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readily attack the carboxyl position and trigger decarboxylative alkyl halide formation. Alternatively,
halide ions were also found to competitively undergo nucleophilic acyl substitution, which ultimately
results in the generation of carbonate dimerization product.
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Introduction
R OH RC

Alcohols constitute one of the most synthetically useful organic
compounds. One of the fundamental reactions involving alcohols triphosgene, o CO, + NEt,
as a starting material is their conversion to alkyl halides. Alkyl NEts c
halides are ubiquitous functional groups due to their versatile o I6)
reactivity.'”* They are widely employed as a source of a carbon P NEts ek
electrophile. However, the reactivity of these functional groups R0 cC R™0O Et'N‘Et
can be reversed into a carbon nucleophile upon insertion of a 1 2
metallic species into the carbon-halogen bonds.

Recently, our group became interested in developing new syn-
thetic methods to access alkyl chlorides. More specifically, we R, R,
aim for mild strategies that are amenable for a late-stage applica- R A o R o, ol
tion in total synthesis of complex natural products. We discovered ! !
that activation of unreactive aliphatic alcohols using a mixture of triphosgene
triphosgene and amine bases in dichloromethane readily produced i pyridine ’ c® AV COz + py
the corresponding alkyl chlorides in high yields.>® As shown in
Scheme 1, we identified that triethylamine is most suitable for Ry O R, O
substrates containing primary alcohols,” whereas chlorination of A L il PN He

’ Ry7T0"cl = R7TOTONTY

secondary alcohols required the use of pyridine.® Through system- 5 4 O

atic studies, the mechanism of these de novo chlorination reactions
was proposed to involve an intermediacy of putative triethylam-
monium carbamate ion 2 or pyridinium carbamate ion 4,”7'2
respectively. These species were presumably produced upon

Scheme 1. Triphosgene-amine base promoted chlorination of alcohols.

nucleophilic acyl substitution of chloroformate intermediate 1
and 3 with their respective amine bases. This mode of hydroxyl-
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Scheme 2. Alkyl halides formation via imidazolium carbamate intermediates.

The propensity of triethylammonium carbamate ion 2 and
pyridinium carbamate ion 4 to undergo decarboxylative nucleo-
philic substitution with chloride ions led us to investigate analo-
gous electrophilic systems that can be specifically harnessed
towards nucleophilic attack by other halide ions. Naturally, such
reactive intermediates must be generated under chloride ion-free
conditions, which essentially rules out the use of triphosgene to
activate the starting alcohols. These considerations led us to for-
mulate a hypothesis as depicted in Scheme 2. We envisioned that
aliphatic alcohols could be reacted with carbonyl diimidazole
(CDI) to give imidazole carbamate adduct, that would be further
activated in situ with pyridinium halides, prompting proton
transfer that should generate imidazolium carbamate ion 5. This
reactive intermediate would subsequently undergo nucleophilic
substitution with halide ions at the carboxyl position to produce
the target alkyl halides, while releasing carbon dioxide and
imidazole as byproducts. It is also conceivable that imidazolium
carbamate ion 5 participated in a reversible nucleophilic acyl
substitution with free pyridine, which would be liberated during
proton transfer, to form pyridinium carbamate ion 6.'*'* The
ensuing nucleophilic attack of this reactive species by halide ions
should also readily produce the intended alkyl halides.

Results and discussion

Table 1 depicts the results of our initial experiments, in which
we employed 3-phenyl-1-propanol 7 as a model substrate to aim

Table 1
Initial investigation
(0]
CDI (1.1 eq.); then B0 Ny F BN g
B Py*HBr (n eq.) 8 \Q/ 9
A N —— o
solvent J\ B
7 rt — reflux + Bni~g g B
10
Entry  Solvent  Py-HBr (equiv) Conc. (mM)* % 7:8:9:10"
1 THF 3.0 100 0 95 5 0
2 DCM 3.0 100 0 100 0 0
3 Toluene 3.0 100 0 100 0 0
4 DMF 3.0 100 0 100 0 0
5 MeCN 3.0 100 0 72 28 0
6 MeCN 3.0 50 10 79 11 0
7 MeCN 3.0 250 0 86 11 3
8 MeCN 3.0 500 3 72 7 18
9 MeCN 4.0 100 0 69 31 0
10 MeCN 5.0 100 6 59 35 0
11 MeCN 7.0 100 0 44 56 0
12 MeCN 10.0 100 8 1 73 8

The best reaction conditions were highlighted in bold texts.

¢ Reaction concentration was based on 3-phenyl-1-propanol.

b Ratios were determined by GC-MS analysis of the crude mixtures assuming
that these compounds elicited identical GC responses.

for the production of alkyl bromide 9. The typical protocol in these
studies involved treatment of alcohol 7 with 1.1 equiv of CDI for
one hour at room temperature, followed by the addition of
pyridinium bromide. The reaction was then brought to reflux for
24 h. Upon aqueous workup, the crude mixtures were subjected
to GC-MS analyses.

We began by screening various solvents for the reaction. As
indicated in entries 1-5, commonly used polar and non-polar
solvents, such as tetrahydrofuran, dichloromethane, toluene and
dimethylformamide, only yielded imidazole carbamate adduct 8.
In fact, alkyl bromide 9 was not (or barely) detected in the crude
reaction mixtures with these solvents. Interestingly, when the
reaction was performed in acetonitrile, GC-MS analyses of the
crude reaction revealed formation of alkyl bromide 9 in 28%
conversion. These findings were quite unexpected, considering
the fact that our previously reported chlorination reactions, which
were proposed to have involved participation of analogous reactive
intermediates as shown in Scheme 1, were most efficient when
performed in dichloromethane.>®

Our study then continued with the investigation on the effect of
reaction concentration. The above preliminary reactions were per-
formed in 100 mM concentration with respect to starting alcohol 7.
As shown in entries 5-8, changing the reaction concentration did
not improve the production of alkyl bromide 9. However, we
observed that the formation of symmetrical carbonate 10 appeared
to become more prominent at higher reaction concentrations.
Interestingly, this carbonate formation did not appear to originate
from the initial step when alcohol 7 was treated with CDI. Further
reaction optimization then involved varying the amount of
pyridinium bromide salts. As shown in entries 9-12, increasing
the molar equivalence of pyridinium bromide directly correlates
to the increasing production of the alkyl bromide. In fact, the use
of 10 equiv of pyridinium bromide readily generated product 9 in
73% conversion yield as determined by GC-MS analyses.

Although we were able to considerably improve the conversion
yield of alkyl bromide 9, the use of 10 equiv of pyridinium bromide
was not ideal due to the challenge in removing excess pyridine
from crude reaction mixtures during aqueous workup. Further-
more, limited commercial availability of other pyridinium halide
salts would simply restrict this chemistry to bromination. These
concerns led us to explore analogous reaction conditions. As shown
in Table 2, we proposed the use of a Brgnsted acid to activate
imidazole carbamate adduct 8 in the presence of potassium bro-
mide, which supplied the bromide ions. A typical protocol for these
new activation conditions is as follows: starting alcohol 7 was
initially treated with 1.1 equiv of CDI in anhydrous acetonitrile
for one hour at room temperature. Then, potassium bromide,
Bronsted acid and other additives were sequentially added. The
reaction was then stirred at reflux for 24 h, followed by aqueous
workup and GC-MS analyses of the crude mixtures.

As indicated in Table 2, entries 1 and 2, we initially employed
2.0 equiv of Bransted acid, such as pyridinium triflate and pyridini-
um tosylate. These conditions were found to be ineffective to acti-
vate imidazole carbamate intermediate 8, as the crude reaction
mixture only contained a negligible amount of alkyl bromide 9.
Increasing the molar concentration of these pyridinium salts to
4.0 equiv also failed to improve the product output. Interestingly,
formation of carbonate byproduct 10 became more competitive
under these conditions. We also explored the compatibility of
pyridinium sulfate in this reaction. Interestingly, the use of
2.0 equiv of this acid, that is, 4.0 molar equivalents of the pyridini-
um ions, readily afforded alkyl bromide 9 in 71% conversion (entry
6). A further increase in the product formation to 81% yield was
observed when both 4A molecular sieves and a catalytic
dibenzo-18-crown-6 were introduced to the reaction mixture

(entry 7).1°°17
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Table 2
Alternative bromination reaction conditions

(e}

CDI (1 eq);then  Bn oyl ¢ B~y
r (5.0 eq.), \\/N
Bn._~ Bronsted Acid 8 = 9
OH ——> o
7 MeCN (100 mMm)al . B”V\oj\o’\/B”
rt — reflux
10
Entry  Brensted acid Equiv  Additive” % 7:8:9:10°
1 Py-TfOH 2.0 - 1 88 4 7
2 Py-TsOH 2.0 - 3 96 1 0
3 Py-TfOH 4.0 - 0o 71 22 7
4 Py-TsOH 4.0 - 1 13 36 30
5 Py-H,S0,¢ 1.0 4AMS 13 77 7 3
6 Py,-H,S0,¢ 2.0 4AMS 14 9 71 6
7 Py,-H,S0,¢ 20 4 A MS, DBC 6 11 81 2
8 TsOH¢ 2.0 4 A MS, DBC 0 36 64 0
9 TsOH* 40 4 A MS, DBC 0 0 100 0
10 CSA 2.0 DBC 0 56 44 0
11 CSA 40 DBC 2 0 98 (]

The best reaction conditions were highlighted in bold texts.

# Reaction concentration was based on 3-phenyl-1-propanol.

b Dibenzo-18-crown-6 (DBC, 0.1 equiv) was added. 4 A molecular sieves were
oven-dried prior use.

¢ Ratios were determined by GC-MS analysis of the crude mixtures assuming that
these compounds elicited identical GC responses.

4 These Brensted acids were azeotroped with toluene prior use.

Although pyridinium sulfate enabled a reasonably high conver-
sion of alcohol 7 to the alkyl bromide 9, the ability of this reaction
to reach completion was quite inconsistent due to the perplexing
regeneration of starting alcohol 7 and formation of its correspond-
ing carbonate adduct 10. It is assumed that the forward progress of
this bromination reaction was most likely controlled by the extent
of proton transfer between the pyridinium salts and imidazole car-
bamate 8. We proposed that perhaps the use of a stronger Brgnsted
acid would help push protonation of the imidazole carbamate moi-
ety, which is the driving force behind the ensuing decarboxylative
nucleophilic substitution by bromide ions. To test this hypothesis,
we explored the use of organic acids, such as camphorsulfonic acid
(CSA) or p-toluenesulfonic acid (TsOH).!® Indeed, a substantial
improvement was immediately observed. As shown in entries
8-11, the use of 2.0 equiv of CSA or TsOH readily improved the
production of alkyl bromide 9. Increasing their concentration to
4.0 equiv resulted in the formation of the target product essentially
in quantitative conversion yields.

The propensity for putative imidazolium carbamate, viz. 5, to
undergo nucleophilic substitution with bromide ions in the
absence of any pyridinium salts suggested that an intermediacy
of pyridinium carbamate intermediate 6, which was critical for
our previously reported chlorination reaction,”® was not essential
in this bromination reaction. Furthermore, our successful attempt
in supplying the bromide ions with potassium bromide salt natu-
rally prompted us to investigate the ability of other halide ions
to intercept the participating imidazolium carbamate species. As
shown in Table 3, entries 1-4, a series of potassium fluoride,
chloride, bromide and iodide salts were subsequently employed
in this carbon-halogen bond forming reaction. Not surprisingly,
the use of potassium fluoride failed to furnish any alkyl fluoride
product, as GC-MS analyses of the crude mixture only indicated
the presence of unreacted imidazole carbamate adduct 8. In con-
trast, the reaction with potassium chloride yielded an interesting
mixture of products. In addition to the target alkyl chloride, unre-
acted imidazole carbamate 8 and symmetrical carbonate 10 were
detected in the crude mixture. More critically, starting alcohol 7
was also regenerated in a significant quantity. Potassium bromide
and potassium iodide proved to be the most suitable salts, enabling

Table 3
Preparative scale reaction with various potassium salts

CDI (1.1 eq.); then

20

[0}

KX (5.0 eq.), I
TsOHEl (4.0 eq), E" "0 N Nyt Bn~y
Bn DBC (0.1 eq.) Y "
~"0H —_— o
7 AAMS Bn J Bn
MeCN (100 mM)lb! + ~ o0 0
rt — reflux 10
Entry KX % 7:8:11:10° Isolated yield of 11¢
1 KF 0 100 0 0 0
2 KCl 31 36 27 6 11
3 KBr 1 0 96 3 56
4 KI 0 0 100 0 92
5 KCN 8 0 0 92 0

4 TsOH was azeotroped with toluene prior use.

b Reaction concentration was based on 3-phenyl-1-propanol.

¢ Ratios were determined by GC-MS analysis of the crude mixtures assuming that
these compounds elicited identical GC responses.

9 Isolated yield after flash column chromatography.

a complete conversion of alcohol 7 to the intended 1-bromo-3-
phenylpropane and 1-iodo-3-phenylpropane, respectively.'®

The regeneration of starting alcohol 7 and its subsequent dimer-
ization to carbonate 10 under certain reaction conditions was quite
puzzling. The initial treatment of alcohol 7 with CDI always
resulted in a rapid and full conversion to imidazole carbamate 8.
Thus, it is reasonable to conclude that the presence of alcohol 7
in the crude mixtures, which was detected up to 31% recovery
yield, was not due to its incomplete carbamoylation with CDI.
The likelihood for the production of starting alcohol 7 from adverse
hydrolysis of imidazole carbamate 8 during the course of the reac-
tion was also remote. Our reactions were performed in anhydrous
acetonitrile and inert atmosphere. In addition, activated 4 A molec-
ular sieves were added into the reaction mixtures to help maintain
scrupulous anhydrous conditions, and the Brensted acids were
carefully azeotroped with toluene prior use.

A surprising result that ultimately led us to gaining some mech-
anistic insights into the competitive formation of starting alcohol 7
and its carbamate adduct 10 was acquired when we employed

O
CDI Bn
N ( 7
8
imidazole
HO L
Q HO HO CN
Bn\/\OJLN/\\N_H > Bn\/\o N/\\N_H
— CN —
12 =/© 13 ®
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B
"NoH |+ B QS
NC NN N-H
7 \k/
o carbonate 14
imidazole formation
aqueous
workup
(e}
©
Bn \/\oj\o ~~-Bn CO, + imidazole + CN

10

Scheme 3. Cyanide ion-mediated formation of starting alcohol 7 and symmetrical
carbonate 10.
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Scheme 4. Proposed reaction mechanism for nucleophilic substitution of imidazo-
lium carbamate with halide ions.

Table 4
Bromination and iodination of trans-4-phenylcyclohexanol'®

CDI (1.1 eq.); then

KX (5.0 eq.),
OH  Ts0H@ (4.0 eq.),
DBC (0.1 eq Ph \O O/Ph
4A MS
Ph  MeCN (100 mm)!
16 rt — reflux
Entry KX % 16:17:18:19°
1 KBr 27 4 5 64
2 KI 0 53 31 16

2 TsOH was azeotroped with toluene prior use.

b Reaction concentration was based on 3-phenyl-1-propanol.

€ Ratios were determined by GC-MS analysis of the crude mixtures assuming that
these compounds elicited identical GC responses.

potassium cyanide as the source of nucleophile. As illustrated in
Table 3, entry 5, the use of cyanide ions did not yield any formation
of the intended carbonitrile homologation product. Instead, the
reaction almost exclusively afforded carbonate dimerization prod-
uct 10 along with a small amount of alcohol 7. The proposed reac-
tion mechanism for this transformation is depicted in Scheme 3.
Upon carbamoylation of starting alcohol 7 with CDI, in situ proton-
ation of the resulting imidazole carbamate adduct 8 generated imi-
dazolium ion 12. This activated cationic species then underwent
nucleophilic acyl substitution with cyanide ions via putative tetra-
hedral intermediate 13. The ensuing collapse of this tetrahedral
species produced both alcohol 7, which was readily detected in
the crude mixtures, and acyl imidazolium ion 14, which presum-
ably decomposed via hydrolysis upon aqueous workup. The newly
regenerated starting alcohol 7 then intercepted any residual imi-
dazolium carbamate ion 12, which eventually afforded the
observed symmetrical carbonate 10.

Based on these experimental results, the overall mechanism for
our bromination and iodination reaction is proposed in Scheme 4.
Protonation of the carbamoylation product 8 to the corresponding
imidazolium carbamate ion 12 will promote nucleophilic substitu-
tion at two possible competitive electrophilic sites. An attack at the
carboxyl position by halide ions irreversibly formed the target alkyl
halides, driven by the release of carbon dioxide and imidazole. In
the meantime, imidazolium carbamate 12 was also susceptible to

an attack by halide ions at the carbonyl position to give a putative
tetrahedral intermediate 15. This nucleophilic acyl addition path-
way was presumably reversible. The extent of this equilibrium
and the propensity of tetrahedral intermediate 15 to collapse
would consequently contribute to the regeneration of starting
alcohol 7, en route to forming the observed carbonate 10 via reac-
tion mechanism analogous to that depicted in Scheme 3.

The selectivity between nucleophilic substitutions by halide
ions at the carboxyl versus carbonyl positions was prominent
when a secondary alcohol was used as a starting material. For
example, as shown in Table 4, entry 1, treatment of trans-4-phe-
nyl-cyclohexanol 16 with the optimized bromination conditions
predominantly led to a mixture of regenerated starting alcohol
16 and its carbonate dimerization product 19. This observation
suggested that the steric barrier exhibited by the secondary car-
boxyl carbon of the corresponding imidazolium carbamate inter-
mediate could not be overcome by the incoming bromide ions,
thus preventing the key decarboxylative nucleophilic substitution
to occur. Consequently, the alternative nucleophilic acyl substitu-
tion pathway became competitive. This process liberated the start-
ing secondary alcohol 16, which then readily reacted with the
remaining putative imidazolium carbamate ions to afford the
observed carbonate 19.

Interestingly, the use of potassium iodide with trans-4-phenyl-
cyclohexanol substrate 16 mainly produced a mixture of the
intended secondary alkyl iodide 17 and elimination product 18.
It appeared that in this case, the strong nucleophilicity of iodide
ions readily promoted the substitution reaction at the carboxyl car-
bon to produce the observed secondary alkyl iodide 17 despite the
steric barrier imposed by the secondary imidazolium carbamate
intermediate. Formation of 4-phenylcyclohexene 18 most likely
originated from the instability of alkyl iodide 17 and its suscepti-
bility to undergo elimination. This was evidenced by an attempt
to isolate compound 17 using silica-gel column chromatography,
which only resulted in its decomposition to byproduct 18.

Conclusion

In conclusion, we have discovered an unusual reactivity of imi-
dazolium carbamate intermediates towards nucleophilic substitu-
tion with halide ions. Our experimental data suggested that the
mechanism of this reaction proceeded via two competitive path-
ways: decarboxylative alkyl halide formation involving a nucleo-
philic attack at the carboxyl position, or nucleophilic acyl
substitution, which leads to regeneration of the starting alcohol
and dimerization to carbonate byproduct. Further synthetic utili-
ties of these imidazolium carbamate ions in other useful bond-
forming processes are currently being explored in our laboratory.
The results will be reported in due course.
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phenylcyclohexanol (2.0 mmol) was dissolved in anhydrous acetonitrile
(20 mL). Carbonyldiimidazole (2.2 mmol) was then added. The reaction was
stirred for one hour at room temperature, at which alcohol 7 was fully
consumed. Then, potassium halide salts (10 mmol), freshly azeotroped p-
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toluenesulfonic acid (8.0 mmol), and dibenzo-18-crown-6 (0.2 mmol) were
sequentially added. After allowing the mixture to stir at gentle reflux for 24 h,
the reaction was quenched with DI H,0 and extracted with ethyl acetate. The
organic layers were then combined, dried with sodium sulfate, and
concentrated under vacuum. The crude material was analyzed by GC-MS
and then purified by silica-gel column chromatography. 1-Chloro-3-
phenylpropane: "H NMR (400 MHz, CDCls); & (ppm) = 7.32-7.19 (5H, m), 3.53
(2H, t, J=6.5Hz), 2.78 (2H, t, J=7.3 Hz), 2.11 (2H, qn, J = 6.6 Hz). >*C NMR
(100 MHz, CDCl5); & (ppm)=140.70, 128.55, 128.49, 126.13, 44.23, 34.03,
32.77. 1-Bromo-3-phenylpropane: '"H NMR (400 MHz, CDCl5); & (ppm) = 7.37-
7.24 (5H, m), 3.44 (2H, t, J=6.6 Hz), 2.83 (2H, t, J=7.2 Hz), 2.22 (2H, qn,
J=6.7Hz). 3C NMR (100 MHz, CDCls); § (ppm)=140.58, 128.59, 128.54,
126.20, 34.21, 34.02, 33.13. 1-lodo-3-phenylpropane: 'H NMR (400 MHz,
CDCls); 6 (ppm)=7.37-7.24 (5H, m), 3.24 (2H, t, J=6.8 Hz), 2.78 (2H, t,
J=72Hz), 218 (2H, gn, J=6.9Hz). '3C NMR (100 MHz, CDCl;); &
(ppm) = 140.45, 128.60, 128.54, 126.22, 36.27, 34.94, 6.42. Bis(3-
phenylpropyl) carbonate: 'H NMR (400 MHz, CDCls); & (ppm)=7.41-7.28
(10H, m), 4.27 (4H, t, J=6.5 Hz), 2.82 (4H, t, J= 7.4 Hz), 2.14-2.07 (4H, m).
13C NMR (100 MHz, CDCl5); & (ppm) = 155.40, 141.10, 128.57, 128.51, 126.17,
67.29, 32.02, 30.36.
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