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A novel system for substrate-specific activation of carboxylic
acids leading to the formation of carboxamides has been de-
veloped in our laboratory. A combination of a water-soluble
dehydrocondensing agent, 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride (DMT-MM), and an in-
verse phase-transfer catalyst (IPTC) (hydroxypropyl)cyclo-
dextrin (HP-B-CD), in a water/ether biphasic solvent system
was found to be most effective. A lipophilic carboxylic acid

with a strong affinity for the cavity of HP-B-CD can be select-
ively transferred to the aqueous phase and predominantly
reacts with DMT-MM, dissolving in the aqueous phase. The
substrate specificity was similar to that observed with a com-
plex artificial enzyme based on CD.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Many efforts have been made to use host compounds for
various types of selective reactions,!l-”) which are of great
importance in organic synthesis because they offer a highly
effective way to synthesize desired compounds. Cyclodex-
trin (CD) derivatives are among the most general and well-
studied of host compounds.[l Since a major driving force
for the formation of inclusion complexes between CD and
lipophilic organic compounds is the hydrophobic effect,
which is most effectively enhanced in water,) reactions in
which CDs are used as host molecules should be compatible
with water. Therefore, it would seem difficult to apply CDs
to reactions such as dehydrocondensation, that are conduc-
ted essentially under dry conditions. The polyhydroxylated
nature of CDs presents other limitations to both their selec-
tive chemical modification to introduce a special func-
tionality corresponding to a reaction site and purification
of the resulting modified CDs.

Recently, we developed a new condensing agent, 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride (DMT-MM), which enables us to carry out activation
of carboxylic acids in protic solvents such as water, MeOH,
and EtOH as well as various aprotic solvents.* In a novel
application of these agents to a CD, we first developed a
CD-based artificial acyltransferase that converts 4-substi-
tuted benzoic acids into amides in a substrate-specific man-
ner in an aqueous solvent.’! In this model, the substrate
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binding site (CD) and the reaction site (triazino group)
must be linked to bring the substrate (carboxylic acid) into
close proximity with the triazino group to both accelerate
the reaction and promote substrate specificity. Indeed, con-
trol reactions using a combination of 2,3,6-trimethylated j3-
CD and a triazino group that are totally separated resulted
in the complete loss of the selectivity. In general, the use of
CDs as artificial enzymes entails tedious chemical modifi-
cation of CDs. If commercially available CDs with a simple
structure could be used directly, the substrate-specific de-
hydrocondensation would become more practical. To that
end, we developed a new system for substrate-selective am-
idation of carboxylic acids using a combination of DMT-
MM and a simple, commercially available CD under inverse
phase-transfer conditions in which the binding site and the
reaction site were completely separated from each other.
Because water-soluble DMT-MM is almost insoluble in
less polar organic solvents such as diethyl ether, EtOAc,
and CH,Cl,,[ it should distribute itself exclusively to the
aqueous phase when dissolved in two immiscible liquid
phases consisting of water and organic solvents. When a
mixture composed of several kinds of carboxylic acids and
an amine is added to the biphasic system, a carboxylic acid
that is predominantly dissolved in an aqueous phase should
be activated by DMT-MM faster than one in an organic
phase, because a homogeneous reaction should proceed fas-
ter than a heterogeneous one. The resulting acyloxytriaz-
ines, in turn, undergo aminolysis to give carboxamides.
Thus, the substrate selectivity should depend on the distri-
bution of the substrates between the two liquid phases and,
in general, hydrophilic carboxylic acids should be selectively
activated. By the same reasoning, both the selectivity and
the yield can be expected to be poor when all carboxylic
acids are lipophilic. On the other hand, if a particular lipo-
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philic carboxylic acid has a strong affinity for a CD cavity
and can form a stable inclusion complex in water, that car-
boxylic acid can be selectively transferred to the aqueous
phase by addition of the appropriate CD. The carboxylic
acid transferred is now in the same phase as the activating
agent, DMT-MM, and should be the acid that is predomi-
nantly activated. On the basis of this concept, we have de-
veloped a novel system to attain a substrate-selective amid-
ation of carboxylic acids using a simple CD as an inverse
phase-transfer catalyst (IPTC).[7-8!

Results and Discussion

As a preliminary study, we examined the competitive re-
action of 4-tert-butylbenzoic acid (SA-1) and 3,5-dimeth-
ylbenzoic acid (SB-1) with benzylamine in a biphasic sys-
tem in the presence of a variety of inexpensive and readily
available CDs. The former acid, SA-1, forms a stable in-
clusion complex with CDs, whereas the complex with the
latter, SB-1, is too unstable to allow the determination of its
dissociation constant by UV titration.’’) Accordingly, when
both acids are dissolved in the appropriate organic phase,
SA-1 can be expected to selectively transfer to the aqueous
phase by the formation of an inclusion complex with CDs,

where it then predominantly undergoes coupling with
DMT-MM dissolved in water. The resulting activated ester
(acyloxytriazine) in turn couples with an amine to give a
hydrophobic amide, which transfers to the organic phase.
The results are summarized in Table 1. Experiments in
which randomly methylated B-CD (Me-B-CD) was used as
an IPTC indicated that Et,O was the most suitable organic
phase among the organic solvents (Et,O, EtOAc and
CHCls) immiscible with water (Runs 1—6).[°l When the re-
action in Et,O—H,O was carried out in the absence of CDs,
the amide arising from SB-1 was the major product, as indi-
cated by the ratio 69:31, whereas the amount of amide aris-
ing from SA-1 increased with the addition of every kind of
CD examined (1 equivalent, Runs 5—10). In particular, the
ratio of the products was inverted when B-CD derivatives
were used.['% The best result was obtained when hydroxy-
propyl-B-CD (HP-B-CD) was used, in which case the prod-
uct ratio was 73:27 (PA-1/PB-1). Decreasing the amount of
HP-B-CD resulted in a decrease in selectivity whereas in-
creasing the CD up to three equivalents did not improve
the selectivity at all (Runs 11—14). Although it is not clear
why HP-B-CD gives the best result, the selectivity may re-
late to the water-solubility of the CDs. In spite of the het-
erogeneous conditions, the stirring rate did not affect selec-
tivity in the present system.

Table 1. Effect of CDs on the selectivity in a liquid—liquid biphasic system

IBH‘Q-COOH (10) DMT-MM (1.0)

Bu @— CONHCH,Ph

SA-1 PhCH,NH, (2.0) PA-1
Me and I Me and/ or
Et,O-H,O
DCOOH 0 i 4h DCOMCHzPh
Me SB-1 Me PB-1
Equiv.  Organic Relative ratio  Water solubility of
Run CDll  ofCD  phase  Yield PA-1:PB-1  CDs (/100 mL)®!
1lel none - AcOEt  46% 35:65
2 Me-$-CD 1 AcOEt 60% 65:35 >150g
3Ll none - CHCl;  58% 51:49
4ld] Me-B-CD 1 CHCL 59% 51:49
5 none - Et,0 T7% 31:69
6 Me-p-CD 1 Et,0 84% 70 : 30
7 o-CD 1 Et,0 69% 38:62 145g
8 y-CD 1 Et,0 67% 42 :58 23 g
9 MA-B-CD 1 Et,O 83% 64 :36 >200 g
10 HP-p-CD 1 Et,O 82% 73:27 >200 g
11 HP-p-CD 0.1 Et,0 73% 45:55
12 HP-g-CD 0.5 Et,O 75% 65:35
13 HP-g-CD 2 Et,O 84% 76 :24
14 HP-g-CD 3 Et,O 83% 74 : 26
[a]
a-CD: n=6; B-CD: n=7; y-CD: n=8
OR
0 MA--CD:  R=AcorH (I Ac/Glc)
RO Me-B-CD: R = Me or H (1.8 Me/Glc)
OR

o7, HP-B-CD:

_ Me
R= 3/\/ or H (0.75 HP/Glc)
OH

[*1 Quoted from the catalog of Wacker Chemie GmbH. [¢] Reaction time was 5 h.

tdl Reaction time was 3 h.
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Since the observed selectivity seems lower than that ex-
pected on the basis of the affinity of SA-1 for HP-B-CD,[!!]
we hypothesized that an alternative route responsible for
decreasing the selectivity could be involved. Transfer of car-
boxylic acids to the aqueous phase by formation of ionized
salts (ammonium carboxylate) with the amine, independent
of the interaction with CD, seemed most likely. For that
reason, we attempted to depress such transfer by (1) ad-
dition of NaCl to decrease the solubility of organic com-
pounds in water by a salting-out effect, (2) lowering the
substrate concentration of the organic phase by increasing
the volume of Et,0 to shift the distribution equilibrium of
the substrate to the organic phase, and (3) slow addition of
an amine with a syringe pump to depress the amount of
water-soluble ammonium carboxylates. As shown in
Table 2, these adjustments improved the selectivity; the best
selectivity was attained with a combination of all of the
procedures (Run 5). The acceleration for SA-1, which is ex-
pressed by the relative proportional increase in the product
ratio with respect to that obtained in the control experiment
(Run 1), (PA-1/PB-1),,,/(PA-1/PB-1),;, was up to 30 times
under these conditions with one equivalent of HP-B3-CD.
Furthermore, under these optimized conditions, we ob-
served an acceleration of 35 times with 0.5 equivalents and
over 22 times with a catalytic amount (0.1 equivalents) of
HP-B-CD (Runs 8, 10).

In general, reactions in which host compounds are used
suffer from product inhibition because the products still
possess a high affinity to the host.['? In our case, no signifi-
cant decrease in the selectivity was observed when the com-
petitive reaction was carried out in the presence of an equi-
molar amount of PA-1 (Table 2, Run 6). This may indicate
that the hydrophobic amide that is produced is almost in-
soluble in water and thus should exclusively stay in the or-
ganic phase, whereas the starting carboxylic acid (SA-1)

Table 2. Attempt to improve the substrate selectivity in Et,O/water

complexed with the CD can be dissolved to some extent in
the aqueous phase by forming a carboxylate ion.['3! Hydro-
gen bonding between hydroxy group(s) of HP-B-CD and
the carboxyl group (or carboxylate) may also be responsible
for the stabilization of the inclusion complex. The very
small dissociation constant!!l of the inclusion complex of
SA-1 with HP-B-CD compared with that (3.1 mm) of SA-1
with 2,3,6-trimethylated B-CD may indicate a special inter-
action in the former complex. On the basis of the optimum
conditions obtained from the experiments in Table 2, we
examined competitive reactions of substrates with and with-
out affinity for HP-B-CD. As shown in Table 3, carboxylic
acids with a high affinity for HP-B-CD were converted into
amides with high selectivity by the addition of only 0.5
equivalents of HP-B-CD into the biphasic system.

It is often troublesome to separate a mixture of com-
pounds whose polarity and chemical reactivity are similar
to each other. By using the present method, the compound
with the highest affinity for a given CD can be selectively
converted into the amide from a mixture consisting of sev-
eral kinds of organic acids. The amide produced can be eas-
ily purified without using chromatography, because its
chemical properties are considerably different from other
remaining starting materials. For example, when an equim-
olar mixture of four kinds of organic acids (SA-1 and SB-
1, 2, and 3) was allowed to react with DMT-MM in the
liquid—liquid biphasic system, all the amides were formed
to some extent in the absence of a CD, though their prod-
uct/substrate ratios varied. On the other hand, the amide
derived from the carboxylic acid with the highest affinity
for HP-B-CD, PA-1, became the major product upon ad-
dition of 0.2 equivalents of the CD (Figure 1).

In general, it is essential that the substrate recognition
site and the reactive site work cooperatively in order for a
reaction to proceed in a substrate-specific manner under

Bu COOH (10)  pMTMM (L0) tBu—@—CONHCHZPh
SA-1 PhCH,NH, (2.0) N PA-L
arnx or
Me and HP-B-CD Me
Et,0-H,0
COOH (L.0) Lt CONHCH,Ph
Me SB-1 Me PB-1
Run CD NaCl Solvent ratio  Methodl®]  Yield Ratio Relative
(equiv) (M) Et,0 :H,0 (%) (PA-1:PB-1) PA-1/PB-1 rate
1 none 0 1:1 A 77 31:69 0.45 1.0
2 1 0 1:1 A 82 73:27 27 6.0
3 1 5 1:1 A 80 78:22 35 79
4 1 5 4:1 A 78 80 : 20 4.0 8.9
5 1 5 4:1 B 83 93: 7 133 29.6
6lbl 5 4:1 B 51 90 : 10 9.0 200
7 1 0 4:1 B 77 87:13 6.7 149
8 05 5 8:1 C 79 9%: 6 15.7 34.9
9 02 5 8:1 C 72 91: 9 10.1 224
10 0.1 5 16:1 C 77 91: 9 10.1 224

[a] Method A: Benzylamine was added in one portion, then the reaction mixture was stirred for 24 h.
Method B: The amine was added by a syringe pump over 5 h followed by stirring for 19 h. Method
C: The amine was added by a syringe pump over 24 h followed by stirring for 24 h.

[ The reaction was performed in the presence of 1.0 equiv. of the major product (PA-1).
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Table 3. Substrate selective condensation with DMT-MM under the improved conditions

Carboxylic acids Amide
Solvent ratio NaCl Yieldl®! Ratio  Relative
sA SB Amine HP-B-CD Methodld EnO:H;0 (M) (%) (PA:PB) rate
Bu
none A 1:1 0 53 79: 21 1.0
B —< >-co H CcoH Ph~NH : :
' : Q ? o B 4:1 5 8 99:1 263
By
Me T TTTTTTTTTTTmTmmmTmmmm T mT o n T nm st
COzH o ey, TOTE A 1 93 50:50 10
i > 05 C 8:1 5 71 88:12 73
Me
M none A 1:1 0 100 60:40 1.0
tBu—@—C()ZH COH  BuNH, 05 C g1 s 39 95- 5 12.7
Me ’
none A 1:1 68 56 - 44 1.0
tBu—O—COZH CHismCOH P NH, (5 C 8- 1 5 36 95- 5 14.9
COH none A 1:1 83 26:74 1.0
Bu COH Q_ Ph” NH
e " > 05 C 8:1 5 92 76:24 90
[2l For Methods A—C, see the footnote to Table 2. [l Yields were determined by HPLC.
COOH COOH COOH ?OOH CONHCH,Ph CONHCH,Ph CONHCH,Ph (i‘,ONHCHZPh
C/H C/H
s - and and and 7015
Me Me (Bu tBu Me Me tBu tBu
Bu tBu
Organic phase PhCHQNH/’ PA-1 PB-1 PB-2 PB-3
Aqueous phase ratio
MeQ Me CO Vil PA-1 PB-1  PB-2 PB-3
Nl
N>=N>"N o 0 56% 23 52 14 1
MeG cl- 0.2 82% 87 9 0 4

HP-B-CD

Figure 1. Selective amidation of a carboxylic acid with the highest affinity for HP-B-CD from the equimolar mixture of four kinds of

organic acids (SA-1, and SB-1, 2, and 3)

homogeneous conditions. For this purpose, both the sites
are typically connected with each other within a single mol-
ecule so that the substrate is brought into close proximity
with the reaction site.['l In our system one would expect the
reaction to be inefficient because the reaction site and the
starting substrate site are perfectly separated as immiscible
phases. By contrast, when a host compound acting as a
phase-transfer catalyst is added, substrate specificity is
achieved by carrying only the specific guest molecule to the
phase in which the activation reagent exists. In this case, the
reaction site and substrate binding site do not have to be
connected to each other; they need simply to exist in the
same phase.

Conclusion

This work has demonstrated that substrate specificity
similar to that obtained with a complex artificial enzyme
can be achieved by using DMT-MM and a CD, both of

4538 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which are simple and easily available, as reaction site and
substrate binding site, respectively. Although acylations of
amines with activated carboxylic acid derivatives under
IPTC conditions have been reported previously,'*! to the
best of our knowledge, this is the first example of a de-
hydrocondensation involving a step of carboxylic acid acti-
vation under IPTC conditions. We expect this concept to be
applicable to various solvent systems composed of fluorous
solvents or ionic liquids, and such applications are now un-
der investigation.

Experimental Section

General Remarks: DMT-MM was prepared from 2-chloro-4,6-di-
methoxy-1,3,5-triazine (CDMT) and N-methylmorpholine accord-
ing to the method reported previously.ly CDMT was prepared from
2,4,6-trichloro-1,3,5-triazine.l'>] All other solvents and chemicals
were obtained from commercial sources and used as received unless
otherwise noted. Chemical shifts of 'H- (400 MHz) and '3C NMR
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spectra were recorded in ppm (J) downfield from TMS, which was
used as an internal standard.

General Procedure. Method A: An aqueous solution (1 mL) of
DMT-MM (0.28 mmol, 1.0 equiv.) was added to a mixture of HP-
B-CD (0.28 mmol, 1.0 equiv.), NaCl (0.584 g), 4-tert-butylbenzoic
acid (SA-1; 0.28 mmol, 1.0 equiv.), 3,5-dimethylbenzoic acid (SB-
1; 0.28 mmol, 1.0 equiv.), and benzylamine (0.56 mmol, 2.0 equiv.)
dissolved in a diethyl ether (2 mL)/water (1 mL) biphasic system at
room temperature. After being stirred for 24 h at room tempera-
ture, the reaction mixture was extracted with diethyl ether and
washed successively with saturated sodium carbonate, water, 1 M
HCI, water, and brine. The organic layer was dried with MgSO,
and concentrated. The crude product was analyzed by HPLC (Na-
calai Tesque COSMOSIL 5CI18-AR-II (4.6 X 150 mm), water/
MeOH, 65:35, 1.0 mL/min, UV 280 nm) to determine both the
yield and the selectivity (yield 80%, PA-1/PB-1 = 78:22).

Method B: An aqueous solution (0.75mL) of DMT-MM
(0.28 mmol, 1.0 equiv.) was added to a mixture of HP-B-CD
(0.28 mmol, 1.0 equiv.), NaCl (0.584 g), 4-tert-butylbenzoic acid
(SA-1; 0.28 mmol, 1.0 equiv.), and 3,5-dimethylbenzoic acid (SB-
1; 0.28 mmol, 1.0 equiv.) dissolved in a diethyl ether (8 mL)/water
(1 mL) biphasic system at room temperature. An aqueous solution
(0.25 mL) of benzylamine (0.56 mmol, 2.0 equiv.) was added by a
syringe pump over five hours followed by stirring for 19 h at room
temperature. The reaction mixture was worked up in the same man-
ner as described in Method A.

Method C: An aqueous solution (0.41 mL) of DMT-MM
(0.28 mmol, 1.0 equiv.) was added to a mixture of HP-B-CD
(0.28 mmol, 1.0 equiv.), NaCl (0.292 g), 4-tert-butylbenzoic acid
(SA-1; 0.28 mmol, 1.0 equiv.), and 3,5-dimethylbenzoic acid (SB-
1; 0.28 mmol, 1.0 equiv.) dissolved in a diethyl ether (8 mL)/water
(0.35 mL) biphasic system at room temperature. An aqueous solu-
tion (0.24 mL) of benzylamine (0.56 mmol, 2.0 equiv.) was added
by a syringe pump over 24 h followed by stirring for 24 h at room
temperature. The reaction mixture was worked up in the same man-
ner as described in Method A.

N-Benzyl-4-tert-butylbenzamide:>! Colorless crystals; m.p. 143—144
°C (CHjCly/hexane). IR (KBr): v = 3299, 3962, 1635, 1610,
1550 cm~'. 'H NMR (CDCL): 6 = 1.32 (s, 9 H), 4.65 (d, J =
5.7Hz, 2 H), 6.34 (br. s, 1 H), 7.27—7.35 (m, 5 H), 7.42—7.45 (m,
2 H), 7.70~7.74 (m, 2 H) ppm. ESI-MS: mi=z = 268 [M + 1]*.

N-Benzyl-3,5-dimethylbenzamide:®!  Colorless  crystals; m.p.
107—108 °C (CH,Cly/hexane). IR (KBr): ¥ = 3282, 1636, 1600,
1535cm~1. 'H NMR (CDClLy): 6 = 2.34 (s, 6 H), 4.63 (d, J =
5.7Hz, 2 H), 633 (br. s, 1 H), 7.12 (s, 1 H), 7.27-7.36 (m, 5 H),
7.38 (s, 2 H) ppm. ESI-MS: m/z = 240 [M + 1]*.

N-Benzyl-3,5-di-tert-butylbenzamide:®!  Colorless crystals; m.p.
203-205 °C (CH,Cly/hexane). IR (KBr): v = 3241, 2961, 1635,
1594, 1549 cm~'. 'H NMR (CDCly): 6 = 1.33 (s, 18 H), 4.67 (d,
J=58Hz 2 H), 6.36 (br. s, 1 H), 7.27-7.39 (m, 5 H), 7.56 (t,
J=18Hz 1 H), 7.60 (d, J = 1.8 Hz, 2 H) ppm. ESI-MS: m/z =
324 M + 1]°.

N-Benzyl-2-naphthamide:!'®! Colorless crystals; m.p. 203—205 °C
(CH,Cly/hexane). IR (KBr): v = 3291, 1637, 1625, 1547, 1415,
1321 cm™'. '"H NMR (CDCl;): § = 4.72 (d, J = 5.6 Hz, 2 H), 6.53
(br. s, 1 H), 7.30—7.43 (m, 5 H), 7.52—7.59 (m, 2 H), 7.84—7.92
(m, 4 H), 8.31 (s, 1 H) ppm. C,sH,;sNO (261.3): caled. C 82.73, H
5.79; found C 82.66, H 5.86.

Eur. J. Org. Chem. 2004, 4535—4540 wWWww.eurjoc.org

N-Butyl-4-tert-butylbenzamide: Colorless needles; m.p. 43 °C. IR
(KBr): v = 3319, 2690, 2932, 2870, 1636, 1611, 1550cm~'. 'H
NMR (CDCl3): 0= 095 (t, J= 7.3Hz, 3 H), 1.33 (s, 9 H),
1.36—1.46 (m, 2 H), 1.56—1.63 (m, 2 H), 3.45 (td, J = 7.1, 5.8 Hz, 2
H), 6.08 (br. s, 1 H), 7.42—7.45 (m, 2 H), 7.68—7.71 (m, 2 H) ppm.
C;5H»3NO (233.4): caled. C 77.21, H 9.93; found C 77.03, H 9.72.

N-Butyl-3,5-dimethylbenzamide: Colorless needles; m.p. 55—56 °C.
IR (KBr): v = 3308, 2961, 2931, 2871, 1631, 1599, 1536 cm™~!. 'H
NMR (CDCls): 6 = 0.96 (t, J = 7.3 Hz, 3 H), 1.37—1.46 (m, 2 H),
1.56—1.65 (m, 2 H), 2.34 (s, 6 H), 3.44 (td, /= 7.2, 5.8 Hz, 2 H),
6.08 (br.s, 1 H), 7.11 (s, 1 H), 7.35 (s, 2 H) ppm. C;3H;9NO (205.3):
caled. C 76.06, H 9.33; found C 75.92, H 9.16.

N-Benzyl-3-methylbenzamide: Colorless crystals; m.p. 83—84 °C
(CH,Cly/hexane). IR (KBr): v = 3309, 1642, 1583, 1551 cm~!. 'H
NMR (CDCly): 6 = 2.39 (s, 3 H), 4.65 (d, J = 5.7 Hz, 2 H), 6.36
(br. s, 1 H), 7.29—-7.37 (m, 7 H), 7.55—=7.58 (m, 1 H), 7.62 (s, 1
H) ppm. C;5HsNO (225.3): calcd. C 79.97, H 6.71; found C 79.98,
H 6.83.

N-Benzyloctanamide: Colorless crystals; m.p. 66 °C (CH,Cl,/hex-
ane). IR (KBr): v = 3292, 2954, 2929, 2916, 2851, 1633, 1554, 1453,
1431 ecm™!. 'H NMR (CDCls): 6= 0.88 (t, J= 6.9 Hz, 3 H),
1.25—1.35 (m, 8 H), 1.62—1.70 (m, 2 H), 2.21 (t, J = 7.6 Hz, 2 H),
4.45(d,J =5.7Hz,2H), 5.67 (br.s, 1 H), 7.27—7.36 (m, 5 H) ppm.
C,5H,3NO (233.4): caled. C 77.21, H 9.93; found C 77.17, H 9.75.
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