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Four intramolecular hydrogen bonding-driven aromatic amide foldaetshave been designed and
synthesized in which a 2-methoxy-3-nitrobenzamide unit was incorporated at the end of the backbone.
Kinetic studies in dioxanewater (4:1, v/v) at 66-90 °C have revealed that the folded backbone of the
oligomers was, like the rigidified spherand, able to complegk, INa", and K" and, consequently,
accelerated the hydrolysis of the nitro-appended anisole unit of the foldamers. Generally, longer foldamers
displayed an increased accelerating effect, and LiOH displayed the highest reactivity probably due to the
most efficient complexation by the folded oligomers. Addition of excessive potassium chloride substantially
reduced the complexing interaction, and the hydrolysis of the longer oligomers became slower than that
of the shorter ones due to an increased steric effect. The results indicate that, even in a hot aqueous
medium of high polarity, intramolecular hydrogen bonding is still able to induce structurally matched
oligomers to generate a preorganized rigidified conformation.

Introduction to modulate folding or helical structuré4.With an increasing
. . . number of structurally unique folding patterns being developed,

Folding is a prerequisite for enzymes to catalyze various he applications of such abiotic secondary structures in discrete

reactions in physiological mediaGenerally, an active cavity  5reas have begun to receive attention. For example, several

is formed in which two or more reactants are constrained in ,|ged 8-peptides have been revealed to exhibit strong antibac-

close proximity, res.ultmg in the dramatic rate enhancement Of terial and antimicrobial activity. An aromatic oligoamide

a prescribed chemical reaction. In the past decade, syntheticiyjamer has been used to mimic the binding surface of protein

cavitand molecules have been intensively investigated aspejicess More recently, Moore et al. found that hydrophobically

supramolecular enzyme mimics to facilitate discrete reacfions. driven oligo(phenyleneethynylene)-derived foldamers are able

Nevertheless, structurally flexible linear molecules usually could . promote the methylation of (dimethylamino)pyridiheluc

not be utilized as enzyme mimics because of the unfavorable ot 5 a1s0 reported that the hydrogen bonding-induced folded

entropic effect. _ _ _ ~ conformation of an oligopyridinedicarboxamide strand facili-
In recent years, there has been intense interest in designing
foldamers, the artificial oligomers that utilize noncovalent forces ~ (2) (&) Timmerman, P.; Nierop, K. G. A.; Brinks, E. A.; Verboom, W.;
van Veggel, F. C. J. M.; van Hoorn, W. P.; Reinhoudt, DANgew. Chem.,
Int. Ed. Engl.1995,34, 132. (b) Sanders, J. K. Mthem.—Eur. J1998,4,
(1) (&) Mathewson, P. REnzymes; Eagan Press: St. Paul, MN, 1998. 1378. (c) Rudkevich, D. M.; Rebek, J., #ur. J. Org. Chem1999, 1991.

(b) Marangoni, A. GEnzyme Kinetics: A Modern Approgclohn Wiley (d) Warmuth, R.; Yoon, JAcc. Chem. Re2001,34, 95. (e) Cacciapaglia,
& Sons: Chichester, U.K., 2002. (c) Bugg, T. hitroduction to Enzyme R.; Di Stefano, S.; Mandolini, LAcc. Chem. Re2004 37, 113. (f) Rebek,
and Coenzyme Chemistry, 2nd ed.; Blackwell: Oxford, U.K., 2004. J., Jr.Angew. Chem., Int. EQR005,44, 2068.

10.1021/jo0619940 CCC: $37.00 © 2007 American Chemical Society
870 J. Org. Chem2007,72, 870—877 Published on Web 01/10/2007



Hydrogen Bonding-Induced Aromatic Oligoamide Foldamers

tates the N-oxidation of its peripheral pyridine uhidlthough

the reactions investigated are quite simple, these studies have

shown that artificial folded backbones are new interesting
building blocks in the design of enzyme mimics. Previously,

we have demonstrated that hydrogen bonding-driven aromatic Me

amide foldamers could function as synthetic receptors for
efficient recognition of saccharid€sglkyl ammoniums? and
fullerenes and derivativéd.'> We herein show how the
hydrogen bonding-induced folded conformation of oligoben-
zamides remarkably accelerates the hydrolysis of nitro-
substituted anisoles in aqueous media of high polarity.

Results and Discussion

It has been well established by Cram et al. that the spherand

and many of its derivatives are able to efficiently complex alkali
metal ions'3~1° Our previous study has shown that hydrogen
bonding-induced foldamek could complex aliphatic ammoni-
ums in chloroform'°a@ The rigidified folded conformation of

resembles that of a spherand in that all of the methoxyl groups
are regularly orientated at the center of the backbone in both
molecules. It was therefore envisioned that such a preorganized

(3) For reviews, see: (a) Seebach, D.; Matthews, £hem. Commun.
1997, 2015. (b) Gellman, S. tAcc. Chem. Re4.998,31, 173. (c) Hill, D.
J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, JCBem. Re»2001,
101, 3893. (d) Cubberley, M. S.; Iverson, B. Curr. Opin. Chem. Biol.
2001,5, 650. (e) Schmuck, GAngew. Chem., Int. EQ2003,42, 2448. (f)
Huc, I. Eur. J. Org. Chem2004, 17. (g) Cheng, R. urr. Opin. Struct.
Biol. 2004,14, 512. (h) Sanford, A.; Yamato, K.; Yang, X. W.; Yuan, L.
H.; Han, Y. H.; Gong, BEur. J. Biochem2004,271, 1416. (i) Licini, G.;
Prins, L. J.; Scrimin, PEur. J. Org. Chem2005, 969. (j) Stone, M. T ;
Heemstra, J. M.; Moore, J. &cc. Chem. Re006,39, 11.

(4) For recent examples, see: (a) Tew, G. N.; Zhang, F.; Bai, S.; Yap,
G. P. A;; Tarwade, V.; Fox, J. Ml. Am. Chem. So2005,127, 10590. (b)
Khan, A.; Kaiser, C.; Hecht, Angew. Chem., Int. E@006,45, 1878. (c)
Konig, H. M.; Abbel, R.; Schollmeyer, D.; Kilbinger, A. F. MDrg. Lett.
2006,8, 1819. (d) Hu, Z.-Q.; Hu, H.-Y.; Chen, C.-B. Org. Chem2006,
71, 1131. (e) Sinkeldam, R. W.; van Houtem, M. H. C. J.; Koeckelberghs,
G.; Vekemans, J. A. J. M.; Meijer, E. \Drg. Lett.2006,8, 383. (f) Han,

J. J.; Wang, W.; Li, A. D. QJ. Am. Chem. So€006,128, 672. (g) Zhao,
Y.; Zhong, Z.J. Am. Chem. SoQ005, 127, 17894. (h) Angelo, N. G.;
Arora, P. SJ. Am. Chem. So@005,127, 17134. (i) Chang, K.-J.; Kang,
B.-N.; Lee, M.-H.; Jeong, K.-SJ. Am. Chem. So@005,127, 12214. (j)

Hunter, C. A.; Spitaleri, A.; Tomas, £hem. Commur2005, 3691. (k)

Garric, J.; Léger, J.-M.; Huc, Angew. Chem., Int. EQ005,44, 1954.

(5) Cheng, R. P.; Gellman, S. H.; DeGrado, W.Ghem. Rey2001,
101, 3219.

(6) (a) Ernst, J. T.; Becerril, J.; Park, H. S.; Yin, H.; Hamilton, A. D.
Angew. Chem., Int. E@003 42, 535. (b) Yin, H.; Hamilton, A. DAngew.
Chem., Int. Ed2005,44, 4130.

(7) (a) Heemstra, J. M.; Moore, J. 5. Am. Chem. So2004 126, 1648.
(b) Heemstra, J. M.; Moore, J. 3. Org. Chem2004,69, 9234.

(8) Dolain, C.; Zhan, C.; Léger, J.-M.; Daniels, L.; HucJlAm. Chem.
Soc.2005,127, 2400.

(9) Hou, J.-L.; Shao, X.-B.; Chen, G.-J.; Zhou, Y.-X,; Jiang, X.-K.; Li,
Z.-T.J. Am. Chem. So2004,126, 12386.

(20) (a) Yi, H.-P.; Li, C.; Hou, J.-L.; Jiang, X.-K.; Li, Z.-Tletrahedron
2005,61, 7974. (b) Li, C.; Ren, S.-F.; Hou, J.-L.; Yi, H.-P.; Zhu, S.-Z.;
Jiang, X.-K.; Li, Z.-T.Angew. Chem., Int. EQR005,44, 5725.

(11) Wu, Z.-Q.; Shao, X.-B.; Li, C.; Hou, J.-L.; Wang, K.; Jiang, X.-K.;
Li, Z.-T. J. Am. Chem. So2005,127, 17460.

(12) Hou, J.-L.; Yi, H.-P.; Shao, X.-B.; Li, C.; Wu, Z.-Q.; Jiang, X.-K;
Wu, L.-Z.; Tung, C.-H.; Li, Z.-T.Angew. Chem., Int. EQ®006,45, 796.

(13) (&) Cram, D. JAngew. Chem., Int. Ed. Engl988,27, 1009. (b)
Marverick, E.; Cram, D. J. l€omprehensive Supramolecular Chemistry;
Gokel, G. W., Ed.; Elsevier: New York, 1996; Vol. 1, p 213.

(14) Cram, D. J.; Cram, J. MContainer Molecules and Their Guests
RSC Press: Cambridge, U.K., 1997.

(15) (a) Trueblood, K. N.; Knobler, C. B.; Maverick, E.; Helgeson, R.
C.; Brown, S. B.; Cram, D. JJ. Am. Chem. Sod981,103, 5594. (b)
Cram, D. J.; Lein, G. MJ. Am. Chem. S0d.985,107, 3657. (c) Cram, D.
J.; Kaneda, T.; Helgeson, R. C.; Brown, S. B.; Knobler, C. B.; Maverick,
E.; Trueblood, K. NJ. Am. Chem. S0d.985,107, 3645.
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framework might also complex metal ions. Therefore, oligomers
2—5have been designed and synthesized. We hypothesized that,
if these folded oligomers could complex the metal ion of an
alkali hydroxide, the ionic bond within the alkali hydroxide
should be weakened and the effective concentration of the
hydroxide anion increasél As a result, the nucleophilic ability

of the corresponding hydroxide anion would be enhanced, which
should promote the hydrolysis of the nitro-appended anisole unit
in the oligomers.
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FIGURE 1. Partial'H NMR spectra (400 MHz) of (al2, (b)2, (c)
3, (d)4, (e)5, and (f)15in CDCl; (4 mM).

The synthetic route for oligome—>5 is shown in Scheme
1. Thus, compoun® was first treated with oxalyl chloride in
chloroform to produce’. The latter was reacted wit8 in
chloroform in the presence of Ngi afford dimer2 in a 61%
yield. The palladium-catalyzed hydrogenation 2fin THF
yielded9 quantitatively. The aniline was again coupled with
to give trimer3in an 83% yield. By repeating the hydrogenation
and coupling procedures under similar conditions, longer
molecules4 and5 could be produced in good yields.

The H NMR spectra of oligomer2—5 in CDCl; are
provided in Figure 1lb-e. It was found that all of the signals of
the amide protons of the oligomers appeared in the downfield
area (9.7710.28 ppm). These observations are consistent with
those of foldamed 19217 supporting the existence of intramo-
lecular hydrogen bonding and the folded conformation of the
backbones. A single crystal 08 was also grown from
chloroform, and its X-ray diffraction structure is shown in Figure

2a. As expected, four intramolecular hydrogen bonds were gigure 2. The X-ray diffraction structures of (&, (b) 12, and (c)

produced, which induces the trimer to adopt a rigid planar 13, Al of the crystals were grown from evaporation of a solution in
conformation. Because the hydrolytic experiments (vide infra) chloroform.

were all conducted in polar aqueous environmentstthdMR

spectrum of oligomer&—5 in a DMSOds—acetoneds mixture SCHEME 2

(4:1, viv) of high polarity was also recorded to detect if Me
intramolecular hydrogen bonding existed in polar solvéhts. MOH 0

was found that, compared to the counterparts in'HhéNMR (M= Li, Na, K) o] N Me
spectrum in CDGJ, the signals of the amide protons of all of 25 H,0-dioxane (1:4) Ne O,

the oligomers moved downfield only slightly to modestiy = heat @[ Hhe

< 0.29 ppm). The shifting was substantially smaller than that o HugNso
observed for 4-methoxy-N-(4-methoxyphenyl)benzamide (Ad Me 12n=0 14:'n=2
1.85 ppm)t®in which no intramolecular hydrogen bonds could 13:n=1 16n=3
be formed. These results clearly supported the finding that

important intramolecular hydrogen bonding existedder5 in a result of the formation of the competitive intermolecular

the polar solvert? which remarkably weakened the effect of hydrogen bonding. _ _ o _
the polar solvent on the chemical shifts of the amide protons as ~ The hydrolysis o2—5 with potassium hydroxide in refluxing
water—dioxane (1:4) was then carried out (Scheme 2). The

(16) () Menger, F. MAcc. Chem. Red.985,18, 128. (b) Kirby, A. J. reaptiqns selectively gave ri.se. to the gqrresponding p.henol
Ady. Phys. Org. Cheni980,17, 183. derivatives 12—152° Under similar conditions, no reaction
(17) Gong, B.Chem.—Eur. J2001,7, 4337. occurred for compounds, the nitro-free analogue &, and

(18) Compound2—5 were insoluble in the binary solvent of water
dioxane (1:4, v/v) used for the hydrolytic experiments.

(19) A value of Ad of 2.34 ppm was reported when the solvent was (20) The cleavage of the oligoamide backbones did not occur during
changed from CDGlto DMSO-d; see: Parra, R. D.; Zeng, H.; Zhu, J.;  the reactions because only traces of the byproduefs2%, determined
Zheng, C.; Zeng, X.-C.; Gong, BEhem.—Eur. J2001,7, 4352. by HPLC) were produced.
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FIGURE 3. Left: The hydrolytic yield of12 (m), 13 (®), 14 (a), and15 (¥) determined by HPLC in the presence of KOH (6.0 mM) at’@0
(The concentration of the reactants is 0.1 mM.) The lines are for guiding the eye only. Right: The corresponding plot of interpolation. The rates
were estimated by the slopes of the straight lin@s, the original concentration of the reacta@; the concentration of the produéf).

17. The structures of oligomef?—15have been established TABLE 1. The Kinetic Data of the Hydrolysis of Oligomers 2-5
by the (2D)!H and’3C NMR and HRMS spectroscopy. Because in Water—Dioxane (1:4, vIv)

of being involved in a strong six-membered hydrogen bond to temperature K bs’ .
the neighboring electron-withdrawing nitro oxygen, the signal _®"" <) reactant product  base (10°°min~)
of the hydroxyl proton of all of the oligomers appeared in the 1 90 2 12 KOH 1.47
much downfield areaX12.11 ppm) in théH NMR spectrum 2 90 3 13 KOH 5.27
in CDCl. A les, théH NMR spectra ofl2 and15 : e : Ko 636
in 5. As examples, _ spectra ofl2and15 are 2 90 5 15 KOH 563
presented in Figure 1. The single crystald@fand13 suitable 5b 90 2 12 KOH 0.38
for the X-ray analysis have been grown from chloroform. Their ~ 6° 90 3 13 KOH 0.26
solid-state structures are provided in Figure 2b and 2c. It was gzc gg ‘5‘ ig ﬁg: 0.19
found that only the methoxyl group adjacent to the nitro group gc' 60 5 12 KOH _
was hydrolyzed, and the resulting OH proton hydrogen-bonded 1g 60 3 13 KOH 0.10
to the nitro oxygerf! This is not surprising considering the 11 60 4 14 KOH 0.61
strong electron-withdrawing ability of the nitro group. 12 60 5 15 KOH 0.53
13 70 3 13 LiOH 1.20
14 70 3 13 NaOH 0.80
15 70 3 13 KOH 0.89
OMe O 16 90 3 13 LiOH 6.36
Me O,N 17 90 3 13 NaOH 3.95
O 18 90 2 12 LiOH 2.76
0""'”” 19 90 4 14 LiOH 8.04
20 90 5 15 LiOH 7.42
| 21 90 18 19 KOH 4.60
Me 16

aWith error <10%." Obtained in the presence of KCI (0.6 M)No

After the structures of compound®—15had been estab- reaction was observed after 10 h.

lished, the kinetic studies of the hydrolytic reaction of oligomers
2-5 (0.1 mM) by KOH were first performeéf The reactions
were first carried out in refluxing (9€C) water-dioxane (1:4)

pronouncedly larger than that @P. It is reasonable to assume

under the pseudo-first-order reaction conditions of using a Iargethat’ W'thOUt any additional promoting effgct, the hygirolync rat.e
excess of KOH (60 times). The binary solvent system was of the oligomers should be decreased with the chain elongation
chosen because all of the oligomers were soluble in the solventdue to the increased hindrance of the longer oligomers. The
at the investigated temperature. In addition, all of the hydrolysis Pronouncedly increased hydrolytic rates of longer oligomers
reactions occurred on the time scale of hours, and the formation3—>5 relative to that of2 strongly suggest that an important
of the product could be accurately analyzed by HPLC. The plots complexation occurred between the methoxyl oxygen atoms of
of the yields of the phenol derivatives against the reaction time longer oligomers3—5 and the potassium cation. Such an
are provided in Figure 3. The reaction was found to be first interaction increased the effective molar concentration of the
order in2—5, and the corresponding hydrolysis ratiess were base and also promoted the elimination of the methoxide anion
derived according to the reported metfibend are listed in  j the nucleophilic substitution, as shown in Figuré &urther

Table 1 (entries 1—4). . evidence for the mechanism shown in Figure 4 came from
It can be found that thie,psvalues for the production of longer o . .
oligomers13, 14, and15 are quite comparable, although the compet_mon experiments performed in the presence of an
value of14is slightly higher. However, all of these values are excessive amount_ of KCI (0.6 M_)' It was found that, compared
to the corresponding value obtained in the absence of KCI, the
(21) Woijcik, G.; Toupet, LMol. Cryst. Lig. Cryst. Sci. Technol., Sect.  hydrolytic rate of the oligomers was decreased remarkably
A1993,229,153. . _ - rad _ doini (entries 5—8 in Table 1). In addition, the rate was increasingly
L Ca @ e D g R i drare: %b?ﬁisrﬁtgf &7 Mendoin: decreased with the elongation of the oligomers. These observa-

J., Jr.J. Am. Chem. S0Q004,126, 16280. tions can be rationalized by considering that the interaction

J. Org. ChemVol. 72, No. 3, 2007 873
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Me was detected in the form of an ester or its acid (Scheme 4).

o} This result implied that the electron-withdrawing ability of the
Me N 0 ester group is not strong enough to enable the hydrolysis of the
o On N neighboring ether unit. The yields of the products at three
OGN, & MeMe % reaction times were determined by HPLC and are shown in

H O . .
hydrolysis b-me Mo Figure 6. It can be found that the yields @kb were all

-MeOH o h, substantially higher than that 82a which once again illustrates

Me o '.‘Ii the increased reactivity of the longer oligomer compared to that
0)\©/ o of the shorter one.
Me Conclusions

FIGURE 4. The proposed model for the complexation-promoted . . . .
hydrolytic acceleration of the folding oligomers (witas an example). Kinetic investigations of the hydrolysis of a series of
foldamer-based 2-methoxy-3-nitrobenzamide derivatives by
between the oligomers and KCI substantially weakened their alkaline hydroxide in dioxane—water have revealed that in-
complexation toward KOH, and consequently, the steric effect tramolecular hydrogen bonding-driven aromatic amide foldamers
played an important role, increasingly retarding the hydrolytic can function as spherand or crown ether mimics to complex an
process. The fact that the hydrolytic rates4oénd5 are only alkaline cation and, consequently, enhance the reactivity of the
slightly larger than that o8 in the absence of KCl should reflect  alkaline bases. Because all of the reactions were carried out at
the combined result of the complexation-induced accelerating a relatively high temperature and in the dioxaweater binary
effect and the hindrance-resulted decelerating effect. solvent of high polarity, the observed folding-induced accelera-
Kinetic studies of the reactions &—5 with KOH under tion effect for the longer oligomers is quite impressive. The
identical conditions at 60C were also performed (Figure 5). work also indicates that, even in an aqueous medium of high
The corresponding hydrolysis ratdgys are shown in Table 1 polarity, intramolecular hydrogen bonding is still able to induce
(entries 9—12). At this reduced temperature, dirBatid not structurally matched oligomers to generate a preorganized
undergo hydrolysis. As expected, thgs values of oligomers rigidified conformation. The result may open the door for the
3—5 were also remarkably decreased compared to the corre-design of new foldamer-based enzyme mimics to promote
sponding values obtained at 90. In addition, the values of intermolecular nucleophilic reactions.
and5 are substantially higher than that®fAll of these results
support that the hydrolysjs qf the longer oligomers displayed Experimental Section
an enhanced complexation-induced accelerating effect at the
lowered reaction temperature. Compound 2. To a solution of6 (3.39 g, 16.1 mmol) in
The influence of varying the alkaline hydroxide on the chloroform (25 mL) were added oxalyl chloride (2.95 g, 23.2 mmol)
hydrolysis of the oligomers was also investigated at 70 and 90 and DMF (50uL). The solution was stirred at room temperature
°C, with trimer3 as the reactant. The corresponding hydrolysis for 6 h and then concentrated under reduced pressure. The resulting
ale s a1 presented n Table 1 (enis 2-139). ALboth Rl Jelow S0l was o alom (0 L, oo
reaction temperatures, tlkgys values of the reactions of LiOH D

- : and triethylamine (3 mL, 20.5 mmol) in chloroform (30 mL).
of the lowest basicity are higher than those of NaOH and KOH. Stirring was continued for another 5 h, and the solvent was removed

These observations appear to suggest that the reactant oligomergnger reduced pressure. The resulting residue was triturated in

were able to complex Li more efficiently than Na or K7, chloroform (100 mL). The organic phase was washed with dilute
resulting in a larger enhancement of the reactivity of LiOH. hydrochloric acid (1 N, 15 mlx 2), water (30 mLx 2), and brine
The kinetic results of the reactions of LIOH with oligom@rs5 (30 mL) and dried over sodium sulfate. Upon removal of the solvent

at 90 °C were also determined and are provided in Table 1 in vacuo, the resulting crude product was purified by flash
(entries 16 and 1820). It can be found that the accelerating chromatography (petroleum ether/chloroform, 3:1) to afoes a
behavior is very similar to that of the reactions of KOH (entries Pale-greenish solid (3.12 g, 61%)H NMR (CDCl) 0 10.17 (s,

; ; ; - 1H), 8.55 (d, dJ; = 1.2 Hz,J, = 7.8 Hz, 1H), 8.23 (dJ = 2.4
1-4), and once again, LiOH displayed a larger reactivity than _ i -
KOH for all of the reactions. Hz, 1H), 7.77 (dJ = 1.8 Hz, 1H), 7.15—7.10 (m, 1H), 7.06—7.01

. In order to obtain more.insight .into the e_ffec.t of the §teric (3mgslg)36|_|)9 52(25 ?5’1,13,4}%&? ﬁ&’éz(cDEi)%ziellﬂgi il%z.l(,sif;()s',
hindrance on the hydrolytlc reaction, the klnet.IC behavior of 144.2,136.9, 135.3, 129.3, 128.5, 127.6, 124.4, 121.2, 120.6, 110.1,
the hydrolysis ofl8 to 19 by KOH was also studied at S, 64.2, 55.8, 20.7; MS (Eln/z317 [M + H]*; HRMS (ESI) calcd
which gave rise to akops value of 4.60 x 1073 min~*, for CigH16N20sNa, 339.2984; found, 339.3110. Anal. Calcd for
Comparison of this value with that & (entry 1, Table 1) CieH1eN20s: C, 60.75; H, 5.10; N, 8.86. Found: C, 61.02; H, 5.09;
revealed that thertho-MeO group in the aniline moiety & N, 8.60.
functioned more as a hindrance unit to retard the hydrolysis Compound 3.A suspension 02 (2.18 g, 6.90 mmol) and PeC
reaction than as a binding unit to promote the hydrolytic (10%, 0.20 g) in THF (40 mL) was stirred at room temperature
reaction. Nevertheless, the values of longer oligongs under 1 atm of hydrogen gas for 8 h. The solid was filtered off,
(entries 2—4, Table 1) are all higher than thatléf showing and the solvent was removed under reduced pressure t0 ¢ive@6

- . . g, 100%) as a yellowish solid. This product was then treated with
ﬁggég\(jirg/asfngf::Cl!)?/nggrgLItgsirch);n'?heer Izlngt?c:ﬁrs to enhance the 7, as described for the preparationfAfter workup, the resulting

X : X . residue was purified by column chromatography (dichloromethane/
Finally, the hydrolytic reactions cf0aand20b by LiOH at EtOAc, 35:1) to afford3 as a brown solid (2.74 g, 83%}H NMR

90 °C were investigated. Both reactions gave rise to two (CDCly) 6 10.13 (s, 1H), 10.04 (s, 1H), 8.60 (@= 1.2 Hz, 1H),
products,21 and 22, respectively. No product generated from 8.57 (d,J = 1.5 Hz, 1H), 8.24 (dJ = 2.1 Hz, 1H), 7.81 (dJ =

the hydrolysis of the methoxyl group adjacent to the ester unit 1.8 Hz, 1H), 7.71 (dJ = 1.8 Hz, 1H), 7.14—7.01 (m, 2H), 6.94

874 J. Org. Chem.Vol. 72, No. 3, 2007
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FIGURE 5. Left: The hydrolytic yield of12 (v), 13 (M), 14 (a), and15 (®) determined by HPLC in the presence of KOH (6.0 mM) at’60

(The concentration of the reactants is 0.1 mM.) Right: The corresponding plot of interpolation. The rates were estimated by the slopes of the

straight lines (G, the original concentration of the reacta@t; the concentration of the produét).
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FIGURE 6. The change of the yield &0 and21 for the reaction in
Scheme 4 with the reaction time.

(s, 3H), 3.95 (s, 3H), 3.91 (s, 3H), 2.49 (s, 3H), 2.46 (s, 3H), 2.44
(s, 3H); 13C NMR (CDCk) 6 163.0, 162.8, 161.5, 149.0, 148.4,
145.1, 145.0, 144.0, 136.9, 135.9, 135.7, 135.5, 131.8, 131.6, 129.1,
128.7,128.0, 126.9, 126.5, 126.4, 126.3, 125.2, 124.7, 124.0, 121.3,
120.5, 110.1, 64.3, 63.2, 62.8, 55.8, 21.4, 21.3, 20.7; MS (MALDI
TOF)m/z665 [M + Na]*. Anal. Calcd for G4H34N4Oo: C, 63.54;
H, 5.33; N, 8.72. Found: C, 63.46; H, 5.43; N, 8.53.

Compound 5was prepared in a 69% yield (two steps) frdm
by using the procedures described4deluting solvent for column
chromatography: dichloromethane/EtOAc, 20:3H NMR (CDCls)
0 10.01 (s, 1H), 9.94 (s, 1H), 9.82 (s, 1H), 9.76 (s, 1H), 8.62(d,
= 6.6 Hz, 2H), 8.58-8.56 (m, 2H), 8.23 (s, 1H), 7.81 (d,= 1.5
Hz, 1H), 7.72 (s, 1H), 7.667.67 (m, 2H), 7.11—7.01 (m, 2H),
6.94 (d,J = 7.8 Hz, 1H), 4.06 (s, 3H), 3.98 (s, 3H), 3.97 (s, 3H),
3.90 (s, 3H), 3.88 (s, 3H), 2.51 (s, 3H), 2.48 (s, 3H), 2.47 (s, 3H),

161.6, 149.0, 148.5, 145.2, 144.1, 136.9, 135.6, 135.5, 131.5, 128.92.43 (s, 3H)13C NMR (CDCk) 6 163.4, 163.2, 162.9, 161.7, 148.9,
128.9, 128.0, 127.0, 126.5, 124.8, 124.0, 121.3, 120.5, 110.1, 64.4,148.4, 145.2, 145.1, 145.0, 144.1, 136.8, 135.9, 135.8, 135.7, 135.4,

62.9, 29.7, 21.4, 20.7; MS (MALDITOF) m/z480 [M + H]™;
HRMS (MALDI—TOF) calcd for GsH,6Nz07 [M + H]*, 480.4898;
found, 480.4881. Anal. Calcd forsgH,sNzO7: C, 62.62; H, 5.26;
N, 8.76. Found: C, 62.74; H, 5.58; N, 8.31.

Compound 4.A suspension 08 (1.06 g, 2.10 mmol) and PeC
(10%, 0.10 g) in THF (25 mL) was stirred at room temperature
under 1 atm of hydrogen gas for 8 h. The solid was filtered off,
and the solvent was removed under reduced pressure td giae
a yellowish solid (0.94 g, 100%). This product was then treated
with 7, as described for the preparation f After workup, the

131.8,131.7,131.6, 131.5, 129.0, 128.7, 128.0, 127.0, 126.6, 126.5,
126.4,126.3,126.2,125.5,125.4, 125.1, 124.0, 121.3, 120.6, 64.1,
63.1, 63.0, 62.7, 55.8, 31.9, 29.3, 21.4, 14.1; MS (MALDI-TOF)
m'z 828 [M + NaJ*; HRMS (MALDI-TOF) calcd for
C43H4aNs011Na [M + Na]*, 828.8182; found, 828.8310. Anal.
Calcd for G3Ha3NsO11: C, 64.09; H, 5.38; N, 8.69. Found: C,
64.38; H, 5.41; N, 8.56.

Compound 12. A solution of 2 (0.20 g, 0.63 mmol) and
potassium hydroxide (2.12 g, 38.0 mmol) in water (60 mL) and
dioxane (60 mL) was heated under reflux for 7 h and then cooled

crude product was chromatographed (dichloromethane/EtOAc, 30:to room temperature. The solution was neutralized with hydrochloric

1) to afford4 as a brown solid (0.82 g, 61%)}H NMR (CDCly)
6 10.20 (s, 1H), 10.03 (s, 2H), 8.6@.57 (m, 3H), 8.26 (s, 1H),
7.84 (s, 1H), 7.71 (d) = 1.5 Hz, 1H), 7.68 (dJ = 1.5 Hz, 1H),
7.14—7.04 (m, 2H), 6.95 (d] = 7.8 Hz, 1H), 4.11 (s, 3H), 3.98

acid (1 N) to pH= 3. Upon removal of the solvent under reduced
pressure, the resulting residue was suspended in cold water (10
mL). The solid was filtered and washed with cold water thoroughly.
After dried under reduced pressure, the crude product was subjected
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to flash chromatography (petroleum ether/AcOEtCH, 10:1:1)
to give 12 as a yellow powder (0.12 g, 63%}H NMR (CDCls)
0 12.12 (s, 1H), 10.29 (s, 1H), 8.57 (d, &, = 7.8 Hz,J, = 1.2
Hz, 1H), 8.44 (dJ = 2.4 Hz, 1H), 8.11 (dJ = 2.4 Hz, 1H), 7.12
(d,t,J, =7.8 Hz,J, = 2.1 Hz, 1H), 7.03 (d, tJ; = 7.8 Hz,J, =
2.1 Hz, 1H), 6.95 (d, dJ; = 8.1 Hz,J, = 1.2 Hz, 1H), 4.02 (s,
3H), 2.42 (s, 3H)C NMR (300 MHz, CDC}) ¢ 161.0, 156.9,

Yi et al.

TOF) m/z 435 [M + H]*; HRMS (MALDI-TOF) calcd for
CasH27N20s [M + H] ™, 435.4844; found, 435.4880. Anal. Calcd
for C25H26N205: C, 69.11; H, 6.03; N, 6.45. Found: C, 69.16; H,
6.25; N, 6.43.

Compound 17 was prepared as a white solid (47%) from the
reaction of7 and piperidine under similar conditionsH NMR
(CDCls) 6 7.63 (d,J = 1.8 Hz, 1H), 7.29 (dJ = 1.8 Hz, 1H),

150.9, 141.4,134.1, 130.9, 130.5, 128.4, 123.3, 122.4, 114.3, 33.8,3.93 (s, 3H), 3.74 (d) = 22.5 Hz, 2H), 3.18 (d) = 23.4 Hz, 2H),

31.9, 29.7, 29.5, 29.4, 20.4, 14.1; MS (EBhz302 [M]*; HRMS
(El) calcd for GsH14N,0s, 302.3002; found, 302.2988. Anal. Calcd
for Ci5H14N2Os: C, 59.60; H, 4.67; N, 9.27. Found: C, 60.08; H,
4.97; N, 9.10.

Compound 13. The reaction of3 (0.13 g, 0.27 mmol) and
potassium hydroxide (0.90 g, 16.2 mmol) in refluxing water (40
mL) and dioxane (40 mL) for 10 h, after workup and column
chromatography (petroleum ether/AcOEt/{CH}, 10:1:2), afforded
13 as a yellow solid (88 mg, 70%}H NMR (CDCly) 6 12.26 (s,
1H), 10.34 (s, 1H), 10.12 (s, 1H), 8.59 (d,d,= 7.8 Hz,J, = 1.8
Hz, 1H), 8.55 (s, 1H), 8.51 (s, 1H), 8.18 (s, 1H), 7.74 (s, 1H),
7.14—6.95 (m, 2H), 6.96 (d] = 8.1 Hz, 1H), 3.99 (s, 3H), 3.95
(s, 3H), 2.46 (s, 3H), 2.43 (s, 3H), 2.420 (s, 3HZ NMR (CDCk)

0 162.7, 161.1, 150.8, 148.6, 145.5, 141.8, 135.3, 134.0, 131.6,

2.38 (s, 3H), 1.671.58 (m, 6H):13C NMR (CDCk) 6 165.5, 147.3,
143.6, 134.9, 133.7, 133.1, 125.8, 63.4, 48.2, 42.9, 29.7, 26.3, 25.6,
24.4, 20.5; MS (ESI)m/z 278 [M + H]*. Anal. Calcd for
CiHi1gN2O4: C, 60.42; H, 6.52; N, 10.07. Found: C, 60.11; H,
6.92; N, 9.81.

Compound 18was prepared as a white solid (0.61 g, 60%) from
the reaction of7 (0.68 g, 3.24 mmol) and 4-methoxyaniline (0.52
g, 4.22 mmol) according to the procedure described for the
preparation oR: 'H NMR (300 MHz, CDC}) 6 9.18 (s, 1H), 8.17
(d,J=1.8 Hz, 1H), 7.77 (dJ = 1.8 Hz, 1H), 7.58 (d, dJ; = 1.8
Hz, J, = 9.0 Hz, 2H), 6.95 (d, d); = 1.8 Hz,J, = 9.3 Hz, 2H),
4.01 (s, 3H), 3.82 (s, 3H), 2.45 (s, 3HFC NMR (300 MHz,
CDCly) 6 161.3, 156.9, 148.7, 144.1, 136.7, 135.6, 130.8, 129.3,
128.4,121.9, 114.4, 64.2, 55.5, 20.7; MS (& 316 [M]*. Anal.

130.7,128.8, 128.0, 127.1, 126.3, 125.4, 124.0, 123.4, 121.2, 120.7 Calcd for GeH16N20s: C, 60.75; H, 5.10; N, 8.86. Found: C, 60.83;

110.1, 29.7, 29.6, 21.4, 20.4; MS (ESWyz 465 [M]*.

Compound 14.The reaction o# (0.10 g, 0.16 mmol) and KOH
(0.54 g, 9.62 mmol) in dioxane (35 mL) and water (35 mL) was
refluxed for 10 h. After workup, the resulting residue was subjected
to column chromatography (petroleum etherfCH/EtOAc, 6:1:

1) to afford14 (37 mg, 37%) as a yellow solidtH NMR (CDCls)

0 12.34 (s, 1H), 10.40 (s, 1H), 10.04 (s, 2H), 8.59—8.55 (m, 3H),
8.52 (d,J = 1.5 Hz, 1H), 8.19 (s, 1H), 7.72 (s, 1H), 7.69 (s, 1H),
7.14—7.01 (m, 2H), 6.95 (d] = 7.8 Hz, 1H), 4.07 (s, 3H), 4.00
(s, 3H), 3.96 (s, 3H), 2.54 (s, 3H), 2.46 (s, 3H), 2.37 (s, 3FD;
NMR (CDCl) 6 163.2, 162.9, 161.2, 148.5, 145.5, 145.3, 141.9,

H, 4.97; N, 8.66.

Compound 19was prepared as an orange powder (26 mg, 57%)
from the reaction of18 (60 mg, 0.19 mmol) and potassium
hydroxide (0.32 g, 5.69 mmol) in dioxane (40 mL) and water (10
mL) under similar conditionsiH NMR (CDCl) 6 12.18 (s, 1H),
9.59 (s, 1H), 8.46 (dJ = 1.8 Hz, 1H), 8.11 (d, dJ; = 1.8 Hz,J;
= 1.2 Hz, 1H), 7.61 (s, 1H), 7.58 (s, 1H), 6.94 (s, 1H), 6.91 (s,
1H), 3.83 (s, 3H), 2.43 (s, 3H)3C NMR (CDCh) 6 161.0, 156.85,
150.9, 141.4,134.1, 130.9, 130.5, 128.4, 123.3, 122.4, 114.3, 55.5,
29.5; MS (El)m/z302 [M]"; HRMS (EI) calcd for GsH1sN2Os,
303.2900 [M+ H]*; found, 303.2880. Anal. Calcd for;§H4N,0s:

135.7,135.4,134.1, 131.9, 131.8, 130.9, 128.9, 128.0, 127.2, 127.0C, 59.60; H, 4.67; N, 9.27. Found: C, 59.59; H, 4.54; N, 9.23.
126.6, 126.5, 126.2, 125.8, 125.1, 124.0, 123.3, 121.3, 120.7, 110.2, Compounds 21a and 22aA solution of 20a°2 (0.23 g, 0.60

31.9, 29.7, 29.4, 29.2, 22.7, 14.1; MS (MALBTOF) m/z 628
[M] +; HRMS (El) calcd for G3H33N4Og [M + H]+, 629.2239;
found, 629.2242. Anal. Calcd forsgH3:N4Oq: C, 63.05; H, 5.13;
N, 8.91. Found: C, 62.96; H, 5.26; N, 8.70.

Compound 15. The solution of5 (78 mg, 0.097 mmol) and
potassium hydroxide (0.32 g, 5.80 mmol) in dioxane (10 mL) and
water (10 mL) was heated under reflux for 24 h. After workup, the
crude product was purified by column chromatography (petroleum
ether/CHCI,/EtOAc, 5:1:1) to affordl5 (43 mg, 35%) as a yellow
solid: *H NMR (CDClg) ¢ 12.28 (s, 1H), 10.30 (s, 1H), 9.89 (s,
2H), 9.76 (s, 1H), 8.60 (d] = 1.5 Hz, 1H), 8.57 (dJ = 1.5 Hz,
2H), 8.55 (s, 1H), 8.51 (d] = 2.1 Hz, 1H), 8.17 (dJ = 1.8 Hz,
1H), 7.72 (d,J = 2.1 Hz, 1H), 7.66 (s, 2H), 7.17.00 (m, 2H),
6.91 (d,J = 8.1 Hz, 1H), 4.13 (s, 3H), 4.11 (s, 3H), 3.91 (s, 3H),
3.90 (s, 3H), 2.46 (s, 6H), 2.43 (s, 6HJC NMR (CDCk) 6 163.5,

mmol) and lithium hydroxide hydrate (76 mg, 1.80 mmol) in
methanol (40 mL) and water (20 mL) was heated under reflux for
3 h and then cooled to room temperature. Dilute hydrochloric acid
was added to pH= 4. The formed precipitate was filtered, washed
with cold water, dried in vacuo, and subjected to flash chroma-
tography (dichloromethane/methanol, 25:1) to dita (white solid,
0.19 g, 85%) an@?2a (yellow solid, 26 mg, 12%)21a: *H NMR
(CDCly) 6 10.27 (s, 1H), 8.67 (d) = 2.1 Hz, 1H), 8.25 (dJ =

2.4 Hz, 1H), 7.81 (dJ = 2.4 Hz, 1H), 7.64 (dJ = 2.1 Hz, 1H),
4.07 (s, 3H), 3.96 (s, 3H), 2.47 (s, 3H), 2.42 (s, 3¢ NMR
(CDCly) 6 161.6, 149.2, 147.7, 144.0, 136.8, 135.4, 135.0, 132.3,
129.1, 128.5, 127.8, 126.7, 121.7, 64.4, 63.0, 29.7, 21.3, 20.7; MS
(El) mvz374 [M]*. Anal. Calcd for GgH1gNO7: C, 57.75; H, 4.85;

N, 7.48. Found: C, 57.90; H, 4.86; N, 7.22a H NMR (CDCl,)

0 12.19 (s, 1H), 10.40 (s, 1H), 8.59 (s, 1H), 8.46 (s, 1H), 8.14 (s,

163.4,163.0, 161.2, 150.8, 148.4, 145.6, 145.3, 141.9, 135.8, 135.7,1H), 7.57 (s, 1H), 3.97 (s, 1H), 2.48 (s, 1H), 2.39 (s, 1H
135.4,131.9, 131.7, 131.7, 130.9, 128.9, 127.0, 126.6, 126.5, 126.2NMR (CDCls) 6 173.8, 166.7, 163.6, 137.7, 136.6, 136.4, 133.0,
126.1, 125.7, 125.3, 124.0, 123.2, 121.4, 120.7, 110.2, 63.2, 62.9,131.7, 131.6, 129.0, 128.6, 126.7, 126.4, 121.8, 61.9, 20.6, 19.6;
62.8, 55.9, 53.4, 31.9, 29.7, 29.3, 22.7, 21.4, 31.3, 20.4, 14.1; MS MS (ESI)m/z360 [M]*. Anal. Calcd for GH:eN;O7: C, 56.67;

(MALDI-TOF) m/z791 [M]*; HRMS (MALDI—TOF) calcd for
C4oH4oN5011 [M + H]+, 792.8097; found, 792.8080. Anal. Calcd
for C4oH41Ns0O411: C, 63.71; H, 5.22; N, 8.84. Found: C, 63.38; H,
5.74; N, 8.59.

Compound 16was prepared as a white solid (71%) from the
reaction of9 with 5-methyl-2-methoxybenzoyl chloride according
to the procedure described for the preparation2pf!H NMR
(CDCl) 6 10.61 (s, 1H), 10.18 (s, 1H), 8.68.59 (m, 2H), 8.14
(d,J=2.4 Hz, 1H), 7.67 (dJ = 2.1 Hz, 1H), 7.33 (d, dJ); = 4.5
Hz, J, = 8.4 Hz, 1H), 7.10—7.04 (m, 2H), 7.00—6.93 (m, 2H),
4.11 (s, 3H), 3.96 (s, 3H), 3.92 (s, 3H), 2.42 (s, 3H), 2.39 (s, 3H);
13C NMR (CDCh) 6 163.4, 163.0, 155.3, 148.4, 145.3, 135.3, 133.9,

H, 4.48; N, 7.77. Found: C, 56.34; H, 4.43; N, 7.56.

Compounds 21b and 22bwere prepared from the reaction of
20b%2 and lithium hydroxide according to the procedure for the
preparation oRlaand22a.21b (white solid): IH NMR (CDCl)

0 10.25 (s, 1H), 10.20 (s, 1H), 8.75 (s, 1H), 8.62 (s, 1H), 8.26 (s,
1H), 7.84 (s, 1H), 7.73 (s, 1H), 7.62 (s, 1H), 4.09 (s, 3H), 3.98 (s,
3H), 3.96 (s, 3H), 2.49 (s, 3H), 2.46 (s, 3H), 2.43 (s, 3HE

NMR (CDCl3) 6 163.1, 161.9, 149.1, 148.0, 147.4, 147.4, 145.3,
144.4,136.9, 135.9, 135.5, 135.2, 132.6, 131.6, 129.1, 127.5, 127.1,
126.7,126.7,125.7,125.4,121.5, 74.1, 64.4, 63.3, 63.0, 62.9, 21.4,
21.3, 20.7, 15.3; MS (ESIm/z 537 [M]*. Anal. Calcd for
CyH27/N30q: C, 60.33; H, 5.06; N, 7.82. Found: C, 60.88; H, 5.53;

132.8,132.4,131.2,128.2,126.1, 125.3, 123.8, 121.3, 121.3, 120.6 N, 7.58.22b (yellow solid): *H NMR (300 MHz, CDC}) 6 12.33

111.6, 110.1, 62.3, 56.1, 55.8, 29.7, 21.4, 20.4; MS (MALDI
876 J. Org. Chem.Vol. 72, No. 3, 2007

(d,J = 3 Hz, 1H), 10.40 (s, 1H), 10.29 (s, 1H), 8.73 (= 2.1
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Hz, 1H), 8.60 (dJ = 2.1 Hz, 1H), 8.52 (dJ = 2.1 Hz, 1H), 8.20 the concentration of the reactant at the beginning of the measured
(d,J=2.4Hz, 1H), 7.76 (d) = 2.4 Hz, 1H), 7.65 (dJ = 2.1 Hz, time 22
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Determination of the Rate Constant. The first-order rate
constantkyps in oligomersl2—15was determined by In([$hx —
[S]) versus time plots. The rates have been estimated by the slopeso
the straight lines obtained by linear correlation using the equation
IN[S]max — IN([S]o — [S]) = kobs x t, where [S} and [S] represent JO0619940

Supporting Information Available: The general experimental
method and the crystallographic information (CIF files) of com-
ounds3, 12, and13. This material is available free of charge via
he Internet at http://pubs.acs.org.
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