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Nucleophilic Catalysis of Amide Isomerization upfield shift of 70 ppm for thé3C resonance is diagnostic for a
Christopher Cox, Harald Wack, and Thomas Lectka* carbon that underwent a change in hybridizatipom si to sp
Department of Chemistry, Johns Hopkins Lbsity, and, along ywth the _IR data., |nd|cated. the formauqn of stable
3400 N. Charles St., Baltimore Maryland 21218 tetrahedral |r_1termed|at§. Th_ls conclusion was com_‘lrmt_ad by
. X-ray analysis of the potassium salt &6, as pictured in Figure
. . Receied May 6, 1999 1 6 15 our knowledge, this is the first X-ray structure of an anionic
Studies on the Bransted acid-catalyzed-tians isomerization  tetrahedral intermediate derived from nucleophilic attack on an
of amides have served as an elegant testing ground for a numbegmide carbonyl, a species believed to be involved in the
of classical NMR techniques in physical organic chemistay. mechanism of peptide hydrolysis catalyzed by serine and cysteine
potentially complementary process, the nucleophilic catalysis of proteased.
amide isomerization, whereby the formation of a tetrahedral inter- * with evidence for the ability of. to form the key tetrahedral
mediate disrupts amide resonance and facilitates rotation aboufintermediate, we investigated the behavior of this system with a
the C-N bond (eq 1), remains uncharacterized although a number sypstoichiometric quantity of base. When 0.5 equiv of KHMDS

o o was added tdla in CDsCN, 13C NMR revealed resonances at

J\ No-  Nu O Nu- J\ 172.5 and 102.5 ppm with approximately equal intensity; thus,
e — e @ tetrahedral intermediat@ appeared to be too stable, and its
ng R” "NRyRp Fl§1 breakdown was expected to be slower than background amide

isomerization. This conclusion was supported by the investigation
of intriguing proposals imply its biological significance. For ©f 1b by *F saturation transfer (ST) NMRWith no base present,
examplge, tr?e I?1urgan PPIasF;yPinl, and ?he closgely related Ess1 i€ ¢is and tr:ims_conformers interconverted vAtE* = 16.8+
yeast, are essential in the regulation of mitdaisd are thus po- ~ 0-2 kcal mor (gs-to-tran%). Upon addition of 0.5 equiv of
tential therapeutic targets for cancer chemotherapy. Noel and co-KHMDS, a third*F resonance appeared (attributed to the form-
workers have recently suggested a nucleophilic component in the@tion 0f 2), but the rate of isomerization remained unchanged.
mechanism of Pinl catalysis based on the X-ray structure of a__ 1he Slow breakdown of tetrahedral intermediatéed us to
Pin1—AlaPro dipeptide complex, as well as on site-directed muta- NVestigate the more biologically relevant syst8nn which the
genesis datd.These authors propose that the active sit€*His attackm_g nucleo_phﬂe is sulfur. In this system, breakdqwn of tetra-
deprotonates Cy& which then attacks the amide carbonyl and Nedral intermediatél was expected to be faster, owing to the
catalyzes cistrans isomerization; however, no direct evidence 9reater stability of the attacking/leaving thiolate (eq 3), but the

was provided to support this hypothesis. In this report, we unveil

a model system in which nucleophilic catalysis of amide isomer- Q¢ %(R R H,c

ization is characterized for the first time, as well as the first X-ray )\\N SH HC s R SH

structure of an anionic tetrahedral intermediate resulting from °

nucleophilic attack on an amide carboAyl. OO thase CO ~base, so ©)
We postulated that amidg, following deprotonation of the

amino proton, would produce tetrahedral intermed2atéforma- cis-3 trans-3

tion and breakdown o2 are faster than the rate of uncatalyzed a R=CgHs; '*C-carbonyl !

amide isomerization, interconversion of cis and transill be b R =2FCeH,

13, i
catalyzed (eq 2). ThtH and'3C NMR spectra oflain CD;CN possibility of transesterification to form a thioester was a potential

pitfall. Consideration of intermediatkindicates that, unlike the

QHsC CHy y ‘%(R oH RHC CHa hypothetically simple open chain analogue in eq 1, thée\®ond
H)Lﬁ N=H e b o)\ﬁ N=H cannot undergo uninhibited rotation because it is constrained
+ base - base 2 (5) (a) Rich, D. H.; Bernatowicz, M. S.; Schmidt, P. & Am. Chem. Soc.
—_— - 1982 104, 3535; (b) Conroy, J. L.; Seto, C. J. Org. Chem1998 63, 2367.
(6) Crystals were grown in the drybox by treatment of a solutiofi@ifn
cis-1 trans-1 THF with 1.1 equiv of KH, followed by slow diffusion of pentane. Crystal
a R = CgHy; *C-carbonyl 2 da_ta for2c orthgrh_ombic;Pnnm yellgw irregular blo.ck;a_=.20535(5)
b R=2-FCeH, b= 11.290(3) A;c = 12.291(3) A}V = 2794.0(13) &, Z = 4; R= 0.0374;
¢ R =4-BrCeH GOF = 0.911.

(7) Numerous studies have characterized tetrahedral intermediates of
o . ) . inhibitors wherein the carbonyl that was attacked was not an amide. See: (a)
indicated a predominance of one species (cis/traR8:1), and Pgulos, T. L.; Alden, R.(S; Ffreer,( ? T, Birkktoft, J.J; Klra;]ut,JJ.Biol.
1 i Chem.1976 251, 1097, ref 5; (c) Gamcsik, M. P.; Malthouse, P. G;
]Ehe C Sh'f(thf theblabﬁlegdcc?rpon I{Iﬂ 112.5”:5){)”1 was aslgx_pected Primrose, W. U.; Mackenzie, N. E.; Boyd, A. S. F.; Russell, R. A.; Scott, A.
or an amide carbonyl. itionally, the spectrum I in I. J. Am. Chem. S0d.983 105, 6324; (d) Takahashi, L. H.; Radhakrishnan,

CD4CN showed a typical amide carbonyl stretch at 1657%cm  R.; Rosenfield, R. E., Jr.; Meyer, E. F., Jr.; Trainor, D.JAAm. Chem. Soc.
However, upon addition Of 1 equiv of potassium hexamethy'_ 1989 111, 3368; (e) Ganesh, V.;Lee,A. Y. Clardy, J.; Tullnsky,ﬂrotem

g . Sci. 1996 5, 825.
disilazane (KHMDS),”*C NMR revealed a single resonance at ™"(g)For the use of ST NMR in the investigation of amide isomerization,

102.5 ppm, and no carbonyl stretch was visible in the IR. The see: (a) Perrin, C. L.; Thoburn, J. D.; KresgeJJAm. Chem. Sod.992
114, 8800; (b) Cox, C.; Ferraris, D.; Murthy, N. N.; Lectka, J.Am. Chem.

(1) (a) Berger, A.; Loewenstein, A.; Meiboom, 5.Am. Chem. S04959 Soc.1996 118 5332; (c) Cox, C.; Lectka, Td. Am. Chem. S0d.998 120,
81, 62; (b) Steinberg, I. Z.; Harrington, W. F.; Berger, A.; Sela, M.; Katchalski, 10660.
E.J. Am. Chem. S0d.96Q 82, 5263; (c) Jackman, L. M.; Kavanagh, T. E; (9) We believe that the cis forms @fand3 are thermodynamically favored,
Haddon, R. COrg. Magn. Resonl969 1, 109; (d) Stewart, W. E.; Siddall, in which case the barriers reported throughout represent the cis-to-trans
T. H., lll Chem. Re. 197Q 70, 517; (e) Gerig; J. TBiopolymers1971, 10, isomerization of the amide bond. This conclusion is based on several pieces
2435; (f) Perrin, C. LAcc. Chem. Red.989 22, 268. of data: (1) previous experimental (ltai, A.; Toriumi, Y.; Saito, S.; Kagechika,
(2) Lu, K. P.; Hanes, S. D.; Hunter, Nature 1996 380, 544. H.; Shudo, K.J. Am. Chem. S0d.992 114, 10649) and theoretical (Saito,
(3) Ranganathan, R.; Lu, K. P.; Hunter, T.; Noel, JCeIl 1997, 89, 875. S.; Toriumi, Y.; Tomioka, N.; Itai, AJ. Org. Chem1995 60, 4715) results

(4) Kirby has recently reported the crystal structure of the protonated hydrate indicate thatN-methylanilides are more stable in the cis conformation; (2)
of a highly twisted amide that corresponds to the proposed tetrahedral single-crystal X-ray structures of related 1,8-disubstituted naphthyl amides
intermediate in acid-catalyzed hydrolysis of normal amides. See: Kirby, A. indicate that cis is the favored form in the solid state (Cox, C.; Wack, H.;
J.; Komarov, I. V.; Feeder, Nl. Am. Chem. S0d.998 120, 7101. Lectka, T.Angew. Chem., Int. Ed. Engl999 38, 798).
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Figure 1. X-ray crystal structure of the potassium salt of tetrahedral
intermediate2c (50% ellipsoids); the potassium cation coordinated to
the oxygen has been excluded for clarity. The structure is perfectly
symmetrical, with atoms C5, C6, C8, O1, €814, and Brl in a plane
that bisects the naphthyl ring. Selected bond distances (A):-Q&l
1.517(3); O1-C8, 1.314(4). Selected angles (deg): €@B—N1, 110.3(2);
N1-C8-C9, 109.3(2).
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Table 1. Kinetic Parameters for the Catalyzed and Uncatalyzed
Amide Isomerization o8 and 6

entry substrate T (°C) additive AG™ cis/trans ratio
1 3b 25 19.0 71
2 3b 25 lequivofPS 18.5 8:1
3 3b 25  1equiv of K-Im 16.2 12:1
4 3b —-25 18.8 10:1
5 3b —25 1equivK-Im 14.5 20:1
6 6 25 17.8 7:1
7 6 25 1lequivof PhASK* 17.6 7:1
8 6 25 1 equivof K-Im 17.8 7:1

aKinetic measurements were performed at 10 mg/mL insCOD
by 'H ST NMR. ° Cis-to-transz= 0.2 kcal mof2. ¢ PS= Proton Sponge.
d Calculated from the Eyring plot-0.3 kcal motf ™.

within a ring. However, interconversion of the two sBfaon-
formers of4 (Scheme 1), sofa | and sofa Il, followed by their
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little deprotonation of the thiol, and a stronger base was required
to increase the catalytic effect. The potassium salt of imidazole
(K-Im) was found to be an excellent base that did not promote
transacylation under strictly anhydrous conditions.

Upon addition of 1 equiv of K-Im tdb in CDsCN, theH
NMR remained essentially unaltered with the exception of a
modest change in the cis/trans ratioThe IR stretch of the
carbonyl moved—20 cn1?! to 1636, consistent with increased
electron density of the naphthyl system due to deprotonation of
the thiol!? All attempts to observe the putative tetrahedral
intermediateta by 13C NMR were unsuccessful, presumably due
to its extremely short lifetime and/or small population. Neverthe-
less, kinetic analysis of cigrans isomerization @b with 1 equiv
of K—Im was straightforwardAG* = 16.2+ 0.3 kcal mof* at
25 °C, AH* = 5.8 + 0.3 kcal mot?, andAS = —35 + 4 cal
mol~! K-1, indicating a 2.8 kcal mof lowering of AG* (110-
fold rate increase) due to nucleophilic catalysis (entries 1 and
3).13 The large negative\S' is indicative of a highly ordered
transition state and is consistent with rapid formation and break-
down of putative tetrahedral intermediatb as being the cata-
lytically competent mechanism of action. The concentration of
charge from the delocalized thioaryloxide an®to the oxygen

O HyC Q He
Lﬁ S-K* ¥ M
R K R N ] e
HS N
-
R
5 R=2-FCgHs 6 R=2-FCgHq 7 R=2FCgH,

in 4, with attendant strengthening of solvent and counterion
coordination, may also be in part responsible for the magnitude
of ASF.1* The amount of catalysis was proportional to the quantity
of base added, as 1 equiv ofm produced an approximately
3-fold greater rate increase than 0.25 equiv eflf. Addition-
ally, if we analyze the results at25°C (entries 4 and 5), a sizable
4.3 kcal mot? reduction inAG* is observed. Control compound
6 in the presence of potassium thiophenoxide or K-Im showed
no lowering ofAG* (entries 6-8), suggesting that the well-defined
intramolecular nature o8 is paramount to the success of the
catalytic interactiort®
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13C NMR of 3arevealed amide carbonyl resonances at 171.2 and JA991487I
169.9 ppm corresponding to the cis and trans rotamers. The rat€ 1y Tnis change is most likely due to an electronic effect of the

of isomerization of8b in CD;CN was examined bjH ST NMR,
and the cis-trans interconversion was found to occur wWiIG*
=19.0+ 0.2 kcal mot? at 25°C, AH* = 18.0+ 0.3 kcal mot?,
andAS' = —3 £ 3 cal mol* K~1 (Table 1, entry 1). Upon addi-
tion of 1 equiv of Proton Sponge [1,8-bis(dimethylamino)naph-

thalene], we observed a small but measurable decrease of 0.3,

kcal moltin AG¥ (entry 2). The'H NMR of this mixture revealed

deprotonated sulfur atom. The original cis/trans ratio is re-established
immediately upon the addition of HOAc to the NMR tube.

(12) IR analysis indicated that 1 equiv of K-Im deprotonates only 75% of

3b under these conditions. As a control, we synthesized thaxhd noted a
similar shift of =12 cnt? (from 1651 to 1639 cmt) upon treatment with
K-Im.
(13) We investigated control amidan CDsCN by **F ST NMR and found
change iMG* upon addition of 1 equiv of K-Im, and an increase of 1.0
kcal mol™* upon addition of 2 equiv of K-Im.

(14) (a) Fernandez, L. P.; Hepler, 1. Am. Chem. Sod.959 81, 1783;

(10) The term “sofa” has been used for a six-membered ring conformation (b) Liotta, C. L.; Hopkins, H. P., Jr.; Kasudia, P.J..Am. Chem. S0d.974

in which five of the ring atoms lie approximately in a plane. For an interesting
discussion of the genesis of the “sofa” moniker, see: Nickon, A.; Silversmith,

96, 7153.
(15) We also found the rate of isomerizationdh with 1 equiv of K-Im

E. F.Organic Chemistry: The Name Game. Modern Coined Terms and their to be first-order in substrate concentration between 5 and 20 mg/mL, further

Origins; Pergamon Press: New York, 1987; Chapter 7.

suggesting an intramolecular interaction.



