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Solid acid catalysts are frequently employed in organic synthesis because of simplified
work-up procedure, use of the recycled catalysts, and minimized corrosion of metallic
reaction vessels. Although several strongly acidic resin catalysts such as Amberlyst 15,
Dowex 50, and Nafion NR50 have been used as catalysts,' they are not suitable for use
with acid-sensitive compounds. The few commercially available weakly acidic resins
such as poly(4-vinylpyridinium p-toluenesulfonate) [polyPPTS]* and poly(4-vinylpyridi-
nium chloride) [polyPCl]* are expensive. We recently reported that Aniline-Terephthalal-
dehyde Resin p-Toluenesulfonate (ATRT) obtained by the condensation of aniline with
terephthalaldehyde in the presence of p-toluenesulfonic acid acts as a mild polymeric
acidic catalyst.* As a continuation of this study, the more hydrophobic Diphenylamine-
Terephthalaldehyde Resin p-Toluenesulfonate (DTRT) was prepared and its effectiveness
studied in various reactions. The present article describes the results for the tetrahydro-
pyranylation of alcohols, the deprotection of tetrahydropyranyl and silyl ethers, the esteri-
fication of carboxylic acids, and the transesterification of carboxylic esters with alcohols
catalyzed by DTRT and DTRT(H) [see below].

Treatment of diphenylamine with terephthaldehyde (TPA) in the presence of p-tolue-
nesulfonic acid (TsOH) in methanol (MeOH) afforded DTRT. 1t is very insoluble in hot
water and hot organic solvents such as chloroform, tetrahydrofuran, acetonitrile, dimethyl
sulfoxide, and dimethyl formamide. The acid density of DTRT calculated from elemental
analysis is 0.76 mmol-g~". It lost its activity entirely after the fifth re-use in tetrahydro-
pyranylation. Treatment of DTRT with TsOH in MeCN led to DTRT(H) with high sulfo-
nate group content (acid density = 1.17 mmol-g~") with the same solubility behavior as
DTRT. 1t could be recycled five times without significant loss of activity.

The reactions of nine alcohols including an allylic alcohol and alcohols incorporating
acetal groups, double and triple bonds, and conjugated ketones with 1.5 equiv. of 3,4-
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dihydro-2H-pyran in the presence of DTRT(H) at room temperature in MeCN or CH,Cl,
gave the corresponding tetrahydropyranyl (THP) ethers in good to excellent yields
(Table 1).>° Only 1.2-3.0 mol% of DTRT(H) is required to catalyze these reactions and
in spite of its greater acidity, the acid-sensitive groups present in these alcohols survived
the reaction conditions.

The results in the deprotection of THP ethers’ and silyl ethers® are shown in Table 2.
The cleavage of various THP ethers containing allylic carbons, double bonds, triple
bonds, and enones catalyzed by 3—-6 mol% of DTRT(H) at room temperature in MeOH
afforded the corresponding alcohols in good yields (Entries 1-8). Similarly, treatment of
triethylsilyl (TES) and fert-butyldimethylsilyl (TBDMS) ethers with only 0.6—1.2 mol%
of DTRT(H) gave the corresponding alcohols in excellent yields at room temperature in
MeOH. TES ethers 1¢, 2¢, 8c, and 9¢ were more easily cleaved than TBDMS ethers 1d,
2d, 8d, and 9d but the deprotection of fert-butyldiphenylsilyl (TBDPS) ethers 1e, 2e, 8e,
and 9e did not occur under the conditions employed.

Table 3 indicates that in comparison with various weakly acidic solid acids, DTRT(H)
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a,R=H; b, R=THP; ¢, R =TES; d, R = TBDMS; ¢, R = TBDPS

showed the highest activity in the tetrahydropyranylation of 1-dodecanol (1a) (Table 3,
Reaction 1), the deprotection of THP ether 1b (Reaction 2), and the cleavage of TBDMS
ether 1d (Reaction 3). Two reasons may be considered for the higher activity of DTRT(H)
compared to ATRT: (1) Since DTRT(H) is more hydrophobic than ATRT, the substrates
may approach the catalyst more readily and (2) DTRT(H) is a stronger acid than ATRT
because DPA is less basic than aniline.’

The esterification'®™'? of carboxylic acids using equimolar amounts of alcohols was
carried out at reflux temperature in n-heptane'®!" in the presence of 10 mol% of DTRT
(H) (Table 4, Entries 1, 4, 6). The reactions without the solvent were considerably faster
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Table 1

Tetrahydropyranylation of Alcohols Catalyzed by DTRT(H)?
Entry Alcohol Time (h) Yield (%) Bp (°C/ mmHg)b or Mp (°C)
1 la 2 91 107-110/1.5
2 2a 2 91 110-113/2.0
3 3a 5 99 90-93/1.5
4 4a 8 100 135-138 /2.0
5¢ 5a 24 84 113-116/1.5
6 6a 1 100 91-92/2.0
7¢ 7a 8 88 118-121/17
8¢ 8a 3 100 99-100
9° 9a 2 99 146-147

a) Alcohol (1.0 mmol), DHP (1.5 mmol), DTRT(H) (10 mg, 1.2 mol%), MeCN (5 mL), RT. b)
1 mmHg = 133.322 Pa. ¢) DTRT(H) (25 mg) was used. d) MeCN (10 mL) was used. e) CH,Cl,
(5 mL) was used.

Table 2
Deprotection of THP Ethers® and Silyl Ethers” Catalyzed by DTRT(H)

Entry Substrate Time Yield (%)
1 1b 3h 94
2 2b 2 h 98
3¢ 5b 3h 89
4 6b 3h 81
5 7b 4 h 80
6 8b 3h 90
7¢ 9b 6 h 90
8 10b 1h 96
9 1c 10 min 91
10 1d 1h 95
11 le 1h 0
12 2¢ 10 min 94
13 2d 5h 100
14 2e 5h 0
15¢ 8c 15 min 90
16° 8d 32 h 100
17¢ 8e 32 h 0
18" 9c 10 min 96
19 9d 24 h 90
20" 9e 24 h 0

a) THP ether (1.0 mmol). DTRT(H) (25 mg, 3 mol%), MeOH (5 mL), RT. b) Silyl ether
(1.0 mmol), DTRT(H) (5 mg, 0.6 mol%), MeOH (10 mL), RT. ¢) DTRT(H) (50 mg) was used.
d) MeOH (5 mL) — CH,Cl, (5 mL) was used. e) DTRT(H) (10 mg) was used. f) DTRT(H)
(10 mg), MeOH (5 mL) - THF (5 mL) were used.
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Table 3
Protection and Deprotection Reactions Catalyzed by Various Catalysts

Acid density ~ Reaction 1*  Reaction 2®  Reaction 3°

Entry Catalyst (mmol-g™")  Time/Yield Time/ Yield Time/ Yield
1 ATRT 1.01 5h/96% 4h/97% 1.5 h/100%
2 DTRT(H) 1.17 0.5h/100%° 05h/97% 1h/93%
3 PolyPPTS 3.5 4 h/100% 8h/98%  2h/100%
4 PolyPCL 6.5 24 h/92% 8 h/98% 2h/99%
5 Montmorillonite K10 0.65 1.5h/81%" 15h/95% 15h/98%
6 Mordenite 0.512 1.5h/75%" 8 h/98% 15h/0%

a) Compound 1a (1.0 mmol), DHP (1.5 mmol), cat (0.10 mmol acidic units, 10 mol%), MeCN
(5§ mL), RT. b) Compound 1b (1.0 mmol), cat (0.17 mmol acidic units, 17 mol%), MeOH (5 mL),
RT. c¢) Compound 1d (1.0 mmol), cat (0.017 mmol acidic units, 1.7 mol%), MeOH (10 mL), RT.
d) Pyran oligomers were produced.

than those in n-heptane (Entries 2, 5, 7). Various substrates incorporating a double bond,
a halogen, a methoxy group, a carbonyl group, and a triple bond reacted under neat condi-
tions to give the corresponding esters in good yields (Entries 5, 8—11). It has been
reported that cyclododecene (>25%) was produced as a by-product in the condensation
of 4-phenylbutyric acid with an equimolar amount of cyclododecanol catalyzed by
weakly acidic diphenylammonium triflate ([Ph,NH,]*[OTf]7).!! In contrast, DTRT(H)
catalyzed the esterification with secondary alcohols to the corresponding esters in good
yields with less than 1% of the undesired alkenes being generated (Entries 12, 13)."" Less
reactive o, [3-unsaturated carboxylic acids and benzoic acid were also converted to the
corresponding esters in good yields (Entries 14-16).

The transesterification'®'? of carboxylic esters with 1.5 equiv. of alcohols catalyzed
by 10 mol% of DTRT(H) was performed in n-heptane as shown in Table 5; the transes-
terification of methyl 3-phenylpropionate proceeded much more rapidly without solvent
than in n-heptane (Entries 1, 2). Similarly, various substrates reacted in neat conditions to
give the corresponding esters in good to excellent yields. Ethyl and n-butyl 3-phenylpro-
pionates were also converted into the n-octyl esters 11 in excellent yields (Entries 4, 5).
Several functional groups such as a double bond, a methoxy group, and a carbonyl group
survived these conditions unscathed (Entries 7-9). When secondary alcohols were
employed, the corresponding esters were obtained in good yields and the yield of the
alkenes was less than 1% (Entries 12, 13). The transesterification of methyl cinnamate
and methyl benzoate also gave the esters in good yields (Entries 14, 15).

Although DTRT(H) could be recycled five times without loss of activity for the tetra-
hydropyranylation of alcohols, the esterification of carboxylic acids, and the transesterifi-
cation of carboxylic esters, it gradually decomposed and was completely inactive upon
the fifth re-cycling in the deprotection of THP ether 1b at room temperature for 1 h in
methanol. Its elemental analysis after the fifth use in the deprotection of 1b showed that
the proportion of the p-toluenesulfonate salt per diphenylamine unit had decreased from
33% to 18%. It partially decomposed when kept at room temperature for 1 h in methanol
and in fact, a small amount of TsOH was detected from the filtrate after it was recovered.
A longer reaction time (1.5 h) was required to complete the deprotection of 1b when it
was carried out using the filtrate obtained from the decomposition of DTRT(H) in MeOH
mentioned above. This result suggests that both DTRT(H) and TsOH may catalyze the
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Table 4
Esterification between Equimolar Amounts of Carboxylic Acids and Alcohols Catalyzed
by DTRT (H)*
R!COOR? 11-22
Entry R'COOH R’>0OH Time Yield Terephthalaldehyde
{h) ((%)) p (°C / mmHg)? or mp (C)

1 py\COOH  CHy(CH,0H 48 11 87 142/ 1.0
¢ 8 11 92
3C,d 8 11 40
4 e ~COH ANV, 48 12 93 166/ 1.4
6  CH3(CH;)1qCOOH CH3(CH;)1OH 48 13 92 27-28
7¢ 12 13 83

cl
B oSS SN B 14 82 153/1.2
9° Me0” “COOH  CHi(CH,OH 2 15 88 83/1.0

0

10¢ CH3(CH,);0H 4 16 93 117/ 1.1
¢ Aceoai TP
11¢ Ph=C=C-COOH CH3(CH;);OH 16 17 83 151/1.0
12¢ P " COOH mcm 48 18 82f 179/0.9

CH4(CH
136 P ~"coon HCH2s_on 6o 19 828 150/ 1.0

CH3(CHz)4
15° pr" X~COOH  CHy(CHy),0H 48 21 83 147/ 1.0
16%¢ PhCOOH CHa(CH3);OH 48 22 8l 122/1.2

a) Carboxylic acid (2.0 mmol), alcohol (2.0 mmol), DTRT (H) (171 mg, 10 mol%),
heptane (4 mL), reflux. b) 1 mmHg = 133.322 Pa. ¢) Without heptane, 110 C.
d) ATRT (198 mg, 10 mol%) was used instead of DTRT (H). e) DTRT (H) (20 mol%)
was used. f) Cyclododecene (0.3%) was obtained. g) 5-Undecene (0.6%) was obtained.
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Table 5
Transesterification between Carboxylic Esters and 1.5 Equiv. of Alcohols Catalyzed by
DTRT (H)*
Entry R'COOR? R?OH Time Yield of R'COOR?
(h) 11-24 (%)

1 py™\ACOOMe  CHy(CH,),0H 16 11 25

ob 16 11 94 (83)°
3b.c 16 11 42

5%  p~\COOMBU  CHy(CH,);OH 62 11 97

6b Ph/\/COOMB Ph/\/OH 24 23f 04

b Ph/\/COOMe //\/\/\/\/\OH 6 12 83

8" Me0” NcooMe  CHs(CH,),OH 8 15 81

0
gb CHs(CH,);0H 8 16 87
)k/\COOMe 3(CHz)7
10° CH3(CH3)10COOMe  CHs(CH,);,OH 24 13 98

COOMe
11b O’ CHyCH,OH 24 245 90
12° pr”""cooMe m—cm 48 18 82"

CH3(CHy), -

L 32 19 z
13° ph COOMe CH3(CH2)4)‘—OH 72 80
14> X -COOMe  CHy(CH,),0H 48 21 94
154 PhCOOMe CHs(CH,);O0H 48 22 80

a) Carboxylic ester (2.0 mmol), alcohol (3.0 mmol), DTRT (H) (171 mg, 10 mol%),
heptane (4 mL), reflux. b) Without heptane, 110 C. ¢) ATRT (198 mg, 10 mol%) was
used instead of DTRT (H). d) DTRT (H) (20 mol%) was used. ¢) Parenthesis shows the
yield in the experiment using 1.0 equiv. of 1-octanol.f) Bp 141°C/1.0 mmHg. g) Bp 108°C
/0.9 mmHg. h) Cyclododecene (0.3%) was obtained. i) 5-Undecene (0.9%) was obtained.
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deprotection of 1b. Similarly, DTRT(H) lost 76% of its activity after the fifth re-cycling
for the deprotection of TBDMS ether 1d in MeOH.

In conclusion, DTRT(H) is an efficient catalyst for the tetrahydropyranylation of
alcohols and the deprotection of THP and TBDMS ethers. In addition, DTRT(H) cata-
lyzed the esterification of carboxylic acids with an equimolar amount of alcohols and the
transesterification of carboxylic esters with 1.5 equiv. of alcohols. It is important to note
that the dehydration of secondary alcohols to alkenes was largely suppressed in the syn-
thesis of esters and that the corrosion of metallic vessels is minimized. The work-up pro-
cedure is remarkably simple, and DTRT(H) is easy to handle and quite stable in air for
more than three years at room temperature.

Experimental Section

Melting points were determined on a Yamato melting point apparatus MP-21 and are
uncorrected. IR spectra were recorded using a JEOL FT/IR-620 spectrophotometer. 'H
NMR spectra were measured on a Hitachi R-1200 spectrometer using tetramethylsilane
as an internal standard. Grinding was carried out using an Absolute Mill ABS-W instru-
ment (Osaka Chemical Co.). Column chromatography was performed on Wakogel C-
200. PolyPPTS (2% cross-linked with divinylbenzene), PolyPCL (2% cross-linked with
divinylbenzene), and Montmorillonite K10 (220-270 m*/g) were purchased from
Aldrich. Mordenite (synthetic zeolite HS-690, hydrogen mordenite, 420 m*/g) was pur-
chased from Wako Chemicals. Acid densities of the resin salts were calculated from ele-
mental analyses (acid density = number of sulfur in nominal sample composition/
nominal molecular weight x 1000). Silyl ethers were prepared using a reported method."?
THP ethers*'* silyl ethers'”, and esters'®'® were identified by comparison of their spec-
troscopic characteristics with those of authentic samples.

Synthesis of DTRT

Terephthalaldehyde (6.7 g, 50 mmol) was added to a solution of diphenylamine (16.9 g,
100 mmol) and TsOH.H,O (19.0 g, 100 mmol) in MeOH (120 mL) in a 300 mL round
bottom flask fitted with a reflux condenser with stirring using a spin bar. The solution was
stirred at room temperature for 3 h and then at 60°C for 8 h. The dark green solid formed
was collected, washed with MeOH (100 mL x 2), dried under reduced pressure (20
mmHg) for 1 h, and then ground to a powder (using a mill'” at 15,000 rpm for 1 min).
The resulting fine powder was suspended in MeOH (300 mL) and stirred for 0.5 h. The
green solid was collected, washed with MeOH (100 mL x 3) and re-suspended and
stirred in distilled water (300 mL) and then in acetone (300 mL), washed with ether
(100 mL x 2) and finally dried under reduced pressure (1 mmHg) to give 27.7 g (71%)
of a dark green powder, mp. > 280°C, whose nominal composition was approximately
Cs3.33He0.75N4.8308.7551.00- IR (KBr): 3398, 3020, 2969, 2921, 2854, 1699, 1599, 1556,
1508, 1306, 1242, 1218, 1167, 1113, 1031, 1009, 806, 788, 747, 681, 566 cm™".

Synthesis of DTRT(H)

A suspension of DTRT (5.0 g, 14.6 mmol free amine) and TsOH-H,O (7.5 g, 39.5 mmol)
in MeCN (50 mL) was stirred using a spin bar at 80°C for 8 h in a 100 mL round bottom
flask fitted with a reflux condenser. The insoluble black powder was collected, washed
with MeCN (100 mL x 3) and distilled water until the wash water reached a pH of 7.
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The precipitate was washed with acetone (100 mL x 3), ether (100 mL x 2), and dried
under reduced pressure (1 mmHg) at room temperature to give 5.4 g of a black powder,
mp. > 280°C, whose nominal composition was approximately Cs;3Hs674
N3.0506.1151.00- IR (KBr): 3422, 3020, 2921, 2860, 1699, 1602, 1576, 1507, 1307, 1242,
1218, 1164, 1118, 1032, 1009, 810, 747, 681 cm™".

General Procedure for Tetrahydropyranylation of Alcohols Catalyzed by DTRT(H)

DTRT(H) (10 mg, 1.2 mol%) was added to a solution of 1a (186 mg, 1.0 mmol) and 3,4-
dihydro-2H-pyran (126 mg, 1.5 mmol) in dry MeCN (5 mL). The mixture was stirred at
room temperature for 2 h. The precipitated catalyst was collected and washed with
MeCN (1.5 mL x 3). Evaporation of the filtrate gave a residue that was purified by col-
umn chromatography on silica gel using n-hexane-EtOAc (20:1) as eluent to afford 1b
(246 mg, 91%). THP ethers 3b, 4b, 7b, 8b, and 9b were obtained as an inseparable mix-
ture of diastereomers at C-2’.

General Procedure for Deprotection of THP Ethers Catalyzed by DTRT(H)

DTRT(H) (25 mg, 3 mol%) was added to a solution of 1b (270 mg, 1.0 mmol) in dry
CH;0H (5 mL). The mixture was stirred at room temperature for 3 h and filtered. The
solid collected was washed with CH;0H (1.5 mL x 3) and the combined filtrate and
washes were evaporated. The residue was purified by column chromatography on silica
gel using hexane—acetone (5:1) as eluent to give 1a (175 mg, 94%).

General Procedure for Deprotection of Silyl Ethers Catalyzed by DTRT(H).

DTRT(H) (5 mg, 0.6 mol%) was added to a solution of 1d (300 mg, 1.0 mmol) in dry
CH;0H (10 mL). The mixture was stirred at room temperature for 1 h and treated in a
manner similar to the procedure described above to give 1a (186 mg, 100%).

General Procedure for Esterification Catalyzed by DTRT(H)

A mixture of 3-phenylpropionic acid (300 mg, 2.0 mmol), I-octanol (260 mg,
2.0 mmol), and DTRT(H) (171 mg) was heated at 110°C for 8 h. Removal of DTRT(H)
by filtration followed by evaporation of the filtrate at 40°C under reduced pressure gave a
residue that was purified by column chromatography (hexane:EtOAc = 20:1) to give 11
(482 mg, 92%). The catalyst which was separated by filtration was used for the next
experiment.

General Procedure for Transesterification Catalyzed by DTRT(H)

A mixture of methyl 3-phenylpropionate (328 mg, 2.0 mmol), 1l-octanol (390 mg,
3.0 mmol), and DTRT(H) (171 mg) was stirred at 110°C for 4 h. The mixture was treated
in a manner similar to the procedure described above to give 11 (493 mg, 94%).
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