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Vilsmeier reagents give (Z)-1-aryl-1-haloalkenes from aryl ketones bearing an electron-donating substituent at the ortho- or para-position.
These haloalkenes are intermediates in the Vilsmeier haloformylation of the aryl ketones. Another reaction mechanistic pathway is thus available
in certain Vilsmeier haloformylations, in competition with the commonly accepted route by way of an enaminoketone.

Vilsmeier reagents are halomethyliminium salts best known by chloride to a vinyl ether carbon of an iminium specres
for their use in the VilsmeierHaack formylation of activated = formed in electrophilic attack of the Vilsmeier reagent to
aromatic rings. The treatment of ketones with Vilsmeier the carbonyl group of the starting ketohé The formation
reagent leads generally to the formation gxhalovinyl- of iminium specied liberates HCI, catalyzing the enolization
aldehydes in a reaction often referred to as the Vilsmeier required.

haloformylation? It is generally accepted that the enolized We now report that Vilsmeier reagents furnish-(Zaryl-
ketone?2 is alkylated by the Vilsmeier reagent to form a 1-haloalkenes0a—i (Table 1, Scheme 2) from the corre-
B-N,N-dimethylaminovinyl keton8 that reacts further with  sponding ketoneSa—i5 The reaction requires an electron-
the Vilsmeier reagent to give a bisiminiumchloride

(Scheme 1). The labild is transformed into an iminium (3) (a) Mironov, A. F.; Kozhich, D. T.; Vasilevsky, V. I.; Evstigneeva,
intermediates and hydrolyzed into thg-chlorovinylaldehyde R. P.Synthesid979, 533-535. (b) Prim, D.; Joseph, D.; Kirsch, Gebigs

6. The formation of chioroalken byproducts or main A9 222,245, (© Fulet . Waerek . Die, £z Natuforsey
products in Vilsmeier chloroformylation has been reported Chem. Soc., Perkin Trans.1985, 1127—1136. (e) Sciaky, R.; Pallini, U.
occasionally? It is assumed that these chloroalkenes do not Sazz. Chim. Ital1966,96, 1241—1253. (f) Marson, C. M., Giles, P. M.

. . . I ... Synthesis Using Vilsmeier Reagents; CRC Press: Boca Raton, FL, 1994;
act as intermediates but arise from a nucleophilic substitution pg 41—42. 9 g

(4) However, Comins et al. have recognized that 4-chloro-1,2-dihydro-

T Laboratory of Organic Chemistry. pyridines, which are cyclic chloroalkenes, were intermediates in the
* Laboratory for Instruction in Swedish. chloroformylation reaction of 2,3-dihydro-4-pyridones. See: (a) Al-awar,
(1) Vilsmeier, A.; Haack, AChem. Ber1927,60, 119. R. S.; Joseph, S. P.; Comins, D. Tetrahedron Lett1992, 33, 7635—

(2) (a) Arnold, Z.; Zemlicka, JProc. Chem. Sod.958 227. For reviews, 7638. (b) Al-awar, R. S.; Joseph, S. P.; Comins, DJ.LOrg. Chem1993,
see: (b) Marson, C. Mletrahedronl 992,48, 3659—3726. (c) Marson, C. 58, 7732—7739.
M.; Giles, P. M.Synthesis Using Vilsmeier Reager®RC Press: Boca (5) General Procedure for Synthesis ofZ)-1-Aryl-1-haloalkenes.To
Raton, FL, 1994; pp 83108. (d) Jones, G.; Stanworth, S. P.@mganic a solution of DMF (1.2 mmol) in 0.5 mL of C¥Cl, under argon at 0C
ReactionsOverman, L. E., Bittman, R., Ciganek, E., Curran, D., Denmark, was added POx(1 mmol) dropwise. After 30 min, the ketone (1 mmol),
S. E., Hegedus, L., Joyce, R. M., Martinelli, M. J., McCombie, S. W., Press, dissolved in 1 mL of CHCl,, was added dropwise to the Vilsmeier reagent.
J. B, Press, L. S., Rajanbabu, T. V., Rigby, J. H., Roush, W. R., Smith, A. The reaction mixture was allowed to reach room temperature and stirred
B., Wipf, P., Eds.; John Wiley & Sons, Inc.: New York, 2000; Vol. 56, as long as no starting material was detected on TLC. The reaction was

Chapter 2, 373384. (e) Juzt, CAdvances in Organic Chemistryin guenched with saturated NaOAc and extracted with@jd The organic
Iminiumsalts in Organic Chemistryraylor, E. C., Ed.; John Wiley: New layer was washed with brine and water and dried with,S\@; after
York, 1976; Vol. 9, Part 1, pp 225342. filtration, the solvent was evaporated.
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donating group at the orthor para-position to the carbonyl
group in the aromatic ring. It is interesting that the formation
B-halovinylaldehydes from aryl ketones by Vilsmeier reagent

IH NMR spectruny,and with10f, 5% of the E)-isomer was
detected. Bromoalkend®b, 10d, and10f readily form the
acetylenic compounds by cleavage of HBA\When the

has been reported frequently, but no haloalkenes wereformation of the (Z)-isomer was blocked as in the case of

observed.

Table 1. (Z)-1-Aryl-1-Haloalkenes Formed

10 R1 R2 R3 X yield? (%) 11° (%)
a OMe OMe H Cl 100 17

b OMe OMe H Br 93 6

c OMe OMe CHs; ClI 100 10

d OMe OMe CHz Br 100¢ 2

e N(CH3), H CH; ClI 78

f N(CH3), H CHz; Br 96°¢

g N(CH3), H H Cl 91 13

h H N(CH3)2 H Cl 95d

i OMe —(CH2)>— Cl 78¢ 2

aCrude product® Amount of the haloformylation produdtl in a crude
productH NMR spectrum ¢ With 10d and10f, 9 and 5% of thel)-isomer
were formed, respectiveliLOi is an (E)-alkene.d After overnight stirring,
40% of the starting material was recovered.

The stereochemistry of the double bond formed was
exclusively g)- for the chloro compounds. The stereochem-
istry was established by NOESY and one-dimensional
ROESY NMR experiments. A clear correlation was found
between the vinylic proton and the ortho proton in the
aromatic ring. Small amounts oEj-isomer were detected
in the *H NMR spectrum when POBrwas used. With
compoundl0d, 9% of the E)-isomer was detected in the

Scheme 2
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6-methoxytetralon&0i, the (B-isomer was obtained instead.
Requisite reaction times and temperatures depend on the
electron-donating ability of the substituenps(Dimethyl)-
aminoacetophenorsig reacted at OC in 2 min but methoxy-
substituted aromatic ketones needed stirring at room tem-
perature. At elevated temperatures, direct haloformylation
and formylation of the aromatic ring become competing
reactions. Meta-substituted and unsubstituted aryl ketones
failed to give haloalkenes, as did halo- or alkyl-substituted
aryl ketones. Correspondingthalovinylaldehydes and re-
covered starting material were obtained instgailethoxy-
acetophenone gave the correspondirghlorovinylaldehyde
as a main product and only 25% of the expected chloro-
alkene.

Use of excess Vilsmeier reagent with aryl ketoSes-i
leads tgs-halovinylaldehydes, although 1-aryl-1-haloalkene
intermediates can be detected when the reaction is monitored
on TLC or by 'H NMR. Similarly, when g)-1-aryl-1-
haloalkeneslOa—i are treated with the Vilsmeier reagent,
p-halovinylaldehydes are obtained. For example, whea
was reacted with 2 equiv of POLZIDMF, 3-chloro-3-(4-
dimethylaminophenyl)-2-methylpropenale was obtained
in 61% yield and in arE/Z ratic® of 1:6 (see Supporting
Information). Vilsmeier reagents are known to formylate
activated double bond&¢ This is clear evidence that
haloalkenes are primary intermediates in the haloformylation
reaction of suitably substituted aryl ketones.

(6) (a) Bodendorf, K.; Mayer, RChem. Ber1965,98, 3554—3560. (b)
Cox, M. T.; Holohan, J. JTetrahedron1975,31, 633—635. (c) Giles, P.
R.; Marson, C. MTetrahedron Lett1990,31, 5227—-5230. (d) Yang, Z.;
Liu, H. B., Lee, C. M.; Chang, H. M.; Wong, H. N. Q. Org. Chem.
1992,57, 7248—7257. (e) Kirsch, G.; Prim, D.; Leising, F.; Mignani,JG.
Heterocycl. Chem1994,31, 1005—1010. (f) Prim, D.; Fuss, A.; Kirsch,
G.; Silva, A. M. S.J. Chem. Soc., Perkin Trans.1®99, 1175—1180. (g)
Paul, S.; Gupta, M.; Gupta, RBynlett2000, 8, 1115—1118. (h) For the
formation of stilbene-type haloalkenes, see ref 3c.

(7) (E)-1-Bromo-1-(2,4-dimethoxyphenyl)propentd NMR (CDCl) 6
1.50 (3H, dJ = 6.96 Hz), 3.82 (3H, s), 3.85 (3H, s), 6.26 (1HJg+ 6.96
Hz), 6.45 (2H, m), 7.18 (1H, m).
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As regards the reaction mechanism, we suggest anfurther elucidate the mechanism involved, a more rigorous
electrophilic attack by the Vilsmeier reagent to the carbonyl study of the final, reversible, deprotonation step in Scheme
group of the aryl ketoné&2, followed by loss of the halide, 3 was carried out. A potential energy surface (PES) for
leading to the formation of a conjugated intermediate specieslOewas constructed (Figure 1), scanning the torsion
(Scheme 3). In the following step, nucleophilic addition by
the halide to the vinyl ether carbon restores aromaticity.
Cleavage of DMF fronl5in an E1-type process generates
the resonance-stabilized carbocati@which subsequently
loses a proton to give the final produtt.

To explain the high stereoselectivity of the reaction,
guantum-chemical density-functional calculations were per-
formed, using the Turbomole program package and its
standard basis set3he energy differences between tig-(
(cis) and (E)- (trans) isomers of produci®c—f were
calculated using the B3LYhybrid functional in conjunction
with a triple-¢ quality basis-set with polarization functions
on all atoms, TZVP. The effect of the solvent &, was
treated with the COSMO solvation modé&IThe relative
energies between the isomers correlate reasonably well with
the selectivity of £)-isomer; the smaller the energy difference
in favor of the @)-isomer, the less selective the reaction
becomes. For the chlorinated speci®sand10e the energy
differences between the isomers were found te-det and 0 20 40 60 80 100 120 7120 785 80 | $
—1.5 kcal/mol, respectively, and for the brominated species, .
10d and 10f, +0.2 and—1.1 kcal/mol, respectively. At the torsion angle
current computational level, thé&)-isomer corresponding

relative energy (kcal/mol)

: : Figure 1. Potential energy surface for the deprotonation sféj (
to _#])d IS aCtuaé|.¥f energet|callyhfavored. | h and17in Scheme 3) for specig®e Energies relative to the lowest
e energy differences are, however, not large enough t0gnergy conformation for each proton bond length are shown. For

be the sole explanation for the selectivity. Therefore, to the C1'~C1-C2-C3 torsion angle? @orresponds to theEj-
isomer and 180to the (Z)-isomer.

(8) (@) Turbomole V5-6. Ahlrichs, R.; Bdr, M.; Haser, M.; Horn, H.;
Kolmel, C. Chem. Phys. Lett1989, 162, 165—169. (b) Eichkorn, K.;
Treutler, O.; m, H.; Haser, M.; Ahlrichs, RChem. Phys. Lett1995,

240, 283-290. (c) Schéfer, A.; Horn, H.; Ahlrichs, R. Chem. Phys1992 angle C1'—C1—-C2-Ca3, and the bond length of the leaving
%’9251701072558723_(;)3335Chafer' A.; Huber, C.; Ahlrichs, RChem. Phys. 6100, The structures were relaxed and the energies evalu-
(9) (a) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ ated using the computationally less demanding-BP

1211. (b) Lee, C.; Yang, W.; Parr, R. 8hys. Rev. B 19887, 785—789. functionaft1%alland the split valence SVP basis set. From
(c) Becke, A. D.J. Chem. Physl993,98, 5648—5652. (d) Stephens, P. J.; P '

Devlin, F. J.; Chabalowski, C. F.: Frisch, M. J. Phys. Cheml994, 98, the start, theZ)-isomer is favored, the fully relaxed geometry
11623-11627. of intermediatel6 having a torsion angle of 104B3LYP/

(10) A dielectric constant of 9 and a solvent radius of 2.3 A were
used. (a) Klamt, A.; Schirmann, G.J. Chem. Soc., Perkin Trans1893,
799—-805. (b) Schafer, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert, (11) (a) Becke, A. DPhys. Rev. A 19888, 3098—3100. (b) Perdew,
F. Phys. Chem. Chem. Phy&000,2, 2187—2193. J. P.Phys. Rev. BL986,33, 8822—8824.
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TZVP, speciedlOe). The detachment of the proton quickly

In conclusion, the formation ofZ(-1-aryl-1-haloalkenes

makes this favoritism more pronounced. At the same time by Vilsmeier reagent is highly stereoselective. It is also
as the equilibrium torsion angle shifts even more toward the shown, unlike previously thought, that the Vilsmeier halo-
(Z2)-isomer, the transition to the (E)-isomer becomes more formylation reaction probably proceeds via a haloalkene
and more difficult as the double-bond character between Clintermediate when suitable conjugation to an electron-

and C2 increases. A clear pathway toward pure (Z)-isomer donating group is present. Another reaction mechanistic

can be discerned.
1-Aryl-1-haloalkenes are useful intermediates in organic

pathway is thus available in certain Vilsmeier haloformyl-
ations, in competition with the commonly accepted route by

synthesis. They have traditionally been synthesized by ay of an enaminoketone. A mechanism such as that

reacting ketones with Pglbut yields are often low and
complex mixtures may be forméd.Phosphorus trihalides
have also been usééiHaloalkenes have also been prepared
by addition to alkynes producing mostli)-alkenes as syn
adductst* 1-Substituted (Z)-1-chloro-1-alkenes can also be
produced by palladium-catalyzed Grignard coupfih&e-
cently, aryl-substitutedZ)-haloalkenes have been synthesized
from aryl ketones using acetyl halides in strongly acidic
solvent or with silica gel-supported zinc halidésThe
assignment of stereochemistry &-(on the basis oftH
NMR shift valued’” agrees with our NOESY and ROESY
NMR results (see Supporting Information).

(12) (a) Jacobs, T. L. I@rganic Reactions; Adams, R., Bachmann, W.
E., Blatt, A. H., Frieser, L. F., Johnson, J. R., Snyder, H. R., Eds.; John
Wiley & Sons, Inc.: New York, 1949; Vol5, pp 20—23. (b) Kagan, J.;
Arora, S. K.; Bryzgis, M.; Dhawan, S. N.; Reid, K.; Singh, S. P.; Tow, L.
J. Org. Chem1983,48, 703—706.

(13) Eszenyi, T.; Timar, T.; Sebok, Petrahedron Lett1991 32, 827—
828.

(14) Kropp, P. J.; Kimberlee, A. D.; Crawford, S. D.; Tubergen, M. W.;
Kepler, K. D.; Craig, S. L.; Wilson, V. PJ. Am. Chem. S0d.990,112,
7433—7434.

(15) Minato, A.; Suzuki, K.J. Am. Chem. S0d.987,109, 1257—1258.

(16) (&) Moughamir, K.; Mezgueldi, B.; Atmani, A.; Mestdagh, H.;
Rolando, C.Tetrahedron Lett.1999, 40, 59-62. (b) Kodomari, M.;
Nagaoka, T.; Furusawa, Yetrahedron Lett2001,42, 3105—3107.
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postulated in Scheme 3 can undoubtedly apply for the
previously reportetl anomalous chloroalkene formations
under Vilsmeier haloformylation conditioAg.
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