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Abstract: ZrOCl,-8 H,0 and HfOCI,-8 H,O are
highly effective, water-tolerant, and reusable homo-
geneous catalysts for direct ester condensation be-
tween equimolar amounts of carboxylic acids and al-
cohols. Notably, zirconium(IV) salts such as ZrOCl,-
8 H,O and Zr(OAc),(OH), are potential green cata-
lysts due to their low toxicity, commercial availability
at low cost, ease of handling, high catalytic activity,
and reusability.
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Replacing current chemical processes with more envi-
ronmentally benign alternatives is an increasingly at-
tractive subject. In particular, fundamental reactions
that are frequently used in large-scale synthesis are in ur-
gent need of improvement using new techniques to de-
velop green and sustainable chemistry. Recently, we
found that HfCl,-2 THF"? and ZrCl,-2 THF?l are
highly effective catalysts for direct ester condensation
using equimolar amounts of carboxylic acids and alco-
hols. This is one of the most ideal methods for preparing
esters and polyesters not only because it gives the high-
est atom efficiency but also because it gives the lowest E
factor.*-*! However, these metal(IV) chlorides are
moisture-sensitive, and are gradually decomposed to in-
active metal oxychlorides by hydrolysis.*”) We report
here that HfFOCl,-8 H,O and ZrOCl, -8 H,O are highly
effective and water-tolerant catalysts for direct ester
condensation and a very simple procedure for their re-
covery and reuse.

We initially investigated the catalytic activities of var-
ious commercially available hafnium(IV) or zirconi-
um(IV) salts (1 mol %), which promote the model ester
condensation reaction between equimolar amounts of 4-
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phenylbutyric acid and benzyl alcohol in heptane at
azeotropic reflux with the removal of water using a
Dean-Stark apparatus for 7 h (Scheme 1 and Table 1).
ZrOCl,-x H,0O (x=6-8) was less active and less soluble
than ZrCl,-2 THF. This result is consistent with the pre-
vious finding that the activities of ZrCl, and its THF
complex decreased with exposure to air.*! It was ascer-
tained by thermal analysis that ZrCl, was gradually
transformed to ZrOCl,-x H,O (x<6) in air. Surpris-
ingly, however, the activity of ZrOCl,-8 H,O was as
high as that of ZrCl,-2 THF. ZrOCl,-8 H,O, like
ZrCl,-2 THF, also acted as a homogeneous catalyst.
Zr(OAc),(OH), (x+y=4) was also a highly effective
catalyst. Although the catalytic activity and solubility
of hafnium(IV) salts were almost identical to those of
the corresponding zirconium(IV) salts, ZrOCl,-x H,O
was more soluble than HfOCl,-x H,O in the reaction
solution. ZrOCl,-8 H,O and Zr(OAc),(OH), are prac-
tically useful catalysts because they are very stable in
air and less expensive than other active catalysts includ-
ing hafnium(IV) salts.

Next, to investigate in detail the relationship between
the hydration number (x) of ZrOCl,-x H,O and its cat-
alytic activity, ZrOCl, -x H,O (x =0-8) was prepared by
hydrolysis of ZrCl, and subsequent concentration under
vacuum (Scheme 2). The hydration number of the re-
sulting ZrOCl, - x H,O was determined by X-ray diffrac-
tion (XRD) analysis and thermal analysis.®! The maxi-
mum hydration number of ZrOCl,-xH,O and
HfOCI,-x H,O is known to be eight.”! The catalytic ac-
tivity of ZrOCl,-x H,O was estimated by its conversion
to ester in the model reaction of (Scheme 1). The results

Zr(IV) or Hf(IV) (1 mol %)

Ph(CH,);,CO,H *+ BnOH Ph(CH,),CO,Bn
Heptane

Azeotropic reflux, 7 h

Scheme 1. Hf(IV)- or Zr(IV)-catalyzed esterification of 4-
phenylbutyric acid with benzyl alcohol.
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Table 1. Direct esterification of 4-phenylbutyric acid with benzyl alcohol (see Scheme 1).

Conversion [%]

Solubility of catalyst

Catalyst!

ZrCl,-2 THF® >99
ZrOCl,-8 H,0M >99
ZrOCl,-x H,O (x=6-8)1 82
Zr(OAc)(OH), (x +y=4)1 >99
HfCl,-2 THF® >99
HfOCl,- 8 H,0U! 90
HfOCl,-x H,O (x=6-8) 84

Completely dissolved
Completely dissolved
Almost dissolved
Completely dissolved
Completely dissolved
Almost dissolved
Partially dissolved

(2] Purchased from Sigma-Aldrich.
®] Purchased from Wako Pure Industries, Co. Ltd., Japan.
[l Purchased from Soekawa Chemical Co. Ltd., Japan.

Table 2. Catalytic activities of ZrOCl,-x H,O in the esterifi-
cation of 4-phenylbutryic acid with benzyl alcohol (see
Scheme 1).

Entry [ZrOCl,-x H,0 +y H,0]® Conversion
<[P yldl [%]

1 8 16 >99

2 6 and 8 7~9 96

3 6 0 64

4 0 0 25

2] [ZrOCl,-x H,O +y H,0]
(Scheme 2).

[l Hydration number x was determined by X-ray diffraction
analysis and thermal analysis.

[l Number y was calculated on the basis of the weight of solid
[ZrOCl,-x H,O +y H,0] and hydration number x.

was  prepared in  situ

are summarized in Table 2. As expected, the hydration
number of ZrOCl,-x H,O had to be eight to give it a
high enough catalytic activity (Entry 1). The crystal
structure of ZrOCl,- 8 H,O is known to be an ionic clus-
ter [Zr,(OH)s(H,0)4]Cls-12 H,O (Figure 1).®! The in
situ prepared catalyst was as active as the isolated cata-
lyst, which is available commercially (Tables 1 and 2).
The dehydration of ZrOCl, -8 H,O lowered its catalytic
activity and solubility in the reaction solution. Anhy-
drous ZrOCl, did not dissolve even in water, and this sol-
id was amorphous according to XRD analysis. The cati-
onic cluster structure, which consists of four zirconium
atoms, may give us some mechanistic information to bet-
ter understand the catalysis of esterification. The ester
condensation may proceed through a ligand exchange
reaction with carboxylic acids and/or alcohols on the cat-
ionic cluster. However, the mechanism itself is not clear.

Based on the above results, we sought to recover and
reuse the active metal species from the aqueous layers
by quenching the reaction mixture with some aqueous
solutions in the zirconium(IV)- or hafnium(IV)-cata-
lyzed ester condensation reaction. The reaction of 4-
phenylbutyric acid and benzyl alcohol in heptane was
carried out under azeotropic reflux conditions with re-
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1. H,0
ZrCl, ———— [ZrOCl,*x H,0 +y H,0]
2. Concentration

x H,O: water of hydration in ZrOCl,*x H,O
y H,0: excess free water which is not coordinated with ZrOCl,+x H,O

Scheme 2. Hydration of ZrCl,.

OH,
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Figure 1. Crystal structure of cationic cluster [Zr,(OH)s-
(HO), "

moval of water for 7 h in the presence of 1 mol % of
Zr(OAc),(OH), or HfCl,-2 THF (Table 3). After cool-
ing to ambient temperature, 1 M hydrochloric acid was
poured into the solution and the product was extracted
with ether. Zirconium(IV) and hafnium(IV) species
were quantitatively recovered as the corresponding
metal oxydichloride octahydrates including excess
amounts of free water by concentration of the aqueous
layers."”! The recovered light-yellow solids were then
used for the next reaction run. The ester product was
again obtained in excellent yield. After five consecutive
reaction cycles there was no decrease in yield when a re-
action time of 7 h was strictly maintained. However, this
method is troublesome because concentration of the
aqueous layers should be stopped before dehydration
of the metal oxychloride octahydrate begins. It was as-
certained by thermal analysis that dehydration from
ZrOCl,-8 H,O to ZrOCl,-6 H,O occurred at about
75°C. This means that dehydration may occur even at
room temperature under reduced pressure. In the
same manner, the reuse of an aqueous solution of
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Table 3. Catalyst recycling in the esterification of 4-phenyl-
butyric acid with benzyl alcohol.

Zr(OAC),»(OH), (1 mol %)
or [HfCl,+2 THF] (1 mol %)

Azeotropig e
1 reflux 1 | RICO.R?
RCOM | ol RricoRr? |[— #
i (-Hz0) ——
Zr{IV) Zr{Iv) ZrOCl,-8H,0
Azeotropic reflux T Decantation
(—-H20) 'I i
R'{zﬁOzH
R1C02H R“0OH
RZOH Hydrocarbons| RICO,R?
ZrOCly-8H,0 ZrOClp-8H:0

P "Co,H *+ BnOH
Heptane
Azeotropic reflux, 7 h
Organic layer
— Py " co,Bn
1M HCI Extraction >99% yield
with Et,0 [ZrOCl,x H,0]
Aqueous layer or [HfOCl,*x H,0]
>95% yield (x = 8)
Zr(OAc),(OH )y HfCl,-2 THF
Run Conversion Run Conversion
[%] [%]
1 98 1 94
2 >99 2 96
3 99 3 94
4 99 4 90
5 97 5 94

HfOCl,-8 H,O recovered from the first run using
HfCl,-2 THF also afforded the ester products with iden-
tical yields.

To develop a simple catalyst-recycling system, we at-
tempted to reuse an aqueous solution of ZrOCl, -8 H,O,
which was recovered from the first run, for the next
run without any concentration (Scheme 3).l'"l We were
delighted to find that the reaction of 4-phenylbutyric
acid with benzyl alcohol was complete within 8 h as
well as in the first run and again provided the ester prod-
uct in quantitative yield (Table 4). Following at least
three consecutive reaction cycles, there was no decrease
in yield when a reaction time of 8 h was strictly main-
tained. The esterification proceeded only in 27% con-

Scheme 3. Simple catalyst recycling system in the esterifica-
tion.

version in the presence of 1 M hydrochloric acid without
any zirconium(IV) catalysts at azeotropic reflux with re-
moval of water for 8 h. This result is the same as that in
the non-catalytic thermal esterification. Encouraged by
these promising results, we next examined the present
catalyst recycling system in the ester reaction between
several alcohols like secondary alcohols and phenol
and carboxylic acids like not only 4-phenylbutyric acid
but also sterically bulky adamantanecarboxylic acid
and benzoic acid (Table 4). In all cases, the reactions
proceeded well at azeotropic reflux conditions in hydro-
carbons such as octane or toluene in the presence of 1
3 mol% of Zr(OAc),(OH),, and there was no decrease
in yield with consecutive reaction cycles using an aque-
ous solution of ZrOCl, -8 H,0.

The applicability of the present protocol to a large-
scale process was investigated (Scheme 4). Complete es-
ter condensation between tetrahydro-2-furoic acid
(100 mmol) and benzyl alcohol (100 mmol) was ob-
served in the presence of Zr(OAc),(OH), (0.1 mol %),
and the corresponding ester was isolated in high yield.
The zirconium(IV) catalyst was reused for the same re-

Table 4. Simple catalyst-recycling in zirconium(IV') catalyzed esterification.

Product Zr(1V) Solvent Time Conversion [% ]
[mol %] [h] Run: 1-2—-3—4-5

Ph(CH,);CO,Bn 1 Heptane 8 95(27*1)—94—-93
Ph(CH,);CO,c-C,,H,; 3 Octane 13 96 —97—93—94—92
Ph(CH,);CO,Ph 3 Octane 35 90— 94 —99

CO.Bn 1 Octane 4 99— 96— 95
Ph(CH,);CO,(CH,);OTHP!" 1 Heptane 5 98—95—95
Ph(CH,);CO,(CH,),CN 1 Heptane 5 >99— >99— >99
Ph(CH,);CO,(CH,);OTBDMS! 1 Heptane 5 >99 99 98
(E)-PhCH=CHCO,Bn 1 Heptane 5 >99—99—99
C,F,sCO,Bn 1 Heptane 5 >99— >99—-98
PhCO,Bn 1 Toluene 24 >99—>99— >99—- >99

[2] The reaction was carried out in the presence of 1 M hydrochloric acid without any zirconium(IV') catalysts.

[ THP: tetrahydropyranyl.
I TBDMS: -BuMe,Si.
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o Zr{OAC),(OH), (0.1 mol %)

O/ COM 4 pgron -
Octane (10 mL)

Azeotropic reflux, 6 h

(0]
Organic layer ~— — Q/COZBn

Aqueous layer

100 mmol 100 mmol

1 M HCI (1.0 mL)

—»  Reused as a catalyst

(See Scheme 3)

Conversion to ester. Run 1, 92%; run 2, 93%; run 3, 97%; run 4, 97%

Scheme 4. Application to large-scale synthesis of benzyl tet-
rahydro-2-furoate.

action (100 mmol scale) more than four times, and no
loss of activity was observed for the recovered catalyst.
This means that the turnover number (TON) is greater
than 4000 and the turnover frequency (TOF) exceeds
170 h %

In summary, we have shown that ZrOClI, -8 H,O and
HfOCl,-8 H,O are highly effective, water-tolerant,
and reusable homogeneous catalysts for direct ester
condensation between equimolar amounts of carboxylic
acids and alcohols. Notably, zirconium(IV) salts such as
ZrOCl,-8 H,0 and Zr(OAc),(OH), are potential green
catalysts due to their low toxicity, commercial availabil-
ity at low cost, ease of handling, high catalytic activity,
and reusability."? In addition, our new system for recy-
cling of catalysts using water is economically and envi-
ronmentally superior to recent biphasic systems using
fluorous solvents and ionic liquids. We believe that our
new method for ester condensation may be useful as
an environmentally and industrially ideal condensation
method in the near future. Further studies aimed at ex-
ploring more active and recyclable catalysts are ongo-
ing.

Experimental Section

General Procedure for the Esterification Catalyzed by
Zr(OAc),(OH), and Catalyst Recycling (Table 4)

A 5-mL, single-necked, round-bottomed flask equipped with a
Teflon-coated magnetic stirring bar and a Dean—Stark appara-
tus surmounted by a reflux condenser was charged with carbox-
ylic acid (5 mmol) and alcohol (5 mmol) as substrates and
Zr(OAc),(OH), (1-3 mol %) as a catalyst in hydrocarbons
such as octane or toluene (2.5 mL). The mixture was brought
to reflux with the removal of water. After the reaction was
completed, the resulting mixture was cooled to ambient tem-
perature and 1 M hydrochloric acid (0.5-1.5 mL) was added.
After being stirred for 0.5 h, the product was isolated from
the organic layer by simple extraction with Et,O (2 mL) twice.
On the other hand, the catalyst remained in the aqueous layer,
which was used directly in the next reaction without removing
the water. The yields of the 2nd, 3rd, and 4th runs were compa-
rable to that of the 1st run.
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