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The use of hydrohalic acids as green halogenating agents has 14 ®
been inspired by the activity of haloperoxidase enzymes that
catalyze halogenation reactions by oxidizing halides with hydrogen < 08 ¥
peroxide! This has also led to extensive research activity in the ® 0.6 - ¥ ¥
area of functional and structural mimics of these enzymes, with @ . ¥ - n
emphasis on bromoperoxidase modettaloperoxidase reactions 5041 u m U
are based on the concomitant oxidation of a halide (e.qg), @ith © o2l mm n
H,O, and halogenation of substrates (e.g., arenes), e@s 1
0 It %
HCI + H,0, — HOCI + H,O (1) 0 50 ﬂi(_, 150 200 Y 900
ime, min
HOCI + HCl = Clz + Hzo (2) Figure 1. Oxychlorination of anisole and toluene with HCW®; in TFE
. and EtOH. Reaction conditions: 1 M At M HCI, 5 M H;O,, 10.6 M
ArH + Cl, = ArCl + HCI (33)  {,0in TFE or EOH, 25°C. x, anisole (TFE)k = 2.21x 104 M1 51
and/or (r2=0.98); @, toluene (TFE)k = 2.09x 104 M~1s1 (r2=0.99);m,

anisole (EtOH)k = 9.43x 104 M~1s71 (r2= 0.98); x, toluene (EtOH),
ArH + HOCI— ArCl + H,O (3b) k=1.83x 107 M~ts (12 = 0.83).
For oxychlorination, it is possible to oxidize chloride under acidic The reaction is initially cleanly second order (ArH and HCI) in
conditions in the absence of a catabtstobtain HOCI and/or GJ* the presence of excess,® (second-order rate constants were
these oxidized species can then be reacted in situ with substrategalculated, Figure 1). One may note several key differences between
such as arenes to yield chlorinated products. It is, however, normally the reactions in TFE and EtOH. First, the reaction rates are
essential for the substrate to be highly active in the chlorination essentially the same for anisole and toluene in TFE. Second, anisole
reaction to avoid competitive fast reduction of the oxidized chlorine reacted only twice as fast in TFE versus EtOH, while for toluene
species, eq 4. the rate was accelerated by 3 orders of magnitude. Third, only
anisole reacted in reactions where mixtures of anisole and toluene
(0.5 M each) were used as substrates. Fourth, in EtOH, the
N . ., chlorination of anisole considerably deviated from the second-order
The synthetic utility of HCI/HO, as a general and “green” (no profile after 3.5 h, and the reaction did not proceed beye68%
halide waste) chlorination method is limited by the facts that (a) even after 1 week: however, in TFE, the reactions were cleanly
only very reactive substrates can be used (rate eqrate 4 4)  second order to completion. Fifth, there was no deuterium isotope
and (b) a large excess of HCI is needed for complete CONVErsion gact for the oxychlorination of toluene/tolueng-in TFE:
of the organic substrafeyide infra. Recently, it has been found however, there was an isotope effekt/ko = 4.9 + 0.3, for
that polyfluorinated alcohol solvents can activa®kland facilitate oxychlorilnation for HCHH,O/DCI-D,0. Finally, by titr:';ltion
epOX|dat|o_n reactlon_%.N.otabIe rgte en_hancements were also analysis, there appeared to be no significant nonproductive decom-
observed in other oxidation reactions with®4 upon addition of position of HO,
typical catalystd. Theoretical calculations showed that the catalytic The results -obtained indicate the following: (a) anisole is
effect of .the pqufluorlnated alcohol in epoxidation with® is a _inherently much more reactive than toluene in electrophilic aromatic
result of its action as a complementary charge template that Stab"'chlorination p = ~ —9)* this difference was verified for oxy-
. . . 18 ;
izes the transition state (TS) of the reaction by&kcal mol™® .y, nation by using anisole/toluene mixtures. Thus, TFE acts
Now we report that_trlfluoroethanol as solvent catalyzes chlor_lr_1at|<_)n mainly to accelerate the chlorination of toluene to a very significant
of arenes bya}3|mllar complemen.tary charge template stablllzatloneXtent (<1000), and, as such, the rate-determining step in TFE
of the TS. This allows the extension of the use of HGOxas a becomes the formation of the active chlorinating species (egs 1
high yield chlorinating agent for arene substrates that do not undergoand 2), precisely as for anisole. This conclusion is strongly
oxychlorination in other solvents. supported by thé/ko = 4.9 for HCHH,0/DCI-D,0. (b) TFE
The cataly_tlc effect qf trifluoroethanol (TFE) as solvent as has only a minor effect (a factor of 2) on the formation of the active
compared to its nonfluorinated analogue, ethanol, in the oxychlo- chlorinating species as compared to EtOH. (c) TFE, however
rination of two representative arenes, anisole and toluene, with HCI/ supports the oxychlorination of arenes to completio’n of HCI '
H0; is presented in Figure 1. whereas in EtOH, the reaction stops at80%. The cessation of
the reaction in EtOH (anisole) is not related to nonproductive
decomposition of the active chlorinating species@kis not lost),

[Cl] x + H,0, — 'O, + HCl + H* (4)
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Table 1. Oxychlorination of Arene with HCI/H20z in system or the one coordinated by EtOH§ kcal/mol. The bottom
a . . . . .
Trifluoroethanol geometries and charge distribution (NBO charges) in the three TS’s
substrate yield, mol % product show that TFE stabilizes the polar TS by acting as a charge template
benzene 73 chlorobenzene (100) with charges complementary to those in the TS. Thus, the OH group
toluene >99 f-cgllorottolluene ((632)) stabilizes the departing Cby an OH- - -Ct hydrogen bond, while
-chiorotoluene : : HR it
ethylbenzene =99 2-chloroethylbenzene (33) the negative fluorine s_tablllze§ the positively charged*_(lhat
4-chloroethylbenzene (67) attacks the benzene ring. This charge complementarity can be
cumene >99 f-crt:llorocumene ((723)) contrasted with the adverse effect of ethanol. Here, while EtOH
-chlorocumene ili H e i H i H
i-butylbenzene 08 2-chloriso-butylbenzene (25) caén+ §tablllze_the departing Cll_t§ interaction with the attacking
4-chloroiso-butylbenzene (75) Cl°* is repulsive due to the positive charges on the hydrogen atoms
t-butylbenzene >99 2-chlorotert-butylbenzene (15) of the CH; group. Thus, TFE catalyzes the chlorination by providing
4-chlorotert-butylbenzene (85) a complementary charge template to the TS, thereby enabling
p-xylene 98 2-chlorge-xylene (100) hiorinati ¥ tivat e
mesitylene ~99 chloromesitylene oxychlorination of less activate aren§s.
chlorobenzene 23 1,4-dichlorobenzene (67) Acknowledgment. The research was supported by the Israeli
1,2-dichlorobenzene (33) Ministry of Science. R.N. is the Rebecca and Israel Sieff Professor
aReaction conditions: 1 M ArH, 1.5 M HCB M H,0;, 8.1 M H,0 in of Organic Chemistry.
TFE, 25°C, 15 h. Supporting Information Available: Details of the B3LYP/6-

but rather it is because of low™Hconcentrations. Therefore, the  311+G* results (PDF). This material is available free of charge via
polyfluorinated alcohol has a dual function in the nonmetal- the Internet at http://pubs.acs.org.
catalyzed oxychlorination of arenes; it catalyzes electrophilic

chlorination of less reactive arenes and oxidation of chloride at R?I?rzer)chesl A Walker, 3. VChem. Re. 1993 93, 1937, (b) F
a, utler, alker, em. Re. ranssen,
lower H" concentrations. In practice, TFE can be used as solvent ’C.R.. van der Plas. H. OAdo. Appl. Microbiol. 1992, 37, 41.

to oxychlorinate a series of normally nonreactive arenes, Table 1. (2) Afew examples (a) Sels, B.; de Vos, D.; Buntinx, M.; Pierard, F.; Krish-
; ; ; DeMesmaecker, A.; Jacobs m’aturelgga 400, 855. (b) Walker J.V,
_It may be_observed that benzene and its aIkyIated_ derivatives react Morey, M - Carlsson. H.: Davidson. A.: Stucky. G D.. Butler A Am.
in high yields at room temperature. Even deactivated substrates Chem.1997 119 6921. (c) De la Rosa, R. I.; Clague, M. J.; Butler, A.
d i - J. Am. Chem. Sod992 114, 760. (d) Colpas, G. J.; Hamstra, B. J,;
such a; chlorobenzene were somewhat reactive, although nitroben Kampf, 3. W.- Pecoraro, V. LJ. Am. Chem. Sodo96 118 3469. ()
zene did not reacf Clague, M. J.: Butler, AJ. Am. Chem. Sod.995 117, 3475.
(3) Barhate, N. B.; Gajare, A. S.; Wakharkar, R. D.; Bedekat, A. V.
001 Tetrahedron Lett1998 39, 6349.
. %3501 (4) The active species is not definitively known, and other chlorinating species,
i 60 for example, GIO and HOCI*, may be con5|dered cf.. Swain, C. G,;
" \ D) Crist, D. R.J. Am. Chem. S0d972 94, 3195.

b : (5) Held, A. M.; Halko, D. J.; Hurst, J. KI. Am. Chem. So&978 100, 5732.
wamnsy ?:“lq;;) (6) (a) Neimann, K.; Neumann, Rorg. Lett.200Q 2, 2861. (b) van Vliet,
SIS ‘-r) % - M. C. A.; Arends, |I. W. C. E.; Sheldon, R. ASynlett2001, 248. (c)

. ‘_) Legros, J.; Crousse, B.; Bonnet-Delpon, D.;,gBg J.-P.Eur. J. Org.
Y K Chem.2002 3290.
Isalsted r‘(JJ \\ B (7) A few examples: (a) Berkessel, A.; Andreae, M. R. M.; Schmickler, H.;
_ . ot F R Y Lex, J.Angew. Chem., Int. EQ002 41, 4481. (b) van Viiet, M. C. A.;
et 00 S Arends, I. W. C. E.; Sheldon, R. &Zhem. Commurl999 821. (c) Iskra,
o Cl-X J.; Bonnet-Delpon, D.; Beig J. P.Tetrahedron Lett2002 43, 1001.
(8) de Visser, S. P.; Kaneti, J.; Neumann, R.; Shaik]. org. Chem2003

4070159 [11.7)
—
STS(bare) .

e, Imi2

68, 2903.
Y (9) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry- Part A
sl L X Kluwer/Plenum: New York, 2000; p 575.

(10) The reactivity trends as a function of the electronic properties of the sub-
stituents as well as thgaradirecting effects of bulky substituents are clearly
consistent with electrophilic substitution. The substrates, for example,
p-xylene or mesitylene, are not isomerized under the reaction conditions.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

TSCIFE) M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K;

py =000 o-mo
# Gy, = D08 1‘:29@; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
%ag [ Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
;433

TS(EOH)

Cpy =052

Guo008 i m 000 Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
o 01 2,084 T.; Al-Laham, M. A.; Peng, C. Y., Nanayakkara, A.; Gonzalez, C;
00! @ Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
ﬂ;' W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, Ha@ussian
001 ’ Pt 98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
Intl(b) 0.9 (12) To ascertain that the trends in the barriers do not arise from global solvent
polarity effects, we calculated(Jaguar 4.1, Sdimger, Inc., Portland, OR,

Int1{EWOH) Intl(TFE) 2003 all of the processes in two dielectric constarts=(10.65, nonpolar
. —— . T solvent, and = 33.65, methanol). We used RB3LYP hybrid functional
Figure 2’_ Bond activation bar.rlers (kcal/mol) f_or the chlorination of and the 6-311G* basis set after benchmarking (Table S1). The critical
benzene: out of parentheses, in the gas phase; in parentheses, a solvent  species passed the stability test and did not reveal a lower unrestricted
with a dielectric constart = 10.65; in square brackets, a solvent wtir solution. The bare system led to the expected catianicomplex
33.65. X is EtOH or TFE. coordinated to Ci (see Supporting Information). The surface around this
intermediate is extremely flat, and our geometry scans show that it
To understand the catalytic effect of TFE on the electrophilic collapses either to the addition product or the substitution product. This
L L collapse is not the rate determining step (verified experimentallyo
chlorination of arenes, we used DFTo study the chlorination of deuterium isotope effect in the oxychlorination of toluene/tolués)e-
benzene by one of the conceivable active chlorinating specigs, Cl Therefore, in all reactions, we focused on the bond activation step which

. . L . is rate determining.
Figure 2 shows the energy profiles for chlorination in the bare (;3) imilar effects on the TS and similar experimental rate constants were

system, and with EtOH and TFE.t is seen that, irrespective of observed using hexafluoro-2-propanol instead of TFE as solvent.
the dielectric constant, TFE lowers the barrier relative to the bare JA0364524
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