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undergo substitution by chloride ion to provide the correspond-
ing alkyl chloride instead of the ketofe® This mode of

jdchisho@syr.edu reactivity can also be accessed by performing the reaction at
_ higher temperatures. Chlorination of inddlemnd aromatic
Receied June 6, 2007 ringsi® has also been reported in the presence of dimethylichlo-

rosulfonium chloride, the active reagent in the MoffeBwern
oxidation. Further, the use of excess reagent may result in the
formation of a-chloro ketones in some systeAtsSuch halo-

o} ) . .
OH  XCOCOX (3 equiv) X genation has not previously been observed with any unsaturated
DMSO (4 equiv) ketones.
then Et;N X =Cl 88% . . .
N | CHZCF2 cl X = Br 72% The direct, on_e-pot conversion of allylic alcoHalo a—chlor_o _
-78°C -t enone3 results in a rapid increase of molecular complexity in

d@ single flask under mild reaction conditions. Adventitiously
this route allows for the formation of the-halo ketone in a
single step from a stable starting material, unlike direct
halogenation of highly polymerizable keto@¥ or methylena-

Aryl allylic alcohols are converted to halogenated unsaturate
ketones or allylic halides using excess MoffaBwern

reagent. Electron-poor aromatic rings favor formation of the
halogenated ketone, while electron-donating substituents iNtion of the hydrolytically sensitivea-halo ketoné3 The

the ortho or para positions favor formation of the allylic  1,55genated enone product possesses multiple functional groups
hghde. The omdaﬂon/halogenatlon reactlor_1 perform_s.well that may be elaborated in a variety of ways (1,2-addition, 1,4-
with both oxalyl chloride and oxalyl bromide, providing aqgition, transition-metal-mediated coupling, etc.). Access to
access to the corresponding chlorides or bromides, respecsjmilar a-halogenated enones allows for exploration of their use
tively. in a number of synthetic projects involving natural products
and diversity-oriented synthests.A study was therefore
undertaken to define reaction conditions that favor the formation
of a-chloro a,5-unsaturated ketong

Tandem reactions play an increasingly important role in
synthetic organic chemistry. With highly complex structures . .
available using stepwise synthetic methods, attention has become, Treatmentl of al!yllcfalcorﬁl Lr]“nde(; Mof;atzt—Swgrn ?OSSI"S o
focused on ways to increase efficiency, decrease costs, an |on§dus(|inlg i e(gzwy 05600;(3){ lcd Olr' € an’th e(llg(';/ of id of
minimize environmental impact. With their ability to perform Er?v' € t?jcl)(nt rg: T blo yl'e taor;g IWI a. tohyle 0 )
multiple transformations in a single operation, tandem reactions ?ogelnisl ehl (_ado (daDh(/eISben ryd ) ?r(l:reasm? € amoun d
improve efficiency by using less solvent and decreasing the '?h oxaly Ct o? he lan ted k lise n | f (rje?c |onth|ncreast§
number of necessary purification steps. In turn this leads to € amount ol halogenated Xetone i1solated Irom the reaction
decreased costs with regard to chromatography absorbents(em”es 2-4). No ketone OX|dat|on_products were detectt_ed in
manpower, and waste disposal. Demand for more efficient and)[he absence of DMSO (entry 5); instead, a complex mixture

lower cost chemical processes has resulted in the increased"as obtained. Typically the reactions were allowgd to warm to
development of tandem reactions for chemical synthesis in room temperature after addition of the triethylamine (the final

recent year$:?
Investigations in our laboratory have revealed an unusual (4) Tidwell, T. T. Org. React.199Q 39, 297.

o . . _ (5)Kende, A. S.; Johnson, S.; Sanfilippo, P.; Hodges, J. C.; Jungheim,
tandem oxidation/halogenation reaction that occurs under Mof- | 7 3% oo 504986 108 3513.

fatt—Swern oxidation conditions. An unrelated project in our  (g) Lawrence, N. J.; Crump, J. P.; McGown, A. T.; Hadfield, J. A.
group required the use of phenyl vinyl ketong).(This Tetrahedron Lett2001, 42, 3939.

compound is not commercially available because of its pro- 44(1)1'21"5‘““30' A. J.; Brownfain, D. S.; Swern, D. Org. Chem1979

pen_sity to polymerize. Oxidation of commercially available (8) Dolan, S. C.; MacMillan, JJ. Chem. Soc., Perkin Trans.1D85
o-vinylbenzyl alcohol 1) was performed using MoffattSwern 12, 2741.

conditions to provide ketone for our purposes. While ketone (9) Langlois, Y.; Pouilhes, A.; Genin, D.; Andriamialisoa, R. Z.; Langlois,
2 was obtained as the major product, a modest amount of the'\: Terahedronl98g 39, 3755.
was jor p , (10) Olah, G. A.; Ohannesian, L.; Arvanaghi, M.; Loker, D. P.; Loker,

correspondingx-chloro ketone3 was also detected. K. B. Synthesis 986 868.
The Moffatt—Swern oxidation usually proceeds in high yield (11) Smith, A. B., lll.; Leenay, T. L.; Liu, H. J.; Nelson, L. A. K.; Ball,

; ; . . . G.Tetrahedron Lett1988 29, 49.
with no side reactions; however, some substrates have beerl? (12) Chow, Y. L.. Bakker, B. HCan. J. Chem1982 60, 2268.

(13) Rodrigues, J. A. R.; Siqueira-Filho, E. P.; de Mancilha, M.; Moran,

(2) Nicolaou, K. C.; Montagnon, T.; Snyder, S. Bhem. Commur2003 P. J. S.Synth. Commur2003 33, 331.

551. (14) For an example of heterocycle formation using halo ketones such
(2) Tietze, L. F.Chem. Re. 1996 96, 115. as3 see: Henry, N.; Sanchez, |.; Sabatie, A.; Beneteau, V.; Guillaumet,
(3) Mancuso, A. J.; Swern, D5ynthesid 981 165. G.; Pujol, M. D.Tetrahedron2006 62, 2405.
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TABLE 1. Optimization of the Oxidation/Halogenation Reaction

cr | o

OH o} St cr
7
OH CcIcocoC o Q Ph)ﬁ Moffatt-Swern Ph)H o>, Ph)k[\ +
Z DMSO . cl | | =cl
—_— 1 2 4
then Et;N |
1 CH,Cl, 2 3 l
-78°C - rt
ClCcococClI DMSO yield of yield of 0 0
entr amt (equiv amt (equiv, 2 (% 3 (%
y (equiv) (equiv) (%) (%) Ph)f\”/m <EuN o cl
1 1 2 56 10 3 5
2 2 2 34 55 Cl
3 2 3 10 78 _ o _
4 3 4 6 81 FIGURE 1. Proposed mechanism of the tandem oxidation/halogenation
5 2 0 0 0 reaction.
62 3 4 24 61 _ _
7 1 2 78 7 used in the halogenatidfibut cannot be completely excluded

aThe EgN was precooled te-78 °C before addition, and the reaction
was quenched at 78 °C with MeOH/H0 after 1 h.? One equivalent of
BnE&NCI was added.

as the conditions used in this transformation are quite difféfent.
With conditions in hand that provide-chloro ketone3

selectively and in good yield, the generality of the tandem

oxidation/halogenation reaction was examined with respect to

step of the reaction sequence; see the Experimental Section fogubstituents on the aromatic ring. Electron-withdrawing groups
details). To determine the effect of temperature on the oxidation/ in the metaand para positions of the aromatic ring were well
halogenation, precooled triethylamine was added and thetolerated, providing good yields of the chlorinated ketones

reaction quenched at78 °C with methanol. Though the

(Table 2, entries 26). Conversely, substrates with electron-

reaction proceeds more slowly, both halogenation and oxidation withdrawing groups in theortho position gave only trace

occur at—78 °C (entry 6). Addition of an exogenous chloride ~amounts of product (entries 7 and 8), the balance of the material
source was also explored to see whether this would lead to morebeing made up of a complex mixture. No nonhalogenated ketone
chlorinated product, but this had little effect on the reaction Product could be detected in this mixture. Steric effects may
(entry 7). slow the oxidation of the more hindered allylic alcohol2i

The results in Table 1 suggest that phenyl vinyl ketd)eg and 28, leading to the decreased yields of the product. While
an intermediate on the reaction pathwaytdThis hypothesis  unfunctionalized and electron-poor substrates prouidloro
is supported by the observation that at no time was any @,3-unsaturated ketones, the presence of an electron-donating
halogenated allylic alcohol detected as a product from thesegroup on the aromatic ring can completely change the course
reactions. Further support was provided by treatment of ketoneof the reaction. For example, the presence of a methoxy
2 under Moffatt-Swern conditions, which provided halogenated Ssubstituent at thenetaposition results in the expected haloge-

ketone3 in 75% vyield (eq 2).

0 CICOCOCI (2 equiv) 0
DMSO (3 equiv) cl
| then EtsN
2 CH,Cl, 3
78°C -1t

75% (2)

With clear evidence that vinyl ketoreis an intermediate, a

nated ketone9, while a methoxy group in thertho or para
position instead results in formation of the allylic chloride
(entries 10 and 113

The formation of allylic chloride82 and 35 is difficult to
explain from the corresponding ketone, as a reduction would
have to take place under oxidative conditions. While dimeth-
ylchlorosulfonium chloride has been used to transform allylic
alcohols to allylic chlorided?2° typically only oxidation

mechanism for the reaction is shown in Figure 1. First, the Products are seen when triethylamine is added at low temper-
alcohol is oxidized to the ketone. The excess dimethylsulfonium ature? Formation of the allylic chloride can be explained by

chloride then reacts with ketor®& forming a chloronium ion,
which is opened by chloride ion to provide dichloriieBase-
induced elimination of the dichloride then provides ket8tié

interruption of the Moffatt-Swern oxidation by carbocation
formation after activation of the alcohol (Figure 2). Addition
of chloride ion to the cation provides the allylic chloride. The

This mechanism is consistent with previous studies on electro- divergence of reactivity among allylic alcohdd2, 35, and1
philic chlorination of unsaturated ketones, which takes place in May be explained by carbocation formation only when a strong

the presence of an acid scavenger such as triethylathiFiee

electron-donating group is present at drého or para position

second possibility of an addition/elimination mechanism initiated ©f the aromatic ring, which can stabilize the resulting carboca-
by conjugate addition of chloride ion has been ruled out for tON. ) ) )
simple unsaturated ketones when pyridine and chlorine gas are Preparation of the corresponding bromides was also explored,

(15) Exposure of keton2 to the reaction conditions without addition of
triethylamine produced 3-chloro-1-phenyl-1-propanone in high yield. This
is consistent with literature reports on the reaction of ket®néth HCI;
see: Heasley, V. L.; Shellhamer, D. F.; Carter, T. L.; Gipe, D. E.; Gipe, R.
K.; Green, R. C.; Nordeen, J.; Rempel, T. D.; Spaite, D.Twtrahedron
Lett. 1981, 22, 2467. Triethylamine functions as a HCI scavenger as well
as a base for elimination of the dichloride.

(16) Heasley, V. L.; Elliott, S. L.; Erdman, P. E.; Figueroa, D. E.; Krosley,
K. W.; Louie, T. J.; Moore, H. B.; Mudge, B. P.; Nogales, D. F.; Nordeen,
J.; Oakes, M. L.; Rosbrugh, J. W. J.; Sauerbrey, A. M.; Shibuya, T. Y,;
Stanley, M. S.; Stewart, C. C.; Shellhamer, D. F.; Heasley, G. Ehem.
Soc., Perkin Trans. 2991, 393.

as bromides are often of greater utility in metal-catalyzed cross-

(17) The intermediacy of am-chloro{3-dimethylsulfonium carbonyl
compound was also considered, but given its slow rate of formation in
nonpolar solvents such as methylene chloride, this hypothesis was discarded.
See ref 12 for a discussion on the rate of formation of similar intermediates.

(18) Reaction of 1-(4-tolyl)-2-propen-1-ol with oxalyl chloride, DMSO,
and EgN also gave the corresponding allylic chloride product (E}¢3-
chloro-1-propenyl]-4-methylbenzene) in 75% yield.

(19) Kato, N.; Nakanishi, K.; Takeshita, Bull. Chem. Soc. Jpri986
59, 1109.

(20) Corey, E. J.; Kim, C. U.; Takeda, Metrahedron Lett1972 42,
43309.
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TABLE 2. Formation of a-Halo Unsaturated Ketones from Allylic

Alcohols cr N
OH . C|/S\ F = =
XCOCOX (3 equiv) o 3 —
A DMSO (4 equiv) X MeO 37 MeO 38
T then Et,N Ar o
CH,Cly, -78°C - t X=ClorBr lcr
Entry Starting Alcohol Product
OH o} NN
1 X 3 =Cl 81% /©/;/\
| 6 =Br 73% MeO
1
OH o FIGURE 2. Mechanism of allylic chloride formation.
F. F X - N
CNT Y nem s
7 OH  CICOCOCI (3 equiv) o]
DMSO (4 equi
OH o] Ph @ equh) Ph 88%
Cl cl X 39 | then Et;N a0
3 11=Cl 86% CH,Cl,, -78°C - 1t
| 12 = Br 76%
10
OH CICOCOCI (3 equiv) o}
OH 0 P DMSO (4 equiv) A
4 X g=cl s8% a» then ELN P Y .
| 15=Br 71% CHaCly, -78°C - 1t
cl 13 cl
OH (0] OH CICOCOCI (3 equiv) /\/(li
X o DMSO (4 equiv) A
= = 10%
Br 16 Br 43 CH,Cly, -78°C - 1t
OH 0

required for the tandem reaction, with the aromatic ring
20 = Cl 71% increasing the reactivity of the alkene toward halogenation.

(2]
o
~
=z
g
x

21=Br 60%
O,N Introduction of a substituent on the alkene also impedes the

cl OH o o course of the oxidation/halogenation reaction. Substitution at
232Gl 229 the o position of the alkene effectively stops the halogenation

24 =Br 11% reaction due to sterics, producing ketof2with no trace of
the dichloride. Substituents at tffgposition favor substitution

S5
3

O,N OH ON O by chloride ion as they help stabilize carbocation intermediates.
8 X 28=Cl 4% For example, reaction of allylic alcohdB provided a mixture
25! 27 = Br38% of products which did not include the halogenated or unhalo-
genated ketone. A small amount of allylic chloridd was
OH o} > A
isolated from this mixture.
g MeO MeO. X 29 = Cl 65% . . .
| 30 Br 01% In summary, we report a tandem oxidation/halogenation
28 sequence for aryl allylic alcohols using excess Moff&twern
OH reagent. The reaction provideshalo a,5-unsaturated ketones
10 N 32=Cl 73% in a single step from their corresponding aryl allylic alcohols.
x 32= o , .
31| /@M 33=Br 0% Electron-withdrawing groups are tolerated at ¢inho andpara
MeO MeO positions of the aromatic ring, and electron-donating substituents
MeO  OH MeO are tolerated at thenetapositions. Botha-chloro enones and
1 N"“x 35=Cl 83% o-bromo enones can be accessed by using the appropriate
34| 36=Br 0% activating agent for DMSO, providing highly functionalized

substrates for use in further synthetic manipulations. Care should
be taken in planning the oxidation of highly activated allylic
alcohols under Moffatt Swern conditions, as the formation of
coupling reactions. Use of oxalyl bromide instead of oxalyl several side products can result.

chloride provided the correspondiegbromoa,3-unsaturated

ketones in good yields. Attempting to form the corresponding gxperimental Section

allylic bromide from allylic alcohol81 and34 using the more ]

reactive oxalyl bromide was unsuccessful. The presence of a 2-Chloro-1-phenyl-2-propen-1-one (3)A flame-doned flask was
nucleophilic aromatic ring and a highly electrophilic allylic ~charged with dry CELCI; (8 mL) and cooled to-78°C with a dry

. - : ice/acetone bath. Oxalyl chloride (364, 4.17 mmol) was then
it;\r;r;l;cée led to the formation of numerous polymeric products added followed by DMSO (0.394L, 5.55 mmol). The reaction

) . was kept at—78 °C for 15 min, after which timex-vinylbenzyl
The USQ of alkyl' allylic a!cohols under the oxidation/ alcohol (1) (186 mg, 1.39 mmol, dissolved in 3 mL of dry GH
halogenation conditions provided only theS-unsaturated ;) was added. The reaction was kept-&28 °C for 1 h, after
ketone with no incorporation of the halogen (Scheme 1). The which time triethylamine (1.16 mL, 8.33 mmol) was added and
presence of an aryl group vicinal to the ketone appears to bethe reaction allowed to warm to room temperature over 30 min.
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The reaction mixture was then poured over icedcblIM HCI and
extracted with hexanes. The combined extracts were drieg- (Na
SOy and concentrated. Purification of the residue by silica gel
chromatography (10% ethyl acetate/hexanes) §av@90 mg, 81%
yield) as a yellow oil accompanied by phenyl vinyl ketor#2{
(12 mg, 6% yield).

2-Chloro-1-(4-chlorophenyl)prop-2-en-1-one (14)A flame-
dried flask was charged with dry GHI, (8 mL) and cooled to
—78°C with a dry ice/acetone bath. Oxalyl chloride (282, 3.35
mmol) was then added followed by DMSO (34L, 4.46 mmol).
The reaction was kept at78 °C for 15 min, after which time allylic
alcohol13 (188 mg, 1.11 mmol, dissolved in 3 mL of dry GEl,)
was added. The reaction was kept-at8 °C for 1 h, after which
time triethylamine (0.93 mL, 6.68 mmol) was added and the reaction
allowed to warm to room temperature over 30 min. The reaction
mixture was then poured over ice-ddl M HCI and extracted with
hexanes. The combined extracts were dried,fT3) and concen-
trated. Purification of the residue by silica gel chromatography (10%
ethyl acetate/hexanes) gatd (200 mg, 88% vyield) as a thick
yellow oil: TLC R = 0.49 (10% ethyl acetate/hexanes); IR (film
from CH,Cl,) 3116, 1677, 1588, 1486, 1401 ctnH NMR (300
MHz, CDCk) 6 7.74 (d,J = 9.3 Hz, 2H), 7.45 (dJ = 9.0, 2H),
6.28 (d,J = 2.1 Hz, 1H), 6.08 (dJ = 2.1 Hz, 1H);'3C NMR (75
MHz, CDCl) 6 188.7, 139.9, 138.3, 134.0, 131.1, 129.0, 126.4.
Anal. Calcd for GHgCl,O: C, 53.77; H, 3.01. Found: C, 53.50;
H, 3.01.

2-Bromo-1-(4-chlorophenyl)prop-2-en-1-one (15)A flame-
dried flask was charged with dry GHI, (8 mL) and cooled to
—78°C with a dry ice/acetone bath. Oxalyl bromide (287, 3.15
mmol) was then added followed by DMSO (0.249, 4.20 mmol).
The reaction was kept at78 °C for 15 min, after which time allylic
alcohol13 (177 mg, 1.05 mmol, dissolved in 3 mL of dry GEl,)
was added. The reaction was kept-ait8 °C for 1 h, after which
time triethylamine (0.88 mL, 6.30 mmol) was added and the reaction
allowed to warm to room temperature over 30 min. The reaction
mixture was then poured over ice-ddl M HCI and extracted with
hexanes. The combined extracts were dried,fT3) and concen-

(21) Modaral, B.; Khoshdel, El. Org. Chem1977, 42, 3527.
(22) Lee, P. H.; Lee, S. W.; Seomoon, Org. Lett.2003 5, 4963.
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trated. Purification of the residue by silica gel chromatography (10%
ethyl acetate/hexanes) gaté (184 mg, 71% vyield) as a thick
yellow oil: TLC R = 0.47 (10% ethyl acetate/hexanes); IR (film
from CH,Cl,) 3103, 1673, 1589, 1486, 1401, 1387 ¢mH NMR
(300 MHz, CDC}) 0 7.78 (d,J = 8.7, 2H), 7.46 (d,J = 8.4 Hz,
2H), 6.52 (dJ = 2.4 Hz, 1H), 6.44 (dJ = 2.4 Hz, 1H);'3C NMR

(75 MHz, CDC}) ¢ 189.2, 140.0, 133.5, 131.4, 130.2, 129.1 (only
six resonances are seen'ic NMR due to overlapping signals).
Anal. Calcd for GHeBrCIO: C, 44.03; H, 2.46. Found: C, 44.12;
H, 2.30.

(E)-1-(3-Chloroprop-1-enyl)-2-methoxybenzene (35A flame-
dried flask was charged with dry GHEI, (8 mL) and cooled to
—78°C with a dry ice/acetone bath. Oxalyl chloride (287, 3.30
mmol) was then added followed by DMSO (34, 4.40 mmol).
The reaction was kept at78 °C for 15 min, after which time allylic
alcohol13 (180 mg, 1.10 mmol, dissolved in 3 mL of dry GEly)
was added. The reaction was kept-at8 °C for 1 h, after which
time triethylamine (0.92 mL, 6.60 mmol) was added and the reaction
allowed to warm to room temperature over 30 min. The reaction
mixture was then poured over ice-ddl M HCI and extracted with
hexanes. The combined extracts were driecb@g) and concen-
trated. Purification of the residue by silica gel chromatography (10%
ethyl acetate/hexanes) ga86 (167 mg, 83% vyield) as a yellow
oil: TLC R = 0.11 (10% ethyl acetate/hexanes); IR (film from
CHCl,) 3002, 2957, 2837, 1676 crhh *H NMR (300 MHz, CDC})

0 7.41 (dd,J = 7.8, 1.8 Hz, 1H), 7.23 (m, 1H), 6.96 (d,= 16.5

Hz, 1H), 6.88 (m, 2H), 6.33 (di = 15.9, 7.5 Hz, 1H), 4.23 (dd,
J=7.5, 1.2 Hz, 2H), 3.81 (s, 3H}3C NMR (75 MHz, CDC}) ¢
157.1, 129.5, 129.3, 127.4, 125.7, 125.0, 120.8, 111.0, 55.6, 46.3.
Anal. Calcd for GoH1,CIO: C, 65.76; H, 6.07. Found: C, 65.84;

H, 6.15.
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