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ABSTRACT

B(OH)5 (5-10 mol %)
RICOH + R?OH R'CO,R?
(1 equiv) toluene

2a or 2b (5-10 mol %)
R'CO,H RICO.R?
R20H (excess)

cr
— N
— — <f \?
I_NQ_B(OH)E polystyrene resin \—
2a 2b B(OH),
Boric acid is a highly effective catalyst for the dehydrative esterification reaction between equimolar mixtures of a-hydroxycarboxylic acids

and alcohols. In contrast, ~ N-methyl-4-boronopyridinium iodide (2a) is a more effective catalyst than boric acid for the similar esterification in
excess alcohol. A heterogeneous catalyst, such as  N-polystyrene-bound 4-boronopyridinium chloride, is also an effective catalyst and can be
recovered by filtration.

In 1996, we found that the dehydrative condensation of pyridinium chloride 2b), were effective as cationic catalysts
equimolar mixtures of carboxylic acids and amines proceedsfor amide condensation in polar solvents, such as anisole,
under azeotropic reflux conditions with the removal of water acetonitrile N-methylpyrrolidinone (NMP), and ionic liquigl.

in less-polar solvents, such as toluene and xylene, in theUnfortunately, these boronic acids were much less effective
presence of benzeneboronic acidbearing electron-with-  for the esterification of simple carboxylic acids because an
drawing groups at ther or p-positions, such as 3,4,5-tri-  alkoxyborane species was preferentially produced rather than
fluorobenzeneboronic acid#) and 3,5-bis(trifluoromethyl)-  the desired acyloxyborane speciédn 2004, however,
benzeneboronic acidlp). We also found thaiN-alkyl-4- Houston et al. reported that boric acid (B(QH)0—20 mol
boronopyridinium halide®, such as 4-borond-methylpy- %) was effective as a catalyst for the chemoselective esteri-
ridinium iodide @a) andN-polystyrene resin-bound 4-borono- fication of a-hydroxycarboxylic acids with excess alcohol
as solvents even at ambient temperature (Schem&This
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Scheme 1. Houston's Boric Acid-Catalyzed Esterification
B(OH)3

OH (10-20 mol %)[RL_0_ oR2 OH
1 j/: B L |H— 1J\ 5
(excess) 3

unexpected reactivity ofi-hydroxycarboxylic acids with

dodecamer under dehydrative conditidhthis is prevented

by excess alcohol.
To explore the generality and scope of the esterification

catalyzed by2a in excess alcohol, various substrates were
examined in the presence of 5 mol %2# Representative

results are shown in Table 2. Not ordyhydroxycarboxylic

Table 2. Esterification of Hydroxycarboxylic Acids in

alcohols can be understood by considering that thermally Alcohols Catalyzed bya

stable 2,2-dialkoxy-4-0x0-1,3,2-dioxaborolan-2-uic is

2a (5 mol %)

. o . . RCO,H RCO,R?
preferentially produced as an anionic active intermediate even 2 > CO.
; (2 mmol) R=OH (5 mL)
in the presence of excess alcohol. - -
. ; . temp, yield temp, yield
On the basis of Houston’s repdnive explored the efficacy  entry time  product (%)  entry time  product (%)
of boric acid,1, and2 as catalysts for the esterification of it OH reflu, TO~CC2Me
a-hydroxycarboxylic acids. We report here tf2atis a more U 10h e Scome 8 ishn oo 95
effective catalyst than boric acid for the esterification of oH HOw_ COMEL
a-hydroxycarboxylic acids in excess alcohol solvents (Hous- 5 reflux, 99 g reflux, 36
; " ; P 6h  ph>co,rBuU 23h
ton’s conditions). On the other hand, boric acid is a more 2 CO,Et
effective esterification catalyst for equimolar mixtures of i, OH o 1o reflux, Hoj,cozEt 0
a—hydroxycarboxy!ic ac@d.s. and alco_hols.- . 10h Bn)\cozn/le 18h O
First, the catalytic activities of boric acid, neutral boronic OH
acid 1b, and cationic boronic acida were compared in the 4 reflux, ><OH 9 1qe Teflux, CO+BU g5
esterification of mandelic acid in several excess alcohols 15h COMe 17h
(Table 1). Expectedly, boric acid was not very effectitb. OH
reflux. OH reflux. COoHBU
5 > 95 124 ’ 84
| 4 e ooe 20h
Table 1. Catalytic Activities of Boric and Boronic Acids COoH
OH B(lll) (5 or 10 mol %) OH a OH q NHCO.Bn
reriux. reriux. A
6 ’ 81 13 g 93
Ph” >CO.H R2OH (5 mL) Ph” > CO,R? 21h Ph)\COQI-Pr 20h OI?\Cone
(2 mmol) OH
conversion (%) 80 °C oH a NHCO,Bn
°C, reflux, -
FsC CFs h|,+ - T “sh o 7 14 “on” Y coMme 89
Z | Ph OH
X o}
B(OH), B(OH), 210 mol % of 2a was usedP Diisobutyl 4-hydroxyisophthalate and
enry ROH conditions  B(OH); 1b 2a 2-hydroxy-5-(isobutoxycarbonyl)benzoic acid were produced in respective
1@ McOH t2h 28 8 77 yields of 5 and 2%.
2 EtOH t,5h 24 19 43
3*  i-BuOH reflux, 1 h 36 32 83
4 FPOH  reflux,5h 29 14 52 acids but alsgs-hydroxycarboxylic acids were condensed.
5" HO(CH,OH 80°C,1.5h 48 29° 83°

210 mol % of catalyst was usefl5 mol % of catalyst was useél2-
Hydroxyethyl mandelate was produced.

was also less active in polar solvents, such as alcohols. In
every case2a gave the best results, probably becase
was a tolerable cationic Lewis acid catalyst in polar alcohols.
Although 2a is known to be condensed to a less-active

(4) Tang, P.Org. Synth.2005 81, 262-272. Tang reported that boric
acid, which was less active thah was still effective for the amide
condensation reaction. According to our experiments concerning the amide
condensation of an equimolar mixture of mandelic acid and benzylamine,
1b was much more effective than boric acid:

OH catalyst (5 mol %) OH
/I\ + BnNH»
Ph™ "CO.H toluene Ph™ "CONHBn
azeotropic reflux, 18 h
catalyst 1b: 73% yield
catalyst B(OH)3: 9% vyield

5048

In the esterification of 4-hydroxyisophthalic acid, the 3-hy-
droxycarbonyl group was selectively reacted (entry 12). The
esterification condensation of less-reactive secondary alco-
hols and conjugated carboxylic acids proceeded well with
the use of 10 mol % d?a (entries 6, 11, and 12p-Hydroxy-
carboxylic acids bearing a benzyloxycarbonylamino group
at theo-position also reacted (entries 13 and 14). Although
ethylene glycol is known to react with boronic acid, leading
to the corresponding cyclic boronic ester, esterification with
mandelic acid was unexpectedly preferred (entry 7).

Next, to recover and reuse homogeneous catalgsive
prepared\-polystyrene-bound 4-boronopyridinium chloride
(2b) from Merrifield resin and pyridin-4-ylboronic acid
2b was recovered by filtration and reused at 10 times without
any loss of activity for the esterification reaction of mandelic
acid in excess isobutanol under reflux conditions (Table 3).

Next, the correlation between the catalytic activity of B(lll)
and the molar ratio ob--mandelic acid and butanol was
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Table 3. Recovery and Reuse @b for Esterification

crr

polystyrene resin  \—

OH 2b (10 mol %) B(OH); OH
Ph”™ "COzH  £BuOH (2.5 mL) Ph™ "CO»£Bu
(1 mmol)
run conversion (%) run conversion (%)
1 96 6 99
2 99 7 98
3 98 8 95
4 99 9 97
5 96 10 95

To ascertain the generality and scope of the esterification
of equimolar mixtures ofa-hydroxycarboxylic acids and
alcohols catalyzed by boric acid, several substrates were
examined in the presence of 5 mol % of boric acid in toluene
under azeotropic reflux conditions (Table 4). Not only

Table 4. Esterification of Equimolar Mixtures of
Hydroxycarboxylic Acids and Alcohols Catalyzed by B(QH)
B(OH)3 (5 mol %)

RCO,H + R20OH RCO,R?
(2 mmol) (2 mmol)  toluene (5 mL)
azeotropic reflux
time yield time yield
entry (h) product (%) entry (h) product (%)
OH HO_,COCeH17
14 93 4 21 ]’ 87
Ph” ~CO,CgHy7 HO™ “CO,CgHy7

examined for esterifications catalyzed by 2 mol % of boric
acid, 1b, and2a. The conversion to butyl mandelate after
heating under reflux conditions in toluene fbh was plotted

in terms of the molar ratio of mandelic acid to butanol (Figure

2 21 )(OH

CO,CgH17

OH
0)
99 5420 0 8::5 82

OH

1). Surprisingly, boric acid was the most active catalyst with

Conversion (%)
20 .

OH B(lll) (2 mol %)
80 P\---i uoOH 1
toluene (5 mL), reflux, 1 h
70
60
50 4

40l

42 22 26 2:10 2:20
mandelic acid (mmol) : BUOH {mmol)

Figure 1. Correlation between the catalytic activity of B(lll) and

the molar ratio of mandelic acid and butanol.

a molar ratio of mandelic acid/butanol ®fL:2. On the other

OH
32X 90 6 21 COLCHi7 g
Ph” “CO,CaHyy

aB(OH); (10 mol %) was used Xylene was used in place of toluene.

o-hydroxycarboxylic acids and primary alcohols but also
SB-hydroxycarboxylic acids and secondary alcohols were
applicable. It was ascertained thehydroxyesters produced
were optically pure £99% ee) (entries 1 and 4). The
esterification of less-reactive substrates, such as conjugated
carboxylic acids and secondary alcohols, required 10 mol
% of boric acid in toluene or xylene.

The boric acid-catalyzed chemoselective esterification of
o-hydroxy-a-methylpropanoic acid proceeded in the pres-
ence of 4-phenylbutyric acid or benzoic acid (Scheme 2).
Houston previously reported that a similar boric acid
catalyzed chemoselective esterification in excess alcohol
solvents® However, our new procedure using boric acid does
not require the use of excess substrates.

Scheme 2. Boric Acid-Catalyzed Chemoselective
Esterification ofo-Hydroxy-a-methylpropanoic Acid without
Excess Substrates

hand,2a was the most active catalyst with a molar ratio of
mandelic acid/butanol of 1:3. In contrastlb was less active
than boric acid anda regardless of the molar ratio of
mandelic acid/butanol. Two phenomena that were common
to these three catalyses were noted: (1) excess mandelic acid
accelerated the esterification, and (2) excess butanol sup-
pressed the esterification probably because excess butanol
diluted the concentration of mandelic acid, and the Lewis
basicity of excess butanol weakened the Lewis acidity of
catalysts. However2a was still active in the presence of
excess butanol because of its ability to tolerate polar
compounds. Therefore, excess butanetf4quiv) acceler-
ated the esterification catalyzed Bg.

><OH OH
CO-H B(OH)3 (5 mol %) CO2CgH17
(2 mmol) CgH470H (2 mmol) 88% yield
+ +
N toluene (5 mL) AN
P CO-H azeotropic reflux, Ph COzCgH17
(2 mmol) 16 h 7% yield
COzH B(OH)3 (5 mol %) CO2CgH17
(2 mmol) CgH470H (2 mmol) 90% yield
+ +
PhCORH toluene (5 mL) PhCO,CgH
2 azeotropic reflux, 16 h 2-8h7
(2 mmol) 1% yield
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Another application of B(lll)-catalyzed dehydrative con- ||| NN AN

densation is shown in Scheme 3. Three successive dehydra- Scheme 4. Proposed Reaction Mechanism

OH
Ox-0, OR? COzH o0
Scheme 3. Three Successive Dehydrative Condensations of T B A 2 j\: I
Three Components without the Use of Excess Substrates R'" O OR 2R"OH

|:>h/\L \ﬁ a (10 mol %) very slow\~ OH '43ry fast

COgH anisole (5 mL)

R'” “CO,R?
(2 mmol) (2 mmol) azeotropic reflux, 18 h fast 2 st
Ho>< o vl &
Ph | j\\ HOLC (1 equiv) OTO\BPRZ " —_HI OTO\BpRz
N OH B(OH)3 (5 mol % , R — ,
(OH)s ( ) R170 @ WHI R1” 0 @
toluene (5 mL) —=N* I~ —N*
82% yield azeotropic reflux, 22 h 5 N 6 N
H HO,
N o) . .
P TN % alcohols should increase in the order< 2-alkoxy-2-(\-
0 0 methylpyridinium-4-yl)-4-oxo-1,3,2-dioxaborolan-2-uidés (

91% yield
ande6)® < 4.

In conclusion, N-alkyl-4-boronopyridinium halides are
highly effective catalysts for not only the amide condensation
reactior? but also the esterification reaction afhydroxy-
carboxylic acids in excess alcohblBoric acid is also
effective as a catalyst for not only the amide condensétion

tive condensations of 4-phenylbutyric acid, 5-aminopentan-

1-ol, and 2-hydroxy-2-methylpropanoic acid proceeded in

high yield through the chemoselective amidation catalyzed

by 2aand subsequent esterification catalyzed by boric acid. but also the esterification of equimolar mixtures why-

No excess substrates were used. droxycarboxylic acids and alcohol§he former is practical
Why was the catalytic activity of boric acid remarkably ¢, condensation with volatile alcohols which are useful as

increased in the presence of excessiydroxycarboxylic — gojyents, while the latter is practical for condensation with
acids (Figure 1)? Boric acid is known to react with 2 equiv expensive alcohols.

of a-hydroxycarboxylic acids to give dimeric spiro 4-oxo-
1,3,2-dioxaborolan-2-uidé,> which should be more active Acknowledgment. Financial support for this project was
than monomeric 2,2-dialkoxy-4-oxo-1,3,2-dioxaborolan-2- provided by SORST, JST, the 21st Century COE Program
uide 3 (Scheme 4). However, equilibrium has been observed of MEXT, and the Iwatani Naoji Foundation. T.M. also
betweer and4.5 The more active specidsshould existas ~ acknowledges a JSPS Fellowship for Japanese Junior Sci-
a major intermediate in a esterification reaction solution with entists.

a higher molar ratio ofi-hydroxycarboxylic acid, while the
less active specieswould be present as a major intermediate
in excess alcohol. Judging from the experimental results
shown in Figure 1, the reactivity of intermediates with

Supporting Information Available: Experimental pro-
cedures, full characterization of new compounds. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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