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ABSTRACT

[Et,NSF,]JBF4

Et,N*X
PN R/\ water-soluble
R™ "OH X =1 Bror Cl side-products
up to 92%

The halogenation of primary alcohols is presented. The use of a combination of tetraethylammonium halide and [Et,NSF,]BF, (XtalFluor-E) allows
for chlorination and bromination reactions to proceed efficiently (up to 92% yield) with a wide range of alcohols. lodination 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, to various valuable synthons including amines,
thiols, or ethers.! Alternatively, metal—halogen exchange
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converts them into nucleophiles that can be used in subse-
quent reactions.” Generally, the alkyl halides are prepared
from the corresponding alcohol.®> 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
halide' 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.’~’ Perhaps, the most general
and mildest system to affect the halogenation of alcohols is
the Appel reaction.® In this approach, PhsP is combined
with a electrophilic halogen source such as CCly, CBry or I,.
This method suffers from two drawbacks: purification issues
related to the stoichiometric generation of Ph;P=0O along
with the low atom economy of the reaction because of the
high molecular weight of the reagents which are often used in
large excess (> 1.5 equiv).

Diethylaminodifluorosulfinium tetrafluoroborate ([Et,NSF,]-
BF,), XtalFluor-E.’ has been recently reported as an alter-
native reagent for the deoxofluorination reaction.'® 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
activating agent'' for the halogenation of alcohols.'? Herein,
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).

Appel Reaction
PPh,
X* source R E———
R”oH R7°Xx + i O=PPhy + CHXg
E organic side-products E
This work
[Et,NSF;]BF4
~ X source S :
R” "OH R ~x + | ELNSO,H + HF + BF, |

water-soluble
side-products

Figure 1. Tetracthylammonium halide/[Et,NSF,]BF, combina-
tion as a potential alternative to the Appel reaction.

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
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yields were obtained in DMF or EtOAc (Table 1, entries 1—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 CH,Cl, 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 CH,Cl, (Table 1, entries 4—6) resulted in an
improved yield of 79%. Reducing the amount of XtalFluor-
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 CH,Cl, 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 CBry4
by TBAB only brings a marginal gain (331.63 g/mol vs
322.37 g/mol). Interestingly, using tetracthylammonium
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 CH,Cl, 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
CH,(l, is low (Table 12, entry 12). With these results in
hand, we decided to fine-tune the reaction using TEAB as

Table 1. Selected Optimization Results for the Bromination of

Alcohol 1a“
3 3

XtalFluor-E (1.5 equiv)
source of Br-

solvent (concd)

1a rt, 12 h 2a
source of Br~ solvent yield
entry (equiv) (concd in M) (%)°

1 TBAB (2) DMF (0.1) 46
2 TBAB (2) EtOAc (0.1) 52
3 TBAB (2) toluene (0.1) 57
4 TBAB (2) CH,Cl, (0.1) 61
5 TBAB (2) CH,Cl, (0.25) 70
6 TBAB (2) CH,Cl, (0.5) 79
7 TBAB (2) CH,Cl, (0.5) 90
8° TBAB (2) toluene (0.5) 83
9 TEAB (2) CH,Cl, (0.5) 81
10 TMAB (2) CH,Cl, (0.5) 40
11 TMAB (2) toluene (0.5) 9
12 NaBr (2) CH,Cl, (0.5) ca. 31¢
13° TEAB (2) CH,Cl, (0.5) 74
14 TEAB (1.5) CH,Cl,, (0.5) 89
15 TEAB (1.5) toluene (0.5) 33
16° TEAB (1.5) CHS,Cl,, (0.5) 91 (73)

“See the Supporting Information for details of the reaction condi-
tions. ? Yield of isolated 2a after purification by flash chromatography.
¢1.2 equiv of XtalFluor-E was used. “Compound 2a was contaminated
with ca. 10% of inseparable and unidentified side-products. ¢ Performed
in the presence of 2,6-lutidine (3 equiv).” Reaction was performed on a
6.46 mmol scale (i.e., 1.06 g of 1a).
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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
TEAB from 2 to 1.5 equiv afforded an excellent yield of 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-
ing a benzyl ether (Table 2, entry 4), a TIPS (Table 2, entry 5),
a MOM ether (Table 2, entry 6), and a THP (Table 2,
entry 7), and good yields were 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. Bromination of Various Alcohols®

XtalFluor-E (1.5 equiv)
TEAB (1.5 equiv)
2,6-lutidine (3 equiv)

N AN

R™ "OH Br
CHoCl, (0.5 M), rt, 12 h
1 2
entry  substrate product yield (%)°
1 1a 2a 91

2 /©/\OH
Ph

Ph

1b 2b

3 Bno,C~ ™ 0H BnO,c” ™M Br 75
1c : 2c ’

4 Bno” ) oH BnO” X Br 84
1a’ 2a "

5 TIPs0” ™ " oH TIPSO ™ e 84
1e ¢ 2e ¢

6 MOMO™ M oH MoMO™ M er 67
1w’ o

7 THPO™ ™ ™0H THPO ™ Br 71
19 ¢ 29 !

8 BzHN" 1~ OH BzHN™ ™ Br 83
1 2n °

9° CBzHN" ™>""0OH CBzHN™ >"g 70
1i 2i

10 \/\N/\/OH \/\N/\/Br 83
Ts Ts
1j 2

11° Ph Ph 80
1K 2k

“See the Supporting Information for details of the reaction condi-
tions. ? Yield of isolated 2 after purification by flash chromatography.
¢ XtalFluor-E (1 equiv) was used.
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(Table 2, entry 10). Finally, ketone 1k was converted into
bromide 2k in good yield. In all cases, 'H and '"F NMR
analysis of the crude mixture showed no more than trace
amounts (< 3%) of fluorinated products.'”

We then explored the possibility of realizing chlorination
reactions using tetracthylammonium 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 (11) 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’ reaction was not observed and only the
product originating from an Sy2 reaction was isolated.

Table 3. Chlorination of Primary Alcohols”

XtalFluor-E (1.5 equiv)
TEAC (1.5 equiv)
2,6-lutidine (3 equiv)

R“OH >l
. CH,Cl, (0.5 M), rt, 12 h s
entry substrate product yield (%)°
1 1a Cl 85
3
3a
2 1d BnO” ™ e 82
3d ¢
3 1h BzHN T e 81
3h z
4 HO. : /\OH HO. : ¢ 70
1 3l
> Ph " 0H Ph " 63°
im 3m

“See the Supporting Information for details of the reaction condi-
tions. ? Yield of isolated 3 after purification by flash chromatography.
¢ Crude yield of 3m.

For the iodination, tetraethylammonium iodide (TEAI)
was used as the iodide source. In this case, a more dilute
condition (0.25 M) 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 '"H 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

(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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Scheme 1. Iodination of Primary Alcohols

XtalFluor-E (1.5 equiv)
TEAI (1.5 equiv)
2 6-lutidine (3 equiv)

R oH RN ™

3 CHoCl, (0.25 M), rt, 12 h 3

1aor 1d 4a; R = Ph (65%)
4d; R = CH,0Bn (48%)

cases, 3-phenyl-2-fluoropropane (7) was observed as a
major side-product (ca. 25—54%). Further optimization
will be necessary to make this transformation synthetically
useful.'?

Scheme 2. NMR Yields for the Halogenation of Secondary
Alcohols

XtalFluor-E (1.5 equiv)

TEAX (1.5 equiv)
' 2 6utidine (3 equiv) X i
Phrv)/K PhM)\ . PhMJ\
, CH,Cly, 1, 16-18 h \ R
5 7

6a; X = Cl (43%) (25%)
6b; X =Br (50%)  (32%)
6c; X = | (15%) (54%)

In terms of the mechanism, as shown in Scheme 3 for the
bromination reaction, we propose that bromide would first
react with XtalFluor-E to form diethylaminosulfur bro-
modifluoride (8).'* Experimentally, a rapid solubilization
and color change upon addition of the halide source are
observed. Preliminary '"’F 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 CDCl;, disappearance of the
19F signal for the difluorosulfinium moiety (6 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)."> Further NMR experiments will be
necessary to further characterize these putative intermedi-
ates. Interestingly, this behavior contrasts with the deoxo-
fluorination of alcohols using XtalFluor-E where '’F NMR

(14) A mixed halogenated DAST derivative has been described
before, see Markovski, L. N.; Pashinnik, V. E. Synthesis 1975, 801-802.

(15) Klapotke, T. M.; Schulz, A. J. Fluorine Chem.1997,82, 181-183.

(16) Umemoto, T.; Singh, R. P.; Xu, Y.; Saito, N. J. Am. Chem. Soc.
2010, /32, 18199-18205.

(17) Sutherland, A.; Vederas, J. C. Chem. Commun. 1999, 1739-1740.
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Scheme 3. Proposed Mechanism. Counterions (BF,~ and
n-BuyN™) have been omitted for clarity

+ F Br e Fax..
VRN EpN-Si_ === EtN-S;

EtzN:S\ v
F Fa o Far o
XtalFluor-E 8a 8b
P -Br
RTTOH | |
Br 'f_
Et,NSOF + R Br =—— EtN-S-0
2 -F FoO-R
9

studies indicated that DAST was not formed upon mixing a
1:1 mixture of XtalFluor-E and Et;N-3HF,!” although
other data actually suggest that it may be the case.'® 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),'” a key intermediate in
the deoxofluorination reaction. This transformation would
release the desired alkyl bromide in addition to diethylami-
nosulfinyl fluoride'® 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
[Et,NSF,]|BF, (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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