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A Highly Selective, High-Speed, and Hydrolysis-Free O-Acylation in
Subcritical Water in the Absence of a Catalyst**

Masahiro Sato,* Keiichiro Matsushima, Hajime Kawanami,* and Yutaka lkuhsima

The acylation of alcohols and phenols to esters with carbox-
ylic anhydrides is a fundamental chemical transformation in
the production of important intermediates and fine chem-
icals.l'l Catalytic versions of this reaction are being inves-
tigated intensively to replace the current non-stoichiometric
acylation processes that generate large amounts of carboxylic
acid and solvent waste.>®! Lewis acids such as Sc(OTf),,"
Me;SiOTE! and In(OTf);™ have shown promising catalytic
properties although these catalysts are expensive and highly
acidic, which means they cannot be used in the presence of
acid-sensitive alcohols. Bi(OTf); has recently been shown to
catalyze the acylation of sterically hindered alcohols in
aprotic organic solvents in the presence of water.”) The
major general limitations of this approach concern rapid
catalyst deactivation by deposition of char or coke on the
catalyst surface, which proves troublesome and costly when it
comes to regenerating the catalyst.”] Furthermore, large
volumes of organic solvents and long reaction times are
needed for depletion®® in batchwise solution-phase process-
es.

Herein we report a new and highly efficient acylation of
alcohols without acid or base catalysts that involves a
microreaction system with subcritical water (subH,O) as
both the catalyst and the substrate and product phase
(Scheme 1). Chemical microprocessing is generally defined
as continuous flow through regular domains in which the
internal structures of fluid channels have characteristic
dimensions, typically in the “sub-millimeter” range,"” hence
the term “micro” will be used hereafter (see the Supporting
Information). This methodology is based on the assumption
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that H,0 becomes Lewis acidic'!! and that the dielectric
constant (¢) of the reaction medium can be controlled by
adjusting the pressure and temperature!” in the subH,O
region.['¥! This subH,O microreaction system can also provide
a continuous operation that is characterized by instantaneous
heating and subsequent quenching of the substrates along
with vigorous mixing, which leads to high-speed acylation and
therefore greatly reduced hydrolysis of the substrate and
product. The results reported herein confirm the feasibility of
this approach and provide an insight into the ability of water
to act as a Lewis acid in the subH,O region. This new
approach compares favorably in terms of activity, scope, and
selectivity with other catalytic reactions performed in volatile
organic solvents or under solvent-free conditions for the
selective and high-speed acylation of alcohols.

The acylation of a solution of benzyl alcohol (1,
0.47 molkg™") to benzyl acetate (1a) in the presence of
1.1 molar equivalents of acetic anhydride was examined as a
test reaction (see the Supporting Information). Benzyl
acetate was formed exclusively in an excellent yield of
99.0% at around 200°C and 5 MPa in less than 10 seconds,
even in the absence of an acid catalyst and organic solvent
(Figure 1). The dielectric constant (e =34.9) of subH,O at
5 MPa and 200°C is similar to those of MeCN, DMAc (N,N-
dimethylacetamide), and DMF (e =36-38), which are fre-
quently used as solvents in acylation reactions, hence the
substrates and ester products are soluble in subH,O.
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Figure 1. Temperature dependence of the acylation of BnOH by acetic
anhydride in a subH,O microreaction system at a pressure of 5 MPa
and a reaction time of 9.9 seconds.
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The yield of 1a is plotted against the dielectric constant of
water in Figure 2./ Benzyl acetate 1a could only be
synthesized in the limited dielectric constant range, € < 50,
where the yield is remarkably high. The yield is essentially
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Figure 2. Dielectric constant (¢) dependence of the acylation of BnOH
by acetic anhydride in a subH,O microreaction system at a pressure of
5 MPa and a reaction time of 9.9 s.

quantitative at ¢ =35 and then decreases sharply with an
increase of &; no ester is obtained with & > 60. The ¢ value that
gives the maximum yield is close to that of MeCN (e =37).
Water molecules are likely to act as catalysts in the subH,O
region by transferring a proton along locally formed hydrogen
bonds,™ which leads to a lowering of the energy required for
bond cleavage and bond formation."” The role of water in
intermolecular hydrogen transfer is supported by quantum
chemical calculations.!"”

In a typical procedure, a stream containing a mixture of
alcohol and anhydride is placed aacross a high-speed flow of
subH,O and the resulting mixture is introduced into a
microreactor (u-reactor), where the acylation proceeds rap-
idly as a result of the vigorous mixing caused by a turbulent
flow with a Reynolds number of around 5x 10°. Acylation
occurs exclusively in the “on-water” manner!™ which is
characteristic of the subH,O microreaction system. No
significant side reactions such as hydrolysis, hydration, or
pyrolysis occur, which means that the selectivity for 1a is
quantitative and the conversion is well above 99 %. A similar
behavior is observed for various primary, secondary, and
tertiary alcohols, phenol derivatives, and dihydroxy com-
pounds with the same subH,O microreaction system (see
Tables 1-5 and the Supporting Information). Once conver-
sion is complete, which occurs after around 9.9 seconds at
200°C and 5 MPa (Figure 1), the product 1a accumulates at
the bottom of the aqueous solution and can be easily and
quantitatively isolated by phase separation or filtration.

Table 1 summarizes the results obtained for the acylation
of 1 and 2-methyl-1-phenylpropan-2-ol (2) as typical primary
and tertiary alcohols under various reaction conditions. It is
important to note that acylation of 1 in this microreaction
system has already been shown to occur with complete
selectivity and a conversion of 99% in the absence of a
catalyst (Table 1, entry 3). However, the same reaction with
subH,O in a batchwise process gives a yield of only 17% at
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Table 1: Acylation of BnOH (1) and 2-methyl-1-phenylpropan-2-ol (2) in a
catalyst-free microreaction system.F!

Entry Substrate Anhydride Molality Conv. Sel. Yield [%)]
(equiv) [molkg "I %]  [%]

16 Ac,0 (1.1) 0.47 18 95 17
29 pp™Non A0 (1.1) 8.90 88 100 88
3 1 Ac,0 (1.1) 0.46 99.0 100 99.0
4 (iBuCO),0 (1.1) 0.46 99.8 100 99.8
54 Ac,0 (4.0) 2.45 39 98 38
6 Ph/\1/0H Ac,0 (1.1) 0.37 70 72 50
7 Ac,0 (4.0) 0.17 89 87 77
8t 2 A0 (4.0) 0.17 96 65 63
9 Ac,O (40) 0.02 80 94 75

[a] In H,O at 200°C, p=5 MPa, t=9.9 s. [b] Molality of substrate relative
to total weight of Ac,O and solvent. [c] Batch process, t=15s . [d] No
solvent added. [e] Reaction temperature 225°C.

the same temperature and pressure after approximately the
same reaction time (Table 1, entry 1). This may be due to the
strong hydrolytic properties of subH,O upon prolonged
heating in a batch system.'”) Under H,O-free conditions 1a
was obtained in a good yield of 88 % with the microreaction
system (Table 1, entry2), while acylation of the tertiary
alcohol 2 gave only a 38 % yield of the desired ester (Table 1,
entry 5). Alcohol 2 is labile above 225°C and can form
olefinic by-products such as 2b and 2 ¢ (Scheme 2), hence the
yield of the desired acylated product 2a has a tendency to
decrease with an increase in temperature (Table 1, entries 7

-AcOH

ppa— Ph/\ﬁ — Ph/ﬁ/ . Ph/\(
subH,0 OAc
2a 2b 2c

Scheme 2.

and 8). Formation of the by-products occurs by consecutive
elimination of acyl groups from the ester products. The
reaction temperature should therefore be kept lower to
suppress such elimination reactions—the yield of acetate 2a
was found to be 77 % at 200°C compared to 63 % at 225°C.

Another example of the scope of the subH,O micro-
reaction system in acylation is summarized in Table 2, where
it can be seen that the acylation activities induced in the
subH,O microreaction system are remarkably higher than
those with a conventional homogeneous catalyst in an organic
solvent. Thus, the acylation of 3 and 4 gives around 80 % yield
of the acylated products after 4-6 hours under solvent-free
conditions in a batchwise process with Bi(OTf); as the Lewis
acid catalyst (Table 2, entries 1 and 4)."

This negative trend is also apparent when performing the
reaction in organic solvents, where higher yields of 93-95%
are only obtained after reaction times of up to 8.5 hours in
MeCN or THF (Table 2, entries 2 and 5).”" Amazingly, use of
the subH,O microreaction system in the complete absence of
an acid catalyst improved the yields significantly after only
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Table 2: Acylation of furfuryl alcohol (3) and geraniol (4).

Entry  Substrate Anhydride  Process®”  Catalyst Solvent  Molality T p t Conv. Sel.  Yield
(equiv) (equiv) [molkg 1" [°C]  [MPa] [s] D 1% %]
1 N Ac,0 (10) B Bi(OTf), (0.05 none  9.8x10™* 25 0.1 19800 - - 80
21 o > Ac,0 (10) B Bi(OTf), (0.05) THF 9.8x10* 25 0. 30600 - - 93
3 3 A0 (1) 1 - H,0 0.50 200 5 9.9 9 100 96
41 oo Ac,0 (10) B Bi(OTf), (0.01) none  9.8x10* 25 0.1 12600 - -8l
5t S N"on  Ac,0 (10) B Bi(OTf); (1.0) MeCN  9.8x10™* 25 0. 30600 - - 95
6 4 Ac,O (1.1) - H,O 0.35 200 5 9.9 98.8 100 98.8

[a] B: batch process; u: subH,O microreaction system. [b] Molality of substrate with respect to total weight of Ac,0 and solvent. [c] From reference [7].

9.9 seconds (Table 2, entries 3 and 6). It is highly likely that
water molecules participate in the acylation reaction, which
probably passes through a six-membered ring transition
state,” although this postulated mechanism is still to be
confirmed by kinetic methods.

The above results motivated us to turn our attention to
other alcohols. Thus, primary (5) and secondary alcohols (6—
8) and phenolic derivatives (9-12) were transformed into the
acylated products in excellent yields of more than 95% and
with 100% selectivity at 200-250°C (see the Supporting
Information for 5-8 and Table 3, entries 2, 4, 5, and 6, for 9—
12). The amount of acetic anhydride used is less than in the
previously reported catalytic processes?™® and the yields are
higher. Interestingly, a-tocopherol (12) gives a very high yield
of the corresponding acetate with almost quantitative selec-
tivity (99%) after a very short reaction time even in the
absence of an acid catalyst (Table 3, entry 6), and eugenol
(11), which readily isomerizes thermally, is acylated in 95%
yield with this subH,O microreaction system (Table 3,
entry 5).

Even tertiary alcohols such as fert-butyl alcohol (13), 1-
ethynyl-1-cyclohexanol (14), and a-terpineol (15) are rapidly
acylated, with yields of 90% or above in the presence of

Table 3: Acylation of phenolic derivatives with acetic anhydride in a
subH,0O microreaction system.?

Entry Substrate Molality Conv. Yield
[molkg™] [%] [%]

1™ 0.38 82 82

2 0.38 97 97

Ore
o I
[{-]

30l H 0.29 47 47
4 \©/ 10 0.29 97 97

OH
OMe
5 11 0.25 95 95
Va

6 o-tocopherol (12) 0.16 99.0 99.0

HO.

12

[a] 1.1 equiv Ac,O, p=5 MPa, t=9.9 s, T=250°C; all reations proceded
with 100 % selectivity. [b] T=200°C. [c] 1.1 equiv Ac,0/1 equiv AcOH as
the acylating agent.
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1.1 molar equivalents of acetic anhydride at 200°C (Table 4,
entries 1, 3, and 5, respectively). This result suggests that
acylation is much faster than dehydration when the amount of
acetic anhydride used is increased. The only exceptions so far

Table 4: Acylation of tertiary alcohols by acetic anhydride in a subH,O
microreaction system.”!

Entry Substrate Anhydride Molality ~ Conv. Sel. Yield
(equiv)  [molkg 'l %]  [%] [%]
1 +0H Ac,0 (1.1) 037 100 94 94
2 13 Ac,0 (40)  0.16 00 92 92
3 wo. 7 Ac,O (1.1) 033 100 86 86
4 14 Ac,0 (4.0) 0.15 79 99 79
5 Ac,O (1.1) 0.29 100 97 97
15 Ac,0 (4.0) 0.15 92 97 90
OH
7 2 Ac,O (1.1) 0.37 70 72 50
8 Ac,O (40) 0.7 89 87 77
Ac,0 (1.1)/
9 $COZH AcoH (o) 036 00 70 70
10 16 Ac,0 (4.0)/ 0.7 100 82 82
AcOH (2.0)
11 oy A0 (1) 028 18 31 6
12 W Ac,0 (4.0)  0.15 53 63 33
13 17 Ac,0 (10)  0.08 66 83 55
14 Ac,0 (30)  0.02 77 98 75

[a] T=200°C, p=5 MPa, t=9.9s.

are the tertiary alcohols 1-hydroxyisobutyric acid (16) and
linalool (17), which are transformed rapidly but form large
amounts of olefinic by-products as a result of dehydration in
the presence of 1.1 molar equivalents of acetic anhydride
(Table 4, entries 9 and 11, respectively). Addition of a large
excess of acetic anhydride, however, improves the activity and
selectivity at the same pressure, temperature, and reaction
time. For example, the acylation of 17 gives a selectivity of
only 63 % in the presence of four molar equivalents of acetic
anhydride, whereas higher selectivities of up to 98% are
obtained upon increasing the amount of acetic anhydride
(Table 4, entries 11-14). This reaction therefore seems to
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Table 5: Selective acylation of diols by acetic anhydride in a subH,O microreaction system.

Entry Substrate Products Anhydride Molality T p t Conv. Sel. [%)]
(equiv) [molkg™] °q [MPa] [s] [%] a b
. Ac,0 (1.1)/ 039 25 5 9.9 85 65 35
OH OAc Ac AcOH (05)
2 OH [i:ro” Ohe Ac,0 (1.1)/ 117 225 5 5.5 95 97 3
AcOH (0.5)
3 18 18a 18b Ac,0 (2.2)/ 0.25 225 5 9.9 100 7 93
AcOH (1.0)
. Ac,0 (1.1)] 049 200 5 9.9 94 61 39
5 . e QC%HU(O{)}} 147 200 s 55 89 90 10
C; . . .
OH OH OA
19 19a 109 ¢ AcOH (0.3)
6 A0 (22)/ 030 200 5 9.9 99.9 0 99.9
AcOH (0.5)
76 OH Qhc Ac,0 (1.0) - 80 0.1 2h - - (23)b
8 on Acrone A ~one Ac,0 (1.1) 0.49 200 5 9.9 99 67 33
9 PN 20a 20b Ac,0 (1.1) 1.47 200 5 5.5 93 91 9
) OH (b]
10 20 OAc Ac,0 (2.5) - 80 0.1 25h - - (76)
1 on Ac,0 (2.2) 031 25 5 9.9 99.9 0.1 99.9
20¢
12 A0 (1.1) 0.41 200 5 9.9 998 86 14
13 OH OH Ac A0 (1.1) 123 200 5 5.5 95 95 5
14 >N~on SN~one i/\om Ac,0 (2.2) 0.28 200 5 9.9 994 36 64
15 21 21a 21b Ac,0 (2.2) 0.28 25 5 9.9 942 26 74
16 Ac,0 (5.1) 0.15 200 5 9.9 99.1 03 99.7

[a] CoCl, (5 mol%) in MeCN was added as a catalyst.’¥ [b] The value in parentheses is the yield of acylated products. [c] 21% of 20c.

depend more on the nature of the substituent R' of the
alcohol than the R group of the anhydride (Scheme 1, Table 1,
entries 3 and 4).

Few studies have been reported to date on the regiose-
lective acylation of dihydroxy compounds in the presence of a
Lewis acid in organic solvents, and of these hardly any have
provided satisfactory yields of the desired products.”>?! As
shown in Table 5, the subH,O microreaction system makes it
possible to regioselectively acylate either or both hydroxy
groups of various dihydroxy compounds without the need for
a catalyst by controlling the molar ratio of acetic anhydride to
dihydroxy compound. In the presence of a large excess of
acetic anhydride (2.2-5.1 molar equivalents), both hydroxy
groups of catechol (18), 1,3-propanediol (19), 1,3-butanediol
(20), and 3-methyl-1,3-butanediol (21) are acylated to form
the corresponding diacetates (18b, 19b, 20b, and 21b) in
nearly quantitative yields (Table 5, entries 3, 6, 11, and 16),
whereas the usual conditions of 1.1 molar equivalents of
acetic anhydride only one (primary) hydroxy moiety of these
compounds is regioselectively transformed into the corre-
sponding monoacetate (18a, 19a, 20a, and 21a) with excel-
lent selectivities of 90-97 % (Table 5, entries 2, 5, 9, 13). The
resulting esters are insoluble in water and either float on the
surface or accumulate at the bottom, which means that they
can easily be recovered from the reaction mixture by decant-
ation.
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In summary, we have developed a high-speed, highly
selective, and hydrolysis-free acylation of various alcohols by
acetic anhydride in the absence of catalyst that makes use of a
subH,O flow-type microreaction system. The desired esters
are obtained in excellent yields (>93%) with 100% selec-
tivity at temperatures between 200 and 250°C. Tertiary
alcohols can also be transformed into the corresponding
esters in the presence of a large excess of anhydride below
200°C. Varying the amount of acetic anhydride added relative
to the alcohols allows the regioselective acylation of one or
both hydroxy groups of various dihydroxy compounds. This
system nicely demonstrates the potential benefits that can
result from combining the properties of subH,O with micro-
processes. Finally, it is worth noting that this approach is an
environmentally benign process that could find applications
in industrial-scale acylations, thus making this approach of
general interest for the field of “green” organic synthesis.
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