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ABSTRACT

The halogenation of primary alcohols is presented. The use of a combination of tetraethylammonium halide and [Et2NSF2]BF4 (XtalFluor-E) allows
for chlorination and bromination reactions to proceed efficiently (up to 92% yield) with a wide range of alcohols. Iodination reactions are also
possible albeit in lower yields.

Primary alkyl chlorides, bromides and iodides are argu-
ably key intermediates in organic synthesis. Indeed, they
can be used as electrophiles and converted, by nucleophilic
displacement, tovariousvaluable synthons includingamines,
thiols, or ethers.1 Alternatively, metal�halogen exchange

converts them into nucleophiles that can be used in subse-
quent reactions.2 Generally, the alkyl halides are prepared
from the corresponding alcohol.3 This conversion can be
accomplished using a two-steps procedure where the alcohol
is first converted into a leaving group (generally a sulfonate)
followed by nucleophilic displacement with the appropriate
halide1,4 or in a single flask where both steps are performed
in situ, the latter being generally preferable. Not surprisingly,
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a wide range of methods for the direct halogenation of
alcohols has been reported.5�7 Perhaps, the most general
and mildest system to affect the halogenation of alcohols is
the Appel reaction.1,8 In this approach, Ph3P is combined
with a electrophilic halogen source such as CCl4, CBr4 or I2.
Thismethod suffers from two drawbacks: purification issues
related to the stoichiometric generation of Ph3PdO along
with the low atom economy of the reaction because of the
highmolecularweight of the reagentswhich are often used in
large excess (>1.5 equiv).
Diethylaminodifluorosulfinium tetrafluoroborate ([Et2NSF2]-

BF4), XtalFluor-E,
9 has been recently reported as an alter-

native reagent for the deoxofluorination reaction.10 In con-
trast with typical deoxofluorinating agent such as DAST or
Deoxofluor, this reagent is fluoride-free. Hence, an external
source of fluoride is required for the reaction to proceed.
Based on that observation, we wondered if this reagent
could, in the presence of other halides, be used as an
activatingagent11 for thehalogenationof alcohols.12Herein,
we report the use of a combination of tetraethylammonium
halide and XtalFluor-E for the chlorination, bromination
and iodination of primary alcohols. In addition, and as
opposed to the Appel reaction, this system generates water-
soluble side-products, that facilitates purification (Figure 1).

We first optimized the bromination reaction using
5-phenyl-1-pentanol (1a) as the test substrate and selected
results are shown in Table 1. Screening of an appropriate
solvent was first performed using 1.5 equiv of XtalFluor-E
and 2 equiv of tetrabutylammonium bromide (TBAB) as a
soluble bromide source at 21 �C for 12 h. Nearly identical

yieldswereobtained inDMForEtOAc(Table1, entries1�2)
although with the latter, a significant amount of 5-phenyl-
pentyl acetate (ca. 20%) was also isolated. This side-product
likely comes from reaction of the substrate with the solvent.
Slightly improved yields were obtained using CH2Cl2 and
toluene (Table 1, entries 3�4) and both were chosen for
further optimization. Increasing the concentration from 0.1
to 0.5 M in CH2Cl2 (Table 1, entries 4�6) resulted in an
improved yield of 79%.Reducing the amount ofXtalFluor-
E from 1.5 to 1.2 equiv gave rise to a 90% isolated yield for
the desired bromoalkane 2a (Table 1, entry 7). Performing
the reaction under identical condition but using toluene
instead of CH2Cl2 gave a slightly inferior result (Table 1,
entry 8). While the reaction proceeded well with TBAB, we
wondered if we could use another bromide source that
would have a lower molecular weight since replacing CBr4
by TBAB only brings a marginal gain (331.63 g/mol vs
322.37 g/mol). Interestingly, using tetraethylammonium
bromide (TEAB, MW = 210.16 g/mol), a slightly inferior
yet good yield was obtained (Table 1, entry 9). Unfortu-
nately, a low yield was obtained in CH2Cl2 and toluene
with tetramethylammonium bromide (TMAB, MW =
154.05 g/mol), most likely for solubility reason (Table 1,
entries 10�11). Sodium bromide (MW = 102.89 g/mol),
not surprisingly, performed poorly as its solubility in
CH2Cl2 is low (Table 12, entry 12). With these results in
hand, we decided to fine-tune the reaction using TEAB as

Figure 1. Tetraethylammonium halide/[Et2NSF2]BF4 combina-
tion as a potential alternative to the Appel reaction.

Table 1. Selected Optimization Results for the Bromination of
Alcohol 1aa

entry

source of Br�

(equiv)

solvent

(concd in M)

yield

(%)b

1 TBAB (2) DMF (0.1) 46

2 TBAB (2) EtOAc (0.1) 52

3 TBAB (2) toluene (0.1) 57

4 TBAB (2) CH2Cl2 (0.1) 61

5 TBAB (2) CH2Cl2 (0.25) 70

6 TBAB (2) CH2Cl2 (0.5) 79

7c TBAB (2) CH2Cl2 (0.5) 90

8c TBAB (2) toluene (0.5) 83

9 TEAB (2) CH2Cl2 (0.5) 81

10 TMAB (2) CH2Cl2 (0.5) 40

11 TMAB (2) toluene (0.5) 9

12 NaBr (2) CH2Cl2 (0.5) ca. 31d

13c TEAB (2) CH2Cl2 (0.5) 74

14 TEAB (1.5) CH2Cl2 (0.5) 89

15 TEAB (1.5) toluene (0.5) 33

16e TEAB (1.5) CH2Cl2 (0.5) 91 (73)f

a See the Supporting Information for details of the reaction condi-
tions. bYield of isolated 2a after purification by flash chromatography.
c 1.2 equiv of XtalFluor-E was used. dCompound 2a was contaminated
with ca. 10%of inseparable and unidentified side-products. ePerformed
in the presence of 2,6-lutidine (3 equiv). fReaction was performed on a
6.46 mmol scale (i.e., 1.06 g of 1a).

(8) Appel, R. Angew. Chem., Int. Ed. Engl. 1975, 14, 801–811.
(9) The reagent [Et2NSF2]BF4 is commercially available under the

trademark of XtalFluor-E.
(10) (a) Beaulieu, F.; Beauregard, L.-P.; Courchesne, G.; Couturier,

M.; Laflamme, F.; L’Heureux., A. Org. Lett. 2009, 11, 5050–5053. (b)
L’Heureux, A.; Beaulieu, F.; Bennet, C.; Bill, D. R.; Clayton, S.;
Laflamme, F.; Mirmehrabi, M.; Tadayon, S.; Tovell, D.; Couturier,
M. J. Org. Chem. 2010, 75, 3401–3411.

(11) (a) Pouliot, M.-F.; Angers, L.; Hamel, J.-D.; Paquin, J.-F. Org.
Biomol. Chem. 2012, 10, 988–993. (b) Pouliot,M.-F.; Angers, L.; Hamel,
J.-D.; Paquin, J.-F. Tetrahedron Lett. 2012, 53, 4121–4123.

(12) Cochi, A.; Gomez Pardo,D.; Cossy, J.Org. Lett. 2011, 13, 4442–
4445.



5430 Org. Lett., Vol. 14, No. 21, 2012

the bromide source. Reducing the amount of XtalFluor-E
from 1.5 to 1.2 equiv did not provide this time an increase in
yield (Table 1, entry 13) whereas decreasing the amount of

TEABfrom2 to1.5 equivaffordedanexcellent yieldof 89%

(Table 1, entry 14). The same conditions in toluene unfortu-

nately did not perform well for solubility reason. Finally, it

was later found that performing the reaction in the presence

of 2,6-lutidine (3 equiv) provided cleaner reaction that

facilitates purification with slightly improved yield of 91%

(Table 1, entry 16).
Using the optimized conditions, we next examined the

scope of primary alcohols (Table 2). A benzylic alcohol
(1b) reacted well providing the corresponding benzylic
bromide (Table 2, entry 2) in excellent yield. An ester is
well accepted as shown with substrate 1c. In terms of an
alcohol protecting group, a wide range can be used includ-
ingabenzyl ether (Table2, entry 4), aTIPS (Table 2, entry5),
a MOM ether (Table 2, entry 6), and a THP (Table 2,
entry 7), and goodyieldswere obtained in all cases.Amines
can be present when protected with a benzoyl group
(Table 2, entry 8), a Cbz (Table 2, entry 9), or a tosylate

(Table 2, entry 10). Finally, ketone 1k was converted into
bromide 2k in good yield. In all cases, 1H and 19F NMR
analysis of the crude mixture showed no more than trace
amounts (<3%) of fluorinated products.10

We then explored the possibility of realizing chlorination
reactions using tetraethylammonium chloride (TEAC). The
optimal conditions from the bromination could be trans-
posed directly to the chlorination reaction, and selected
results are shown in Table 3. In all cases, good yields were
obtained. Interestingly, an unprotected phenol (1l) is well
tolerated (Table 3, entry 4). In the case of cinnamyl alcohol
1m (Table 3, entry 5), the secondary chloride that would
result from an SN2

0 reaction was not observed and only the
product originating from an SN2 reaction was isolated.

For the iodination, tetraethylammonium iodide (TEAI)
was used as the iodide source. In this case, a more dilute
condition (0.25M) proved to be somewhat beneficial even
though only moderate yields were obtained (Scheme 1). In
the case of the iodination of 1d, ca. 30%of the correspond-
ing fluorinated product was also observed by 1H NMR in
the crude product along with starting material.
At present, the halogenation is limited to primary

alcohols. Indeed, with secondary alcohols as exemplified
by 4-phenyl-2-butanol (5), the halogenation reaction using
various tetraethylammonium halides (TEAX) is slower
and, as a result, fluorination becomes somewhat competi-
tive. As a consequence, the secondary halides (6a�c) are
only observed in moderate NMR yields (Scheme 2). In all

Table 2. Bromination of Various Alcoholsa

a See the Supporting Information for details of the reaction condi-
tions. bYield of isolated 2 after purification by flash chromatography.
cXtalFluor-E (1 equiv) was used.

Table 3. Chlorination of Primary Alcoholsa

a See the Supporting Information for details of the reaction condi-
tions. bYield of isolated 3 after purification by flash chromatography.
cCrude yield of 3m.

(13) Bromination of L-menthol under the standard conditions pro-
vided 45%NMR yield of bromination products along with 44%NMR
yield of fluorination products. The bromination products consist in a
mixture of diastereomers most likely resulting from both inversion and
apparent retention (i.e., successive inversions) in a 82/18 ratio. See the
Supporting Information for details and ref 6b.
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cases, 3-phenyl-2-fluoropropane (7) was observed as a
major side-product (ca. 25�54%). Further optimization
will be necessary tomake this transformation synthetically
useful.13

In terms of themechanism, as shown in Scheme 3 for the
bromination reaction,wepropose that bromidewould first
react with XtalFluor-E to form diethylaminosulfur bro-
modifluoride (8).14 Experimentally, a rapid solubilization
and color change upon addition of the halide source are
observed. Preliminary 19F NMR analysis supports the
hypothesis of the reaction of bromide with XtalFluor-E.
Indeed, upon addition of 1 equiv of TEAB to a 20 �C
solution of XtalFluor-E in CDCl3, disappearance of the
19F signal for the difluorosulfinium moiety (δ 14 ppm) is
observed in addition to the appearance of two new signals
at 55.6 and 37.7 ppm in a 1:3 ratio. The two resonances
could represent the nonequivalent axial and equatorial
position for the fluorine atoms in pseudotrigonal bipyra-
mids (8a and 8b).15 Further NMR experiments will be
necessary to further characterize these putative intermedi-
ates. Interestingly, this behavior contrasts with the deoxo-
fluorination of alcohols usingXtalFluor-Ewhere 19FNMR

studies indicated thatDASTwas not formed uponmixing a
1:1 mixture of XtalFluor-E and Et3N 3 3HF,10b although
other data actually suggest that it may be the case.16 In any
case, the diethylaminosulfur bromodifluoride (8) would
then react with the alcohol liberating bromide that would
perform a nucleophilic substitution of the alkoxy-N,N-
dialkylaminodifluorosulfane (9),17 a key intermediate in
the deoxofluorination reaction. This transformation would
release the desired alkyl bromide in addition to diethylami-
nosulfinyl fluoride18 that would be hydrolyzed upon work-
up to form water-soluble N,N-diethylaminosulfinic acid.
In conclusion, we have described the chlorination, bro-

mination, and iodination reaction of primary alcohols
using a combination of tetraethylammonium halide and
[Et2NSF2]BF4 (XtalFluor-E). The extension of this con-
cept to other nucleophiles is in progress and will be
reported in due course.
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Scheme 1. Iodination of Primary Alcohols

Scheme 2. NMR Yields for the Halogenation of Secondary
Alcohols

Scheme 3. Proposed Mechanism. Counterions (BF4
� and

n-Bu4N
þ) have been omitted for clarity
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