JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by The Libraries of the | University of North Dakota

Article

N-Halosuccinimide/BF-HO, Efficient Electrophilic
Halogenating Systems for Aromatics

G. K. Surya Prakash, Thomas Mathew, Dushyanthi Hoole,
Pierre M. Esteves, Qi Wang, Golam Rasul, and George A. Olah

J. Am. Chem. Soc., 2004, 126 (48), 15770-15776+ DOI: 10.1021/ja0465247 « Publication Date (Web): 12 November 2004
Downloaded from http://pubs.acs.org on April 5, 2009

EWG EWG

NXS, BF3-H,0 | AN «
0-105 °C =

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 2 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0465247

A\C\S

ARTICLES

Published on Web 11/12/2004

N-Halosuccinimide/BF 3—H,0, Efficient Electrophilic
Halogenating Systems for Aromatics

G. K. Surya Prakash,*™ Thomas Mathew," Dushyanthi Hoole,T Pierre M. Esteves,*
Qi Wang,™ Golam Rasul,” and George A. Olah*'

Contribution from the Donald P. and Katherine B. Loker Hydrocarbon Research Institute
and Department of Chemistry, Umrsity of Southern California,
Los Angeles, California 90089-1661, and Instituto de€rQua,
Departamento de Qmica Organica, Universidade Federal do Rio de Janeiro,
Cidade Unversitaria CT Bloco A, 21949-900 Rio de Janeiro, Brazil

Received June 11, 2004; E-mail: gprakash@usc.edu

Abstract: N-Halosuccinimides (NXS, 1) are efficiently activated in trifluoromethanesulfonic acid and BF;—
H,0, allowing the halogenations of deactivated aromatics. Because BF;—H,0 is more economic, easy to
prepare, nonoxidizing, and offers sufficiently high acidity (—H, ~ 12, only slightly lower than that of
trifluoromethanesulfonic acid), an efficient new electrophilic reagent combination of NXS/BF;—H,O has
been developed. DFT calculations at the B3LYP/6-311++G**//B3LYP/6-31G* level suggest that protonated
N-halosuccinimides undergo further protosolvation at higher acidities to reactive superelectrophilic species
capable either in the transfer of X* from the protonated forms of NXS to the aromatic substrate or in forming
a highly reactive and solvated X* which would readily react with the aromatic substrates. Structural aspects
of the BFs—H»O complex have also been investigated.

Introduction Scheme 1

Haloarenes are compounds of high practical utility. There EWG EWG
are many known r_nethods for the prepa_ration of haloarenes from NXS (1), BF5-H,0 AN
aromatics especially from electron-rich systems. However, EEPPTY T | /_X

severe experimental conditions are required for the halogenation
of deactivated aromatics. During our study of various superacidic 2(a-i) 3-5(a-i)
systems for acid-catalyzed synthetic transformations, we found
that boron trifluoride monohydrate (BFH0) is a very
effective acid catalyst for varied synthesis such as for the
preparation of nitrite free alkyl nitrates, thioacetalization of
ketones, preparation of sulfides from carbonyl compounds,
nitration of aromatics using potassium nitrate, etc., under
relatively mild conditions:?

Even thoughN-halosuccinimides (NXS1) have been exten-
sively studied as halogenating agents for alkanes as well as
electron-rich aromatics, few examples of halogenation of
deactivated aromatics with NXS have been reported. During
the past decade, Olah et al. have carried out extensive
experimental as well as theoretical studies on superelectrophilic
activation of electrophiles by protosolvation with superacidic Results and Discussion
systems, allowing electrophilic reactions to take place with
weakly nucleophilic substratésOur previous study revealed
that iodination of deactivated arenes could be easily achieved
in high yields withN-iodosuccinimide (NIS) in trifluoromethane-
sulfonic acid? This suggested that NXS could be in general

EWG = Electron withdrawing group
X=Cl, Brorl

readily activated to allow the halogenation of deactivated arenes.
Because BE—H»O is more economic than trfluoromethane-
sulfonic acid, easier to prepare, and offers reasonably high
acidity (—Ho ~ 12)2 we undertook a study of the combination

of NXS with BRs—H;O as new halogenating systems. Our
present study shows that the combinations indeed act as very
effective reagents for the halogenations (chlorination, bromi-
nation, and iodination) of various deactivated aromatics under
mild conditions (Scheme 1).

(a) Chlorination Using N-Chlorosuccinimide (NCS).Apart
from conventional FriedeiCrafts chlorination, many other types
of reactions were reported for the chlorination of aromatics. Use
of hypochlorites (or hypochlorous acid) can result in chlorination
following either a radical pathway or a FriedeTrafts-type

T University of Southern California.

* Universidade Federal do Rio de Janeiro. (3) (a) Olah, G. A.; Mathew, T.; Marinez, E. R.; Esteves, P. M.; Etzkorn, M.;
(1) (a) Olah, G. A.; Wang, Q.; Li, X.-Y.; Bucci, ISynthesis992 1085. (b) Rasul, G.; Prakash, G. K. $. Am. Chem. So@001, 123 11556. (b) Olah,
Olah, G. A.; Wang, Q.; Li, X.-Y.; Prakash, G. K. Synthesi<993 207. G. A. Angew. Chem., Int. Ed. Endl993 32, 767. (c) Olah, G. A.; Prakash,
(c) Olah, G. A.; Wang, Q.; Trivedi, N.; Prakash, G. K. Snthesi<992 G. K. S.; Lammerstma, KRes. Chem. Intermed989 123 141.
465. (d) Olah, G. A,; Wang, Q.; Prakash, G. K.Gatal. Lett 1992 465. (4) Olah, G. A,; Wang, Q.; Sandford, G.; Prakash, G. KJSOrg. Chem
(2) Farcasiu, D.; Ghenciu, Al. Catal.1992 134, 126. 1993 58, 3194.
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Table 1. Chlorination of Deactivated Aromatics with Table 2. Bromination of Deactivated Aromatics with
NCS/BF;—H,0 NBS/BF3;—H,0
Starting Material Time (h) Product Yield (%) Starting Material Time (h) Product Yield (%)
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aat 100-105°C, P at 75°C, all in a pressure tube. 2at 100-105°C in a pressure tube.

(b) Bromination Using N-Bromosuccinimide (NBS).Syn-
thetic utility of bromoarenes as flame retardants, herbicides, and
hypochlorité or benzoyl hypochlorité,sodium chlorate-chloro-  biocides in agriculturftand as reactive intermediates in synthetic
trimethylsilane, eté.were also extensively studied. However, reactions necessitate their convenient synthesis. Although many
in all of these cases, reactions with deactivated aromatics werelLewis acids are effective bromination catalysts, their susceptibil-
extremely sluggish. When chlorination of deactivated aromatics ity to any adventitious water and frequently needed large
was attempted with NCS/BFH,0, we found that it provided = amounts make their use less desirable. Highly electron-rich
monochloro derivatives in good yields. In some cases, longer substrates can be brominated with molecular bromine even
reaction times or higher temperatures were required when without catalysts. Durene and mesitylene are brominated-n 67
compared to corresponding brominations and iodinations (vide 78% yields with elemental bromir€. However, for direct
supra). Depending on the degree of substrate deactivation, thédoromination of deactivated nitrobenzene or dinitrobenzene with
reaction mixture was either stirred at room temperature or heatedmolecular bromine, the reactions were carried out in the presence
to indicated temperatures for the required time. In the case of of silver trifluoromethanesulfonate in concentrategSBy.1t
2-nitrofluorobenzene and nitrobenzene, the systems were heate®ther reagents suitable for such bromination were shown to be
to 105-110°C in a closed pressure tube to obtain 4-chloro-2- dibromoisocyanuric acid in sulfuric acid,BrNO;z in sulfuric
nitrofluorobenzene (81%) and 3-nitrochlorobenzene (69%) over acid, elemental bromine with mercurous oxide or HF andsSbF
24 and 18 h, respectively. Pentafluorobenzene gave 83% ofand a mixture of benzoyl peroxide and lithium bromide.
chloropentafluorobenzena b h at 75°C. In reported bromination reactions, it was difficult to selec-
tively obtain monobrominated products of moderately deacti-
vated aromatic compounds. Studies have shown that NBS can

electrophilic substitution with Cldepending on the acidity of
the medium. Chlorination with calcium hypochloriteert-butyl

(5) Haberfield, P.; Paul, DJ. Am. Chem. Sod.965 87, 5502.

(6) (a) Ginsburg, DJ. Am. Chem. Sod.95], 73, 702. (b) Pausacker, K. H.;
Scroggie, J. GAust. J. Chem1959 12, 430. (c) Harvey, D. R.; Norman,
R. O. C.J. Chem. Socl96], 3604. (d) Kaye, P. T.; Mphahlele, M. J.
Synth. Commuril994 24, 1971. (e) Lengyel, I.; Cesare, V.; Stephani, R.
Synth. Commuril998 28, 1891. (f) Smith, K.; Butters, M.; Paget, W. E.; (11) Huthmacher, K.; Effenberger, Bynthesis1978 693.
Goubet, D.; Fromentin, E.; Nay, Bsreen Chem1999 1, 83. (12) Gottardi, W.Monatsh. Chem1968 99, 815.

(7) Bunce, N. J.; Tanner, D. 0. Am. Chem. Sod.969 91, 6096. (13) (a) Berrier, C.; Jacquesy, J. C.; Jouannetaud, M. P.; RenouXew. J.

)

(9) Rozen, S.; Lerman, Q.. Org. Chem1993 58, 239.
(10) Bovonsombat, P.; McNelis, Bynthesisl993 237.

(8) Lee, J. G.; Cha, H. T.; Yoon, U. C.; Suh, Y. S.; Kim, K. C.; Park, I. S. Chem.1987, 11, 605; (b)Chem. Abstr1988 109 6365.
Bull. Korean Chem. Sod.99], 12, 4. (14) Kochi, J.; Graybill, B. M.; Kurtz, MJ. Am. Chem. S0d.964 86, 5257.
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Table 3. lodination of Deactivated Aromatics with NIS/BF3;—H,0 Scheme 2
Starting Material Time (h) Product Yield (%) BF3-H,0
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! BFgH0
al cl © NXS © * ©\ *
X X
X
2b 20 3d | 51 opratio 2476 77 ‘ T
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| | Scheme 3
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Br Br | +x X4 N-H + [BFgOH]"
[ Z HY
NO2 NO, 3-5 7 o]
e o, -
9 20 . . . : .
59 | tions® as radiopharmaceuticals, étd=requently, iodoaromatics
NO2 . NO - show enhanced and uniquely high reactivity as compared to
oh ©/ 4 o /©/ 92 their bromo and chloro analogu&sThey are also susceptible
I to photolytic cleavage at the carbeiodine bonc?! These
F F . ' . properties make iodoaromatics convenient and useful in the
2i ]i;[ 1 51 90 synthesis of a wide range of aromatic compounds. However,
F L F F F elemental iodine is generally incapable of direct iodination of
F even electron-rich substrates under usual Frie@eafts condi-

2at 0-5 °C. tions. Incorporation of iodine into the aromatic ring is achieved
be used as a source of Bin the electrophilic aromatic Py indirect methods such as the Sandmeyer reaction. NIS
bromination of activated aromatics, most frequently in nonpolar activated by acids (including trifluoromethanesulfonic acid) in
solvents, in the presence of acids or chlorides of aluminum catalytic or stoichiometric quantities has been found to be useful
. : L . ! ilic iodinationé.22-25 idi
zinc, or iron15 Such brominations were also studied in polar for electrophilic iodinationg: Because the acidity of boron

media such as propylene carbonate andllN-dimethylform- tr@fluoride monohydrat_e, as discussed, is close to that of
amide at room temperatut® Activated aromatic compounds  tfifluoromethanesuifonic acid-(H, = 14.1)7 NIS/BF;—H.0
such as phenol, guaiazulene, and polyalkylbenzenes could pdeagent was found_ suitable to _achleve direct |od|net|on of_
brominated by NBS in the presence of catalytic quantities of Qeactlvated aromatlcs such as nitrobenzene under ml!d condi-
Koser's reagent[hydroxy(tosyloxy)iodo] benzedel® Chiorina- tions. The reactions usuelly were faster than bromination, apd
tion and bromination of some deactivated systems have been®nly minor amounts of diiodinated products were observed in
carried out with NCS and NBS, respectively, in0; under ~ SCMe cases. Results are summarized in Table 3.
vigorous conditiond? With 1,1,1-trifluorotoluene, the iodination with NIS took place
Our present study shows that NBS/BfH.O is a very at room temperature, givingHodo-l,_1,1_-trif|uoroto|uen_e ir_1
convenient and mild reagent for aromatic bromination, providing 95% Yield in 1 h. In contrast, chlorination and bromination
monobrominated products in high yields. Most of the reactions "€quired higher temperatures (+0005°C), yielding mixtures
were fast and complete in less than 10 h, giving monobrominated©f M-chloro/bromo-1,1,1-trifluorotoluene, benzoic acid, and
products in 7796% yields. Because the yield in the case of m-chloro/bromobenzoic acid as major products. Prolonged

nitrobenzene was very low at room temperature, increasing the

K R R (18) Fanta, P. ESynthesisd974 9.
reaction temperature enhanced the yields. Usually reactions werg19) seevers, R. H.; Counsell, R. Ehem. Re. 1982 82, 575.
i i ichi i (20) Merkushev, E. BSynthesis 988 923.
carried out by adding an excess Of;B'FH -0 to st0|ch|ometr|c (21) Sharma, R. K Karasch. dngew. Ghem., Int. Ed. Englo6 7, 36.
amounts of the substrate and NBS without any organic solvent (22
present 107. _
' (23) Radhakrishnamurti, P. S.; Panda, B.lKd. J. Chem1983 22A 774.

(c) lodination Using N-lodosuccinimide (NIS).lodoarenes (24) Kondradssor, P.; Mottoo, D. R.; McDevitt, R. E. Chem. Soc., Chem.
; ; i ; i i 5 Commun.199Q 1270.
are also important materials in various organic coupling reac (25) Kondradssor, P. Udong, V. E.: Frazer-Reid, Tetrahedron Lett199Q
31, 1331, 4313.
(15) Schmid, HHelv. Chim. Actal946 29, 1144. (26) (a) Olah, G. A.; Batamack, P.; Deffieux, D.;fb&, B.; Wang, Q.; Molrig
(16) Mitchell, R. H.; Lai, Y.-H.; Williams, R. V.J. Org. Chem1979 44, 4733. A.; Prakash, G. K. SAppl. Catal., A1996 146, 107. (b) Saito, S.; Sato,
(17) Lambert, F. L.; Ellis, W. D.; Parry, R. J. Org. Chem1965 30, 301. Y.; Ohwada, T.; Shudo, KJ. Am. Chem. S0d.994 116, 2312.

)
)
%
) Murti, P. S.; Sasmal, B. S.; Patirack, D.®%id. Commun1985-1986 8,
)
)
)
)
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Figure 1. Minimum structures calculated fd{-chlorosuccinimide (NCS]) and its mono-, di-, and triprotonated forms.

treatment of 1,1,1-trifluorotoluene amd-chloro/bromo-1,1,1- protonated succinimide. Similar mechanistic considerations can
trifluorotoluene with B—H,0 also afforded benzoic acid and explain the reactions with BFH,O as shown in Scheme 2.
m-chloro/bromobenzoic acid, respectively. This shows that the Aromatic iodination under acid free conditions using iodine(l)
hydrolysis of Ck group competes with ring halogenation at trifluoromethanesulfonate prepared in situ from silver trifluoro-
more elevated temperatures. Benzoic acid also undergoesmethanesulfonate and iodine was found to be only moderately
halogenation, although slowly, at 16Q05 °C with large efficient for electron-deficient substrat€=8Better yields found
amounts of Bg—H,0. Large amounts of Bf~H,0 also help in present Bg—H,O-catalyzed reactions under mild conditions
in solubilizing the benzoic acid. However, the method has suggest the in situ formation of a superelectrophilic, proto-
limited use in the case of highly insoluble substrates even with solvated halogenating species such6asvhich then can lead
the addition of organic cosolvents or a large excess of-BF  to the formation of protosolvated®™ 7. The presently studied
H.0. halogenations definitely require strong acid, especially with
During our earlier studidsusing trifluoromethanesulfonic  deactivated aromatics. In relatively weak acids such as trifluoro-
acid, we suggested that the active species for iodination with acetic acid, deactivated aromatics do not react. In highly acidic
NIS is either protonated NIS or more probably in situ formed medium, an alternate mechanism involving homolysis of NXS
iodine(l)trifluoromethanesulfonate in its protosolvated form (as to radical halogen cations as the defacto halogenating agents is
shown by low-temperatur®C NMR studies). Thé3C NMR not possible. Furthermore, BFH,0 is also a nonoxidizing
spectrum of NIS in trifluoromethanesulfonic acid -a20 °C system. The observed isomer distributions suggest a typical
showed two carbonyl peaks at189 and 192 ppm (the latter  electrophilic aromatic substitution pathway (Scheme 3).
deshield(_ad k_)yv;l ppm from the corresponding carbonyl peak (27) Dalziel, J. R.; Aubke, Anorg. Chem 1973 12, 2707.
of NIS), indicating the presence of both protonated NIS and (28) Kobayashi, Y.; Kumadaki, I.; Yoshida, J. Chem. Res., Synal977, 215.

J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004 15773
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Table 4. B3LYP/6-311++G**//B3LYP/6-31G* Relative Enthalpies
of Several Protonated N-Chlorosuccinimides at 298.15 K and 1

Table 5. B3LYP/6-311++G**//B3LYP/6-31G* Reaction Enthalpies
for the CIT Generation from Several Protonated
N-Chlorosuccinimides at 298.15 K

Reaction AH (kcal/mol)
o] 00
E‘éN—m — QN or 3244
o o
®O/H O—H
4
QN—Cl — I:iN cr 192.2
o [¢]
H
;O@ Ne)
N-Cl —»> QN crt 197.0
o o
@C/)’H o-H
QN‘C' — [ or 82.8
\ \
®O-H ®O-
@o/H O/H
|
E?N—Cl — [N cr 70.2
\® \®
H,O H,O
H
;O® OH
QN_CI — E‘\in or 76.8
R SH
H
(o] (o]
%’H N-H cr 149.7
al .
o o
@y-H ®o-H
(9] (o]
® 1 68.3@ (starting protonated
H . e
N — N—H cl succinimide is cleaved,
Cl see note (a))
o o
Ho® Mo
/%3 /o 56.4% (starting protonated
N'H . N—H cr succinimide is cleaved,
“Cl see note (b))
o o
®o-H ®9/H
/H +
N — QN-H cl -106.4
Cl
\ \
@P~y @ ~H
®ofH ®O’H
H 4
N — | N-H cr -104.4
\ “ \
H’o® )
H\/é@ H;OCB
©)
NQH — N-H cr -102.0
\ “ \
e H %D
H\O® ®O’H
/ /
L g
\ Cl \ Cl
o® o®
(@ (b)

atm
Structure AH (kcal/mol)
0
N-CI + 3H" 275.8
o]
® (/),H
QN—CI + 2H §3.0
o)
H
;o@
QN_Cl + 2H 84.0
o]
o)
@ H .
N + 2H 105.2
Cl
o}
®o-H
/
N-Cl + H' 1.5
\
H,o@
H
‘o®
)
QN—CI + H 0.0
&
H
@®o-H
!
N-Cl + H' 4.2
\
®0-~H
@-H
©n
N + H -16®
“cl
o)
H;o®
o 9.1®
~Cl
0
@p-H
®u
N 87.3
Cl
\o
H®
®%H
H
NZCI 80.7
\
@O~y
H\/O®
@ H
N’ 94.2
) cl
H’O®
H\o® ®g-H
)/ /
H JH
N‘Cl N‘CI
\ \
o® o®
(@ (b)
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The beneficial role of fluorine in increasing the biological AG

- ) : . N AG*> AGy*
activity of many pharmaceutically active compounds is probably
due to better cell penetration, better binding at lipophilic areas [AG* Ground siate
on the receptors, and better enzyme activation, This justified : Destabilization
the preparation of many halofluoroaromatics. Preparation of the by prowonation
chloro, bromo, or iodo derivatives of fluorobenzene, 1,4- AT

difluorobenzene, or 2-nitrofluorobenzene is found to be par-
ticularly convenient by our presently developed method. All
reactions afforded the corresponding halogenated product in NCS+Ar \/ Products
good to excellent yields (Tables-B).

Quantum Chemical Calculations.As an additional aspect >

) A . Reaction Coordinate
of our work, we also carried out quantum chemical calculations
of the studied systems. Figure 1 shows the geometries of the() uncatalyzed Reaction
parent {) and multiprotonated NCS as modes<14) obtained t
after energy minimization at the B3LYP/6-31G* level. Struc- OAO o
tures8—10refer to monoprotonated species, whereas structures 'c.“:I Ny
11-15and16—18 correspond to di- and triprotonated species, . c'; S l—_—
respectively. Upon N-protonation of the monoprotonated spe-
cies, ring opening takes place, affording an acylium ion, as © H oA Ne)

shown in structure$4 and15. This takes place to reduce internal
Coulombic repulsion between the adjacent positive charges in
the mo'ecu'e ThUS, nng Open|ng a."OWS a greater Separa“on(b) /:(;;Igl(;la:ﬁg’lz.,ergdlsgztlon, nte the charge-charge repulsionrelief in the transition state
between the two charged moieties in the species. Nevertheless,

X . 1

_the tnpr_otonated species was also found to be a stable H /& H " " o

intermediate. NG \oﬁsé—N)\\d
Table 4 contains the relative energies of the studied species CrH ® ;] ® ¥

at the B3LYP/6-311++G**/B3LYP/6-31G* level. These data - g ¥

show that the diprotonated specigsis the most stable structure, @ H H, /& H

wherein the ring structure is preserved. Actually, the open chain @? E %

structurel4 is slightly more stable thaid?2, which indicates
that some decomposition of NCS can take place at high acidities.
In the triprotonated species, the chargharge repulsion
becomes important, raising the energy of these intermediates ]

in relation to the diprotonated species. However, if the medium *”‘_’

is acidic enough, the triprotonated species can eventually be Y ”’3')
formed. It is noteworthy that proton transfer to form these |

species can be part of the process. Protosolvation due to the ‘{Iy/

Figure 2. Ground-state destabilization effect and electrostatic relief as
driving forces for electrophilic chlorination of aromatics.

strongly acidic Bg—H,O can also play this role, leading to
conclusions similar to those found in general and specific acid
catalysis.

Table 5 contains the enthalpies for releasing a §pecies
from the parent and multiprotonated NCS. These values can be
taken as an estimate of the electrophilicity of each of the species,
as well as their ability to eventually release™CElectrophilic
chlorination of aromatics can take place either by a plecies
or by CI* transfer from the protonated forms of NCS to the Figure 3. Global minimum structure calculated for the tetramer ogBF
aromatic substrate. Due to the high reactivity of thé §decies 20.

(it has never been observed in the free form in solution), the

reaction probably goes through the *Ctransfer from the it is possible to perform electrophilic halogenation using NXS
protonated NCS. By increasing the degree of protonation of even with deactivated aromatics, the driving force being the
NCS, the species becomes more activated (and thus destabilizedicidity of the reaction medium. The present DFT calculations
due to the presence of multiple positive charges, which results show that the increase in the degree of protonation of the NCS
in a high degree of chargeharge repulsion. This intramolecular promotes a decrease in the enthalpy for" Cklease. The
Coulombic repulsion can be relieved by transferring a positive triprotonated species is very favorable to the release ofta Cl
CI™ moiety for any nucleophile present in the reaction media species, this being predicted to be an exothermic process,
(such as an aromatic substrate). Thus, the multiple protonationsupporting the model above.

of NCS in superacid media can cause a ground-state destabiliza- We did not carry out similar calculations for the NBS and
tion that acts as a driving force for the halogenation reaction NIS systems. However, we believe that their behavior upon
because the activation barriers are lowered in this case asprotonation should be comparable to that predicted for the NCS
compared to the noncatalyzed reaction (Figure 2). Consequently system.

J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004 15775
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The structure of BE—H0 as its tetramer showing a global B3LYP/6-31G* geometries. Energy differences refer to enthalpy
minimum was also investigated, using the same methodology differences at 298.15 K and 1 atm that were computed at the B3LYP/
emp'oyed for the Study Of the protonated NCS F|gure 3 ShOWS 6-3114++G**//B3LYP/6-31G* level and consider Zero-point energy
the geometry obtained after optimization of the tetramer. One and thermal expansion to 298.15 K. All calculations were carried out
can see that the system is bound by hydrogen bonds invoIvingWlth the Gaussian 98 package.
the hydrogen atoms of water and the fluorine atoms of the Summary
neighboring Bk molecules. The enthalpy for deprotonation at
298.15 K and 1 atm, calculated at the B3LYP/6-3HG**//
B3LYP/6-31G* level, was found to be of 286.3 kcal/mol.

Aromatics including deactivated ones were found to be very
efficiently halogenated using the NXS/BHH,0 system at room
temperature. Halogenation of more deactivated systems was also
Experimental Section achieved by varying the reaction conditions, such as raising the

BF; (Matheson),N-chlorosuccinimideN-bromosuccinimide, and ~ {€mperature, prolonged reaction time, and increased amount of
N-iodosuccinimide and all of the substrates (Aldrich) were used as BFs—H20. In all cases, the formation of monohalogenated
received. Analyses were carried out using GC (Varian 3000, 30m DB-5 product in high selectivity and good yield was observed under
capillary) and GC/MS (HP-5890 series Il coupled with HP-5971 series the reaction conditions. Halobenzenes affordeddtiko and
MSD). *H and**C NMR spectra were obtained on a Varian VXR 300 para isomers along with minute amounts of dihalogenated
MHz spectrometer in CDglusing TMS as internal standard. The products (from GC and GC/MS analyses). Therefore, this
structures of the products were confirmed by comparison of their golvent-free system using NXS/BFH,O has an excellent

spectral data and physical constants with those of the authentic samplesab“ity for the halogenation of a wide variety of aromatic
Preparation of Boron Trifluoride Monohydrate (BF ;—H20). BF3 systems

d fully into a Nal bottl taini ighed t . . .
Wwas passed careitiy Inio a Naigene botie conaining a Weighed amount = ey o oretical calculations on the involved NCS system

of distilled water (36 g, 2 mol) with cooling until a maximum weight e o -7
increase was observed. The amount of Bfas found to be 134 g, show that the driving force for the reaction is the activation of

which corresponds to a ratio of 1:1.01 in BfH.O. ground-state destabilization by multiple protonation of free NXS

Typical Procedure for Halogenation.BF;—H,O (4 mL) was added ~ reagents, rendering them as superelectrophilic reagents.

to a mixture of the deactivated aromatic compound (10 mmol) and
N-halosuccinimide (10 mmol) in a 30 mL Nalgene bottle. The bottle Acknowledgment. Support by the Loker Hydrocarbon Re-

was closed, and the mixture was stirred at the required temloeraturesearch Institute and the National Science Foundation is gratefully
(room temperature for most reactions) for the specified period of ime acknowledged. P.M.E. acknowledges CNPq and FAPERJ
(Tables 1-3). For higher temperature reactions, pressure tubes were (Brazil) for financial support.

used. The progress of the reactions was monitored by GC/MS analysis. S tina Inf tion Available: Table includi bsolut
The reaction mixture was then completely transferred to a separatory upporting Information Available:  Table Including absolute

funnel using water (30 mL) and dichloromethanex230 mL) and energies, ZPE, thermal correcnon; to 298._15 Kand 1 atm, and
thoroughly shaken to extract the product into the organic layer. The @bsolute entropies for the species considered for guantum
organic layer was washed with saturated solution of sodium bisulfite chemical calculations on this manuscript. This material is
or sodium thiosulfate (15 mL) to remove any free halogen present available free of charge via the Internet at http://pubs.acs.org.
followed by saturated sodium bicarbonate solution (30 mL) and brine JA0465247

(30 mL). It was then washed with water ¢2 30 mL) and dried over
anhydrous sodium sulfate. The solvent was removed under reduced

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

pressure, and the product was purified by fractional distillation or A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
recrystallization from petroleum ether. 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, M.; Cammi,
Computational Details. The geometries of several multiple proto- R.: Mennucci. B.. Pomelli. C.: Adamo. C.. Clifford. S.. Ochterski, J.:

nated NCS species, their related nonchlorinated succinimide, a tetramer Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K_;

of BFs—H0, and its anion were obtained, after an energy minimization Rabuck, A D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J., Oz,
procedure at the B3LYP/6-31G* level. The geometries obtained were Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham.
characterized as minima on the potential energy surface by the absence E;/I"MAP; Pﬁn%\/ C-JYH Nana;éakléar:a, A\~/§VGOW”13|BZMC-\;NCh§||300meev LM-?

. . . . . . . . ", P. . ., Jonnson, b.; en, . ong, . ., Andres, J. L.;
of imaginary frequencies after vibrational analysis. Single-point energy Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian

calculations at the B3LYP/6-3#1+G** level were performed at the 98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
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