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ABSTRACT

A scries of vinylic halides has been Investigated In their 

reactions with copper(I) halide complexes of phosphite trlesters. 

With trlalkyi phosphite complexes and vinylic halides( moderate- 

to-high yield conversions to the corresponding vinylic phosphonates 

are observed upon heating. Malntainance of stereochemistry about 

the oleflnlc linkage Is observed upon reaction.

The reaction generating vinylic phosphonates is also observed 

to be In competition with a halide exchange reaction between the 

copper(I) halide and the vinylic halide. This halide exchange 

reaction has been Investigated using copper(I) halide complexes of 

trivalent phosphorus reagents which are unable to yield phosphonate 
products. Malntainance of stereochemistry about the oleflnlc 

linkage Is also observed in the halide exchange reaction.

Possible mechanisms of the phosphonatlon and the halide 

exchange reactions have been proposed.
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INTRODUCTION
PART I. SYNTHESES OF VINYLIC PHOSPHONATES.

Vinylic phosphonates and their derivatives have received

considerable attention In the past few decades due to their
1 2potential for industrial applications * and their utility in many

3-14organic syntheses. That is, these compounds may be used as 

Intermediates In the preparation of other materials for use in 
fire-proofing agents, surface-active agents, insecticides, and for 

reagents in organic synthetic procedures.
A number of multi-step synthetic methods are available. An 

early report on the synthesis of vinylic phosphonlc acids by the 

addition of phosphorus pentachlorlde to unsymmetrical olefins 
followed by hydrolysis was made by J. Thiele^ and was reinvesti­

gated by Bergmann and Bondi^(Scheme 1). This reaction has been

Cl

A r
PCI,

♦
H , 0

0
ii

Scheme 1.
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shown to proceed In a Markovnlkov manner2  ̂ The yields from this

reaction are quite good and It has been used for the synthesis of
17 18a variety of vinylic phosphonate derivatives from olefins. *

1 2 19-21Similarly, a number of dloleflnlc phosphonates * 1 which are
1 2of use for the synthesis of rubber-llke polymers,' have been

prepared from phosphorus pentachloride and 1,3-diolefinic compounds.

A series of vinylic phosphonates have also been prepared In good
22yield by the dehydration of a-hydroxyphosphonates (Scheme 2).

P(OEt)

2 « Me1a) R H, R

PhH

63-82 %
1 2b) R ■ R » Me

c) R2R2 - -(CH2)a-
d) RXR2 - -(CH2)3-
e) R1 - IPr, R2 - Me

Scheme 2.

23 24The Michaells-Arbuzov reaction * of 1,2-dlhalopropanes with

trlalkyl phosphites followed by dehydrohalogenatlon has also been
25found to be useful for the synthesis of vinylic phosphonates 

(Scheme 3). However, the cls-lsomers of vinylic phosphonates, which
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i)P(OEt)

2)B ase

’(OEt)-

Scheme 3.

26 27are considerably less available * chan Che Crana-laoners, could
>1 ̂ 2 8besC be obcained by the caCalyClc hydrogenation * of either 1,2-

i  j 29 3Odlenyl or 1-alkynyl phosphonates * (Schemes 4 and 5).

PIOEt)PtOEt)

21 R R
1 2 3b) R - Me, R - R - H

c) R1 - R2 - Me, R3 • H
1 2  3d) R - R - R - Me

Scheme 4,

R1— C = C — P(OR̂ )2
0tl

Scheme 5.
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ReactIon between sodium dialkylphosphites and ethoxymethylene

derivatives of $-dicarbonyl compounds followed by elimination of

sodium ethoxlde to give o,0-unsaturated dlcarbonyl phosphonates
31In good yield has also been reported (Scheme 6).

POR)NaP(OR)
—NaOEt

Z - MeCO, R - Et
b) Y « Z - MeCO, R - n-Bu
c) Y - MeCO, Z - C02Et, R - Et
d) Y - C02Et, Z - CN, R - Et
e) Y - EtOjCCO, Z - COjEt, R - Et

Scheme 6,

It is interesting to note that the reaction between trlethyl

phosphonoacetate and benzaldehyde has been reported to give, *
trlethylbenzylidenephosphonoacetate in the presence of a base and 

32 33a protlc solvent * (Scheme 7). However, this procedure usually

9. . PhCHO
E t02c \ ^ ' p (°Et) 2

E tO H /fease
PIOEt)

Scheme 7.
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glves poor yields due to the formation of cinnamic acid. High yields
of the vinylic phosphonates could be obtained by the reaction of

tetraethyl methylenebisphosphonate and benzaldehyde In the presence
34of sodium hydride (Scheme 8).

9  9
(EtO)2P \ / P D E t )2 

NaH

Scheme 8.

35Recently* Mlkolajcryk et. al. have used the Horner-Wittig 

reaction In a two-phase system to synthesize the vinylic phospho­

nates from tetraethyl methylenebisphosphonate and aldehydes. It 

should be noted that the reaction can proceed even In the absence 

of a typical phase-transfer catalyst since the starting phospho- 

nate contains two basic centers In the molecule as well as the 

relatively acidic methylene protons and acts in an autocatalytic 

manner(Scheme 9). Moreover, this reaction Is convenient to perform 
and gives good yields of the pure E-isomers.

However, there are very few methods involving the direct

synthesis of the vinylic phosphonates. These compounds can not be
23 24obtained easily by the typical Michaelis-Arbuzov reaction. *

PhCHO
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ft
(EtO)oP'

ft R C H O  ft
P ( O E t )2 - ^ 77- 7 ;—  R " ^ v ^ P ( O E t )2

C H 2 C l 2

S O ^ a q . N  a O  H

R « Ph, 4-BrC6H4, p-MejNCgH^, PhCH-CH

Scheme 9.

70-79 X

The first direct synthesis of these vinylic phosphonates was
37reported by Tavs and Weitkamp. On heating the mixture of a 

vinylic halide and trialkyl phosphite in the presence of a nickel 

halide complex at 150-190°C the vinylic phosphonates could be 
obtained in yields of 21-94%(Scheme 10). However, the typical yield 

of product from this reaction is low and the stereochemistry of the

products still has not been clarified. Very recently, Hlrao et. al.38

N i X 2 / A  H ' 
+  P(0 R )3 ------- — -----

r ' ( X = C l ,  B r )  Y

ft
'P(OR);

a) R' - H, Y - H, Z - Cl
b) R* - Ph, Y « H, Z - Br
c) R' - H, Y - Z - Cl
d) R* - H, Y - Ph, Z - Br

a) R' - Y - H, R - Et, iPr
b) R ’ - Ph, Y - H, R - Et
c) R* - H, Y - P0(0R)2,

R - Me, Et
d) R' - H, Y - Cl, R - Et
e) R' - H, Y - Ph, R - Et

Scheme 10.
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have found Chat tha reaction of vinylic bromides with dialkyl 

phosphites In the presence of tetrakls(trlphenylphosphlne)palladium 

afforded the corresponding vinylic phosphonates in 66-987! yields. 

This reaction was also found to be stereoselective(Scheme 11). 
However, the reaction has been shown to work well only with the 

vinylic bromides.

r 9  Pd(PPh3),
+ HP(OR), = 4 -
3 E t3N r 2

e) R1 - 2 3 Ph, R * R ■ H, R4 - Et
b) R1 - R2 - H, R3 - Ph, R4 - Et, iPr,
c) R1 - 3 2 R “ H, R » Ph, R4 - Et
d) R1 - R2 - H, R3 - Me, R4 - Et, iPr
«) R1R2 - -(ch2)4-, r 3 - H, R4 - Et

Scheme 11.

Thus, the direct phosphonation of vinylic halides by the use

of transition metals as catalysts has to date found only limited
success. However, direct phosphonation of aryl Iodides by trialkyl

39phosphites have been reported to be effected by the use of CuCl,
60 39 61 62HlGl^, PdCl^, Bronze or Photolysis. This led us to investigate

the possibility of using trlalkyl phosphite-copper(I) halide
a <1 g «

complexes as reagents for the direct displacement of vinylic

halides as shown in Scheme 12.
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R\ /
(RO)3P:CuX + / = \  —  

A r2 R3
CuX + RY 

P(OR)3+ CuX (CuY) (RX)

Scheme 12.

This reaction may be considered to be related to the Michaells 
23 24Arbuzov reaction. * The use of these copper(I) complexes would 

allow the phosphonation to be performed In a homogeneous system, 

since copper(I) complexes are soluble in many organic solvents as 
well as the vinylic halides. Finally, It may be hoped that this 

method would be applicable to a wide variety of vinylic halides.
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PART II. HALIDE EXCHANGE REACTIONS.

A large number of papers have been devoted to transition
52 6 Ametal catalyzed halogen exchange reactions In aryl halides.

Particularly, complexes involving copper(I) have been Investigated
54 64extensively for their catalysis of halide exchange reaction. *

However, there have been relatively few reports on transition metal
52 65catalyzed halide exchange processes in vinylic systems. ’ Such 

exchange processes would be rather Important In organic synthe- 

ses?^”^ * ^ ' ^  particularly for those conversions of readily 

available vinylic halides to the less available ones. Furthermore, 

these reactions are of significant potential for the direct synthe­

sis of radioisotopic vinylic halides from the nonradloisotoplc 
vinylic halide species. There is also the prospect of such proces­

ses being of use for carbon-carbon bond formation using carbon 

centered nucleophiles?^
A previous report on the replacement of bromide by chloride in 

a vinylic system has appeared?^ This conversion was effected by the 

use of copper(I) chloride with N-methylpyrrolidone-2(NMP) as a 

complexing agent as well as solvent. The stereospeclflcity of the 

reaction was also observed(Scheme 13). It should be noted that the

complex between copper(I) chloride and NMP is formed in situ.
52Recently, Tsou and Kochi have found that the reaction bet­

ween chloride and g-bromostyrene catalyzed by certain nickel halide 

complexes affords g-chlorostyrene in high yields and with excellent 

stereospeclflcity(Scheme 14). Under the conditions employed there 

is no cis-trans isomerization observed.



Br
C uC l/N M P

-------------------e

H 120^/s hr.

Br
C u C l/N M P

H 200 /3  5 hr.

Scheme 13.

Br

H Bu6N Cl
-MeC6H4N Br(PEt3);
---------------------e

P h H /8 0 " / 20hr.

Br

H

Scheme 14.
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However, such halide exchange processes have been limited only 

to B-bromostyrene. Moreover, the halide exchange reaction catalyzed 

by copper(I) chloride-NMP system proceeded in only low yields even 

under the most drastic conditions. The use of nickel ha11decomp1exes, 

on the other hand, is considerably less convenient and requires 

extra reagents and excessive periods of time. Therefore, we have set 

out to Investigate the possibility of using certain copper(1) halide 

complexes of trivalent phosphorus as catalysts for the halide ex­

change reaction in vinylic systems. Copper(X) halide complexes of 
triphenyl phosphite or trlphenylphosphlne seemed to be promising 

catalysts for this halide exchange reaction, since these complexes 

are analogous to those trialkyl phosphite-copper(X) halide complexes 

which have been prepared from trialkyl phosphite and copper(I) 

halides. These complexes are quite stable under anhydrous and 

oxygen free conditions. More Importantly, phosphorus ligands in 

these complexes are known not to undergo Michaells-Arbuzov type 

reaction. It was expected that, these catalysts would be reasonably 

useful for halide replacement in various vinylic halides as shown 

in Scheme 15.

U  CuX +
R ,3

A

3
+

L + UCuY
L - (FhO)jF or Ph3P

Scheme 15.
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RESULTS AND DISCUSSION

PART I. PHOSPHONATION REACTIONS.

To Investigate the phosphonation of vinylic halides, two 
phosphites, namely trlethyl and triisopropyl phosphite, were used 
as phosphonatlng agents with a series of vinylic halides.

It was postulated that upon heating a vinylic halide with 
either the copper(I) chloride or bromide complex of trlethyl or 
trilsopropyl phosphite there would result the formation of the 

corresponding vinylic phosphonate. The result of this reaction 
would be a direct and convenient synthesis of vinylic phosphonates 
from vinylic halides as shown in Scheme 12.

In actuality, the reaction proceeded smoothly when a copper(I) 
chloride complex of trlethyl or trilsopropyl phosphite was heated 
with a vinylic bromide under a nitrogen atmosphere at about 180- 
220°C(external oil bath) for 1-2 hours, the resultant ethyl or iso­
propyl chloride liberated being trapped by the use of a Dean-Stark 
trap. However, upon hydrolysis and extraction with ether there could 

• not be obtained the expected pure vinylic phosphonate using a 
variety of Isolation techniques, including column chromatography, 
gas liquid chromatography, high pressure liquid chromatography, and 

distillation. It was then found that the anticipated product vinylic 
phosphonates could form complexes with copper(I) chloride. This was 

evidenced in the following way: (1) a blue color appeared on the 
upper part of the column upon each attempt at column chromatographic 
separation; (2) distillation was found difficult to perform and
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there was a considerable amount of copper salt remaining after each 

distillation; (3) the distillate upon injection into a gas liquid 
chromatographic column(2m/3mm column, silicon SE-3G, oven tempera­

ture 180°C) resulted in the formation only of obvious decomposition 

materials; (4) finally, any material isolated using these methods 

always exhibited a blue color as a tail on thin layer chromatography.

As a result of these observations it was concluded that removal
of copper salts was necessary prior to product Isolation. Thus, the

vinylic phosphonate complex was treated with ethylenediamlne in
68 69toluene or pentane to form a copper-amine complex ' which was 

filtered leaving the free vinylic phosphonate. The phosphonate so 

obtained could be purified by using the standard methods as des­

cribed above. By these procedures it was possible to obtain the 
pure vinylic phosphonates In high yields as shown in Table 1.

The vinylic chlorides seem to be unreactlve toward the copper- 

(I) chloride complexes. Several vinylic chlorides were heated with 

the copper(1) chloride complexes of trlethyl and trilsopropyl 
phosphite under a nitrogen atmosphere at temperatures up to 220°C 

(external oil bath). None of the expected vinylic phosphonates were 

formed(Scheme 16). However, copper(l) bromide complexes were found 

to be effective in the conversions of the vinylic chlorides to the 

corresponding vinylic phosphonates. The effective temperature for 

these conversions was found to be in the range 160-210°C(external 
oil bath). Excellent yields resulted with these reactlons(Table 2, 

entries 1-3). In the case of a-chlorostyrene, however, only a poor 
yield was found with the copper(I) bromide complexes(Table 2, entries



Table 1. Phosphonation of Vinylic Bromides with Copper(I) Chloride-Trialkyl Phosphite Complexes.

Entry Vinylic Bromide Phosphite Complex Yield (Z)*
Chloride Phosphonate

1 PhCH-CHBr(E) (EtO)3P:CuCl 39(E) 52(E)

2 PhCH»CHBr(E) (iPrO)3P:CuCl 48(E) 48(E)

3 PhC(Me)-CHBr(Z/E-l/I.3) (EtO)3P:CuCl 34(Z/E-l.1/1) 52(Z/E-l.1/1)

4 PhC(Me)-CHBr(Z/E-l/1.3) (IPrO)3P:CuCl 43(Z/E-1.1/1) 39(Z/E*1.1/1)

5 PhC(Et)-CHBr(2/E-2.8/1) (EtO)3P:CuCl 20(Z/E-1.7/1) 50(Z/I>1.5/1)

6 PhC(Et)-CHBr(Z/E-2.8/1) (lPrO)3P:CuCl 40(2/E-1.7/l) 50(Z/_^1.5/1)

7 Ph2C«CHBr (EtO)3P:CuCl 29 51

8 Ph2C-CHBr (iPrO)3P:CuCl 46 44

9 (EtO)3P:CuCl 28(E) 47(E)

10 (iPrO)3P:CuCl 47(E) 44(E)

11 PhC(Br)“CHj (iPrO)3P:CuCl 61 28

*Yield based on starting vinylic bromide.
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(RO)3P:CuBr
( X = C \} B r)

(OR)

(RO),P:CuCl

(X = B r , / C l )

Scheme 16,

6 and 7). Large amount of unidentified colored products were 

obtained from this reaction beside the vinylic phosphonates. This 

caused some difficulties in separating those products. a-Chloro- 

styrene* unlike 0-chlorostyrene, is quite unstable thermally as 

well as it is sensitive to moisture. The conversions of vinylic 
bromides to the corresponding vinylic phosphonates catalyzed by 

copper(I) bromide complexes were found to be quite efficient*

These reactions were usually performed at 140-185°C(external oil 

bath) proceeding in high yields(Table 2, entries 4 and 5). All 

products and starting materials exhibited satisfactory ^H-NMR, IR, 

UV, and elemental analyses(Tables 3 and 4).



Table 2. Fhospbonatlon of Vinylic HalIdee with Copper(I) Bromlde-Trlalkyl Phosphite Complexes.

Entry

6
7

Vinylic Halide Phosphite Complex Yield (2) of Phosphonate*

PhCH«CHCl(E) 

PhC(He)-CHCl(Z/E*l/1.4) 

PhC(Et)«CHCl(Z/E«l.7/1)

Ph2C-CHBr

Ph2C-CHBr

PhC(Cl)-CH3

PhC(Cl)«CH,

(lPrO)3P:CuBr

(EtOj^PtCuBr

(!PrO)3P:CuBr

(EtO)3P:CuBr

(!PrO)3P:CuBr

(EtO)3P:CuBr

(!PrO)3P:CuBr

76(E)

85(Z/E-1/1.7)

82(Z/E-1/1)

95

96 

26 

49

Yield based on recovered vinylic halide.



Table 3. Spectral Data of Some Vinylic Phosphonates. 

Entry Compound Hl-NMRfCDCl^)
6(ppm)

1.

^ ^ ^ / P D E t ) 2 1.65(n, AH), 2.17(m, AH),

A.05(dt, JHjj*7.0Hz, J ^ . O H z, AH),

5.10-7.35(m, 3H).

2 .
POPi),

1.35(d, . 0Hz, 12H),

* * * ah), 2.15(m, AH),

A.60(dh, Jhh«6.0Hz, JHp-8.0Hz, 2H)

5.10-7.35(ii, 3H).

3. 1.30(t, J ^ ^ H z ,  6H),

A.12(dq, Jhr-7.2Hz, JHp-7.2Hz, AH), 

5.95(dd, J^-l.SHz, JHp«23Hz, 1H), 

6.50(dd, Jhh-1.5Hz, JHp*A3Hz, 1H), 

7.25-7.65(®, 5H).

IR(neat) 
v(cm )̂

0V(CHC13)
X (nn) max

3A50(br), 3030,

1630 & 1595, 

1235(br),

1035(br), 955(br).

3AA0(br), 3030,

1630 & 1595,

1385 & 1375,

1230(br), 10A0-950.

236(shoulder), 

251.

236(shoulder), 

252.

I

3A60(br), 3060 & 2A2.

3020, 1620 & 1600,

1250(br), 1030(br),

975, 770, 700.



4. 1.30{d, Jj^.OHz, 12H),

4.70(dh, J^-e.OHz, JHp«8.0Hz, 4H), 

5.95(dd, J^-l.SHz, JHp-24Hz, 1H), 

6.50(dd, J^-l.SHz, JHp-43Hz, 1H), 

7.15-7.20(», 5H).

5. 9 1.35(t, Jhh-7.0Hz, 6H),

10(dt, J^.OHz, JHp-7.0Hz, 4H), 

6.25(dd, J^-lS.OHz, J^-lB.OHz,

1H), 7.52(dd, JHH-18.0Hzt ^-22.0 

Hz, 1H), 7.35(m, 5H).

6. 9. 1.35(dd, 6 4.0Hz, 12H),

4.70(dh, J^-e.OHz, JHp«8.0Hz, 2H),

6.25(dd, Jjjjj»18.0Hz, Jjjj.-18.0Hz, 

1H), 7.50(dd, JHH-18.0Hz, Jjjp“22.0 

Hz, 1H), 7.35(«, 5H).

3450(br), 3060 & 242.

3020, 1620 & 1600,

1385 & 1375,

1245(br), 1030-960,

770 & 700.

3460(br), 3060 6 238(shoulder),

3020, 1615(d), 261. ^00I
1235(br), 1035(br),

960(br), 750 6 690.

3460(br), 3060 & 238(shoulder),

3020, 1615(d), 261.

1385 & 1375,

1240(brO, 1030-960,

745 & 690.



HOEt),
ti

1.33(t, 7.0Hz, 6H),

2.20(d, JHp«2.0Hz, 3H),

4.10(dq, 7.0Hz, JHP-7.0Hz, 4H),

5.87(dd, JHH-2.0Hz, JHP"16.0Hz,1 .
1H), 7.32(8, 5H).

1.07(t, JjjH* ? • 0Hz , 6H),

2.50(dd, Jjjjj*2.0Hz, JHP”3.0Hz, 3H),

3.80(dq• jhh*7*0Hz* JHP“7.0Hz, 4H),

5.70(dd, Jjjg*2.0Hz, JHP-16.0Hz,, 1H)

7.31(s, 5H).

1.35(d, j^-e.oHz, 12H),

2.23(d, JRp*2.0Hz, 3H),

4.65(dh, Jrr*6.CHz, V->8.0Hz, 2H),

5.88(dd, JgR“2.0Hz, JHP"16.0Hz,►

3450(br), 3075 & 

3055, 1600(b ), 

1235(br), I035(br), 

960(br), 760 & 700.

slnllar as above

3470(br), 3055 & 

3020, 1600(b),
1385 & 1375, 

1240(br), 1030-960,

237(shoulder)

250.

slallar as 

above

235(shoulder) 

249.



l.ll(dd, Jhb*6.0 & 6.0Hz, 12H), similar

2.50(dd, Jhh-2.0Hz, JHp«3.0Hz, 3H), as

4.53(dh, J^-b.OHz, J^y-O.OHz, 2H), above

5.70(dd, Jbh«2.0Hz, JHp“16.0Hz,

1H), 7,32(s, 5H).

9. 1.02(t, Jlffl-7.0Hz, 3H), 1.34(t, 3470(br), 3055 &

•̂ 2 -7.0Hz, 6H), 2.49(dq, Jj^.OHz, 3020, 1600(b),
JHp-2.0Hz, 2H), 4.10(dq, Jhh=7.0Hz, 1240(br), 1025(br),

JRp-7.0Hz, 4H), 5.75(dd, JHH-2.0Hz, 955(br), 750 &

JRp-16.0Hz, 1H), 7.33(s, 5H). 700.

POEt)

1.02(t, JHH*7.0Hz, 3H), 1.06(t, JH(| similarHH
-7.0Hz, 6H), 3.02(ddq, J^-7.0 & 2.0 as 

Hz, Jgp-S.OHz, 2H), 3.79(dq, JRR«7.0,above 

JRp-7.0Hz, 4H), 5.69(dd, .1^-2.0Hz, 

JHp-16.0Hz, 1H), 7.30(s, 5H).

similar

as

above

237(shoulder), 
245.

similar

as

above

20
-
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• p a .

1.01(t, .0Hz, 3H), 3470(br),

1.33(d, 12H), 3055 & 3020

2.49(dq, Jhh-7.0Hi, J^-2.0Hz, 2H), 1600(m),

4.65(dh, JHp«8.0Hz, 2H), 1385 & 1375

5.73(dd, J -2.0Hz, JHp=16.0Hz, 1240(br),

1H), 7.31(s, 5H). 1030-965,

770 & 700.

1.01(t, Jbh»7.0Hz, 3H), similar

1.13(dd, J -6.0 & 6.0Hz, 12H), fin as

3.05(ddq, JHH“7*0 6 2.0Hz, above

J^-S.OHz, 2H),

4.55(dh, JHH*6.0Hz, JHp-8.0Hz, 2H),

5.67(dd, J -2.0H*, JHp-l6.0Hz,

237(shoulder), 

245.

similar

as

above



11.

12.

□
□

1.12(t, Jhh»7.0Hz, 6H), 3A70Cbr), 237(shoulder),

3.86(dq, JJJJJ-7.0HZ, JHp«7.0Hz, AH), 3055 & 3020, 265.

6.18(d, JHp«16.0Hz, 1H), 160A & 1593,

7.25(8, 5H), 12A0(br),

7.35(s, 5H). 1065-1010, 

980-935, 

760 & 700.

1.21(dd, Jhh*6-0 & 6.0Hz, 12H), 3A60(br), 237(shoulder),

4.55(dh, J^-b.OHz, J^-S.OHz, 2H), 3055 & 3020, 265.

6.14(d, Jjjp-l6.0Hz, 1H), 160A & 1593,

7.25(s, 5H), 1385 & 1375,

7.35(s, 5H). 1245(br),

1030-960, 

770 & 700.

iMN>I



Table 4. Elemental Analyses of So»e Vinylic Phosphonates.

Entry Compound Found
0(2) H(X)

Calculated
C(Z) H(X)

1. C12H21°3? 58.96 9.03 59.00 8.67

2. C14li25°3P 61.83 9.51 61.75 9.25

3. C12H17°3? 60.15 7.35 60.00 7.13

4. CW H2 i V 62.57 7.89 62.68 7.89

5. C13HH°3P 61.68 7.52 61.40 7.53

6 . C15H23°3P 63.53 8.02 63.82 8.21

7. C14H21°3P 62.88 7.88 62.68 7.89

8. C16B25°3P 64.65 8.50 64.85 8.50

9. C18H21°3P 68.60 6.98 68.34 6.69

10. C20B25°3? 69.63 7.63 69.75 7.32
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A raCher important feature of this reaction is ita stereosel­

ectivity, as the stereochemistry of the vinylic halides was observed 

to be principally retained during the course of the reaction. Deter­

mination of the stereochemistry of all compounds was based on ^H-NMR 

analysis. The spin coupling constants of trans, cis, and gemlnal 

protons have been observed to be: J^  trans greater than els;

trans greater than cis; and Jfip els greater than JHp gemi-

nal^ Typical values for trans is 14-18 Hr, cis is 8-12 Hz, 

Jjjp trans is 20-50 Hz, cis is 10-30 Hz, and J^p geminal is 10- 
27 All chemical shifts of the vinylic phosphonates

were assigned according to the previous work** and by
72using additive Increments compared to the starting vinylic halides 

(Tables 3 and 5). The E-B-styryl system(I) exhibits chemical shifts 

of the B-proton(H^) over the range 5.73-6.25 ppm. The a-proton(I,
R* * H) appears at 7.50-7.52 ppm, downfleld from the B-proton,

□

□

(OR). □
P(OR)2

(IV)



Table

Entry

1.

2.

3.

4.

5, H-NMR Spectral Data of Soae Vinylic Halides.

Compound g(ppi) In CDClj

1.57(t, J-4.0Hz, 2H)f 1.68(t, J=3.0Hz, 2H), 2.55-1.950*, 4H), 

L ^ l  6.80-5.65(i*t 3H).

I 1.630*, 4H), 2.62-1.95(«, 4H), 6.59-5.600*. 3H).

5.44(d, J-2.0Hz, 1H), 5.66(d, J»2.0Hz, 1H), 7.64-7.13(», 5H).

r 6.55(d, J=14.0Hz, 1H), 6.75(d, J-14.0Hz, 1H), 7.13(s, 5H).

c r ^

c i 6.45(d, J-14.0Hzt 1H), 6.75(d, J-14.0Hz, 1H), 7.18(s, 5H).



2.15(d, J»1.5Hz, 3H), 6.34(d, J-1.5Hz, 1H), 7.21(s, 5H).

2.02(d, J«1.5Hz, 3H), 6.10(d, J-1.5Hz, 1H), 7.26<s, 5H).

2.15(d, J-l.SHz, 3H), 6.20(d, J«1.5Hz, 1H), 7.20(s, 5H).

1.98(d, J-l.SHz, 3H), 5.98(d, J-1.5Hz, 1H), 7.25(s, 5H).

1.04(t, J-7.0HZ, 3H), 2.55(dq, J-7.0 & 2.0Hz, 2H),

6.41(d, J-2.0HZ, 1H), 7.l9(s, 5H).

0.96(t, J-7.0HZ, 3H), 2.43(dq, J-7.0 & 2.0Hz, 2H),

6.20(d, J-2.0HZ, 1H), 7,29(s, 5H).



9. 1.05(t, J-7.0Hz, 3H), 2.68(dq, J-7.0 & 2.0Hz, 2H), 

6.14{d, J-2.0Hz, 1H), 7.20(s, 5H).

0.92(t, J-7.0Hz, 3H), 2.40(dq, J=7.0 & 2.0Hz, 2H), 

6.02(d, J=2.0Hz, 1H), 7.26(s, 5H).

10.

11.

6.68(8, 1H), 7.17(s, 5H), 7.30(s, 5H).

[ 6.15(s, 1H), 7.20(8, 5H), 7.30(s, 5H).

IM
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probably due to the anisotropic effect. Compound I(R' - H) shows 

■ 18 Hz, Jjjp cia ■ 22 Hz, and J^p gemlnal - 18 Hz while I(R‘ “ 

He, Et, and Ph) show geminal " 16 Hz. The methyl and Methylene 

protons of I(R* - He and Et) both show spin coupling with Ĥ , 

being about 2 Hz, which is the same as Jfip

The 2!-B-styryl system<II, R* ■ Me and Et) shows a chemical 

shift of the B-proton, H ,̂ at 5.67-5.88 ppm as a double of doublets, 

Jjjy ■ 2 Hz and J^p - 16 Hz, whereas the methyl and methylene protons 

show about 2 Hz and J^y - 3 Hz. Similarly, Hjj in the a-styryl 

system(III) appears as a double of doublets, about 1.5 Hz and 

Jgp » 23-24 Hz, at 5.59 ppm. The Hg also appears as a double of 

doublets, Jgg about 1.5 Hz, about 43 Hz, appearing at 6.50 ppm. 

However, the dienelc system(IV) gives the chemical shifts of the 
vinylic protons as a multlplet at 5.10-7.35 ppm.

The methylene and methine protons of the alkoxyl group which 

is attached to the phosphorus atom are also split by the phosphorus 

atom. All the spectral data, ^H-NMR, IR, and UV are summarized in 

Tables 3, 5, 6, and 7.

Finally, the vinylic halides recovered from the reaction bet­

ween vinylic bromides and copper(I) chloride complexes of trialkyl 

phosphites were solely the vinylic chlorides. Therefore, the halo­

gen replacement has been found to compete effectively with the 

phoaphonatlon process. The exchange reaction which is occuring, 

however, may be circumvented by the use of the copper(I) bromide



Table 6. Spectral Data of Seme Copper(I) Hallde-Trlvalent Phosphorus Complexes.

Entry Compound

1. (EtO)3P:CuCl 1H-NMR(CC14)

<(ppn)

IR(neat)

»(c« *)

UT(pentane)

X (n») max

2. (lPrO)3P:CuCl 1H-NMR(CC1A)

5(PP*)

ir(cci4)

vCcm"1)

UV(pentane)

Spectroscopic Data

1.30(t, 9H),

4.02(dq, Jhh-7.0Hz, JHp-10.0Hz, 6H).

2980, 2930, 2900, 1025(br), 940(br), 800-740. 

214.

l*25(d, Jjjjj“6.0Hz, 18H),

4.70(dh, J^-e.OHz, JHp-10.0Hz, 3H).

2980, 2930, 2900, 1385 & 1375, 1020-930, 875, 

775.

214.



(PhO)3P:CuCl

Ph3P:CuCl

(EtO)3P:CuBr

^-NMR
«(PP»)
IR(parafin oil) 
v(cm_1)

uv(chci3)

W ” ’
1H-NMR(CDC1 J
4 (ppm)

IR(parafin oil) 
vCc®”1)

uv(chci3)
X (n*)■ax '
^-NMRCCDClj)
4(PP»)
IR(neat) 
v(cm *)

UV(pentane)

7.10(a, 15H).

2950, 2920, 2850, 1585, 1185, 930, 905, 885,
760 & 690.

236, 263.

7.70-7.00(m, 15H).

2940, 2910, 2840, 1470, 1450, 1430, 1080, t
740 & 690.

237, 252.

1.30(t, J^.OHz, 9H),
4.09(dq, 7.0Hz, JHp-10.0Hz, 6H).

2980, 2930, 2900, 1025(br), 940(br), 800-740.

214.

30-



(iPrO)3P:CuBr

<FhO)3P:CuBr

Ph3P:CuBr

V nmr(cdci3)
6(ppn)

IR(parafin oil) 
v(cm *)

UV(pentane)

W " 0

Si-NMR(CDCl-)
6 (ppn)

IR(parafin oil) 
v(cb_1)

uv(chci3)
X (nm)Bax

1h-mmr(cdci3)
j(ppn)

IR(parafln oil) 
v(cb_1)

dv(chci3)

1.30(d, J^-e.OHz, 18H),
4*78(dh, Jhh-6.0Hz , J^-lO.OHz, 3H).

2910(b), 1385 4 1375, 1020-930, 880, 775 

214.

7.08(s, 15H),

2940, 2910, 2840, 1580, 1180, 1155, 910, 
760 6 685.

237, 263.

7.50-6.90(n, 15H).

2940, 2910, 2840, 1470, 1455, 1430, 1080 
740 & 690.

238, 260(shoulder).



Table 7 

Entry

1.

2 .

3.

. *H-NMR Spectral Data of Stme Trivalent Phosphorus Coiipounds. 

Compound g(pp») In CDCl^

P(OEt)3 1.25(t, JHH-7.0Hr, 9H), 3.84(dq, J^.OHz, J^-S.OHz, 6H).

P()lPr)3 1.25(d, Jhh«6.0Hz, 18H), 4.33(dh, J^-S.OHz, JHp«8.0Hz, 3H).
iu*MI

P(OPh)3 7.10(8, 15H).

PPhj 7.22(8, 15H).
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complexes. This poses s difficulty in that the vinylic chlorides 
appear to be unreactlve in this process using copper(I) chloride 

complexes of the phosphites. This difficulty can be overcome by the 

use of the corresponding copper(I) bromide complexes (vide supra). 

The details of the halogen exchange process vlll be discussed in 

the next section.
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PART XI. HALIDE EXCHANGE REACTIONS.

In the course of the above described studies of the direct 

synthesis of vinylic phosphonates from vinylic halides with copper- 

(I) halide complexes of trlalkyl phosphites, there was uncovered 

an accompanying facile halide exchange reaction as shown in Scheme 

17. This prompted a further examination of this exchange reaction

(RO),P:CuCl

(OR)

,1

Scheme 17.
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employ ing a series of copper(I) halide complexes of triphenyl phos­

phite and trlphenylphosphine(Scheme 15).
As noted, a halide exchange reaction takes place when a mix­

ture of vinylic bromide and a copper<I) chloride complex of either 
triphenyl phosphite or trlphenylphosphlne Is heated under a nitro­

gen atmosphere at about 150-180°C(external oil bath) for 1-2 hours. 

The yields of products obtained from this reaction are very high 

(Table 8). Moreover, the exchange reaction of these vinylic bromides 

catalyzed by the copper(I) chloride complexes is highly stereosele­

ctive as demonstrated by ^H-NMR measurements. Use of higher tempe­

ratures with prolonged heating results in some isomerization. This 

was demonstrated by heating a mixture of l-chloro-2-phenylpropene 

(E/Z - 1.4) and a slight excess of triphenyl phosphite-copper(I) 
chloride complex under a nitrogen atmosphere at 190°C(external oil 

bath) for over 2 hours. The vinylic chloride resulting from this 
reaction was observed to have the stereochemical distribution E/Z_

- 3.3.
The copper(I) species which Is ligated with a strong electron 

donor for catalyzing this reaction is considerably Important. This 
This was further demonstrated by heating a mixture of l-bromo-2,2- 

dlphenylethene and copper(I) chloride with or without a solvent 

which is incapable of complexatlon with the copper(I) species un­

der a nitrogen atmosphere. No reaction could be observed and start­

ing material could be recovered quantitatively.



Table 8. Halide Exchange Reaction Catalyzed by Copper(1) Chloride Complexes of Triphenyl 
Phosphite and Trlphenylphoaphlne.

Copper(1) Chloride Yield (1) of
fiitry Vinylic Broalde Complex Vinylic Chloride

1. PhCR-CHBr(E) (PhO)3P:CuCl 94(E)

2. PhCH-CHBr(E) Ph3P:CuCl 98(E)

3. Ph(He)C-CHBr(E/Z - 1.4) (PhO)3P:CuCl 85(E/Z - 1.4)

4. Ph(Me)OCHBr(E/Z - 1.4) PhjP:CuCl 98(E/jZ - 1.3)

5. Ph(Et)OCHBr(Z/E - 4.2) (PhO)3P:CuCl 89(Z/E - 4.2)

6. PhjOCHBr (PhO)3P:CuCl 95

7. PbjOCHBr Ph3P:CuCl 96



- 37-

Fur thermo r« , all attempts to exchange bromide for chloride by 

this approach with vinylic chlorides resulted in the isolation of 

unchanged vinylic chlorides(Scheme 18). Although the proper therm* 

odynamic data Is not available for the complexes concerned, such a 

result might be anticipated in light of considerations of free 

energy data available for the vinylic halides and the copper(I) 

halides.

(PhO)3P:C uC l

Or P h ,P :C u C l

o r  P h ,P :C u B r

Scheme 18.
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PART III. MECHANISMS OF COPPER(I) COMPLEX-CATALYZED REACTION OF 

VINYLIC HALIDES.

Copper(I) reagents have been known eo catalyze many replacement

reactlone of aromatic and vinylic halides, particularly for those

reactions Involving copper(I) halides which are related to the
74-84well known Ullmann reaction. In recent years the mechanism of

58 63 80-86the Ullmann reaction has been intensively reviewed * * and
Interpreted in different ways. In general, a concerted reaction 

involving a four-center transition state has been considered as 

the mechanism for a copper-assisted nudeophlllc displacement 

reaction?^*^*^*®^*^*^ An alternative stepwise reaction

Involving a radical species as an intermediate has also been
74 82 84 89 90proposed. * * * * This rationalization was made on the basis

that the reactions are generally performed at elevated temperature.
62 63 83 91Recently, Cohen et. al. * * ’ have proposed organocopper comp­

ounds as Intermediates in these reactions. However, all the mecha­

nisms which have been proposed so far give no definitive answers.
The phosphonatlon and halide exchange reactions of vinylic 

halides as observed In the present systems have a close relation­

ship to the Ullmann reaction in many respects. Firstly, these reac-
74-79tions are usually performed at high temperature. Secondly, the

rates of reactions for vinylic halides are usually of the order;
63vinylic bromides are usually faster than vinylic chlorides.

Thirdly, these reactions usually proceed with high stereospeclfl- 

city when applied to the vinylic halidea^*^*®^ Finally, the
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Ullmann reaction can also be performed In a homogeneous system by
85using a copper(I) salt In a complexlng solvent. In contrast,

homogeneity in the present system is due to the mlscible nature
45-51of those vinylic halides with copper(I) complexes.

Phosphonation of aryl halides by trialkyl phosphites in the

presence of copper powder as a catalyst has generally been ratlo-
41 93-95nelyzed as a radical process * as shown In Scheme 19.

Cu 9
ArX + P(OR)3 ------ ■» A r P ( O R ) 2 + CuX

4
Cu

" -C uX  P(OR),
ArCuX  ------^  [ A*r] ----------e*- A r-P (O R )3

Scheme 19.

However, this stepwise reaction Is not consistent with some prev-
42ious observations. When this reaction has been applied to vinylic

65 91 92halides the retention of stereochemistry * * which resulted

very likely rules out the radical reaction. Furthermore, Cohen 
63et. al. have shown that aryl radicals are not Intermediates for 

the reectlon of aryl bromides and copper(I) salts. It has been 

found that added tetrahydrofuran has no effect on this reaction.
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The concerted reactions Involving four-center transition 

states(V and VI) are also less likely. In the present work It 

has been found that under the same conditions copper(I) chloride 

does not react with vinylic bromides in the absence of complexing 

agents. In contrast, copper(I) chlorlde-trlalkyl phosphite comp­

lexes do react readily with the vinylic bromides. In fact, an 

Increase in electron density on the copper(I) by complexatlon 

should increase the enthalpy of activation of these transition 
states. Instead, as in many similar reactions, the catalyzing 

ability of copper(I) halides is promoted by strong electron donor 
ligands?^>55,85,86,96 98 purtjieriBore, compelling evidence has been

found to support the formation of an orgfnocopper compound as an
62 86intermediate in these reactions. *

/
L

•Cu
L'

y , y\
\

\
\

R

( V )
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Phosphonation reactions In the present system are found to be

effective for vinylic bromides with those copper(I) chloride and

copper(I) bromide complexes. It is also observed that reactions

occur with vinylic chlorides and copper(I) bromide complexes*

However, no reactions could be observed with vinylic chlorides

and copper(I) chloride complexes. Furthermore, replacement of
bromide for chloride also falls in this system as well as in 

52-65others. The latter is readily understandable on the grounds of
60 99-102thermodynamic data ’ which is available for vinylic halides

and copper(I) halides. The low enthalpy and high entropy barriers

found for these exchange processes is characteristic of a number
99-102of oxidative addition reactions. In turn, the formation of

C-Cl bond is favored over the formation of C-Br bond. In fact, it 

has been reported that C-Br bond is much more reactive than the 

corresponding C-Cl bond?’̂ * ^ ^  Of course, thermodynamic control in 

the formation of vinylic halides is not the only factor in these 

reactions. The structures of the copper(I) halide complexes would 

play an Important role in these reactions. It has been found that 

copper(I) halide complexes of trivalent phosphorus show quite 

different structuresl^-^ ^  However, these structural differences 

of the copper(I) halide complexes do not throw much light on the 

mechanism of these reactions.
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Recently, a few copper(III) complexes have been proposed as

Intermediates In several reaction systems***' **^ This copper (III)

Is also believed to be an Intermediate In many copper(I)-asslsted
56 62 63 85replacement reactions. * ' * Thus, copper(III) would also be a

reasonable Intermediate species for consideration In the present 

system. These copper(III) species presumably result from the so- 

called oxidative addition reaction**^ This type of reaction re­

quires nonbonding electron density on the metal, in agreement with
. t. j .v 56,62,85,115-117 . .the present observations and many others. A mecha­

nistic scheme which could accommodate the presentexperimental data 

is shown in Scheme 20,
The complexes LCuX, which are tetramerlc In the solid state, 

would be partially dissociated and in equilibrium under the reac­

tion condltlons(Scheme 21). This may be demonstrated in the reac­

tion of 8-bromostyrene with copper(I) chloride In the presence of 
10X trlphenylphosphlne in dry diglyme. The halide exchange occurs 

readily whereas under the same conditions without trlphenylphos­

phlne added, only the starting 0-bromoatyrene was recovered. This 

would be rationalized as halide exchange between the copper(I) 

halide complex and the copper(I) halide or ligand exchange process 

as shown in Schemes 22 and 23.

Thus, the first step would Involve a nucleophlllc attack of

the ir-complex**^f**^(A) by a LCuX at the sp^ carbon bearing the 
118 119halogen; * This nucleophile approaches perpendicularly to the 

plane of the olefin but opposite of L C u + X “  as shown In structure
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r! LCu X ,1 LCuX

R‘
+ LCuX

R
^  K\  t  ,-'Y

R 2 ^ ^ f R 3 
(A) LCuX

X and Y - Cl or Br
L - P(OEt)3, P(OiPr)3, P(OPh)3, PPh3

w

Ri LCuX"yV

R‘

,-CuX
R3

r! .j ? LCu+X"(Y)

LCu Y (X)

r!

(B)
/I

R‘
(D)

V -CuXX(Y) r 2
(C)

-LCuYtX)

L

V x

r!

lR* V

9
P(OR)2|

CuX(Y)
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LCuX LCu+ X 5= ^  L CuX

Scheme 21.

L.V Q U  X
LCu X" + C u Y ^ = ±  i i LCuY + Cu X

Y— -C u
Scheme 22.

C u Y ^
LCuX L + CuX CuX + LCuY

Scheme 23.

(A). Then Che entering and Che leaving groups begin to rotace 

together while maintaining partial overlap of the orbiCals of 

both the forming and breaking bonds with the p orbital of the 

trigonal carbon as shown In structure (B). Finally* the leaving 

group T leaves perpendicularly to the plane of the olefin while 
the entering group now is on the same plane of the olefin as 
shown In structure (C). The organocopper(IIl) compound (C) so 

formed would then collapse to give either the vinylic halide or
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the phosphonlum Intemediate (D) which further undergoes the 

Arbuzov reaction to give the phosphonete which is in the form of 

copper(I) complex.
120-124By analogy with the organocuprates, these complexes

LCuX would act as n u c l e o p h i l e s r a t h e r  than Lewis acids by
125—133forming ir-complexes(VII) , Though some copper(l) halides are

known to form complexes with some normal olefins^^ it is 
noted in the present work that no if-complexes resulted from viny­

lic halides with either copper(I) halides or copper(I) halide comr- 

plexes. Alternatively, oxidative addition of vinylic halide to 

LCuX across the ir-bond would be unlikely for copper-

(I) halide complexes. Only a few organometalllc compounds of these
120type of complexes are known, and only those with Pt(0) and 

Pd(0)^^*^^ This type of complex would be subjected to nucleophi- 

11c attack at the carbon bearing the halogen by another LCuX. This 

could lead to several possible products and retention of the confi­

guration of the expected products would not be expected. Finally, 

all steps of the mechanism shown should be written as equilibria, 

except for the last step when the displacement portion of the

( VI I )  (VIII) (IX)
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Michaelis-Arbuzov reaction occurs. This Is demonstrated in the 
treatment of vinyl trlphenylphosphonium bromide (IX) with either 

copper(I) chloride or bromide In dry dlglyme at reflux. Neither 
vinyl chloride or bromide was detected from the reaction but the 

starting phosphonlum salt (IX) was recovered. On the other hand, 

under the same reaction conditions this vinyl phosphonlum salt 

(IX) does react with LCuCl to give vinyl chloride.
The failure of reactions between vinylic chlorides and LCuCl

is probably due to the leaving ability and bond polarinability of

chloride being less than that of bromide. It has also been observed

here that the catalytic activity of LCufir species are better than

that of the corresponding LCuCl. This conclusion is drawn from the

fact that the reaction using LCuBr as a catalyst requires less

drastic reaction conditions and gives better yields. This Is in
137agreement with the report that LCuBr species are more reactive 

than LCuCl In the oxidative addition reactions. Finally, these 

catalytic reactions of vinylic halides by LCuX are governed by 

thermodynamic considerations.
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EXPERIMENTAL.

General:

All solvents were commercial materials and distilled prior to 

use except anhydrous diethyl ether(Maillnckrodt), 9 5 %  ethanol(Mall- 

inckrodt), ethyl acetate(J. T. Baker Chem. Co. and Fisher Scienti­
fic Co.), and hexanes(J. T. Baker Chem. Co. and Malllnckrodt) 

which were used without further purification.
Trlethyl phosphlte(Aldrlch Chem. Co. and Mathescn Coleman & 

Bell), triisopropyl phosphlte(Aldrich Chem. Co.), triphenyl phos- 

phit(Aldrich Chem. Co.), 1-bromo-2-cyclohexenyletheneCAldrich 

Chem. Co.), B-bromostyrene(Aldrich Chem. Co.), acetophenone(J. T. 

Baker Chem. Co.), propiophenone(Aldrich Chem. Co.), piperidine 

(J. T. Baker Chem. Co. and Fisher Scientific Co.), and thlonyl 

chlorlde(J. T. Baker Chem. Co.) were distilled prior to use.
Triphenylphosphine(Aldrich Chem. Co.), benzophenone(Fisher 

Scientific Co.), and paraformaldehyde (trioxymethylene) (Fisher 

Scientific Co.) were dried in vacuo prior to use.

Phenylacetylene(Aldrich Chem. Co.), bromlne(J, T. Baker Chem. 

Co.), phosphorus tribromide(Aldrich Chem. Co.), phosphorus penta- 

chlorlde(Aldrich Chem. Co.), and phosphorus oxychlorlde(Mathason 

Coleman & Bell) were used without further purification.

tert-Butvllithium was commercially available from Aldrich 

Chem, Co.
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Anhydrous hydrogen chloride and hydrogen bromide(Union

Carbide) technical grade were used without further purification.

Copper(I) chloride and copper(I) bromide were freshly prepa-
138 139red by a standard method * and dried in vacuo prior to use.

Neutral alumlna(Act, I, 80-200 meah) was commercially avai­

lable from Fisher Scientific Co.

Silica gel(60-200 mesh) was commercially available from J. T. 

Baker Chem. Co.
Melting point were determined on an electrothermal melting 

point apparatus(Mel-Temp) and were uncorrected.

Sl-NMR spectra were recorded on a Varlan EM 360 spectrometer. 
IR spectra were recorded on a Perkin-Elmer 598 spectrophoto­

meter.
UV spectra were recorded on a Cary 14 spectrophotometer. 

Elemental analyses were performed by Guelph Chem. Lab., 

Ontario, Canada, and Galbraith Lab., Knoxville, Tennessee.
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PART I. PHOSPHONATION REACTIONS.

1) Diethyl (E)-2-Phenylvinylphosphonate.

To a 50-mL, one-necked flask equipped with a short Vlgrsaux 

column* a Dean Stark trap* a condenser* and topped with a gas In­

let tube was placed copper(I) chloride complex of trlethyl phos- 

phite(10,75g, 0.05mol) and g-bromostyrene(6.40g* 0.035mol). The 

mixture was then heated under a nitrogen atmosphere at 200-220°C 

(external oil bath) and the volatile material* ethyl halide* was 

collected In the Dean Stark trap* meanwhile* there were consider­

able amounts of solids* copper(I) halide* formed In the reaction 

mixture. The heating was performed for 1 hr(or until there was no 
more volatile material collected In the trap) and the reaction mix­

ture was allowed to cool to room temperature. The reaction mixture 

was poured Into 60 ml of toluene and the solids were washed well 

with toluene. Then ethylenediamlneO mL) was added to the solution 

dropwlse while stirring. The solids formed were filtered off and 
washed well with toluene. The filtrate was acidified with 10% HC1 

and extracted with ether. The organic phase was washed with water. 

The combined aqueous phase was extracted with ether. The organic 

phase was dried(anhy. MgSO^), and concentrated. The crude product 

6.11g was chromatographed on silica gel and eluted with hexanes- 
ethyl acetate(100:0 to 3:1) to give 0-chlorostyrene 1.90g(39%) and 

the vinylic phoaphonate as a thick* colorless liquid 4.40g(52X).

The phoaphonate has a bp 135-6°C/0.45-0.50mm and a (silica gel* 
hexanes-ethyl acetate in 1:1) of 0.40.
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2) Di isopropyl (E!)-2-Phenylvinylphosphonate.

(«) Th« mixture of copper(I) chloride complex of trllsopropyl 

phosphlte(13.80g, 0.045mol) and f!-bromostyrene(5.48g, 0.03mol) 

were placed In a 50-mL, one-necked flask equipped in the manner 

described in (1)* The reaction mixture was heated at 180-200°C for 

2 hr and then at 200-220°C for 30 min and allowed to cool to room 

temperature. The reaction mixture was poured into 50 mL of pentane 

and the solids were washed well with pentane. Then 7 mL of ethyl- 

enediamlne was added to the solution with stirring. The solids 

formed were filtered and washed well with pentane. The filtrate 

was acidified with 102 HC1 and extracted with ether as described 

above. The organic phase was dried and concentrated to give the 

crude product which was distilled in vacuo to give 6~chlorostyrsne 
2.00g(482) and the vinylic phoaphonate(145-50°C/1.2mm) 3.91g(48X) 

as a thick, colorless liquid. The phoaphonate has a bp 132-3°C/ 
0.45-0.50mm and a (silica gel, hexanes-ethyl acetate in 1:1) of 

0.40.

(b) The mixture of copper(I) bromide complex of trllsopropyl 
phosphlte(5.0g, 0.014mol) and &-chlorostyrene(1.40g, O.Olmol) were 

placed in a 25-mL, one-necked flask equipped in the manner descri­

bed in (1). The reaction mixture was heated at 180-90°C for 2 hr 

and was worked-up as described in 2(a)* The filtrate was acidified 
with 102 HC1 and extracted with pentane. The organic phase was 

washed with water. The combined aqueous phase was extracted with
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ather. The combined organic phase was drled(anhy. MgSO^), and con­

centrated. The crude product 2.11g was chromatographed on silica 

gel and eluted with hexanes-ethyl acetate(100:0 to 3:1) to give 
0-chlorostyrene 0.60g and the vinylic phosphonate 1.17g(76Z based 

on recovered 6~chlorostyrene).

3) Diethyl 2-Phenylprop-1-enylphosphonate.
(a) A mixture of copper(I) chloride complex of trlethyl phos­

phite (A. 30g, 0.02mol) and 1-bromo-2-phenyIpropeneC3,OOg, 0.015mol) 

were placed in a 25-mL, one-necked equipped in the manner descri­

bed in (1). The reaction mixture was heated at 200-220°C for 2 hr 

and allowed to cool to room temperature. The reaction mixture was 

poured Into 50 mL of pentane and the solids were washed veil with 

pentane* Then 6.6 mL(about 5 equivalents) of ethylenediamine was 
added to the solution with stirring. The solids formed were filte­

red and washed well with pentane. The filtrate was acidified with 

10Z HC1 and extracted with pentane. The organic phase was washed 

with water. The combined aqueous phase was extracted with ether. 

The combined organic phase was dried(anhy. MgSO^), and concentra­
ted. The crude product 3.26g was chromatographed on silica gel and 

eluted with hexanes-ethyl acetate(100:0 to 3:1) to give 1-chloro- 

2-phenylpropene 0.80g(34Z) and the vinylic phosphonate 2.00g(52Z) 

as a thick, colorless liquid. The phosphonate has a bp 130-2°C/ 
0.40mm and a Rf(slllca gel, hexanes-ethyl acetate In 1:1) of 0.37.
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(b) A mixture of copper(I) bromide complex of triethyl phosphite 

(1.86g, 0.006mol) and l-chloro-2-phenylpropene(0.99g, 0.005mol) 

were placed in a 25-ml, one-necked flask equipped In the manner 

described In (1). The reaction mixture was heated at 180-90°C for

2.5 hrs and 190-200°C for 1 hr and allowed to cool to room temper­
ature. The reaction mixture was worked-up as described in 3(a) and

*

the crude product was chromatographed on neutral alumina(Act. I) 
and eluted with hexanes-ethyl acetate(100:0 to 3:1) to afford 1- 

chloro-2-phenylpropene 0,37g and the vinylic phosphonate 0.88g(85X 

based on recovered l-chloro-2-phenylpropene) as a thick, colorless 

liquid.

A) Dllsopropyl 2-Phenylprop-l-enylphoephonate.

A mixture of copper(I) chloride complex of trllsopropyl phos- 

phlte(6.15g, 0.02mol) and l-bromo-2-phenylpropene(3.00g, O.OlSmol) 

were placed in a 25-mL, one-necked flask equipped In the manner 

described in (1). The reaction mixture was heated at 190-200°C for 

2 hrs and allowed to cool to room temperature. The reaction mixtu­

re was worked-up as described in 3(a) and the crude product, 4.48g, 

was chromatographed as described In 3(a) to give 1-ehloro-2-pheny1- 

propene 0.95g(43X) and the vinylic phosphonate 2.08g(39X) as a 

thick, colorless liquid. The phosphonate has a bp 125-7°C/0,4mm 
and a Rj(silica gel, hexanes-ethyl acetate in 1:1) of 0.44.
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5) Diethyl 2-Phenylbut-l-enylphosphonate.

A mixture of copper(I) chloride complex of triethyl phosphite 

(4.30g, 0.02mol) end l-bromo-2-phenylbut-l-ene(1.90g, 0.009mol) 

were .placed in a 25-mL, one-necked flask equipped in the manner 

described In (1). The reaction mixture was heated at 205-210°C for

1.5 hrs and worked-up as described In 3(b) to give l-chloro-2-phe- 

nylbut-l-ene 0.31g(20Z) and the vinylic phosphonate 1.20g(50Z) as 

a thick, coloeless liquid. The phosphonate has a bp 129-31°C/0.45~ 
0.50mm and a (silica gel, hexanes-ethyl acetate in 1:1) of 0.34.

6) Dilsopropyl 2-Phenylbut-l-enylphosphonate.

(a) A mixture of copper(I) chloride complex of trllsopropyl 
phosphite(6.15g, 0.02mol) and l-bromo-2-phenylbut-l-ene(1.90g, 

0.009mol) were placed in a 25-mL, one-necked flask equipped in the 

manner described In (1). The reaction mixture was heated at 195- 

200°C for 2 hrs and worked-up as described In 3(b). Upon chroma­

tographic separation on neutral alumlna(Act. I)-hexanes-ethyl 

acetate system It gave 1-chloro-2-phenylbut-l-ene 0.61g(40Z) and 

the vinylic phosphonate 1.22g(50%) as a thick, colorless liquid. 

The phosphonate has a bp 127-9°C/0*45-0.50mm and a R^(sllica gel, 

hexanes-ethyl acetate In 1:1) of 0.45.
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(b) A mixture of copper(I) bromide complex of trllsopropyl

phosphlte(3.09g, O.Olmol) end 1-chloro-2-phenylbut-l-ene(0,83g, 

O.OOSmol) were placed In a 25-mL, one-necked flask equipped In the 

manner described In (1). The reaction mixture was heated at 160-80°C 

for 8 hrs and worked-up as described In 3(b) to give l*42g of the 

crude product. Upon chromatographic separation on neutral alumina 
(Act. I)-hexanes-ethyl acetate system to afford l-chloro-2-phenyl- 

but-l-ene 0.48g and the vinylic phosphonate 0.52g(82Z based on 

recovered l-chloro-2-phenylbut-l-ene) as a thick, colorless liquid.

7) Diethyl 2,2-Diphenylvinylphosphonate.

(a) A mixture of copper(I) chloride complex of trlethyl phos­
phite (4.30g, 0.02mol) and l-bromo-2,2-diphenylethene(2.85g, 0.01 

mol) were placed in a 25-mL, one-necked flask equipped In the man­

ner described in (1). The reaction mixture was heated at 200-220°C 

for 2 hrs and worked-up as described in 3(b) to give l-chloro-2,2- 

diphenylethene 0.73g(29Z) and the vinylic phosphonate 1.83g(51£) as 

a thick, colorless liquid. The phosphonate has a bp 173-4°C/0.45- 

0.50mm and R^Csilica gel, hexanes-ethyl acetate in 1:1) of 0.31.

(b) A mixture of copper(1) bromide complex of trlethyl phosph­
ite (3.70g, 0.012mol) and l-bromo-2,2-diphenylethene(2.00g, 0.0077 

mol) were placed In a 25-mL, one-necked flask equipped in the man­

ner described In (1). The reaction mixture was heated at 180-5°C
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for 2 hra and worked-up as described in 3(b) to give l-bromo-2,2- 

diphenyl ethene 0.68g and the vinylic phoaphonate 1.53g(95% baaed 

on recovered l-bromo-2,2-diphenylethene).

8) Dliaopropyl 2,2-Diphenylvinylphosphonate.
(a) A mixture of copper(I) chloride complex of trllsopropyl 

phosphlte(6.15g, 0,02mol) and l-bromo-2,2-diphenylethene(2.85g, 

O.Ollmol) were placed in a 25-mL, one-necked flaak equipped in the 

manner described in (1). The reaction mixture waa heated at 190- 

200°C for 2 hrs and worked-up as described in 3(b) to give 1-chlo- 
ro-2,2-diphenylethene l,12g(46%) and the vinylic phosphonate 1.70g 

(44%) as a thick, colorless liquid. The phosphonate has a bp 168- 

9°C/0.45-0.50mm and a R^(sillca gel, hexanes-ethyl acetate In 1:1) 

of 0.34.

(b) A mixture of copper(I) bromide complex of trllsopropyl 
phoaphlte(1.45g, 0.0047mod.) and l-bromo-2,2-dlphenylethene(0.60g, 

0.0023mol) were placed in a 25-fhL, one-necked flask equipped in 

the manner described in (1). The reaction mixture was heated at 

140-60°C for 7 hrs and worked-up as described in 3(b) to give 0.88 

g of the crude product. Upon chromatographic separation on neutral 

alumina(Act• I)-hexanes-ethyl acetate system, l-bromo-2,2-diphenyl- 

ethene 0.39g and the vinylic phosphonate 0.26g(96% based on recov­

ered l-bromo-2,2-dlphenylethene) were obtained.
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9) Diethyl 2-Cyclohexenylvinylphosphonate.

A mixture of copper(I) chloride complex of triethyl phosphite 

(4.30g, 0.02mol) and l-bromo-2-cyclohexenylethene(2.80g, 0.015mol) 

was heated at 200-215°C for 1 hr as described in (1). The reaction 

mixture was worked-up in the manner described in 3(a) to give the 

crude product(2.55g). Upon chromatographic separation on silica 

gel-pentane-ethyl acetate system, l-chloro-2-cyclohexenylethene 

0.55g(28Z) and the vinylic phosphonate 1.72g(47Z) were obtained.

The phosphonate has a bp 129-35°C/0.65-0,60mm and a (silica gel, 

hexanes-ethyl acetate in 1:1) of 0.40,

10) Diisopropyl 2-Cyclohexenylvlnylphosphonate.

A mixture of copper(I) chloride complex Of trllsopropyl phos­
phite (6.15g, 0.02mol) and l-bromo-2-cyclohexenylethene(2.80g, 0.015 

mol) was heated at 180-95°C for 1 hr as described in (1). The reac­

tion mixture was worked-up in the manner described in 3(a) to give 

the crude product(3.77g). Upon chromatographic separation on sili­

ca gel-pentane-ethyl acetate system, l-chloro-2-cy.clohexenylethene 
1.00g(47Z) and the vinylic phosphonate 1.80g(44Z) were obtained.

The phosphonate has a bp 135-43°C/0.55-0.60mm and R^(sillca gel, 

hexanes-ethyl acetate in 1:1) of 0.49.
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11) Diethyl 1-Phenylvlnylphosphonete.

A mixture of copper(I) bromide complex of trlethyl phosphite 

(15.40g, O.OSmol) and a-chlorostyrene(4.85g, 0.035mol) was heated 
at 180-85°C for 4.5 hrs and then at 200-210°C for 0.5 hr and work­

ed-up as described in 3(b) to give 4.07g of the crude product*
Upon chromatographic separation on silica gel-hexanes-ethyl acetate 

system there was obtained a-chlorostyrene 0.94g, unidentified pro­
ducts 1.46g, and the vinylic phosphonate(2.10g), The impure phos­

phonate was further chromatographed on neutral alumina(Act. I) and 
eluted with hexanes-ethyl acetate to give the product 1.75g(26Z 

based on recovered a-chlorostyrene). The phosphonate has a bp 175- 

7°C/3.00mm and R^(slllca gel, hexanes-ethyl acetate in 1:1) of

0.46

12) Dllsopropyl 1-Phenylvinylphosphonate.
(a) A mixture of copper(I) chloride complex of triisopropyl 
phosphlte(17.58g, O.OSmol) and a-chlorostyrene(4.85g, 0.035mol) 

was heated at 180-85°C for 4.5 hrs and then at 200-210°C for 0.5 

hr and worked-up as described in 3(b) to give 7.08g of the crude 

product. Upon chromatographic separation on silica gel-hexanes- 

ethyl acetate system there was obtained a-chlorostyrene 1.28g, 
unidentified products 0.71gt and the vinylic phosphonate(4.05g).

The impure phoaphonate was further chromatographed on neutral 

alumlna(Act. I), eluting with hexanes-ethyl acetate to give the 

phosphonate 3.36g(49Z based on recovered a-chlorostyrene) as a
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thick, light yellow liquid. The phoephonace has a bp 158-9°C/3.00 

mm and a R^(silica gel, hexanea-ethyl acetate in 1:1) of 0.48.

(b) A mixture of copper(I) chloride complex of trllsopropyl 
phosphlte(5.54g, 0.0l8mol) and a-bromostyrene(2.92g, 0.0l6mol) 

were placed in a 50-mL, one-necked flask equipped in the manner 

described in (1). The reaction mixture was heated at 160-80°C for 

3 hrs and worked-up as described in 3(b) to give a-chloroatyrene 
1.34g(61%) and the vinylic phosphonate 1.20g(28X) as a light 

yellow liquid.
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PART II. HALIDE EXCHANGE REACTIONS.

1. (a) Reaction of S-Bromostyrene and Trlphenyl Phosphite-Copper (I) 

Chloride Complex*
To a 25-mL, one-necked flask equipped with a condenser and a 

gas Inlet tube was placed trlphenyl phosphite-copper(I) chloride 

complex(8.20g, 0.02mol) and B-broraostyrene(3.70g, O.OlSmol). The 

resulting mixture was heated under a nitrogen atmosphere at 160- 

90°C(external oil bath) for 1.5 hrs. Pentane(about 25 mL) was grad­

ually added while the reaction mixture was cooling. The solids 

were filtered and washed well with pentane, then redissolved in 

ether and filtered to give a solid 0.45g(mp greater than 360°C, 

Identified as CuBr). The volume of the ether solution was reduced 

to about one half, the solids crystallized from the solution was 

filtered and dried in vacuo to give 5.81g of product(mp 74-6°C) 

which was identified as trlphenyl phosphite-copper(I) bromide
complex(compared to an authentic sample). The pentane solution was

*

concentrated to give 7.31g of the crude product. Upon chromatogra­

phic separation on silica gel( or neutral alumina, Act. I) and 
eluting with hexanes, 2.28g(94X) of B-chlorostyrene was obtained. 

Further elution of the column with hexanes-ethyl acetate(100:0 to 

1:1) gave trlphenyl phosphlte(2.15g).
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(b) Reaction of B-Bromostyrene and Trlphenylphosphine-Copper(I) 

Chloride Complex.
To a 25-mL, one-necked flaak equipped with a condenser and a 

gas inlet tube was placed trlphenylphosphine— copper (I) chloride 

complex(4.70g, 0.013mol) and $-bromostyrene(1.83g, O.Olmol). The 

reaction mixture was heated under a nitrogen atmosphere at 180°C 

for 1.5 hrs. Fentane(about 25 mL) was added to Che reaction mixt­

ure upon cooling. The solids were filtered and washed well with 

pentane. The filtrate was concentrated and chromatographed on 

neutral alumina(Act. I) eluted with hexanes to give g-chlorost- 

yrene 1.37g(98Z).

2. (a) Reaction of l-Bromo-2-phenylpropene and Triphenyl Phosphite- 

Copper^) Chloride Complex.
A mixture of triphenyl phosphite-copper (I) chloride complex

 t

(3.27g, O.OOSmol) and l-bromo-2-phenylpropene(1.18g, 0.006mol) was 

heated under a nitrogen atmosphere at 180-90°C for 1 hr. The reac­

tion mixture was worked-up as described in 1(b) to give 1-chloro- 

2-phenylpropene 0,77g(85Z).

(b) Reaction of l-Bromo-2-phenylpropene and Triphenylphoephine- 

Copper(I) Chloride Complex.

A mixture of triphenylphosphine-copper(I) chloride complex 
(2.89g, O.OOSmol) and l-bromo-2-phenylpropene(1.18g, 0.006mol) was 

heated under a nitrogen atmosphere at 180°C for 1 hr. The reaction
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nlxture was worked-up as described in 1(b) to give l-chloro-2- 

phenylpropene 0.90g(98£).

3. Reaction of 1-Bromo-2-phenylbutene and Trlphenyl Phosphite- 

Copper (I) Chloride Complex.

A mixture of trlphenyl phosphite-copper(X) chloride complex 

(0.82g, 0.002mol) and l-bromo-2-phenylbutene(0.30g, 0.0014mol) was 

heated under a nitrogen atmosphere at 180°C for 2 hrs. The reacti­

on mixture was worked-up as described in 1(b) to give l-chloro-2- 

phenylbutene 0.21g(89Z).

4. (a) Reaction of l-Bromo-2,2-diphenylethene and Trlphenyl Phos­

phite-Copper (I) Chloride Complex.

A mixture of triphenyl phosphite-copper(I) chloride complex 
(0.61g, 0.0015mol) and l-bromo-2,2-diphenylethene(0.30g, 0.0012mol) 

was heated under a nitrogen atmosphere at 180°C for 1.5 hrs. The 

reaction mixture was worked-up as described in 1(b) to give 1-chlo- 
ro-2,2-dlphenylethene 0.236g(95X).

(b) Reaction of 1-Bromo-2,2-diphenylethene and Trlphenylphosphine- 

Copper(I) Chloride Complex*

A mixture of trlphenylphosphlne-copper(I) chloride complex 

was heated under a nitrogen atmosphere at 180°C for 1 hr. Thr reac­

tion mixture was worked-up as described in 1(b) to give 1-ehloro- 

2,2-dlphenylethene 0.24g(96X).
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PART III. SYNTHESIS.

43-511) Copper(I) Chloride-Triethyl Phosphite Complex.

In a dried* one-necked flask equipped with a Clalsen head* a 

rubber septum* and a gas Inlet tube was placed 5.0g(0.05mol) of 

freshly prepared copper(I) chloride and 100 mL of dry pentane. 
Trlethyl phosphite(8.31g* O.OSmol) was slowly added to the suspen­

sion at room temperature. After the addition, the solution became 

clear(if It la not clear, the solution should be allowed to stir 

for another 10 min) and the trace of unreacted material was filt­

ered off and concentrated* Thick* colorless liquid was dried In 

vacuo. The yields were 90-972. The purity was checked by ^H-NMR.

43-512) Copper(I) Chlorlde-Trllsopropyl Phosphite Complex.

The complex was prepared In the manner described In (1) to 
give a pure white solid(checked by ^H-NMR) In 88-96% yield 

(mp 112-4°C).

45-513) Copper(I) Bromlde-Trlethyl Phosphite Complex.
The complex was prepared in the manner described In (1) as a 

colorless* thick liquid at room temperature. The pure complex 

(checked by ^H-NMR) was obtained In 80-90% yield

43-514) Copper(I) Bromlde-Trilsopropyl Phosphite Complex.

The complex was prepared In the manner described In (1) as a 
pure white solld(checked by In 80-93% yleld(mp 146-8°C).
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5) Copper(I) Chlorlde-Trlphenyl Phosphite Complex.

In a 250-mL, one-necked flask equipped with a Clalsen head, a 

rubber septum, and a gas Inlet tube was placed freshly prepared 

copper(I) chlorlde(7.25g, 0.073mol) and dry pentane 175 mL. Trlph­

enyl phosphlte(23.2g, 0.075mol) was added dropwlse to the suspen­

sion at room temperature and the resulting reaction mixture was 

refluxed for 1 hr. The solution became clear after stirring at 

room temperature for 3 hrs. The unreacted solid materials were 

filtered off and concentrated. The solids were recrystallized In 

pentane-methylene chloride to give the complex(mp 85-8°C) 75-90X 

yield.

6) Copper(I) Chloride-Trlphenylphosphine Complex.

To a 1L, two-necked flask equipped with a condenser topped 

with a gas inlet tube and a rubber septum was suspended freshly 
prepared copper(I) chloriie(9.90g, O.lOmolJ in 450 mL of pentane. 

The refluxlng mixture was stirred under a nitrogen atmosphere at 

room temperature for 30 min* Trlphenylphosphlne(26.23g, O.lOmol) 

was added in portions and the reaction mixture was allowed to stir 

for 3 hrs. The white solids were filtered and washed with pentane. 

The solids were redlssolved in hot methylene chloride and filtered 

while hot. Crystallization of the solids afforded the pure complex 

(checked by ^H-NMR) 33,60g(93X) as white crystals. The mp of the 

complex was 120-30°C(dec.).
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7) Copper(I) Bromlde-Trlphenyl Phosphite Complex.

Freshly prepared copper(I) bromide(21.5g, O.ISmol) and dry 

pentane(400 mL) were suspended In a 1L, one-necked flask equipped 

in the manner described in (5). Trlphenyl phosphlte(46.5g, O.lSmol) 

was added slowly to the suspension at room temperature. A slight 

excess of copper(I) bromide was added and heated to reflux for 1 

hr. Methylene chloride was added to dissolve the white solids 

formed in the reaction mixture and the undissolved materials were 

filtered off. The solvent was evaporated and the solids were recry­

stal llzed In pentane to give the pure complex(checked by ^H-NMR) 

mp 72-4°C in 65-80X yield.

8) Copper(I) Bromlde-Trlphenylphosphine Complex.
To a suspension of copper(l) bromide(7.17g, O.OSmol) and 

pentane(200 mL) in a 500-mL, two-necked flask equipped in the 

manner described In (6) was added slowly triphenylphosphine(13.15 

g, O.OSmol) at room temperature. The small amount of copper(I) 

bromide was added to maintain the copper(I) bromide in excess.

The suspension was refluxed for 1 hr and the solids formed were 

dissolved in hot methylene chloride and filtered. The solution 

was concentrated to half of its original volume and ether was added. 

The solids formed were filtered and washed with ether to give the 

pure complex(checked by ^H-NMR) 19.66g(97%), mp 167-9°C,
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9) Hydroxymethyltrlphenylphosphonium Chloride.

A 1L, 5-necked flask equipped with a mechanical stirrer, a 

drying tube, and connected to a hydrogen chloride tank was Intro­

duced trlphenylphosphlne(196.5g, 0.75mol), parafarmaldehyde(triox- 

ymethylene)(24.75g, 0.28mol), and ether(750 mL). The suspension was 

vigorously stirred and hydrogen chloride gas was bubbled through 

for 2-3 hrs(or until no further precipitation occured). The solids 

were filtered and washed with ether(several times). The solids were 

dried in vacuo overnlght(or at least 12 hrs). The filtrate from the 

ether-washed solution was concentrated and recrystallized from 
ethanol(952) to give trlphenylphosphine(about 37-43g). The salt 

obtained from this reaction was 180-230g(90-99%, based on recovered 

starting trlphenylphosphine).

14010) Chloromethyltrlphenylphosphonlum Chloride.

A 1L, 3-necked flask equipped with a mechanical stirrer, a 

reflux condenser, and an addition funnel was introduced hydroxy- 
methyltrlphenylphosphonlum chloride(230g, 0.70mol) and methylene 

chlorlde(400 mL) was added. Thionyl chloride(104.25mL, 1.45mol) 

was slowly added to the vigorously stirred phosphonlum salt and the 

resulting solution was refluxed for 2.5 hrs. A second portion of 

thionyl chloride(14.0mL, 0.20mol) was added and refluxed for anot­

her 1 hr. The reaction mixture was evaporated to dryness and dried 

In vacuo overnlght(or at least 15 hrs). The solids(almost white)
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w«re boiled with methylene chloride(425 mL) and the white solids 

which remain Insoluble were filtered to give 121.15g of the prod­

uct. The filtrate was boiled with charcoal(lOg) and filtered. To 

the filtrate was gradually added ether until a white turbidity 

appeared and It was then refrigerated. The total product recrystal­

lized from the last portions were 38.40gt 22.00g, and 9.40g. The 

overall yield of the product was I91.60g(792), ®P 258-60°C(dec.).

14011) Bromomethyltrlphenylphosphonlum Bromide.
A 1L, 3-necked flask equipped with a mechanical stirrer, a 

reflux condenser, and an addition funnel was placed phosphorus 

trlbromlde(55mL, 0.57mol) and methylene chloride(100 mL) wi3 added. 

Bromlne(28mLt 0.55mol) was slowly added to the solution. The reac­

tion mlxture( a solution with a solid phosphorus pentabromlde) was 
allowed to cool to room temperature. Hydroxymethyltriphenylphoapho- 

nlum chlorlde(164.50g, 0.50mol), dissolved in methylene chloride 

(400 mL), was slowly added to the phosphorus pentabromlde solution. 

After the addition, the reaction mixture was refluxed for 5 hrs and 
allowed to cool. To the reaction mixture was added ethyl acetate 

(650 mL). The precipitate formed was filtered and washed well with 

ethyl acetate and ether. The solids were recrystallized from ether- 

ethanol to give colorless crystals of the phosphonlum salt 130.45g, 

to 148.00g(60X to 682), mp 239.5-241.5°C(dec.).
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12) l-Bromo-2-phenylpropene.
A sample of bromomethyltriphenylphosphonium bromide(43.6g,

O.lmol) was placed in a 1L, 3-necked flask equipped with a mecha­

nical stirrer, a condenser, and a gas inlet tube. After the air in 

the system had been displaced with nitrogen, ether(200 mL) was 

added followed by piperldlne(7.9g, 0.09uol) at room temperature. 

tert-Butyllithium in pentane(49.0mL, 0.09mol) was slowly added to 

the vigorously stirred suspension at this stage, the white suspen­

sion gradually changing to a yellow solution. After the solution 

was stirred for 30 min, acetophenone(10mL, 0.085mol) was added 

dropwlse. After the addition, the reaction mixture was refluxed 

for 30 min and allowed to stand at room temperature for 30 min or 

longer. The solids were filtered and washed several times with 

ether. The filtrate was shaken with 2x100 mL 2N l^SO^ and washed 

with NaRCO^ solution, dlred, and concentrated to give the crude 

product. The solids from the reaction were washed well with acetone 
to give the starting phosphonium salt(checked by *H-NMR) 13.Og.

The crude product from the reaction was chromatographed on neutral 

alumina(Act. 1) and on eluting with hexanes gave a mixture of 

both els- and trans-l-bromo-2-phenylpropene present in almost 
equal amounts(calculated from ^H-NMR). The yield was 4.68g(34X 

based on recovered starting phosphonium bromide).

Other conversions carried out in a similar manner were: 

propiophenone to l-bromo-2-phenylbutene(24X), benzophenone to 

l-bromo-2,2-diphenylethene(39X).
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13) l-Chloro-2-phenylpropene.
In a 1L, 3-necked flask equipped In the manner described In 

(12) was Introduced chloromethyltrlphenylphosphonium chloride 

(52.10g, 0.15mol), After the air In the system had been displaced 

with nitrogen, ether(600 mL) was added and the suspension was 

stirred at 0-5°C(±ce-bath) for 30 min. tert-Butyllithium in pent- 

ane(88.70mL, 0.165mol) was added rapidly and stirred for another 

30 min while the temperature was raised at room temperature. 

Acetophenone(21.24mL, O.ISmol) was added dropwlse and the react­

ion mixture was refluxed for 2 hrs. Another portion of acetophe- 

none (ll.SOmL, O.lOmol) was added and refluxed for further 15 hrs. 

Ether was slowly distilled off, the pot temperature rising slowly. 

The solids were filtered and washed with ether several time. The 
The filtrate was evaporated to dryness and chromatographed on 
silica gel eluting with hexanes to give a mixture of both cls- 

and trans-1-chloro-2-phenylpropene( present in almost equal amounts, 

based on 1H-NMR) In 7.45g(33X).

* 142-14514) a-Chlorostyrene.
To 175g(0.84mol) of phosphorus pentachlorlde In a 500-mL 

flask was added acetophenone(88.2mL, O.67mol) dropwlse at 0-5°C 

(lce-bath). The reaction mixture was allowed to stir at room 
temperature for overnight. The reaction mixture was then heated 

at reduced pressure at 50-60°C and allowed to cool to room
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tamperature. The reaction mixture was poured into ice water and 

extracted with ether. The organic layer was washed with NaHCO^ 
solution and water» dried and concentrated. The crude product was 

distilled to give 16.6g of o-chlorostyrene(contaminated with some
i

acetophenone), and 44.Og of acetophenoneCcontaminated with some 

a-chlorostyrene). The yield of the product was about 40Z( based on 

recovered Starting acetophenone).

15) a-Bromostyrene.

In a 200-mL, 3-necked flask equipped with an addition funnel, 

hydrogen bromide conducting tube, and a condenser topped with a 

drying tube was placed phenylacetylene(3.06g, 0.03mol) in dry 

ether(60 mL). The solution was saturated with hydrogen bromide gas 
and trlphenylphosphine(7.87g, 0.03mol) In dry ether(20 mL) was 

added concurrently. The resulting mixture was refluxed for 30 hrs 

and the solids were filtered to give trlphenylphosphine hydrobro­

mide. The filtrate was distilled at 68,5-69.0°C/2.8mm to give 

o-bromostyrene 4.59g(85Z).
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