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The PhzP/ICH,CH;l system-promoted dehydroxylative substitution
of alcohols was achieved to construct C-O, C-N, C-S and C-X
(X = Cl, Br, and 1) bonds. Compared with the previous approaches
such as the Appel reaction and Mitsunobu reaction, this protocol
offers some practical advantages such as safe operation and a
convenient amination process.

Nucleophilic substitution at tetravalent carbon (sp’) centers is a
fundamental class of reactions that have found widespread
applications in organic synthesis." A good leaving group attached
to the tetravalent carbon is usually required because the leaving
group has a dramatic influence on the rate of nucleophilic
substitution. The nucleophilic substitution of readily available
chemicals would be an attractive strategy to obtain target mole-
cules. Owing to the wide availability of alcohols, the nucleophilic
substitution of alcohols has been demonstrated to have broad
synthetic utility.> As the hydroxyl group in alcohols is a poor
leaving group, the conversion of this moiety into a better leaving
group such as a tosylate or a triflate may be required in traditional
substitution methods (Fig. 1, eqn (1)).> Compared with traditional
methods which lack efficiency, the nucleophilic substitution of
alcohols through direct dehydroxylation under mild conditions
would be preferred.

In recent years, there have been significant advances in
the chemistry of phosphonium salts. Phosphonium salts can
act as catalysts including phase-transfer catalysts® and Lewis
acid catalysts,” and intermediates for deoxy-functionalization
owing to the high affinity of phosphorus towards oxygen. Some
deoxy-functionalization reactions include the Wittig reaction,®
Arbuzov reaction,” Appel reaction,® and Mitsunobu reaction.’
The dehydroxylation of alcohols and subsequent nucleophilic sub-
stitution is involved in the Appel reaction and Mitsunobu reaction.
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Fig. 1 Dehydroxylation of alcohols for nucleophilic substitution.

The Appel reaction has proved to be an efficient approach for
halogenation, and the catalytic Appel reaction has been recently
developed (Fig. 1, eqn (2)).'® However, this reaction can only be
applied to the construction of C-X (X = Cl, Br, and I) bonds.

The Mitsunobu reaction, the substitution of alcohols with
nucleophiles promoted by azodicarboxylate or azodicarbonamide
reagents (usually azodicarboxylate) and a triaryl- or trialkyl-
phosphine, has received particular attention as this reaction
allows the formation of C-O, C-S, C-N, or C-C bonds (Fig. 1,
eqn (3)).%” since its discovery in 1967,” the Mitsunobu reaction
has enjoyed widespread prominence and recognition in organic
synthesis and medicinal chemistry owing to its stereospecificity,
wide substrate scope, and mild reaction conditions. However,
this reaction still has some limitations:*” first, the nucleophile
has to be a relatively acidic component with pK, < 15, preferably
below 11. Second, azodicarboxylate reagents are susceptible to
explosion upon strong heating or impact. Third, a dropwise
addition procedure is usually required. Therefore, the develop-
ment of safe and operationally convenient protocols for deoxy-
functionalization of alcohols is highly desirable.

Generally, triphenylphosphine (Ph;P) would readily undergo
alkylation with alkyl iodides to produce alkyl phosphonium salts.
Unexpectedly, it was found that 1,2-diiodoethane (ICH,CH,I)
did not lead to the alkylation of triphenylphosphine.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Dehydroxylation of alcohols to form C-N and C-S bonds?

Ph3P (1.2 equiv)
R-OH . Nu=H ICH,CHl (1.2 equiv) R=Nu
DMF, rt, 10-12 h

1 (1.0 equiv) 2 (3.0~4.0 equiv) 3

N-Nucleophiles:

N"Ph N,Ph
Me A
Ph Ph

oo

3a (96%)° 3b (90%)° 3c (94%)° 3d (82%)°
Ph
NG /©/\N3 /@ANN H
U L N
= NSNS
Ph/©AMe Ph Ph N Ph Ph
3e (quantitative)® 3f (quantitative)>? 39 (77%)° 3h (71%)°
e N §
ph >SN PR Ph T \©\ PR N \©\
3i (59%) 3j (74%)° Me 3k (53%)° Cl
Me Me = \
|
Ph/\/\/N\Ph Ph/\/\/N3 Ph/\)\Na Ph/\/\/N\?
31 (80%)° 3m (quantitative)?2e 3n (98%)2¢ 30 (82%)°

S-Nucleophiles: CF;
&P Q s s
/@A /EjA s P NS PR \©\
Ph

3s (96%) OMe

3p(93%)¢ PN 3q (85%) 3r (95%)¢

Ph NN S\@\ /\)M\e
_Ph
E Ph S

c
3t (quantitative) ® 3u (40%)¢

ph/\/\/S

3v (80%)

“ The yields in parentheses are isolated yields. Reaction conditions: 1
(0.5 mmol), N-nucleophile (4 equiv.) or S-nucleophile (3 equiv.), Ph;P
(1.2 equiv.), ICH,CH,I (1.2 equiv.) in DMF (5 mL) at room temperature
for 10-12 h.”? 3 equiv. of N-nucleophile were used. The reaction
temperature was 50 °C. “ Nu"Na' was used instead of Nu-H. ¢ Irrespec-
tive of whether a base (2 equiv. of 2,6-lutidine) was used or not, a
quantitative yield was obtained.

Instead, deiodination of ICH,CH,I by Ph;P occurred to generate
ethylene and iodophosphonium species (Ph;P'T17). Our research
interest in the chemistry of phosphonium salts'* prompted us
to investigate the applicability of this species. It was found that
the phosphonium salt (Ph;P'T 17) could enable the convenient
nucleophilic substitution of alcohols in DMF through its
dehydroxylation to form C-O, C-N, C-S and C-X (X = Cl, Br,
and I) bonds (Fig. 1, eqn (4)).

Free amines (primary and secondary) cannot act as nucleo-
philes in the Mitsunobu reaction as the proton in the N-H
moiety is not acidic enough. Although dehydroxy-amination of
alcohols with amines could be readily achieved via a hydrogen
autotransfer strategy,"> expensive transition metals and high
reaction temperatures (usually above 100 °C) are required. It
was found that the amination of alcohols promoted by the
Ph;P/ICH,CH,] system in DMF was successful to give the
desired product. A brief survey of the reaction conditions
revealed that a high yield could be obtained by using a slight
excess of Ph;P and ICH,CH,I at room temperature [see the
ESIt]. With the optimized reaction conditions in hand, the
applicability of the dehydroxylation of alcohols to form C-N
and C-S bonds was investigated.

As shown in Table 1, benzyl alcohols (3a-3g) were highly
reactive towards the formation of C-N bonds. Various amines
including an alkyl amine (3a) and aryl amines (3b-3e) could act
as excellent nucleophiles. Both primary (3b-3d) and secondary
amines (3a and 3e) were suitable for this transformation. Owing
to the lower nucleophilicity of aryl amines, heating conditions
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were required for the substitution with aryl amines (3b-3d).
Notably, the secondary amines (3b-3d) obtained from primary
amines did not convert further into tertiary amines. A quanti-
tative yield was obtained for the substitution with an azide
anion (3f). The use of an unprotected imidazole as a nucleo-
phile gave the functionalized imidazole in good yield (3g).
Although alkyl alcohols showed a slightly lower reactivity
compared with benzyl alcohol, various amines (alkyl- and
aryl-amines, primary and secondary amines), the azide anion,
and unprotected imidazole could all undergo substitution of
the hydroxyl group (3h-30). The substitution of the secondary
alcohol with an azide anion also occurred to give the product 3n
in high yield.

The dehydroxylation would result in the generation of a
proton from the hydroxyl group. As the proton could be
neutralized by the excessive nucleophiles and the reaction
solvent DMF, very acidic conditions would not be formed from
the reaction systems. But in the case of the N; ™ nucleophile, the
hazardous HN; may still be produced without the presence of a
base. Fortunately, it was found that the use of 2,6-lutidine as a
base to inhibit the formation of HN; could also give a high yield
of the desired product (3m).

In the Mitsunobu reaction, sulfur nucleophiles usually have
to be neutral S-H compounds.®” In this protocol, both thiolate
anions (3p, 3r and 3u) and neutral S-H compounds (3q, 3s, 3t
and 3v) could substitute the hydroxyl group in benzyl and alkyl
alcohols. A lower yield was obtained for the transformation of
secondary alcohols (3u). Besides arylthiols (3p-3u), alkylthiol
could also be used as a nucleophile to realize dehydroxy-
thiolation (3v).

In contrast to phenylthiols, phenols cannot directly act as
nucleophiles, probably because the nucleophilicity of phenols
is lower owing to its stronger electronegativity and intermole-
cular hydrogen bonding. It was found that the use of phenolate
anions as nucleophiles could give the etherification products in
high yields (Table 2, 5a-5c). Dehydroxy-etherification with an
alkoxy anion also proceeded smoothly (5d). Carboxylate anions
were found to be excellent nucleophiles for the dehydroxy-
esterification of alcohol (5e-5g). Besides benzyl alcohols, alkyl
alcohols (5h-5m) and allylic alcohol (5n) were also quite reactive
towards etherification and esterification. Secondary alcohols
showed a lower reactivity (50-5p). An elevated reaction tempera-
ture (60 °C) allowed for the dehydroxy-esterification of tertiary
alcohol albeit in a low yield (5q). A high level of functional group
tolerance was observed for the C-O bond formation (5r-5s).

As organohalogenated compounds are of increasing impor-
tance in various areas such as functional materials and organic
synthesis,>*'* halogenation of alcohols was also investigated.
It was found that chlorination, bromination, and iodination all
occurred well by using halide anions as nucleophiles (5t-5z).
Interestingly, the external addition of an iodide anion was not
necessary for iodination (5v-5w and 5z) because the Ph;P/ICH,CH,I
system can generate an iodide anion.

Although the Ph;P/ICH,CH,I system could lead to the direct
iodination of alcohols, the iodination byproducts were hardly
observed in the other dehydroxy-functionalization reactions

Chem. Commun., 2018, 54, 7034-7037 | 7035
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Table 2 Dehydroxylation of alcohols to form C-O and C-X (X = C|, Br,
and |) bonds?

PhsP (1.2 equiv)
R-OH + NuNat —CHCHl(2equy) o
1(10equv) 4(30equy)  DMP T 10-12h s

o /@Ao
5a (98%) Ph 5c (76%)

2 2 i
/@/\O Me /@AO Me /©/\OkPh Ph/\/\/OPh
Ph MeO,C Ph

O-Nucleophiles:

e o

NO,
Ph
Ph )

o
5b (83%) 5d (92%)

5e (99%)° 5f (96%) 59 (quantitative) 5h (quantitative)
A0 A
Ph \©\ Ph/\/\/O\O\ e~ OMe Ph/\/\/o\“/Me
OMe Z>No.
5i (quantitative) 5j (46%) 5k (40%) 51 (quantitative)®
O~ Ph I /\)M\e Ye 9
Ph
s S
5m (60%) 5n (99%)° 50 (32%) 5p (40%)°
Me Me
Sa
e : o
Ph 0" "Me 1y MeO,S. =
Bu\o/&o r?‘ N
5q (44%)°° 5r (55%) s (77%) F

Halogen Nucleophiles:
/@/\CI /©/\I @/\/\/]
PhO Br
5v (92%)°

2/
5t (55%)¢ 5u (quantitative)® 5w (85%)°
Cl Br |
WCHS ©/\)\CH3 ©/\)\CH3
5x (79%)? 5y (62%)¢ 5z (35%)¢

“ The yields in parentheses are isolated yields. Reaction conditions: 1
(0.5 mmol), Nu~Na* (3 equiv.), PhsP (1.2 equiv.), ICH,CH,I (1.2 equiv.)
in DMF (5 mL) at room temperature for 10-12 h. * MeCO,~ K" was used
as the nucleophile. € 60 °C of reaction temperature and 5 h of reaction
time were used. ¢ For chlorination and bromination, "Bu,N* X~ was
used as the nucleophile. ¢ Nal was not required as the iodide anion was
generated from ICH,CH,I; 60 °C of reaction temperature and 2 h of
reaction time in CH;CN were used.

discussed above, probably because the other C-Y (Y = O, S, N,
Cl, and Br) bonds are stronger than the C-I bond.

Besides 1,2-diiodoethane, other alkyl vicinal diiodides such
as 1,2-diiodo-4-phenylbutane could also be used for dehydroxy-
functionalization (Fig. 2), further demonstrating the synthetic
utility of this dehydroxylation strategy.

The *®0-labeling technique has found widespread application
in a variety of research areas, such as quantitative proteomics and
mechanistic investigations in organic synthesis."* Although
'80-labeled alcohols can be obtained via various approaches,
multi-step procedures or prohibitively expensive '*0, has to be
used in these approaches.” Recently, Rozen described a general
route for the efficient synthesis of **0-labeled alcohols using the
H'®OF-CH;CN complex, but the preparation of this complex
required the use of a hazardous agent, fluorine gas.'® It was found
that the use of Na'®*0OH [made from H,'®0 (**0 content: 95%)]

PhsP / PhCH,CH,CHICH,!
DMF, rt, 10 h

p-Ph-CgHsCH,0H + KOAc p-Ph-CgH4CH,0AC

5e (quantitative)?

Fig. 2 Dehydroxy-esterification promoted by a PhsP/RCHICH,I system.
aThe yield was determined via 'H NMR spectroscopy.
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/©/\OH . W PhaP / ICH,CHal /©/\‘SOH
Ph NaH, DMF, 50 °C, 5h o,
1a 180-1a (67% isolated yield)
(180 : 10 = 50 : 50)?

Fig. 3 The synthesis of *¥O-labeled alcohol. @ Determined using MS-El.

as a nucleophile could readily give the expected ®O-labeled
alcohol (Fig. 3). But a low yield was obtained for the synthesis of
labeled alkyl alcohols such as '®0-4-phenylbutan-1-ol (27%
yield and a low labeling ratio). This protocol is straightforward
and attractive for labeling benzyl alcohols owing to its mild
reaction conditions and convenient procedure.

On the basis of the above results and the experimental
evidence shown in the ESIf due to length limits, we propose the
plausible reaction mechanism, as shown in Fig. 4. The reaction of
Ph;P with ICH,CHS,I proceeds very rapidly via a halogen bonding
process as shown in Fig. S2 (ESIf) to generate the active inter-
mediates, diiodophosphorus F (Ph;PL,) and iodophosphonium
salt G (PhP'I I7), an equilibrium between which is established.
Intermediate G is a strong Lewis acid and its coordination with
DMF provides intermediate B. The nucleophilic attack of the iodide
anion at intermediate B would release Ph;P—0 with the simulta-
neous formation of the Vilsmeier-Haack type intermediate C. Both
intermediates B and C are electrophilic and would be easy to be
attacked by an alcohol to afford intermediate H. Its subsequent
nucleophilic substitution with a nucleophile gives the final
product. Ph;P—0 can be isolated in 79% yield from the
dehydroxylation of alcohol (see the ESIT), which further supports
this proposed mechanism.

The final substitution of intermediate H should proceed via
an Sy2 process. Indeed, inversion of configuration with partial
racemization was observed for the transformation of enantio-
pure S-1w under the optimal reaction conditions, as shown
in Fig. 5.

Although partial racemization for the substitution of enantio-
pure alcohols and lower efficiency for the substitution of secondary
or tertiary alcohols with bulky nucleophiles (3u, 50-5q) are major
shortcomings of this protocol compared with the Mitsunobu
reaction, this protocol is still quite attractive due to safe operation
and a convenient amination process. In addition, good yields still

Me\+
I N
PhePl| Me -1
F C
ICH,CH,l — 1P Ph P-OT R—W—Me‘ﬁ:(H/£> R-Nu
212 Chy=ch, f * e 1 ok M ors
+ - Me, H
Phyp—1 1~ —2MF - | H
- ]
G M |- O-PPh;
B

Fig. 4 The proposed mechanism for dehydroxylation of alcohols.

OH cl
optimal conditions H
Ph/\)\ Me—» Ph/\/\Me
S-1w 5w

(75%, R: S =81:19)

Fig. 5 Inversion of configuration during dehydroxy-chlorination.

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8cc03856b

Published on 30 May 2018. Downloaded by Shanghai Institute of Organic Chemistry on 9/5/2024 8:54:39 AM.

Communication

could be obtained for the substitution of secondary alcohols
with small nucleophiles (3n, 5x-5y).

Intermediate G could also be formed from the Ph;P/I, system,
and the Ph,P/I, system has been applied to esterification'” and
iodination.'® However, its use in nucleophilic substitution of
alcohols via dehydroxylation has never been systematically inves-
tigated, and has been limited to iodination.'® Furthermore, I, is
toxic and would thus lead to operational inconvenience. In sharp
contrast, the Ph;P/ICH,CH,I system could be applied to conve-
nient and efficient substitution of alcohols with various nucleo-
philes under mild conditions.

In summary, the combination of Ph;P and ICH,CH,I has
been demonstrated to be a very efficient reagent system for the
dehydroxylation of alcohols and subsequent nucleophilic sub-
stitution to form C-N, C-S, C-O, C-Cl, C-Br, and C-I bonds.
The dehydroxylation strategy can be applied to the synthesis of
80-labeled alcohols. In contrast to the Mitsunobu reaction, in
which the azodicarboxylate reagents are susceptible to explo-
sion and the nucleophiles have to be relatively acidic compo-
nents, this protocol offers some practical advantages including
safe operation and convenient amination to afford unprotected
amines. Major shortcomings of this protocol include partial
racemization for the substitution of enantiopure alcohols and
low efficiency for the substitution of secondary or tertiary
alcohols with bulky nucleophiles. The Ph;P/ICH,CH,I system
may also find synthetic utility in other substitution reactions.
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