 
from these reactions, the observed chemistry was con- 
sistent with the known bchavior of this reagent and 
with the ability of chlorine to oxidize iodide ion. A 
comparison of these results with those obtained with 
identical systems in hydrocarbon or chlorocarbon 
mediaz2 has shown that  diff went reaction paths and halo- 
gen species are involved. While the latter reactions 
have been found to be sensitive to olefin structure and 
reaction mediumjZ2 no such sensitivity has been noted 
in the present case. The hydrocarbon-based reactions 
proceeded through molecular iodine addition with 
Lewis acid catalysis by copper ion; a comparable 
mechanism in acetonitrile has been precluded by the 
observed suppression by this solvent of potential Lewis 
acid catalyzed reactions. Consequently, while no 
direct evidence for iodine monochloride formation is 
presented, the participation of this reagent in these 
systems is deemed reasonable. 

Chlorobromoalkanes. -Bromine monochloride was 
synthesized from combinations of copper(I1) chloride 
and bromine donors in acetonitrile. Cyclohexene, 
the only olefin studied, was converted to the extent of 
50-60% by reaction a t  80" for 1 hr (Table 111, eq 9). 

C H C N  + 2nCuC1, + MBr, - 

The product was consistently a mixture of t~ans-1- 
chloro-2-bromocyclohexane and t~ans-1,2-dibromocy- 
clohexane, a normal by-product of bromine mono- 
chloride addition to  olefin^.^^^^^ The use of molccular 
bromine or copper(I1) bromide as a bromine source 
increased the formation of the dibromide since the 
higher conccntration of bromine facilitated competitive 
bromination (Table VII). In  those cases where bro- 
mine was generated by oxidation of bromide ion, tra- 
ditional bromine monochloride chemistry was observed. 

Discussion 
It is apparent that  coordinated copper(I1) halide 

systems are effective for the facile, selective halogena- 
tion of olefins, particularly for the synthesis of vicinal 
dibromo-, chloroiodo-, and chlorobromoalkanes. Some 

(23) 'CV. H. Puterbaugh and M. S. Nemman, J. Amer. Chem. Soc., 1 9 ,  

(24) Referenoe 15b, pp 448, 449. 
(25) A. P. Braendlin and E. T. McBee, "Friedel-Crafts and Related 

Reactions," G. A. Olah, Ed., Wiley. New York, N. Y., 1964, pp 1566, 1567. 

3469 (1957). 
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TABLE VI1 
BROMINE DONORS FOR SYNTHESIS OF 

CHLOROBROMOCYCLOHEXANE~ 
Bromine source 1-C1-8-Br- Selectiv- 1,Z-Brz- 

(MBm) C-CBHID ity,  %b C-CBHIO 
NH4Br 

KBr 
CuBr 1 -93 -7 

-65-70 -30-35 CuBrz 

conversion -77%. 
" 8 O 0 ,  1 hr. *Based on cyclohexene charged; cyclohexene 

remarks concerning the mechanism of these reactions 
are appropriate at  this point. A precise picture of thc 
reaction path has not been developed, but some reason- 
ably consistent statements along these lines can be 
made. The copper(I1) bromide-acetonitrile combina- 
tion has been utilized exclusively as a model due to the 
ease of handling this complex system, 

Any mechanism proposed for copper (11) bromide 
bromination must be consistent with the following 
observations. (1) The reaction occurred with stcreo- 
specific trans addition as evidenced by the reactions of 
cyclohexene and cis- and trans-butene-2. ( 2 )  Nor- 
bornadiene reacted with coppcr(I1) bromide in accto- 
nitrile to  produce the same mixture of nortricyclic and 
norbornenyl dibromides as did molecular bromide.26 
(3) tert-Butylcthylene did not experience any methyl 
group migration during bromination. (4) A lower level 
of solvcnt participation was observed for copper(I1) 
bromide rcactions than for bromine (Table I). ( 5 )  
The relative order of olefin reactivity toward copper(I1) 
bromide parallels that  observed for the electrophilic 
addition of bromine (RzC=CR2 > RZC=CHR >> 
RCH=CHR > RCH=CH2). (6) The bromination 
reaction is extremely rapid and commences immediately 
upon the addition of olefin. (7) Spectrophotometric 
studies of copper(I1) bromide-acetonitrile solutions 
have shown that the copper(I1) salt dissociates accord- 
ing to eq which is a composite of reactions 10b and 
1Oc. (S) The addition of copper(1) bromide to aceto- 

2CuBrz e l/zBrz + Cu+ + CuBrl- (108) 

CuBrz l/zBrz + CuBr ( lob)  

CuBr + CuBrz Cu' + CuBra- (10c) 

nitrile solutions of copper(I1) bromide increases the 
concentration of CuBra-. (9) A spectrophotometric 
analysis of the reaction of tert-butylethylenc with 
copper(I1) bromide-acetonitrile shows that the CuBrs- 
concentration increases rapidly to  a maximum during 
the first l0-20% of reaction and then declines gradually. 
(10) The rate of the reaction does not obey simple first-, 
second-, or third-order kinetics.27 

It was initially tempting to interpret this halogena- 
tion in terms of ligand induced copper(I1) bromide dis- 
sociation followed by traditional bromine addition (eq 
11). This picture, however, was not consistent with 

2CuBrp =+= 2CuBr + Brz 

(26) S. Winstein and M. Shatavsky, Cizenz. Ind .  (London), 56 (1956). 
(27) The second-order kinetics observed in the thermal bromination of 

unsaturated alcohols with copper(I1) bromideac were not noted in this case. 

experimenl a1 findings. A more reasonable sequence was 
one initiated by attack on olefin by bromonium ion, or 
its kinetic equivalent, to generate a normal bromonium 
ion intermediate. In  thc carly stages of the reaction 
this removal of "free" bromine would be accompanied 
by a buildup of copper tribromidc ion (eq loa). Bro- 
mide ion transfer from copper tribromide to dibromo- 
alkane and concommitant release of copper (11) bromide 
yields more bromine via reactions 10b and 1Oc. Repeti- 
tion of this path leads ultimately to a decline in the 
CuBra- concentration as the reaction goes to comple- 
tion. 

This reaction scheme is simplistic and has ignored 
completely the solvating effects of the reaction medium 
(ion pair interactions, etc.). This study has not at- 
tempted to understand these mechanisms in detail, and 
this aspect of these reactions might justify further prob- 
ing. 

Experimental Section 
Infrared spectra were recorded on a Beckman IR-5A spectro- 

photometer. Vapor phase chromatography (vpc) was performed 
using a Perkin-Elmer L54-LI fractometer, a Perkin-Elmer Model 
226 capillary gas chromatograph, and a Varian Aerograph Model 
202 gas chromatograph. Nmr spectra were recorded on a Varian 
Associates A-60 spectrometer using tetramethylsilane as an 
internal standard. RIelting points and boiling points are not 
corrected. Unless otherwise noted, all reagents were obtained 
from commercial sources and used as received. 

Chlorination with Copper(I1) Chloride.-In a typical experi- 
ment into a round-bottom flask equipped with a reflux condenser 
were placed acetonitrile (50-100 ml), the olefin (0.05-0.10 mol), 
and copper(I1) chloride (0.10-0.20 mol). The reaction was 
stirred at 70-80' for 2-20 hr. The inorganic salts were separated 
by vacuum filtration, and the filter cake was rinsed with pentane. 
The filtrate wa3 added to 200-500 ml of water, and the product 
was extracted with pentane (three times, 50-100 ml portions). 
The combined pent,ane washings and extracts were washed with 
water and dried over magnesium sulfate. The pentane was 
removed on a rotary evaporator, and the yield of dichloroalkane 
was determined by vpc on a 2 m x 0.25 in. 20% diethylene 
glycol succinate column a t  80' and 15 psig of helium using tetra- 
decane as an internal standard. The dichlorides were purified by 
distillation and identified by comparison of their physical and 
spectroscopic properties with those of authentic samples. 

Reactions utilizing gaseous olefins were performed in a Parr 
low pressure reactor2* at  initial olefin pressures of 20-40 psig. 
The reactor was vented into a trap at  - 78' to recover any volatile 
chlorides; no such compounds were recovered. The reaction was 
worked up as described above. 

Bromination with Copper(I1) Bromide. Acetonitrile.-The 
general procedure was identical with that described for copper- 
(11) chloride. The reaction was carried out at  room temperature 
for A min to several hours or at  60-80' for 0.5-4 hr. The con- 
clusion of the reaction was indicated by the precipitation of 
copper(1) bromide. The reaction work-up was performed as 
above; the pentane and excess olefin were removed on a rotary 
evaporator at  60' (14 mm). Vpc analysis utilized the same di- 
ethylene glycol succinate column at 125-175' and 15-30 psig of 
helium. The dibromides were identified by comparative tech- 
niques. Gaseous olefins were reacted utilizing either a Dry Ice 
condenser or a Parr low pressure reactor. 

Ligands for Copper(I1) Bromide Bromination.-Table VI11 
lists various ligands that were effective for bromination of olefins 
with copper(I1) bromide. Cyclohexene was used as a model 
olefin, and the general procedure was identical with that de- 
scribed for acetonitrile. 

Chlorination.-Into a Parr low 
pressure reactor were placed 100 mi of acetonitrile and 27 g (0.2 
mol) of copper(I1) chloride. The reactor was pressurized with 
butadiene to  20 psig a t  room temperature, and the reaction mix- 
ture was rocked a t  60' for 1-2 hr. The reaction mixture was 
poured into 300 ml of water and was extracted with pentane 

Halogenation of Butadiene. 

(28) Parr Instrument Co., Moline, Ill. 



HALOGENATION WITH COPPER(II) HALIDES 

TABLE VI11 
LIGANDS FOR COPPER(II) BROMIDE BROMINATION 

Ligand 

Dimethylformamide' 
(50 ml) 

Dimethyl sulfoxide" 
(100 ml) 

Sulfur dioxidea 
(50-75 ml) 

Thiophene" (50 nil) 
Tetrahydrothiophene' 

Sulfolane" (50 ml) 
Tetrahydrofuran' 

(50 ml) 
Acetonitrileb 

(1.1 g, 0.027mol) 
Succinonitrileb 

(1.0 g, 0,013 mol) 
Triphenyl phosphineb 

(5.0 g, 0.02 mol) 
Trimethyl phosphateb 

(5.0 g, 0.035 mol) 
1 , 2-Bis(diphenylphos- 

phinoethane)b 
(2.0 g, 0,005 mol) 

tert-Butyl phosphiteb 
(1 .5  g, 0.006 mol) 

(1 . 0 g, 0.006 mol) 

(1 .0  g, 0.005 mol) 

(50 ml) 

CH,C(CHZO)SP~ '~  

CH&(CHz0)3PSbmd 

Mol of 
CuBrz 

0,065 

0.135 

0.086 
0.045 

0.09 
0.09 
0.09 

0.18 

0.09 

0.09 

0.09 

0.09 
0.09 

0.09 

0.09 

Temp, 
OC 

70 

70 

25 
25 

25 
25 
25 

25 

25 

25 

25 

25 
25 

2 5 

80 

Time, 
hr 

1 

1 

10 
1 

2 
2 
2 

0 . 3  

1 

1 

1 

1 
1 

24 

1 

Yield, 
% 

55 

51 

100 
87 

57 
66 

100 

87 

92 

74 

79 

97 
98 

86 

74 
a 0.10 mol of cyclohexene; vpc analysis, 6 f t  X 0.23 in. 207, 

FFAP column, 130°, 120 ml/min of helium, rt 13.8 niin. 50 ml 
of cyclohexene, ligand catalysis. c C. W. Heitsch and J.  G. 
Verkade, Inorg. Chem., 1, 392 (1962). From thiophosphoryl 
chloride and 2-methyl-2-hydroxymethylpropane-1,3-diol: R. 
Ratz and 0. J. Sweeting, J .  Org. Chem., 30, 438 (1965). 

(three times, SO-ml portions). The extracts were washed with 
water and dried over magnesium sulfate. The pentane was 
removed on a rotary evaporator, and the crude product was 
distilled to give a 437, yield of isomeric dichlorobutenes, bp 
130-13.5'. The products were identified by comparative vpc and 
nmr analysis with authentic samples. Tpc analysis (2 m X 0.25 
in, 20% diethylene glycol succinate column, 125O, 13 psig of 
helium) gave the following isomeric distribution: 3,4-dichloro- 
butene-1, r t  2.9 min, lq5-19%; czs-1,4-dichlorobutene-2, rt  
8.0 min, 3-77,; Irans-1,4-dichlorobutene-2, rt  9.6 min, 75-8170. 

Bromination.-Butadiene was passed into a stirred solution of 
15 g (0.067 mol) of copper(I1) bromide in 100 ml of acetonitrile 
a t  room temperature for -10 min. The reaction mixture was 
filtered; the filtrate was poured into 300 ml of water and was 
extracted with pentane. The extract was washed with water 
and dried over magnesium sulfate; the pentane was removed on 
a rotary evaporator at 60' (14 mm) to give 6.5 g (92%) of trans- 
1,4-dibromobutene-2, mp 52-53' (lit. mp 33-54').29 Tpc and 
nmr analysis showed the dibromide to be a single compound. 

Ethylene.-Into a 1-1. flask 
were placed 500 ml of acetonitrile, 135 g (1.0 mol) of copper(I1) 
chloride, and 130 g (0.51 mol) of iodine. Ethylene was passed 
into the reaction mixture for 35 min at room temperature; the 
reaction was stirred vigorously during the introduction of the 
olefin. The conclusion of the reaction was indicated by the dis- 
charge of the iodine color and the precipitation of copper(1) 
chloride. The reaction mixture was filtered, and the filter cake 
was washed with 100-200 ml of pentane. The filtrate was poured 
into 1500-2000 ml of water, and the product was extracted three 
times with 100-ml portion5 of pentane. The combined pentane 
solutions were washed with water, dried over magnesium sulfate, 
and concentrated on a rotary evaporator at 60' (20 mm). The 

Synthesis of Chloroiodoalkanes. 

(29) "Handbook of Chemistry and Physics," Chemical Rubber Publishing 
Co., Cleveland, Ohio, 1969. 

J .  Org. Chem., Vol. 36, No.  22) 1971 3329 

yield of 1-chloro-2-iodoethane was 130-140 g (69-74Y0). The 
dihalide was shown to be identical with an authentic sample.2a 

Propylene.-A Parr low pressure reactor was charged with 100 
ml of acetonitrile, 27 g (0.20 mol) of copper(I1) chloride, 27 g 
(0.11 mol) of iodine, and propylene (20 psig). The reaction was 
rocked a t  50' for 2 hr. The work-up (as above) gave 34.8 g 
(857,) of chloroiodopropanes.22 Nmr analysis of the methy 
group areas showed the product composition to be 76.5% l-iodo- 
2-chloropropane and 23.57, 1-chloro-2-iodopropane. 

Styrene.-To 100 ml of acetonitrile were added 13.3 g (0.1 
mol) of copper(I1) chloride, 8.7 g (0.05 mol) of potassium iodide, 
and j . 2  g (0.05 mol) of styrene. The reaction was stirred a t  80' 
for 1 hr; the product was isolated in the normal manner to give 
10.1 g (7570) of l-chloro-2-iodo-l-phenylethane, mp 36-37' 
(lit. mp 37-3g0).21~a2 

Vinyl Chloride.-The procedure was the same as that described 
for propylene except the reaction period was 13 hr. The yield 
of dichloroiodoethane was 36.4 g (81%): bp 31-32' (2 .5 mm); 
n25~ 1.5672 (lit. n20~ 1.5774);23 nmr (neat,) 6 3.90 (d, 1.4 H, 
ICH2), 4.15 (m, 0.6 H ,  ClCHZ), 5.65-6.00 (m, 1 H, XnCH). 
Analysis of the spectrum gave a composition of 70% 1-iodo-2,2- 
dichloroethane and 30% 1,2-dichlor0-2-iodoethane.~~ 

Anal. Calcd for C2H3ClZI: C, 10.68; H, 1.34; C1, 31.54; 
I, 56.44. 

In a similar manner vinyl acetat'e was reacted at room tem- 
perature for 2 hr to give an 83% yield of l-chloro-l-acetoxy-2- 
iodoethane. 22 

Butadiene.-Into a Parr low pressure reactor were placed 100 
ml of acetonitrile, 27 g (0.2 mol) of copper(I1) chloride, 1 g 
(0.004 mol) of iodine or 1 g (0.00.5 mol) of copper(1) iodide, and 
butadiene (20 psig). The react,ion was agitated a t  60' for 90 
min. After the standard work-up a 7640% yield of isomeric di- 
chlorobutenes was recovered. The isomer distribution was 
identical with that obtained in the absence of iodine catalysis 
(see above). 

An authentic sample of I-chloro-4-iodobutene-230 (1 g, 0.0046 
mol) was stirred for 90 min at 50' in 10 ml of acetonitrile with 1 g 
(0.007,5 mol) of copper(I1) chloride, or with 1 g (0.010 mol) of 
copper(1) chloride. The inorganic salt was separated by filtra- 
tion, and the acetonitrile filtrate was added to 25 ml of water. 
The product mas ext,racted with pentane, and the extract was 
analyzed by vpc. I K ~  both cases a mixture of isomeric dichloro- 
butenes comparable to that described previously was present. 
No chloroiodide remained unreacted. 

Cyclopentadiene .-To 500 ml of acetonitrile were added 270 
g (2 mol) of copper(I1) chloride, 6 g (0.024 mol) of iodine, and 80 
g (1.2 mol) of freshly distilled cyclopentadiene. Benzene or 
cyclohexane (500 ml) was added as an inert diluent, and the re- 
action was stirred vigorously at room temperature for 15 hr. 
The reaction mixture was vacuum filtered, and the filtrate was 
poured into t500-700 ml of water. The hydrocarbon layer was 
separated, and t,he aqueous layer was extracted three times with 
100-ml portions of pentane. The combined organic layers were 
washed with l5TC sodium thiosulfate solution and then with 
water. The hydrocarbon solution was dried over magnesium 
sulfat'e, and the solvent was removed with a rotary evaporator 
[60' (80 mm)] to give 115-126 g of crude product. llistillatioii 
yielded 90-97 g (65-72%) of dichlorocyclopentenes, bp 64-67' 
(27 mm), n2% 1.5055. 1 - p ~  analysis ( 5  ft x 0.25 in.  207, di- 
ethylene glycol succinate column, 109O, 57 ml/min) of t,he product 
mixture gave the following composition: trans-~3,4-dichlorocyclo- 
pentene, 16% (rt 6.4 min); trans-3,5-dichlorocyclopenteiie, 
22-29% (rt 22.6 min); cis-3,5-dichlorocyclopentene, 54-61 $<, 
(rt 19.6 min). Capillary vpc (300-ft Ilow-Corning silicone 350, 
40 psig of helium, 12 min a t  4 2 O ,  program a t  10°/min to 125') 
revealed the presence of three product peaks in essentially the 
same relative amounts. The nmr spectrum of the prodiict mix- 
t'ure indicated a 3,5-dichlorocyclopentene content of -887,  and 
a 3,4-dichloro content of -12'30. 

Anal. Calcd for CjH,Cl,: C ,  43.83; H ,  4.42; C1, 51.75. 
Found: C, 43.58; H, 4.66; C1, 51.64. 

Iodine Donors.-The general procedure was identical with 
that described above for styrene. The quantity of iodine donor 
charged was determined according to the stoichiometry of eq 8. 
Reaction periods ranged from 15-120 min; the reaction was 
terminated when the precipitation of copper(1) chloride appeared 
complete. 

Found: C,  11.03; I I ,  1.47; C1, 31.72; I ,  55.57. 

(30) H. Johnston, U. S. Patent 2,808,444 (1957). 
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Synthesis of 1-Chloro-2-bromocyc1ohexane.-To 100 ml of 
acetonitrile were added 27 g (0.2 mol) of copper(I1) chloride, 10 
g (0.1 mol) of ammonium bromide, and 8.2 g (0.1 mol) of cyclo- 
hexene. The reaction was stirred at  80' for 1 hr, and the work-up 
was carried out in the usual manner, Distillation of the crude 
product gave 10.1 g of trans-l-chloro-2-bromocyclohexane, bp 
74-77' (6 mm), n Z o ~  1.5247.31 s'pc analysis (5 ft X 0.25 in. 
20% FFAP column, lt500, 70 ml/min of helium) showed the 
product to consist of 9370 1-chloro-2-bromocyclohexane ( r t  12.0 
min) and 7Y0 trans-l,2-dibromocyclohexane ( r t  18.8 min). 

Solvent Participation in Copper(I1) Bromide Bromination. 
Methanol.-The bromination of cyclohexene with methanolic 
copper(I1) bromide has been d e ~ c r i b e d . ~  

Acetic Acid.-A mixture of 23 g (0.1 mol) of copper(I1) bro- 
mide, 8.2 g (0.1 mol) of cyclohexene, 80 ml of acetic acid, and 
and 1 ml of acetonitrile was atirred a t  room temperature for 3 hr. 
Copper(1) bromide began to  precipitate after 13 min. The 
standard work-up gave 8.8 g of product. Vpc analysis (2 m X 
0.2.5 in. 20% diethylene glycol succinate column, 140°, 220 
ml/min of helium) gave the following result: 90% 1,2-dibromo- 
cyclohexane (rt 5.0 min); lOYG 1-bromo-2-acetoxycyclohexane 
(r t  9.0 min). Saponification of the ester gave the bromohydrin, 
r t  6.6 min.32 

Acetone.-To a solution of 8.2 g (0.1 mol) of cyclohexene in 
40 ml of acetone was added 2.2 g (0.01 mol) of copper(I1) bro- 
mide. The reartion wab stirred a t  room temperature for 2 hr. 
A 3-ml aliquot wa5 withdrawn and added to 1 ml of pentane and 
8 ml of water saturated with sodium chloride. Analysis of the 
pentane layer by vpc (see above) ihowed #59% dibromide and 
i l% bromohydrh. 

Acetonitrile.-To a stirred solution of 8.2 E (0.1 mol) of cvclo- 
hexene in 60 ml of acetonitrile at 0' was added dropwi.+e ovkr 45 
min 16 g (0.1 mol) of bromine.33 The reaction was st,irred at  0' 
for another 45 min and then was poured into 250 ml of water. 
A white crystalline precipitate separated immediat,ely; the pre- 
cipitate was removed by filtration and air-dried to give 6 g 
(27%) of N-(2-bromocyclohcxyl) acetamide, mp 121-123'. Re- 
crystallization from ,70 : 50 ethyl acetate-methanol gave white 
needles, mp 124-125' (lit. mp 109-110°)33. 

Anal. Calcd Cor CsHlaBrNO: C, 43.65; I € ,  6.41; N ,  6.36. 
Found: C, 43.30; H, 6.43; N,  6.23. 

The filtrate was extracted with pentane to recover 15.3 g 
(637,) of Irans-l,2-dibromocyclohexane. 

If the bromination was carried out in the presence of 0.03 mol 
of copper(1) or copper(I1) bromide, no change in the yields of 
dibromide and bromoamide occurred. These results demori- 
strated that the copper salts did not induce the decomposition of 
the bromoamide. 

To a stirred solution of 4.1 g (0.0.5 mol) of cyclohexene in 60 
in1 of acetonitrile a t  0' was added 22.3 g (0.1 mol, bromine equiva- 
lent,, 0.0-5 mol) of copper(I1) bromide. The copper salt was 
added in four equal portions at  12-min int,ervals; the reaction 
was stirred for ail additional 4,7 min at  0'. The mixture wa,s 
poiircd into 250 ml of water, and thr  solids were separated by 
filtrat,ion. The filter cake was washed t,horoughly wit,h pentane 
(500 ml), and the filtrate was extracted with t,he pentane wash- 
ing$. The pentane solution yielded 11.3 g (937,) of trans-1,2- 
dibroniocyclohexane. The filter cake and the aqueous filtrat'e 
were extracted with methylene chloride (five times, T,O-ml por- 
tions). From this extract was recovered 0.1 g (0.9%) of crude 
N-(2-bromocyclohexyl)acetamide, mp 11.7-1 19'. 

Relative Ratos of Olefins.-Solutions of 
olefin pairs in acetonitrile were prepared; n-hexane was added as 

Mechanism Studies. 

(31) H. J. Hageman and E. Havinga, Reel. Trau. Chim. Pays-Bas, 85, 

(32) Table 11, ref e. 
(33) Table 11, ref h .  

1141 (1966). 

an internal standard for vpc analysis. Aliquots of these solutions 
were added to solutions of copper(I1) bromide in acetonitrile; 
a stoichiometric deficiency of the copper salt was iitilieed so that  
total reaction of neither olefin was possible. The reactions were 
stirred at  room temperature for 5 min. Samples (3 ml) were 
removed and added to 8 ml of water and 1 ml of an alkane solvent 
that would not interfere with the vpc analysia (n-pentane, n- 
heptane, n-octane, cyclohexane). s'pc analy.iis was carried out 
on a 2 m X 0.2.7 in. 207, polypropylene glycol (UCON-SOB) 
column, 6;i0, 150 ml/min of helium. The relative rates were cal- 
culated from the equation 

kolefin A - log (olefin Ao/olefin A )  
koiei in  B log (olefin Bo/olefin B) 
- -  

Some rates relative to octene-1 follow: 2-niethylbut,ene-2 (120); 
ch-pentene-2 (80); 2,3,3-trimethylbutene-l (40); cyclohexerie 
(20); octene-1 (1); 3,3-dimethylb11tene-l (0.25). 

Spectrophotometric Studies.-Spectrophotometric studies on 
the copper(I1) bromide-acetonitrile-tert-butylethylene syst,enis 
were performed 01-1 a Beckman 1lK-2 recording spectrophotom- 
eter using matched silica cells of 1.00 + 0.01 cm path length. 

St'ock solutions of copper(1) and copper(I1) bromide in acet80- 
nitrile were prepared. A sohit'iori of copper(I1) bromide (0.0013 
M )  exhibited a copper tribromide ion absorbance at  620 nm, 
A = 0.320 (log e 3.3).7 The addition of copper(1) bromide over 
the concentration range 0.001-008 11 increased the absorbance to 
1 .I33 corresponding to a t,hree- to fourfold increase in the copper 
tribromide concentration. 

Solutions of copper(I1) bromide (0.002-0.003 >If) and tert- 
but'ylethylene (0.004-0.008 M )  in acetoilitrile were prepared. 
Aliquots of the two solutions were mixed at  25.9O, and t,he course 
of the reaction was followed by vpc analysis for dibromide product 
and by spectrophotometric analysis of the copper tribromide ion 
concentration. The latter increased rapidly over the first 2070 of 
reaction, stabilized briefly (-20-307c of reaction), and then 
declined. Plots of the reactants us .  time did not est,ablish a 
simple order for either. Attcmpts to calculate rate constants for 
overall second- and third-order kinetics gave steadily decreasing 
values of k as a function of time over the reaction range, 0-357,.34 

Registry No.-Copper(I1) bromide, 7789-4j-9 ; cop- 
per(I1) chloride, 7447-39-4 ; ncetonit'rile, 75-05-5 ; 
benzonit,rile, 100-47-0; glutaronitrile, 544-134; suc- 
cinonitrile, 110-61-2; tetracynnoet'hylene, 670-54-2; 
dimethylformamide, 65-12-2 ; dimethyl sulfoxide, 67- 
6s-5 ; sulfur dioxide, 7446-09-5 ; thiophene, 110-02-1 ; 
tetrahydrothiophene, 110-01-0; sulfolane, 126-33-0; 
tet'rahydrofuran, 109-99-9; triphenylphosphine, 603- 
35-0; trimethyl phosphat'e, 512-56-1 ; l12-bis(diphenyl- 
phosphinoethane, 31572-37-9; tert-butyl phosphite, 

PS, 3196-56-3; methanol, 67-56-1; acetic acid, 64- 
19-7; acet,one, 67-64-1 ; cyclohexene, 11043-S; buta- 
diene, 106-99-0; ethylene, 74-S5-1; propylene, 1 ld-  
07-1; st,yrene, 100-42-5; vinyl chloride, 75-01-4; 1- 
iod0-2~2-dichloroethane, 59s-374; 1,2-dichloro-2-iodo- 
ethane, 31572-42-6 ; cyclopentadiene, 542-92-7 ; tmns- 
3,4-dichlorocyclopentene, 31572-43-7; t~uns-3,5-dichlo- 
rocyclopentene, 31<572-44-8; cis-3,5-dichlorocyclopen- 
tane, 31572-459. 

31572-33-0; CH3C(CH20)BPl 1449-91-5; CH,C(CH,O)3- 

(34) A .  A .  Frost and R.  G. Pearson, "Kinetics and Mechanism," Wiley, 
New York, N. Y., 1961. 


