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1

INTRODUCTION

IThié disserfation hasvbeen divided into.four parts. Reactions
of l-alkenyl &efivatives with organomercurialé aré presented in Part
I; whereas, reaction of allyl and alkynyl derivatives with mércurials
are in Part II. Paft III considers the relative reactivities of
| alkenyl and alkynyl derivatives towards boﬁh cyclohexyl and
thiophehoxy-radicals. The determination of the initial kinetic chain
~ length of the reaqtions.of 2,2~diphenylethenyl iodide and trifgfbutyl—
(E)—Z—phenylethenylstannane with t-butylmercury chloride are also
included in Part III. Part IV presents the reactions of mercuric
carboxylates.

Following each presentation of results and discussioh is a
separate é#perimental-section.‘ Descriptions of techniques and sources
df starting materials, however, are mentioned only once to avoid
repetition. Most ofbthe-instrdmentation employed isrmentioned in the

experimental section in Part I.



'PART I. FREE RADICAL CHAIN REACTIONS OF VINYL

DERIVATIVES WITH ORGANOMERCURIALS .
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I. INTRODUCTION TO ORGANOMERCURIALS

Ofganomercurials»ﬁaVe Segn kndwﬁ for over a century,.but their
organic syntﬁetic potential haé only beén apprgqiated in recent years
[1]; The first organomercurquompouhd; methylmercuric iodide
_(CH3HgI), was répor;ed by Edward Franklan& in 1852 [2]. Since that
‘time, many orgénomercurials have been prepared. Today hundreds,
befhaps thousands, of thége comboundé are known. |

The 516w development of tﬁe.chemistry of drganomercurials in the
early years méy be due to their toxicity, especially of the highly
volatile dialkylorganomercurials (RZHg)- However, the vast majority
Iof organomercury compounds are high melting crystalline>solids. They
are generally easily-handled, stable to elevated temperatures, air,
dilute acids and bases, and protic solvents. These compounds are
easily obtained by a number of different synthetic proéedures [1,3].

The most commonly used ofganomercurials are of the type RHgX which
are less volatile than the diorganome;cury.compounds, RZHg. A large
number of alkyl—; alkenyl-, alkynyl-, and carboalkoxymercurials are
also known.

Organomeréury compounds undergo a variety of reactions. They can
undergo transmetalation;reactioq with many métals. This is one of the
most important applications of organomercurials that makes brganomercqry
compounds valuable intermediates in organic synthesié.[A,S].

The direct use of organomefcury compounds as synthetic reagents in
organic synthesis is limited because they are unreactive towards many

important organic functional groups. Howeﬁer, the oxymercuration~-
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“demercuration df olefins is very‘weil-known and is very valuable in
'organic synthesié [6,7]. This reaction has been extended to acetylenes
(8]. A ﬁumber of-hetérocyclic compounds ﬁave been synthesized by
solvomercuration of aryl acetylenes with mercuric acetaﬁe.[9].

Eiectrophilié substitution reactions of organomercﬁrials have
been Qéll-studied [10-13]. On the contrary, homolytic substitution
reactions of these compounds have been studied to a lesser extent.

The cleavage of alkylmercury halides by iodine and bromine in a non-
polar solvent has béen recognized to involve a free radical mechanism
{14,15]. Dialkylmercurials, RHgR'; have also been found to react
with polyhalomethanes by radical process [16-20}.

In recent years, radical reactions have been increasingly
employed in organic synthesis [21,22]. Many new_methods for the
generation of radicals have been developed. Organomercurials,
particularly of the type RHgX, have been found to undergo homolytic
substitution reactions to‘give:the corresponding radical, Re. The
reduction of alkylmercury halides by metal hydrides has been proved to
be a radical reaction [23-26]. Alkylmercury hydride, RHgH, is proposed
to be involved in this reaction. The mechanism is outlinéd in Scheme 1.

The alkyl radicals generated by this method can be trapped by
electron deficient olefins [27]. Giese and co-workers have
extensively studied the formation of carbon-carbon bonds by addition
of free radicals, generated by alkylmercury halides and sodium
borohydridé, to electron poor alkenes [28-31].

Recently, Russell et al. have reported the reaction of alkylmercury



5

halides with various anions which proceeds by an SRNI process as shown

Scheme 1}
- BHZ
RHgX . >  RHgH
RHgH —> Re + Hg® + He
Re + RHgH —>  RH + RHge
RHge > Re + Hg®
RHgX - . > RH + Hg + X

in Scheme 2 [32,33]. The reduction of alkylmercury halides by'LiAlH4

Scheme 2

Re + A > RAT

RA® + RHgX > RA + RHgX®
RHgX® > Re + Hg® + X~
RHgX + A~ . > RA+ Hg® + X~

has also been suggested to proceed by an electron transfer chain
mechanism of the SRNl-type (34]. Alkylmercurials can react with

phenyl'disulfide, phenyl diselenide, phenyl ditelluride, arylsulfonyl
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phenyl selenide, and benzenesulfonyl chloride (Eq. 1) by the radical

chain mechanism as shown in Scheme 3 [35].

hy
RHgX + Q-Y —————> RY + QHgX (1)

Q = PhS, PhSe, Ph?e, PhSOz, B'CH3C6H4S°2’ 13
Y = PhS, PhSe, PhTe, Cl, Br
Scheme 3

RHgX + Qo >  Re + QHgX

Re + Q-Y > RY + Qe

1-Alkenylmercury halides undergo photostimulated reactions with
sulfinate anions, alkyl or aryl disulfide, phenyl diselehide, and
phenyl ditelluride to give substitution products [36,37]. Unlike
the reactions of‘alkylmercury ﬁalides, thege reactions do not involve
vinyl radicals but proceed by a free radical addition elimination
mechanism which will be discussed in more detail in the next section.

It is evident that organomercuriais have been receiving more
attentioﬁ in recent years, particularly in the field of radical
. chemistry. Some properties of radical reactions which are important in
. synthesis have been reviewed [38]. 'The use oflorganomercury compounds 1in
organic synthesis has interested many synthetic chemists. The synthetic
 potential and application of organomercurials in organic synthesis will

undoubtedly increase in the near future.
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II. SUBSTITUTION REACTIONS OF ALKENYL DERIVATIVES

A. TIntroduction

The addition of a radical to an unséturated system is a well-known
reaction [39]. When a radical adds to a multiple bbnd, the resulting
new radical can undergo many different reactions depending on the type
‘of the radical and the conditiéns. One of the reaétions is a g-elimination
which will form an unsaturated product. This reaction would be
expected eo occ&r if the radical has a good potential leaving group at
the p-position. The addition-elimination reaction for an alkenyl

system is outlined in Scheme 4.

Scheme 4

gl R3 4 rl B3

AN / , Sraddition \. | 4
C==cC + Re > ¢——C ——R

¢ N\ {4 |

R Q R Q

Ri\ 1|{3 r! R3

p-elimination
/c' (‘2—-R4 > ;c_:c + Q.
R? Q R R*

Q = good leaving group

Homolytic substitution reactions of alkenyl derivatives are known
and several examples‘have appeared in the literature. It has been

reported that p-styrylmercury halides undergo electrophilic
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substitution reactions with bromine and iodine in a polar solvent to
giQe p-bromostyrene and-P-iodostyrene with retenti&n of configuration
[(40,41]. 1In contrast, loss of stereochemistry was observed for the
reactions in non-polar solvents. This result has been interpreted as.
an indication that the reactions in non-polar solvents involved
radical intermediates.

Russian workers have reported the isomerization of alkenyltin
derivatives under radical éohditions [42]. They studied alkenyltin
compounds of the type R3SnCH=CHR' (R = Me, Et; R' = Me, Ph, COOMe,
CN). The cis isomers were converted to the trans isomers in the
presence of a trialkylstannane and an initiator for radical processes,
such as azobisisobutyronitrile-(AIBN) or UV radiation. The
isomerization also occurred thermally above 100 °C [43].. The
mechanism involves the attack of the stannyl radical at the o
position, followed by rotation of the carboﬁ-—carbon single bond and

subsequent p-elimination to give the trans isomer (Eq. 2).

R,Sn

K}
R3SnCH=CHR'+R38n- T""‘ CH &HR' :“‘A R3SnCH=CHR'+R3Rn°
cis R3Sn trans

(2)

Thiyl radicals have been reported to add to vinyltin derivatives
[44]). The addition occurred at both «- and p-positions depending on
the sizes of the aikyl groups attached to Sn and S and also depending

on the electrophilicity‘of the'thiyl radical., With large alkyl groups,
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the thiyl radical can only attack the double bond at the p-position
because of steric hindranceQ Thﬁs, the reaction of tfifgf
bufylvinylstannane with isopropylmercaptan gave only 2-(triﬁg-

butylstannyl)ethyl isopropyl sulfide (Eq. 3).

n-Bu,SnCH=CH, + 1i-PrSH —> n-Bu,SnCH,CH,SPr-i (3)

2 3

With smaller alkyi groups and higher electrophilicity of the thiyl
radical, attack at the «-position would also be expected to occur.
Thus, the reaction of triethylvinylstannane with gfbutylmeréaptan
under UV irradiation gave bis(triethylstannyl)ethane and bis(n-

butylthio)ethane as byproducts (Eq.va).A These byproducts resulted
SBu-n + ﬁt3SnCH2CHZSnEt3

Et 35nCH,CH,

CH,SBu-n (4)

3SnCH=CH2 + n-BuSH——> Et_SnCH,CH

+ E;BuSCH2

from x-addition of the thiyl radical to triethylvinylstannane and fi-
decomposition of the resulting radical to give n~butyl vinyl sulfide
and triethylstannyl radical (Scheﬁe 5). The triethylstannyl radical
then added to triethylvinylstannane with subsequence abstraction of
the hydrogen aﬁom from the mercaptan to give
bis(triethylstannyl)ethane. The bis(n-butylthio)ethane was formed
from the addition of the thiyl radical to n-butyl vinyl sulfide
followed by hydrogen atom abstraction. The formation of the stannyl
eradical inte;ﬁediate was indicated by the formation of benzene and
triethyltin bromide when brbmobenzene was the reaction medium (Eq. 5)

[45]..
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Scheme 5
p-add. . n-BuSH
> Et3SnCHCHZSBu-g‘———> Et3SnCHZCHZSBu-g
+ n-BuSe
n-BuSe + Et3SnCH=CH2
SBu-n
ot-add « I . ﬂ-elimo
> EtSSnCHCH2 > EﬁBuSCH=CH2 + Et3Sn°
. n—~BuSH
= — ———— + - ]
Et3Sn- + EtBSnCH CH2 > EtBSnCHCHZSgEt3 > Et3SnCH2CHZSnEt3 n~-BuS
R n~BuSH
n-BuSe + BuSCH=CH, —> n-BuSCHCH,SBu-n > n-BuSCH,CH,SBu-n + n-BuSe
H donor ' '
Et,Sne + PhBr —————> Et,SnBr + PhH (5)

3 3
Miyamoto et al. have reported the reaction of styryl sulfoxides and

sulfones with organoboranes which gave p-~alkylated styrenes in

preparative yields (Eq. 6) [46].

Ph /S(O)nMe Ph H
\c = C + R3B —_— \c = c/ (6)
/ N\ 7\

H H H R
n=1,2

The authors suggested that the reaction involved vinyl radical

intermediates, but it is more likely to involve the addition-elimination
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mechanism as outlined in Scheme 4.
The sﬁbstitution reactions of p-styryl sulfoné with t-butyllithium
and diphenylsulfone with t-butylpotassium or benzylpotaséium were
reported to involve alkyl radicals formed by an electron transfer process

(Eqs. 7,8) [47].

P

H o :
. / t-BuLi AN / -
N\ THF / N\
H 50,Ph H t~Bu

h

.\C =

/
t-Bu S0, Ph . CH,,Ph

£-BuK 2 PhCH,K 2
e —> (8)

Recently, Hershberger and Russell have reported that

ol B —unsaturated sulfones can be conveniently prepared by a

photostimulated coupling of l-alkenylmercury halides with sodium salts

of alkane- or arenesulfinic acids (Eq. 9) [36].

r! R3 Rl R3
AN 4 hv \ / o
/c =C + R'S0,Na ————> =C  + Hg® + NaX (9)
R? H 3\ 4 ‘
gX R 0,SR

1-Alkenylmercury halides have also been reported to readily undergo
photostimulated free-radical chain substitution reactions with a variety

of reagents (Eqs. 10-12) [37]. Scheme 6 outlines the mechanism of
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hv :
RCH=CHHgX + R'Y-YR' ——> RCH=CHYR' + XHgYR (10)

Y =35, R = alkyl or aryl;

Y = Se, Te, R1 =‘pheny1'

hy .
RCH=CHHgX + Z-Q ——> RCH=CHZ + XHgQ (11)

Z = PhSOZ,'Q =Cl; 2 =1-Pr, Q=1

hy
RCH=CHHgX + A~ —> RCH=CHA + Hg® + X (12)

2 AlkS , ArS~

ArsSO_

A = (Ro)zpo', PhP(OBu)0 , AlkSO 5

these reactions. The mechanism involves attack:'of the radical at the

Scheme 6
YR'(Z or A)
’ ' °
RCH=CHHgX + R Ye(Ze or Ae) —> RCH —CHHgX
’
YR (Z or A)
RCH —CHHgX ——> RCH=CHYR'(Z or A) + HgX
[ 4 / 7’
HgX + R'Y-YR® ——> XHgYR + RYe
or HgX + Z-Q ——> XHgQ + Ze
or HgX+4A = —> Hg® + X + Ao

*-position followed by p-elimination to give the products. Besides
the vinylmercurialé, tri-n-butylvinylstannane was also mentioned as

undergoing a similar reaction with phenyl disulfide to give phenyl
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vinyl sulfide in excellent yield (37].
Vinyl organostannanes have-been reported to react with acid
chlorides and anhydrides in the presence of aluminum chloride to give
o,p-unsaturated ketones (Eq. 13) [48]. Thesé élkenylstannanes
AlCl3

: Bu3SnCH=CRlR2 + R300C1 ————3——3 R3coCH=CR
| CH,CL,, -10 °C

1,2

R + Bu,SnCl (13)

3
failed to give substitution products with alkyl halides under any

conditions. However, upon heating, they reacted with haloesters to
give low to moderate yields of o,g-unsaturated esters (Eq. l4). No

mechanism was given for this reaction.

Bu, SnCH=CRIR? + XCH.COOEt —— > R1R2C=CHCHZCOOEt + Bu,SnX (14)

3 2 120-150°C
Baldwin et al. have reported the reaction of g-stannyl acrylates
with alkyl bromides (Eq. 15) [49,50]. The reaction gave substitution
products in good yields. Scheme 7 outlines the mechanism which

involves alkyl radicals.

Co,Et | COEt |
> .ﬂﬂjr/ + Bu,SnBr (15)

SnBu R

+ RBr



14

Scheme 7
COzEt . COZEt
+ Re —>
SnBu3 ‘ R SnBu3
, COZEt . | COZEt
" . __'_"'> ‘J-’l( + Bu3Sn-
R SnBu3 R

Bu38n° + RBr > BuBSnBr + Re

They used this reaction in a synthesis of fungal dienyl isonitrile
antibiotic [49].

In the course of'our»studies, we have found that a number of
alkényl derivatives undergo photostimulated substitution reactions with
many organomercurials by the radical chain addition-elimination

process (Eq. 16).

Rl\ H ) R} H
h
C=C/// + RHgX (or RZHg) > j:>C=C// + QHgX (16)
' ;£ \  (or QHgR)
R Q R R
Q = HgX, I, Br, SPh, S(O)Ph, SOzPh, SnBu3

R = alkyl, PhS, PhSO,, (Et0),PO, PhSe, etc.

The following sections will present the scope and mechanism of

the above reaction. The main source of the adding radicals will be
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organomercury compounds. However, some other possible sources of

radicals will also be considered.
B. Results and Discussion

1. Reactions of l-alkenyl jodides with alkylmercury chlorides

2,2-Diphenylethenyl iodide was allowed to react with
isopropylmercury chloride in dimethyl sulfoxide (DMSO) under UV
irradiation. The reaction was found to proceed according to Eq. (17).

After the workup, the reaction afforded a substitution product in high

hy

R,C=CHI + R'HgCl

2

> ch=CHR' + IHgCl (17)

1

yield as a colorless liquid which appeared to be pure by GLC and "H

NMR. The reaction gave a higher yield with an excess of isopropyl-
mercury chloride than with a stoichiometrié amount of the
alkylmercurial as shown in Table 1.

DMSO was used as the solvent because the reaction seemed to
proceed well and all the starting materials and pfoducts were readily
dissolved. After the reaction, DMSO and the mercury(II) salt were
easily removed by washing the reaction mixture with water while the
organic product was extracted with ether or benzene. The extract was
then washed with an aqueous solution of sodium thiosulfate to remove the
remaining alkylmercury chloride. The mixture was then concentrated

1

and analyzed by GLC, GCMS, and 'H NMR. The yleld was determined by

quantitative 1H NMR using dibromomethane as an internal standard.
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Table 1. Photoreaction of l-alkenyl iodides with alkylmercury

chlorides
, hy v , '
R,C=CHI + R'HgCl ——> R,C=CHR' + IHgCl
R R’ equiv R HgCl Conditions® % vield®
' '
R,C=CHR
Ph n-Bu 5 DMSO, 14 h I 38
Ph i-Pr 5 DMSO, 8 h 89
Ph 1i-Pr 5 PhH, 14 h , 54
Ph i-Pr 5  DMSO, 1 h 73
Ph i-Pr 5 DMSO, Dark, 24 h 0
Ph 1i-Pr 5 DMSO, DTBN, 1 h 0¢
Ph i-Pr 2 DMSO, 20 h 84
Ph . i-Pr 1 DMSO, 20 h 55
Ph eCeH) 5 DMSO, 14 h 95
Ph t-Bu 5 DMSO, 14 h 86
Me EfC6H11 2 DMSO, 6 h RS 10»
H eCH 2 DMSO, 16 h 0
Ph (PhCOCH,) Hg 1 DMSO, 13 h 64

8 ypical conditions R,C=CHI (0.1 mmol) and R'HgCl in 10 mL of
nitrogen-purged solvent wete irradiated in a 350 nm Rayonet Photo-

reactor.

inelds were determined by 1H NMR.

°DTBN = 5 mol % di-tert-butyl nitroxide.
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Benzene was also employed as the reaction medium, but it was found
that the reaction in this medium occurred sluggishly-and the yigld was
low. When benéene was uséd,‘alwhité solid (presumably IHgCl)
precipitated during the reaction. Solubility of alkylmercufials was
also the problem as some alkylmercury halides, cyclohexylmercury
chloride in particular, have a low solubility in benezene.

Table 1} summariées the results of the reactions between l-alkenyl
iodides and alkylmercury chlorides. In most cases, a 5-fold excess of
the alkylmercurial was employed and the reactions weré carried out in
DMSO under UV irradiation. The reactions were irradiated for a period
of time, but no attempt was made to determine the exact time needed to
complete the reactions. All the products appeared to be stable
under the reaction conditions.

The substitution reaction (Eq. 17) appears to proceed by a radical
chain process since the reaction required'an initiator klight) and no
reaction was observed in tﬁe dark. Eurthermore, the reaction was
completely inhibited by di-tert-butyl nitroxide (DIBN), a radical chain
inhibitor. We believe that the mechanism involves radical addition-

elimination as outlined in Scheme 8.

Scheme 8
Initiation
hy )
RZC=CHI —_— R20=CH + Ie
or
hy

R'HgCl —> R's + Hg® + Cl» or R's + HgCl



18.

Propagation
!
R
, - ol-add. .
R, C=CHI + R'e ———> R,{ — CHI
2 . 2
1
ﬁ-elim. _ )
1 ——> R,C=CHR" + L.
R'HgCL + I. ——> R'e + 1HgCL

The initiation step may be the homolytic cleavage of the
alkenyl iodide to give the'alkenyl radical and iodine atom. Evidence for
-this homolytic scission is that the colorless solution of an
alkenyl iodide in DMSO or benzene changed slowly to yellow or pink
presumably due to the formation of iodine. The photoleis of vinyl
halides to give vinyl radicals is a well-known process [511. The
initiation may also arise from the photolysis of the alkylmercurial
since a solution of an alkylmercury halide, particularly t-BuHgCl,
slowly decomposed to give mercury metal. |

In the propagation sfep, the alkyl radicaivregioselecfivgly adds to
the double bond at the “ﬁposition to give 1. The resulting radical 1
undergoes p-elimination to give the substitution product and iodine
atoms The iodine atom then»reacts,with the alkylmercury chloride to
give IHgCl and the alkyl radical which continues the chain. The
reéction between iodine atom and RHgCl may occur in a concerted manner
and it will be diécussed in Section B.13 of this part of this thesis.

Vinyl iodide was also allowed to react with cyclohexylmercury
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chloride in DMSO under UV irradiation (Eq. 18), but it failed
hy
H,C=CHI + ¢-C H, HgCl ——) H,C=CHC_H, ,-c + IHgCl (18)
2 6 11 DMSO 2 0% 6 11 _
to give the substitution product. One possibie explanation is that the

cyclohexyl radical attacks the double bond at the less hindered B~

position to give 2 (Scheme 9).

Scheme‘9
. p?add. o .
HZC=CHI + 5706“11. _— 27C6H11CH2-CHI
2
EfC6H11HgCl ,
2 —_— _g-CsHuCHz-CHI + £-C6Hn-
HgCl
3

The radical 2 is trapped by cyclohexylmercury Chloride to give 3 and
cyclohexyl radical and the chain continues.

Russell and JiangAhave found that alkyl radicals, t-Bue, EfC6H11.’
and n-Bue, add at the f-position of substituted vinyl compounds and the

resulting radical is trapped by RHgX (Eq. 19) [52]. The g-addition is

HgX
. RHgX A
Re + H,C=CHQ —> RCH,~CHQ ——> RCH,~CHQ + Re. (19)

2 2

Q= (EtO)ZPO, SO,Ph, COOR, SiMe

2 3

apparently due to less steric hindrance as the yield decreased with a
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substituent at the p-position of the vinyl compounds. The reaction
between ethyl p-phenylacrylate and t-butylmercury chloride gave only
the product deri#ed from the attack of t-Bue at thetx-posiﬁion [52].
The steric effects in the addition of alkyl radicals to alkenes have
been studied by Giese and Lachhein [53]. | '

The failure of vinyl iodide, H, C=CHI, to give the substitution

2
product with RHgX (Eq. 18) suggests that the regioselective «-addition
of an alkyl radical to the double bonds of the l-alkenyl jodides,
RZC=CﬁI where R # H, is apparently due to a steric effect and, more
importantly, the stabilization of the resulting radical by the
adjacent substituent at the g-position. Therefore, good yields were
observed with 2,2-diphenylethenyl iodide; whereas, 2,2-dimethylethenyl
iodide gave a poor yield and vinyl iodide failed to give the coupling

product. It also suggests that the stabilization of the radical by

iodine bridging as in 4, which could induce ®-attack, is not important.

R,C ——CHR'

-
[N
.
.

1

2

4

1-Iodocyclopentene also failed to give the substitution product
with alkylmercury chlorides (Eq. 20). The reaction gave only a trace

amount of the coupling product.
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O//I + RHgCl —i)f @/R + IHgCl + @I (20)

tiace ~10%

R = STC6H11 » t-Bu

The main reason for the failure of 2,2~dimethy1ethehyl iodide and
l-iodocyclopentene to react with alkylmercury halides is the low
reactivitieévof these alkenes towards alkyl radicals. These systems
are electron-rich olefins, but alkyl radicals such as t-butyl,
cyclohexyl and n-butyl radicals have nucleophilic character and are
trapped more effectively by electron-deficient than by electron-rich
olefins. Giese and co—~workers have successfully trapped these alkyl
radicals by electroun-poor alkenes to form new carbon—carbon bonds [27- ‘
31]).

fhe presence of allyiic hydrogens, although of less importance, may
also be a problem. An alkyl radical can abstract an allylic hydrogen
atom to form the corresponding allylic radical which does not continue
the chain.

The mechanismvof a radical-induced (EH) elimination reaction has
been studied by Stark et al. [54]. They found that the p-elimination
occurred preferentially by anti elimination (to the C-H bond being
attacked) which confirmed the earlier report by Strunk et al. [55].
This may also explain why l-iodocyclopentene failed to undergo the
. photostimulated substitution reaction. It is apparent that the carbon-
carbon single bonds of the cyclopentyl radical cannot rotate to glve

an absolutely co-planar conformation for p-elimination.
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2. Reactions of l-alkenylmercury halides with alkylmercury chlorides

1-Alkenylmercury halides have beéﬁ reported'to undergo
photostimulated reactions with ﬁany reagents to give substitution
products (Eqs. 9-12) [36,37]. Thesé reactions involve free radical
addition-elimination as outlined in Scheme 6. We have found that 1-
alkenylmercury halides can also react with alkylmercury halides under
photostimulation.

2,2—Diphenyle£henylmefcury bromide and Efbutylmercury chloride were
dissolved in DMSO and thé mixture was photolyzed in a Rayonet
Photoreactor. The reaction was irradiated for 12 h during which time
mercury metal precipiﬁated. After workup, GLC indicated that the
reaction mixture consisted of only the coupling product in

quantitative yield (Eq. 21).

hy
C=CHHgBr + t-BuHgCl ——> Ph,C=CH-Bu-t + Hg® + BrHgCl (21)
DMSO

th

1007

Other l-alkenylmercury halides.and alkylmercury chlorides were also
employed and were found to give good yields of the coﬁpling products-
Results are summarized in Table 2. 1In general, the reactions gave high
yields with 3°-alkyl- and 2°-alkylmercury chlorides and low yields with
1°-alkylmercury chlorides. We can see from Table 2 that the reactions
with i-PrHgCl, ng6H11HgC1 and t-BuHgCl gave almost quantitative yield
of the coupling products; whereas, n-BulgCl gave only 20-307% of the
expected substitution products.

These reactions failed to occur in the dark and were retarded by
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Table 2. Photoreaction of l-alkenylmercury halides with alkylmercury

chlorides
1 ' 1

R2 /c=c< - + ROngel —-}B-)——> :2>c c< H3 + XHgCl + Hg®

R} r? X R3HgCl(equiv)® | % Yield”
r'r%c=chr3

Ph Ph Br neo-CgH,  HgCl  (5) 30
Ph Ph . Br PhCH, HgCl - (5) 56¢
Ph  Ph Br  PhCH,HgCl (1.5) 30¢
Ph Ph Br i-PrHgCl (5) 96
Ph Ph Br  c-C,H, HgCl (5) 97
Ph Ph Br t-BuHgCl (5) 100
Ph H cl neo-CcH, \HgCL  (5) 23%
Ph H CL  PhCH,HgCl (5) 318 f
Ph H Cl  i-PrHgCl (5) 83°
Ph H c1 c-C,H,  HgCl (5) 78%(E/Z = 6.4)
Me Me Br c- C6H11HgCl (5) <10
t-Bu H | Br SC¢Hy HgCL  (5) 10°
Ph Ph Br (PhCOCHZ)ZHg (1) 21

) mixture of R'R®C=CHHgX (0.1 mmol) and R°HgCl in 10 mL of DMSO
was irradiated under N2 in a 350 nm Rayonet Photoreactor for 12 h.

inelds were determined by 1H NMR.

cPhCHZCHZPh was formed in 60% yield (based upon PhCHzﬂgC1).

PhLHZCH2

“Mixtures of (E) and (2) isomers.
f

Ph was formed in 20% yield (based upon PhCHZHgC1).

PhCHZCHZPh was formed in 70% yield (based upon PhCHZHgCI).
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di-tert-butyl nitroxide (DIBN). This suggests that these reactions are
radical chain reactibns. 'The proposed mechanism is similar to that of
l-aikenyl iodides with alkylmercurials outlined in Scheme 8. 1In these

reactions, monomeric HgX is the leaving group as shown in Scheme 9.

_Scheme 9
R1 H R1 H
. ,/ add. elim.
>c=c\ + R > > \c=c / + HgX
r% HgX R% R

HgX + ROHgX —————> ROo + HgX, + Hg®

One of the key steps for this mechanism is the reaction of HgX with
R3ng to form the alkyl radical, HgX2 and Hg°. We believe that this
important step involves electron transfer in which HgX can either accept
or donate an electron and it occurs in a concerted manner. This'will
be discussed in more detail in Section B.13.

3,3—Dimethyl—l—butenylmeréury bromide reacted with
cyclohexylmercury chloride to afford-only 10% of the coupling product;
whereas, 2 2-dimethyl-l-ethenylmercury bromide gave less than 107 of the
substitution pfoduct (see Table 2). The former does not have allylic
hydrogens but still gave the coupling product in iow ylield. This
confirms the earlier discussion in Section 1 that low reactivity of the
alkenes towards alkyl radicals is primarily responsible for the low
yields of products.

When benzylmercury chloride was employed, a large amount of
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bibénzylrwas formed. The formation of bibenzyl is also a radical
process sincé an initiator (light) is necessary to induce ﬁhe reaction.
The formation of bibenzyi, however, is not a chain process. The initial
kinetic chain length was found to be about zero which suggests that

bibenzyl was formed from the coupling of two benzyl radicals [56].

3. Reaétionslgg 2,2—diphenylétheny1 iodide and 2,2-diphenyl=-

ethenylmercury chloride with 2-methoxycyclohexylmercury trifluoroacetate

generated in situ

Solvomercuration is a well-known reaction which has been used to
prepare organomercurials from alkenes and mercury (II) salts [6,7]. We
have found that trans-Z—methoxycyclohexylmercury trifluoroacetate,
generated in situ by a solvomercuration reaction, underwent photo-
stimulated reaction with 2,2-diphenylethenyl iodide and 2,2-
diphenylethenylmercury chloride to give substitution product in high
yields (Eq. 22). GLC analysis indicated only one isomer which is

presumed to be the trans-cyclohexane 5.

: g0, CCF ,
MeOH. Ph, C=CHQ
[::] + Hg(0,CCF,), > LA —2

‘OMe YY)

Ph2C=CH

+ IHg0,CCF, (or ClHgO,CCF, + Hg®) | (22)

2 2773

Me0””
5

Thus, cyclohexene and mercuric trifluoroacetate were allowed to
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react in MeOH at foom temperature. After stirring for 10-15 min, 2,2-
diphenylethenyl iodide‘or 2,2-dipheny1ethenylmeréury chloridé was added
and the mixture was irradiafed in a Rayonet Photoreactor for 24 h to
give 5 in good yields. Styrene was also used instead of cyclohexene and

the reactions were carried out the same way (Eq. 23). These reactions

OMe
MeOH | ‘ Ph, C=CHQ
PhCH=CH, + Hg(0,CCF,), > PhCHCH, Hg0,CCF - >
OMe
— (o)
Ph,, C=CHCH, CHPh + IHg0,CCF, (or ClHgO,CCF, + Hg ) (23)
6

afforded product 6 in good yields. Results are summarized in Table 3.

4. Reactions of l-alkenyl phenyl sulfides, sulfoxide and sulfone with

alkylmercury chlorides

2,2-Diphenyle£henyl phenyl sulfone was found to react with
alkylmercury chlorides to give good yilelds of the substitution products
under photostimulation. The corresponding sulfoxi&e and sulfides were
also foun& to give the analogous products under the same conditions,
however, the yields were low and the reactions appeared to proceed
slowly. Equation (24) represents the reaction and the results are
summarized in Table 4.

These reactions did not occur in the dark. The photostimulated

reactions were strongly retarded by 10 molZ di-tert-butyl nitroxide
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. Table 3. Reaction of 2,2-diphenylethenyl iodide and 2;2—dipheny1—
ethenylmercury chloride with alkylmercury trifluoroacetates
generated in situ

" hy

) ' o
Ph,C=CHQ + RHg0,CCFy ———> Ph,C=CHR + IHg0,CCF, (or ClHgO,CCF, + Hg')
Q RHgOZCCF3 (equiv) A % Yield?

Ph,C = CHR
HgO. CCF :
1 O’ 273 (1 or 5)° 75
“OMe
OMe b
I (1) 63
PhCHCH, Hg0, CCF
HgO,,CCF o
HgCl [:]:‘ 23 (5)° 69
“*OMe '
: OMe : c
HgCl | (5) 69
PhCHCH, Hg0,,CCF ,

8Yjelds were determined by 1H NMR.

bPh C=CHI (0.2 mmol) and RHgO,CCF_, in MeOH (10 mL) in a Pyrex
vessel wére irradiated in a 350 nm Raydnet Photoreactor for 24 h.

°pMSo (2 nmL) was added to the reaction mixture to dissolve

Ph,C=CHHgCl.
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Table 4. Photoreaction of l-alkenyl phenyl sulfides, sulfoxide and
sulfone with alkylmercury chlorides

! H

1 . .

Rz:::c=c’/H + R3HgCl hl)> Rz::jc=c::: 5+ CLHgS(0) Ph

R S(O)nPh R R
rl R a R3HgCl (equiv) Time ()2 % Yield®

' r'RZc=cHr3

Ph-  Ph 0 1-PrhHgCl () 9% 55
Ph Ph 0 <-CH, HgCl (5) 96 58
Me Me 0 n-BuHgCl (5) 18 0
Ph H 1 i-PrHgCl ) 24 20
Ph H 1 t-BuHgCl (5) 24 32
Ph Ph 2 i-PrHgCl (5) 20 87
Ph Ph 2 1-PriigCl (2) 20 62
Ph Ph 2 1-PrHgCl (1) 22 32
Ph Ph 2 £&~CH, HgCl (5) : 20 91
Ph Ph 2 £-CgH,  HgCl (5) 20 88

*Mixtures of R'R®C=CHS(0) Ph (0.1 mol) and R°HgCl in DMSO (10
mL) in Pyrex reaction vessels were irradiated under N2 in a 350 nm
Rayonet Photoreactor.

beLC yields.



r! H r!
~. /S 3
 Ng=C + RHgx —>
R2" 5(0) _Ph ' R?
n=0,1,2

+ PhS(0) HgX (24)

(DTBN). This evidence suggests that the reactions proceed by a radical

chain process.

The mechanism is proposed to involve free radical

addition-elimination as outlined in Scheme 10:

Scheme 10

3 add.

gL

R
N\
R S(O)nph

*5(0)_Ph + R3Hgx ——> R

H
elim. S >c=c/

R2

+ -S(o)nPh

RS

* + PhS(0)_HgX

This mechanism is essentially the same as those proposed earlier,

except that the leaving groups for this mechanism are SPh, S(O)Ph. and

SOZPh.

chlorides have been reported in the literature [35].

The reactions between sulfur-centered radicals and alkylmercury

Results obtained in

our research group suggest that this step does not involve tricovalent

mercury of the type RH&(X)S(O)nPh. It is likely to occur by a SH2 or an

electron transfer process in a concerted manner (see Section B.13).

It has been established that relative raﬁes for loss of sulfur

radicals are: PhSO > PhS > PhSO2 [57,58]. This result was obtained

by the photoelimination of HX as shown in Scheme 1l.
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Our results show that yields increase in the order PhSO < PhS <
PhSO2 and that the reaction with the sulfide was very slow (Table 4).
The results may not reflect the actual leaving.ability of the leaving

groups and other factofs have to be considered. The reactivities of

Scheme 11

0 . OH .
7R\/J/«\X h/ /)\\//f/\\x
Ph ' _— Ph”

X = SPh, S(O)Ph, 50,Ph

the aikenyl phenyl sulfide, sulfoxide, and sulfone towards the attacking
alkyl radical may control the overall reaction. Our results indicate
that 2,2-d1phenyleéheny1 phenyl sulfone is more reactive than (E)-2-
phenyleqhenyl phenyl sulfoxide which is more reactive than 2,2-
diphenylethenyl phenyl sulfide. This has been confirmed by the

indirect competition between 2,2-diphenylethenyl phenyl sulfone and
2,2-diphenylethenyl phenyl sulfide which indicates that 2,2-
diphenylethenyl phenyl sulfone is about 1.5 times more reactive than

2,2~diphenyletheny1 phenyl sulfide towards cyclohexyl radical (see

Part II1).
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ég Reactions of l-alkenyl compounds with mercuric phenylmercaptide,

mercuric phenylselenide, mercuric benzenmesulfinate

1-Alkenylmercury halides have been reported to undergo
photostimﬁlated reactions with the sodium salt of mercaptans and with
alkyi or aryl digulfides to give the substituted l-alkenyl alkyl or afyl
sulfide [36,37]. Benzenesulfonyl chloride, the sodium salt of
benzenesulfinic acid and phenyl diselenide also react with l-
aikenylmercury halides to give the corresponding substitution products.

We have found that Hg(SPh)Z, Hg(SePh)Z, and Hg(SOzPh)2 reacted with

alkenyl compounds, R1R2C=CHQ (Q = I, HgX, SO_Ph, SnBuB), to give the

2

substitution producté. Therefore, the alkenyl compounds and mercuric
-phenylmercaptide were allowed to react in DMSO under UV irradiation for
20~24 h to give the coupling products in good to quantitative yields

(Eq. 25). Table 5 presents the results of these reactions.

hv
R1R20=CHQ + Hg(SPh)2 R— R]'R2

C=CHSPh + QHgSPh (25)

Q = I, HgX, SO.Ph, SnBu or PhSHgX + Hg®

2 3

or PhSSaBu, + Hgo

3

The photoreactions of the alkenyl compounds with mercuric
phenylselenide were carried out under the same conditions to givé the

alkenyl phenyl selenide in moderate to good yields (Eq. 26). The

hy

C=CHQ + Hg(SePh), —> R'R?

1,2

R'R C=CHSePh + PhSeHgQ (26)

Q = I, HgX, SO.Ph, SnBu or PhSeHgX + Hg®

2 3

or PhSeSnBu3 + Hgo.
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Table 5. Reaction of alkenyl compounds with mercuric

phenylmercaptide .

ﬂ\ _H . hy ﬂ\_'/uv

RZ/cuc\Q + Hg‘SPh)z —_— RZ___c=c\SPh + QHgSPh
r! R Q Time (h)® % YieldP

| rR!R%C=CHSPh (E/2)

Ph - Ph 1 20 - 100°
Ph Ph HgBr 20 | 100©
Ph Ph SnBu, 20 66°
Ph Ph PhSO, 24 100¢
Ph H 1 20 _ 97¢ (> 50)
Ph H HgCl 20 97°¢ (> 50)
Me . Me HgBr 20 39°¢
Me Me SnBu3 20 56
t-Bu  H HgBr 20 91°¢ (> 50)
H H . HgCl 20 46
H H SnBu, 20 45¢
Ph H PhSO, 24 509 (> 50)

8Substrates (0.1 mmol of each) in DMSO (lOHmL) in Pyrex vessels
under N2 were irradiated in a 350 nm Rayonet Photoreactor.

PYields were determined by GLC.

®PhSSPh was also formed in about 5% yield.

dPhCH=CHSOZPh was recovered in 42% yield.-
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Table 6. Reaction of alkenyl compounds with mercuric phenylselenide

1

1
R2>c=c<H + Hg(SePh)2 L> R2>c=c-/ : + QHgSePh
R Q R SePh
rY R% Q@ ‘ % vield® (E/2)
r1r%C=CHSePh
Ph Ph 1 ‘ - 78
Ph Ph HgBr 80
Ph Ph 50,Ph : 12¢
Ph Ph SnBu3 92
Ph H HgCl 27 (1.3)
Ph H | I 34 (1.1)
Me Me HgBr 38
t-Bu H HgBr . 35 (> 50)
H H HgCl 399
H‘ H ‘ SnBu3 ‘ 64

‘ 8Equimolar amounts of substrates (0.1 mmol each) in nitrogen-
purged DMSO (10 mL) in Pyrex vessels were irradiated in a 350 nm
Rayonet Photoreactor for 20 h.

inelds were determined by 1H NMR. -

®PhSeSePh was also formed in 11% yield (based upon Hg(SePh)Z)f

dPhSeSePh was also detected (1%).
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yieldé, hqwever, are lower than in reactions with mercuric
phenylmercaptide (see Table 6). Phenyl diselenide was also formed in
low yields in the reactions with Q= SOzPh, HgCl.

Reactions of the alkenyl compounds with mercuric benzenesulfinate
were found to give gdod yields of the coupling products (Table 7).
The réactions were complete in about 12 h and Eq. (27) represents these
reactions. In most cases, the reactionvmixtures consisted mainly of the

alkenyl phenyl sulfones. They were, however, accompanied by some

PhSO_Hgl
2
1,2 hy 1,2 o
R"R"C=CHQ + Hg(sozPh)2v~—*> R'R C=CHSOZPh + PhSOzHgX + Hg (27)
o
Q = I, HgX, SnBu3 PhSOZSnBu3 + Hg

byproducts which are given in Table 7. These side products apparently
reéulted from the use of an excess of mercuric benzenesulfinate. It
suggests that excess mercuric benzenesulfinate should be avoided.
Prolonged irradiation may also res&lt in lower yield due to the

formation of alkenyl phenyl sulfides.

6. Reactions of l-—alkenyl compounds with diethoxyphosphinylmercury
chloride and bis(diethoxyphosphinyl)mercury

Potassium diethyl phosphite was reported to react with 1-
alkenylmercury halides under photostimuiated reactions to give the
substitution products [32]. The key step is the reaction between
monomeric HgCl and diethyl phosphite anion to form diethyl phosphite

radical by an electron transfer process (Eq. 28).
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Table 7. Reaction of alkenyl compounds with mercuric benzenesulfinate

T Rl W

R H :
C=C + Hg(S0.Ph), —> c=C + QHgSO,Ph
%27 Nq 272 R2 \\sozph 2
1 ’ 2 a ' ™ b o,
R R Q Conditions % Yield Byproduct (%)
R1R2C=CHSOZPh
Ph _ Ph I R, 12h . 86 Ph, C=CHSPh(12)
: ’ ' Ph§ozph (6)
Ph Ph 1 R, 12 h 93¢ Ph,C=CHSP(6)
Ph Ph ~HgBr R, 12 h 100 -
Ph Ph SnBu, SL, 4 h : 63 -
Ph H 1 R, 12 h . 88 PhSO.Ph(15),
PhsPRS(2)
Ph H HgCl R, 12 h . 74 PhSO,Ph(9),
, PhSP%(B)
PhCH=CHSPh(5)
t-Bu H HgBr R, 12 h 42 PhSO,Ph(6),
PhSPR(2)
Me Me HgBr R, 12 h 38 PhSO, Ph(11),
PhSPR(2)
Me Me SnBu3 SL, 4 h 38 -
H H HgCl R, 12 h 43 PhSO, Ph(10),
PhSPR(2)
H. H SnBu3 SL, 4 h trace -

3substrates (5 equiv of Hg(SO Ph),) in DMSO (10 ul) were
irradiated under N2, R = 350 nm Rayonet Photoreactor; SL = sunlamp.

Byields were determined by GLC.
“Based upon Hg(S0,Ph),.

ng(SOZPh)2 (1 equiv ) was employed.
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EoTo :
HgCL + (EtO)ZPO_ —> (Et0),P0s + ug® + C1 (28)

Diethoxyphosphinylmercury chloride was also found to react with
l1-alkenyl compounds to give the substitution products in good yields (Eq.
29). Results are summarized in Table 8. .

0 hY/
1] 1 2
C=CHQ + (EtO)zPHgCI

12 > rIR

RR

0
c=cn'§(0Ec)2 + QHgCl (29)

Q = I, HgX, SO,Ph, SnBu

3 or‘XHgCI + Hgo

2
or Bu,SnCl + ug®

The reactions gave good yields when Q = I, HgX and SnBu3, but gave a
low yield with Q = SOZPh and only a trace amount of the coupling product
was observed with Q = SPh. This may indicate that 2,2-diphenylethenyl
phenyl sulfone and 2,2-diphenylethenyl phenyl sulfide aré not reactive
towards diethoxyphosphinyl radical.

The‘results in Table 8 suggest that prolonged irradiation should be
avoided since polysubstitﬁtion can occur resulting in lower yields of
the expected products. The reactions, at least with Q = ﬁgx, seem to
proceed as well when stoichiometric amounts of the reagents were used.

The reactions of the alkenyl compounds with bis(diethoxyphos-
phinyl)mercury (Eq. 30) also gave good yields of the substitution

products (Table 9).

hy 12

1g2 > rIR

| 0
RIR%C=CHQ + [(Eto)zﬁlzﬁg

0 0
c=cui5(ost)2 + (EcO)zﬁngQ (30)

. | 0
Q = I, HgX, 50,Ph, SnBu, or (EcO)z‘éSnBu3 + Hg®

0
or (EtO)Zéﬂgx + Hg®
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Table 8. Reaction of alkenyl compounds with diethoxyphosphinylmercury
: chloride
1 1 ‘
R2>c=c<H +'(Et0)nggVCl4 E—» ‘Rz>c c(g})? + QHgCl
R Q R B(0Et),
R1 R2 Q Conditions? - 2 Yieldb
1,2, .0
R'R“C=CHP(0Et),
Ph Ph I 1:1, SL, 1 h 20°¢
Ph P I 1:1, SL, DIBN, 1 h 0%
Ph Ph I 1:3, R, 12 h 84
Ph Ph I 1:3, R, 24 h 77¢
Ph Ph HgBr 1:'3, R, 2 h 59
Ph PH HgBr 1:3, R, DIBN, 2 h 0
Ph Ph HgBr 1:3, R, 4 h 85
Ph Ph HgBr 1:1, R, 12 h 85
Ph Ph HgBr 1:3, R, 24 h 79%
Ph Ph SnBu, 1:3, R, 24 h 65

3

3substrates (0.1 mmol of R1R2C=CHQ) in nitrogen-purged DMSO (10
mL) were irradiated by sunlamp (SL) or in a 250 nm Rayonet Photoreactor

(R).
b
GLC yields or "H NMR yields.

c
Ph2

dpp C=CHI (95%) was recovered. DTBN = 10 mol¥% di-tert-butyl
nitroxide.

C=CHI (60%) was recovered.

®Disubstituted product ( ~ 19%) was also formed.
] .

Disubstituted product (~ 4%) was detected.
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Table 8. (continued)

1 1
:2// =c:::z + (Eco22§Hg01-Eji—> Zz:::c=c:::§(OEt)z + QHgCl
S Q@  Conditions® % Yield®
R1R2C=Cﬁ§(OEt)2
Ph Ph S0,Ph 1:3, R, 24-h 268
Ph Ph SPh 1:3, R, 24 h trace®
Ph R I 1:3, R, 4 h ga™
Ph H HgCl 1:3, R, 4 h 570
£-Bu H HgBr 1:1, R, 24 h o7l
t-Bu B HgSPh 1:1, R, 12 h 3,0t
Me Me HgBr 1:1, R, 24 h 4 31h
Me Me SnBu3 1:1, R. 24 h 36
H H HgCl 1:1, R, 26 h trace

gStarting material was recovered.

hOnly'(g) isomer.

i(§)1£73u0H=CHSPh was also formed in 68%.
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When a latge excess of bis(diethoxyphosphinyl)mercury was employed or
if the reaction was irradiated for a long time, the pfoduct underwent
further reaction to give polysubstitution products. The reactions with Q
= SOZPh and SPh failed.to give the substitution products and the.
starting materials were recovered from the reactions.

: The reactions (Eqs. 29,30) are believed to proceed by a free radical

chain addition—-elimination process. Evidence for this process included

the failure of the reactions to occur in the dark or in the presence of

di-tert-butyl nitroxide. The proposed mechanism is outlined in Scheme

12,
Scheme 12
1.2 9 add. elim 1.2 9
R*R“C=CHQ + (Et0)2P° > > R°R C=CHP(0Et)2 + Qe
9
= T, SO, Ph, SPh> (EtO)zP- + QHgCl
Qe + (EtO)zPHgC1 + >(Et0)2P- + Hg” + XHgCl
Q= SnBu3 9 o
> (EtO)ZP- + Hg~ + Bu,SnCl

0 0
Q=1,Br (Ec0)2§- + (EcO)ZBHgQ

0 Q = HgX Q Q o
Qe + [EtO)zﬂlzﬂg > (Et0),Pe + (Et0),PHgX + Hg
Q= SnBu3 0

0
> (Bto)Pe + Hg® + (Ec0)2§3n3u3



40

Table 9. Reaction of alkenyl compounds with bis(diethoxyphosphinyl)-

mercury
1 1
:é::c=c::lz + kEco)Z#]ZHg —lli——> :2:::C=C::lb(ozt)2 + (EtO)zgﬂgQ

R} R? Q Condi tions® % Yield® (E/2)

1.2 8

. R'R“C=CHP (0Et),

Ph Ph I 1:1, Dark, 24 h 0¢
Ph Ph I 1:1, R, 24 h- 86
Ph Ph I 1:5, R, 20 h 499
Ph Ph 1 1:5, R, 96 h 0¢
Ph Ph Br 1:1, R, 24 h 23¢
Ph Ph HgBr  1:1, R? 24 h 86
Ph Ph SnBu, 1:1, R, 20 h 14t
Ph Ph S0,Ph 11, R, 20 h 0¢
Ph Ph SPh 1:1, R, 20 h 0¢
Ph H I 1:1, R, 8 h 78 (E only)
Ph H HgCL 1:1, R, 8 h. 68 (10.3)

: %An alkenyl compound (0.1 mmol) and bis(diethoxyphosphinyl)-
mercury in DMSO (10 mL) under Nz were irradiated in a 350 nm
Rayonet Photoreactor (R).

inelds were determined by 1H NMR or GLC.

cStarting.material was recovered.

dDisubstituted product was formed in a large amount.

®Ph,C=CHBr (68%) was recovered.

f

2

PhZC=CHSnBu3 (72%) was recovered.
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Table 9. (continued)

1

1
R H hy. R H 0
~. / I} \ ~ 1]
=C + (Et0). P, Hg —> c=CZ 0 + (Et0),PHgQ

RZ/C ~q 272 % R2— \5(0Ec)2 2

r! R Q Conditions® % vield® (E/2)
' 1.2, 8
R'R“C=CHP(0Et)

Ph H S0,Ph 1:1, R, 20 h 0¢
Ph H SPh  1:1, R, 20 h 0
Me ' Me HgBr 1:1, R, 15 h trace
t-Bu H HgBr 1:1, R, 15 h 86 (E only)

Tri-n-butyl-2,2-diphenylethenylstannane gave a highef'yield with
diethoxyphosphinylmercury chloride than with bis(diethoxyphosphinyl)-
mercury. This may suggest that the reactions occur by a different
mechanism. With diethoxyphosphinylmercury chloride, tri-n-butylstannyl
radical may abstract a chlorine atom from the mercurial to form tri-n-
butyltin chloride and diethoxyphosphinylmercury radical which
decomposes to give diethoxyphosphinyl radical and Hgo. However,
electron transfer from tri-n-butylstannyl radicai to the mercurial is
more likely to occur. 1If the latter process operates, it suggests
that electron transfer occurs more readily with diethoxyphosphinyl-

mercury chloride than with bis(diethoxyphosphinyl)mercury.
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7. Substitution reactions of Cri-n~buty1-l~alkenylstannanes with

disulfides and various reagents

Triﬁgfbutyl-z,2-dimethylethenylstannéne was allowed to react with
diphenyl disulfide in benzene undef sunlamp irradiation. The reaction
occurred rapidly to afford 2,2-dimethyletheny1 phenyl sulfide in
almost quantitative yield. The thermal feaction in the dark in the
presence of 10 mol% azobisisoﬁutyronitrile.(AIBN) at 80 °C also gave
the same yield of»the suBstitution préduct. Without AlBN, no reaction
occurred under the same conditions. The.reaction under sunlamp was
completely inhibited by 5 mol%Z di-tert-butyl nitroxide (DTBN). These
facts indicate that the reaction involveé a free radical chain addition-
elimination mechanism.

Bénzyl disulfide.and Benzenevsulfonyl chloride were also found to
react with the alkenylstannane to give the corresponding substitution
products in excellent yields. Results are presented in Table 10.

Equation (31)>represents the overall reaction and the mechanism is

1 H R1
.
\ / + Y2 ——> \ / + Bu3SnY (31)
/ AN 2/ N
SnBu3 R Z

R! = R% = Me, Ph

Y = PhS,'PhCHZS, cl

Z = PhS, PhCHZS, PhSO2

outlined in Scheme 13. This mechanism has been discussed iﬁ ref 59.

Diphenyl diselenide has been reported to undergo photostimulated
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Table 10. Reaction of tri-n-butyl-l-alkenylstannanes with phenyl

disulfide, benzyl disulfide, phenyl diselenide and benzene-
sulfonyl chloride ’

' hy
R.C=CHSABu, + Z-Y ————> R,.C=CHZ + Bu,SnY
2 3 2 3
orA
R 7-Y Conditions? % Yield? (isolated)
R, C=CHZ
2
Me PhSSPh SL, 2 h 97 (74)
Me PhSSPh 80 °C, AIBN, 2 h  97¢
Me PhSSPh SL, DTBN, 1 h 0d
" Me PhSSPh 80 °C, Dark, 2h 0
Me PhCH,,SSCH, Ph SL, 8 h 84
Me ~ PhS0,Cl SL, 4 h 90
Me PhSeSePh SL, 4 h 0
Ph - PhSSPh. SL, 2 h " 93
Ph PhS0,C1 SL, 4 h 76

,aReaction mixtures in benzene were irradiated with a 275 W sunlamp
approximately 15 cm from the Pyrex reaction vessels at ambient

temperature.

bly MR yields.

CAIBN = 10 mol% azobisisobutyronitrile.

dDTBN = 5 mol% di-tert-butyl nitroxide.

€a11 starting materials were recovered. Reaction was performed
in an NMR tube.
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reactions with l-alkenylmercury halides to give excellent yields of the
coupling products {37}« 1In contrast, it failed to react with 1-

alkenylstannanes. The reaction between tri-n-butyl-2,2~dimethyl-

Scheme 13

r! H r!

\é / o¢-add. 5 N\ge |

= + 2o cC———C——2
2\ "
R . SnBu R SnBu
_ 3 3
r! H r! H
-elim, ’

\c' é VA P > \c=c/ + BuySne
2/ | 2/ \
R SnBu, R Z
Bu3Sn- + Y-2 - > Ze + Bu3SnY

ethenylstannane and phenyl diselenide was carried out in benzene under
sunlamp irradiation. After 4 h, all the starting materials were
recovered unchanged. Diphenyl diselenide also failed to react with
tri-n-butylvinylstannane and tri-n-butyl-2-phenylethenylstannane as
reported previously [59].

We found that tri-n-butyl-l-alkenylstannanes underwent facile
photostimulated reactions with mercuric phenylselenide to give high
yields of the substitution products (Table 6). Thefefore,,the failure

of phenyl diselenide to react with l—-alkenylstannanes is not because
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the l-alkenylstannanes do not trap the selenyl radical. A possible
explanation for the failure of the reaction is that Bu3Sn- does not
react with the diselenide by either a SH2 or an electron transfer
process to give the selenyl radical (Eq. 32). This is pdzzling because

Bu.Sne + PhSeSePh ——f-i—:) Bu,SnSePh + PhSee (32)

3
pheny diselenide is considerably more reactive than phenyl disulfide
towards 5-~hexenyl radical [35].

Organostannanes have been used ektensively in organic synthesis'
in the past few decades [28]. Many alkyl radicals have been generated
from triorganostannyl radicals. Substrates which react with tri-n-

butylstannyl radical to give the corresponding alkyl radicals are

illustrated in the following Eqs. (33-38).

c RX —————> Bu,SnX + Re (33) [60]
= =\
| —_— Eﬁj]\ + CO, + Re  (34)
Qs N ~SSnBuy 2 [61,62]
[] . .
oc-R
"
0
ﬁfﬁ]\ > Ejfj\ 35) [62]
————— 4+ Re
N SR N “SSnBu, (
Bu3$n-+ 4
e D S, B (36) 163
\=N > BuySnSCN_y : ]
29 29
RO~-C-C-0Me ——————> BuBSnO-C-C-OMe + Re (37) [64]
(R = 2°, 3%-alkyl)
L RNO, ————> Bu,SaNO, + Re (38)

(R = 22, 3%-alkyl) - [65,66]
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We have carried out reactions of tri-n-butyl-l-alkenylstannanes
with alkyl halides under UV irradiation>(Eq. 39). The progress of the

1

reactions were monitored by "H NMR. Only small amounts of the

coupling products were observed after irradiation for 24 h.

R\ H R H
/c=c\ + R —> /c=c\ + Bu,SnX (39)
R SnBu R Rl
3
< 10%
R = Me, Ph Rl = 22, 3%-alkyl

X =Cl, Br, I

Organoditins have been used as an initiator for radical reactions
[49, 67,68]. They undergo homolytic cleavage under irradiation to give
triorganéstannyl radicals (Eq. 40). We also used hexabutylditin as an

hy

RSSn—SnBu3 _— 2R3Sn- _ (40)

initiator in this reaction (Eq. 41). Unfortunately, the reaction again

hy/
C~-Br > Ph,C=CHCMe, + Bu,SnBr

3 _ Bu,Sn-SnBu, <%10% 3 3 (41)

Ph2C=CHSnBu3 f Me
to give a good yield of the coupling product.

The reactions between tri-n-~butyl-2-phenylethenylatannane and alkyl
halides were reported earlier by Tashtoush [59]. Surprisingly, only
n-butyl iodide gave an appreciable yield (64%) of the coupling

product. Secondary and tertiary alkyl halides which were expected to
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reaét better gave only small amounts of the expected products.
Recently, trijgfbutyl—Z-phenylethenylstannane has been feported to
“undergo radical chain addition-elim;ﬁation reactions with alkyl

bromides (Eq. 42) [50]. The reaction was carried out using toluene as the

Toluene
@p-PhCH=CHSnBu3 + RBr —————> PhCH=CHR + BussnBr (42)
: AIBN, 86 °C

solvent at 86 °C with aiobisisobutyronit;ile as an initiator. A large
amount of the initiator (16 mol% every 12 h) was added and the
reactions were carried out for 24-36 h. The yields bbtained were 22-
827%.

N-(Trimethylacetoxy)pyridine-2-thione, 7, was allowed to react with
trifg-butyl-z,2-dipheny1ethenylstannane in benzene under sunlamp
irradiation. The reaction was expected to occur according to Eq.

(43). However, the reaction mixture afforded only a small amount of

the coupling product

‘\
Ph,C=CHSnBu, + CNIS > Ph,C=CHCMe, + CO, + ([ (43)
2 3 ' 2 3. 2 Z
OCCMe ~8SnBu
§ 3 ?
7

and some minor unidentified products. The major products were t-butyl

2-pyridyl sulfide, 8, and 2,2-di§henylethenyl 2~pyridyl sulfide, 9.

@*s CMe Ph2C=CHS’©

3
8 9
The formation of 8 was not surprising since 7 has been reported to

undergo rearrangement tb give‘the sulfide 8 as shown in Scheme 14 [62].
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Scheme 14

7 + MesCo ——> ' 8 + Me,CCO0e

Me3CC00° _— Me3C° + CO2

The proposed mechanism involves the attack of the alkyl radical at the
sulfur atom with the expulsion of the carboalkoxy radical. Loss of 002
gives t-butyl radical which continues the chain. It is apparent that 7

traps the alkyl radical more effective than does the i-alkenylstannane

(Scheme 15).

Scheme 15
> 8 + Me3CC02° > Me3C- + CO2
Me3C°
PhZC=CHSnBu3
y PhZC=CHCMe3 + Bu3Sn-

slow

The formation of 9 was not expected.A This product was not formed
in the dark. A mixture of tri-n-butyl-2,2-diphenylethenylstannane and
7 in benzene wheh heated at 80 °C for 2 h in the dark, gave the
rearranged product as the major product and only a small amount of 9.
The reaction leading to 9 is unlikely to involve the sulfur-centered
radical, . E;l\ Se , sincé it has been reported that the ester of N-
hydroxypyridine 2-thione was reduced by tri-n-butyltin hydride to give

the nor-alkane as shown in Scheme 16. Thus the formation of 9 mos t
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Scheme 16
L
7 + BusSne —>  “N”~SSnBu, + RCO,*
RCOZO —-f4> Re f CO2
Bu3SnH
Re ————> RH + Bu,Sne

3

likely involves a process in which PhéC=CH- is formed as an
intermediate, perhaps by direct photolysis of tri-n-butyl-2,2-~
diphenylethenylstannane.

Other substrates, t-butyl phenyl sulfide, N-(cyclohexyloxythio-
carbonyl)imidazole, (10), t-butyl methyl oxalate, 2-methyl-2-nitropropane
and 2-bromo-2-nitropropane were allowed to react with tri-n-butyl-2,2-
diphenylethenylstannane under photo or thermal conditions (see
Experimental Section).‘ In most cases, all the starting materials were

recovered even through it was expected that Bu,Sn® would propagate a chain

3

reaction by the following reactions:

—> Bu,SnSPh + Me,Ce

¢ PhSCMe, 3 3
O—o-g—n\'%———» Bu3SnS-g—N:;II + O-
10

BuSne + 4 Me,CO-G-C-OMe —> MeOG-G-OSnBu, + Me,Ce

3 EE §g 2
+ -
MeBCNO2 — BuBSn MeSCNOZ-' > Bu3SnNO2 + Me3C°
Br r

) + - °
\ MgZCNO2 - Bu38n MeZC—NOZ- -_— BUSSnBr + MeZCNO2
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8. Reactions Ei tri-n—butylphenylstannane with organomercurials
Tri-n~butyl-l-alkenylstannanes were found to react with
alkylmercury halides to give good yields of the coupling products (Eq.

44) [59). The mechanism which has been discussed in ref 59 is

1 Rl H

H
hﬂorA

\C=C/ + R3HgX —_— \C=C/ + Hg° + Bu,SnX (44)

.~ X $ N\,

3

R

R SnBu3 R R

believed to involve a free radical addition-elimination process.

We have extended this reaction ‘to a substituted aromatic system,
tri-n-butylphenylstannane. The reaction was carried out with various
organomercurials (Eq. 45), phenyl disulfide (Eq. 46), benzenesulfonyl
chloride, and alkyl halides (Eq. 47) under UV irradiation for 26-30 h.
The reactions afforded low yields of the substitution products as

summarized in Table 11.

hy

> @—R + Hg® + Bu,SnX (45)
> O-Q + Bu,SnY (46)

hy

¢ RHgX

<_:>-SnBu3 + ﬁ Q-Y

hy

rx

> O»R + BuBSnX 47)

The mechanism, similar to.that of the alkenyl systems, is believed

to involve radical addition—elimination as shown in Scheme 17.
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Table 11. Substicﬁtion reaction of tri-n-butylphenylstannane with

organomercurials, phenyl disulfide benzenesulfonyl chloride
and alkyl iodides '

hv

O—SnB»ug.-t- RHgX > O—»R + Bu,SnX + Hg®
RHgX (equiv) ) . Conditions? % Yieldb % Bu3SnXb
| O
n-BuHgCl (5) PhH/DMSO, R 7¢ : 60
c-CgH,  HgCl (5) PhH/DMSO, R | 13 30
i-PrigCl (5) PhH/DMSO, R 13 94
t=-BuHgCl (5) PhH, R ' 3 76
o |
(Et0) ,PHCL (5) PhH/DMSO, R 16 28
(Phs),Hg (1.5) PH/DMSO» R 3d - 50
PhSSPh (1.5) PhH, R 5¢ 14
(Phs0,),Hg (1.5) PhH/DMSO, R | | 7 ?
PhS0,CL (1.5) PhH, R 31 f 58
1-Prl (5) PhH, R | 14 7
a-Bul (5) ~ PhH, R 19 85

8Reactants in nitrogen-purged solvents were irradiated in a 350
nm Rayonet Photoreactor (R) for 26 h.

inelds were determined by GLC.
cPhSnBu3 (6%) was recovered.
dPhSnBu3 (12%) was recovered.

ePhSnBu3 (61%) was recovered.

fPhSnBu3 (22%) was ;ecovered{
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Scheme 17
R(Q)
<D-SnBu3 + Re(Qe) ——> @<
SnBu
3
R(Q) ’
2 SN a SRR
SnBu
3
BuBSn- + RX —_—D Re + Bu3SnX
or . BuBSn- + RHgX ——> Re + Bu3SnX + Hgo
or Buan- + QY —> Qe + Bu3SnY

9. Reactions of l-alkenyl derivatives with trialkylboranes

B-Styryl sulfoxide and sulfone have been reported to react with
trialkylboranes to give preparative yields of the coupling products (Eq.

48) [46]. Because of the formation of p~(2-tetrahydrofuryl)styrene

THF

(2)-PhCH=CHS(0) Me + R,B > PhCH=CHR + PhCH=CH—£;) (48)

3w

n=1, 2 11

(11), the authors suggested that the mechanism involves a p—styryl
radical intermediate. ‘It is more likely that the reaction proceeds by
a radical addition-elimination process. The formation of 11 can

arise by the abstraction of a hydrogen atom of the splvent to give
the corresponding radical which then adds to the double Bond followed

by P-elimination (Scheme 18).
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Scheme 18

' H
e WO s e )
H 0" H - 0
) . add. elim. _
PhCH=CHS(O)nMe +-.[;;> D > PhCH=CH—[;;> + OS(O)nMe

We have found that alkenyl derivatives of the type RIRZC=CHQ (Q =

S(0)Ph, SO,Ph, HgX) undergo photostimulated reactions with

2
tricyclohexylborane to give moderate yields of the coupling products

(Eq. 49). The reaction between triethylborahe and 2,2-diphenylethenyl
phenyl sulfone or 2,2-diphenylethenyl iodide failed to occur under the

same conditions. Results are presented in Table 12.

hY . '
rIR%c=cHq + (O%Bb > R1R2C=CH-<:> + (O)-z-ao o)

Q = SPh, S(O)Ph, SO,Ph, HgX 10-42%

2

10.  Reactions of l-alkenyl compounds with triisopropylaluminum

2,2-Diphenylethenyl phenyl sulfone was found to react with tri-
isopropylaluminum in benzene under UV irradiation to give a 547% yield
of the coupling product which was analyzed by GLC and 1H NﬁR. 2,2~
Diphenylethenylmercury chloride also reacted with triisopropyl-
aluminum to give the substitution product in 33% yield. Analysis by
GLC showed that other unidentified products were formed in small
amounts.

Other l-aikenyl compounds failed to react with the organoaluminum

compound under the same conditions. Results are summarized in Table 13.
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Table 12. Photoreaction of alkenyl compounds with trialkylboranes

Rl\c=c/H . > Rl\c==c/ !
g2 g 3 2 ONg3
r! R Q R Conditions? % Yield® (E/2)
R!r2C=CHR?
Ph  Ph HgBr  -CgHy) SL, 1 h a2
Ph Ph HgBr c-C/H;, R, 2h 37
Ph Ph SO,Ph e-CgH;, R, 24 h ' 23
Ph Ph 1 e-C(H), SL, 47 h 0
Ph i S(0)Ph e-C(H, | R, 24 h 33
Ph H 50,Ph c-C(H,, R, 24 h 14
Ph H SPh  ¢-C,H,, SL, 47 h 10
Ph H HgCl c-CgH , R, 2 h 22
Ph Ph S0,Ph C,H, R, 7 h 0

8Reactants (5 equiv of R3B) in nitrogen-purged benzene were
irradiated with a sunlamp (SL) or in a 350 nm Rayonet Photoreactor (R).

bYields were determined by 1H NMR.
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Table 13. Reaction of alkenyl compounds with triisopropylaluminum

hy

Ph,C=CHQ + (Me,CH),Al ————> Ph,C=CHCHWNe,
Q Conditions® % Yield®
» Ph, C=CHCHMe
2 2
50,Ph PhH, R 24 h 54
HgBr ~ PWH, R 24 h 33
1 PhH, R 24 h 0
SPh PhH, R 24 h o¢
SnBu, PhH, R 24 h : o€

2An alkenyl compound (0.1 mmol) and triisopropylaluminum (0.5
mmol) in benzene (10 mL) were irradiated under N, in a Rayonet
2
Photoreactor (R).

inelds were determined by lH NMR.

cStarting material was recovered.
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11. Reaction of 2,2-diphenylethenylmercury chloride with

igopropylmagnesium iodide

2,2-Diphenylethenylmercury chloride was allowed to react with
isopropylmagnesium iodide in DMSO uﬁder UV irradiation for 24 h. The
reaction afforded a 35% yleld of the substitution product (Eq. 50)
together with a 26% yieid of l,l-diphenyiethylene. No substitution

product was observed in the darke.

hy
Me,CHMgI + Ph,C=CHHgCL > Ph,C=CHCHMe, + Ph,C=CH, + Hg® + IMgCl
: 35% 26% (50)

Grignard reagents and mercury(Il) salts are knéwn to react to give
organomercury salts or diorganomercurials depending on the ratio of the
reactants [1,3]. It is possible that the organomercury chloride reacted
with isopropylmagnesium iodide to give 12 (Eq. 51). The diorgano-
mercurial 12 may have decomposed under photolygis to give the

Ph,C=CHHgC1 + Me,CHMgI —> Ph,C=CHHgCH!e, + ClMgl (51)
12

substitution product. Scheme 19 outlines a possible mechanism.

Scheme 19

add. elim,

C=CHHgCHMe2 + -CHMez > > Ph2C=CHCHMe2 + HgCHMe2

HgCHMe

th

> Hgo + eCHMe

2 2



57

12. Competition reactions between alkylmercury chlorides with a

deficient amount of (E)-2-phenylethenylmercury chloride or tri-n-butyl-

(E)-Z-bhenylethenyistannane

Competition reactions between alkylmercury chlorides with nitronate
anion, phenyl disulfide, or phenyl diselenide have.been obtained in our
research group. The relative reactivities are in the order alkyl = 3°
>2°>1°% It was‘also of interest to determine the relative
reactivities of alkylmercury chlorides with a deficient amount of an
alkenyl compound since the relative reéctivities,may explain the
mechanism for formation of the alkyl radical from an alkylmercurial.

The relative reactivities were determined by performing the

following reactions. A ten fold excess of each of the alkylmercury

hV/
(E)-PhCH=CHHgCl + n-BuHgCl + c¢~C H HgCl———) PhCH=CHBu-n + PhCH=CHC H, ~c
611 - 6 11—
0.01 ¢ 1.0
hJ '
(E)~-PhCH=CHHgCl + t-BuHgCl + c- C HgCl—> PhCH=CHBu-n + PhCH=CHC_H
611 6 115
90 : 1.0
hy -
(E)-PhCH=CHSnBu, + n-BuHgCl + c~C_H, HgCl—> PhCH=CHBu-n + PhCH=CHC H, -c
- 3 611 - 6 11—
0.2 1.0
hv
(E)-PhCH=CHSnBu + t-BuHgCl + c~C_H, HgCl—> PhCH=CHBu-n + PhCH=CHC H. -c
3 611 90 . 1.0 6 11—

chlorides was employed. The observed relative ratios of the products
are indicated in each reaction. The relative reactivities are obtained

from the relative ratios of the substitution products. Therefore, the

relative reactivities are:
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(E)-PhCH=CHHgCL; alkyl = t-Bu:c-C,H ,:n-Bu = 1.0:0.011:0.0001

; alkyl = t-Buic-C H, ,:n-Bu = 1.0:0.025:0.005

611

(E)-PhCH=CHSnBu,

The results demonstrate that in the reaction of RHgCl with either
HgCl or Bussn- that there is an appreciable preference for attack at the
t-alkymercurial. The‘reactivity order of t-BuHgCl > £CeH, HgCl > n-
BuHgCl indicates that the rate of the reactions leading to alkyl
radicals are controlled by the stability of the radical being formed.
This suggests that attack of HgCl upon RHgCl (to give Re, HgCl2 and Hg®)
or of ngu3Sn- upon RHgCl (to give Re, Hgo, Bu3SnC1) are one-step
reactions with an appreciable formation of the_incipient alkyl radical

in the transition state.

13. Mechanistic considerations

We believe that most of the reactions that we have carried out
involve radical chain addition-elimination. The evidence includes the
need'for.a radical initiagor (light or azobisisobutyronitrile), the
failure of the reactions to occur in the dark, and the strong
retardation by di~tert-butyl nitroxide, a radical chain inhibitor.

The mechanism, except for the last step in the propagation, has
already been discussed in each section. This section will consider the
generation of the alkyl radical by the chain carrier Qe as shown in Eqs.
(52-54). Parts of the discussion and some results are taken from ref

69.

Qe + RHgX —> Re + QHgX; Q = I, Br, SPh, S(O)Ph, SOZPh (52)
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Qe + RHgX —> Re + Hg® + QX; Q = SnBu, (53)

Qe + RHgX —> Re + Hg® + HgX,; Q = HgX (54)

Recently alkylmercury halides have been recognized to pérticipate
in many radical chain reactions. They can react with electron donor
radicals or radical anions and electron acceptor radicals {32, 70-73].

With Q = I, Br, SPh, S(0)Ph, and SO, Ph, Q# reacts with alkylmercury

2

halides by either a SHZ process at Hg or an electron transfer process as

shown in Scheme 20. In the electron transfer process, Qe reacts as an

Scheme 20
SHZ(Hg)
> Re + QHgX
Qe + RHgX
E.T. —_ ’- - . +
—> [Q RHgX'] —> Q + Re + 'HgX
13

electron acceptor via transition state 13.

With Q = Bu3Sn, we believe thgt Qe reacts with RHgX by an electron
transfer process in which Qe is an electron donor and RHgX is an
acceptor as shown in Eq. (55). HgX in Eq. (54) can be either a donor or

an acceptor.,
+ - + o -
Qe + RHgX —> [Q---RHgXe] —> Q + Re + Hg®’ + X (55)

. The abstraction of the halogen atom from RHgX by Qe (Q = SnBu3 or

HgX) or the formation of Hg(IIL), RﬁgX(Q), intermediate as shown in
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Scheme 21 are excluded. ‘This is based on the observation that with few

Scheme 21

5 QX + RHge —> Re + Hg’

Qe + RHgX
Q

> RHgX ———> Re + QHgX
exceptiéns, the rates are faster and the product yields are higher
‘according to the sequence R = t-butyl > 2°-alkyl > 1°-alkyl. We believe
that this 1s a result of the incipient radical stability in the
transition state of Reactions 52-54 which apparently do not involve
Hg(I) or Hg(IIIj intermediates such as RHgXs, RHge, or RﬁgX(Q).

In competitive experiments between RIHgCI and R2HgC1 and a

deficiency of the reagent Me,C=NO, (Eq. 56), Y-A (Y-A = PhS-SPh,

2 2
PhSe-SePh) (Eq. 57), (E)-PhCH=CHHgCl (Eq. 58), and (E)-PhCH=CHSnBu, (Eq.

R'HgC1 + R%HgCl + Me,C=NO,~ ——> RlMe CNO, + R’Me CNO, + Hg® + c1”
2°72 2772 2"2
(56)
1 2 1 2
R HgCl + R“HgCl + Y-A —> R"Y + R“Y + AHgCl (57)

R'Hgcl + R%HgCl + (E)-PhCH=CHHgCl ——> PhCH=CHR® + PhCH=CHRZ +
HgCl, + Hg° (58)

R'Hgel + R%HgCl + (E)-PhCH=CHSnBu,—> PhCH=CHR' + PhCH=CHR® +
Bu,SnCl + ug° (59)

59), we have found the following relative reactivities:

Me,=NO,”; R = PhCH, : t-Bu : i-Pr : n-Bu = 4.7:1.0:0.07:0.005
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Y-A = PhS-SPh; R = t-Bu : i-Pr : n-Bu = 1.0:0.08: < 0.003
Y-A = PhSe-SePh; R = t=Bu : i-Pr : n-Bu = 1.0:0.3: < 0.004
(E)-PhCH=CHHECL; R = £-Bu : e~C H,  : n-Bu = 1.0:0.011:0.000]

R =¢t-Bu : ¢~C H . : n-Bu = 1.0:0.025:0.005

(E )PhCH=CHSnBu el

3¥
Explanations of the observed relative reactivities based on

equilibria involving Re, RHge, RHgCl:, or RﬁgCl(Q) have been excluded in

specific cases. The equilibrium (Eq. 60) can be excluded in Eq. (57)

rle + RZHgCl P RIHgC1 + R% (60)

since the concentration of PhSeSePh has no effect on the observed

relative reactivities.

Reversible formation of RHgCI: as shown in Eq. (61) can be

.+ RHgC1 = RMe CNO2 + RHgCl: (61)

RMe ,,CNO 2

2772

eliminated since RMeZCNOé fails to retard the rate of substitution in
Eq. (56). Reversible formation of RHgCl(SPh) as shown in Eq. (62) seems
uhlikely since a strong mercury-sulfur bond is being broken moré rapidly

than the weaker carbon-mercury bond.
RHgX + PhSe ——= RHgX(SPh) (62)

1f the formation of RHgXe or RHgX(SPh)e are not formed in a
reversible manner; and, if the following equilibrium (Eqs. 63-65) were

involved, the presence of an unreactive RHgX (e.g., n-BuHgCl) should

R'HgC1% + R%HgCl =——= rlugci + rugcis | (63)
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Rlug. + RZHgC]_ _ R]'HgC]. + R2Hg° (64)

1 2

Rlfigc1¢sPh) + R%Hgcl == RHgc1 + RZfigCc1(sPh) (65)

retard the rate of reaction of a reactive RHgX (e.g., t-BuHgCl).

We have found that n-BulHgCl does not reduce the kinetic chain
length of the photostimulated reaction of t-BuHgCl with Me2C=N02_,
' PhSSPh, and PhSeSéPh, the reaction product being ngarly exclusively

t-BuMe,CNO,, t-BuSPh, and t-BuSePh. We conclude that the

2
photoinitiation involves mainly t-BuHgCl and that reactions (Egqs. 52,
53) occur in a concerted fashion. Equation (54) is also believed to
occur in the same concerted manner.

Because of the concerted nature of the reactions (Eqs. 52-54), the
reactions bgtween l-alkenyl compounds with alkylmercury halides are
particularly effecti?e’with 3°-alkylmercury halides. The following

scheme (Scheme 22) summarizes the mechanism of the reactions presented

in this part.

Scheme 22
1.2 3 oo 3
R'R“C=CHQ + R”HgX —> R'R“C=CHR” + QHgX
Initiation
3, W 3
RHgX —> R”e + HgX (Hg® + Xe)
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©hy
or RYR2c=cHq —> RIRZC=CHe + Qe
'Pfopagaﬁion
d-—add. . p
rIrZc=cuq + rR3s ———> rIR%&-cHq(r?)
. p-elim
RIR2E-CHQ(R3) —————> RIRZC=CHRI + Qe
: S,2 or E.T.
Qs + ROHgX —& —> R + QugX
(Q = 1, Br, SPh, S(O)Ph, SOZPh)
3 E.T. 3
or Qe + R’HgX > R7s + QX + Hg®
(Q = SnBu,, HgX)

C. Conclusion

1p2¢=cho (q = 1, Br,

Substituted l-alkenyl compounds of the type R
HgX, SPh, S(O)Ph, SOzPh, SnBu3) react with organomercurials, RHgX and
RZHg, to afford substitution products. The yields are usually high
with R1 or R2 = Ph due to the stabilization of the resulting radical
intermediates. 'Stébilities of the adding radicals also play an
important role in determining the yields of the substitution prodﬁcts
which, in general, increase in the order 1°-alkyl- < 2°-alkyl- < 3°-
alkylmercury halide.

The reactions are believed to occur via a free-radical addition-
elimination process. The regioselecti?e<x—addition of radicals is
influenced by the substituents (RI,RZ) at the p-position. The
stabilization of the adduct radical b& Q, which could also influence the

regiochemistry of the o« attack, seems unihpqrtant at least in the case
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where Q = I.

Alkylmercury halides and dio;ganomercurials react with Qe by either
a SH2 or an electron transfer process in which the organomgfcu;ials
accept or donate an electron. In the electron transfer process, the
feaction is believed to occur'in a cqnéerted manner. Mercury(I) and
(III) intermediates such as RHg-,ahd RHg(X)Q- are not believed to be
involved in these reactions.

Heteroatom—-centered radicals, Phs-,'PhSe-, PhSOzo, and (EtO)ZPO-,
can be gengrated from Hg(SPh),, Hg(SePh),, Hg(SO,Ph), and (EtO)zi’HgCI
or [(EtO)zﬁ]ZHg, respectively. These heteroatom—centered radicals add
effectively to the double bonds of the l-alkenyl system (R1R2C=CHQ) to
give the substitution products.

Other substrates which react with l-alkenyl compounds to give the
coupling products include triisopropylaluminum, tricyclohexylborane,
and RMgX. The reactions, however, afford low yields and appear to be

limited to Q = PhSO, or HgX.

2
Tri-n-butyl-l-alkenylstannanes react with phenyl disulfide,

beqzyl‘disulfide and benzenegulfonyl chloride to give excellent yields
of the substitution products. The reaction with phenyl diselenide, on
the oﬁher hand, failed to proceed under the same conditions. 1t appears
that tri-n—butystannyl radical does not react readily with
phenyldiselenide by the SH2 process which occurs readily with phenyl
disulfide.

Tri-n-butyl-l-alkenylstannanes failed to react with certain

substrates with which a reasonable chain mechanism could be postulated.
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" These subétrates include esters of N-hydroxypyridine-Z-chione N, t-
butyl phenyl sulfide, N-(eyclohexyloxythiocarbonyl)imidazole (10), 2-
methyl-z-nitropropane-and 2-bromo-2—nitropropane.

A photostimulated reacgipn of tri-n-butylphenylstannane with
alkyl Halides, ofganomercurials, phenyl disulfide, and benzenesulfonyl
chloride was observed. Unfortunately, the reactions afforded only low

yields of substitution products.

D. Experimental Section

l. Instrumentation and techniques

Analytical gas cﬁromatography (GLC) was performed on a Varian
3700 gas chromatograph equipped with a Hewlett-Packard 3390A
integrator. Preparative GLC was performed on an Aerograph Model 700
gas chromatograph. Mélting points were determined on a Fisher-Johns
melting point apparatus and are uncorrected. G.C. mass spectra (GCMS)
were recorded on a Finnegan 4000 spectrometer. High resolution mass
spectra (MS) were recorded on an AEI MS 902 mass spectrometer. 1H NMR
(60 MHz) were recorded on a Varian EM 360A or EM 360L spectrometer.
High resolution 1y wr (300 MHz) were recorded on a Nicolet NT 300
spectrometer.

GLC yields were determined by using an internal standard
(naphthalene or bipheny}),and, in most cases, were corrected with
predetermined response factors. 1H NMR yields were determiﬁed by
integration with a known amount of an internal standard (usuélly

dibromomethane).
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2. Solvents and chemical reagents

Solvents were purchased from Fisher or Baker. Dimethyl sulfoxide
(DMS0) was distilied from calcium hydride and stored over 4A Molecular
Sieves under nitrogeﬁ. Benzene and tetrahyarofuran (THF) were
distilled‘from 1ithium aluminum hydride (LAH) and stored over 4A
Molecular Sieves under nitrogen. Diethyl ether and other solvents
were purchased and used without purification. .

Chemical reagents in high purity grades were purchased mostly

from Aldrich. 1In most cases the reagents were used without further

purification.

3. Preparation of organomercurials

Most of the alkylmercury halides were prepared by literature
procedures [3]. They were usually prepared from Grignard reagents and
mercury salts (1l:1 equiv) in THF. Thus prepared were n-butylmercury
chloride (lit. [74] mp 127.5 °C), neopentylmercury chloride (lit.

[75] mp 117-118 °C), benzylmercury chloride (lit. (76] mp 104 °C),
isopropylmercury chloride (lit. [77] mp 94.5-95.5 °C), cyclohexyl-
mercur&chloride (1it. [78] mp 163-164 °C), and t-butylmercury chloride
(mp 110-113 °C 1lit. [79] mp 123 °C). The preparation of t-butylmercury
chloride in refluxing THF in the usual manner afforded a low yield
(20-30%) of the product because of the instability of the mercurial.
The yield, however, could be impfoved to over 507 yield by performing
the reaction at a low temperature. Thus 3 $01ution of t-
.butylmagnesiuﬁ chloride prepared from t-butyl chloride and Mg in THF

under a nitrogen atmosphere was cooled in an ice bath while an
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equimolar amount of mercuric chloride in THF was added dropwise with
stirring. After the addition, the mixture was stirred o?ernight in
the ice bath. Thebreaction mi#ture was then poured into 2% acetic
acid in ice water éontaining several eﬁuivalents of sodium chloride.
The white precipitate of Efﬁutylmercury chloride was filtered and
dissolved iﬁ chloroform and filtefed again to remove the remaining
mercurié chloride. Chloroform was then removed ﬁnder vacuum to give a
white solid of t-butylmercury chloride. All of the alkylmercury
chlorides were recrystallized from 95% ethanol. t-Butylmercury
chloride, unlike other alkylmercury chlorides, slowly decomposed to
give mercury metal when stored on a lab bench. Therefore, it‘was‘kept
in a closed container inva refrigerator.

c<-Mercurybisaéetophenone (lit. [80] mp 171-172.5 °C), ﬁercuric
phenylmercaptide (mp 149-150 °C lit. [81] mp 150 °C), mercuric
phehylselenide.(mpv148.5-149 °C lit. [82] mp 152-153 °C),
mercuric benzenesulfinate (lit. [83] mp 130 °C (dec.)),
bis(diethoxyphosphinyl)mercury (lit. [84] mp 56.8-58.2 °C),
diethoxyphosphinylmercury chloride (lit. [84] mp 103-104 °C), and
mercuric trifluoroacetate (lit. [85]) mp 164-168 °C) were synthesized

by the methods described in the literature.

4. Preparation of alkenyl derivatives

1,1-Diphenylethylene was a precursor of many alkenyl derivatives
employed in this study. The method for the preparation of 1-(m-
tolyl)-1l-phenylethylene [86] was modified to synthesize 1,1~

diphenylethylene. Thus methyl fodide (1 mol) and magnesium turnings (1
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mol) were allowed to react in 1 L of diechyl ether in a round bottom
flask equibped-with a dry-ice condenser. Thé reaction occurred
vigorously; and, therefore, the flask was immersed in an ice bath.
After completion, benzophenone (0.7 mol) in 250 mL of diethyl ether was
added slowly and the mixture was heated to reflﬁx for 2 h. The
reaction mixture was then poured into 1.4 L of 6 N aqueous
hydrochloric acid. The organic layer was separated, washed with water
and dried over anhydrous sodium sulfate. The solvent was removed and
the product was distilled in the'presence of a few crystals of iodine
at 7 mmHg. Dehydration occup;ed during the distillation and the
product was collected at 120-130 °C. The pale orange distillate was
dilute with either.and washed with 10% aqueous sodium thiosulfate to
remove the iodine. After the removal of ether, the product was
fractionally distilled to give 80 g of a colorless liquid product (bp
100 °C at 1 mmHg).

2,2-Diphenylethenyl bromide was prepared by bromination of 1,1-
diphenylethylene. Thus bromine (0.3 mol) was slowly added to a
solution of 1l,l~diphenylethylene (0.3 mol) in 100 mL of carbon
tetrachloride with stirring. After the addition, the mixture was
stirred for an additional 0.5 h. The solvent was removed in vacuo and
the product was distilled at reduced pressure. Dehydrobromination
occﬁrred during the distillation and the product obtained was the
ethenyl bromide. The product was redistilled again by fractional
distillation to give a pale yellow liquid (bp 135 °C at 1.5 mmHg)

which solidified upon storing at room temperature.
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'u NMR (CDC1,) §:7.28(s,5H), 7.18(s,5H), 6.68(s,1H).

_Triﬁgfbutylfz,2-diphenyléﬁhenylstannane was prepared from the
Grignard reagent and ;rifgfbdtyltin chloride [87]. Thé Grignard
reagent was prepared from 2,2-d;phenylethehyl bromide (0.05 mol) and
magnesiﬁm turnings (0.05 mol) in 30 mL dry THF. The mixture was heated
until.the reaction started. Once the reaction had started, 70 mL of
THF was added and the reaction mixture was heated to reflux for 2 h.
After completion of the re#ction, the Grignard reagent solution was
transferred.to anothef flask under an aﬁmosphere of hitrogenQ A
solution of tri-n-butyltin chloride (0.04 mol) in THF (56 mL) was
added slowly and the mixture was ?efluxed for 72 h. Thé reaction
mixture was then poured into 200 mL of saturated aqueoué ammonium
chloride solution. The organic products were extracted with ether,
washed with water and dried over anhydrous sodium sulfate. The_
solvent was removed under vacuum to give yellow liquid product. The
product was purified by distillation at reduced pressure (bp 162-164
°C at O.35'mmHg).' The distillation, however, yielded only ca. 50%
of the alkenyltin as the remaining.material polymerized in the flask.

Column chromatography with hexane as the eluent was found to be a

1y wr (cDe1,) § 7.4-

better method to purify the alkenyltin product:

7.1(m,10H), 6.65(s,1H), 1.55-0.5(m,27H).
Trijgfbutyl-z,2-dimethy1ethenyltstannane was also prepared by

similar procedure from the reaction of 2,2-dimethylethenylmagnesium

bromide and tri-n-butyltin chloride in THF. The reaction was heated

at reflux for only 19 h. The same workup afforded a product which
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was fractionally distilled to give the colorless ethenylstannane (bﬁ 84—
85 °C at 0.07 mmHg). - 1H NMR (CDCl3) S 5.35(br,S,1H), 2.0~
0.65(m,33H).

| 2,2—Dimethy1etheny1mer¢ury bromide was synthesized from the
Grignard reagent and mercurié bromide as follows. - 2,2-~Dimethylethenyl
bromide (0.1 mol) from the dehydrobromination of l,Zﬂdibromo—Z-
methylpropane [88,89] was allowed to react with.magnesium (0.1 mol) in
10 mL of dry THF. The mixture was heated to initiate the reaction. An
additional 40 mL of THF was added after the reaction had started and
the feaction was heated at reflux for 1 h. The mixture was filtered
through glass wool into another Tiask, Mercuric bromide (0.l mol) was
added slowly and the reaction stirred at reflux overnight. The
mixture was then poured into ice water containing several equivalents
of sodium bromide. The product was extracted with chloroform, washed
with water and dried over sodium sulfate. The solvent was removed in
vacuo to give a pale yellow solid which was recrystallized from 95%
cthanol (mp > 200 °C. ln M (cncL,) § 5.55(br,s,1H), 1.95(s,3H),
"1.9(s,3H).

2,2-Dimethylethenyl iodide was prepared from reaction of 2,2~

dimethylethenyllmercury bromide (10 mmol) and iodine (10 mmol) in 100
mL of chloroform. The reaction was stirred at room temperature for. A
2 h and the solid was filtered off. The filtrate was washed with 10%
aqueous sodium thiosulfate solution and dried over sodium sulfate.

The solvent was removed under vacuum to give a liquid product which

was indicated to be pure by 'H NMR. I1H NMR (cne1 ) $ 5.8(br,s,1H),
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1.89(s,3H), 1.84(s,3H).

Literature procedures were employed for the preparation of 2,2~
diphenylethenylmercufy cﬁloride (mp 141-142 °C 1it. [90] mp 143 °C)
and bromide (mp 156-157 °C 1lit [90] mp 157 °Cc), 2,2-
diphenylethenyl iodide (mp 40-40.5 °C lit. [90] mp 40-41 °C),
2,2-diphenylethenyl phenyl sulfone (mp 113-114 °C 1it. (91] mp
114-115 ‘C), 2,2-diphenylethenyl phenyl sulfide [3?], (E)-2-
pheny letheny lmercury chloride (liﬁ. (92] mp 216-217 °C), (E)-3,3-
dimethyl;l-butgnylmercury bromide (1it. [92] mp 81-82 °C), (E)-2-
phenylethenyl phenyl sulfoxide [46], l-iodocyclopentene [93], vinyl
iodide [94], (E)-2-phenylethenyl iodide [95], (E)-Z-phenylethenyl
phenyl sulfide [96], (E)-2-phenylethenyl phenyl sulfone (1lit. [96]

mp 74-75 °C), tri-n-butylvinylstannane [87], tri-n-butylphenylstannane

(971.

S+ Preparation of triisopropylaluminum

Triisopropylaluminum.was prepared by the same method reported
for the synthesis of triisopentylaluminum [98]. Thus isopropyl
bromide (0.3 mole) and magnesium (0.3 mol) were allowed to react in
.106 mL of diethyl ether. After completion, the Grignard reagent was
added dropwise to hell-stirred, boiling toluene and the ether was
boiled off. The suspension of G;ignard feagent was cooled to
room temperature and anhydroué aluminum chloride (0.05 mole) was added
slowly Qith vigorous stirring. The mixture was stirred at room
temperature overnight and the precipitate was centrifuged off. The

triisoprOpy;aluminum was isolated by vacuum distillation (bp 44-46
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°C at 2 mmHg). This compound is sensitive to air and, therefore, was

handled under a nitrogen atmosphere. 1H NMR (CDClS) 5 1.55-0.9 (m).

6. Photoreactions of 2,2-diphenylethenyl iodide with alkylmercurials

2,2-Diphenylethenyl ibdide (0.1 mmol) and the alkylmercuriai were
dissolved in a solvent (10 mL) in a Pyrex tube equipped with a rubber
septum. After a nitrogeﬁ-purge for 5 min, the mixture was irradiated
at 350 nm in a Rayonet Photoreactor for a period of time (see Table |
1). The réaction mixture was clear; but in some cases contailned a
small amount of mercury metal.

After completion of the reaction, benzene (20 mL) was added to
the reaction mixture and ;he mixture was washed once with water and twice
with 20 mL of 10% aqueous sodium thiosulfate solution to remove the
remaining alkylmercurial. The mixture was then dried over anhydrous
sodium sulfate and the solvent was removed under vacuum to give a pale
yellow or colorless oily residue. GLC analysis indicated the presence

1

of only one compound which was identified by “H NMR and GCMS to be

the substitution product. .Yield of the product was determined by 1y
NMR by adding a known amount of dibromomethane. Yields of the
substitution products from the reaction of l-alkenyliodide and
alkylmercurials are summarized in Table 1.

Identification of the substitution producis, in many cases, was
confirmed by comparison of their 1H NMR and GCMS data with those of the
authentic compounds synthesized by known literature methods or by

comparison of their 1H NMR data with those of the compounds reported in the

literature. '1H NMR and GCMS data of the substitution products are
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given in Table 14.

7. Reaction of 2,2-diphenylethenyl iodide with isopropylmercury

chloride in the dark

2,2-Diphenylethenyl iodide (0.1 mmol) and isopropylmercury
chloride (0.5 mmol) were dissolved in 10 mL of nitrogeﬁ—purged DMSO in
a Pyrex tube. Thé tube was wfapped with aluminum foil to exclude
light and'placed in a Rayonet Photoreactor at 40-45 °C. After 24 h,
the usual workup afforded only the iodide starting material.’ None of

the substitution product was observed.

8. Photoreaction of 2,2-diphenylethenyl iodide with isopropylmercury

chloride in the presence of di-tert-butyl nitroxide (DTBN)

2,2-Diphenylethenyl iodide (0.1 mmol), isopropylmercury chloride
(0.5 mmol) and DTBN (0.005 mmol) in 10 mL of nitrogen-purged DMSO in a_
Pyrex tube were irradiated in a Rayonet Photoreactor for 1 h. The .
usual workup gave a product which was identified to be the unchanged
iodide starting material. No substitution product was observed. The
control reaction (in the absence of DIBN) carried out exactly under the

same conditions afforded the substitution product in 73% yield.

9. Photoreactions of l-alkenylmercury halides with alkylmercurials

A general procedure involved 0.1 mmol of l-alkenylmercury halide
and 0.5 mmol of the alkylmercurial dissolved in 10 mL of DMSO in a
Pyrex tube equipped with a rubber septum. After a 5-min nitrogen
purge, the mixture was irradiated in a Rayonet Photoreactor at 40-45

- °C for 12 h during which time mercury metal precipitated as mercury
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Table l4. 1H NMR and GCMS data for the substitution products from
the reactions of alkenyl iodides with organomercurials

Compound ceMs® ly P

m/e (ppm,d)
(relative intensity)

PhZC=CHCH2CH2CHZCH3 238(0.5), 236(30,M+), 7.6-6.9(m,10H),
: : 193(94), 115(100), 6.05(t,1H),
2.3

91(43) +3-0.7(m,9H)
Ph,C=CHCH(CH, ), 224(0.8), 222(50,M"),  7.45-7.05(m,10H),
207(92), 129(100), 5.9(d, 1H),
91(44) 2.8-2.1(m, 1H),
1.02(d ,6H)

Ph,C=CHC,H, ¢ 264(0.6), 262(32,M%),  7.45-6.9(m,10H),
180(100, 91(60) 5.9(d, 1H) ,
2.35-0.8(m, 11H)

Ph,,C=CHC(CH, ), 238(1), 236(62,M7), 7.5-6.9(m, 10H),
221(100), 143(72), 6.05(s,1H),
91(37) . 0.98(s,9H)

(CH,),C=CHC H, -c  138(28,4"), 123(29), —
95(61), 81(65),
67(100), 55(71)

2 +

Ph2c=cucu289h 298(2,M"), 193(25), 8.2-6.9(m, 15H)

105(100) 6.41(t,1H),

3.8(d,2H)

aOnly M+2, M* and major fragments are given.

%60 MHz; in eDCL,.«
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beads.

After completion, the reaction mixture was decanted from the
mercury beads into water and extracted'wifh benzene (20 mL). The
extract was washed twice with 20 mL of 10% aqueous sodium thiosulfate
solution and dried over anhydrous sodium Sulfate. Benzene was then
removed in vacuo to afford a liquid product which was analyzed by GLC,‘
IH NMR and GCMS. Yields of the substitution products were determined

1H NMR by the procedure described earlier and the results are

by
presented in Table 2. Identification of the products was confirmed by
comparison of their GLC retention times, 1H NMR and GCMS data with those
of the products obtained previously.

1y WR and

In addition to the data in Tablé 14, the following
GCMS data were obtained for the following compounds.

4 ,4-Dimethyl-1,1-diphenyl-l-pentene:

GCMS, m/e (relative intensity) 252(0.14), 250(10,M+), 193(89),
115(100), 91(40), 57(56). |
1,1,3-Triphenylpropene:

GCMS, m/e (relative intensity) 272(0.38), 270(19,H+), 192(100),
179(49), 178(49), 115(65), 91(71). '
4,4-Dimethyl-l~phenyl-l-pentene:

GCMS, m/e (relative intemsity) 174(10,4%), 159(3), 118(31),
117(35), 91(12), 57(100).
1,3~Diphenylpropene:

GCMS, m/e (relative intensity) 196(0.72), 194(79,M°), 115(100),

91(50).
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3-Methyl-lehenyl;l-butene:

' MR (CDC1,) § 7.32-7.05(m,5H), 6.32-6.2(m,2R), 2.7-2.2(m, 1H),
1.05(d, 6H, J=6.5 Hz).

GCMS, m/e (relative intemsity) 146(31,M"), 131(100), 91(50).
(2-Phen§1ethehyl)cyclohexane: |

14 nr (coel,) S 7.5-7.b(m,su), 6.38-6.2(m,2H), 2.6-0.7(m,11H).

GCMS, m/e (relative intensity) 188(0.2), 186(17,M), 104(100),
91(17)..
(3,3-Dimethyl-lrbutenyl)cyclohexane:

GCMS, m/e (relative intensity) 166(12,4'), 83(39), 82(100),

67(47), 55(70).

10. Photoreactions of 2,2-diphenylethenyl iodide and 2-methoxy-(2,2-

diphenyethenyl)cyclohexane with alkylmercury trifluoroacetate

generated in situ

Mercuric trifluoroacetate (1 mmol) and freshly distilled
cyclohexene (1 mmol) were dissolved in 10 mL of methanol in a Pyrex
flask. The mixture was stifred at room temperature for 10 min to
give 2-methoxycyclohexylmercury trifluorocacetate. This mercurial was
used without isolation. fhus 2,2-diphenylethenyl iodide (1 mmol or 0.2
mmol) was added to the reaction mixture in methanol and a stream of
nitrogen was passed through the mixture for 5 min. The mixture was
theﬁ irradiated in a Rayonet Photoreactor for 24 h. After the
irradiation, the mixture was poured into water and extracted with
benzene (20 mL). The extract was washed with 2 x 20 mL of 10% aqueous

sodium thiosulfate and dried over anhydrous sodium sulfate. The oily
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residue, after the removal of the solvent, was analyzed by GLC, 1H NMR
and GCMS which indicated the presence of the substitution product
(2,2-diphenylethenyl(2-methoxy)cyclohexane,5) in 75% yield, 1,1-
diphenylethylene (7% yield) and small amounts of unidentified’
prodﬁcts. '

Re;ction of 2,2-diphenylethenylmercury chloride and 2-
methoxycyclohexylmercury trifluoroacetate was also carried out by the
same procedure under the same conditions. DMSO 2 mL was added to help
dissolve the alkenylmercurial. The reaction afforded 2-methoxy-(2,2-
diphenylethenyl)cyclohexane(5) in 69% yield and a small amount of an
unidentified product. '

The substitution product 2-methoxy-(2,2-diphenylethenyl)-

1

cyclohexane) obtained from both reactions.had the following "H

NMR and GCMS data:

MR (0DCL,) § 7.3(s,5H),7.22(s,5H), 5.98(d,1H), 3.52-
'2.8(m,4H), 2.5-0.8(m,9H).

GCMS, m/e (relative intemsity) 292(55,M%), 260(40), 217(51),
205(78), 112(100), 91(75).

2-Methoxy-2-phenylethylmercury trifluorbacetate generated in situ
from the reaction of mercuric trifluoroacetate and styrene in methanol
was allowed to react with 2,2-diphenylethenyl iodide and 2,2-
diphenylethenylmercufy chloride. The reaétions were carried out by
a procedﬁre similar to the reactions with Z-methoxycyclohexylmercury

trifluoroacetate described above. The reactions afforded 4-methoxy-

1,1,4~triphenyl~l-butene (6). The substitution product (4-methoxy-
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1,l,4-tripheny1~1-buténe, 6) had the following 1H NMR and GCMS data:
1y mr (cDCl,) § 7.5-6.9 (m,15H), 6.12(t,1H), 4.18(t,1H),

3.2(s,3H), 2.55(m,2H). - o
GCMS, m/e (relative intensity) 314(0.14,M%), 121(100), 91(16),

77(16).

11. Photoreactions of 1-alkenyl phenyl sulfides, sulfoxide and

sulfone with alkylmercury chlorides

The alkenyl compdund (0.1 mmol) and the alkylmercury chloride
(see Table 14) were dissolved in 10 mL of nitrogen-purged DMSO. The
mixture was irradiated in a Rayonet Photoreactor. After completion of
the reactioﬁ, the mixture was poured into water and extracted with
bénzene (20 mL). The extract was washed twice with 20 mL of 10%
aqueous sodium thiosulfate solution, dried and concentrated in vacuo.
The fesulting product was analyzed by GLC to contain the substitution
product. Identity of the product was confirmed by comparison of its
GLC retention time, 1H NMR and GCMS data with those of the product

obtained previously. Results are summarized in Table 14.

12. Photoreactions of alkenyl compounds with mercuric

phenylmercaptide, mercuric phenylselenide and mercuric

‘benzenesulfinate

The alkenyl derivative, R'R°C=CHQ (Q = I, HgX, SnBu,, S0,Ph),

(0.1 mmol) and mercuric phenylmercaptide (0.1 mmol) were dissolved in
10 mL of nitrogenqurged DMSO in a Pyrex tube equipped with a rubber

septum. The mixture was irradiated in a Rayonet Photoreactor for 20-
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24 h (see Table 5). The usual workup gave a liquid product which was

1y MR and GCMS to be the substitution product.

‘ identified by GLC;
Identity of the product was further confirmed by comparison of its GLC
retention time, IH MMR and GCMS to those of the authentic compound.
Alllthe results are presented in Table 5.

Reactions with mercuric ﬁhenylselenide ahd mercuric
benzenesulfinate Qere also carried out by the same procedure. All the
products were cbnfirmed by comparison of their GLC retention times, 1H
NMR and GCMS data with those of the authentic compounds. Results and
' experimental conditions are summarized in Tables 6 and 7.

2-Phenyiethenyl phenyl selenide [99,100], 2-methyl-l-propenyl
phenyl selenide [101], 3,3-dimethyl-l-butenyl phenyl selenide [99,100]
and phenyl vinyl selenide [100,102] have been reported in the
literature. '

The following data were obtained for the substitution productsf
2,2-Diphenylethenyl phenyl selenide:

' OWMR (CDCL,) § 7.7-7.2(m,15H), 7.1(s,10).

GCMS, m/e (relative intenmsity) 336(47,M%), 256(22), 255(25),
179(34), 178(100), 169(235, 167(29), 77(29), 51(32).

. (E)-2-Phenylethenyl phenyl selenide:

GCMS, m/e (relative intensity) 260(46,M"), 258(24), 180(71),
179(70), 178(39), 169(26), 165(26), 103(30), 102(37), 78(36), 77(100),
51(71).

(2)-2-Phenylethenyl phenyi selenide:

GCMS, m/e (relative intensity) 260(39,M7), 258(19), 180(63),
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179(62), 178(33), 169(23), 165(23), 103(29), 102(34), 78(35),_77(100);
- 51(68).
Z-Methyl-l-proéenyl phenyl selenidé:

' MR (CDC1,) § 7.5-7.1(m,5H), 6.12(br,s,1H), 1.9(s,3H),
1.85(s,3H). ’

GCMS, m/e (relative intensity) 212(48,M+), 210(24), 132(29),
131(79), 117(50), l16(33), 115(27), 105(28), 91(89), 78(66), 77(62),
55(87), 53(100), 51(82), 50(30).

(E)-3,3-Dimethyl-1-butenyl pﬁenyl selenide:

GCME, m/e (relative intensity) 240(22,M"), 145(27), 83(100),
55(72).

Phenyl vinyl selenide:

GCMS, gyg.(relative intensity) 184(98,Mf), 183(79), 182(56),
181(53), 180(35), 104(90), 103(56), 91(40), 78(100), 77(98), 51(89),

50(39).

13. Photoreactions of l-alkenyl compounds with diethoxyphosphinyl-

mercury chloride and bis{diethoxyphosphinyl)mercury

The l-alkenyl compound (0.1 mmol) and diethoxyphosphinylmercury
chlﬁride in 5 mL of nitrogen-purged DMSOIin a Pyrex tube were
irradiated at 350 nm in a Rayonet Photoreactor. After completion, the
mixture was poured into water and extracted with benzene. The extract
was washed with 10% aqueous‘éodium thiosulfate solution (two times)
and dried over aﬁhydrous sodium sulfate. After removal of the
golvent, the resulting liquid prbduct was analyéed by GLC, 1H NMR and

GCMS. The analysis indicated the presence of the substitution
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1

product. The yield of the product was determined by either GLC or “H

NMR. Ali of the results are summarized in Table 8.

Reactions of l-alkenyi derivatives with bis(diethoxy-
phosphinyl)mercury were also performed under similar conditions.
Results are presented in Table 9. bTable 15 presents‘lﬁ NMR and GCMS

~ data of the’ substitution products.
14. Photoreactions of 2,2-diphenylethenyl iodide and 2,2-

dighenzlethenxlmercugz bromide with d1ethozxghosghinzlmercugz chloride
in the presence of di-t-butyl nitroxide (DTBN)

A mixture of 2,2-diphenylethenyl iodide (0.1 mmol),
diethoxyphosphinylmercury chloride (0.1 mmol) and DTBN (0.0l mmol) in
" 10 mL of nitrogenfpurged DMSO was irradiated with a 275 W sunlamp
placed about 15-20 cm from the‘reaction vessel. After irradiation for
1 h, the usual workup afforded no substitdtion product. Only the
unreacted ethenyl iodide was recovered in 95% yield. The control
reaction without DIBN, carried out under the same conditions, on thé
other hand, gave a 20% yield of the substitution product.

The reaction of 2,2-diphenylethenylmercury bromide (0.l mmol) and
diethoxyphosphinylmercury chloride (0.3 mmol) in 10 nL of DMSO was
irradiated at 350 nm in ‘a Rayonet Photoreactor. ‘The reaction afforded
a 59% yield of the substitution product. In contrast, the reaction in
the presence of 10 mol% 6f DIBN which was performéd at the séme time
and under the same condigions failed to react to give any of the

substitution product.
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1H NMR and GCMS data of substituted vinylphosphonates

Table 15.
Lo ad 1 b
Compound - GCMS H NMR
(m/e) (ppm,§)
(relative reactivity)
0 +
Ph2C=CHP(0Et)2 316(5,M ), 207(40), 7+.5-7.15(m, 10H), 6.15(d,

180(36), 178(100)

0

(E)-PhCH=CHP (0Et),®  240(12,4"), 131(100)

0 |

(E)-Me,CCH=CHP(OEE), 220(8,M"), 149(29),
138(32), 111(49),
83(100)

0
Me,C=CHP(OEL),,
, 121(35), 83(100)

- 6.78(dd,1H,J

192(12,47), 136(92),

IH, J =16.8 HZ), 3.85(m,
4H), Y.1o(e, 6H,J,=7 Hz)

7.9-7.15(m,5+1H), 6.6-
5.7(m,1H), 4.12(m,4H), 1.34
(t,6H,3 =7 Hz)

H=17°5 Hz,
J =23 Hz), 5.43(dd, 1H,
JP=17.5 Hz, J =20 Hz), 4.08

(41, 1.32(8,6H, 3,57 H2)

aOnly M+ and major fragments are given.

D60 Miz; in cncl,.

cVinyl proton signals have been reported in ref 103.
the (Z)-isomer has been reported in ref 104.

H NMR of
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15. Reaction of 2,2-diphenylethenyl iodide and bis(diethoxy-
ghosghinzl)ﬁercurz in the dark A ’

2,2-D1pheny1etheny1 fodide (0.1 mmol) and bis(diethoxyphosphinyl)-
mercury (0.1 mmol) were dissolved in 10 mL of DMSO in a Pyrex flask.
The mixture was degassed for 5 min and the flask was wrapped with
aluminum foil to exclude light. The flask was placed in a Rayonet
Photoreactor at 40-45 °C for 24 h. The reaction mixture was poured
into water and extracted with benzene by the usqal wofkup. GLC
analysis indicated no substitution product and only the iodide

starting material was present in the mixture.

16. Photoreaction of tri-ﬁ-butyl-z,2-dimethylethggylstannane with

phenyl disulfide

Triﬁgrbutyl-z,Z-dimethylethenylstannane (3 mmol) and phenyl
disulfide (3.6 mmol) were dissolved in 10 mL of benzene in a Pyrex
‘flask equipped with a rubber septum. The mixture was degassed for 5
min and irradiated with a 275-W sunlamp placed 15 cm from the
reaction flask. The progress. of the reaction was followed.by GLC
which indicated that all the alkenylstannane starting material had been
consumed when irradiate& for 1 he The reaction, however, was irradiated
for 2 h. Benzene was then removed under vacuum to give an oily residue
which was found to contain the substitution product in 977 yield. The
substitution product, 2-methyl~l-propenyl phenyl sulfide, was isolated
by vacuum distillation. The product thus obtained was a colorlesé

liquid which had bp 40-53 °C at 0.007 mmHg. The product was identified

1

“by-"H NMR and GCMS. The 1H NMR of 2-methyl-l-propenyl phenyl sulfide
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has been reported in the literature [105].
'H NMR (300 Mz, CDC1,) § 7.29-7.09(m,5H), 5.91(s,1H),
1.93(s,3H), 1.87(s,3H). |
GCMS, m/e (relative intensity) 166(5), 164(100,4%), 149(31),

55(46) .

17, Photoreaction_gg tri-n-butyl-2,2~-dimethylethenylstannane with

phenyl disulfide‘ig the presence of di-tert-butyl nitroxide (DIBN)

Triﬁgfbutyl-Z,2-dimethylethenylstannane (3 mmol), phenyl
disulfide (3.6 ﬁmol) and DTBN (0+15 mmol) were dissolved in 10 mL of -
benzene in a Pyrex fiask. After a nitrogen purge, the mixtufe was
irradiated with a 275-W sunlamp placed about 15 cm from the reaction
flask for 1 he The mixture was concentrated and analyzed by GLC and
1

H NMR. No substitution product was observed. The mixture consisted

of only the unreacted starting materials in quantitative yields.

18. Reaction of tri-n-butyl-2,2-dimethylethenylstannane with phenyl

disulfide in the dark

Tfiﬁgﬁbutyl—z,Z—dimethylethenylstannane (3 mmol) and phenyl
disulfide (3.6 mmol) were dissolved in 10 mL of nitrogen-purged
benzene in a round-bottom flask. The flask was wrapped with aluminum
foil to exclude lightvand was heated at 80 °C in an oil bgth. After 2

1

h, the mixture was concentrated and analyzed by GLC and "H NMR which

indicated the presence of the unreacted starting materials. No

substitution product was observed.
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19. Thermal reaction_gg tri-n=-butyl=-2,2-dimethylethenylstannane with

phenyl disulfide

The mixture of'triﬁgfbutyl-z,2-dimethyléthenylscann;ne (3 mmol),
phenyl disulfide (3.6 mmol).and azobisisobutyronitrile (AIBN) (0.3
mmol) in 10 mL of benzene was heated at 80 °C in én oil bath for 2 h.
The reaction mixture was then cdnéentrated and analyzed by 1H NMR
which indicated the presence of the substitution pfoduct, 2-methyl-1-

propenyl‘phenyl sulfide, in 97% yield.

20. Photoreaction of tri-n-butyl-2,2-dimethylethenylstannane with

benzyl disulfide

Reaction of tri-n-butyl-2,2-dimethylethenystanne (3 mmol) and
benzyl disulfide (3.6 mmol) in 10 mL of nitrogen-purged benzene was
irradiated with a 275-W sunlamp placed about 15 cm from the reaction
flask. GLC indicated that the reaction required 8 h to consume all of
the ethenystannane. After completion of the reaction, benzene was
removed in vacuo to give a colofless 0il which had a very unpleasant
smell. The mixture was analyzed by 1H NMR and GCMS which indicated the
presence of the substitution product, 2-methyl-l-propenyl benzyl
sulfide, in 84% yield. The 1H NMR of this compound has been reporﬁed in
ref 105.

'HONMR (CDCL,) § 7.22(s,5H), 5.56(br,s,1H), 3.73(s,2H),
1.67(s,6H). | '

GCMS, m/e (relative intensity) 180(1), 178(23,M+), 91(100),

65(22).
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21. Photoreaction of tri-n-butyl-2,2-dimethylethenylstannane and

benzenesulfonyl chloride

A mixture of trifgfbutyl—z;Z-dimethylethenylstanﬁane (3 mmol) and
benzenesulfonyl chloride (3.6 mmol) in 10 mL of nitrogen-purged
benzene was irradiated with a 275-W sunlamp placed about 15 cm from
the reaction flask. The reaction was shown by GLC to be complete when
irradiatéd'for 4 h. After completion of the reaction, benzene was
distilled off to yield ad oily‘residué.~ 1H NMR analysis indicated the
presence of the substitution product, 2-methyl-l-propenyl phenyl
sulfone, in 90% yield. The product was isolated by removing tri-n-
butylstannane chloride and the remaining benzenesulfonyl chloride
under reduced pressure. The substitution product remaining in the
flask soon solidified. .The solid was recrystallized from ethanol to
give a white crystal 2-methyl-l-propenyl phenyl sulfone in 537% yield
(mp 47.5° - 48.5 °C. The isolated yield was low because of loss of
the product during the distillation.

'4 MR (300 Mz, DCDL,) § 7.89-7.80(m,2H), 7.59-7.44(m,3H),
6.19(s,1H), 2.15(s,3H), 1.89(s,3H).

MS calculated for C, . H,,0,5:196.05581. Measured: 196.05617.

1071272
Error: 1.8 ppm.

22. Photoreaction of tri-n—butyl-2,2-dimethylethenylstannane with

phenyl diselenide

Tri-n-butyl-2,2-dimethylethenylstannane (0.3 mmol) and phenyl
diselenide (0.35 mmol) were dissolved in CqDg (1 mL) in a NMR tube.

The mixture was irradiated with a 275-W sunlamp placed about 15 cm
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from the tube. After 4 h, the mixture was analyzed by 1H NMR which
indicated no reaction had occurred. Only the starting materials were

observed even at a longer irradiation period.

23. Photoreactions of tri-n—~butyl~2,2~diphenylethenylstannane with

phenyl disulfidé and benzenesulfonyl chioride

. Tri-n-butyl-2,2-diphenylethenylstannane (3 mmol) and phenyl
disulfide (3.5 mmol) were dissolved in 10 mL of benzene in a Pyrex
flask equipped with a rubber septum. The mixture was degassed for 5
min and irradiated with a sunlamp for 2 h. The mixture was
concentrated and anaiyzed by 1H NMR and GCMS. The ahalysis indicated
the presence of the substitution product, 2,2-diphenylethenyl phenyl
gulfide, in 93% yield. 1Identity of the product was confirmed by
comparison of its 1H NMR and GCMS wiﬁh those of the authentic
compound.

Reaction of the alkenylstannane and benzenesulfonyl chloride was
also performed under the same conditions. The reaction afforded 2,2-

diphenylethenyl phenyl sulfone in 767% yield.

24. Photoreaction of tri-n-butyl~2,2-diphenylethenylstannane and N~

(trimethylacetoxy)pyridine—2-thione(7)

N-(trimethylacetoxy)pyridine~2-thione was generated by the
literature procedure {62] and used without isolation. Thus sodium
salt of 2-mercaptopyridine-N-oxide (0.22 mmol) and trimethylacetyl
chloride (0.22 mmol) and a catalytic amount of 4-dimethylaminopyridine

(0.02 mmol) were mixed in benzene (3 mL). The mixture was heated to
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reflux for 10 min to give a greenish yellow solution with some
precipitate. Trifgfbutyl-z,2-diphenylethénylstannane (0.2 mmol) in 2
mL of benzene was addéd. The mixture was degassed and irradiated with
a 275-W sunlamp while the mixture was stirred with a magnetic stirrér.
The greenishf§ellow solution changed to pale yellow after being -
irradiatgd Eor'lobmin. The reaction was irradiated overnight, cooled
and poured into water. The organic products were extracted with
benzene. The extract ﬁas washed twice w;th water, dried over
anhydrous sodium sulfate. The concentrated mixture was analyzed by
GLC and GCMS. The mixture was found to contain t-butyl 2-pyridyl
sulfide (8) (0.06 mmol), 2,2-diphenylethenyl 2-pyridyl sulfide (9)
(0.1 mmol), the alkenylstannane starting material (0.06 mmol) and an
unidentified product (0.04 mmol) which had GCMS similar to that of
benzophenone.

The folloﬁing GCMS data were obtailned:
t-Butyl 2-pyridyl sulfide (8):

GCMS, m/e (relative intensity) 169(0.3), 167(6,M"), 111(100).
2,2-Diphenylethenyl-2-pyridyl sulfide (9):

GCMS, m/e (relative intenmsity) 291(1.1), 289(16,M"), 212(100),

111(66).

25. Reaction of tri-n-butyl-2,2-diphenylethenylstannane and t-—butyl

phenyl sulfide

Tri-n-butyl-2,2-diphenylethenylstannane (0.2 mmol) and t-butyl
phenyl sulfide (0.4 mmol) and azobisisobutyronitrile (0.02 mmol) were

dissolved in 2 mL of benzene. After a nitrogen purge, the mixture was
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heated at 80 °C in an oil bath for 2 h. The mixture was concentrated
and anélyzed by GLC and 1H NMR which indicated only the unreacted
starting materials. No substitution product was formed.

The reaction was also carried out under photoconditiqns. Thus
the alkenylstannane (0.1 mmol), the sulfide (0.2 mmol) and
hexabutyldistannane (0.0l mmol) in 2 mL of nitrogeﬂ-purged benzene was
irradiated in a Rayonet Photoreactor for 24 h. The concentrated

1

reaction mixture was analyzed by GLC and “H NMR. No substitution

product was observed. Only the starting materials were recovered.

26. Reaction of tri-n-butyl-2,2-diphenylethenylstannane and N-
(cyclohexyloxythiocarbonyl)imidazole (10)

Trifg-butyl-z,2-diphenylethenylstannane (0.5 mmol) and 10 (1

. mmol) in S mL of chlorobenzene were heated to reflux for 24 h. The
solvent was then removed under vacuum to give an oily residue. The
mixture was analyzed by GLC which indicated that 10 had decomposed.
vThe alkenylstannane starting material, however, was recovered unchanged

in a quantitative yield.

27. Reaction of tri-n-butyl-2,2-diphenylethenylstannane and t-butyl

methyl oxalate

The alkenylstannane (1l mmol) and Efﬁutyl metﬁyl oxalate (2 mnol) in 10
oL of toluene were heated to reflux. Azobisisobutyronitrile (0.1
mmol) was added in several batches every 15 min over a period of 5 h.
Aftef completion, the mixture was concentrated and analyzed by GLC.

The analysis indicated ‘the presence of the unreacted starting
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materials without any other prodgcts.

28. Photoreactions of tri—n—butzl-zz2-dighenzlethehxlstannane with 2-

methyl-2-nitropropane and 2-bromo~2-nitropropane

Tri-n-butyl-2,2-diphenylethenylstannane (0.5 mmol) and 2-methyl-2-
nitropropane (0.51 mmol) were dissolved in benzene (2 mL). The
mixture was degassed and irradiated in a Rayonet Photoreactor for
24 h. The concenttated reaction mixture was analyzed by GLC. No
substitution product was observed. The mi#ture was found to contain
only the starting materials.

Reaction of the aikenylstannane (O¢1 mmol) in 5 mL of benzene was
also performed by the same procedure. The reaction gave only a trace
aﬁount of the substitution product. The starting materials were

recovered in almost quantitative yields.

29. Photoreactions of tri-n-butylphenylstannane with organomercurials

Tri-n-butylphenylstannane (1 mmol) anﬁ the organomercurial (see
Table 11) were dissolved in alnitrogen-purged solvent in a Pyrex tube.
The mixture was irradiated in a Raypnet Photoreactor for 26 h. During
the irradiation, a small amount of mercury metal and, in many cases, a
gray precipitate wefe also formed. After the irradiation, the mixture
was washed twice with 10% aqueous sodium thiosulfate solution to
remove the remaining organomercurial and dried over anhydrous sodium
sulfate. The concentrated mixture was analyzed by GLC and GCMS. The
substitution products were further confirmed by the GLC retention time

of the authentic compound. Results are'presented in Table 1l1.
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30. Photoreections.gg alkenyl derivatives with trialkylboranes

The alkenyl compound, R'R%C=CHQ (Q = I, Hgk,,sozph), (0.1 mmol)
and the trialkylborane (0.5 mmol) in 10'mL of nitrogen-purged benzene
were irradiated either with a 275-W sunlamp or in a kayonet
Photoreector (see Table 12). After completion of the reaction, the
mixture was washed with water and twice with aqueous sodium
thiosulfate solution for Q = HgX and dried over anhydrous sodium
sulfate. The solvent was removed under vacuum and the mixture was
analyzed by GLC, ly MR and GeMs. The product was confirmed by
cemparison of its GLC retention time, 1H NKR and GCMS with those of

the product obtained previously. Results are summarized in Table 12.

3i; Reactions of alkenyl derivatives and triisopropylaluminum

Triisopropylalumieum is sensitive to either air or moisture and,
therefore, was transferred and weighed under a nitrogen atmosphere.

The alkenyl compound, RlRZC=CHQ (Q = SOzPh, HgX, I, SPh, SnBua),
(0.1 mmol) and triisopropyleluminum (0.5 mmol) were dissolved in 10 ml
of benzene in a Pyrex flask. The mixﬁure was degassed and irradiated
in a Rayonet Photoreactor for 24 h.’ The usual workup afforded a
concentrated mixture of reaction products which was analyzed by GLC and

1H NMR. Results are presented in Table 13.
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32. Competition reactions between alkylmercury chlorides with (E)-2-

phenylethenylmercury chloridé gg_tri—n-butyl-(E)—Z-

ghenxlethenxlstaﬁnane

A competitioﬁ reaction between two alkylmércury chlorides with an
alkenyl compound was performed as follow. (E)-2-Phenylethenylmercury
chloride (0;1 mmol), n-butylmercury chloride (1 mmol) and
cyclohexylmercury chloride (1 mmol) were dissolved in 5 mL of DMSO in
a Pyrex tube. The mixture was degassed for 5 min and irradiated with
a 275-W sunlamp for 16 h. The mixture was then poured into water and
extracted with benzene. Thevextract was washed three times with 10%
aqueous sodium Ehiosulfate solution and dried over anhydrous sodium
sqlfate. The mixture was concentrated and analyzed by GLC. The_tatio
of the substitution products corrected with the GLC respo@se factors
was then obtained. |

The competition reaction between t-butylmercury chloride and
cyclohexylmercury chloride with (E)-2-phenylethenylmercury chloride-
was carried out exactly under the same conditions. When tri-n-butyl-
(E)-2-phenylethenylstannane was employed instead of the
alkenylmercurial, the reactions were performed under the same conditions
except that 2 mL of benzene was added to the mixture to solubilize the

alkenylstannane.
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III. STEREOSPECIFIC SUBSTITUTION REACTIONS OF

1,2-DISUBSTITUTED ETHYLENES.

A. Introduction
Recently much attention has been given to the applications of
radical reaction for the formation of new carbon-carbon bonds and -
radical chemistry has increased importance in organic synthesis.
The stgreochemistry of free-radical eliminations (Eq. 66) ofla—

phenylthio radicals (Z = SPh) [106], p-phenylsulfinyl radicals (Z =

n-BugSne + MeCH(Br)-CH(Z)Me > n-Bu,SnBr + MeCH=CHMe + Ze  (66)

S(0)Ph)[107] and p-phenylsulfonyl radicals {108] has been reported by
Boothe et al. Only the elimination of p-phenylsulfinyl radical occurred
in a stereospecific manner. Formation of alkenes in the pyrolysis of

1,2-bis(phenylthio)ethanes as shown in Eq. (67) had been reported

PhS R3 PhS AR r! R
\ I, 4 350° , \ )
S N N T — e=¢ 6N
/ \ ~PhSe / O\ -phse  / \
SPh R gt

earlier [109]. Tﬁe reaction was shown to be stereospecifig, proceeding
via a trans elimination. Free-radical dehalogenation of vicinal
dibromides by tri-n-butyltin hydride (Eq. 66, where Z =vBr) also
occurred in a sterospecific manner [110].

We have found that Qinylic free radical substitution proceeding

by an addition-elimination mechanism (Scheme 23) can proceed in a
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Scheme 23
add. .
XCH=CHZ + Q*» — > XCH-CHZ(Q)

. Velim. '
XCH-CHZ(Q) ————> XCH=CHQ + Ze
stereospecific manner. The following section will discuss the
substitution reaction of 1,2-disubstituted ethylenes with
organomercurials, phenyl disulfide and benzenesulfonyl chloride as
shown in Eq. (68).

“hy
XCH=CHZ + Q-Y

> XCH=CHQ + 2-Y (68)
X = COZMe; Z = EfBu3Sn. I, Cl
X=¢C6 ;2Z-=2¢Cl, I, SPh, HgCl

X I 12 =1

Q-Y = R-HgX, (PhS),Hg, (PhS0,),Hg, PhSO,~Cl

B. Results and Discussion

1. Reactiong of methyl -tri-n-butylstannylacrylate with

organomercurials, phenyl disulfide and benzenesulfonyl chloride

Methyl -tri-n-butylstannylacrylate and alkylmercury chlorides
were allowed to react in benzene and dimethyl sulfoxide. The
reactions were irradiated with either a 275-W sunlamp or a 350 nm Rayonet
Photoreactor. Moderate to good yields of the coupling products were

obtained (Eq. 69)
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co, Me hy , Co,Me o
( ~ + RHgX —m> ( + Bu,SnX + Hg (69)
SnBu3 R

(E) or (2) : (E) or (2)

and results are summarized in fable 16. Tﬁese reactions wére found to
give better yields wigh the methyl (2)-p-tri-n-butylstannylacrylate than
with the (E) isomer. |

The stereochemistry of the substitution products determined by GLC
indicates that (E)-and (Z)-B-tri-n-butylstannylacrylates
reacted with cyclohexylmercury chloride to give different p‘roduct
compositions. A high (E)/(Z) ratio was observed with (E)-g-tri-n-
butylstannylacrylate; whereas, the (Z)-isomer afforded a low (E)/(Z)
ratio. The ratio of the pro&uct isomers changed during the course of
the reaction. The reaction of methyl (E)-p-tri-n-butylstannylacrylate
with cyclohexylmercury chloride gave the substitution product with
(E)/(2) = 36 wheﬁ irradiated for 2 h with a sunlamp. The recovered
starting material isomerized under the feaction conditions to give both
isomers with (E)/(Z) = 10 (91%(E) ). The same reaction gave a lower
(E)/(Z) ratio (23) when it was performed to completion under UV
irradiation in a Rayonet Photoreactor.

Reaction of methyl (g)-p—trifgfbutylstannylacryiate and
cyclohexylmercury chloride, on the other hand, gave (E)/(Z) ratios
of 2.5 (sunlaﬁp, 2 h) and 2.1 (UV, 5 h). The recovered starting material
also isomerized to give both (E)-and (Z)-isomers which had (E)/(Z) =
0.1 (91%(2)).

Reactions of (E)~and (2)-f-tri-n~butylstannylacrylates with t-
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Table 16. Reaction of methyl f-tri-n-butylstannylacrylate with
alkylmercury chlorides

COZMe hy COzMe , o
E: e + RHgCl — > ﬂ: + BuBSnCI + Hg
SnBu R
3

Reactant RHgCl (equiv) Conditions? % Product? (E)/(&)C
(E) e-C H, HgCL(5) PhH, SL 2 h 20 36¢
(2) S-CyH,  HgCL(5) PhH, SL 2 h 34 2.5%
(E) '_c'-c6unugc1(1.5) PhH/DMSO, UV 5 h 66 23
(2) e-C¢H  HgC1(1.5) PhH/DMSO, UV 5 h 70 2.1
(E) t-BuHgC1(1.6) PhH, UV 5 h 36 > 50
(z) t-BuHgC1(1.6) PhH, UV S h 49 - > 50

aﬂ-Stannylacrylate (0.3 mmol) and RHQCI in 10 mL of solvent were
irradiated under N, in a Pyrex tube; SL = 275-W sunlamp ca. 20 cm from
reaction flask; UV™= 350 nm Rayonet reactor.

b.

Yields were determined by 1H NMR .

C(E)/(g) ratios were determined by GLC.

dRecovered starting material (75%) had (E)/(2)

®Recovered starting material (47%) had (E)/(Z)

]
e
o
.

[}
o
-
—
L]
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butylmercury chloride under UV irradiation gave substitution products
which had the same isomer ratios. In both cases, the reactions afforded

methyl.(g)—4,4-dimethyl-2-pentenbate as the exclusive product.

Co, Me W _COMe .
I[ '+ t=-BuHgCl > ( . + Bu,SnCl + Hg (70)
SnBu3 _ t-Bu

(E) or 2) =~ ®)/(2) > 50

Our results clearly indicate that reaction of methyl A-tri-n-
butylstannylacrylate and cyclohexylmercury chloride is stereospecific.
The (E)-and (Z)-A-tri-n-butylstannylacrylates gave significant
different (E)/(Z) ratios of the substitution products especially at
the beginning of the reaction. The lower (E)/(Z) ratio upon longer
irradiation is apparently due to isomerization of the starting
materials.

Baldwin et al. have reported the reactions between ethyl (Z)-B-tri-
n-butylstannylacrylate and alkyl halides which underwent substitution
reactions by a radical addition-elimination process [49,50]. The
reactions were carried out in toluene at 86 °C with hexabutylditin as an

initiator as shown in Eq. (71). The reactions afforded both (E)- and

Cozﬁt . COZEt
( + RX — ( : +  Bu,SnX (71)
R

‘SnBuz'

(E)/(Z) = 2.3-3.4

- (2)-p-alkylsubstituted acrylates in moderate to good yields. “They,
however, did not perform the reaction with ethyl (E)-p-tri-n-

butylstannylacrylate and, therefore, no comments in regard to
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stereospecificity can be made on'the basis of their results. The
Q;)/(g) ratios of their substitution products agree with our results
in which the (E)-isomer was the major product.

The reaction of methyl g-tri-n-butylstannylacrylate and ﬁf
butylmercury'chloride does not show any stereospécificity. Both (E)-
and (2)-f-tri-n~butylstannylacrylates gave methyl (E)-4,4-dimethyl-2-
pentenoate as the exclusive product. This suggests that the
elimination of tri-n-butylstannyl radical occurred from the more
stable conformation which led to the (E)-product. Mechanistic detail
of this elimination will Be discussed later in Section III.B.9 of this
' part.

Trifgfbutyl-l-alkenylstannanes are known to react with phenyl
disulfide, alkyl disulfides and benzenesulfonyl chloride to give good
yields of tﬁe substitution products as shown in Tablé 10 and in ref 59.
We have found that (E)- and (2)-[f8 -tri-n-butylstannylacrylate reacted
. with phenyl disulfide and with benzenesulfonyl chloride according to

Eq. (72). Results are presented in Table 17.

€0, Me W " GO, Me
IE + QY —> E + Bu,SnY (72)
SnBu3 Q
(E) or (2) Q-Y = PhS-SPh, Phs0,-C1

Both (E)- and (Z)-f -tri-n-butylstannylacrylates reacted with
phenyl disulfide to give the substitution product which had the same
(E)/(2) ratios after the reaction mixture was irradiated in a Rayonet

Photoreactor for 8 h.
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Table 17. Reaction of methyl ﬁ?trifgfbutylstannylacryléte with
' phenyl disulfide and benzenesulfonyl chloride

Co Me

C02Me ) Iy 9
E: + Q-Y > E: o+ Bu3SnY

»SnBu3 Q
Reactant Q-Y Conditions® % Product” (g)/(g)c
(E) PhSSPh PhH, UV 8 h .79 3.8(8 h)

: 8.9(5 min)

(2)  PhSSPh PhH, UV 8 h 91 3.7
(E) PhSO,CL PhH, UV 10 h 68  (E) only
z) PhSOZC1 PhH, UV 10 h 76 (E) only

ap-Stannylacrylate (0.3 mmol) and Q-Y (0.5 mmol) in 10 mL of
nitrogen—purged benzene were irradiated in a 350 nm Rayonet reactor.

inelds were determined by 1H NMR.

CQQ)/QQ) ratios were determined by GLC.
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To examine the (E)/(2) ratios of the reaction products,
reactions of (E)- and (E)fp-tri-g-butylstannylacrylates with phenyl
disulfide were caz;ried out und_er sunlamp or UV irradiation. Small
amoulm:s of the reaction mixtures were withdrawn at different periods
~of time by a syringe and analyzed directly by GLC. The (E)/(Z) ratios
of the product are given in Table 18. We can bsee that both (E)- and
(2)-p -tri-n-butylstannylacrylates gave the substitution product with
high (E)/(Z) ratios at the beginning of the reaction. The ratios
gradually declreased during the course of the irradiation. Tl{e changing
of the ratios occurred more rapidly at 350 nm. ~ The isomers, however,
appeared to feach an equilibrium when the (E)/(Z) ratio was about 3.7.

We believe that the elimination of tri-n-butylstannyl radical
occurred from the_r_nore stable conformation which resulted in the
formation of the (E)-product. The low (E)/(Z) ratios observed thus
resulted from the isomerization of the pro;duct:s. '

| Benzenesulfonyl chloride also reacted with methyl (;—t:ri-_r_;—

butylstannylacrylate to give the sﬁbstitution product in high yield
(Table 17). Once again, both (E) and (Z)-reactants gave; the same
reaction product mixtures which consisted of only the (_E:J_)-isomer. In
this case, methyl (E)-[}-benzénesulfonylacrylat:e appears to be the
more stable of‘ the two isomers. Therefore, it did not isomerize to

give any methyl (Z)-p-benzenesulfonylacrylate.

2. Reactions of methyl p-—haloacrylates with alkylmercurials

Methyl p—iodoacrylate and alkylmercury chlorides were allowed to

react under sunlamp irradiation. The reactions proceeded to give the
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Table 18. Ratio of product isomers (E/Z) cccurring during the
irradiation of (E) or (Z)-p-tri-n-butylstannylacrylate
with phenyl disulfide

Co,Me 1Y €O, Me
E: + PhSSPh —m———> E: + Bu3SnSPh
vSnBu3 _SPh
(E) or (2) (E) or (2)
Time (min)? (E)/(E)b
from (g)c from (g)d from (E)d
5 . 7.4 8.9
10 5.3 6.9 7.7
15 : ’ 6.8 6.9
30 4.3 ' 5.8 ) 6.5
60 4.0 4.6 . 5.4
480 . 3.7 * 3'7 3.8

8rradiation period. Reactions weré performed with f=~tri-n-
butylstannylacrylate (0.3 mmol) and phenyl disulfide (0.5 mmol) in
benzene (1 mL) in Pyrex tubes.

bRatios were determined by GLC.
®Irradiated at 350 nm in a Rayonet Photoreactor.

dIrradiated with 275-W sunlamp ca. 20 cm from the reaction vessel.
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substitution products in moderate yiélds as shown in Table 19. With
methyl (E)-p-iodoacrylate, éhe substitution products had high (E)/(2)
ratios. When it reacted with t~butylmercury chloride, methyl (E)-4,4-
dimethy1-2~pen;enoate was formed exclusively and only a trace amount
of the (E)-isomef was detected. When cyclohexylmercufy chlofide was
employed, the substitution product had a high (E)/(2) ratio at the
beginning but it decreased during the course of the reaction.

Methyl (§>1B—iodoacrylate, on the other hand, reacted with
alkylmercury chlorides to give the sgbstitution products which had
(E)/(2) <1 even with'g;butylmercury chloride. The reactions can be

summarized as in Eq. (73).

co, Me hy , _C02 Me
E + RHgCl ————> ﬂ + IHgX - (73)
I 4 R
(E) E) > (2)
@) B < @

The results clearly show that methyl f~iodoacrylate reacted with
alkylmercury chlorides in a stereospecifié manner. The (E)- and (2)-f-
iodoacrylates gave the substitution products with significantly
different (E)/(Z) ratios. The reaction of (Z)-fi-iodoacrylate with t-
butylmercury chloride gave the product with (E)/(Z) = 0.1. This
indicates that the elimination of the iodine atom occurred faster than
the rotation of the carbon-carbon single bond of the radical adduct. More
mechanistic detail will be discussed in Section III.B.9.

In Section II.B. we found that 2,2-diphenylethenyl bromide was

much less reactive than 2,2-diphenylethenyl iodide towards alkyl
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Table 19. Reaction of methyl p—haloacrylates with alkylmercury

chlorides :
E;cozbae + RiigeL hv S q:cone - xageL
X | , R '

Isomer X .RHg01 (equiv) Conditions? % Productb (E)/(g)c
(E) I gfprug01(1;6) PhH, SL 4 h . 36 30
(2) I  i-PrHgCl(1.6) PhH, SL 6 h 35 0.5
(2) I i-PrHgCl(1.6) PhH, UV 23 h 45 0.5
(E) I c-CcH /HgCl(5)  PhH/DMSO, SL 0.5 h 11 33¢
(2) I  cC,H, HgCL(5)  PhH/DMSO, SL 0.5 h 13 o.ge
(E) I c-C/H  HgCl1(5)  PhH/DMSO, SL 6 h 34 20
2) I c-CgH  HgCl(5)  PhH/LMSO, SL 6 h 45 0.9
(E) I t-BuHgCl(5) PhH, SL 6 h 43 > 50
(2) I t-BuHgCl(5) PhH, SL 6 h 41 0.1
) Cl c~CH) HgCl(1.5) DMSO, SL 24 h 34 0.3
(Z) . Cl t-BuHgCl(l.5) DMSO, SL 24 h 49 - > 50

8The substrates (0.3 mmol of p-haloacrylate) in 10 mL of solvent
were irradiated under N2 in a Pyrex tube; SL = sunlamp; UV = 350 nm
Rayonet Photoreactor.

bly MR yield.
cStereochemistry was determined by GLC. .
9Recovered starting material had (E)/(Z) = 28.5 (96.6% (E)).

®Recovered starting material had (E)/(2) = 0.1 (90%(2)).
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radicals. The corresponding i-alkenyl chloride is expected to be vefy
.unréactive towards alkyl radicals &ue_to nucleophilidities of the
attacking radicals. However, reactivity of an»l—alkenyl chloride can
be increaéed by an electron withdrawing group attached directly to the
double bond. Therefore, methyl p-chloroacrylate was found to react
with cyclohexylmercdry'chloride and t-butylmercury chloride under
sunlamp irradiatioh to give the substitution products in appreciable
yields (Table 19). The reactions, however, proceeded slower than the
corresponding p-iodoacrylate. The reaction of methyl (g)_ﬁ_
chloroacrylate and cyclohexylmercury chloride afforded the substitution
product with (g)/(§)>= 0.3. On the other hand, the reaction with t-
butylmercury chloride gave only methyl (E)-4.4-dimethyl-2-pentenoate.
The result is consistent with the chlorine atom being a poor leaving
group so that rotation of the carbon-carbon single bond in the adduct
radical occurred faster than elimination of the chlorine atom (see
Section III.B.9).

Methyl p-iodoacrylate also reacted with mercuric phenylmercaptide
under éhotostimulation. The reaction was carried out under sunlamp
irradiation aﬁd in a Rayonet Photoreactor to afford the substitution
products which are presented in Table 20. The reaction proceeded

according to Eq. (74).

COzMe

CO. Me ~ hy
( 2 + Hg(SPh), > (

+ IHgSPh  (74)
I .

SPh

(E) or (2) (E) and (2)
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Table 20. Reaction of methyl p-iodoacrylate with mercuric

phenylmercaptide
€O, Me hy co,Me
E: + Hg(sPh), ——> ﬁ: + IHgSPh

I SPh
‘ - a 9 b c
Reactant Conditions % Product (E)/(2)
(&) o PhH/DMSO, SL lh 19 4.8°
(E) PhH/DMSO, UV 6h 60 3.5
(2) PhH/DMSO, SL 1lh 10 1.9°
(2) - PhH/DMSO, UV 6h 69 3.6

a/3-Iodoacry_lat:e (0.3 mmol) and Hg(SPh), (0.5 mmol) in solvent (10
mlL) were irradiated under N, in a Pyrex tubé&; SL = 275-W sunlamp ca. 20
cm from reaciton flask; UV = 350 nm Rayonet Photoreactor.

bly MR yield.
cStereochemistry was determined by GLC.
dRecovered iodoacrylate had (E)/(Z) = 66 (98.5% (E)).

®Recovered starting material had (E)/(2) = 0;2 (83% (2)).
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When the reactions were carried out under sunlamp irradiatisn for
1 h, the reactions gave the substitution products with (E)/(2) = 4.8
(from (E)~p-—iodoacrylate) and (E)/(2) = 1.9 (from (Z)-P-
iodogcrylate). The.unreacted starting materials were found to have
isomerized with the (Z)-fi-iodoacrylate isomerizing more rapidly. The
same (E)/(Z) ratios were obtained when the reactions were carried out
for 6 h in»a Rayonet Photoreactor. This clearl& indicates that the
reaction of metﬁyl f3-iodoacrylate and mercuric phenylmercaptide proceeded
in a stereospecific manner. Loss of stereochemistry is due to

isomerization of the products and the starting materials.

3. Reactions of p-chlorovinylmercury chloride with organomercurials

and phenyl disulfide

ﬁ-Chloroviqylmercury chloride reacted with cyclohexylmercury
chloride and t-butylmercury chloride to give the substitution products
which are summarized in Table 21. Reactions were carried out with 1.2
equiv of the alkylmercurials and the reactions are represented by Eq.
7s).
by

ClCH=CHHgCl + RHgX > C1CH=CHR + ClHgX + Hg® (75)
(E) or (2) (E) and (2)

It is interesting to note that vinylmercury chloride, Section
II.B.1, did not react with cyclohexylmercury chloride to give the
substitution product when these reagents were irradiated in a Rayonet
Photoreactor (Table 1). The vinylmercurial with a chlorine at the p-

position, in contrast, underwent substitution with cyclohexylmercury
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Table 21. Reaction of B-chlorovinylmercury chloride with
organomercurials and phenyl disulfide

CLCH=CHHgCL + RHgX it —> CLCH=CHR + RCH=CHR + ClHgX + Hg’®

Reactant = RHgX or PhSSPh  Conditions® . % Product”

(1 mmol) - (equiv) CLCH=CHR RCH=CHR
(E)/2) (E)/(2)

(E) o-C/H, HgCL(1.2) UV 10 h  28(4.3) 0

2)°¢ &-C,H) | HgCl(1.2) UV 10 h 38(0.7) 0

(E) t-BuHgC1(1.2) UV 10 h 33(5.6) 0

2)°¢ t-BuHgC1(1.2) UV 10 h 44 (2.7) 0

(E) PhSSPh(1.2) SL 0.5 h 14(3.4) 56(0.9)

(E) PhSSPh(0.5) W6 h 20(2.5) 40(0.6)

(g)Acl PhSSPh(0.5) W6h 16(0.9) 32(0.7)

E® PhSSPh(1.2) W6 h 0o 81(0.7)

@° PhSSPh(1.2) ~  UV.6 h 0 81(0.8)

8Substrates in 5 mL of DMSO under N, in a Pyrex tube were
irradiated; UV = Rayonet Photoreactor, SL = 275-W sunlamp ca. 20 cm from
reaction flask.

inelds and stereochemistry were determined by GLC.

®Starting material had (Z):(E) = 3:1.
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chloride. The addition of the alkyl radicals was regioselective since
the alkyl radicals only attack at the & position of the vinylmercurial.
No disubstitution product was observe& with.either cyclohexylmercury
chloride or~£7butylmercury chloride. |
Reactions of (E)- and (Z)-B-chlorovinylmercury chlorides with
cyclohexylmercury chloride géve different major products. The (E)-p-
chlorovinylmercury chloride gave (E)-2~ch16rpethenylcyclohexane,
wﬁereas the (Z)-alkenylmercurial gavé (Z)-2-chloroethenylcyclohexane as
the major product. When t-butylmercury chloride was allowed to react
with (E)- and (Z)-p-chlorovinylmercury chlorides, (E)-1-chloro-3,3-
dimethyl-l-butene was obtained as the major product. However, the
reactions afforded the substitution products with different
(E)/(2) ratios.
it should be noted that the starting material, (2)-p-
chlorovinylmercury chloride, was not isomerically pure. It consisted
of both (E)- and (Z)-isomers with (E):(Z) = 1:3. Therefore, with pure
(Z)-B-chlorovinylmercury chloride, the (E)/(Z) ratio of the
subétitﬁtion product wduldvbe expected to be lower than reported in
Table 21. However, the results shown in Table 21 still indicate that
the reactions occurred in a stereospecific manner;
The reaction also occurred regioselectively. No product derived
from attack at the p-position of the vinylmercurial was observed. The
‘observed regioselectivity may be due to better stabilization of the
vradical center by chlorine than by mercury. Furthermore, stabilization

of the p-radical by HgCl as shown in 14 may also induce attack of
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ci ' R R HgCl
~~u—cu" ~cu—&u "
\\ \ "
HgCl S c1
14 15

the alkyl radical at the carbon attached to HgCl. The stabilization by
chlorine as shown in 15 is apparently not effective.

l-Alkenylmercury chlorides have been reported to react with
phenyl.disulfide to give éxcellent &ields of the coupling products
[37]. We have found that phenyl disulfide can also react with g-
chlorovinylmercury chloride under photostimulation. Reactions of both
(E)- and (Z)-PB-chlorovinylmercury chlorides with phenyl disulfide gave
an 81% yield of the disubstiﬁution product with about the same (E)/(Z)

ratios (Eq. 76). The results in Table 21 indicate that the thiophenoxy

hy

C1CH=CHHgCl + PhSSPh > PhSCH=CHSPh + HgCl (76)

2
(E) or (2) (E)/(2) ~ 0.7

radical attacked the vinylmercurial at the ®-position. The resulting
radical then decomposed to give p-chlorovinyl phenyl sulfide

(CLCH=CHSPh) and HgCl (Scheme 24).

Scheme 24

add. elim.
>

> ClCH=CHSPh + HgCl

ClCH=CHHgCl + PhSe

HgCl + PhSSPh > ClHgSPh + PhSe



111
The produét, p—chlorovinyl phenyl sulfide, is appafently quite
reactive towards thiophenoxy radical.: Therefore, it underwent
substitution reaction with ClHgSPh to give l;Z-bis(phenythio)ethene

as outlined in Scheme 25. At short reaction periods, p-chlorovinyl

Scheme 25

add. elim.
>

C1CH=CHSPh + PhSe > PhSCH=CHSPh + Cle

Cle + ClHgSPh > PhSe + HgCl

2

phenyl sulfide'was formed in low yield with.1,2-bis(pheny1thio)ethene
as the major reactién product.,

The (E)/(Z) ratios of p—chlorovinylAphenyl sulfide (see Table 21)
suggest that the reaction of B-chlorovinylmercury chloride and phenyl
disulfide occurred stéreospecifically, since the (E)- and (2)-
vinylmercurials gave the substitution product with different (E)/(2)
ratios. The disubstitution product, in contrast, does not indicate
any stereospecificity since both the (E)- and (é)-vinylmercurials.
afforded a product which had about the same (E)/(Z) ratio. We believe
that the reversible addition of thiophenoxy radical to the double
bonds (which leads to isomerization of both thé starting material and

the product) is responsible for the observed stereochemistry.

4. Reaction of 1,2-dichloroethylene with organomercurials

Alkenyl chlorides of the type ClCH=CHX where X = alkyl are not
reactive towards alkyl radicals due to the nucleophilic character of

alkyl radicals. 1In contrast, with X = an electron withdrawing group
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such as COOR, the alkene can trap alkyl radicals and undergo the
substitution reactibn.A Therefore, methyl p-chloroacrylate reacted
with:alkylmercury chlorides to give moderate yields of the
subscitution'products as presented in Table 19.

1,2-Dichloroethylene ﬁas also found to react with alkylmercurials
undér photostimulation to give the subétitution products in
preparative yields (Tabie 22). Thé reactions gave only
monosubstitution producfs (Eq. 77) even when an excess amount of an

hy ‘
> CLCH=CHR + HgCl, (77)

C1CH=CHC1 + RHgCl

alkylmercurial was employed. The (E)- and (Z)-1,2-dichloroethylenes
reacted with n-butylmercury chloride to give thell-chloro-l-hexenes
with the same (E)/(2) ratios. ‘Stereospecificity was also not observed
when cyclohexylmercury chloride was employed. Both reactions gave the'
(Z)-isomer as the major product. When t-butylmercury chloride was
.allowed to react with (E)-‘or (g)-l,Z-dichloroéthylene, the reactions
afforded Qi)-l-chloro-3,3-dimethyl-lfbutene as the exclusive product.

The lack of stereospgcificity observed is consistent with
chlorine atom being a poor leaving group. Therefore, rotation of the
carbon-carbon single bond in the adduct radical occurred faster than
the elimination of the chlorine atom. This will be discussed in more
detail later in this part.

Mercuric phenylmercaptiaé can also react with 1,2-

dichloroethylene under UV irradiation. The reaction was carried out
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Reaction of 1,2-dichloroethylene with organomercurials

C1CH=CHC1 + RHgX

hV

> C1CH=CHR + RCH=CHR + ClHgX

Reactant (equiv) Mercurial Conditions? % Prqductb
CLlCH=CHR RCH=CHR
(E)/2) (E)/(2)
(_Z_)(z)" n-BuHgCl UV 21 h 41(0.5) 0
(E)(2) n-BuHgCl UV 20 h 59(0.5) 0
(2)(1) £-C6HlngC1 UV 21 h 45(0.7) 0
(z)(2) <-CcH ,HgCl UV 21 h 70(0.8) 0
(E)(3) cCH  HgCL UV 20 h 63(0.7) 0
(2)(1) t-BuHgCl UV 21 h 42(> 50) 0
(2)(2) t-BulgCl .UV 21 h 63(41) 0
(g)(j) t-BuHgCl’ UV 20 h 75(> 50) 0
- (2)(D) (PhS),Hg UV 20 h 0 43(0.5)
2)(1) (PhS)ZHg Dark 20 0 0
2)(5) (PhS), Hg W 21 h 59(0.4) 812(0.5)
(E)(5) (PhS), Hg W 20 h 149¢0.4) 848(0.5)
(2)(1) (PhS0,),Hg UV 20 h 0 0

8Mercurial (1 mmol) and 1,2-dichloroethylene in 5 mL of DMSO in a
Pyrex tube were irradiated under N2 in a 350 nm Rayonet Photoreactor.

b

Yields were determined by GLC.

cStereochemistry was determined by GLC.

' dBased on 1 mmol of Hg(SPh)2 for 2 mmol of product.

®Based on 1 mmol of Hg(SPh)2 for 1 mmol of product.
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in a RayonetvPhotoreactor for ca. 20 h to give high yields of 1,2-
bis(phenylthio)ethene (Table 22). When stoichiometric amounté of the
reactaﬂts were employed,‘oniy 1,é-bis(phénylthio)ethéne was obtained
in 43% yieldf In contrast, an e#éellent yield of the disubstitution
product and a loﬁ yiéldﬁof p-chlorovinjl phenyl sulfide were observéd
when a ﬁ‘fold excess of mercuric phenylmercaptide was employed. This
indicates that p-chlorovinyl phenyl.sulfide is more reactive than
1,2-dichloroethy1ene. It is consistent with chlorine'being a Strbnger
electron withdrawing group than sulfur which makes 1,2-
dichloroethylene less reactive than p-chlorovinyl phenyi sulfide

towards thiophenoxy radical. The proposed mechanism is outlined in

Scheme 26.

Scheme 26

add. elim.
>

CLCH=CHCL + PhSe > C1CH=CHSPh + Cle

Cle + Hg(SPh)2 > PhSe + ClHgSPh
add. elim.

> > PhSCH=CHSPh + Cle

C1CH=CHSPh + PhSe

Frge-radical suBstitution reactions of vinyl chloride derivatives

. and alkyl or aryl thiols, even though rarely observed, have been
reported in the literature {111,112). The reaction of trichloro-
ethylene with benzenethiol (Eq. 78) was found to afford the substitution

product in excellent yield [1ll].

fc1cu=cc12v+‘phsu : > PhSCH=CCL,  (78)
benzoyl peroxide 927
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1,2-Dichloroethylene was also found to react with thiols to give,
among other products, the substitution product as shown in Eq. (79)
{112]. The reaction, however, was complicated because of addition of
ﬁhe thiol with x,ﬁ«ehlorotropic rearrangement .
hv

> RSCH.CHCL. + RSSR + RSCH=CHCL

RSH + CLCH=CHC1 ,CHCL,
(E) and (2)

+ RSCH=CHSR ' (79)
(E) and (2) '

Mercuric benzenesulfinate failed to react with 1,2-
dichloroethylene. No reaction was observed when they were irradiated
in a Rayonet Photoreactor for'20 h; only the starting materials were
recovered. The failure of the reac;ion suggests that the chlorine atom
is a much poorer leaving group than benzenesulfonyl radical or that
benzenesulfonyl radical does not add to the double bonds of 1,2~

dichloroethylene at all.

Se Reactions_g£i3-chloroving;,ghenyl sulfide with'égganomercurials
(E)-3-Chlorovinyl phenyl sulfide and aﬁ alkylmercury chloride in

dimethyl sulfoxide were irradiated in a Rayonet Photéreactor. The

reaction proceedéd slowly to give the substitption product according

to Eq. (80).

C1CH=CHSPh + RHgX > RCH=CHSPh + CLCH=CHR + ClHgX (PhSHgX) (80)

(E) Major minor
: (E)/(Z) > 1

After 30 h of irradiation in a Rayonet Photoreactor, the reaction

with t-butylmercury chloride gave 56% of (E)-3,3-dimethyl-l-butenyl
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phenyl sulfide and 4% ofv(E)—l-chiofo-3,3-dimethy1-1—butene (no
- starting material remained). On the other hand, the reactions with n-
butylmercury chloride and with cyclohexylmercury chloride gave lower
yields of the substitution products and a lot of starting materials
still remained. In-all cases; the (g)/(g) ratios of the products are
larger than 1 as shown in Table'23. The reactiona afforded only
monosubstitution pfoducts. The attack of the alkyl ;adicals is
regioselective since ﬁﬁe radicals preferred to attack at the carbon
attached to chlorine.

Trichloromethyl and diethoxyphosphinyl radicals have electrophilic
character and are not reactive towards electron deficient double bonds.
Therefore, trichloromethylmercury chloride and diethoxyphosphinylmercury
chloride failed to react with g-chlorovinyl phenyl sulfide under UV
irradiation. The reactions gave only trace amounts of the substitution
products.

B-Chlorovinyl phenyl sulfide appears to trap thiophenoxy radical
effectively as mentioned in the preceding section. This has been
confirhed by the finding that f—chlorovinyl phenyl sulfide reacted
with mercuric phenylmercaptide under UV irradiation to givéll,Z—
bis(phenylthio)ethene with (E)/(Z) = 0.7 in 70% yield.

Mercuric benzenesulfinate, on the other hand, failed to react
with,a—chlorovinyl phenyl sulfide. This suggests that the alkene is
not reactive towards benzenesulfonyl radical or the sulfonyl radical
is a ﬁuch better ieaving’group than chlorine atom or thiophenoxy

radical and only the elimination of the sulfonyl radical occurred as
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Table 23. Reaction of p-chlorovinylphenyl sulfide with organomercurials

: ' , “h
CLCH=CHSPh + RHgX > RCH=CHSPh + CLCH=CHR + ClHgX
(E) ' (PhSHgX)
Mercurial (equiv) Condiﬁionsé . : % Product” - % Starting
Eiesiil_b
RCH=CHSPh C1CH=CHR '
(E)/2) (E)/(2) (E)/(2)
n-BuHgCL(1) W30 h 11(2.8)¢ 0 71(4+4)
c-C/i, HgC1(1) UV 30 h 49(2.6)° 8(2.1)  26(4.3)
£-BuHgC1(1) W 30 h 56(> 50)°¢ | 4(E ) 0
CC1,HgC1(1) ~ UV30h trace o 56(5.1)
R £ :
(Et0) ,PHgC1(1) UV 30 h trace 0 83(10.7)
(PhS),Hg(0.5) UV 10 h 70(0.7) 0 0
(PhSO,),Hg(0.5) UV 10 h = O : 0 95(5.4)

aﬁ—Chlorovinyl phenyl sulfide (1 mmol) and an mercurial in DMSO (5
ml) were irradiated under N2 in a 350 nm Rayonet Photoreactor.

inelds and stereochemistry were determined by GLC.

c1,2-Bis(phenylt:hio)ethene was found (0.07 mmol, (E)/(Z) = 0.6).

d1,2-Bis(phenylthio)ethene (0.01 mmol, (E)/(Z) = 0.6) and
cyclohexyl phenyl sulfide (0.09 mmol) were also formed.

€1,2-Bis(phenylthio)ethene (0.11 mmol, (E)/(Z) = 0.5) and t-butyl
phenyl sulfide (0.03 mmol) were detected.

f1,Z-Bis(phenylthio)ethene (0.03 mmol, (E)/(Z) = 0.5).
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shown in Scheme 27.

Scheme 27

‘ . ) S .
PhSOz(Cl)CH-CHSPh = ClCH=CHSPh + PhSO,» — ClCH—CHSPh(SOzPh)

1 ¢

PhSOZCH=CHSPh + Cle ' ClCH=CHSOZPh + PhSe

6. Competition reaction between 1,2-dichloroethylene and p:

chlorovinyl phenyl sulfide towards cyclohexyl radical

To determine the relative reactivify between (g)-l,z-
dichlorbethylene and f3-chlorovinyl phenyl sulfide towards cyclohgxyl
radical, equimolar amounts of both alkenes in dimethyl sulfoxide were
allowed to react with a deficient amount of'byclohexylmercury cﬂloride
(0.5 equiv) in a Réyonet Photoreactor. After irradiation for 10 h, the

reaction mixture afforded the substitution products as shown in Eq.

(81).
o | hY »
Cl1CH=CHCl + ClCH=CHSPh -+ EfC6H11HgCl—————> £7C6H1 CH=CHC1 + 27C6H1 CH=CHSPh
(2) (&) ®)°%ahd (2) ®)%akd (2)

1 mmol 1 mmol 0.5 mmol 0.15 mmol 0.22 mmol

+ PhSCH=CHSPh + c-C_H  SPh
0.06 mmol 0.841dmo1  (81)
The relative reactivity of the two alkenes can be determined from
the ratio of (2-phenylthioethenyl)cyclohexane to (2-chloroethenyl)-
cyclohexane. . The result indicates that f3-chlorovinyl phenyl sulfide is

~at least 1.5 -times more reactive than (2)-1,2-dichloroethylene.
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7+ Reactions gg_Lﬁ)-i—chloro-Z-iodoethylene with organomercurials

Qi)fl-Chloro-Z-iodoethylene ﬁas allowed to react with
alkylmercury chlorides under UV irradiation to give monosubstitution
pfoduc;s in good yields (Table 24). 1In this reaction, the iodine atom
1s the leaving groupdand 6niy 2-alkyl substituted vinyl chlorides were

observed as shown in Eq. (82). The (E)/(Z) ratio of the product is

hV

ClCH=CHI + RHgCl

> CLCH=CHR + IHgCl (82)

very hiéh with t-butylmercury chloride, but low with either n-
butylmercury chloride or cyclohexylﬁercury chloride. |
The addition of the alkyl radicals is regioselective in tﬁat the
radicals attacked at the carbon attachedvto the iodide. The
regioselectivity may result from better stabilization of the
resulting radical center by chloride than by iodide. In addition,
lodide can stabilize a f3-radical by forming a bridged radical as shown
in‘16; whereas, the chloride is not effective in forming such a radical.
c1lg ——ChR
he

16

1-Chloro-2-iodoethylene did not react with
diethoxyphosphinylmercury chloride, but it reacted with mercuric
phenylmercaptide to give an excellent yield of 1, 2-

bis(phenylthio)ethene and a low yield of p-chlorovinyl phenyl sulfide.
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Table 24. Reaction of l-chloro-2-iodoethylene with mercurials

_ " hy/ '
ClCH=CHI + RHgX > CLCH=CHR + RCH=CHR + IHgX(ClHgX)
(E) a ' b
Mercurial (equiv) Conditions - %4 Product . % Se.M.
' ' * CICH=CHR RCH=CHR C1CH=CHI
(E)/(2) (E)/(2)
n-BuHgC1(1.5) SL 10 h © 60(1.7) 0 0
<CH, ;HgCL(1) SL 6 h 49(2.4) ' 0 5
- cCH,  HgC1(1.5) SL 10 h 63(2.3) 0 .0
‘t-BuHgC1(1.5) SL 10 h . 60(> 30) 0 0
9 R
(Et0),PHgCL(1.5) SL 10 h 0 _ 0 20
(PhS),Hg(0.25) SL 6 h 14€ : 70°¢ 43
(PhS) ,Hg(0.5) SL 12 h 4 ‘ 86°(0.5) 33
(PhSO,,), Hg (0.5) SL 12 h 804¢47) 0 0

—Chloro-Z-iodoethylene (1 mmol) and mercurial in DMSO were
irradiated under N, with a 275-W sunlamp placed ca. 20 cm from the
reaction vessel.

ineld and stereochemistry were determined by GLC.

®Based on (PhS) Hg as the limiting reagent; 1 mmol of (PhS) Hg
for 2 mmol of CHCl=CﬁSPh or 1 mmol of PhSCH=CHSPh.

dBased on 1 mmol of (PhSO,) Hg for 2 mmol of CLCH=CHSO_Ph.

2)2 2
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It also reacted with mercuric benéenesulfinate to give a high yield of
the subs:itution.prqduct. The reaction géve only the monosubstitution
product; ﬂ—chlorovinyl phenyl sulfong,‘in'BOZ yield. No producﬁ
derived from the éubstitution of the chlorine atom was obéerved. This
is consistent with the boor leaving ability of a chlorine atom and the

reversible addition of the sulfonyl radical as shown in Scheme 27.

. Scheme 27

—I.
C1CH=CHI + PhSO, s == C1¢H-CHI(SO,Ph) > CLCH=CHSO,Ph

1)

PhSOz(Cl)CH—CHI ——ﬁL—> PhSOZCH=CHI + Cle

ﬂ-Chlorovinyl phenyl sulfone is expected to react with
élkylmercury chlorides to give the substitution product as does 2-
chloro~2-iodoethylene. Therefore, 1,2-dichloroethylene was éllowed to
breact with mercuric benzenesulfinate (0.5 equiv) in dimethyl sulfoxide.
The :éaction was irradiated under a sunlamp for 16 h.to give f3-
chlorovinyl phenyl sulfone in high yigld.‘ The product, without
lisolation, was allowed to react with cyclohéxylmercury chloride under
sunlamp irradiation for 11 h. After workup, the reaction mixture was
found to consist of three products as shown in Scheme 28.

The result confirms that f—chlorovinyl phenyl sulfone can react
with an alkylmercury chloride under photostimulation. The reaction,
however, afforded'aisomewhat lower yield than did l-chloro-2-
iodoethylene. 1In additioﬁ, a small amount of the product derived from

- substitution of the chloriné atom was also observed.
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Scheme 28
DMSO
CLCH=CHI + Hg(S0,Ph), —————> [CICH=CHSO,Ph]
SL 16 h ’
1 mmol 0.5 mmol - c~CgH,  HgCl (1 mmol)
SL 11 h
\V4
C1CH=CHSO,Ph + CICH=CHCH, c + c~C H, CH=CHSO,Ph -
0.65 mmol 0.28 mmol 0.05 mmol

(E)/(2) =16 (E)/(2) 1.4 ((E) only)

8. Reactions of (E)-1,2-diiodoethylene with‘QSganomercurials
1,2?Diiodoethylene was found to react with alkylmercury
chlorides to give the substitution products. Surprisingly, the
reactions afforded ah appreciable yield only with t-butylmercury
chloride (Tablé 25). With n-butylmercury chloride and
cyclohexylmercury chloride, the yields were low. Equation (83)

represents the reaction.

)

hy o
ICH=CHI + RHgX — > RCH=CHI + RCH=CHR + IHgX (83)

(E) (E) and (Z) trace
The (E)/(Z) ratios of the substitution products are higher than

those obtained earlier from other 1,2-disubstituted ethylemes. The
monosubstitution product; (2~iodoethenyl)cyclohexane, is apparently not
reactive towards the cyclohexyl radical; Therefore, the reaction of 1,2~
diiodoethylene with an excess amount of cyclohexylmercury chloride

afforded only a small amount of 1,2-dicyclohexylethylene. whenlgf
bhtylmercury chloride was employed, (E)-3,3~dimethyl-l-iodo~l-butene

was the only organic product obtained from the reaction.
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Table 25. Reaction of 1,2-diiodoethylene with organomercurials

ICH=CHI + RHgX h,)'> RCH=CHI + RCH=CHR + IHgCl
(E) '
Mercurial (equiv) Conditioﬂsa % Product?
| RCH=CHL ~RCH=CHR
(E)/(2) (E)/(2)
n~BuHgC1(1) SL7h 14(3.8) 0
-g¢c6nllngc1(1)  SL7h | 15(8.4) 0
&C,H, | HgCL(5) SL 20 h - 15(7.5) 2¢
2706H11Hg01(2) UVV6 h - ' , 12(6.2) trace
t-BuHgC1(1) " SL7h 48(> 50) 0
(PhS),Hg (1) W 6 h 0 60%(0.5)
(PhS)ZHg(l) ~ SL 6.5 h | 0 _ 76d(0.5)
(PhSO,), Hg(1) Wweéehnh 69(>50) 0
(PhS0,), Hg(1) SL 6.5 h 82(29) 0

. ®Reactions were performed with 1 mmol of ICH=CHI and mercurial in
5 mL of nitrogen-purged DMSO; SL = 275 W-sunlamp irradiation.

inelds and stereochemistry were determined by GLC.
®Products from the decomposition of gfc6ﬁllﬁgC1 were also formed.

dPhenyl disulfide was also detected.
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The'photostimulaced reaction of l,2-diiodoethylene and mercuric
phenylmercéptide‘gave 1,Z-bis(phénylthio)ethene in good yield (Eq.
84). The rgaction with mercuric benzenesulfinate, on the other hand,
hy

ICH=CHI + Hg(SPh), > PhSCH=CHSPh + Hgl, (84)
(E) (E)/(Z) = 0.5

afforded only a monosubstitution product, f;-iodovinyl phenyl éulfone,
exclusively as the (E)-isomer (Eq. 85); This suggests that -iodovinyl
phenyl'sulfone is not reactive towards benzenesulfonyl radical. |
hy/
ICI({;():HI + Hg(SOZPh)z ———> PhS0,CH=CHL + IHgSO,Ph (85)

We observed that p-iodovinyl phenyl éulfone is reacﬁive towards
cyclohexyl radical. Therefore, i-iodovinyl phenyl sulfone, generated
in situ from the reaction of 1,2-diiodoethylene and mercuric
benzenesulfinate as described in Eq. (85), was allowed to react with
cyclohexylmercury.chloride or with mercuric phenylmercaptide under
sunlamp irradiation. The results are summarized in Scheme 29.

We can see that the reaction Qith mercuric phenylmercaptide
affordgd oniy a trace amount of phenyl 2-(phenylthio)vinyl sulfone.
This indicates that thiophenoxy radical was not trapped effectively.
Otherwise, the reaction would give a higher yield of the substitution

product.
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~ Scheme 29
ICH=CHI + Hg(SOZPh)Z
1 mmol 1 mmol
DMSO
h
[ICH=CHSOzPh]
37C6H11Hg01 | : Hg(SPh)2
(0.5 mmol) . "1 (0.25 mmol)
hvV . ' v hV :
.ICH=CHSOZPh +_£-C6H11CH=CHSOZPh ICH=CHSOZPh + PhSCH=CHSOZPh
0.61 mmol 0.38 mmol . 0.80 mmol trace

(E)/(2) = 21.6 (E)/(Z) = 40.5

The reaction with cyclohexylmeréury chloride, on the other hand,
foorded'2-cyclohexy1etheny1 phenyl sulfone in high yield (76% yield if
- calculated from the mercurial). It is interesting to note that only
the iodine was substituted by cyclohexyl radical which means that the
alkyl radical regioselectively attacked the double bond at the carbon
atom attached to iodine. This may be explained by structure 17 in which

the iodine can stabilize the resulting radical by forming a bridged

R-CH —/cﬁso Ph

rd
’

II

2

17

radical. It is apparent that the sulfone sulfur cannot stabilize the
. resulting radical by forming a bridge if the adding radical attacks at

the other end as shown in 18.
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1CH——CHR

K

50,,Ph

18

The regiqselecti?ity of ¢c-C Hlli attack on XCH=CHSOZPh.is>near1y
exclusively on XCH= for X = I, but’nearly.exclusive on =CHSOéPh for X =
Cl. Apparently, the structure of X and not the PhSO2 group controls the

regioselectivity.

Professor Gary Keck has informed Professor Glen Russell that the
addition of alkyl radicals to nguBSnCH=CHSOZPh occurs with

regioselective attack at the stannyl-substituted carbon atom.

9. Mechanistic considerations

The reactions presented in this section are believeﬂ to occur by
an addition-elimination mechanism as outlined in Scheme 30. Thg
chain reactions have already been discdssed in Section II.B. and will
not be repeated here. We will consider the elimination process and
factors which control and lead to the observed stereochemisty of the
reaction products.

We have shown that methylvﬂ—trifgfbutylstannylacrylate, methyl 3=
lodoacrylate and fi-chlorovinylmercury chloride reécted with
cyclohexylmercury chloride in a stereospecific mannér. The
stereospecificity is higher for Z = I and HgCl than for 2 =_5fBu3Sn.

| Reaction of methyl f~tri-n-butylstannylacrylate and t-butylmercury
chloride was not étereospecific. Both the (E)- and (Z)-reactants

afforded methyl (E)-4,4-dimethyl-2~pentenoate as the exclusive product.
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‘Scheme 30

add. . _
Qe + XHC=CHZ > XCH-CHZ(Q)
. elim.

XCH-CHZ(Q) > XCH=CHQ + Ze

Ze + Q-Y ‘. > Z~Y + Qo
Z_:_n-nggg

. Ze + RHgCl > Z-CL + Hg® + Re

Ze + PhSSPh > Z-SPh + PhSe

Ze + PhSO,Cl > 2-Cl + PhSO,e
z = Hgal

Ze + RHgC1 > ZCL + Hg® + Re

Ze + PhSSPh . > ZSPh +.Phs-
z=1,¢

Ze + RHgCl ————> ZHgCl + Re

Ze + Hg(smi)2 > ZHgSPh + PhSe
Methyl f3-iodoacrylate and B-chlorovinylmercury chloride, on the other
hand, reacted with t-butylmercury chloride stereospecifically. This

- indicates that the elimination of Ze in Scheme 30 is apparently faster
for Z = I or HgCl than for Z = ngu3Sn.

Scheme 31 shows the conformations of the radical adducts for
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Scheme 31

_ H Q
(2)-XCH=CHZ + Qv —>} x — u«@’-x ——5(2Z)~XCH=CHQ + Zo
Z

H , Z

19a 19 19b

.

- Q
> x@ﬂ = -@-H ——3 (E)-XCH=CHQ + Zs
H z

(E)~XCH=CHZ + Qe -

20a 20 20b

both (E)- and (Z)-reactants. With Q = 2° alkyl, elimination of Z = 1I,

HgCl, Bu,Sn must be faster than the equilibrium between 19 and 20. With

3
a bulky group, t-butyl, the 19 and 20 interconversion was also slower
than the ﬁ-elimination of Z = I, HgCl. Therefore, the reactions were
sterebspecifics However, the case where Z = ngu3Sn, a poorer leaving
group,‘the'ihterconversion from 19 to 20 wiﬁh Q = t-butyl occurred
faster than the elimination of EfBu3Sn-. This allowed the intermediate
19 to converted to the more stable conformation 20 which led to the
formation of (E) gubstituted product.

With Q = SPh, stereospecificit& was observed at the beginning of
the reaction for the reactant with Z = 1, HgCl. When reactions were
,carrigd out to éompletion, no stereospecificity was observed for the

reactant with Z = I. Both (E)- and (Z)-reactants yielded the product

with same (E)/(Z) ratios. The isomerizaﬁion of the product was
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responsible for the loss of the stereochemisﬁry.

Methyl p-tri-n-butylstannylacrylate reacted with phenyl
disulfide, benzenesulfonyl chloride, and t-butylmercury chloride in a
non-stereospedific manner. WIFh a bulky Q group (PhS, Phso2 t-Bu),
conformation 19b is apparently bypassed because of steric

considerations and elimination only occurred from the more stable 20b.

C. Conclusion

We have demonstrated that methyl g-iodoacrylate and f3-
chlorovinylmercury chloride can react wifh alkylmercurials by a free-
radical chain addition-elimination process in a stereospecific manner
with retention of stereochemistry. Herver, a lower stereospecificity
was - always qbserved‘under pfolonged irradiation. The isomerization of
the reactants, particularly the (g)-reéctants, as well as the
isomerization of the resulting vinyl sulfides under the reaction
conditions was a contributing factor to the stereochemistry observed.

Methyl ﬁ-tr;fgfbutylstannylacrylate also reacted with
cyclohexylmercury chloride in a stereospecific manner, but
reactions Qith‘gfbu:ylmercury chloride, phenyl disulfide and
benzenesulfonyl chloride were non-stereospecific. . The reactions,
however,4were stereoselective in that the (E)-fA-substituted acfylates
were the major products. Indeed, only the (E)-products were observed
for the reaction with t-butylmercury chloride and benzenesulfonyl
chloride. Loss of.stereochemistry’for the reactions with phenyl
disulfide is obviously the result of theAisomerization of both the

reactants and the' products. Our results indicate that Ie and HgCl are
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better leéving groﬁps than.ngu3Sn-.

1,2-Dichloroethylene can react with alkylmercurials, but in a non-
stereospecific manner. This is Aue to the poor ieaving abiiity éf
chlorine atom which allows the intercénversion of the radical
intermediates to the more stable conformation, or an equilibrated
mixture of gonformations, before the elimination of the chlorine atom.

We have also foﬁnd that other 1,2-disubstituted ethylenes, p-
chlofovinyl phenyl sulfide, f3-iodovinyl phenyl sulfone; l-chloro-2-
iodoethylene and 1,2-diiodoethylene, can react with alkylmercurials to
give the substitution products in rgasonable yields.

1,2-Dichloroethylene, 1,2-diiodoethylene and l-chloro-2-
iodoethylene reacted with mercuric phenylmercaptide to give fB-~halovinyl
phenyl sulfide. The vinyl sulfiaes was quite reactive towards
‘thidphenoxy radical and underwent further reaction to give the
disubstituted ethylene, 1,2-bis(pheny1thio)éthene, in excellent yield.

For synfhetic applications in whiéh the stereochémistry-is
controlled in the substitution reaction with RHgX, vinyl iodides with
electronegative f-substitutents (e.g., MeOZC) are greatly preferred to
vinylstannanes, vinyl chlorides, or vinyl sulfides. Vinylmeréury
halides lead to stereospecific substitutions, but the pure (Z) isomers

of f-substituted vinylmercurials are not readily available.
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D. Experimental Section

1. General considerations
13

C NMR (22.6 MHz) were fecorded'on a JEOL FX-90Q spectrometer.
Infrared spectra_(IR) were recordea on a Beckman 4250
spectrophotometer. Melting points were determined on a Thomas—Hoover
capillary melting-pqint apparathé and are uncorrected.

Solvents were purchased -and dried as descriﬁed previously.
Commercially available compounds were purcﬁaéed in high purity gradés
mostly from Aldrich and used without further purification. Most of
the alkylmercurials were prepared by the literature procedures as
mentioned before.

Trichloromethylmercury chloride was prepared from the reaction of
mercuric chloride with sodium salt of trichloroacetic acid in
refluxing monoglyme as described in the literature [113]. The
trichloromethylmercury chloride prepared had mp 195-196 °C (lit.

[113] mp 193-194 °C).

2. Prepération.gg 1,2-disubst1tuted ethylenes

Methyl (E)-p-iodoacrylate was prepared from the reaction of
methyl propiolate and hydriodic acid (HI) at 0 °C [114]; Thus
propioliec acid (from Aldrich) (0.l mmol) and sulfuric acid (2
mL) were dissolved in 50 mL of methanol. The.mixture was heated on a
steam bath for 1 he The mixture was cooled‘to room temperature
and theﬂ poured into 100 mL_of'water. The product (methyl propiolate)

was extract by 2 x 50 mL of chloroform (CHCl3). The.exCract was
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dried over anhydrous sodium sulfate and the solvent was then removed
under vacuum. The cfude product of methyl propiolate was slowly added
iﬁto 100 mlL of ﬁydriodic acid (from Aldrich) while the mixture
temperature was kept at 0 °C.- After ﬁhe addition, the mixture was
stirred overnight in an ice bath. Water was added into the reaction
mixture‘and the product was extracted by 3 x 30 mL of chloroform. The
extrac; was dried (Na2804) and concentrated in vacuo. Distillation
gave 4.5 g of methyl (E)-p-iodoacrylate (bp 115 °C/70 mmHg) 1y wmr
(CDCl3) § 7.95 (d; 1 H,J=15 Hz), 6.90 (&, 14, J=15 Hz), 3.80 (s,3H).

Methyl (g)jz-iodoacrylate was also pfepared by the method
described in the same literature [114]. Thus propiolic acid (0.2 mol)
was added into 200 nmL of 477% hydriodic acid. The mixture was heated
on a steam bath for about 1.5 h during which time a white precipitate
had formed.v Water was added to the cooled reaction mixture and the
product was extracted by ether. The extract was washed with water,
dried over anhydrous sodium sulfate and concentrated under vacuum. The
white solid was recrystallized from chloroform to give 28 g of (E)-f-
iodoacrylic acid lﬂ NMR (CDCl3) S L1.32(br?s,1H), 8.12(d, 1H, J=14.5
Hz), 6.90(d, 1H, J=14.5 Hz). The B-iodoacrylic acid (22.5 g) and
sulfuric acid (4 mL) were dissolved in 100 mL of methonol and the
vmixturg was heated on a steam bath for 1 h. The mixture was cooled,
pbured into water and extracted with chlo:éform. The extract was washed
with water, dried (Nazsoé) and the solvent was removed in vacuo to give
24 g of methyl (E)-A-iodoacrylate as a pale yellow solid (mp 43-44 °C).

1y ww (coc1,) § 7.95(d, 1H, J=15 Hz), 6.90(d, 1H. J=15 Hz), 3.80(s,3H).
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Methyl (g)—p—éhloroacrylate‘was prepared by the literature
procedure [115]. The acrylate prepafed had bp 79-81 °C/78 mmHg
(1it. [112] bp 79-83 °C/78 mmHg)..'IH NMR (CDC13)'$ 6.78(d, iH, J=8
Hz), 6.24(d, 1H, J=8 Hz), 2.86(5.3H). Methyl (5)-p-chlor§ac:y1ate was
also prepared by the methpd described in the same literature [;15]

i om (coet,) § 7.35(d, 18,

(lit. [115]} bp 74-75 °C/131 mmHg).
J=14 Hz), 6.22(d, lH, J=14), 3.75(s,3H).
Methyl (5)13-trifgfbutylstannylacrylate was prepared by following

'u MR (cDCL,) § 7.72(d, 1H, J=19.5

the literature procedure [116];
Hz), 6.22(d, lH, J=19.5 Hz), 3.70(s,3H), 1.8~0.7(m,27H). Methyl (Z)-
f-tri-n-butylstannylacrylate was synthesized by the same procedure
(bp 120-125 °C/1.5 mmHg or 70-80 °C/0.35 mmHg); ly mr (cocl,) S
7.18(d, 1H, g?13 Hz), 6.70(d, 1H, J=13 Hz), 3.78(s,3H), 1.8- |
0.6(m,27H) . |

(E)-B-Chlorovinylmercury chloride was prepared from the reaction
of mercuric chloride and écetylene in hydrochloric acid [3]. A stream
of acetylene gas was passed into the mixtﬁre of mercuric chloride (100
g) in concentrated hydrochloric acid (75 mL) which was cooled in an
ice bath. Unfortunately, no product formed unless a gas dispersion
tube was used. With the gas dispersion tube, the white precipitate of
p-chlorovinyl mercury chloride formed slowly. The precipitate started
to form after passing the acetylene gas into the mixture for more than
0.5 h. The formation of the precipitate around or inside the dispersion

tube blocked the stream of acetylene gas and, therefore, the tube needed

to be cleaned or replacéd occasionally.' The precipitate was filtered
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uéing sintered glass, washed with water, and air dried.
Recrystallization from benzene gave a white solid of (E)-f-
chlorovinylmercury chloride which had mp 115-123 °C (lit. [3] mp 123-124

1y NMR (CDC1,) § 6.22(s,2H).

°C).

(2)-fChlorovinylmercury chloride was prepared by the literature
procedure [3]. Unfortunately, the mercurial was obtained in low
yield and it was a mixture ﬁf‘(g)- and (E)-f-chlorovinylmercury
chloride in a 3:1 ratio (by.1H~NMR). Attempts were made but failed to
improve the yield and the purity of the (Z)-isomer; IH MR (CDCIB) S
6.98(d, 1H, J=7.2 Hz), 6.22(d, IH, J=7.2 Hz).

(E)-B-Chlorovinyl phenyl sulfide was synthesized by following the
literature procedure [117]. The sulfide was prepared by adding
(dropwise) benzenesulfenyl chloride [118] (25 g) to ethyl acetate
(100 mL) saturated with acetylene gas whiie the mixture was stirred
in an ice bath. The acetylene gas was passed through tﬁe mixture by
means of a gas dispersion tube during the addition of the
benzenesulfenyl chloride. After the addition, acetylene w;s passed
through the mixture for an additional 6 h. Ethyl acetate was removed
under vacuum and the product wasldistilled (bp 90 °C/2.1 mmHg, lit.

Iy (eocl,) § 7.32(s,5H), 6.61(4, 1H,

13

{117} bp 118 °C/15 mmHg).
J=13 Hz), 6.23(d, 1H, J=13 H?);, C NMR (proton decoupled, CDCl,,

reported in ppm from TMS) 5.133.9, 129.4, 129.1, 127.1, 125.5, 120.1;
GCMS, m/e (relative intensity) 172(26), 170¢71,M%), 135(100), 91(59).

(E)-1-Chloro-2-iodoethylene waé prepared from the cleavage of

(E)-p-chlorovinylmercury chloride by iodine. Thus (E)-f3-
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chlorovinylmercury chloride (40 mmol) was dissolved 1in diethyl ether
(200 mL). Iodine (40 muol) was added an& the mixture was stirred for
3 days. The‘precipitate was removed by filtration. The filtrate was
" washed with 10% aqueous sodium thiosuifaté solution to remove the
remaining iodine and dried over anhydrous sodium sulfate. Ether was
removed under‘yacuum to afford 2.3 g of a 1iquid product which was

1y mir; lu

"shown td be puie‘(E)-l-chlé?o-24iodoethylene by GLC and
MR (CDCL,) § 6.82(d, 1H, J=14 Hz), 6.52(d, 1H, J=14 Hz).

Qi)-l,Z-Diiodoethylene was synthesized by the literature
procedure [119]. Thus 45 g of iodine was dissolved in 200 mL of
absolute ethanol in a round-bottom flask equipped with a magnetic
stirrer. ‘Acetylene was purified by passing‘through water and
éoncentrated sulfuric acid before it was bubbled into cﬁé mixture. A
white precipitate started to form after a féwvdays and the reaction
was éarried out for aboutlten days. A small amount of 10% aqueous
sodium thiosulfate solution was added to remove the red color of
iodine. The sblid was filtered and recrystallized form ethanol to
glve white crystal line 1,2-diiodoethylene (mp 71.5-72 °C, 1lit. [119]
mp 73 °C).

'R (cpel,) § 7.10(s,2H).

GCMS, m/e (relativé intensity) 280(100, M+), 254(38), 153(55),
127(41).

(E)-1,2-Dichloroethylene and (2Z)-1,2-dichloroethylene were
purchased_from Aldfich. They were shown to be in high purity by GLC

and were used without further purificatioh.
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3. General procedure for the photoreaction of methyl p—tri—n-

butylstannylacrylate with alkylmercury chlorides

| Methyl ﬂ-trifgfbuﬁylstahnjlaérylate (0.3‘mmol) and the
alkylmercurial (see Table 16) were dissolved in 10 mL of benzene or a
 mixture of benzene and dimethyl sulféxide (8:2). The mixture was
degassed with‘a.stream of nitrogen for 5 min and ifradiated in a
Rayonet Photoreactor or with a 275-W sunlamp.placed about 15 cm from
the reaction vessel. After the irradiation, the fe#ction mixture was
washed with water and twice’with_lO% aqueous sodium thiosulfate
solution. The mixture was dried over anhydrous sodium sulfate and
concentratea in vacuo. The oily residue was analyzed by GLC, 1H NMR
and GCMS which indicated the presence of the substitution product.
Yield of the substitution product was determined by 1H NMR using
dibromomethane as an internal standard. The (E)/(Z) ratio was
détermined by GLC. 1Identity of the substitution product was

confirmed by comparison of its 1H NMR with that of the authentic

compound or with the 1H NMR reported in the literature. The 1H NMR
of methyl (E)-3-cyclohexylpropenoate [120] and methyl (E)-4,4~
dimethyl-2-pentenoate [121] have been reported in the literature.

The following 1H NMR and GCMS data were obtained:

Methyl (E)-3-cyclohexylpropenoate:

'H MR (coc1,) § 6.95(dd, 14, J = 16.8 Hz, J, , = 6 Hz),

trans 1,2

= 1,5 HZ), 3-7(5,3“), 2.9~

5.75(dd, 1H, J = 16.8 Hz, J

trans 1,3

0.8(m,L1H).

GCMS, m/e (relative intensity) (Z)-isomer:170(0.5), 168(53,47),
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94(54), 87(78), 79(57), 67(98), 55(100). (E)-isomer:170(0.2), 168(31,
M), 94(45), 87(82), 79(61), 67(99), 55(100). |
Methyl (§)-4,4;dimethy1-2—pentenoate:
Ln NMR (300 Miz, CDCl,) § 6.98(d, 1H, J=15.9 Hz), 5.74(d,lH,
J=15.9 Hz), 3.78(s,3H), 1.08(s,9H).
GCMS, m/e (relative intensity) 142(20 Mt ), 127(55), 111(41),

95(56), 83(100), .67(56), 55(67), 41(71).

4. Photoreaction of methy 8-tri-n-butylstannylacrylate with phenyl

disulfide

Methyl (E)—pftriﬁgfbutylstannylacrylate (0.3 mmol) and phenyl
disulfide (0.5 mmol) in 10 mL of nitrogen-purged benzene in a Pyrex
tube were irradiated at 350 nm in a Rayonet Photoreactor. After
irradiation for 8 h, the reaction mixtureiwas concentrated under
vacuum to }ield an oily residue. Analysis by GLC, 1H NMR and GCMS
indicated the presence of (E)- and (Z)--phenylthioacrylate in 79%
yield. The (E)/(Z) ratio was determined by GLC to be 3.8. The
substitution product, methyl ﬁ-phénylthioacrylate was further
confirmed by comparison of its 1H NMR with that reported in the
literature [122].

The reéctios of methyl (g)-ﬂ-trifgfbutylstannylacrylate with
phenyl disulfide was also carried out by the same procedure. The
reaction afforded methyl f-phenylthioacrylate in 91% yield. The
substitution product had (E/(Z) = 3.7.

Methyl (g)-ﬁ-phenylthioacrylate:

' e (¢pe14) § 7.82(d, 1H, J=15.6 Hz), 7.35(m,5H), 5.68(d, lH,
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J=15.6 Hz), 3.67(s,3H). . |
GCMS, m/e (relative intensity) 196(1), 194(48,lM+), 163(46),
135(100), 109(77), 91(67), 65(73), 51(80).
Methyl (3)73-pﬁenylthioacrylate
L wr (eoc1) § 7.7-7.2(m, 145H), 5.9(d, 1H, J=10 Hz), 3.7(s,3H).
GCMS, m/e (relative intensity) 196(0.6), 194(77,M+), 163(53),

135(100), 109(56), 91(41), 65(46), 51(50).

‘5. Determination of (E)/(Z) ratio of the substitution product occurring

during the irradiation.gg_p-tri—n—butylstannylacrylate with phenyl

disulfide

Methyl (E)-p-tri-n-butylstannylacrylate or methyl (Z)-f-tri-n-
butylstannylacrylate (0<3 mmol) and phenyl disulfide (0.5 mmol) were
dissolved in 1 mL of nitrogen-purged benzéne in a Pyrex tube. The
mixture was irradiated in a Rayonet Photoreactor or with a 275~W
sunlamp placed about 20 cm from the reaction vessel. Small amounts
of the reaction mixture were withdrawn at different periods of time by
a syringe and analyzed directly by GLC. The (E/(Z) ratios are

summarized in Table 18.

6. Photoreaction of methyl.p-tri-n—butylstannylacrylate with

benzenesulfonyl chloride

Methyl g~tri-n-butylstannylacrylate (0.3 mmol) and benzene
»gulfonyl chloride (0.5 mmol) were dissolved in 10 mL of benzene in a
Pyrex tube. After a nitrogen purge, the mixture was irradiated in a

Rayonet Photoreactor for 10 h. The reaction mixture was concentrated
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1

“in vacuo and analyzed by GLC, "H NMR and GCMS. The mixture was found

to consist of méthyl f-benzenesulfonylacrylate, trifgfbutyltin'
chloride and the remaining benzenesulfonyl chloride. Yields of the
substitution product are presented in TaBle 17. The substitution

1

product, methyl ﬂ-benzénesulfonylacrylate,_was shown by "H NMR to be

the pure (E)-isomer from the large coupling constant of theAviﬁyl proton
(J=16.2 Hz). The 1H_NMR of methyl (E)-f3-benzenesulfonylacrylate has
been reported in the literature [123].
ly NMR (CDC13) 5‘8.2-7.7(m,2H), 7.78-7.3(m,3H), 7.4(d, 1H, J=16.2
Hz), 6.82(d, 2H, J=16.2 Hz), 3.8(s,3H).

GCMS, m/e (relative intensity) 226(1.3,4"), 125(100), 77(77),

51(88).

7. General procedure for the photoreactions of methyl p-haloacrylates

with alkylmercury chlorides

The general procedure involved the regctibn of methyl f3-

- haloacrylate (0.3 mmol) and the alkylmercury chloride (see Table 19)
in 10 mL of nitrogen—purged benzene in a Pyrex tube. The mixture was
irradiated with a 275-W sunlamp placed about 20 cm from the reaction
vessel or in a Rayonet Photoreactor for a period of time as indicated
ih Table 19. After the irradiation, 10 mL of benzene was added to the
reaction mixture. The mixture was washed with 3 x 20 mL of 10%

. aqueous sodium thiosulfate solution and atied over anhydrous sodium
sulfate. The benzene was removed under vacﬁum and the oily residue
vas analyzed by GLC, H NMR and GCMS. The analysis indicated the

presence of the substitution product. All the yilelds were obtained
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from 'H NMR whereas the (E)/(Z) ratios were determined by GLC (Table
19). The 1H NMR and GCMS data for methyl 3-cyclohexylpropenoate and

methyl (E)—4,4-dimethy1-2-pentenoate were identical to those obtained

previously. The 1H NMR of methyl 4-methyl-2-pentenoate has been

reported in the literature [120,124]. The following 'H NMR and GCMS

data were obtained for methyl (§)-4-methyl-z-penténoate.

1 = 16 Hz, = 6.2 Hz),

35,2

H MR (CDCL,) § 6.9(dd, IH, J,

5.75(dd, 1H, J___ =16 Hz, J, 5 = 1.5 Hz), 3.65(s,3H).
GCMS, m/e (relative intensity) 130(0.8), 128(57,M%), 113(27),

97(67), 81(32), 73(64), 69(100).

8. Photoreaction of methyl f-iodoacrylate with mercuric

phenylmercaptide

Methyl A-iodoacrylate (0.3 mmol) and mercuric phenylmercaptide
(0.5 mmol) were dissolved in 10 mL of a mixture of benzene and DMSO
(8:2) in a Pyrex tube. The mixture was degassed for 5 min with a
stream of nitrogen and irradiated with a 275-W sunlamp placed about 20
cm from the reaction veésel or in a Rayonet Photoreactor. Afterb
irradiation for a period of time (see Table 20), tﬁe mixture was
poured into water. The organic products were extracted with benzene,
washed with 2 x 20 mL aqueous sodium thiosulfate solution and dried
over anhydrous sodium sulfate. The concentrated product mixture was
analyzed by GLC, lﬂ NMR and GCMS which revealed the presence of methjl
fi-phenylthiocacrylate. Yields of the products were determined by 1H

NMR and the (E)/(Z) ratios were obtained from the GLC. Results are

presented in Table 20.
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9. Photoreaction of fi—chlorovinylmercury chloride with

organomercurials

‘ﬁ-Chlorovinylmeréury chloride (1 mmdl) and the alkylmercury
chloride (1.2 mmol) were dissoived in a nitrogen-purged DMSO in a
"Pyrex tube. The mixture was irradiated in a Rayonet Photoreactor for
10 h. During the irradiation, mercury metal had precipitated. The
. mixture was decanted into water and the organic products were
extracted with benzene. The extract was washed with 2 x 20 hL of 10%
aqueous sodium thiosulfate solution and dried.over anhydroué sodium
sulfate. the solvent was then removed under vacuum to give a

1y NMR and GCMS. The

colorless liquid which Qas analyzed by GLC,
analysis indicated the presence of the substitution products, the
alkenyl chlorides. Yields and stereochemistry of the alkenyl
chlorides were determined by GLC and are summarized in Table 2l. The
substitution product, (2-chloroetheny1)cyclohekane was isolated by
preparative GLC. All the products were confirmed by comparing their
1H NMR and IR to those reported in the literature [125]. The
following data were‘obtained for the substitution products.
(E)-(2-Chloroethenyl)cyclohexane: .

'H MR (CDCL,) § 6.25-5.4 (m,2H), 2.7-0.5(m, 11H).

IR (neat, NaCl plates, cm ') 2920(vs), 2850(vs), 1620(m),
1442(s), 930(s), 812(s), 728(s).

GCMS, m/e (relative intensity) 146(5), 144(15,M7), 109(26),
82(64), 67(100).

v(g)-(2-Chlor6etheny1)cyclohexahe;
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'H NMR(CDCL,) § 6.01-5.42(m,2H), 2.8-0.7(m,11H).

IR (neat, NaCl plates, cm ') 2940 (vs), 2870(s), 1637(m), 1458(s),
1345(m), 962(m), 893(m), 810(w), 743(s), 715(s).

GeMS, m/e (relative inmtemsity) 146(5), 144(15,M"), 109(31),
82(74), 67(100).
(E)-1-Chloro-3,3-dimethyl-l-butene:

Ty mr (CpC1,) § 5.9(s,2H), 1.05(s,9H).

GCMS, m/e (relative intensity) 120(3), 118(10,M7), 103(44),

83(100), 67(52).

10. Photoreaction_gi/%-chlorovinylmercury chloride with

phenyl disulfide

The mixture of 8-chlorovinylmercury chloride (1 mmol) and phenyl
disulfide (see Table 21) in 10 mL of nitrogen-purged DMSO in a Pyrex
tube ﬁas irfadiated in ‘a Rayonet Photoreactor or with a sunlamp.
After the irradiation, the usual workup afforded an oily residue.
Analysis by GLC, IH NMR and GCMS indicated the presence of the
substitution products as shqwn in Table 21. The identity of the
substitqtion products was confirmed by comparison of their GLC
-retention times and 1H NMR with those of the authentic compounds.
1,2-Bis(phenylthio)ethene was synthesized by the literature procedure
[126].

(Z)-p-Chlorovinyl phenyl sulfide:
GCMS, m/e (relative intensity) 172(26), 170(74,M"), 135(100).

91(61).



143

(5)—B}s(phenylthio)ethene: .
H NMR (cn013) § 7.7-7.0(m, 10H), 6.5(s,2H).

GCMS, m/e (relative intemsity) 246(8), 244(82,4"), 135(100),

134(75), 91(69).
(E)-Bis(phenylthio)ethene:

GCMS, m/e (relative intensity) 246(10), 244(95), 135(100),

134(77), 91(61).

1l1. Photoreaction of 1,2-dichloroethylene with organomercurials

The mercurial (1 mmol) and 1,2-dichloroethylene were dissolved in
5 mL of DMSO in a Pyrex tube equipped with a rubber septum. After a
nitrogen purge, the mixture was irradiated in a Rayonet Photoreactor
for 20-21 h (see Table 22); The mi#ture was poured into water and
the organic products were extracted with 30 mL of benzene. The
extract was washed with 2 x 20 mL of 10% aqueous sodium thiosulfate
solution and dried over anhydrous sodium sulfaﬁe. The mixture was
then concentrated and analyzed by GLC, IH NMR and GCMS. The analysis
indicated that the reaction mixture consisted of only the (E)- and
(Z)-isomers of the substitution product. The results are summarizéd
in Table 22. |
1-Chloro-l-hexene:

GCMS, m/e (relative intensity) 120(6), 118(20,47), 56(100).

12. Photoreaction of 1,2-dichloroethylene with mercuric

phenylmercaptide and mercuric benzenesulfinate

Mercuric phenylmercaptide (1 mmol) and 1,2-dichloroethylene (see

.Table 22) were dissolved in 5 mL of nitrogen-purged DMSO in a Pyrex
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flask. The mixture was irradiated in a Rayonet Photo?eactor for 20-21
h. The usual workupvafforded the sﬁbstitution products in good yields
as shown in Table 22. | |
The same procedure was also applied for the reaction of (Z)-1,2~
dighloroethyiene withlmercuric benzenesulfinate. Unfortunately, the

reaction did not occur and no substitution product was observed.

13. Reaction.gg_S})-l,z-diéhloroethylene with mercuric phenyl-

mercaptide in the dark

The reaction involved 1 mmol of (Z)-1,2-dichloroethylene and 1
mmol of mercuric pﬁenylmercaptide dissolving in 5 mL of nitrogen-
purged DMSO in a Pyrex flask. The flask was wrapped with aluminum
foil to exclude light and placed in a Rayonet Photoreactor at 40-45

° C. After 20 h, the usual workup gave no substitution product.

14. Photoreaction of (E)-B-chlorovinyl phenyl sulfide with

organomercurials

(E)-B-Chlorovinyl phenyl éulfide (1 mmol) and the mercurial (see
" Table 23) were dissolved in 5 mL of DMSO in a Pyrex tube équipped with
a rubber septum. After a nitrogen purge, the mixture was irradiated
at 350 nm in a Rayonet Photoreactor. After irradiation, the mixture
was poured into water. The drganic products were eitracted with 20 mL
of benzene. The extract was washed with 2 x 20 ml of 10% aqueous
sodium thiosulfate solution, dried over sodium sulfate and
concentrated in vﬁcuo. The concentrated mixture was analyzed by GLC,.

1H NMR and GCMS as usual. The analysis revealed the presence of the
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substitution prodﬁcté. Yields and stereochemistry of the substitution
products were determined by GLC and the results are given'in‘Table 23,
1-Hexenyl phenyl sulfide [127] and 3,3-dimethyl-l-bu£enyl phenyl
sulfide [100] have been'reporCed in the literature.

The following data.were obtained for the substitution products.
(E)-2-Cyclohexylethenyl phenyl sulfide:

GCMS, m/e (relative intensity) 220(5),‘218(100,K+)y.109(57),
67(86).
(2)-2-Cyclohexylethenyl phenyl sulfide:

GCMS, m/e (relative intensity) 220(5), 218(99,M+), 109(95),
67(100).
(E)-3,3-Dimethyl-]1-butenyl phenyl suifide:

b MR (CDC1,) § 7.0-7.4(n,5H), 6.05(s,2H), 1.08(s,9H).

GCMS, m/e (relative intensity0 194(2), 192(46,M'), 177(92),

83(100), 65(62), 55(82).

15. Cbmpetition reaction of (Z)-1,2-dichloroethylene and (E)-ﬁ:

chlorovinyl phenyl sulfide with cyclohexylmercury chloride
(Z)-1,2-Dichloroethylene (1 mmol), (E)-fi-chlorovinyl phenyl
sulfide (1 mmol) and cyclohexylmercury chloridé (0.5 mmol) were
dissolved in 5 mL of DMSO in a Pyrex tube. After a nitrogen purge,
the mixture was irradiated in a Rayonet Photoreactor for 10 h. The
usﬁal workup afforded a product mikture which was analyzed by GLC.
The analysis revealed the presence of (E)— and (2)-(2-
chloroethenyl)cyclohexanes (0.15 mmol) and (E)- and (2)-(2-

phenylthioethenyl)éyclohexane (0.22 mmol). 1,2-Bis(phenylthic)ethene
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(0.06 mol), and cyclohexyl phenyl sulfide (0.04 mmol) were also

observed. The results are summarized in Eq. (90).

16. Photoreaction gg_Sﬁ)-l-chioro-z-iodoethylene with organomercurials -

(E)-1-Chloro-2-iodoethylene (1 mmol) and the mercurial (see Table
24) were dissolved in 5 mL of DMSO in a Pyrex flask. After a nitrogen
purge, the @ixture was irradiated with a 275-W sunlamp placed ca. 20
cm from the reaction vessel. After the irradiation, the usual workup
afforded the concentrated product mixture which was analyzed by GLC
and GCMS. The ﬁroduct mixture was found to consist of the
substitution product in moderate to good yield. Yield and
stereochemistry of the substitution product were determined by GLC and
the result; are summarized in Table 24.

The feaction of (g)-l-chloro-Z-iodoethylene (1 mmol) with
mercuric benzenesulfinate (0.5 ﬁmol) was also carried out by the same
procedure. The reaction afforded only the monosubstitution product,

2-chloroethenyl phenyl sulfone, exclusively as (E)-isomer in 80%

1

yield. This substitution product was identified based on the "H NMR

and GCMS data.
The following data were obtained for (E)—2—chloroetheny1 phenyl
sulfone. |
ly wr (CDCL,) § 8.1-7.1(m,5+1K), 6.7(d, 1H, J=14 Hz).
GCMS, m/e (relative intensity) 204(5), 202(15,M), 125(100),

77(76), 51(52).



147

17. Photoreaction of cyclohexylmercury chloride with 2-chloroethényl

phenyl sulfone génerated in siﬁu

'(E)—l-Chloro—Z-iodoethyiene (1 mmol) and mercuric
benzenesulfinate (O.S’mmol) wére dissolved in 5 mL of nitrogen—-purged
DMSO in a Pyrex flask. The mixture was irfadiated with.a 275-W
sunlamp placed about 20 cm from the reaction flask. After the
irradiation for 16 h, cyclohexylmercury chloride (1 mmol) was added
to the reaction mixture and the 1rrédiation continued for an .
additional 11 h. Wbrkup as described before afforded a mixture which
was analyzed by GLC and GCMS. The analysis indicated the presence of
2-chloroethenyl phenyl sulfone (0.65 mmol, (E)/(Z)=16), (2-
chloroethenyl)cyclohexane (0.28 mmol, (E)/(Z)=1.4) and 2-
cyclohexylethenyl phenyl sulfone (0.05 mmol, (E) only).
2-Cyclohexy1ethenyl phen}l sulfone had the followiné GCMS.

GCMS, m/e (relative intemsity) 250 (1.6, M'), 109(100), 67(62).

18. Photoreaction of (E)-1,2-diiodoethylene with organomercurials

The mixture of (E)-1,2-diiodoethylene (1 mmol) and the
organomercuriéi (see Table 25)‘1n 5 mL of nitrogen—-purged DMSO in a
Pyrex tube was irradiated with a 275-W sunlamp placed about 20 cm fron
the‘reaction vessel. After the irfadiation, the mixture was poured
into water and the organic products were extracted with benzene. The
extract was washed with aqueous sodium thiosulfate and dried over
anhydrous sodium sulfate. After the removal of benzene, the product
mixture was anglyzed by GLC, 1H NMR and GCMS. The analysis indicated

the presence of the substitution product and the results are
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. summarized in Table 24.

The following data were obtained for the substitution products.
(E)-1-Iodo-1-hexene:

GCMS, m/e (relative intensity) 210(65,M"), 167(21), 154(41),
83(16), 55(100).
(2)-1-Iodo-1-hexene:

. GCME, m/e (relative iﬁtensity) 210(77.M), 167(18), 154(48), |

83(35), 55(100).
(E)-(2-Iodoethenyl)cyclohexane:

GCMS, m/e (relative intemsity) 236(21,M%), 109(45), 67(100),
55(28).
(2)-(2-Iodoethenyl)cyclohexane:

GCMS, m/e (relative intensity) 236(34,M%), 109(48), 67(100),
55(28).
(E)-3,3-Dimethyl~1-iodo-1-butene:

'R (eDc1,) § 6.65(d, 1H, J=14.5 Hz), 5.98(d, 1H, J=14.5 Hz),
1.05(s, 9H).

GCMS, m/e (relative intensity) 210(18,M+), 83(72), 68(53),
. 67(41); 55(100).
(E)-2-Iodoethenyl phenyl sulfone:

' MR (CDC1,) § 8.02(d, 1H, J=14.4 Hz), 8.0-7.75(m,2H), 7.75-
7.5(m,3H), 7.3(d, 1lH, J=14.4 Hz).

GCMS, m/e (relative intensity) 294(11,M"), 125(85), 77(100).
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19. In situ photoreaction gf_p-?iodovinyl phenyl sulfone with mercuric

phenylmercapt:lde

(g)-l,Z-Diiodoeﬁhylene'(1 mmol) and mercuric benzenesulfinate (1
mmol) were.dissolved in 5 mﬁ of DMSO in a Pyrex flask. After a
nitfogen purge, the mixture was irradiated for 7 h'with a 275-W
sunlamp placed.abput 20 cm from the reaction vessel. mercuric
phenylmercaptide (0.25 mmdl) was added into the reaction mixture and
the irradiation wés conﬁinued for an additional 10 h. The mixture
wés poured into water and the products were extracted with benzene.
The extract was washed with aqueous sodium thiosulfate and dried over
sodium suifate. After the removal of the benzene, the residue was
analyzed.by GLC and GCMS which revealed the presence of'ﬁ—iodovinyl
phenyl sulfone (0.80 mmol, 80% yield) and a trace amount of phenyl 2-

(phenylthio)vinyl sulfone.

20. In situ Eﬁotoreaction of -iodovinyl phenyl sulfone with

cyclohexylmercury chloride

The mixture of 1,2-diiodoethylene (1 mmol) and mercuric
benzenesulfinate (1 mﬁol) in 5 mL of hitrogen-purged DMSO was
irradiated for 7 h with a 275-W sunlamp placed about 20 cm from the
reaction vessel. Cyclohexylmercury chloride (0.5 mmol) was added in
the reaction mixtpre and the irradiation wasAcontinued for an
additioqalilo h. The usual workup afforded the residue which was
analyzed by GLC. The analysis indicated the presence of fi-iodovinyl
phen§1 sulfone (6.61 mmol, (E)/(Z) = 21.6) and p-cyclohexylethenyl

phenyl sulfone (0.38 mmol, (E)/(Z) = 40.5). The presence of the
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products were verified by GLC retention time matching with the products

obtained previously.
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PART 11. FREE RADICAL CHAIN REACTIONS OF ALLYL AND ALKYNYL

DERIVATIVES WITH ORGANOMERCURIALS
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I. SUBSTITUTION REACTIONS OF ALLYL DERIVATIVES

A. Introduction

Heterolytic substitution reactions of substituted allylic systems
with migratidn of the double bonds are known and sevefal reports have
been appeared in the literature. Thus, Gendreau et al. [128],
Barsanti et al. [129], Okamura and Takei [130], and Julia et al. [131]
and their respective co-workers found independently that allylic
sulfides, sulfones, and sulfonium salts undergo subsﬁitution with
Grignard reagents in the presence of a copier(Il) salt or a nickel-
phosphine complex to give carbon-carbon bond formation. Trostvand co-
workers reported that regio- and stereoselective nucleophilic
displacement of allylic sulfones with stabilized carbanions such as
malonate occurred under the influence of palladium(0) catalysis [132].
Palladium-catalysed asymmetric carbon-carbon bond formation utilizing
chiral allylic sulfinates by way of intermediate allylic sulfones has
been reported by Hiroi et al. [133].

Lithium dialkylcuprates can also react with allylic sulfoxides
and sulfones to give substitution products [134]. The reactions have
been reported to occur in a regio- and stereoselective manner.

Hbmolytic substitution reactions of allylic systems by carbqn-
centered and heteroatom—centered radicals havetbeen studied
extensively and a number of reports have appeared in the literature-
In.1949, Kharasch and Sage observed the formation of 4,4,4-trichloro-.
l-butene as a byproduct in the'radical addition of bromotrichloro-

methane to allylvbromide (Eq. 86) [135]. Since that time many similar
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reactions have been reported. The reaction of allyl bromide with thiyl

hV Br
N\~"NBro+ BreCly — cc1'3\/\/ Br + cc13\/\ (86)
radicals which leads to the formation of allyl sulfides (Eq. 87) has

been observed by Hall [136].

RSH

: ] > RSCH,CH,CH,Br
RSe + CH,=CHCH,Br = RSCH.GH-CH,Br
2 25T — 2 2 —Bre
' > RSCH,CH=CH

2 2 (87)

Reactions of allyl sulfides aﬁd halides with phenyl radical
formed from thermal decomposition of phenylazotriphenylmethane have
been reported to proceed_by either a stepwise addition—-elimination or
a SH2' process [137]. Reaction of x,x~-dimethylallyl ethyl sulfide

produced 2-methyl-4-phenyl-2-butene as shown in Eq. (88).

/Xsm + Phe > Ph\/\/ + EtSe (88)

This apparent substitution reaction involves attack of a phenyl

radical on the terminal unsaturated carbon atom of the allyl suifide
with sdbsequent elimination of the thiyl radical. The reaction can
proceed by either a stepwise or a concerted process as shown in Scheme
32.

Organotin hydrides are useful intermediates for the reduction of
organic compounds such as halides, aldehydes, ketones, isocyanates,
and isothiocyanates [66]. They also find use in the synthesis of

other organotin compou]nds because they add to carbon-carbon double
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Scheme 32
Stepwise
. ' : add. - Ce
Phe + /\/SEt > Ph\/\/ SEt
. elim. '
Ph \/\/ SEt > Ph \/\ + EtSe
Concerted

Phe /\/é\;qSEt > Ph \/\ + EtSe

and triple bonds. Certain of these reactions can proceed by free-
radical mechanisms in which organic radicals are intermediates.
Hydrogen atom transfer ffom organotin hydéides to these radicals is a
very fast process.

Tri-n-butylstannyl radical is known to add to multiple bonds
reversibly [138)}. Uneo and Okawara have reported the desulfurizative
stannylation of allylic or propargylic sulfides via SH' brocesses
{139). Thus, tri~-n-butylstannyl radical generated from
azobisisobutyronitile and triﬁgfbutyltiﬁ hydride reacted with 2-
(propérgylthio)benzothiazole of allylthiobenzothiazole to give tri-n-
butylstahnylallene or allyltri-n-butylstannane in high yield as shown

in Eqs. (89) and (90).

- AIBN, 100 °¢ o
Vs—ég )@,+ n-BuSnH - 5 Bu3SnCH C=CH, (89)
or hy 90-93% »
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AIBN

N - H =
N~§ < @ + n-Bu,Sn — ———> Bu,SnCH, CH=CH, (90)

The mechanism as shown in.Scheme 33 involves the addition of tri-n-

butylstannyl radical at the terminal cérbon atom of the multiple

Scheme 33

5 | Bu,Sne x{S—(“@
MV

Bu,SnCH=C —CH,$< @ Bu,SnH Bu3SnH

N

3 s 8<% ]@ — 3 5 Bu SnS-<S:©

Bu.,SnCH=C=CH

bond. The resulting radical then eliminates benzothiazoylthio
radical to form the allene product. The thiyl radical abstracts
hydrogen atom from the tin hydride to give the thiol and tri-n-
butylstannyl radical which continues the chain.

Allylic sulfones can also unde;go similar reactions. Reactions of
allyl sulfones with tri-n-butyltin hydride in the presence of a
catalytié amount of azobisisobutyroniﬁrile (AIBN) in refluxing
benzene afforded allylstannanes in good yields (ﬁq; 91) [140].

The same stannylated products were also obtained by a photochemical
procedure at room temperature.

Bu3SnH

~CH.C.H,S0 N —— RN NSnBu,  (91)
E5% i\\r/ﬁ\$ A or n/ . ' 3

R
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Ueno etval. have also reported the first intramolecular
cyclization involving radicgl desulfurizat%on of an allylic sulfide
[141]. The allylic sulfide 21 reacted with twice the molar amount of

tri-n-butyltin hydride to give product 22 in high yield (Eq. 92).

' _ _ SPh
Br =~ BuBSnH | :
oY BRI o
7K ATIBN/80° X
21 - 22 '
X =NH 96%
=0 75%

When the regction'was carried out in the presence of higher
concentrations of tri-n-butyltin hydride, the simple reduction
product 23 was also obtained in addition to 18. The data are
consistenﬁ with the mechanism outlined in Scheme 34. It involves
the abstraction of the bromine atom by tri-n-butylstannyl radical to
give the aryl.radical 23. The radical 23 then undergoes
inframolecular addition ‘to the double bonds with elimination of
benzenethiyl radical to give 22. The formation of 22 apparently
occurred by a concerted SHZ' process; With high concentrations of the
tin hydride, 23 is trapped to give product 24.

Certain allylic phenyl sulfides react with alk&l halides or
selenides upon irradiation in the presence of‘hexabutylditin to give
formal $,2' substitution products as shown in Eq; (93) [68]. The

process was succéssful for the introduction of groups such as prenyl,
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Scheme 34

' : | SPh
| SPh | p I
( :[Brf'/ Bagtne N xr 2’ > 22 + PhSe

X ~Bu,SnBr 23

Bu,SnH

/r— SP?; )
E:j\XJ’, + Buasnt

24

(Bu3Sn)2

/Xsph + R~-X ———hu—-—> R\/§/ + Bu3SnSPh + Bu3SnX

(93)

process was successful for the introduction of groups such as prenyl,
which cannot be accomplished by using an allylstannane. The mechanism

‘is outlined in Scheme 35.

Scheme 35
hJ
Initiation Bu3Sn-SnBu3 > 2 Bu3Sn0
Propagation R-X + Bu3Sn° > BuBSnX + Re
R--+4¢7<sph > R\¢/§T/ + PhSe
PhSe + Bu3Sn-SnBu3 > Bu3SnSPh + 3u3Sn0
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Allylstannanes are recognized'to undergo SHZ' substitution with a

variety of alkyl halides (Eq. 94,95). The first report of this

S,2'
=2 R ..._H._._...... = '
Re + cuz cucuzsnn 3 > .RCHZCH C_Hz + R3 Sne | (94)
Ry'Sne + R-X ——> R,'SnX + Re (95)

reaction by Kosugi et al. appeared in 1973 [142]. They investigated
reactions of allylﬁrimethylstannane with alkyl halides (Eq. 96) under

various conditions. The reaction was promoted by benzoyl peroxidé

: BPO
CH,=CHCH,SnMe, + R-X ——> RCH,CH=CH, + Me,SnX (96)

2 2 3 80 °C 2 2» 3
(BPO) and retarded by p-benzoquinone which supports the free-radical
chain mechanism.

In 1975, Grignon et al. reported the reaction of allylic
organotin compounds with numerous organic halides by a substitution
pathway with complete allylic shift [143]. The reactions were carried
out at high temperatures or under UV irradiation to give substitution
products in moderate to good yields.
| The synthetic utility of allylstannanes has been developed by
Keck [144-147], Webb and Danishefsky [148], and Baldwin et al. [149]
who applied Reaction 105 to natural product synthesis. The reactions
of allylstannanes énd alkyl halides have been studied in detail by

Keck et al. [150]. They found that the reactions have the adVantages



159
of tolerating quite complex functionélity in the substrates, are
nearly stoichiometric with regard‘to reagents, and do not require
extensive expetimenta;ion for application to new sﬁbstraces. Besides
alkyl ﬁalides, other substrates such as thioacyl derivatives and alkyl
phenyl sulfides or selenides, have been successfully employed in the
reaction (Eq. ).

\

S
1

‘ I(\OR /\/Snau3
4 > R\/\ (97)

RSPh AIBN, A (1501

RSePhJ

" The reaction, unfortunately, has been limited to only the parent
allyltri-n-butylstannane or derivatives with substituﬁion in the 2 or
3 position of thé alljl unit. With substitution in the 1 position of
thé allyl unit, such as crotyltri-n-butylstannane, the reaction only
occurs at more forcing conditions, e.g., xylene or chlorobenzene at
reflux, using di-tert-butyl peroxide as an initiator [146]. However, the
observed products were not those expecte&.for the allyl transfer
process, but instead correspond to elimination asrshown in Eq.

(98).

"initiator" //)—A T 3
R-X > Re + CM SnBu,
» —Z >

—f"§§r”/\‘*SnBu3 \[ (98)

R-H + 447\\447'+ Bu3Sn'
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Baldwin et al. have extended the substitution reaction to
propargyl systems [149]. They carried out the reaction of
triphenylprop-z-ynylétannane and alkyl,halides to provide terminal

allenes in moderate ylelds (Eq. 99). The reaction has been applied

- _ PhH ~ ‘

RX‘+ %\/SnBu3 m(}} R/\o§ + Ph3SnX(99)
to a simple and sterospecific synthesis of the naturally occurring
allenic amino acid, (S)—Z-aminohexa—A,S—dienoic acid.

Recently, Russell and Herold have found that allyltri-n-
butylstannane can undergo free-radical éubstitution reactions 1eading
to allylic rearrangementbwith the various reagents shown in Eq. (100)

f151]. They have also extended the reaction to include proparagyl-

A ® R
RCH=CHCH, SnBu, —> “NCHCH=CH, + Bu.SnY - (100)
, 2B, ~ 2 3
hy Q
R = H, CH,
QY = PhSSPh, PhCH,SSCH,Ph, PhSeSePh, PhS0,C1, n~PrS0,Cl, CC1,50,CL.

and alkenyloxystannanes (Eqs. 101-103). Reaction 103 gave

QY R\ '
> /C=c=cu + Ph,SnY , (101)

RC=CCH, SnPh
o Q 2 3

2 3

0SnBu

3 hV/ ccL, ‘
+ XCCl, > d + Bu,SnX (102)
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hyY . Q /O\
> Mez?-CH + MeZC———CHCHBr
CHBr2 ‘

25 26 (103)

Me, C=CHOSnBu

2 3

+ CHBr 2

3

not only the expected 25 but also the epoxide 26 in a 3:1 ratio.
Formation of the epoxide 26 most likely involves X-addition of BrZCH-

followed by an internal.(SHi)'diSplacement of Bu3Sn- as shown in

Scheme 36.
Scheme 36
B-add. . ﬁ—elim.
’ > BrZCHCMe2CHOSnBu3 —_— 25
M92C=CHOSnBu3 +‘BrZCH- .
> MezégHOSnBu3 > 26
o{~add. HBr2

Allyllor propadienyl derivatives of Co can also undergo SHZ'
subs;itution with both carbon-centered and heteroatom-centered
radicals f152-159]. Thesé reactions have been investigated
extens;vely by Johnson and co-workers and the feactions are summarized
in Eqs.A(104) to (109). The bimolecular homolytic displacement of °
Co(III) complexes from carbon has been reviewed by Johnson [160].

All of these reactions areAinterpreted in terms of ffee-radical
chain processes.. The reactions are regiospeéific and the
substitutions occur with total rearrangement of the allyl group. The
similar reactions of allyl or propadienyl derivatives of Rh and Ir

with polyhalomethanes have also been reported [161].‘
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1,23

-xcci3 CC1,CR R“CR”=CH,
+ xao(dmgﬁ)zpy- (104)
Br, CHCN cNcHBrer 'RZcR=cH,
—> 4+ BrCo(dmgH)zpy (105)
RS0, C RS0, cRR%cr3=cH
> & CgCo(dmgH)zpy (106)
1,2, 3
R'R“C CR‘CHZCo(dmgH)zpy-%
BECR(CO,Et),  (Et0,CRCR'R2CR=CH
>+ Br&o(dmgﬁ)zpy (107)
\7PhSSPh __ phscr'R%cr’=cH
7+ PhSCo(dmgH)zpy (108)
| PhSesePh PhSeCRlRZCR3=CH2
>+ PhSeCo(dmgH)Zpy (109)

In the course of our studies, we have found tha; allylic iodides,
bromides, sulfides sulfoneé, énd étannanes can undergo substitution
reactions with organomercurials to give substitution producté. The
following section will present and discuss reactions of the allyl

derivatives with organomercurials as shown.in Eq. (110).

' hy ' '
AN _~Q + RHgX ———————> R\\V//N§§b + QHgX (110)

Q=1, Br, SPh, SO,Ph, SnBu

2

B. Results and Discussion

1. Reactions of allyl jodide and organomercurials

Allyl iodide and cyclohexylmercury chloride were allowed to react

in DMSO under photostimulation for 24 h. The reaction, after workup



163
with either aqueous sodium thiosulfate or sodium borohydride, afforded

the substitution proddct in a moderate yield according to Eq. (l11).

' hy |
AN\ AL+ eC U, HECl—> e~C H) N\ + IHgCl (111)

A higher yield was obserQed with an excess amount of the mercurial
(Table 26). The reactions carried out by either sunlamp or UV
irradiation gave é similar yield of the product.

When mercuric phenylmercaptide or mercuric benzenesulfinate was
allowed to react with allyl iodide under the same conditions, allyl
phenyl sulfide or sulfone was obtained, respectively. A higher yield

was observed with sunlamp irradiation.

2. Reactions of allyl bromide, suifidel_sulfone, and stannane with

cyclohexylmercury chloride

Allyl bfomide, sulfide or sulfone reacted with cyclohexylmercury
chloride to give allylcyclohexane in moderate yields as shown in Table

27. The reaction is represented by Eq. (112), In all cases, mercury

hy

A~ _~Q + RHgCL > R x> + QHgCl (112)

Q = Br, SPh, SO,Ph, SnBu,; R= c~C_H

2 3} 611
metal was also observed. Allyl phenyl sulfide and sulfone reacted
with the mercurial.slowly and large amounts of the starting materials

were recovered after the reaction was photolyzed for 24 h.

Reaction of allyl bromide with cyclohexylmercury chloride
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Table 26. Photoreaction of éllyl iodide and organomercurials

S ; ny)
A\_~1 + RHgX -————DMSO > R ANt IHeX
| Mercurial (equiv) Conditions?® ZARCHZCH=CH2b
<CgH,  HgCL(1) : sSL , 31 (GC)
e=CyH, HgCL(1) ' wv | 31 (NMR)
e=CgH,  HgCL(2) SL 49 (6C)°©
(PhS)z)ZHg(l) | uv 40 (NMR)
(PhS)ZHg(l) SL ‘ 75 (GC)
(PhSOz)ZHg(l) S uv 48 (GC)
(PhSO,) Hg(1) ' SL 51 (GC)

aAllyl jodide (1 mmol) and an organomercurial in 10 mL of nitrogen-
purged DMSO were irradiated for 24 h; SL = 275-W sunlamp, UV = 350 nm
Rayonet Photoreactor. ’

inelds were determined by either GLC or_IH NMR.

®Small amounts of unidentified products were also detected.
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Table 27. Photoreactions of allyl bromide, sulfide, sulfone énd
’ stannane with cyclohexylmercury'chloride

44’\5v,,0 + e~CH, HgCl —;;;Ezé——>'5706H1r\~///§§§ + QHgCl
Q (mmol) mmol of a Conditions® % Productb 'Byproductc
: c- C6H11HgC1 : (mmol)

Br(1l) . i ' SL, 18 h 35 £~C¢H,,Br(0.05)
Br(l) 2 SL, 24 h 40 &~CcH) Br(0.14)
SPh(1) 1 SL, 18 h 309 e-G/H ,SPh(0.25)
SPh(1) 2  SL,2 h 51°  c-C.H, §Ph(0.5)
SPh(0.5) 2.5 SL,24 h 57 c-C.H,,SPh(0.5)
50,Ph(1) 1 sL,48 b 248

£ 50,Ph(1) 2 SL,24 h 42g
50,Ph(0. 5) 2.5 SL,24 h 571
SnBu,(0.5) 2.5 DMSO/PhH,UV,23 h 12%

8Reactants in 10 mL of nitrogen-purged solvent were irradiated;
SL = 275-W sunlamp ca. 20cm from reaction flask, = 350nm Rayonet
Photonreactor.

inelds were determined by GLC.

cMercury metal was observed in all reactions.
dAllyl phenyl sulfide (45%) was recovered.
€Allyl phenyl sulfide (15%) was recovered.
fAliyl phenyl sulfide (6%) was recovered.
gA_llyl phenyl sulfone (~ 25%) was recerred.

hSmall amounts of unidentified products were also observed.

iBu SnCl 477% was formed together with small amounts of
unidenti?ied products. :
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afforded a small amount of éyclohexyl bromide as a byproduct. This
byproduct could be formed from the abstraction of bromine atom by

cyclohexyl radical as shown in Eq. (113).

SCe s * BEn S T oGl Br 4 RN (113)

Aliyl phényl sulfide was found to react with cyclohexylmercury -
chloride and a higher yield'of the substitution product was 6Sserved
with an excess amount of the mercurial. 1In addition to the
substitution product, cyclohexyl phenyl sulfide was also obtained in
high yield. The yield of the sulfide byﬁroduct increased with an
increase in the amount of the mercuriai employed. It is likely that
the cyclohexyl phenyl sulfide was formed from the reaction between
phenylthiomercury chloride and cyclohexylﬁercury chloride (Eq. 114).

hV

[0}
&-CgH, HgCl + PhSHECL ——> c-C H A SPh + HgCl, + Hg (114)

Allyltri-n-butylstannane also reacted with cyclohexylmercury
chloride but afforded a low yiéld of the’expected product. Tri-n-
butyltin chloride was formed as the other product in 47% yield.

To determine the regliochemistry of the substitution product, a

substituted allyl phenyl sulfone, 3-benzylallyl phenyl sulfone (27), was

employed. This sulfone éan easily be synthesized_by treating allyl
phenyl'sulfbne with n-butyllithium followed by addition of benzyl
bromide as shown in Eq. (115) (see experimental section). The sulfone
27 was allowed to react ﬁith cyclohexylmercury chloride under

sunlamp irradiation. The reaction was found to proceed slowly to



167

P 1) n-BuLi _ $0,Ph
Z\_~950,Ph > (115)
| 2 2) pneH,Br /\CPh

27

glve (4-pheny1~24butenyl)cyclohexane as the only gubstitution product
(Eq. 116). The substitution product was identified by its GCMS
hy

27+ c~C.H,,HgCl—> g-c6un\/\r"\9h + ClHgSO,Ph

(E) + (2) (116)
and by 1H NMR. The 1H NMR showed the vinyl proton signal at 5.50 ppm
(multiplet) and the integration indicated two prdtons. This clearly
indicates that the product has an internal not a terminal double bond.
The spectrum (see experimental secfion) is consistent wiﬁh the assigned
structure, (4-phenyl-2~butenyl)cyclohexane. The GLC analysis indicated
two isomers with a ratio of 4.6:1. The isomeric structures cannot be

1H NMR due to its complexity. However, it is not

assignéd based on the
unreasonable to assume that the major product is the Qi)—(4-pheny1-2-

butenyl)cyclohexane and the minor product is the (Z)-isomer.

3. Mechanistic consideration

Reactions of allyl iodide, bromide; sulfide, sulfone, and
stannane with organomercurials presented in ﬁhis section are believed
to involve free~radical reactions. This is basgd on the finding that
the reactions only proceeded when irradiated. The mechanism could be
either a concerted SHZ' or a stepwise addition-elimination process.

However, based on the known examples in the literature, the former is
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believed to operate in_these reactions.

The reaction of 3-benzylallyl phenyl sulfone (27) and
cyclohexylmercury chloridé (Eq. 125).gave only (4-phenyl-2-
butenyl)cyclohexane. Thisvclearly suggests that tﬁe addition of
cyclohexyl radical is regiospecific in that attack occurs only at.
the terminal carbon atom of the double bond. The mechanism is

consistent with the one proposed in Scheme 37.

Scheme 37

5,2'

R./\i//;’\ﬁo — > R Xt O

Q¢ 4+ RHgX ———— > Re + QHgX

or Re + QX + Hg°

Reaction between Qe and RHgX has already been discussed in Part I

and will not be repeated here.

C. Conclusion
We have shown that allyl iodide, bromide, sulfide, sulfone, and
stannane can react with organomercurials to give substitution
products in moderate yields under photostimulation. The reactions are
believed to occur via an SHZ' process. The substitution proceeds in a
regiospecific ﬁanner with complete rearrangement of the all&lic double

bonds.
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D. Experimental Section

1. General considerations

All the instrumentation and techniques employed in these
experiments have already been described previously and, therefore,
will not be repeated here. All the commercially available compounds

were purchased from Aldrich and used without further purificatién.

2. Preparation of allylic compounds

Allyl iodide (987 pure) and allyl bromide (99% pure) were
purchased from Aldrich and used without pﬁrification.

Allyl phenyl sulfide was‘prepared from the reaction of allyl
bromide and sodium thiophenoxide by ﬁhe procedure described in the
literature [162). The sulfide had bp 73 °C/3.5 mmHg (lit. [162]

1y mmr (coci,) §

bp 104-106 °C/25 mmHg or 215-218 °C/750 mmHg);
7.55-7.0(m,5H), 6.25-5.45(m,1H), 5.3-4.8(m,2H), 3.52(d,2H).
Allyl phenyl sulfone was synthesized by the literature procedure

[163]. The sulfone had bp 105-110 °C/0.25 mmHg;

H NMR (CDCL,) § 8.02-
7.8(m,2H), 7.8~7.4(m,3H), 6.3-4.95(m,3H), 3.88(d,2H).
Allyltri-n-butylstannane was prepared by the procedure described

in ref 164.

3. Photoreaction_gg allyl iodide and cyclohgxylmercury chloride

Allyl iodide (1l mmol) and cyclohexylmercury chloride (1 mmol)
were dissolved in 10 mL of DMSO in a Pyrex tube équipped with a rubber
septum. The mixture was degassed for 5 min with a stream of nitrogen

and irradiated with a 275-W sunlamp or in a Rayonet Photoreactor for
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24 h. After the irradiation, the mixture was poured into water and
extracted with benzene. Thé»gxtract was washed with 2 x 30 mL of 107%
aqueous sodium thiosulfate solution and dried over anhydrous sodium
sulfate. Tﬁe benzene was removed to afford a colorless liquid which
was analyzed by GLC, 1H NMR and GCMS. The analysis revealed the
presence of éllylcyciohexane in 31% yield. When the reaction was
carriéd out with 2 equiv of cyclohexylmercu;y chloride and irradiated
with a sunlamp under‘the same conditions, the reaction‘afforded a 49%
yield of allylcyclohexane. -

Iy NMR (CDCl3) S 6.2-5.3(m,1H), 5.2-4.75(m,2H), 2.3-0.5(m;13H).
GCMS, m/e (relative intensity) 124(5,M7), 83(78), 82(61), 67(21),

55(100).

4. Photoreaction of allyl iodide with mercuric phenylmercaptide and

mercuric benzenesulfinate

Allyl iodide (1 mmol) and mercuric.phenylmércaptide (1 mmol) were
dissolved in 10 mL of nitrogen-purged DMSO in a Pyrex tube. The
mixture was irradiated with a 275-W sunlamp placed about 15-20 cm
from the reaction vessel or in.a'Réyqnet Photoreactor. After 24 h of
~ irradiation, the usual workup afforded an oily residue which was
analyzed by GLC, 1H NMR and GCMS. The analysis indicated the
presence of allyl phenyl sulfide. Identity of the product was
confirmed by comparison of its GLC retention time, IH NMR and GCMS with
those of the authentic allyl phenyl sulfide. The reaction irradiated
in a Rayonet Photoreactor afforded a 407% yield; whereas, the reaction

irradiated with a sunlamp afforded a 75% yileld of allyl phenyl sulfide.

o
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The same procedure was also épplied fof the reaction of allyl
iodide with mercufi; benzeﬁesulfinate. The reaction irradiated in a
.Rayonet Photoreactor afforded 48%vyie1d; whéreas, the reaction
irradiated with a sunlamp gave 51% yield of allyl phenyl sulfoné.

All the above results are presented in Table 26.

Se Photoreaction'gg'allyl bromide with cyclohexylmercur& chloride

The mixture of ailyl bromide (1 mmol) and cyclohexylmércury
chloride (1 or 2 mmol, see Table 27) in 10 mL of nitrogen—purged DMSO
in a Pyrex tube was irradiated with a 275-W sunlamp. After the
irradiation, the‘mixture was poured into water, extracted.with benzene
and dried (Nazsoa).v The extract was concentrated and analyzed by GLC.
The analysis revealed the presence of allylcyclohexane in 35-40%Z yield
and another product which wés identified by GCMS to be cycloﬁexyl
bromide. The cyclohexyl bromide had the folléwing GCMS.

GCMS,‘EKE (relative intehsity) 164(3), 162(3,ﬁ+), 83(100),

55(64).

6. Photoreaction of allyl phenyl sulfide with cyclohexylmercury

| chloride

Allyl phenyl sulfide and cyclohexylmercury chloride (see Table
27) were dissolved in 10 mL of.nitrogen-purged DMSO in a Pyrex tube.
The mixture was irradiated with a 275-W sunlamp placed about 20 cm
from the reaction vessel. Af;er the irradiation, the usual workup
afforded a 1i§uid mixture which was shown by GLC to consist of three

products. The products were identified by GCMS to be the
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subgtifution proddét (allylcyclohexane), cyclohexyl phenyl sqlfide
and the starting material (allyl phenyl sulfide). All the yields are
given in Table 27. Identity of the byprodqc: (cyclohexyl phenyl-
sulfide) was confirmed by comparison of its GLC retention time, and GCMS

with those of ﬂhe authentic compound.

J. Photoreaction of allyl phenyl sulfone with cyclohexylmercury

chloride

Reaction of allyl phenyl sulfone with cyclohexylmercury chloride
was carried out as described before. The conditions and yield of the

substitution product (allylcyclohexane) are given in Table 27.

8. Photoreaction of allyltri-nQbutylstannane with cyclohexylmercury
chloride |

The mixture of allytri-n-butylstannane (0;5 mmol) and
cycloﬁexylmercury chloride (2.5 mmol) in 15 mL of nitrogen—-purged
benzene-DMS0 mixture (10:5) in a Pyrex tube was irradiated in a
Rayonet Photoreaactor. After 23 h of irradiation, the mixture was
poured into water and extracted with benzene. The extract was washed
with aqueous sodium thiosulfate, dried (Na2804) and concentrated.
Analysis indicated the presence of the substitution product,
allylcyclohexane, in 12% yiéld, tri-n-butyltin chloride in 477% yield

and small amounts of unidentified products.
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9. Preparation and photoreaction of 3-benzylallyl phenyl sulfone with
cyclohexylmercury chiloride
3-Benzylallyl phenyl sulfone (27) was synthesized by following

the literature method [165]. Thus allyl phenyl sulfone (20 mmol) and

tetramethylethylenediamine (20 mmol), were dissolved in 50 mL of dry THF

(under a nitrogen atmosphere) in a three-necked round-bottom flask,
equipped with a magnetic stirrer and a dropping funnel. The mixture
~was cooled to =60 °C and n-butyllithium (2M in hexane; 10 mL, 20 mmol)

was added dropwise with stirring over a 15 min period. After 1 h,
benzyl bromidé (20 mmol) was added and stirfing continued at -60 °C for
3 hs The mixture temperature was raised to 0 °C and poured into ice-
water. The product was extracted with ether, washed with water and
dried over anhydrous sodium sulfate. The solvent was ev;po:ated to
'give a pale. yellow oil whicﬁ consisted of 3~benzylallyl phenyl sulfide
‘and the remainingrstarting materials. The product was isolated from
the mixture by column chromatégraphy on silica gel using benzene as
the eluent. The isolatéd'product was recrystaliized from hexane-
benzene to give a white crystal 3—benzylallyl phenyl sulfone,
mp 86 °C (lit. [165] mp 85 °C); 'H NMR (300 MHz, coct,) §
7.85(d,2H), 7.7-7.5(m,3H), 7.3-7.1(m,5H), 5.72-5.55(m,1H), 5.17-
4.70(m,2H), 3.80-2.80(m,3H).

3-Benzylallyl phenyl sulfone (5 mmol) and cyclohexylmercury
chloride (25 mmol) were dissolved in 70 mL of a mixture of bénzene and
.DMSO (50:20) in a.Pyrex flask. The mixture was dégassed with a stream

of nitrogen for 10 min and irradiated with a 275-W sunlamp placed
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about 20 cm from the flask. After 60 h of irradiation, the usual
workup afforded én QilyArésidue which consisted of the substitution
product and the remaining starting material. The substitution
ﬁroduct was separated by'preparativé GLC.. Ihé oily pale yellow
product isolated was a mixturé of two isomers with a ratio of 4.6:1.
The isomers could not be identified based on the 1H NMR due to the
complexity of the vinyl protbn signéls. However, the major product
was tentatively assigned to be the (E)-(4~phenyl-2-butenyl)cyclohexane
an& the minor product was assigned to be the (Z)-isomer.

The mixture of (4-phenyl-2-butenyl)cyclohexane had the following
1y NR and GoMs data.

' WM (CDC1,) § 7.18(s,S5H), 5.3-5.65(m,2H), 3.2-3.5(m,2H), 2.2
0.5(m,13H).

GCMS . m/e (relative intensity), major isomer; 216(0.2),
214(23,M+); 118(46), 117(36), 104(82), 91(51), 83(48), 55(100).

GCMS, m/e (relativé intensity), minor isomer; 216(0.05),

214(16,M7), 118(39), 117(30), 104(80), 91(45), 83(45), 55(100).
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II. SUBSTITUTION REACTIONS OF ALKYNYL DERIVATIVES

A Iht:oduction
Recently, sevefal reports of.free-radical reaction of
phenylacetylene derivaﬁives have appeared in the literature. Nozaki and
co—workers, in 1974, repofted the reaction of methyl phenylethynyl
sulfone and trialkylboranes [46]. The reaction (Eq. 117) was carried
out in refluxing THF under a nitrogen atmosphere to give substitution

products in good yield.

THF

PhC=CSO,Me + R.B > PhCSCR + PhC=C + PhC=CH (117)
A 2 3
. Nz,zk ,

70-737% 8.4-10% 3.2-6.3%

More recently, Eisch and Behrooz have found that phenyl
phenylethynyl sulfone reacted with organolithiums or Grignard reagents

to give substitution products in good yield (Eq. 118) [47]. They have

PhCSCS0,Ph + RM > PhC=CR + PhSOZM (118)

M= Li, MgX
shown that the réactions involved free-radical intermediates (Re) from a

reaction of phenyl phenylethynyl sulfone and 5-hexenylmagnesium

chloride. The reaction (Eq. 119) afforded cyclopentylmethyl phenyl-

PhC=CSO

S = ' = N
2Ph + NN\ MgCl > PhC C/\‘:7 + PhC C’\/fv”\ (119)
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acetylene and 5-hexenyl phenylacetylene in a 2:1 ratio. The reactions
were interpreted in terms of an electron-transfer process as shown in

Scheme 38.
Scheme 38

Ph]M + Re
l _

PhC=CR + phsozu"

PhC=CSO_.Ph + RM —> [Ph(=CSO

2 2

Phenyl phenylethynyl sulfone has been found to react with olefins
to give addition products which were derived form homolytic cleavage
of the carbon-sulfur bond [166]. Thus, a mixture of phenyl
phenylethynyl sulfone and benzonorbornadiene (heated at 100-110 °C under
argon in a sealed tube for 2-3 h) gave the adduct 28 in 52% yield (Eq.
"120). The reaction was suggested to proceed by either a charge~transfer

or an electron-transfer process.

| 100-110 °C 50,Ph
PRC=CSO,Ph + [:jﬁd| —_— (120)

C=CPh
28 527
Based on the well-established addition-elimination mechanism, it is
mére likely that Reactions 117-119 1nyolve a free-radical addition-
elimination process. Similar to the alkenyl system (Part I), we have
found that phenylacetylene derivatives undergo photostimulated
reactions with organomercurials to give substitution products. The
following section will be concerned with the reaction of a series of -

substituted phénylacetylenes with organomercurials as shown in Eq.
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(121).
hy

PhCSCQ + RHgX > PhC=CR + QHgX (or QX + Hg®) (121)

= I, S0,Ph, SPh, SnBu

o
[

2 3
alkyl, (EtO)ZP(O), SPh

=
i

B. Results and Discussion

1. Reactions of phenylethynyl iodide with organomercurials

Phenylethynyl iodide did not react with t-butylmercury chloride
in the dark and only the unchanged -starting materials were recovered.
In contrast, a smooth reaction occurred when the mixture was irradiated
with a sunlamp to give the substitution product in quantitative yield
within 7 he The yield was drastically decreased when dijggggfbutyl_
nitroxide was added. Thus the reaction with 10 molZ of di-tert-butyl
nitroxide afforded less than 57 of the substitution product when
photolyzed with a suhlamp‘for 0.75 he Whereas, the control experiment
without di-tert-butyl nitroxide gave a 257 yield under the same
conditions.

Cyclohexyl— and g:butylmercury chloride were also employed and
fhe reactions were carried out under similar conditions. The reaction
with cyclohexylmercury chloride gave an excellent yield of the
product, but the reaction with n-butylmercury chloride afforded only a

47% yield. The reactions éroceeded according to Eq. (122) and the

results are summarized in Table 28.
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Table 28. Photoreaction of phenylethynyl iodide with organomercurials

hy/
PhC=CI + RHgX ————> PhCSCR + IHgX

DMSO -
RHgX (equiv) o Conditions® ‘ %' PhC=CR®
t-BuHgC1(1.5) ~ SL, 7h ' 100
£-BuHgCl1(1.2) SL, 0.75 h 25¢
t~BuHgCL(1.2) 10 mol% DTBN, SL, 0.75 h < 5
t=BuHgC1(1.2) Dark, 7 h 0¢
SCH, HgCL(1.5) SL, 7 h 93
n-BuHgC1(1.5) SL, 7 h 48
(E£0) ,PHgCL(1.1) UV, 24 h 32

8Reactions were performed on a 0.1 mmol scale of phenylethynyl
iodide in 5 mL of DMSO at 35-40 °C with irradiation from a 275~W sunlamp
(SL) or at 350 um in a Rayonet Photoreactor (UV).

inelds were determined by GLC.
“Unreacted starting materials were recovered.

dyield was determined by ly NMR.
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hy
PhC=CI + RHgCl ——> PhCSCR + IHgCl - (122)

Diethoxyphosphinylmercury chloride was also found to react Qith_
phenylethynyl iodide under photostimulation. The reaction was
irradiated in a Rayonet Photoreactor for 24 h to give the substitution

product in 32% yield.

2. Reactions of phenyl ghenxiethxnxl sulfone and sulfide with

alkylmercury chloride

Phenyl phenylethynyl sulfone and §rganomercurials were allowed to
react in a nitrogen-purged solvent in a Rayonet Photoreactor. The
reactions afforded moderate yields of thé substitution products (Eq.
123) after irradiation fof 24 h; the results are presented iﬁ Table 29.

hyY

PhC=CS0,Ph + RHgCl ——> PhC=CR + PhSOZHgCI (123)

2

The reactions may not need 24 h to proceed to completion as it was shown
that cyclohexylmercury chloride and phenyl phenylethynyl sulfone in DMSO
when irradiated by a sunlamp for 7 h gave a 66% yield of the substitution
product.

Phenyl phenylethynyl sulfide was also found to react with
organomercurials to give substitution products as shown in Eq. (124).

The reaction using DMSO as the solvent were carried out in a Rayonet

hy

PhC=CSPh + RHgCl > PhC=CR + PhSHgCl - (124)

Photoreactor for 24 h. When benzene was employed as the reaction

medium, the reactions proceeded sluggishly and a white precipitate,
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Table 29. Reaction of phenyl phenylethynyl sulfone with

organomercurials
hy/
PhC=CSO,Ph + RHgCl —————> PhC=CR + PhSO_HgCl
2 2

DMSO
- RHgCl (equiv) ' Conditions? A % PhCECRb
i- c3u HgC1(5) PhH, UV 24 h 44°
c-Cgit;  HECL(S) PhH, UV 24 h | 674
-G H  HECL(1.5) DMSO, SL 7 h 664
£=C, HyHgCL(5) PhH, UV 24 h 55°
£-C,HHECL(5) DMSO, UV 24 h 57
(E£0) ,P(0)HgCL(5) ~ PhH, UV 24 h 30

%The sulfone (0.1 mmol) and RHgX in 10 mL solvent were irradiated
under a nitrogen atmosphere in a Pyrex tube; UV = 350 nm Rayonet
Photoreactor, SL = 275-W sunlamp ca. 20 cm from the reaction vessel.

Yields were determined by GLC.
®Some unidentified products were also formed.

dA product whose GCMS was identical to that of Ph2C=CHC6H n=e
was detected in about 20% yield.

A product whose GCMS was identical to that of Ph, C=CHC, Hy-t was
formed in ~ 40 7 yield. :
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presumably phenylthiomercury chloride, was also formed. Results are
summarized in Table 30.

Reéctions éf phenyl phenylethynyl sulfide and alkylmercury
chlorides were complicated by a formation of a byproduct, the alkyl
pheﬁyl sulfide. The sulfide byproduct can be.avoided by'using an
excess amount of the phenyl phenylethynyl sulfide. Thus, the
reactions with Q.Z equiv of alkylmercury chlorides afforded
exclusively the substitution products and only trace amounts of the
byproducts. The formation of byproducts arises from the reaction
of phenylthiomercury chloride and the alkylmercury chlorides as shown
in Eq. (125).

o
PhSHgCl + RHgCL —> PhSR + HgCl, + Hg® (125)

3. Reactions of tri-n—butyl(phenylethynyl)stannane and

bis(phenylethynyl)mercury with alkylmérqggy chlorides

Tri-n-butyl(phenylethynyl)stannane underwent photostimulated
reactions with alkylmercury chlorides to give substitution products

(Eq. 126). Results are summarized in Table 31. Yields of the

hv

PhC=CSnBu, + RHgCl > PhCSCR + Bu,SnCl + Hg® (126) -

3 3

‘substitution products increased in the order R = 1° ¢ 2° < 3° . Tri-
n~butyltin chloride was formed in good yield in this reaction.
Bis(phenylethynyl)mercury and organomercurials in DMSO were allowed

to react in a Rayonet Photoreactor to give substitution products as
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Table 30. Reaction of phehyl phenylethynyl sulfide with alkylmercury

chlprides.
hY .
PhCSCSPh + RHgCl —————> PhC=CR + PhSHgCl

-R(equiv) Conditions? % Yield® % Byproduccb

: (PhC=CR) (PhSR)
1 C,4H, (5) ~ DMSO, UV z& h 25 ” 38
4-C4H,(0.2) DMSO, UV 24 h 42 trace
1=C4H,(5) PhH, W 24 h 37¢ 20
eCH,, (5) DMSO, UV 24 h 35 43
eCH ,(0.2) DMSO, UV 24 h 46 trace
£-C,Hg(5) PhH, UV 48 h 39°¢ -
£-CHy(0.2) DMSO, UV 24 h 44 .-

aPhenyl phenylethynyl sulfide (0.1 mmol) and RHgCl in a nitrogen-
purged solvent (10 mL) were irradiated at 350 nm in a Rayonet
Photoreactor.

inelds were determined by GLC.

cOnly 60% conversion of PhC=CSPh.
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Table 31. Photoreaction of (tri-n-butyl)phenylethynylstannane with
o alkylmercury chlorides

P‘hCECSI}Bua + RHgCl L> PhCSCR + Bu,SnCl + Hg®
R(equiv) " Conditions® 5 Yield® % Yield®
: - (PhC=CR) (Buasncl)
1-C,Hy (5)  phH, WV 24 h 13 L0
c=CgH, ;(5) PhH, UV 24 h 43 80
£-C,Hy(5) | PhH, UV 24 h 6l 70

@Reactants (1 mmol of PhC=CSnBu,) in 10 ul of nitrogen-purged
benzene were irradiated at 350 nm in”a Rayonet Photoreactor.

YYields were determined by GLC.
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summarized in Table 32. The reactions occurred according to Eq. (127

The percentage yieldé of the substitution products based on the

hy

(PhCaC),Hg + 2RHgCL ——> 2PhC=CR + HgCL, + Hg® (127

2

stoichiometry shown in Eq. (127) were not high. Only the reaction with
diethoxyphosphinylmercury chloride gave an appreciabie yield of the

substitution product.

4. Reactions of phenylacetylene derivatives with mercuric

phenylmercaptide End phenyl disulfide

Thiophenoxy radical has been shown to add to double bonds
efﬁectively (see Part I). We have also found that it can add to triple
bonds as well. Thus, phenylécetylene derivati;eS‘and mercury
phenylmercaptide or phenyl disulfide reacéed'at 350 nm in a Rayonet
Photofeactor to give good yields of the substitution product as
suﬁmafizéd in Table 33. The reactions proceeded as shown in the

following equations (Eqs. 128-132).

hy
PhCaCL + Hg(SPh), > PhC=CSPh + IHgSPh (128)
hv :
(PhC=C) Hg + Hg(SPh), > 2PhC=CSPh + 2Hg’ (129)
hV
(PhCaC) Hg + PhSSPh > 2PhC=CSPh + Hg® (130)
- h/
~ PhC=CSnBu, + Hg(SPh), > PhCSCSPh + Bu,SnSPh + Hg® (131)
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Table 32. Photoreaction of bis(phenylethynyl)mercury with

~organomercurials
) |

(PhCSC),Hg + 2RHgCL ———> 2PhC=CR + HgCl, + Hg’
R(equiv) Conditions® % Yield PhC=cR”
n-C,Hy(5) DMSO, 24 h 9% (0.18 mmol)
c=CgH,  (5) . DMSO, 24 h 26 (0.52 mmol)
£-C,Hy(5) DMSO, 24 h i 34% (0.68 mmol)
(EtO)zP(O)(S) ' DMSO, 24 h ‘ 619 (1.22 mmol)

8‘Bis(phenylet:hynyl)mercury (0.1 mmol) and RHgX (0.5 mmol) in
nitrogen-purged DMSO (10 ml) in a Pyrex tube were irradiated at
350 nm in a Rayonet Photoreactor.

inelds were based on 2 mmol of PhC-CR/mmol of (PhCQC)ZHg.

cDetermined by GLC.

dpetermined by lH NMR.
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Table 33. Photoreaction of phenylacetylene derivatives with mercuric
phenylmercaptide and phenyl disulfide

hy
PhC=CQ + R-Z > PhC=CR + 29 + 30 + 31 + 32 + 33
a - b b
Q R-2 Condition PhC=CR Byproducts
(equiv) 0.1 mmol (equiv) (equiv) -
(1) (PhS),Mg  DMSO, 4 h - 0.32  29(0.25),
30-33°(0.41)
| _ PhSSPh(0.22)
I1(1) (Phs),Hg  DMSO, 24 h <0.10  29(0.30), 30-319
(0.55), PhSSPh(0.05)
1¢2) (Bhs) Hg  DMSO, 4 h 0.90  29(0.70,
: ' 30-31 (0.20)
1(10) (PhS),Hg  DHSO, 4 h 1.70  29(0.04),30-31%0.05)
PhS0,(10) (phs)zng" DMSO, 4 h 1.60 -
'PhC=CHg(5) (PhS),Hg  DMSO, 24 h 0.86  29(0.04),30-31%(0.26)
PhC=CHg(5) PhSSPh  DMSO, 24 h 0.50  29(0.16),30-314(0.26)

Bu,Sn(5) (PhS),Hg  DMSO/PhH, 24 h  0.37  29(?), 30-33%(0.26)

Bu3Sn(5) PhSSPh PhH, 12 h 0.60 29(2)%, 30-33°(0.16)

3Substrates in 10 mL of a nitrogen-purged solvent in a Pyrex flask
were irradiated at 350 nm in a Rayonet Photoreactor.

bDetermined by GLC.
“Mixture of 30, 31, 32, and 33.
dMixture of 30 and 31.

ePhcﬁcSnBu3 and 29 were not separated by GLC.
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hv

> PhC=CSPh + Bu.SnSPh (132)

+ PhSSPh 3

PhC'-"-*'CSnBu3

The reactions were complicated becéuse the product phenyl
- phenylethynyl sulfide, underwent further photochemical reactions to give

benzo[b]thiophenes 29, 30, and 31 and.the alkenes 32 and 33. Reaction

S Ph Ph . S SPh’
’d .
gng [ ga
X SPh Ph

29 30 31
PhC(SPh)=CHSPh PhCH=C(SPh),,
(E) and (2) .
32 33

of phenylethynyl iodide with an equimolar amount of mercﬁric
pheﬂylmercaptide gave a 32% yield (0.32 equi?) of phenyl phenyiethynyl
sulfide and large amounts of byproducts 29, 30, 31, 32, and 33 after
photolysis for 4 h. When the reaction was carried out for 24 h, the
substitution product decreased to less than 10% (0.10 equiv); whereas,
the yields of the byproducts increased to a total of 85% (0.85 equiv).
This clearly indicates that byproducts 29, 30, 31, 32, and 33 are
formed from phenyl phenylethynyl sulfide. This was confirmed by
irradiation of phenyl phenylethynyl sulfide in DMSO at 350 nm in a
Rayonet Photoreactor for 24 h where small amounts of 29, 30, and 31
were observed. In qpntrast, in the presence of mercuric
phenylmercaptide, fhe readtion gave good yiélds of 29, 30, 31, 32, and

33 as shown in Eq. (133).
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hy, 24h

. PHC=CSPh. + Hg(SPh)2 —_—> . 29 +30 +31 + 32 + 33
DMSO ' ‘ — -

0.1 mmol 0.1 mmol 0.037 mmol 0.037 mmoli 0.009 mmol 0.01 mmol

(133)

Reaction of phenylethynyl iodide and mercuric phenylmercaptide,
however, gavé a highep yield of the substitution product, phenyl
phenylethynyl sulfide, when an. excess amount éf phenylethynylviodide
was employed. Therefore, the reaction with 2 equiv of the iodide
afforded a 45% yield (0.90 eduiv) of phenyl phenylethynyl sulfide and
byproducts (29 + 30 + 315'in 55% yigld (0.90 equiv). When 10 equiv of
phenyletﬁynyi iodide was used, phenyl phenylethynyl sulfide was formed
as the exclusive product (85% yield, 1.70 equiv); whereas, the
byproducts were formed in less than 10% (0.09 equiv).

Undoubfedly phenyl phenylethynyl sulfide was formed as the
primary product as shown in Eq. (128). Evidently, thiophenoxy radical
added to the Friple bond of the product as well as to that of the
starting material. The formation of byproducts 30, 31, 32, and 33
may be explained by the mechanism outlined in Scheme 39. |

Thiophenoxy radical apparently adds to the triple bond of phenyl
phenylethynyl sulfide at either position to give 34 and 35 which may
undergo intramolecular cycliéation to give the cyclohexadienyl
radicals 36 and 37. The hydrogen atom’éf the cyclohexadienyl radical
36 and 37 is easily abstracted by thiophenoxy radical to give products
30 .and 31 and thiophenol. Thiophenol is known to be a good hydrogen
atom donor. Therefore, when the concentration of the thiophenol

increases, the radical intermediates 34 and 35 can abstract the
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hydrogen atom from thiophenol to give 32 and 33 and thiophenoxy
rédical which will coﬁtinue the chain.

The structure of 2-pheny1benzo[b]thiophene 29 was assigned based
on its IR, 1H NMR and GCMS. The structure has also been confirmed by
combarison of the spectroscopic data and its GLC retention time with
thoée of the authentic compound. The mechanism for the formation of

29 is'not_known. However, we have found that photolysis of a mixture

of 30 and 31 in DMSO gave rise to 29. 

Scheme 39
32 + PhSe 33 + PhSe
N
PhSH T : PhSH

PhC=SPh T PhC=CSPh + PhSe — Ph=C(sPh),
34 ' .35
ay b

) Ph S SPh
. | « [:: l |
(:/ SPh Ph

36 : , 37
PhS'l . l. SPh
30 + PhSH 31 + PhSH

5. Mechanistic consideration

Reactions of phenylacetylene derivatives with organomercurials or
phenyl disulfide presented in this section most likely involve a free-

radical addition-elimination process. A possible mechanism is
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depicted in Scheme 40. The process involves reglospecific addition of

Scheme 40
Initiation
"~ RHgX > Re + HgX
Propagation v
add.

PhC=CQ + Re . ————> PhC=C(R)Q

. elim.
PhC=C(R)Q ———> PhC=CR + Q

Qe + RHgX —————> Re + QHgX (or QX + Hg®)

Re to the triple bonds at the carbon attached to Q. The observed
regiochemistry may result from a better séabilization of the vinyl
radical by the phenyl group than by Q. Of course, reversibility of
the addition step may be important for the thiophenoxy radical. The

reaction between Qe and organomercurials has been discussed in Part I.

C. Conclusion
‘Phenylacetylene derivatives‘, PhC‘E CQ where Q = i, SOZPh, SPh,
SnBu3, and HgC=CPh, can undergo photostimulated reaction with
organomercurials to give substitution products in moderate to good
yields. The reactions are believed to involve a free-radical
addition-elimination mechanism. Evidence for a free-radical process
which has been demonstrated with phenylethynyl iodide includes the

need for an initiator (light), the failure of the reaction to occur in
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the dark and the retardation by 10 mol% di-tert-butyl nitroxide.

The substitution reactionvbroceeded best with Q = I in that the
reaction gaﬁé the~highest yield of the substitution ptoducté and no
complication by any byproduét. Furthermore, the reaction was
complete with 7 h of suniamp irradiation. Reaction of the
corresponding sulfone, although it gave reasonable yields of the
substitution products, was sometimes accompanied by some byproducts.
Phenyl phenylethynyl sulfide reacted with alkylmercury chlorides
sluggishly especially when benzene was used as the reaction medium.

In addition, the reaction was complicated by formation of alkyl phenyl
sulfides which have GLC retention times close to those of the
substitution products. However, the sulfide byproducts can be
suppressed by using a large excess of phenyl phenylethynyl sulfide.
Triﬁgfbutyl(phenyiethynyl)stannane reacted with alkylmercury chlorides
to give low yield of the substitution products, but the reactions gave
good yield of tri-n-butyltin chloride as the other product. .

The phénylacetylene derivatives can also react with mercuric
phenylmercap;idé or phenyl disuifide to give good yields of the
substitution product, phenyl phehylethynyl sulfide. The reactions,
however, were complicated because the substitution product is reactive
towards.the thiophenoxy fadical. Therefore, the substitueion product
underwent further reaction to give other byproducts wﬁich resulted in
a lower yield of the expected substitution product, phenyl
phenylethynyl sulfide. This problem, however, can be overcome by

using a large excess of the phenylacetylenes.
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D. Experimental Section

i;' Preparation of phenylacetylene derivatives

Phénylethynyl iodide was prepared form the reaction of
phenylethynylmagnésiuﬁ bromide [167] and iodine. Tﬁus a_solﬁtion of
"iodine (0.05 mole) in 25 mL of dry THF was added dropwise to the
solution of the Grignard reagent (0.05 mole) in 100 mL of THF withr
vigorous stirring at room temperature. The reaction was exothermic
and the color of iodine disappeared immeﬁiétely at the beginning of the
reaction with a.formation of a white precipitate. After the addition,
the mixture-was stirfed overnight at room temperature. The reaction
mixture was then poured intd a saturated aqueous ammonium chloride
- solution. The product was extracted with benzene, washed with 2%
aqueous sodium thiosulfate solution énd washed again with water. The
extract was then dried over anhydrous sodium sulfate and concentrated
under vacuum. The product was fractionally distilled at reduced
pfeésure to afford a péle yellow liquid, bp 74 °C/1.6 mmHg (lit.
[168], bp 83.5 °C/2.5 mmHg).

' Phenyl phenylethynyl sulfide was synﬁhesized by the procedure
described in the literature [169]. The sﬁlfide had bp 127 °C/0.6 mmHg
(lit. [169] bp 146-147 °C/1 mmHg).

Phenyl phenylethynyl sulfohe was also prepared by the same
literature procedure [169]. The compound had mp 73.0-74.0 °C [169].

Tri-n-butyl(phenylethynyl)stannane was prepared By the literature
procedure [170]. Thus, phenylacetylene (50 mmol) was added dropwise to

a solution of 2;6_§.g-buty111thium (50 mmol) in pentane at -78 °C with
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stirring. After the addition, the temperature was raised to room
temperature. Tri-n-butyltin chloride was added dropwise and the
ﬁixture.was stirred at room temperéturg for 1 h. The mixture was then
poured into water and the organic_la;er was separated. The organic
fraction was washed'again with watér, dried over anhydrous sodium
sulfé;e and concentratéd in vacuo. The crude product mixture was
found to consist of ;rifg—butyl(phenylethynyl)stannane,
pﬁenylacetylene and trifgfbutyltin chloride. Phenylacetylene and tri-
gfbutyltin chloride weré distilled off at reduced pressure to leave an
oily residue in the flask. The product in the flask was purified by
passing through a silica gel column using a mixture of hexane- .
ethyl acetate (90:10) as the eluent. The.product, tri-n-butyl
(phenylethynyl)stannane; was a pale yellow liquid.

Bis(phenylethynyl)mercury was syntﬂesized by the method described
in the literature [171]. The compound had mp 122.5-123 °C (lit.

[171] mp 124.5-125 °C).

2. Photoreactions of phenylethynyl iodide with organomercurials

Phenylethynyl iodide (0.1 mmol) and the organomercurial (see
Table 28) were dissolved in 5 mL of DMSO in a Pyrex tube equipped with
a rubber septum. The mixture was degassed for 5 min ‘and irradiated
with a 275-W sunlamp placed about 20 cm from the reaction vessel for a
period of time. After the irradiation, the mixture was poured into
water and extracted with 20 wL of benzene. The extract was washed
with 2 'x 30 mL of 10% aqueous sodium thiosulfate solution, driéd over

anhydrous sodium sulfate and concentrated in vacuo. The crude mixture
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1H NMR and GCMS which revealed the presence of

was analyzed by GLC,
the substitution proauct. The substitution products,
(phenylethynyl)éyclohexane and 3,3~dimethyl-1-phenyl-l-butyne, were
isolatéd by-column chromatography using hexane as the eluent. All the
results are summarized in Table 28.

The following 1H NMR and GCMS data were obtained for the

substitution products.

1-Pheny1-1-hekyne:

ly mr (cpc1,) § 7.6-7.1(m,5H), 2.65-0.6(m,9H)-

GCMS, m/e (relative intensity) 158(41,M7), 143(58), 129(69),
128(47), 115(100).

(Phenylethynyl)cyclohexane:_

Iy wr (300 MHz,CDC1,) § 7.70-7.05(m,5H), 1.76-0.80(m, 11H).

GCMS, m/e (relative intensity) 184(69,M7), 156(29), 155(59),
142(42), 141(100), 130(35), 129(28), 128(50), 115(47), 102(31).

3,3-Dimethyl-l-phenyl-l1-butyne:

14 WR (300 Mz, DCD1,) & 7.40-7.33(m,2H), 7.28-7.21(m,3H),
1.31(s ,9H). |

GCMS, Eyg_(relgtive intensity) 158(38,M+), 143(100), 128(42).

ﬁiethyl phenylethynylphosphonate:

i mr (CDCL,) § 7.7-7.1(m,5H), 4.2(m,4H), 1.4(t,6H).
GCMS, m/e (relative intemsity) 238(11,1"), 210(16), 195(15),

165(21), 129(24), 128(29), 102(100).
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3. Photoreaction of phenylethynyl iodide with t-butylmercury chloride

in the presence of di-tert-butyl nitroxide (DTBN)

Phenylethynyl iodide (0.1 mmol), t~butylmercury chloride (0.12
mmél) and DTBN (0.0l mmol) were dissolved in 10 mL of DMSO in a Pyrex
tube equipped with»a rubber septum. After a nitrogen purge, the
mixture Qas irradiated with a 275-W sunlamp placed about 20 c¢m from
 the reaction veségl. The reaction was stopped after 45 min of
~ irradiation. The usual workup éfforded a crude reaction mixture which
was analyzed by GLC. The analysis indicated the presence of the
substitution product, 3,3—dimethy1—1fpheny1-1—butyne; in less than 5%
yield and the unreacted phenylethynyl iodide (90% field). The control
reaction in the abéence of DIBN which was carried out at the same time

afforded a 25% yield of the substitution product.

4. Dark reaction of phenylethynyl iodide with t-butylmercury chloride

The mixture of phenylethynyl iodide (0.l mmol) and.g-bdtylmercufy
chloride (0.12 mmol) in 10 mL of nitrogen-purgéd DMSO in a Pyrex tube
was wrapped with aluminum foil to exclude light. The mixture was
placed in a Rayonet Photoreact (at 40-45 °C) fér 7 he The usual
workup gave only the unreacted gtarting material, phenylethynyl
“iodide, in almost quantitative yield. 'No subsﬁitution product was

- observed.
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5. Photoreactions of phenyl phenylethynyl sulfoﬁe with

organomericurials

Phenyl phenylethyn&l sulfone (0.1 mmol) and- the mercurial (0.5
mmol) were dissolved in 10 mL of thé solvenﬁ (see Table 29). The
mixture was irradiated at 350 nm in a Rayonet Photoreactor for 24 h.
The usual workup afforded the crude product mixture which was analyzed
as described previously. The reéction gave the substitution product
in modefate yield.

The reaction of phenyl phenylethynyl sulfone (0.1 mmol) and
cyclohexylmercury chloride (0.15 mmol) in DMSO irradiated with a
sunlamp for 7 h also afforded the substitution product in 66% yield.

| The re#ction of phenyl phenylethynyl sulfone with
cyclohexylmercury chloride gave a byproduct whose GCMS was identical
to that of (2,2-diphenylethenyl)cyclohexane. Similarly, the reaction of
phenyl phenyiethynyl sulfone withbgfbutylmercury chloride also gave a
byproduct whose GCMS was identical toAthat of 3,3-dimethyl-1,1-
diphenyl-l-butene. However, the formation of the byproducts was not
investigéted further.

The results of the reactions are presented in Table 29.

3-Methyl-l—phényl-l—butyne:

GCMS, m/e (relative intensity) 144(43,M"), 129(100), 128(63),

127(24).
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6. Photoreactions.gg_phgnylfphenylethynyl Sulfide with alkylmercury
chlorides :

Phenyl phenylethynyl sulfide (0.l mmol) and the alkylmercury
chloride (see Table 30) were dissolved in ;0 mﬁ of nitrogen-purged
DMSO in a Pyrex tube. The mixture was irradiated and'worked up as
described previously. Analysis of the crude product mixtﬁre revealed
the presence of the substitution product. When a deficient amoﬁnt
(0.2 equiv) of the alkylmercury chloride was employed, the reaciton
afforded only the substitution product and the unreacted phenyl
pheﬁylethynyl sﬁlfide. In contrast, if an excess amount (5 equiv) of
the alkylmercury chloride was employed, the reaction also gave a by-
product, alkyl.phenyl sulfide, together with the subétitution product.

When benzene was employed as the so}vent, the reaction proceeded:
slowly and a white precipitate, presumably pheﬁyithiomercury chloride,
was also formed.

The results are summarized in Table 30.

e Photoreactionélgg tri-n-butyl(phenylethynyl)stannane with

alkylmercury chlorides

The mixture of trifgfbutyl(phenylethynyl)sﬁannane (1 mmol’ and
the alkylmercury chloride (5 mmol) in 10 mL of nitrogen—purged benzene
in a Pyrex tube waS'irradiated‘in a Rayonet Photoreactor. The mixture -
| was worked up as usual after 24 h of irradiation. The crude product
was analyzed by GLC which indicated the presence of the
substitution prbduct in.low to moderate yield and tri-n-butyltin

chloride in goodlyield. Identities of the products were confirmed by



198
comparison of their GLC retention times with those of the products

obtained previously. The results are presented in Table 31.

8. Photoreaction of bis(phenylethynyl)mercury wifh organomercurials

Bis(phenylethynyl)mercury (0.1 mmol) and the mercurial (0.5 mmol)
were dissolved in 10 mL of DMSO in a Pyrex tube. After a nitrogen
purge, the mixture was irradiated at 350 ﬁmvin a Rayonet Photoreéctor
for 24 h. The usual workup afforded a crude mixture which was
analyzed by GLC. Analysis indicated the presence of the substitution
product. All the yields were calculated based on 2 mol of product/l
mol of bis(phenylethynyl)mercury and were given in %. To avoid

confusion, the yields were also given in mmol as shown in Table 32.

g;; Genmeral procedure for the photoreactions of phenylacetylene

derivatives with mercuric phenylmercaptide énd phenyl disulfide
Thevgeneral procedure inQolved the phenylacetylene compound (see
. Table 33 for the amount employed) and mercuric phenylmercaptide or
phenyl disulfide (0.1 mmol). The substrates were dissolved in 10 L
of a nitrogen-purged solvent in a Pyrex flask and irradiated at 350 nm
in a Rayonet Photoreactor for a period of time as indicated in Table
33. After the irradiation, the usual workup affprded_an oily residue
which was analyzed by GLC and GCMS. The analysis revealed the
presence of phenyl phenylethynyl sulfide and the byproducts which are
" summarized in Table 33. 'Identification of the substitution product,
phenyl phenylethynyl sulfide was confirmed by compérisqn of its GLC

retention time and GCMS with those of the authentic compound.
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Isolation and identification of the byproducts will be presented in

_ the next section.

10. Isolation and identification of 2-phenylbenzo[b]thiophene (29),

2-pheny1l-3-(phenylthio) benzo[b]thiophene (30) and 3-phenyl-2-

(phenylthio)benzo[b]thiophene (31) from the reaction of phenylethynyl

iodide with mercuric phenylmercaptide

Wiﬁh our GLC conditions (packed column; 7% OV-s, 1/8" x 10'), the
GLC trace of a mi#ture of 2-phenyl;3-(phenylthio)benzo[b]thiophene (30,
3~phenyl-2~(phenylthio)benzo[b}thiophene (31), 1,2-
bis(phenylthio)phenylethene (32) and 2,2-bis(phenylthio)-1-
phenylethéne (33) showed only 2 separated peaks. The first>peak
consisted of 33 and one isomer of 32. The second peak coﬁsisted of
30, 31 and the other isomer of 32. Therefore, the producté could not
be isolated by the preparative GLC. Fortunately, we found that the
photoreaction of a very dilute mixtdre of phenylethynylbiodide and
mercuric phenylmercaptide (2:1 equiv) in DMSO afforded only phenyl
phenylethynyl sulfide, 2-phenylbenzo[b]lthiophene (29), 2-pheﬁy1-3-
(phenylthio)benzo[b}thiophene (30) and 3-phenyl-2-
(phenylthio)benzothiophene (31). These products can be easily
A separated‘by either a pfeparative GLC or by column chomatography.
Compound 30 and 31; however, were isolated as a mixture.

Thus the mixture of phenylethynyl iodide (2 mmol) and mercuric
phenylme;captide (1 mmol) in 100 mL of nitrogen-purged DMSO in a Pyrex
flask was irradiated in a Rayonet Photoreactor for 24 h. The usual

workup gave an oily residue which consisted of phenyl phenylethynyl
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sulfide, 2-phenylbenzo[b]thiophene (29), 2-phenyl-3-
(pheny}thio)benzo[b]fhiophene (30) and 3-phenyl-2-b
(phenylthio)benzo[b]thiophene (31) in a ratio of phenyl phenyleﬁhynyl
sulfide:29:(30 + 31) = 2.5:1.0:2.1. The crude mixture was divided into
two portions. The products in the first portion were isolated by
preparafive GLC (7% 0vV-3, 1/4" x 7'). The substitution product,
phenyl phenylethynyl sulfide, was isqlated as a colorless liquid. 2-
Phenylbenzo[b] thiophene (29) was collected as white feathers (mp
168-169 °C 1lit. [172] mp 171-173 °C). The mixture of 30 and 31 was
isolated as a pale yellow viscous oil.

The products in the other portion of the crude reaction mixture
were isolated by silica gel chromatography using hexane as the eluent.
Phenyl phénylethynyl sulfide and 2-pheny1benzo[b]thiopheﬁe (29) were
eluted together. The mixture was concentrgted and cooled iﬂ an ice
bath, where upon 2-phenylbenzo[b]thiophene precipitaﬁed as a white
solid. The precipitate was filtered and recrystallized from hexane to
give white feathers of i-phenylbenzo[b]thiophene whose 1H NMR was
identical to that of the product isolated by preparative GLC.

The products, 30 and 31, remaining on the column were eluted with
benzene. The pale yellow viscous liquid obtained after ;emoval of the
‘solvent had a 'H NMR which was identical to that of the mixture
isolated by preparativeFGLC.

Identity of 2-phenylbenzo[b]thibphene was confirmed by comparison
of its GLC retention time and 1H NMR.with those of the authentic

compound synthesized by the literature procedure [172]. The mass
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spectrum of 2-phenylbenzo[b]thiophene has been reported and discussed
inithe literature [173]. |

The following data were obtained for the isolated productse.

2-Phenylbenzo[b] thiophene (29): ‘

"W NMR (300 MHz, CDCL,) § 7.86-7.66(m,4H), 7.40(s, 1H), 7.46-
7.22(m,5H) .

GCMS, m/e (relative intensity) 212(5), 210(100,4"), 178(12),
165(25), 105(32,4™), 104(14), 92(15), 79(7).

2-Pheny1-3-(pheny1thio)ben;o[b]thiophene (30) and 3-phenyl-2-
(phenylthio)benzol[b]thiopheng (31) (mixture):

'u MR (300 MHz, CDC1,) § 7.85-7.0 (m).

GCMS, m/e (relative intensity) 320(11), 318(100,M+), 255(20),
284(25), 241(36); 246(67), 208(29), 165(25), 142(22),Y77(24), 51(30).

IR (neat, NaCl plates, cm >) 3043(s), 1593(w), 1576(s), 1470(s),

1448(s), 1433(s), 1422(s), 1075(m), 1063(m), 1015(s), 740(s), 680(s).

l1. Preparation, isolation and ideﬁtification_gg 1,2~

bis(phenylthio)phenylethene (32) and 2,2-bis(phenylthio)-1-

phenylethene (33) from the reaction of phenylphenylethynyl sulfide

with thiophenol

Phenyl phenylethynyl sulfide (2.5 mmol) and thiophenol (2.5 mmol)
were dissolved in 10 mL of benzene in $ Pyrex flaskf After a nitrogen
purge, the mixture was irradiated at 350 nm in a Rayonet Photoreactor
for 25 h, The solvent was rémoved under vacuum to yield an oily -
residue which was analyzed by GLC. The GLC trace indicated two

separated peaks for the products. The products were isolated on a
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silica gel column using hexane as the eluent. The first product was
analyzed by Iy NMR, GCMS ‘and IR to be 2,2fbis(phenylchio)-i-
ﬁhenylethene (33) and the second product was identified to be a mixture
of (E) and (2)-1,2-bis(phenylthio)phenylethene (32).

The isolated compounds, 32, and 33; were shown to be identical to
the products obtained from the reacﬁion of phenylethynyl iodide with
mercuric phenylmercaptide by comparison of their GLC retention times and
GCMS. The 'H NMR and IR of 32 [174] and 33 [175,176] have been reported
in the literaure. The following data were obtained.

1,2-Bis(phenylthio)phenylethene (32):

"4 MR (300 Mz, CDCL,) § 7.65-7.10(m).

GCMS, m/e (relative intensity) 322(5), 320(45,M"), 211(96),
210(40), 179(23), 178(100), 167(83), 165(43), 134(68), 121(26),
109(58), 77(52), 65(59), 51(40).

IR (neat, NaCl plates, cm 1) 3067(m), 1587(s), 1545(m), 1485(s),
1445(s), 1030(m), 740(s), 680(s).

2,2~Bis(phenylthio)-1~phenylethene (33):

'H NMR (CDCL,) (300 MHz, CDC1,) § 7.61(m), 7.4-7.1(m), 6.89(s).

GCMS, m/e (relative intemsity) 322(5), 320(45,M"), 211(97),
209(40), 179(23), 178(100), 167(83), 165(43), 134(68), 121(26),
109(58), 77(52), 65(59), 51(40).

IR (neat, NaCl plates, cm ') 3062(w), 1582(m), 1479(s), 1440(s),

1025(m), 738(s), 688(s).
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PART III. RELATIVE REACTIVITY AND KINETIC CHAIN LENGTH
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I. RELATIVE REACTIVITIES OF ALKENYL AND ALKYNYL DERIVATIVES TOWARDS

CYCLOHEXYL AND THIOPHENOXY RADICALS 2

A. Inttodﬁction :

The cyclohexyl radiéal is a nucleophilic radical and, therefore,
adds to electron deficient olefins efféctively. The nucleophilicity
of cyciohexyl radical has been studied by Giese and Meister [31}.

Thiophenoxy radical, in contrast, has an electrophilic character.
It is known to add to a carbon-carbon multiple bond in a reversible
manner [39]. Because of its electrophilic nature, thiophenoxy
radical would be expected to add readily to electron-rich multiple
bond systems. |

In Part I and Part II, we have demonstrated that both cyclohexyl
and thiophenoxy radicals react regioselectively with.the carbon-carbon
multiple bonds of alkenyl and alkynyl derivatives. ‘The addition
followed‘by elimination leads to the substitution products.

The following section will determiﬁe the relative reacﬁivities of
alkenyl and alkynyl derivatives towards both cyclohexyl and

thiophenoxy radicals.

B. Results and Discussion

1. Relative reactivities towards cyclohexyl radical

In order to determine the relative reactivity towards cyclohexyl
radical, a pair of substrates and a deficient amount of
cyclohexylmercury chloride in DMSO were irradiated in a Rayonet

Photoreactor under an atmosphere of nitrogen. To maintain a constant
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ratio of the substrates, a 10-fold excess of the substratgs was was
employed. 2,2-Diphenylethenyl iodide was choéen aé a standard and, in
most cases, relative reactivities were obtained from a direct
competition réaction between an alkene or alkyne and.2,24«
diphenylethenyl iodide. When 2,2-dipheny1etheny1 iodide could not be
used because the substrates and the iodide give the same product, the

-~

reactivities were measufed by relative competition with phenylethynyl
iodide.

In a typical reaction, equimolar amounts of substrates and 0.1
equiv of cyclohexylmercury chloride in DMSO were irradiated in a
Rayonet Photoreactor for a period of time. After workup, the reaction
mixture was analyzed by GLC and the ratio of the substitution products
after correction by the predetermined GLC-response factor was then
obtained. Results are summarized in Table 34.

Since the two competing substrates in the competition reactions
were emplo&ed in equal molar amounts, the relative reactivities can be
simply. obtained from the ratios of the substitution products as shown

in Eq. (134). Table 35 shows the adjusted relative reactivities of
Relative reactivity = Ratio of Products . (134)

the unsaturated compounds towards cyclohexyl radical obtained from
the data in Table 34.

From Table 35, one can see that in each series the sulfone i; qhe
most reactive towards cyclohexyl radical. Phenyl pﬁenylethynyl

sulfone displays a very high relative reactivity and it is the most

.
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Table 34. Competition reactions with cyclohexylmercury chloride

Compound Conditions? Ratio of Productsb
© ¢
, CH2=CHCHZSnBu3 PhH, 24 h << 0.1 -
CH,=CHSnBu, PhH, 24 h <01 -
MeZC=CHSnBu3 PhH, 24 h 0.1 -
(E)-PhCH=CHSnBu, PhH, 24 h | _ 0.7 -
(E)-PhCH=CHI PhH, 24 h 0.7 -
(E)-PhCH=CHSPh Phtt, 24 h Lol -
(E)~PhCH=CHHgC1 DMSO/PhH, 24 h 1.5 -
(E)-PhCH=CHSO,Ph PhH, 24 h 3.3 -
Ph,C=CHSnBu,, PhH, 5 h - 0.2
Ph,C=CHI PhH, 6 h 1.0 0.26
Ph, C=CHHgC1 PhH, 6 h - | 0.5
Ph, C=CHSPh PhH, 6 h ' - 1.1

83ubstrates (1 mmol each) and cyclohexylmercury chloride (0.1 mmol)
in 10 ml of nitrogen-purged solvent were irradiated at 350 nm in a
Rayonet Photoreactor.

bDetermined by GLC.
®In competition with 2,2-diphenylethenyl iodide.’

d ,
In competition with phenylethynyl iodide.
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Compound - Conditions? ‘Ratio of Productsb
¢ ¢
Ph,C=CHS0,Ph PhH, 6 h - 1.7
PhCESnBu3 PhH, 20>h 0.2 -
(PhCEC)ZHg DMSO, 24 h 0.2 -
PhC=CSPh PhH, 20 h "~ 0.8 -
PhC=CIL PhH, 6 h 3.8 1.0
PhCECSOZPh PhH, 20 h 12.1 -
PhSSPh PhH, 4 h 36 -
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Table 35. Relative reactivities towards cyclohexyl radical

Compound Relative Reactivity
CH,=CHCH, SnBu., : | K« 1
CH,=CHSnBu, < 1
Me2C=CHSnBu3 - 1
(E)-PhCH=CHSnBu, ‘ v 7
(E)-PhCH=CHI 7
(E)~PhCH=CHSPh 11
(E)-PhCH=CHHgC1 | ’ © 15
(§)—Phcﬁ=cnsozPh | 33
Ph,C=CHSnBu, 8
Ph,C=CHI | 10
Ph, G=CHHgCL 19
Ph,C=CHSPh 42
Ph,C=CHS0,Ph ' | 65
PhC=CSnBu., » 2
(PhCEC)ZHg : 2
PhC=CSPh 8
PhC=CI 38
PhC=CS0, Ph | 121

PhSSPh 360
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reactive among the unsaturated compounds towards the addition of
.cyclohexyl radical.

In the series of phenylacetylene derivatives, the reactivity
decreases in the order'PhSO2 > 1> PhS > SnBug ~ PhCéCHg- The order
is in agreement with the order of deéreasing electronegativity of
these substituents. With its'nucleophiiic'character, cyclohexyl
radical would be expected to add better to pheﬁylacetylene derivatives
with stronger electron withdrawing group. This is exactly what was
observed. Therefore, it appears that reactivity of phenYlacetylene
derivatives towards ﬁhe addition of cyclohexyl radical depends on the
electronegativity of the substitutent.

In the alkenyl system, on the other hand, the relat;ve
reactivities are puzzling. However, the sulfones'are still the most
‘reactive towards cyclohexyl radical. In this sysfeh, the
stabilization of the transition states leading to PhCH-CH(R)Q or

' PhZC-éH(R)Q by hyperconjugation or bridging (34) together with the

PhCH ———CHR

A}
)
A}
\
N

34

inductive effect of Q may contribute to the observed reactivities.
The relativelreactivity of phenyl disulfide and 2,2~
diphenylethenyl iodide towards cyclohexyl radical has also been

determined. Phenyl disulfide was found to be 36 times more reactive
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than the iodide and to be more reactive towards cyclohexyl radical

than any of the unsaturated systems studied.

2. Relative reactivities towards thiophenoxy radical

Relative feactivities of alkenyl, alkynyl, and all&l derivatives
towards thiophenoky radical havg been determined in a manner similar
to ﬁhat employed for cyclohexyl radical in the préceding section. The
competition reactions were carried out with mgrguric phenyimercaétide
as the source of thiophenoxy radical. Product ratios of the
competition reactions ére summarized in Table 36.

The reversibility of the addition of thiophenoxy radical to
multiple bonds causes the compétition to be more complicated as shown

in Scheme 41. Reactivity would depend on-El"E-l' and_E2 as shown in

qu (135).
Scheme 41
X X,
PhCH=CHQ === PhCH-CH(SPh)Q ————> PhCH=CHSPh
k)
PhSe + . ' + Qe
: k' k', .
Ph, C=CHQ =L thé-CH(SPh)Q —2 Ph,,C=CHSPh
) 4
L)
E]_ 'EZ
Reactivity = ——— (135)
kgt k

If k, >> > ky and k', >> > k', , reactivity will depend only

upon_&land;g'l and the relative reactivity may be simply written as
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Table 36. Competition reactions with mercuric phenylmercaptide

Compound . Conditions® Ratio of Productsb

' 1¢ ¢ e
CH,=CHSnBu, DMSO/PhH, 20 b 0.05 - 1.00
CH,,=CHCH,, SnBu,, DMSO/PhH, 20 h 0.13 - -
Me,C=CHSnBu, DMSO, 20 h 0.60 - -
(E)-PhCH=CHSO, Ph DMSO, 24 h 0.01 - -
(E)-PhCH=CHI DMSO, 24 h - 0.37 - -
(ED-PhCH=CHSﬁBu3 DMSO/PhH, 24 h 2.39 - -
(E)-PhCH=CHHgC1 DMSO, 20 h ' 5.20 - -
Ph,C=CHS0,Ph ‘ DMSO, 20 h - 1.48 -
Ph,C=CHI DMSO/PhH, 24 h 1.00 4.35 -
Ph,C=CHSnBu, DMSO/PhH, 24 h - 23.07 -
Ph2C=CHHg01 DMSO, 20 h ’ - 30.29 -
PhC=CSnBu, DMSO/PhH, 20 h - - 0.16
PhC=CI © DMSO, 20 h 0.23 1.00 -
PhC=CS0,Ph ~ DMSO, 24 h 1.18 - C -

v

85ubstrates (1 mmol each) and mercuric thiophenoxide (0.1 mmol) in
10 ml of nitrogen—purged solvent were irradiated at 350 nm in a Rayonet
Photoreactor. '

bDetermined by GLC.
“In competition with 2,2-diphenylethenyl iodide.

9In competition with phenylethynyl iodide.

»eIn compet;tion w;th tri-g—butyi‘vinylstannane.
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Eq. (136).
. .-El .
Relative reactivity = —— = Ratjio of Products (136)
. E! 1 '

Table 37 shows the adjusted relative reactivities of the
unsaturated systems towards the thiophenoxy radical as obtained form
the data from Table 36. Relative reactivities of phenylacetylene
derivatives towards thiophenoxy radical arg in thg order PhSO2 >1I>
SnBu3; a reactivity series similar to that observed with cyclohexyl
radical. Since the same relative reactivity order was found with both
the nucleophilic cyclohexyl radical and the electrophilic thiophenoxy
radical, the relative reactivities apparently reflect the intfinsic
reactivities of the alkynes.

In the alkenyl system, the mercury aﬁd tin derivatives display
high relative reactivities. 2,Z-Diphenyletﬁenylmgrcury chloride has
the highest feactivity; whereas,.trifgfbutyl-z,Z-diphenylethenylstannane
and (E)-2-phenylethenylmercury chloride have about the same
reactivity.

The high reactivity of phényl phenylethynyl sulfone relative to
2,2-diphenylethenyl phenyl sulfone or 2-phenylethenyl phenyl sulfone
and the low reactivity of trifgfbutyl-z-phenylethynylétannané relative
to tri-n-butyl-2,2-diphenylethenylstanne or tri-n-butyl-2-

.pﬁenylethenylstannane are also puzzling. Perhaps the groups Q = SnBu3
or HgX can stabilize the transitidn states_leading to PhC'H—CH(R)Q, but
not to Ph&=C(R)Q, by hyperconjugation or bridging, particularly when

the attacking radical is electrophilic in nature.
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Table 37. Relative reactivities towards thiophenoxy radical

2

Compound Relative Reactivity
CH2=CHSnBu3 1
CH2=CHCHZSnBu3 3 '\
MeZC=CHSnBu3 12
QD-PhCH=CHSOZPh 0.2
(E)~PhCH=CHI 7
(E)-PhCH=CHSnBu, 48
(E)-PhCH=CHHgC1 104
‘Ph,C=CHSO,Ph. 7
PhZC=CHI 20
PhZC=CHSnBu3 106
Ph,C=CHHgCl 159
PhCECSnBu3 ' 0.16
PhC=CI 5
PhC=CS0,Ph 24
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C. Conclusion
" Relative reactivities of alkenyl and alkynyl derivatives
containing iodo, sﬁlfide, sulfone, mercury, and stannane substituents
towards the nucleophilic cyclohexyl radical and the electrophilic
thiophenoxy radical ﬁave béen determined. With cyclohexyl radical,
the sulfonebderivativés havé the highest reactivity in each series.

In the phenylacetylene system, the order of reactivity towards
both cyclohexyl and thiophenoxy radicals are in the order PhSO2 >I>
SnBu3. This apparently indicates that the relative reactivities
reflect the intrinsic reactivities of the alkynes.

The relative reactivities towards cycloheiyl and thiophenoxy
radicals are puzzling for the alkenyl system. The stabilization of
the transition states, by the subétituent Q, by hyperconjugation or
bridging may contribute to the observed relative reactivities.

The observed relative reactivities toWards the addition of
cyclohexyl radiéal are believed to be the true reactivities since no
evidence for the reversible addition was observed. The relative
reactivities towards thiophenoxy radical may be complicated by the
reversible addition of the thiophenoxy radical.

Our results indicate that the preferred group for free radical
substitution by an addition-elimination mechanism depends on the
nature of the attacking radical with-PhSO2 being the preferred group
in alkynes but often BQ3Sn or HgX in the alkenes. However, when
stereogpecificity is &esired, the iodo substituent seems to be the

brefetred ieavipg group (see Section III, Part I).
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D. Experimental Section

1. General procedure for the competition reaction of two umsaturated

compounds with cyclohexylmercury chloride

2,2-Diphenylethenyl iodide or phenylethynyl iodide (1 mmol), the
alkenyl or alkynyl"compound'(l mmol) and cyclohexylmercury chloride
were dissolved in 10 mL of a nitroéen—purged solvent in a Pyrex tube
equipped with a rubber'septum. The_mixture was irradiated at 350 nm
in a Rayonet Photoreactor for a period of time (see Table 34 for the
solvent and irradiation time). The reaction mixture was then poured
into water and extraéted with benzene. The extract was washed twice
with 30 mL of 10% aqueous sodium thiosulfate solution, dried over
anhydrous sodiuﬁ-thiosulfate,and concentrated. The oily residue was
then treated with hexane and the precipitate formed was filtered off.
The mixture was concentra;ed‘and analyzed by GLC. The identities of
all the substitu;ion products were confirmed by comparison of their
GLC retentiqn times with those of thevproducts obtained in Part I and
Part 1II. The relative ratio of the‘products was obtained from GLC and
was corrected by tﬁe predetermined GLC response factors. The results
are summarized in Table 34.

"The competition reaction of 2,2-diphenylethenyl iodide and phényl
disulfide with cyclohexylme;cury chloride was also carried out by the
same procedure. The crude product mixture was analyzed by GLC which
indicated the presenée of the substitution products, (2,2-
diphenylethenyl)cyclohexane (minor) and cyclohexyl phenyl sulfide

(major), and the remaining étarting materials. 2,2-Diphenylethenyl
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phenyl sulfide was also formed in considerable yield. The ratio of

the substitution.productsvis included in Table 34.

2. General procedure for the competition reaction of two unsaturated

compounds with mercuric phenylmercaptide

The mixture of 2,2-diphenylethenyl iodide or 2-phenylethynyl
iodide (1 mmol), the alkenyl or alkynyl compound (1 mmol) and mercuric
phenylmercaptide in 10 mL of a nitrogen-purged solvent was irradiated
in a Rayonet Ehgtoreactor for 20-24 h (see.Table 36). After the
irradiation, the mixture was worked uﬁ as described previously to
afford an oily residue. The ratio of the products was obtained from
the GLC analysis and.corrected with the predetermined GLC response
factors. All the products were confirmed by comﬁarison of their GLC
retention times with those of the authentic compounds or the products

obtéined previously. The results are presented in Table 36.
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II. KINETIC CHAIN LENGTH

A. Introduction

Reactidns of‘alkeny1 derivatives with'organomercurials have been
shown td be radicél processes (Part I and II). The reactions are
'generally'believed to involve a free-radical chain addition-
elimination mechanism. The real proof for the cﬁain process, however,
has not yet been presented. The only way to prove if the reaction is
a chain process is to heasure its kinetic chain length.

The following section will determine the initiél kinetic chain
lengths of the reactions of 2,2-diphenylethenyl iodide and tri-n-

butyl-(E)~-2-phenylethenylstannane with t-butylmercury chloride.

B. Results and Discussion

1. Determination of kinetic chain length of the reaction between

2,2-diphenylethenyl iodide and t-butylmercu:z,éhloride

. An initial kinetic chain length of a reaction can be expressed as

shown in Eq. (137). Both the initial rate and rate of initiation can

Kinetic Chain Length = Initial Rate (137)

Rate of Initiation

be measured experimentally by following either rate of consumption of
the substrate or rate of formation of the substitution product. The

1

progress of the reaction is conveniently monitored by "H NMR.

In a typical reaction, 0.1 M of 2,2-diphenylethenyl iodide, 0.3 M

of t-butylmercury chloride and 0.l M of methylene chloride
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(internal sténdard) in deuterated DMSO were placed in a NMR tube. The
mixture was irradiated with a 275-W sunlamp at 30-35 °C and was checked at
different periods of time by 1H NMR. The formation of the product was
deterﬁined by following the increase of the vinylic proton signal
of PhZC=CHCMe3 which appears at about 5.6 ppm. Yield of the product
was obtained from the integration and the results are pfesented in
Table 38. The table also includes the results from the reaction in
the presence of di-tert-butyl nitroxide (DTBN) which was carried out
under the same conditions. The plot of yields of the substitution
product vs. time is shown in Figure 1. |

The initial rate of the reaction is then obtained froﬁ the slope

of the curve at the beginning of the reaction (determined by use of a
tangent meter) as shown in the figure. The rate of initiation is
calculated form the concentration»of DTBN and the time needed to

- consume all of the DTBN which can also be determined from Figure 1.

From Figure 1

Initial Rate = 2.50 x 10-2'§/m1n
Rate of Initiation = 1.74 x 10 > M/70 min
2.50 x 1072 M/min

Kinetic Chain Length = =3 = 100
1.74 x 10 © M/70 min

With a kinetic chain length of 100, reaction of 2,2-
diphenylethenyl iodide and t-butylmercury chloride is definitely a
chain process. The measured kinetic chain length, however, is based

on the consumption of DTBN only'by t-butyl radical but not by the
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Table 38. Reaction of 2,2-diphenylethenyl iodide and t-butylmercury

chloride
: n/ o
Ph,C=CHI + t-BuHgCl > Ph,C=CHBu-t + IHgCl
1M 0.3 M
Timea (min) | % Ph2C=CHBu-;b
without DTBN with DTBN (1.74x1072 M)
5 0 0
10 0 _ | 0
20 16 - 0
30 22 : ' 0
40 36 0
60 45 0
90 4
120 50 15
150 31
240 . 72 50

Sixture in DMSO-d, in NMR tube was irradiated ét 30-35 °C with a
275-W sunlamp ca. 20 cm from the tube.

bDetermined by 1H NMR using'CHZCl2 as internal standard.
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Figure 1. Formation of product vs. time for the reaction of
2,2-diphenylethenyl iodide and t-butylmercury
chloride
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monomeric HgCl. If, in fact, the DTBN was trapped by both t-butyl
radical and HgCl, and if HgCl cannot initiate tﬁe chain, the initial
kinetic chain length would be 100 x 2. Actual;y, it is believed that
HgCl can initiate the chain by forming t-Bue-in the Reaction 138 (see
Paft I) and the trapping or lack of trapping of teh HgCl by DTBN will

héve no effect on the calculation of the kinetic chain length.
t-BuHgCl + HgCl ————> t-Bue + Hg® + HgCL, (138)

2. Determination of the kinetic chain length of the reaction of tri-

n~butyl-(E)-2~phenylethenylstannane and t-butylmercury chloride

The experimental conditions used to determine kinetic chain
length of tri-n-butyl-(E)-2-phenylethenylstannane and t-butylmercury
chloride are similar to those of the réactionbwith 2,2-diphenylethenyl
iodide except for the solvent and the internal standard. Thus, 0.1 M
of the stammnane, 0.1 M of the mercurial and 0.1 M of DMSO (internal
standard) in a nitrogen—purged deuterated benzene solution in a NMR
tube were irradiated with a 275-W sunlamp at 30-35 °C. Thé reaction
was monitored periodically by 1H NMR. The yield of ﬁhe substitution
product was obtained by integration the signal of the vinylic protons
compared with that of the internal standard. The results of the

-reactions with and without DTBN are givenkin Table 39. Figure 2 shows
the plot of product vs. time.

From Figure 2:

Initial Rate = 2.00 x 10'2,§/m1n.

Rate of Initiation = 1.60 x 10-2.§/57 min.
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2.00 x 1072 M/min.

Kinetic Chain Length = — =71
1.60 x 10724/57 min.

The result indicates that reaction of tri-n-butyl-(E)-2-
phenylethenylstannane and Efbutylmercury chlqride is a radical chain
process with an‘initial kinétic chain length of 71. If both t-butyl
radical and HgCl are trapped by the DTBN, the measured kinetic chain
length would be 71 x 2 provided HgCl is ineffective in initiating
chains.

The reaction of the stanﬁane and t-butylmercury chloride had a
long induction period even with a nitrogen—purged solvent. This may
indicate that the substrate stannane contained some inhibitor. The
alkenyl stannane gradually decomposed to give a white gelatinou;
precipitate when stored. The stannane, however, was filtefed through
a silica gel column before being employed in the reaction.

It is apparent from Figures 1 and 2 that rates of the formation
of the products decrease as the reaction proceeds which indicates a
shorter kinetic chain length as the reaction proceéds towards
completion. Both figures show lower initial rates for the reactions
with DTBN. Perhaps the presence of HgCl.froﬁ the decomposition of the
mercurial retards the reaction by trapping the radical adduct before

the elimination can occur.

C. Conclusion
The initial kinetic chain lengths of the reactions of 2,2-

diphenylethenyl iodide and tri-n-butyl-(E)-2-phenylethenylstannane
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Table 39. Reaction of trifgfbutyI—Qi)-z-phenylethenylstannane and
. t~butylmercury chloride ’

(E)-PhC=CHSnBu, + t-BuHgCl ik > PhCH=CHBu + Bu,SnCl + Hg’
0.1 M 0.3 M
Tine? (min) - ' % PhCH=CHBu?
wiﬁhout DTBN with DIBN (1.74x10™2 M)
30 0 | 0
60 0 o 0
80 | 0 0
95 19 0
110 29 0
140 57 | 0
150 ' 5
180 _ ' 27
200 ' 70
240 60

1

Mixture in C D6 in NMR tube was irradiated at 30-35 °C with a
275-W sunlamp ca. 90 cm from the tube.

bDetermined by 1H-NMR using DMSO as internal standard.
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with t-butylmercury chloride were determined. The measured initial

kinetic chain lengths are 100 (or 100 x.2) and 71 ( or 71 x 2),
respectively.. Thevresults indicate that the reactions are définitely

radical chain processes and most of the substitution products must be

formed in the propagation steps.
~D. Experimental Section

1. Determmination of initial kinetic chain length of the reaction of

2,2-diphenylethenyl iodide with t—buéylmercury chloride
2,2-Diphenylethenyl iodide (0.1 mmol), t-butylmercury chloride

(0.3 mmol).and methylene chloride (0.1 mmol) were dissolved in 1 mL of

nitrogen-purged deuterated DMSO in a NMR tube equipped with a rubber

lH NMR spectrum was obtained, the mixture was

septdm. After ai300 MHz
irradiated at 30-35 °C with a 275-W sunlamp placed about 20 cm from the
reaction tube. The progress of the reaction was monitored by 300

Mz lﬁ VMR and the yield of the substitution product, 3,3-dimethyl-
1,1-diphenyl-1-butene, was obtained from the integration of the

vinylic protron signal (at 5.6 ppm). The yields of the substitution
product at different periods of time are presented in Table 38.

We observed that a gray flocculent precipitate formed if the
irradiat;on was continued after the reaction was complete. The yield
of the substitution pr&duct, however, was not affected.

The reaction of Z,Z-diphenylethenyl 1odidé with_g-butjlmercury
chloride in the presence of DIBN was also carried out under the same

conditions. Thus 0.1 mmol of the iodide, 0.3 mmol of the mercurial, 0.1
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mmol of methylene chloride and 1.74 x 10_2 mmol of DTBN were dissolved
in 1 nL 6f nitrogen-purged DMSO in a NMR tube. After a 1H NMR
spectrum was obtained, the mixture was irfadiated with a sunlamp under
exactly the same conditions described above. The progreés of the

1

reaction was followed by 300 MHz "H NMR and the yields of the

substitution product obtained at different periods of time are

presented in Table 38.

2. Determination of initial kinetic chain length of the reaction of

tri-n-butyl-(E)-2-phenylethenylstannane with t—bu;ylmercury chloride

Tri-n-butyl-(E)-2-phenylethenylstannane (0.1 mmol), t-
butylmercury chloride (0.1 mmol) and DMSO (0.1 mmol) were dissolved in
1 mL of nitrogen-purged deuterated benzene in a NMR tube equipped with

lH NMR spectrum was obtained, the

a rubber septum. After a 300 MHz
mixture was irradiated at 30-25 °C with a 275-W sunlamp placed about
20 cm from the reaction tube. The progress of the reaction was

14 NMR. The yield of the product

monitored periodically by 300 MHz
was obtained from the integratian of the vinylic proton signal (at
6.32 ppm) by comparison with that of the internal standard (DMSO).
The results are summarized in Table 39..

We observed that a small bead of mercury metal formed during the
irradiation. After completion of the reaction, a gray precipitate
started to form but it had no effect on the yield of the substitﬁtion
product.

The reaction of tri-n-butyl-(E)-2-phenylethenylstannane with t-

butylmercury chloride in the presence of DIBN (1.60 x 10_%2) was also
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carried out under the same conditions. The results are also given in

Table 39.
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PART VI. RADICAL REACTIONS OF MERCURIC CARBOXYLATES
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I. RADICAL REACTIONS OF MERCURIC CARBOXYLATES WITH

ALKENYL AND ALKYNYL DERIVATIVES

A. Introduction
Mercuric carboxylates are easily prepared by a reaction between a
carboxylic acid or its salt and mercuric oxide or mercuric nitrate.
They have been used as precursors for pfeparing other mercury
derivatives (ref 3, chapter 10). Thus alkyl and aryl mercury
derivatives have been synthesized from mercury salts of carboxylic
acids as shown in Eq. (139). The reaction offers a possibility of

hY

(RCOO)ZHg ———> RCOOHgR + CO (139)

2

obtaining compounds of the type RHgX from easily available materials.
The reaction of mercuric carboxylates to form alkylmercury

carboxylates is believed to involve a free-radical chain reaction.

The reaction was initiated by an acyl peroxide or ultra-violet light.

The mechanism is outlined in Scheme 42.

~ Scheme 42
Initiation
(RCOO)2 > 2RCO0e
hy/
or (RCOO)zHg > RCOOHge + RCOQe
Propagation
RCOOe > Re + CO,

(RC00) ,Hg + Re > RCOOHgR + RCOOe
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In Part i -~ Part 111, we have shown that carbon—-centered radicals
generated from alkylmercury halides underwent substitution reactions
with various alkenyl, alkynyl, and allyl derivatives. Furthermore,
mercury compounds of the type R2Hg where R = PhS, PhSOz, (EtO)ZP(O) or
alkyl have been shown to undergo facile photostimulatéd substitution
reactions with these unsaturated systems. Therefore, mercuric
carboxylates appeared to be good candidates for a new radical source
for this substitution reaction. Indeéd,»we have found that mercuric
dimethylacetate and 2,2-diphenylethenyl iodide underwent a
substitution reaction under UV irradiation to give the substitution
product in good yield.

The following section will present the photostimulated reactious

of mercuric carboxylates and alkenyl derivatives as shown in Eq.

(140).

hY/
(140)

Ph,C=CHQ + (RCOO), Hg > Ph,C=CHR + RCOOHgQ + CO
2 2

2 2

Q = I, HgX, SO,Ph, SnBu3

2

B. Results and Discussion

1. Reactions of mercuric carboxylates and l-alkenyl derivatives

Mercuric dimethylacetate and 2,2-diphenylethenyl‘iodide inal: 1
mol ratio were allowed to react in benzené in a Rayonet ?hotoreactor.
The reaction gave 0.78 equiv éf 3-methy1—1,l-diphényl-l-bﬁtene as
shown in Eq. (141). When 2 equiv of the alkenyl iodide was employed,

the yield of the substitution product increased ‘to a maximum of 0.95
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n/

PhZCéCHI + (MeZCHCOO)ZHg-—————> Ph2C=CHCHMe2 + 902

+ Me,CHCOOHgT ' (141)

équiv and did not exceed'l even at very long irrad;ation periods
(Table 40). ‘This indicates ﬁhat only one carboxyl group underwent
decarboxylation to give the radical, Re, which sﬁbsequently added to
the double bond to give the subsfitution product. Apparently,
iodomercury dimethylacetate does not react with the alkenyl iodide

(Eq. 142).

Ph,C=CHI + Me,CHCOOHgI —/+—> Ph,C=CHCHMe, + CO, + HgI, (142)

2 2

The decomposition of mercuric carboxylates under the initiation
by an acyl peroxide or ultra-violet light gave only alkylmercury
carboxylate, RCOOHgR. At higher temperature, however, mercury salts
can be converted to diorganomercurial (Eq. 143) [177]. This is one of
the methods that‘have been used to synthesize diorganomercury
compounds .

high T
(RCOO)ZHg > RHgR + COZ . (143)

Mercuric trimethylacetate which is expected to give a better
yield of the substitution product was also employed. The
decomposition of this mercury salt should give the t-butyl radical which
is known to add to a carbon-carbon double bond effectively. However, it
has been reported that irradiation of mercuric trimethylaéetate in

benzene did not lead to the formation of an organomercury compound but
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Table 40. Photoreactions of mercuric carboxylates with alkenyl

derivatives
hy

Ph,C=CHQ + (RCO,) Hg —> Ph,C=CHR + RCO,HgQ + CO,
Q(equiv) _ R Conditions? Ph2C=CHR (equiv)b
I (1) i-Pr 24 h 0.78
I (2) 1i-Pr 24 h 0.95°
I (2) | i-Pr 49 h 0.81¢
I (1) © t-Bu 25 h 0.28%
I (L) ‘ Et 24 h 0.48
HgCl (1) 1-Pr 26 h | 0.27
HgCl (1) i-Pr . 72 h 0.55
HgBr (1) | i-Pr 24 h 0.34
HgBr (1) i-Pr 67 h 0.74
HgBr (1) t-Bu 36 h : 0.15
PhSO, (1) i-Pr 67 h 0.21
Bu,Sn (1) 1i-Pr 48 h 0

3Substrates (1 mmol of mercurial) in 25 mL of nitrogen-purged
benzene were irradiated at 350 nm in a Rayonet Photoreactor. -

bDetermined by 1y NMR.

ph C=CH2 (0.11 equiv) was detected. PhZC=CHI (0.43 equiv) was
recovere%. '

dPh C=CH2 (0.20 equiv) was formed. Ph2C=CHI (0.43 equiv) was
recovered.

ePh2C=CHOZCCMe3 (0.15 equiv) was detected.
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benzene did not lead to fhe formation of an organomeréury compound but
led to only theAseparation of metallic mercury (ref 3, p. 281).
Theréfore, it is not surprising that photolysié of a mixture of mercuric
trimethylacetate.and 2,2~diphenylethenyl iodide in benééne in a Rayonet

Photoreactor for 25 h afforded only 0.28 equiv of the substitution

product (Eq. 144).

hy/

.Ph,C=CHI + (Me3CCOO) Hg ——> Ph,C=CHCMe., + CO2 + Me3CCOOHgI (144)

1 Equiv 1 equiv 0.%8 equiv
Irradiation of mercufic'proPionate in propionic acid or in benzene
resulted in up to 70% yield of ethylmercury propionate. We have
found that irradiation of mercuric propionate in the presence of 2,2~
diphenylethenyl iodide in benzene gave a moderate yield (0.48 equiv)

of 1,1-diphenyl-l-butene (Eq. 145).

hv :
Ph,C=CHI + (C H5COO)2Hg —> Ph,C=CHC HS + CO2 (145)
1"equiv % equiv 0.58 equgv
+ CZHSCOOHgI

1-Alkenyl mercurials, sulfones and stannanes were also employed and
the resultsvare included in Table 40. Reactions of 2,2~
diphenylethenylmercury éhloride 6r broﬁide with mercuric
dimethylacetate pfoceeded slowly under irradiation at 350 nm in a
Rayonet Photoregctor.- wﬁen irradiated for 24 h, the reactions gave only
0.3 equiv of the substitution product but the yield increased with a
longer irradiation period. Mercuric trimethylacetate also reacted

with the alkenylmercury bromide (but to give only a low yield of the
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ekpected product).

Reaction of 2,2-diphenylethenyl phenyl sulfone with mercuric
dimethylacetate proceeded sluggishly under the same conditions. The
reaction gave only 0;21 equiv. of the substitution product when
irradiated for 67 h. On the other hand, the ¢ofresponding
alkenylstannane failed tq-feact at ali yith mercuric dimethylacetate
and only the substrate was recovéred.

Reactions of alkenyl derivatives and mercuric carboxylates are

represented by Eqs. (146) and (147).

hv :
Ph,C=CHQ + (RCOO) ,Hg > Ph,C=CHR + CO, + RCOOHgQ  (146)
Q = I,PhSO,
hv .
Ph,C=CHQ + (RC00),Hg > Ph,C=CHR + CO, + RCOOHgX + Hg® (147)
Q = HgX

A possible mechanism for the formation of the substitution

products is outlined in Scheme 43. The initiation is the

Scheme 43
Initiation.
(RCOO)ZHg > RCOOHge + RCOd-
Propagation
RCOO e > Re + CO2
Ph,C=CHQ + Re : > Ph,C-CH(R)Q
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> Ph2C=CHR + Qe

> RCOOHgQ + RCOQe

Ph;-CH(R)Q

Qe + (RC00),Hg

or HgX + (RC00),Hg ———> RCOOHgX + RCOOs + Hg®

decomposition of the mercurié‘carboxylates under the irradiation
conditions‘fqllowed by decarbox&lation to give carbon dioxide and the
radical, Re. The radical adds fegioselectively to- the double bond
followed by f-elimination of Qe. Q¢ will then react with mercuric
carboxylate by a process similar to those described previously in
Section I to give the carboalkoxy radical, RCOOO, which continues the
chain by decarboxylation.

The failure of tri-n-butyl-2,2-diphenylethenylstannane to react
with mercuric diﬁethylacetate seems to result from the inability of
the stannyl radical to react with the mercuric salt tb regenerate the

alkyl radical as shown in Eq. (148). Another possible explanation is

Bu,Sne + (RC00),Hg —F+—> RCO,SnBu, + CO, + Re + Hg® = (148)

that the alkenylstannane is not reactive enough to compete with the

mercuric carboxylate in trapping the aikyl radical.

2. Reaction of mercuric dimethylacetate with phenylethynyl iodide

| We have attempted to extend the reaction to the alkynyl system.
Thus a mixture of phenylethynyl iodide and mercuric dimethylacetate in
-benzene was irradiated in a Rayonet Photoreactor for 24 h.
Unfoftunately, the reaction failed to give any of ﬁhe substitution

product.,
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C. Conclusion
Meréuric carboxylates have been shown to undérgo photostimulated
reactions with 2,2—diphenylethen§1 dérivatives includeing the iodide,
mercury halide, and sulfone but failed to react with the tri-n-
butylstannane derivative. The reactiong afforded a good yield of the
substitution product with @ercuric dimethylacetaté, a moderate yield
with mercuric propionate and a low yield with trimethylacetate.
Although reaction of mercuric dimethylacetate with 2,2-
diphenylethenyl iodide gave a good yield of the substitution product,
;nly one of the carboalkoxy groups underwent decarboxylation by the
Hunsdiecker type reaction to give the substitution product. This is a
drawback of employing mercuric carboxylates in this reaction,'since

half of the carboxylic acid is wasted.

D. Experimental Section

1. Preparation of mercuric carboxylates

Mercuric dimethylacetate was prepared from the reaction of
isobutyric acid and mercuric oxide. Thus mercuric oxide (yellow) 21.6
g (0.1 mol) was slowly added to 30 mL of isobutyric acid with
stirring. After the addition, 10 mL of an additional isobutyric acid
was added and the mixture wés heated on a steam bath until all of the
mercury oxide dissolved. The mixture was allowed to cool to room
temperature. The product was crystallized upon cooling in an ice bath.
The white solid crystal was filtered and dried under vacuum to give 22.5 g

- (60% yield) of mercuric dimethylacetate which had mp 102-105 °C.
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Merquric propionate was also prepared by the same ﬁrocedure from
mercuric oxide (yellow) (21.6 g) and propionic acid (30 mL). The
‘reaction was exdthermic and heat was évolved._ After the evolution of
heat, the mixture was heated on a steam bath until all of the mercury
oxide dissolved. The mixture was thehvcooled in an ice bath and a
white solid product formed. The solid was filtered and recrystailized
in chloroform to give 31 g (90% yield) of a white crystal of mercuric
propionate, mp 108-112 °C.

Mercuric trimethylacetate was prepared by the literature
procedure from the reaction of mercuric nitrate with sodium salt of
trimethylacétic acid [177]. The product prepared had mp > 240 °C

(lit. [177] mp 235 °C).

2. Photoreactions of mercuric carboxylates with alkenyl derivatives

2,2-diphenylethenyl iodide (1 mmol) and mercuric dimethylacetate
(1 mmol) were dissolved in 25 mL of dry benzené in a Pyrex flask
equipped Qith a rubber septum. After a nitrogen purge, the mixture
was irradiated at 350 nm in a Rayonet Photoreactor for 24 h. The
reaction mixgure was poured into water and extracted with benzene.
The extract was washed twice with 10% aqueous sodium thiosulfate
solution and dried over anhydrous sodium sulfate. After the removal
of the benzene, the crude mixture was analyzed by GLC, 1H NMR and GCMS.
The analysis indicated thebpresence of 0.78 mmol of the substitution
product, 1,l-diphenyl-3-methyl-l-butene. Reactions of 2,2~
diphenylethenyl iodide (1 mmol) and mercuric dimethylacetate (2 mmol)

carried out under the UV irradiation for 24 h and 49 h afforded the
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substitution product in yields of 0.95 mmol and 0.81 mmol, respgctively.

Mercﬁric’trimethylacetate and mercuric propionate were also
allowed to react with 2,2-diphenylethenyl iodide'in a 1:1 mol ratio under
the same conditions. The reactions gave the substitution products in
0.28 mmol and 0.48 mmoi, respec;ively. Besides the substitution
product, feactioﬁ of mercuric triméthylacetate with 2,2-
diphenylethenyl iodide also gave a byproduct (0.15 mmol) which had a
molecular weight of 280. The following GCMS was obtained for the
byproduct. GCMS, m/e (relative intensity) 280 (15,M+), 197(14),
196(95), 167(24), 165(23), 57(100). Based on the GCMS data, this
byproduct was tentatively assigned as 2,2-diphenylethenyl
trimethylacetate.

"The above procedure was also ﬁsed for the reactions of the
other alkenyl compounds with the mercuric carboxylates. All the
results are summarized in Table 40.

Identities of all the products were confirmed by comparison of
their GLC.retenﬁion times, 1H NMR and GCMS data with those of the
products obtained previously (Part I). 1,l1-Diphenyl=-l-butene which was
not reported in the previous sections has the following 1H NMR:

Iy am (cpc1,) § 7.3(m,10H), 6.08(t,1H), 2.12(m,2H), 0.99(t,3H).
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II..'RADICAL_REACTIONS OF MERCURIC CARBOXYLATES WITH PHENYL DISULFIDE,
PHENYL DISELENIDE, N-(PHENYLTHIO)PHATHALIMIDE AND

TRI-n-BUTYLTIN HYDRIDE

A. Introduction

Alkylmercury halides react with phenyl disulfide, phenyl
diselenide and N-(phenylthio)phathalimide to give aikyl phenyl
sulfide or selenide in good yields [35]. The reactions have heen
shown to be a rédical chain reaction which involves the attack of the
alkyl radicals at S pr>Se atom.

Mercuric carboxylates can provide alkyl radicals from the
decarboxylation of carboalkoxy radicals as mentioned previously. This
suggests that mercuric carboxylates should react with phenyl
disulfide, phenyl diselenide and‘N-(phenylthio)phathalimide under
appropriate conditiéns to give the substitution products.

The following sections present the photoréactions of mercuric
carboxylatés with phenyl disulfide, phenyl diselenide, N-
(phenylthio)phathalimide and tri-n—butyltin hydride as shown in Eq.
149.

hv
(149)

> R-Z + RCOOHgY + CO

(RCOO)ZHg + Y-Z 2

0

Y-Z = PhS—SPh; PhSe-SePh, @jN-SPh, Bu,Sn-H
0
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B. Results and Discussion

1. Photoreactions of mercuric carboxylates with phenyl disulfide,

phenyl diselenide and N-(phenylthio)phathalimide
Mercuric trimethylacetate and phenyl disulfide or diselenide were

allbwed to react under UV irradiation. The reactions, surprisingly,
gave a good yileld of t-butyl phenyl sulfide, but only a moderate yield
of t-butyl phenyl éelenide'was obtained (Table 41).

Reactions of mercuric dimethylacetate with phenyl disulfide,
phenyl diselenide or N-(phenylthio)phathalimide gave moderate yilelds
of thé sulfide or selenide under ;he same conditions. In contrast,
mercuric propionate and acetate failed to react Qith phenyl disulfide
even at elevated teﬁperatures.

A good yield of methylmercury acetate was. obtained from the
irradiation of mercuric acetate at reflux in glacial acetic acid
{178] . Methylmercury iodide was obtained in 7iZ yield as the product
after the reaction mixture was treated with aqueous sodium iodide
solution. We carried out the reaction of mercuric acetate with
phenyl disulfide in glacial acetic acid. The reaction was irradiated
with a 275-W sunlamp at 100 °C for 10 h. The reaction, however,
failed to afford any of the substitution product, methyl phenyl
sulfide.,

The reactions of'mercuric carboxylates with phenyl disulfide,
phenyl diselenide and N-(phenylthio)phathalimide which afforded the
substitution products are believed to involve free-~radicals. A

possible mechanism which involves a chain reaction is outlined in
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Table 41. Photoreactions of mercuric carboxylates and phenyl disulfide,
phenyl diselenide and N-(phenylthio)phathalimide

(RCO,) ,Hig + Y-2 —121——=> R-Z + RCO,HgY + €O,
R Y-Z . (equiv) Condi;idnsa R-2Z (equiv)b
t-Bu PhS-SPh (2)  PhH, UV, 24 h 0.85
t-Bu . PhSe-SePh (2) PhH, UV, 24 h 0.47
1-Pr PhS-SPh (1)  PhH, UV, 20 h 0.35
i-Pr PhS-SPh (2)  PhH, UV, 20 h 0.35
i-Pr PhS-SPh (1)  PhH, UV, 68 h 0.43
i-Pr PhSe-SePh (1) Phi, UV, 52 h 0.41
0
1i-Pr [:H:>N-8Ph (1) PhH, UV, 52 h 0.27
0.
Et PhS-SPh (2)  PhH, UV, 24 h 0
Et PhSe-SePh (2) PhH, UV, 24 h 0.1
Me PhS-SPh (1)  PhH, 80 °, SL, 10 h 0
Me PhS-SPh (1)

HoAe, 100 °, SL, 10 h O

83ubstrates (1 mmol of mercurial) in 10 nL of nitrogen-purged

benzene were irradiated; UV = 350 nm Rayonet Photoreactor, SL = 275-W
sunlamp ca. 20 cm from reaction vessel.

1

bDetermined by "H NMR.
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. Scheme 44.

Scheme 44

> Re + CO

RCOQe

2
> R=Z + Ye

Re + Y-2

Yo + (RCOO)ZHg > RCOOHgY + RCOOe

hy

(RCOO)ZHg + Y-Z > RCOOHgY + R-Z + co,

The initiation is the decomposition of the mercuric carboxylates as
described before. The mechanism involves the attack of Re at S or Se
atom to give the alkyl phenyl sulfide or selenide and Ye. Thé
radical, Ye*, reacts ﬁith the mercuric carboxylates to give RCOOHgY and

RCOOe which undergoes decarboxylation to give CO2 and Re.

2. Reaction of mercuric diphenylacetate with tri-n-butyltin hydride
| Mercuric carboxylates can also react with.trifg-butyltin hydride
in benzene. When mercuric diphenylacetate and tri-n-butyltin hydride
in a 1:2 mol ratio were mixed in benzene, a black precipitate of
mercury formed immediately. After stirring for 10 min, the reaction
mixture afforded diphenylacetic acid, mercury metal and a 1iqﬁid
product which appeared to be hexabutylditin (Eq. 150). 1t appears

PhH

(thcucoo)zugv + BugSnH{ ————> 2Ph,CHCOOH + Bu, 3

1 equiv 2 equiv 71% 91%

SnSnBu, + Hg®  (150)

that the presence of tri-n-butyltin hydride facilitates the
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decomposition of mercuric diphenylacetate. Apparently, the radical
abstracted the hydrogeh atomvfrom the tin hydride faster than it
underwent decarboxylation. Therefore, the reaction gave only the
acid and tri-n-butylstannyl radicgl. The sténnylbradical did not
react with the mercuric carboxylate but instead coupled with another
stannyl radical to give the ditin compound. The reaction of
diethylmercury with triethyltin hydriﬁe in the absence of solvent at
100 °C hés been reported to give ethane, hexaethylditin and mercury
metal as shown in Eq. 151 (ref 3, p. 395).

100 °C
> 202H6 + Et

(CHg)Hg + 2Et,SnH SnSnEt.,, + Hg° (151)

3 3 3

C. Conclﬁaion

Mercuric carboxylétes and phenyl disulfide, phenyl diselenide and
N—(phenylthio)phathalimide have been demonstrated to undergo
photostimulated reactions to give the alkyl phenyl sulfides and
selenides. Unlike the reactions of mercuric carboxylates with l-alkenyl
compounds (Part IV.I), the reactions afforded better yields of the
substitution products with mercurie trimethylacetate than with mercuric
dimethylacetate. Reactions of mercuric propionate and mercuric acetate
with phenyl disulfide failed to give the substitution products.

Both mercuric trimethylacetate and mercuric dimethylacetate
reacted with phenyl diselenide to give moderate yields of the alkyl
phenyl sélenides; whereas, the reaction of mercuric propionate with
phenyl diselenide afforded only a low yield of the substitution

product. No product was observed from the reaction of mercuric
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acetate with phenyl diselenide.

Reaction of mercuric diphenylacetate with tri-n-~butyltin hydride
did not give the expeéted product, diphenylmethane, but instead

afforded diphenylacetic acid, hexabutylditin, and mercury metal.

D. Experimental Section

1. Pfeparation'gg starting materials

Tri-n-butyltin hydride was prepared from the reaction of tri-n-
butyltin chloride with lithium aluminum hydride [179]. The product
was fractionally distilled at 74 °C/0.35-0.40 mmHg or 66 °C/0.2 mmHg

(1it. [179] bp 68-74 °C/0.3 mmHg). ’
| N-(phenylthio)phathalimide was synthesized by Dr. Hasan Tashﬁoush

by following the literature procedure [180].

2. Photoreaction of mercuric carboxylates with phenyl sidulfide,

phenyl diselenide and N—(phenylthio)phathalimide
The mercuric carboxylate (1 mmol) and phenyl disulfide (see Table

,41 for equiv) were dissolved in 10 mL of benzene in a Pyrex tube
equipped with a rubber septum. The mixture was degassed for 5 min and
irradiated at 350 nm in a Rayonet Phoﬁoreactor for a period of time.
After the irradiation, the reaction mixture was worked up and analyzed
by the usual procedure. Identities of all of the products were
confirmed by comparison of their GLC retentions with those of the
authentic compounds synthesized by the litérature procedure [35] or
comparing their 1H NMR and GCMS data with those reported in ref 359.

The following data were obtained for the substitution products.
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t-Butyl phenyl sulfide:
"4 MR (300 Miz, CDCL,) § 7.56-7.51(m,2H), 7.38-7.29(m,3H),
1.28(s,9H).
'GCMS, m/e (relative intensity) 168(0.42), 166(8,4"), 110(100),

57(65).
t-Butyl phenyl selenide:

'H MR (CDC1,) § 7.8-7.0(m,4H), 1.40(s,9H).
Ethyl phenyl selenide:

Iy wr (CDCL,) § 7.8-7.0(m,5H), 2.85(q,2H), 1.38(t,3H).
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SUMMARY

Part 1 of this dissertation presents the reactions of
alkenyl derivatives of the type R'R%C=CHQ (Q = I, Br, HgX, SPh, S(O)Ph,
SozPh, SnBu3) with organomercurials (RHgX and RZHg). The reactions
are believed to involve a radical chain reaction.. Support for the
mechanism includes the need for a fadical initiator (light or
azobisisobutyronitrile), the failure of the reaction to proceéd in the
dark and the strong retardation by di-tert-butyl nitroxide. The
genergtion of the alkyl radical (Re) from the mercurial (RHgX or Rzﬂg)
by reaction with the chain carrier (Q*) occurs by either a SHZ or an
electron transfer process in which the organomercurials accepts or
donates an electron.‘ In the electron transfer process, the reaction
is believed to occur in a concerted manner.

Heteroatom—centered radical (PhSe, PhSee, PhSOZ-, (EtO)ZPO-),
generated from the mercurials, add effeciently to the double bonds of
the alkenyl compounds followed by a p3—~elimination of Q¢ to-afford the
substitution products in high yields. The alkenyl stannanes also
react with phenyl disulfide, benzyl disulfide and benzenesulfonyl
chloride to give éxcellent ylelds of the alkenyl sulfides and sulfone.

Other substrates which react with l-alkenyl derivatives to give
the substitution products include triisopropylaluminum,
tricyclohexylborane and isopropylmaghesium iodide. The reactioms,
however, afford low yields of the coupling‘products and appear to be
limited to the l-alkenyl sulfones and mecurials.

Reactions of certain l-alkenyl derivatives with organomercurials
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and phenyl disulfide have been shown to occur stereospecifically. The
stereospecificity has been demonstrated by the reactions of (E)- and
(Z2)-1,2-disubstituted ethylenes of the type XCH=CHZ (X = COzMe‘ Cl; z
=1I. Cl, SnBu3, HgCl) with the mercurials and phenyl disulfide.

The reactions haye been extended to include allyl and alkynyl
systems which are presented in/Part II. Allyl and alkynyl iodides,
bromides, sulfides, sulfones, mercurials, and stannanes undergo
photostimulated reaction with organomercurials to-give moderate to
excellent yields of the substitution products.

In Part III, the relative reactivities of alkenyl and alkynyl
derivatives towards cyclohexyl and thiophenoxy radicals are
determined. With cyclohexyl radicals, the sulfone derivatives show a
surprisingly high reactivity especially in the alkynyl system. The
relative reactivities are in the order PhSO2 >I > Bu3Sn for the
alkynyl system and Ph802 > PhS > HgCl > T > Bu3Sn for the alkenyl
system.

The relative reactivities towards thiophenoxy radical may be
complicated sy the reversible addition of the thivl radical. The
observed relative reactivities are in the order PhSO2 > 1> Bu35n for
the alkynyl system and HgCl > Bu3Sn >1I> PhSO2 for the alkenyl
system.

The determination of the initial kinetic chain length of the
reactions of 2,2-diphenylethenyl iodide and tri-n-butyl-(E)-2-
phenylethenylstannane with t—butylmercury chloride is also presented

in Part III. The initial kinetic chain length obtained are 100 and 71,
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respectively. This confirms that the reactions of 2,2-diphenylethenyl
iodide or tri15fbuty1~(§)-2-pﬁeny1ethenylstannane wifh_gfbutylmercury
chloride are radical chain reactions as proposed in Part I.

Mercufic cafboxylaées are shown to be a source of alkyl radicals
(Part IV). They can undergo photostimulated reactioh with l-alkenyl
derivatives, phenyl disulfide, phenyl diselenide and N-
(phenylthio)phathalimide. The feactions, however, afford good yields

of the substitution products with only a limited number of substrates.
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