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Allylation and vinylation of aryl radicals generated from aryl diazonium salts provides rapid and efficient
access to chlorinated and brominated derivatives of styrene and allylbenzene. Allyl chlorides were found

to be better substrates than bromides due to decreased halogen transfer. Donor- and acceptor-substituted
diazonium salts are well tolerated. The products represent important precursors for numerous further

transformations.

Introduction

Starting from the earliest report by Lewis and Winstkin,
radical additior-fragmentation reactions have become widely
used for the allylation and vinylation of carbon-centered
radicals? While major studies were based on trialkyltin-
substituted olefinic substratédthe role of several other allylic
substituents or functional grotfmsuch as sulfide$sulfoxides!

* Address correspondence to this author. Phor@9-89-289-13328. Fax:
+49-89-289-13329.

(1) Lewis, S. N.; Miller, J. J.; Winstein, S. Org. Chem1972 37, 1478~
1484.

(2) For reviews on allylations and vinylations, see: (a) Ramaiah, M.
Tetrahedronl 987, 43, 3541-3676. (b) Curran, D. FSynthesi4988 417—
439. (c) Jasperse, C. P.; Curran, D. P.; Fevig, TChem. Re. 1991, 91,
1237-1286.
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Chem.1973 56, C11-C13. (b) Grignon, J.; Pereyre, M. Organomet.
Chem.1973 61, C33-C35. (c) Grignon, J.; Servens, C.; Pereyre, M.
Organomet. Cheml975 96, 225-235.
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5831. (b) Keck, G. E.; Enholm, E. J.; Kachensky, D Tetrahedron Lett.
1984 25, 1867-1870. (c) Keck, G. E.; Enholm, E. J.; Yates, J. B.; Wiley,
M. R. Tetrahedronl985 41, 4079-4094. (d) Keck, G. E.; Kachensky, D.
F.; Enholm, E. JJ. Org. Chem1985 50, 4317-4325. (e) Sibi, M. P;
Chandramouli, S. VTetrahedron Lett1997 38, 8929-8932. (f) Sibi, M.;
Porter, N. A.Acc. Chem. Red999 32, 163-171.
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sulfones® cobaloxime$, silanes® halides!! and phosphine
oxided? has been investigated as well. Allylation reactions have
been carried out with a wide variety of carbon-centered radicals,
including all types of alkyl and acyl radical3Only reports on

the behavior of aryl radicals, as depicted in Scheme 1 (path A),
remained rare in the literature and thus appear to be more
complicated*15 A recent advance in this field was made by
Frejd16 who achieved allylation of aryl radicals via diazotizative
deamination of acceptor-substituted aromatic amines in the
presence of allyl bromide. Literature precedence for the corre-

(7) Barton, D. H. R.; Crich, DJ. Chem. Soc¢Perkin Trans. 11986
1613-1619.

(8) (a) Quiclet-Sire, B.; Zard, S. 2. Am. Chem. S04996 118 1209-
1210. (b) Le Guyader, F.; Quiclet-Sire, B.; Seguin, S.; Zard, Sl. Am.
Chem. Socl997, 119 7410-7411. (c) Quiclet-Sire, B.; Seguin, S.; Zard,
S. Z. Angew. Chem.Int. Ed. 1998 37, 2864-2866. (d) Blakskjaer, P.;
Pedersen, L.; Skrydstrup, . Chem. Sog¢Perkin Trans. 12001, 910-
916.

(9) Johnson, M. DAcc. Chem. Red.983 16, 343—-349.

(10) For radical additions to silanes with subsequent fluoride-induced
elimination, see: (a) Porter, N. A.; Zhang, G.; Reed, A.T@trahedron
Lett.200Q 41, 5773-5777. (b) Chabaud, L.; Landais, Y.; Renaud(®g.
Lett.2002 4, 4257-4280. (c) Briggs, M. E.; Zard, S. Bynlet2005 334~
336.

(11) Huval, C. D.; Singleton, D. ATetrahedron Lett1993 34, 3041
3042.

(12) Ouvry, G.; Quiclet-Sire, B.; Zard, S. Zngew. Chemlint. Ed.2006
45, 5002-5006.

(13) For overviews, see: (a) Curran, D. P.; Porter, N. A.; Giese, B.,
Eds. Stereochemistry of Radical Reactior@oncepts Guidelines and
Synthetic ApplicationsVCH: Weinheim, Germany, 1996. (b) Giese, B.
Radicals in Organic Synthesig-ormation of Carbor-Carbon Bonds
Pergamon Press: Oxford, UK, 1986.
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SCHEME 1. Allylation (A), Allenylation (B), and Vinylation
(C) of Aryl Radicals via an Addition —Fragmentation
Mechanism
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sponding allenylation and vinylation reactions, which would be
based on a similar radical additiefragmentation sequence, is
even more difficult to find (Scheme 1, paths B and'C).

In general, the addition of aryl radicals to olefins is well-
known from the classical Meerwein arylatidhalthough this
reaction type is mostly employed for a limited group of
activated, electron-deficient olefid%2® Nonactivated olefins,
in contrast, were believed to be too unreactive giving rise to
side reactions such as hydrogen abstraction or biaryl cougfihgs.
This uncertainty is somehow reflected by the wide range of rate
constants published for the addition stéSince our recent
studies on radical functionalizations indicate that the large
number of nonactivated olefins represents an equally suitable
group of substrates for aryl radic&kwe got inspired to
investigate reactions of aryl radicals with a variety of allylic,
vinylic, and propargylic halides. Herein, we would like to report
our results on allylation and vinylation.

N
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Results and Discussion

The products obtained from the reactions ppmethoxy-,
p-fluoro-, o-carbomethoxy-,p-carbomethoxy-, ando-nitro-
substituted aryl diazonium tetrafluoroboraies-e with various

(14) For the first report on allylations of aryl radicals, see: Al Adel, I.;
Salami, B. A.; Levisalles, J.; Rudler, Bull. Soc. Chim. Fr1976 934—
938.

(15) For other studies on allylations of aryl radicals, see: (a) Doyle, M.
P.; Siegfried, B.; Elliot, R. C.; Dellaria, J. F., Jr. Org. Chem1977, 42,
2431-2436. (b) Migita, T.; Kosugi, M.; Takayama, K.; Nakagawa, Y.
Tetrahedronl973 29, 51-55. (c) Migita, T.; Nagai, K.; Kosugi, MBull.
Chem. Soc. Jpri983 56, 2480-2484. (d) Yashkina, L. V.; Kopylova, B.
V. Bull. Acad. Sci. USSRChem. Sci1989 38, 863—865.

(16) Ek, F.; Axelsson, O.; Wistrand, L.-G.; Frejd,J.Org. Chem2002
67, 6376-6381.

(17) (a) Cohen, S. G.; Wolosinski, H. T.; Scheuer, PJ.JAm. Chem.
So0c.195Q 72, 3952-3953. (b) Reijnhart, A. F. ARecl. Tra.. Chim. Pays-
Bas1927 46, 72—76.

(18) Rondestvedt, C. $rg. React.1976 24, 225-259.

(19) For Meerwein arylations of (nonacceptor substituted) 1,3-butadienes,
see: (a) Taylor, E. C; Strojny, E. J. Am. Chem. S0d.956 78, 5104
5108. (b) Arai, E.; Tokuyama, H.; Linsell, M. S.; Fukuyama;T€trahedron
Lett. 1998 39, 71-74.

(20) For notable exceptions, see: (a) Raucher, S.; Koolpe, G. @rg.
Chem.1983 48, 2066-2069. (b) Gorbovoi, P. M.; Kudrik, E. Y.; Grishchuk,
B. D.Russ. J. Gen. Cherh998 68, 1132-1134. (c) Molinaro, C.; Mowat,
J.; Gosselin, F.; O'Shea, P. D.; Marcoux, J.-F.; Angelaud, R.; Davies, I.
W. J. Org. Chem2007, 72, 1856-1858. (d) Reference 16.

(21) (a) Galli, C.Chem. Re. 1988 88, 765-792. (b) Citterio, A,
Minisci, F.; Vismara, EJ. Org. Chem1982 47, 81-88. (c) Garden, S. J.;
Avila, D. V.; Beckwith, A. L. J.; Bowry, V. W.; Ingold, K. U.; Lusztyk, J.
J. Org. Chem1996 61, 805-809.

(22) (a) Heinrich, M. R.; Blank, O.; Witel, S. Org. Lett 2006 8, 3323~
3325. (b) Heinrich, M. R.; Blank, O.; Wetzel, A. Org. Chem 2007, 72,
476-484. (c) Heinrich, M. R.; Wetzel, A.; Kirschstein, Mrg. Lett.2007,

9, 3833-3835.

9610 J. Org. Chem.Vol. 72, No. 25, 2007

Heinrich et al.

olefinic chlorides and bromides are summarized in Tabie3.1
Initial experiments identified several factors that were crucial
to achieving good selectivity and high yields in these reactions.
A key element to achieve selectivity in reactions of aryl radicals
appears to be the use of water as a solvent or at least
cosolventl®22For the purpose of allylation and vinylation, it

is crucial that the concentration of the aryl diazonium ions in
the reaction mixture is kept at a low level at any time. If this is
not the case, azo coupling reactions occur as undesired side
processes, which are due to the fact that aryl diazonium salts
can act as efficient nitrogen-centered radical scaverigétg3

To suppress these side processes, we adjusted our basic
procedure such that the diazonium salt was added slowly to
the reaction mixture. In our initial experiments, we were pleased
to find that these alterations indeed had the desired effect and
only traces of azo compounds were formed as byproducts.
Another important issue of radical allylation and vinylation
reactions is the nature of the leaving grééifinlike most known
radical functionalizations of this type, we chose to perform the
reaction in a non-chain, self-terminating fashion. To facilitate
broader application, we concentrated our efforts on the use of
low-cost, commercially available chlorides and bromides as
olefinic substrates. Since a bromine or chlorine radical would
be formed in the finaj3-scission step, which possesses itself
significant reactivity, this radical has to be reduced to the
corresponding anion as fast as possible to minimize side
reactions. Regarding the overall results of the allylation and
vinylation experiments, iron(ll) appears to be a suitable and
efficient scavenger for the halogen radicals forming in this
process.

Except for the attempts to achieve allenylation, all allylation
and vinylation experiments furnished synthetically useful yields.
A careful examination of the product mixtures revealed that
the reaction, as described here, can be disturbed by hydrogen
abstraction, halogen abstraction, double addition, and intramo-
lecular cyclization. These four types of undesired side reactions
will be discussed in the above-mentioned order. Hydrogen
abstraction occurs when the addition step of the aryl radical to
the substrate is too slow (e.g., sterically hindered olefins) or
when easily abstractable hydrogen atoms are present in the target
molecule. In general, acceptor-substituted aryl radicals more
likely stabilize themselves by hydrogen abstraction than donor-
substituted intermediates as can be seen from the three series
of entries 5-6, 7—9—10, and 26-2225 The increased amount
of reduced products found with 3-chloro-1-buteBd)((entries
5 and 6) is most probably caused by the presence of a hydrogen
atom on a chlorine-substitutesbcondarycarbon atom. In all
other substrates, the carbon atom bearing the allylic hydrogen
is primary?26

In contrast to bromine abstraction by the aryl radical, the atom
transfer of chlorine was not observed in our study. This
circumstance, undoubtedly related to the increased strength of

(23) Depending on whether the aryl radicals are trapped by the diazonium
salts before or after reacting with the olefin (as alkyl radicals), biaryl azo
compounds or carbodiazenylation products are obtained. See also ref 22.

(24) For relative rate constants gffragmentations, see: Wagner, P. J,;
Sedon, J. H.; Lindstrom, M. J. Am. Chem. S0d.978 100, 2579-2580.

(25) A reliable determination of the degree of hydrogen abstraction by
p-fluoroaryl radicals was not possible due to the volatility of fluorobenzene.

(26) The absolute rate constants determined for the addition of aryl
radicals to double and triple bonds differ only by a factor oka e =
2.9x 10’ M~t st andkyiple = 1.4 x 10" M~*s71), see ref 21c. For relative
rates of aryl radical additions to various olefins, see: Bridger, R. F.; Russell,
G. A. J. Am. Chem. S0d.963 85, 3754-3765.
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TABLE 1. Allylation of Arenes

R3
3
. ClBr 1 R
R N2BFE R Fe2t e~
U 2a-2g | = R?
1a-1e 3a-3m
entry diasza(i?ilum olefin 2 product 3° by-product entry diaszati?ilum olefin 2 product 3° by-product
= H
S /@/\/ /©/ Y\CI m
1 1a MeO MeO 8 1b “ F
2a
3a (69%) 4a (8%)b 2e 3g (76%)
P> COzMe
s 7 o4
[
2 1b F 9 1c CO,Me
2a o
3b (58%) 30 (67%) 4c (9%)°
N s agw o oY, O
a 4b (24%)° 10 1d CI MeOzc MeO,C
3a (59%) 2
’ 31 (78%) 4¢ (10%)°
cl ol
. L Y OOT O Yo OO Oy
a , MeO MeO 11 le cl NO, NO,
c 3¢ (75% %)
(75%) 4a (12%) 2e (0%) 4d (32%)
Pz H
T O - or O
5 1a Cl' meo MeO 12 1a
2d 3d (48%) 4a (25%)° 2f 3j (68%) 4b (24%)°
(E)«(2)=4:1
Y CCF OO
/\/ W @[ 13 Ie CO,Me CO,Me
CO,Me
6 I e ;) CO,Me 2f 3Kk (82%) 4c (2%)°
€ (]
2d de (45%)° N e H
(E)(2) =311 14 le Br ©\/\Ef @[
N b
; ” ) eo I o 31(63%) 4f (11%)
2e 3£(85%) 4a (3%)" N W
15 1a CO2Et Meo COE
2g 3m (58%)

aReactions conducted according to the general proce8@teuctures and yields of products were determined by ‘BNMR, and3C NMR analysis
of the crude product mixture.

the carbon-chlorine bond, made chlorinated substrates become allyl bromide @b) (entry 3) leads to the same ratio of abstraction
our preferred substrates. This became even more true since weersus addition as previously reporfédjespite the fact that
saw no negative effect arising from the fragmentation step, the reaction conditions applied are totally different.
althoughg-scission has been reported to proceed about 65 times
faster when bromine is released instead of a chlorine ra#fical,
and Migitat®® observed a drop in yield from 63% to 8% when

Double addition is observed when the product formed in the
addition—fragmentation sequence represents a more reactive
reacting pheny! radicals with allyl chloride instead of allyl Cl€fin than the original substrate itself. Notable examples are
bromide. Although troubled by halogen transfer, good results iStéd in entries 16, 18, and 19. The addition to propargyl
can be obtained from brominated compounds, given that the chloride @h) is not disturbed by halogen abstraction as seen
addition step to the double or triple bond occurs sufficiently from the corresponding bromida, nor does hydrogen abstrac-
fast. The competition of the desired additiginagmentation ~ tion occur. These two findings suggest that the aryl radicals
pathway and bromine abstraction is reflected in the series of effectively undergo addition reactions, with the simple but far-
entries 17, 3, and 12. As the addition to the substrate becomegeaching limitation that those which are generated in a later stage
more and more effective, bromine transfer is more and more of the reaction more likely attack aller8n than they would
repressedlc26|t is interesting to note that the experiment with  add to the alkyn@h. As a result, only a small amount of allene
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TABLE 2. Attempted Allenylation of Arenes

P Cl/Br
inp - Z
MeO Zhi MeO
1a 3n
entry diazcﬁlilum acetylene 2 product 3* by-product
sal
e
/\ cl /©/\ AN
16 la MeO complex mixture
2h 3n (10%)°
\C Br
z e S O
17 1a MeO MeO
2i 3n (8%)" 4b (61%)

aReactions conducted according to the general procefd@uctures
and yields of products were determined by G8,NMR, and13C NMR
analysis of the crude product mixture.

3n was detected among a complex mixture of other products
with higher molecular weight.

Unlike with propargyl chloride Zh), single and double
addition to 1,2-dichloroethen@$ and2k led to simple mixtures
containing chlorostyrendo and stilbenele as main products.
Only the E)-configured styrene3o was isolated from both
attempts, and the final product distribution is somehow effected
by the initial olefin configuration. To get a better insight, we
repeated the experiment with increasing amountsEpl(2-
dichloroethene Zk) (entry 19, 10 and 20 equiv) and found
that the double addition to give the stilbefecan successfully
be suppressed. The different ratios of styr8néo stilbenede
obtained under standard conditions with 6 equiv of substrate
2k can be explained in the following way. As the concentration
of the initial chlorostyrene produBo increases over the course
of the reaction, it competes with the starting 1,2-dichloro-
ethene2k for addition of the aryl radical. Since the rate of
addition to E)-1,2-dichloroethene 2k) is probably faster
than the rate for addition taZf-1,2-dichloroethene?{), more
stilbene4e is produced in the reaction with the less reactive
(2)-isomer (entry 18). Similar differences in olefin reactivity
have been found by Giegéwho reported that the cyclohexyl
radical adds faster to a series dE){olefins than to the
corresponding Z)-olefins. The effectiveness of the initially
undesired aryl radical addition to chlorostyreBe becomes
apparent in an independent experiment, in which the dia-
zonium saltla and only 2 equiv of styren8o furnished 61%
of stilbenede (entry 23). Due to the trisubstituted double bond
present in the styrenep—r (entries 20-22), double addition
does not occur in reactions with trichloroether®),gto.28
but it does again complicate the formation of the cinnamic ester
3s Vinylation experiments with the chloro- and bromoacrylates
2m and2n as radical acceptors gave the cinnangté poor

(27) Giese, BAngew. Chem.nt. Ed. 1983 22, 753-764.

(28) Attempts to achieve vinylation with tetrachloroethene and diazonium
salt 1a gave nearly quantitative yields of anisole and only traces of
trichlorostyrene although additions of aryl radicals to this substrate have
been reported. See ref 17.

(29) For intramolecular additions of alkyl radicals to nitrobenzenes,
see: Beckwith, A. L. J.; Lawton, D. LJ. Chem. Soc.Perkin Trans. 2
1973 2134-2137.

(30) The allylation reported by Freyd does toleretritro substituents

due to the use of allyl bromide, which undergoes faster fragmenation. See

ref 16.

9612 J. Org. Chem.Vol. 72, No. 25, 2007

Heinrich et al.

yields together with several side products of higher molecular
weight (entries 24 and 25).

Among the five diazonium saltéa—e, only the o-nitro-
substituted derivativde failed to yield allylation products in
the reaction with 2,3-dichloropropengd (entry 11). In this
special case, the chloroalkyl radical arising from the addition
step preferably attacks the nitro group rather than stabilizing
itself by 3-scission (Scheme 29:3° Nitroketone #&d) is most
likely formed by subsequent hydrolysis of an intermediate
benzoxaciné! When 2,3-dibromopropen&f) is used instead
of the dichloro derivative2e, the release of bromine in the
fragmentation step is sufficiently fast to overcome the cyclization
on the nitro group.

In summary, we have shown that the intermolecular ally-
lation and vinylation of aryl radicals is a simple, low-cost, and
environmentally benign route to halogenated allylbenzenes
and styrenes, which has so far only marginally been ex-
ploited. Especially the chlorinated and brominated products are
important precursors for a wide range of further transfor-

(31) The structure of nitro compourtl was confirmed by conversion
to aminothiazole according to the literature: Hardy, K. D.; Harrington,
F. P.; Stachulski, A. VJ. Chem. SocPerkin Trans. 11984 1227-1236.

NO, NO,

X &

NH,
4d 5

(32) (a) Hanzawa, Y.; Kowase, N.; Taguchi, Tletrahedron Lett1998
39, 583-586. (b) Perri, S. T.; Dyke, H. J.; Moore, H. W. Org. Chem.
1989 54, 2032-2034. (c) Perri, S. T.; Moore, H. WI. Am. Chem. Soc.
199Q 112 1897-1905. (d) Takahashi, T.; Kotora, M.; Fischer, R.;
Nishihara, Y.; Nakajima, KJ. Am. Chem. Sod.995 117, 11039-11040.
(e) Ogawa, T.; Kusume, K.; Tanaka, M.; Hayami, K.; Suzuki,Synth.
Commun.1989 19, 2199-2207. (f) Reginato, G.; Gaggini, F.; Mordini,
A.; Valacchi, M. Tetrahedror2005 61, 6791-6800. (g) Sahli, S.; Stump,
B.; Welti, T.; Schweizer, W. B.; Diederich, F.; Blum-Kaelin, D.; Aebi, J.
D.; Boehm, H.-JHelv. Chim. Acta2005 88, 707—730.

(33) (&) Akiyama, S.; Nakatsuji, S.; Yoshida, K.; Nakashima, K.
Hagiwara, T.; Tsuruta, H.; Yoshida, Bull. Chem. Soc. Jpril983 56,
361-362. (b) Cunico, R. F.; Maity, B. Qrg. Lett.2003 5, 4947-4950.
(c) Rodriguez, G. J.; Tejedor, L. J.; Rumbero, A.; Canoiral étrahedron
2006 62, 3075-3080. (d) Mitsudo, T.; Takagi, M.; Zhang, S.-W.; Watanabe,
Y. J. Organomet. Chen1992 423 405-414. (e) Organ, M. G.; Cooper,
J. T.; Rogers, L. R.; Soleymanzadeh, F.; Payl).TOrg. Chem200Q 65,
7959-7970.

(34) (a) Carran, J.; Waschbuesch, R.; Marinetti, A.; Savigna8ymthesis
1996 1494-1498. (b) Fujiwara, N.; Yamamoto, Y. Org. Chem1999
64, 4095-4101. (c) Lin, S.-T.; Lee, C.-C.; Liang, D. Wetrahedror200Q
56, 9619-9624. (d) Shono, T.; Ito, K.; Tsubouchi, A.; Takeda, dtg.
Biomol. Chem2005 3, 2914-2916. (e) Minato, A.; Suzuki, K.; Tamao,
K. J. Am. Chem. Sod.987 109 1257-1258. (f) Negishi, E.-I.; Shi, J.-C;
Zeng, X. Tetrahedron2005 61, 9886-9895. (g) Tan, Z.; Negishi, E.-I.
Angew. Chemlnt. Ed. 2006 45, 762-765. (h) Shi, J.; Zeng, X.; Negishi,
E.-l. Org. Lett.2003 5, 1825-1828.

(35) (&) Gruner, M.; Pfeifer, D.; Becker, H. G. O.; Radeglia, R.;
Epperlein, JJ. Prakt. Chem1985 327, 63—79. (b) Bahr, J. L.; Yang, J.;
Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R. E.; Tour, J. NIl. Am.
Chem. Soc2001 123 6536-6542. (c) Gsar, Z.; Leban, |.; Majcen-
LeMarechal, A.; Lorcy, D.J. Chem. Sog¢Perkin Trans. 12002 1568—
1573. (d) Huang, H.; Liu, X.; Deng, J.; Zheng,@rg. Lett.2006 8, 3359~
3362. (e) Young, W. G.; Caserio, F. F.; Brandon, D. D. JJ/Am. Chem.
Soc.196Q 82, 6163-6168. (f) Ma, S.; Lu, X.; Li, ZJ. Org. Chem1992
57, 709-713.

(36) (a) Inoue, A.; Kitagawa, K.; Shinokubo, H.; Oshima, X.Org.
Chem 2001, 66, 4333-4339. (b) Olah, G. A.; Krishnamurthy, V. V.; Singh,
B. P.; lyer, P. SJ. Org. Chem1983 48, 955-963. (c) Lajis, N. H.; Khan,
M. N. Tetrahedron1992 48, 1109-1114. (d) Hanzawa, Y.; Kowase, N.;
Momose, S.; Taguchi, TTetrahedron 1998 54, 1138711398. (e)
Stuedemann, T.; Gupta, V.; Engman, L.; Knochell €&rahedron Lett1997,
38, 1005-1008. (f) Krasovsky, A.; Malakhov, V.; Gavryushin, A.; Knochel,
P.Angew. Chemint. Ed.2006 45, 6040-6044. (g) Villieras, J.; Rambaud,
M. Synthesisl982 924-926.

(37) Nakamura, H.; Kamakura, T.; Onagi,Sxg. Lett.2006 8, 2095~
2098.

$=C(NH,),
(EtOH)
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TABLE 3. Vinylation of Arenes

Cl
R! N R!
®/N2+BF4. Fe2* R mRZ
= 2j-2n, 30 ~ R
1a-1c 30-3s, 4e
entry salt1 olefin 2 product 3* by-product
OMe
o ~Cl O
A
xC /©/\/
18 1a K/ MeO O
. MeO
2 30 (32%) ©
de (28%)
xCl OMe
o L
MeO O
19 la b
2k 30 (53%) de (11%)
(63%)° (5%)°
(72%)? (<2%)"
Cl H
=1 r
20 1a cl MeO cl MeO
21 3p (61%) 4a (<2%)°
Cl
c/\/c' ~
21 1b cl F cl
21 3q (46%)
i COzMe H
IS e @[
22 1c Cl Cl COoMe
2 3r (45%) 4c (26%)°
OMe
/\/©/ - ™ O
23 1a O
CI7 30 MeO
4e (61%)°
I /Ej/\vwzEt
24 la COEt MeO complex mixture
2m 3s (19%)°
BN /@/\/COQEt
;
25 la CO,Et MeO complex mixture
2n 3s (15%)"°

aReactions conducted according to the general procedure (6 equiv of olefinic sub8tBitaytures and yields of products were determined by ‘BiC,
NMR, and®3C NMR analysis of the crude product mixtufeExperiment with 10 equiv of substra2é. 9 Experiment with 20 equiv of substra&. € Experiment
with 2 equiv of substrat®o, standard solvent mixture changed to DMSB,0 (5:1 v/v) due to the solubility of substrage.

mations. 2-Chloroallyl and 2-bromoallyl derivatives, for ex- bond-forming processédc¢ 2,2-Dichlorostyrenes can be con-
ample, have successfully been employed as precursorsverted to acetylene¥2? chloroacetylene%'c and alleneg*d

for reactive organotitaniurf® organolithium32°¢and organo- Cross-couplings have been achieved via Grigff&rénd
zirconiuntXintermediates as well as in copp&fand stannane-  Negish#4"9 protocols. In contrast to FriedeCrafts alkylation
based?"9 cross-coupling reactions. 2-Chlorostyrenes have servedand previously described radical allylatiogur access is not
as reactants in carbonylatiéid® and metal-mediated ©C limited to either donor- or acceptor-substituted arenes. The
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SCHEME 2. Cyclization versus Fragmentation in 4.29 (dd,J = 0.4 Hz,J = 1.2 Hz, 2 H), 5.96 (m, 1H), 6.38 (m, 1
Allylations of o-Nitrophenyl Radicals H); 13C NMR (CDCk, 63 MHz) 6 14.1 (CHy), 42.6 (CH), 61.2
al (CHy), 128.4 (CH), 137.1 (G), 165.0 (G); GC-MS (EI) m/z (%)
Fe?* cl cl cl 150 (1) F’Cl — M*], 148 (4) F5CI — M™], 122 (29), 120 (86), 113
7 e @E\{)/\CI . Wm (62), 105 (34), 103 (100), 95 (18), 85 (25), 75 (35). _
/ @f\,[o N° N cl Ethyl (Z)-3-chloropropenoate(2m) was prepared according to
N, XS S (I\H) the procedure described in ref 3% NMR (CDCls, 250 MHz)
1e : o 1.30 (t,J=7.1Hz,3 H), 4.23 (q) = 7.1 Hz, 2 H), 6.18 (dJ) =
N, Br Br NO, 8.2 Hz, 1 H), 6.69 (dJ = 8.2 Hz, 1 H);'3C NMR (CDCk, 63
2;\_, @(\{/v\gr . m 4d MHz) 6 14.1 (CH), 60.6 (CH), 121.4 (CH), 132.3 (CH), 163.4
Fe™. Br NO -Br’ NO (Cy); GC-MS (Elym/z (%) 134 (1) B5CI — M*], 121 (1), 119 (3),
/\/Bf 2 z 108 (5), 106 (15), 99 (79), 91 (52), 89 (100).
2f 3l

Ethyl (Z)-3-bromopropenoate(2n) was prepared according to
the procedure described in ref 3541 NMR (CDCl;, 250 MHz) 6
reaction also compares well with known organometallic meth- 1.31 (t,J = 7.1 Hz, 3 H), 4.23 (qJ = 7.1 Hz, 2 H), 6.60 (dJ =
0ds$:38 due to the simple conditions, easily available starting 8.3 Hz, 1 H), 6.98 (dJ = 8.3 Hz, 1 H);*3C NMR (CDCk, 63
materials, and insensitivity toward cheap bulk materials of MHz) 6 14.1 (CH), 60.7 (CH), 121.1 (CH), 124.5 (CH), 163.9

- - (Co): GC-MS (Elymiz (%) 180 (1) PBr — M*], 178 (1) [%Br —
technical grade purity. M~]. 152 (20), 150 (20), 135 (98), 133 (100). 107 (21), 105 (22),
99 (63).

Experimental Section General Procedure for Allylation and Vinylation. To a mixture
General Details All chemicals were used as commercially ~©f olefin (6 mmol) and iron(ll)-sulfate heptahydrate (2.50 g, 9
available without further purification. The solvent mixture DMSO~~ mmol) in DMSO-H.0 (3 mL, 5:2 v/v) under argon was dropwise

H,0 (5:2 v/v) and the olefins were degassed by a stream of argon@dded a solution of the diazonium salt (1 mmol) in DMS,0
prior to use. (1.5 mL, 5:2 v/v) over a period of 10 min. The resulting mixture

General Procedure for the Preparation of the Aryl Diazonium was stirred for 10 min, diluted with 3 (50 mL), and extracted
Tetrafluoroborates 1a—e. To an ice-salt-cooled solution of the ~ With EO (3 x 30 mL). The combined extracts were washed with
aniline (40.0 mmol) in HBE (50%, 14 mL) and water (15 mL) brine and dried over sodium sulfate. After careful evaporation of
was dropwise added a precooled solution of NaX®90 g, 42.0 the solvents (volatility) the crude products were purified by silica
mmol) in water (6.5 mL). During the addition, the temperature was 9€l column chromatography. _
carefully kept below 3C and the resulting mixture was left to stir 1-Allyl-4-methoxybenzene (3a)*2colorless oil;R; 0.75 (100%
at 0°C for 30 min. The diazonium salt was collected by filtration, E%0); *H NMR (CDCl;, 360 MHz) 6 3.31 (d,%) = 6.8 Hz, 2 H),
washed with BO, and extensively dried in vacuo. (Yields: 80  3-76 (s, 3 H), 5.085.02 (m, 1 H), 5.03-5.07 (m, 1 H), 5.93 (ddd,
95%). Caution: Diazonium salts may decompose violently upon J = 6.8 Hz,J=10.2 Hz,J = 16.9 Hz, 1 H), 6.82 (dJ = 8.6 Hz,
heating.) 2 H), 7.08 (d,J = 8.6 Hz, 2 H);23C NMR (CDCk, 90 MHz) &

4-Methoxybenzenediazonium tetrafluoroborate (lafsa H 39.3 (CH), 55.2 (CH), 113.8 (2x CH), 115.3 (CH), 129.4 (2x
NMR (CDsCN, 250 MHz)6 4.05 (s, 3H), 7.34 (d) = 9.5 Hz, 2 CH), 132.0 (G), 137.8 (CH), 157.9 (§); GC-MS (El) m'z (%)
H), 8.42 (d,J = 9.5 Hz, 2 H);13C NMR (CD:CN, 63 MHz) 58.4 148 (100) [M™], 147 (62), 133 (20), 121 (32), 117 (30), 105 (18),

(CHy), 100.9 (G), 118.7 (2x CH), 136.7 (2x CH), 171.2 (G). 91 (20), 77 (21). . ,
4-Fluorobenzenediazonium tetrafluoroborate (1b)%%2 H NMR 1-Allyl-4-fluorobenzene (3b):*"colorless oil}R; 0.85 (P/EtOAc
(CDgCN, 250 MHZ)(S 7.67 (dd,JHF =8.0Hz,J=9.1Hz, 2 H), = 20:1);1H NMR (CDC|3, 250 MHZ)@ 3.37 (d,J =6.7Hz, 2 H),

8.59 (dvaHF =43Hz,J=9.1Hz 2 H);13C NMR (CD3CN, 63 5.03-5.08 (m, 1 H), 5.165.12 (m, 1 H), 5.96 (tdd-J = 6.8 Hz,
MHz) 6 111.1 (G), 121.0 (d,Jcr = 25.4 Hz, 2x CH), 137.6 (d, J=13.3 Hz,J = 15.9 Hz, 1 H), 6.99 (dd) = 8.8 szlJHF =88
Jor = 12.6 Hz, 2x CH), 170.8 (dJcr = 270.5 Hz, G); 1F NMR Hz, 2 H), 7.15 (ddJye = 5.5 Hz,J = 8.8 Hz, 2 H);*C NMR

(CDsCN, 235 MHz)6 —150.2. (CDCl;, 63 MHz) 6 39.3 (CHy), 114.1 (d,Jcr = 21.2 Hz, 2x
2-Methoxycarbonylbenzenediazonium  tetrafluoroborate CH), 115.9 (CH), 129.9 (d,Jcr = 7.7 Hz, 2x CH), 135.6 (fjflng
(1c): *H NMR (CDiCN, 250 MHz)d 4.07 (s, 3 H), 8.17 (ddd] = 3.1 Hz, G), 137.3 (CH), 161.4 (dJcr = 243.6 Hz, Q); 'F

= 1.6 Hz,J=7.5Hz,J=8.3 Hz, 1 H), 8.33-8.46 (m, 2 H),8.70 ~ NMR(CDCk, 235 MHz)0 —118.0; GC-MS (Elyn/z (%) 136 (88)
(dd,J = 1.1 Hz,J = 8.4 Hz, 1 H);13C NMR (CDsCN, 63 MHz) [M+], 135 (100), 133 (26), 115 (23), 109 (51), 83 (12). _
055.1 (CH), 115.4 (Q)! 132.2 (Q), 134.1 (CH), 136.3 (CH), 136.4 1-Methoxy-4-(2-methylallyl)benzene (3c)’.6° colorless oil;R

(CH), 142.8 (CH), 162.5 (0. 0.90 (100% CHC,); *H NMR (CDCl, 250 MHz)6 1.68 (s, 3 H),
4-Methoxycarbonylbenzenediazonium tetrafluoroborate (1d): 327 (s, 2 H), 3.80 (s, 3 H), 4.72 (s, 1 H).,14.80 (s, 1 H), 6.86)(d,
35 3 NMR (CD4CN, 250 MHz)d 3.98 (s, 3 H), 8.41 (dJ = 9.1 = 8.6 Hz, 2 H), 7.11 (dJ = 8.6 Hz, 2 H);13C NMR (CDCk, 63

Hz, 2 H), 8.60 (d,] =0.1Hz, 2 H);13C NMR (CD3CN, 63 MHZ) MHZ) 0 22.0 (CH;), 43.7 (Cl‘t), 55.2 (CH;), 111.5 (CH), 113.7
654.2 (CH), 119.5 (G), 132.8 (2x CH), 133.8 (2x CH), 142.0 (2 x CH), 129.8 (2x CH), 131.8 ((), 145.5 (G), 158.0 (G);

(Cy), 164.8 (G). GC-MS (El)m/z (%) 162 (95) [M], 147 (100), 131 (23), 121 (79),
2-Nitrobenzenediazonium tetrafluoroborate (1e)3%¢ 'H NMR 115 (16), 91 (34), 77 (16). .
(CDCN, 250 MHz)d 8.29-8.36 (m, 1 H), 8.48-8.56 (m, 1 H), 1-((E)-But-2-enyl)-4-methoxybenzene (3d¥é¢ colorless oil;Rs
8.71 (dd,J = 1.2 Hz,J = 8.3 Hz, 1 H), 8.84 (dd) = 1.2 Hz,J = 0.85 (P/E4O = 2:1); '"H NMR (CDCl;, 250 MHz: 6 1.68 (d,J =
8.1Hz 1 H);13C NMR (CD3CN, 63 MHZ)é 129.5 (CH), 137.8 6.0 Hz, 3 H), 3.26 (dJ =6.0Hz, 2 H), 3.79 (S, 3 H), 5.4451.64
(CH), 137.9 (CH), 144.2 (CH), two signals not visible. (m, 2 H), 6.83 (dJ = 8.8 Hz, 2 H), 7.10 (d) = 8.8 Hz, 2 H);"3C
2-Chloromethylacrylic acid ethyl ester (2g) was prepared ~ NMR (CDCl, 63 MHz) 6 17.8 (CH), 38.1 (CH), 55.2 (CH),
according to procedures described in refs 35d&NMR (CDCls, 113.7 (2x CH), 125.9 (CH), 129.3 (x CH), 130.4 (CH), 133.1

250 MHz) 6 1.32 (t,J = 7.1 Hz, 3 H), 4.26 (q) = 7.1 Hz, 2 H),  (Cd). 157.8 (G); GC-MS (El)m/z (%) 162 (94) [M'], 147 (100),
131 (8), 131 (15), 121 (24), 117 (9), 115 (17), 91 (30), 77 (15).
2-((E)-But-2-enyl)benzoic acid methyl ester (3e)colorless oil;

(38) (a) Barluenga, J.; Moriel, P.; Aznar, F.; Vad€.Adv. Synth. Catal.

2006 348 347—-353. (b) Braverman, S.; Zafrani, Yletrahedron199§ R: 0.90 (P/E4O = 1:2); *H NMR (CDC, 250 MHz) 6 1.66 (dd,
54, 1901-1912. (c) Mun, S.; Lee, J.-E.; Yun, Org. Lett.2006 8, 4887- J=1.3Hz,J=6.1Hz, 3H), 3.67 (dJ = 6.3 Hz, 2 H), 3.88 (s,
4889. 3 H), 5.41-5.68 (m, 2 H), 7.2+7.31 (m, 2 H), 7.42 (‘t'J = 7.6
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Hz, 1 H), 7.85 (ddJ = 1.2 Hz,J = 7.6 Hz, 1 H);*3C NMR (CDCk,
63 MHz)0 17.9 (CH), 37.2 (CH), 51.9 (CH), 125.9 (CH), 126.3
(CH), 129.6 (@), 129.8 (CH), 130.4 (CH), 130.7 (CH), 131.9 (CH),
142.5 (G), 168.2 (G); GC-MS (El)m/z (%) 190 (28) [M], 161
(75), 159 (26), 158 (100), 157 (25), 148 (14), 133 (26), 131 (35),
130 (25), 129 (62), 128 (29), 115 (51), 91 (31), 77 (11); HRMS
(El calcd for GoH140, [M*] 190.0988, found 190.0995.

2-((2)-But-2-enyl)benzoic acid methyl ester (3¢: colorless oil;
R 0.90 (P/E$O = 1:2); 'H NMR (CDCl;, 250 MHz) 6 1.73 (dd,
J=0.8 Hz,J=5.1 Hz, 3 H), 3.76 (dJ = 5.4 Hz, 2 H), 3.89 (s,
3 H), 5.41-5.68 (m, 2 H), 7.2%+7.31 (m, 2 H), 7.42 ("'t"J=7.6
Hz, 1 H), 7.85 (ddJ = 1.2 Hz,J = 7.6 Hz, 1 H);*3C NMR (CDCl,
63 MHz) 6 12.9 (CHy), 31.6 (CH), 51.9 (CH), 124.9 (CH), 125.8
(CH), 128.9 (CH), 129.7 (¢}, 130.4 (CH), 130.5 (CH), 131.9 (CH),
142.6 (@), 169.2 (G).

1-(2-Chloroallyl)-4-methoxybenzene (3fféd colorless oil; R
0.75 (P/EtOAc= 20:1); 'H NMR (CDCl;, 250 MHz) 6 3.55 (s, 2
H), 3.76 (s, 3 H), 5.09 (d) = 1.3 Hz,J = 1.3 Hz, 1 H), 5.21 (m,
1 H), 6.85 (d,J = 8.8 Hz, 2 H), 7.13 (dJ = 8.8 Hz, 2 H);13C
NMR (CDCls, 63 MHz) 6 44.5 (CH), 55.1 (CH), 113.1 (CH),
113.8 (2x CH), 128.8 (G), 130.0 (2x CH), 142.1 (@), 158.5
(Cy); GC-MS (El)m/z (%) 184 (29) $7CI — M*], 182 (95) B5CI —
M*], 167 (12), 147 (60), 131 (14), 121 (100), 115 (23), 103 (22),
91 (15), 77 (22).

1-(2-Chloroallyl)-4-fluorobenzene (3g):colorless oil;Rs 0.85
(P/EtOAc= 20:1); 'H NMR (CDCls, 250 MHz) 6 3.61 (s, 2 H),
5.15 (dt,J = 1.3 Hz,J = 1.3 Hz, 1 H), 5.27 (m, 1 H), 7.02 (dd,
= 8.8 Hz,Jyr = 8.8 Hz, 2 H), 7.21 (ddJur = 5.6 Hz,J = 8.8 Hz,
2 H); 13C NMR (CDCk, 63 MHz) 6 44.6 (CH), 113.6 (CH), 115.3
(d, Jcr = 21.4 Hz, 2x CH), 130.5 (d,Jcr = 7.6 Hz, 2x CH),
132.5 (d,Jcr = 3.3 Hz, @), 141.4 (G), 161.9 (dJce = 245.1 Hz,
Cy); 19F NMR (CDCh, 235 MHz)6 —116.4; MS (El)m/z (%) 172
(6) [¥'Cl — M*], 170 (18) F°Cl — M*], 135 (38), 133 (22), 110
(11), 109 (100), 83 (10); HRMS (El) calcd forgBs*CIF [35Cl —
M*] 170.0299, found 170.0300.

2-(2-Chloroallyl)benzoic acid methyl ester (3h)colorless oil;
R 0.80 (P/E4O = 1:1); *H NMR (CDCls, 250 MHz)¢ 3.88 (s, 3
H), 4.08 (s, 2 H), 4.97 (dt) = 1.3 Hz,J = 1.3 Hz, 1 H), 5.23 (m,
1H),7.37.37 (m, 2H), 7.457.51 (m, 1 H), 7.94 (dd) = 1.5
Hz, J = 8.0 Hz, 1 H);13C NMR (CDCk, 63 MHz) 6 43.1 (CH),
52.0 (CH), 113.4 (CH), 127.0 (CH), 129.8 (¢}, 130.8 (CH), 131.4
(CH), 132.0 (CH), 138.1 (§}, 141.3 (G), 167.5 (G); MS (El) m/z
(%) 175 (100) [M" — CI], 143 (35), 116 (11), 115 (32), 91 (9), 89
(8); HRMS (EI) calcd for GH110, [MT — CI] 175.0759, found
175.0759; MS (APCI)mz (%) 211 F5Cl — Mt + H]; HRMS
(APCI) calcd for GiH1,*°CIO, [33Cl — M+ + H] 211.0521, found
211.05109.

4-(2-Chloroallyl)benzoic acid methyl ester (3i):colorless oil;
R 0.70 (P/EtOAc= 4:1); IH NMR (CDCls, 250 MHz) 6 3.68 (s,
2 H), 3.90 (s, 3 H), 5.17 (dt) = 1.3 Hz,J = 1.3 Hz, 1 H), 5.29
(m, 1 H), 7.31 (dJ = 8.2 Hz, 2 H), 8.00 (dJ = 8.2 Hz, 2 H);13C
NMR (CDClz, 63 MHz) 6 45.3 (CH,), 52.0 (CH), 114.2 (CH),
128.9 (G), 129.0 (2x CH), 129.8 (2x CH), 140.5 (@), 142.0
(Cy), 166.8 (G); MS (El) mVz (%) 212 (7) F'Cl — M*], 210 (29)
[3CI — M*], 181 (29), 179 (89), 175 (100), 151 (34), 147 (14),
131 (22), 116 (40), 115 (85), 91 (15), 89 (15); HRMS (EI) calcd
for Cy3H1,%°CIO; [35Cl — M™] 210.0448, found 210.0446.

1-(2-Bromoallyl)-4-methoxybenzene (3j)colorless oil;R: 0.90
(P/ELO = 10:1); *H NMR (CDCls, 250 MHz) 6 3.68 (s, 2 H),
3.81 (s, 3 H), 549 (m, 1 H), 5,55 (dI,= 1.5 Hz,J=15Hz, 1
H), 6.87 (d,J = 8.8 Hz, 2 H), 7.15 (dJ = 8.8 Hz, 2 H);!3C NMR
(CDCls, 63 MHz) 6 46.9 (CH), 55.2 (CH), 113.9 (2x CH), 117.6
(CHp), 129.3 (G), 130.0 (2x CH), 133.4 (G), 158.6 (G); MS
(El) m/z (%) 228 (82) fBr — M™], 226 (84) [°Br — M*], 188
(18), 186 (16), 147 (100), 121 (95), 115 (23), 103 (16), 91 (26), 78
(16), 77 (25); HRMS (EI) calcd for GH1,°BrO [°Br — M*]
225.9993, found 225.9991.

2-(2-Bromoallyl)benzoic acid methyl ester (3k):colorless oil;
R: 0.85 (P/EtOAc= 1:1); *H NMR (CDCls, 250 MHz) 6 3.89 (s,
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3 H), 4.18 (s, 2 H), 5.39 (dtf) = 1.5 Hz,J = 1.5 Hz, 1 H), 5.48
(m, 1 H), 7.3+7.38 (m, 2 H), 7.457.52 (m, 1 H), 7.927.96
(dd,J = 1.3 Hz,J = 8.3 Hz, 1 H);13C NMR (CDCk, 63 MHz) 6
45.4 (CH), 52.0 (CH), 117.8 (CH), 127.1 (CH), 129.9 (¢}, 130.9
(CH), 131.5 (CH), 132.1 (CH), 132.2 (%> 138.4 (), 167.5 (GQ);
GC-MS (El)m/z (%) 235 (3) P'Br — M™ — OCHg], 233 (3) [*Br
— M* — OCHg], 176 (12), 175 (100) [M — Br], 160 (6), 143
(28), 131 (6), 116 (23), 115 (38); MS (APQtYz (%) 255 [°Br —
M* + H]; HRMS (APCI) calcd for GiH1,"°BrO, [7°Br — M+ +
H] 255.0015, found 225.0001.
1-(2-Bromoallyl)-2-nitrobenzene (3l) light yellow oil; R; 0.70
(P/EtOAC = 4:1); 'H NMR (CDCl;, 250 MHz) 0 4.12 (s, 2 H),
5.53-5.58 (m, 2 H), 7.427.48 (m, 2 H), 7.567.63 (m, 1 H),
7.96 (d,J = 8.7 Hz, 1 H);13C NMR (CDCk, 63 MHz) 6 44.1
(CHy), 119.5 (CH), 124.9 (CH), 128.3 (CH), 129.5 ({7 131.8
(Cy), 132.3 (CH), 133.1 (CH), 149.1 (f GC-MS (El) m/z (%)
226 (9) B'Br — M* — OH], 224 (9) [*Br — M* — OH], 162 (100)
[M+ — Br], 145 (28), 134 (48), 130 (28), 117 (54), 116 (35), 115
(97), 104 (22), 91 (32), 89 (49), 77 (31); HRMS (EI) calcd for
CoH/#1BrNO [81Br — M+ — OH] 225.9691, found 225.9692.
2-(4-Methoxybenzyl)acrylic acid ethyl ester (3m)3%9 colorless
oil; R 0.50 (P/EtOAc= 4:1); 'H NMR (CDCl;, 360 MHz)0 1.27
(t,J=7.1Hz,3H),357(s,2H),3.79(s,3H),418 = 7.1
Hz, 2 H), 5.43 (dtJ = 1.5 Hz,J = 1.5 Hz, 1 H), 6.20 (m, 1 H),
6.83 (d,J = 8.7 Hz, 2 H), 7.11 (dJ = 8.7 Hz, 2 H);13C NMR
(CDCls, 91 MHz) 6 14.2 (CHy), 37.2 (CH), 55.2 (CH), 60.7 (CH),
113.8 (2x CH), 125.6 (CH), 130.0 (2x CH), 130.8 ((), 140.8
(Cy), 158.1 (@), 167.0 (G); GC-MS (El)m/z (%) 221 (11), 220
(83) [MT], 191 (8), 175 (23), 147 (25), 146 (100), 145 (28), 131
(19), 121 (25), 115 (17), 103 (16), 91 (11).
1-Methoxy-4-propa-1,2-dienylbenzene (3nj7 'H NMR (CDCls,
250 MHz)6 = 3.78 (s, 3 H), 5.12 (d) = 6.8 Hz, 2 H), 6.13 (t)J
= 6.8 Hz, 1 H), 6.86 (dJ = 8.8 Hz, 2 H), 7.23 (dJ = 8.8 Hz, 2
H); 13C NMR (CDCk, 63 MHz) 6 55.2 (CH), 78.7 (CH), 93.3
(CH), 114.1 (2x CH), 126.0 (Q), 127.7 (2x CH), 158.7 (@),
209.3 (G); GC-MS (El)m/z (%) 146 (100) [MT], 131 (27), 115
(14), 103 (55), 102 (16), 77 (20).
1-((E)-2-Chlorovinyl)-4-methoxybenzene (3of8colorless oil;
R 0.50 (P/E4O = 20:1);'H NMR (CDCl;, 250 MHz)6 3.80 (s, 3
H), 6.49 (d,J = 13.8 Hz, 1 H), 6.77 (dJ = 13.8 Hz, 1 H), 6.85
(d,J=8.8 Hz, 2 H), 7.22 (dJ = 8.8 Hz, 2 H);}3C NMR (CDCl,
63 MHz) 6 55.2 (CHy), 114.2 (2x CH), 116.3 (CH), 127.3 (%«
CH), 127.6 (@), 132.6 (CH), 159.5 (§; GC-MS (EIl) m/z (%)
170 (34) P'Cl — M™], 168 (100) f5Cl — M*] 155 (17), 153 (49),
133 (8), 125 (29), 89 (18).
1-(2,2-Dichlorovinyl)-4-methoxybenzene (3pJ8® colorless oil;
R 0.90 (100% CHCIy); *H NMR (CDCl;, 250 MHz)6 3.83 (s, 3
H), 6.79 (s, 1 H), 6.90 (d) = 8.8 Hz, 2 H), 7.51 (dJ = 8.8 Hz,
2 H); 13C NMR (CDCk, 63 MHz) § 55.2 (CH), 113.8 (2x CH),
118.7 (G), 125.9 (G), 128.0 (CH), 130.0 (2 CH), 159.5 (GQ);
GC-MS (El)mVz (%) 206 (11) $"Cl, — M ], 204 (63) E"CI*CI —
MT], 202 (100) f°Cl, — M™], 191 (6), 189 (39), 187 (60), 161
(20), 159 (32), 132 (9), 123 (14), 89 (15); HRMS (EI) calcd for
CoHg%>Cl,0 [3°Cl, — M™] 201.9952, found 201.9948.
1-(2,2-Dichlorovinyl)-4-fluorobenzene (3q):colorless oil; Rt
0.90 (100% CHCIy); *H NMR (CDCls, 250 MHz)6 6.82 (s, 1 H),
7.06 (dd,J = 8.8 Hz,Jyr = 8.8 Hz, 2 H), 7.52 (ddJur = 5.4 Hz,
J = 8.8 Hz, 2 H);13C NMR (CDCk, 91 MHz) 6 115.5 (d,Jcr =
21.7 Hz, 2x CH), 120.9 (G), 127.4 (CH), 129.5 (dJcr = 3.4
Hz, ), 130.5 (d,Jcr = 8.2 Hz, 2x CH), 162.4 (d Jcr = 249.6
Hz, Cy); **F NMR (CDCk, 235 MHz)6 —112.4; GC-MS (Elyn'z
(%) 194 (8) B’Cl, — M*], 192 (62) B"CI*CI — M ], 190 [F*Cl, —
M™], 157 (8), 155 (31), 135 (6), 120 (58); HRMS (EI) calcd for
CgHs%>ClI,F [3°Cl, — M™] 189.9747, found 189.9744.
2-(2,2-Dichlorovinyl)benzoic acid methyl ester (3r):colorless
oil; Rf 0.90 (100% CHCIy); *H NMR (CDCls, 250 MHz) 6 3.90
(s, 3H), 7.36-7.42 (m, 1 H), 7.43 (s, 1 H), 7.507.59 (m, 2 H),
8.01 (d,J = 8.3 Hz, 1 H);'3C NMR (CDCk,91 MHz) 6 52.2 (CH),
121.7 (G), 128.2 (CH), 128.6 (), 128.7 (CH), 130.4 (CH), 130.6
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(CH), 132.1 (CH), 135.0 (&, 166.7 (G); GC-MS (El) m/z (%)
197 (35) f'Cl — M* — Cl], 195 (100) f°ClI — M* — ClI], 152
(15), 153 (49), 136 (12); HRMS (EI) calcd for;§g3>CIO, [3°Cl
— M* — CI] 195.0207, found 195.020.

Ethyl (E)-3-(4-methoxyphenyl)-2-propenoate (3sj%¢ 'H NMR
(CDCl;, 250 MHz)6 1.32 (t,J = 7.0 Hz, 3 H), 425 (q) = 7.0
Hz, 2 H), 6.30 (dJ = 16.0 Hz, 1 H), 6.89 (dJ = 8.9 Hz, 2 H),
7.47 (d,J = 8.9 Hz, 2 H), 7.64 (dJ = 16.0 Hz, 1 H);}3C NMR
(CDCl;, 63 MHz) 0 14.3 (CH), 55.3 (CH), 60.6 (CH), 114.3 (2
x CH), 115.8 (CH), 127.3 (CH), 129.6 (2 CH), 144.4 (Q), 161.5
(Cy), 167.4 (G); GC-MS (El) m/z (%) 206 (73) [M1], 178 (11),
161 (100), 134 (45), 133 (27).

1-Bromo-4-methoxybenzene (4bj?2 colorless oil;'H NMR
(CDCls, 250 MHz)6 3.78 (s, 3 H), 6.79 (dJ = 9.0 Hz, 2 H), 7.38
(d, 3= 9.0 Hz, 2 H);3C NMR (CDCk, 63 MHz) 6 55.4 (CH),
112.8 (G), 115.7 (2x CH), 132.2 (2x CH), 158.6 (G); GC-MS
(El) m/z (%) 188 (96) §'Br — M*], 186 (100) [°Br — M*] 173
(45), 171 (46), 145 (37), 143 (38).

1-Chloro-3-(2-nitrophenyl)propan-2-one (4d)3% orange solid;
mp 85-88°C; R; 0.75 (CHCl,/MeOH = 50:1);*H NMR (CDCls,
500 MHz) 6 4.28 (s, 2x 2 H), 7.33 (d,J = 7.5 Hz, 1 H), 7.50
(“t", J=7.5Hz, 1 H), 7.63 ("t",J = 7.5 Hz, 1 H), 8.16 (dJ =
7.5 Hz, 1 H);*3C NMR (CDCk, 91 MHz) 6 45.1 (CH), 48.2 (CH),
125.5 (CH), 128.8 (CH), 129.5 (§; 133.8 (CH), 133.9 (CH), 148.2
(Cy), 198.5 (G); GC-MS (El)m/z (%) 167 (3) f°CI — M+ — NOy),

(39) (a) Okada, Y.; Yokozawa, M.; Akiba, M.; Oishi, K.; Okawa, K;
Akeboshi, T.; Kawamura, Y.; Inokuma, S.; Nakamura, Y.; Nishimura, J.

Org. Biomol. Chem2003 1, 2506-2511. (b) Moore, J. A.; Ahlstrom, D.
H. J. Org. Chem1961, 26, 5254-5255. (c) Khartulyari, A. S.; Kapur, M.;
Maier, M. E. Org. Lett.2006 8, 5833-5836.
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164 (98) [M" — CH,CI], 137 (19), 136 (100) [M — COCHCI],
120 (73), 92 (42), 89 (42), 78 (79), 77 (47); MS (E8I (%) 212
[M*T — H]; HRMS (ESI) calcd for GH;O3N;3°Cl [M*+ — H]
212.0115, found 212.0131.

(E)-4,4-Dimethoxystilbene (4€)%°¢ colorless solidR 0.55 (P/
EtOAc= 10:1);'H NMR (CDCls, 360 MHz)¢ 3.83 (s, 6 H), 6.89
(d,J=18.6 Hz, 4 H), 6.93 (s, 2 H), 7.43 (d,= 8.6 Hz, 4 H);13C
NMR (CDCls, 91 MHz) 6 55.3 (2x CHg), 114.1 (4x CH), 126.2
(2 x CH), 127.4 (4x CH), 130.5 (2x Cg), 159.0 (2x Cg); GC-
MS (El) m/z (%) 240 (100) [M], 225 (53), 165 (19), 153 (14).

4-(2-Nitrobenzyl)thiazol-2-ylamine (5):dark brown oil;R; 0.40
(CH,Cl,/MeOH = 20:1);*H NMR (CDCl;, 360 MHz)¢ 4.21 (s, 2
H), 6.09 (s, 1 H), 7.347.39 (m, 2 H), 7.49-7.54 (m, 1 H), 7.92
(dd,J = 1.1 Hz,J = 8.6 Hz, 1 H);'3C NMR (CDCk, 91 MHz) 6
34.7 (CH), 104.8 (CH), 124.8 (CH), 127.6 (CH), 132.3 (CH), 133.0
(CH), 133.9 (G), 149.0 (@), 167.8 (G), one G signal missing
due to overlap; MS (ESlinz (%) 236 [M* + H]; HRMS (ESI)
calcd for GoH1002N3%2S [M+ + H] 236.0488, found 236.0485.
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