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AbstractÐThe molecular structures and barriers for the internal rotation around the OCÿCO single bond in four a-ketoamides and
eight a-ketocarbonyls have been determined from the MP3/aug-cc-pVDZ and MP2/aug-cc-pVDZ calculations. a-Ketocarbonyls
with non-bulky substituents adopt planar conformations with two carbonyl oxygens in s-trans arrangement. The s-cis conformation
is signi®cantly less stable due to the electrostatic repulsion between the two carbonyl groups. Primary and secondary a-ketoamides
are planar when the substituent at the carbonyl carbon is hydrogen or methyl group but tertiary a-ketoamides adopt a conforma-
tion where the OCÿCO unit is signi®cantly bent. Based on current ab initio structural data, a set of OPLSÿAA force ®eld para-
meters has been derived. These parameters can be used for the modeling of a variety of a-ketoamide or a-ketocarbonyl containing
drugs such as novel protease inhibitors or neuroregenerative polyketides. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The a-ketoamide moiety (Scheme 1) is present in many
pharmacologically interesting compounds, the most well-
known examples being macrocyclic polyketides FK506
and rapamycin.1ÿ3 These polyketides have been thor-
oughly investigated due to their immunosuppresssive
e�ect, and FK506 is currently approved for use by liver
transplant recipients.4 More recently, analogues of FK506
have received renewed attention because of their possible
neuroregenerative e�ects.4 It has been demonstrated that
immunosuppressive and neuroregenerative e�ects of
FK506 are due to the interaction of the drug with two
di�erent targets. The suppression of immune system
requires binding of FK506 to the protein termed
FKBP12 while the neuroregenerative e�ect is related to
the interaction of FK506 with the protein FKBP52.5ÿ7

The naturally occurring polyketide FK506 has a higher
a�nity for the protein FKBP12, making it unsuitable as
a neuroregenerative drug. Search for analogues of
FK506 which are speci®c for FKBP52 has currently high
priority, and to assist with this goal, we have recently
developed computer-based methods for generating and
screening virtual libraries of modi®ed polyketides.8,9

These methods depend critically on the quality of the
underlying molecular mechanics force ®eld, and the
current paper focuses on the development and testing of

OPLSÿAA force ®eld for a-ketoamide-containing
compounds.

Besides immunosuppressive polyketides, the a-ketoamide
group is also an important constituent of many potent
protease inhibitors. Some examples of the cellular targets
which are inhibited by a-ketoamides are (i) thrombin, a
serine protease that converts ®brinogen to ®brin;10ÿ12

(ii) calpain, a calcium-activated protease that has been
implicated in strokes, Alzheimer's disease, and muscular
dystrophy;13ÿ16 and (iii) caspase, a cystein protease that
plays a role in programmed cell death.17ÿ20 Finding
speci®c inhibitors for these proteases has become an
important goal for the pharmaceutical industry. The
traditional peptide-based inhibitors are ine�cient due to
the hydrolysis of the drug by a target protease or other
nonspeci®c cellular peptidases. Novel inhibitors based
on the a-ketoamide linkage are more stable towards the
proteolytic cleavage, and pharmaceuticals based on this
functionality are currently in the development and early
testing phase.

It has been suggested that the high a�nity of a-keto-
amides towards proteases (for example, 1 pM in case of
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thrombin inhibitor)21 is related to the nonplanarity of
the dicarbonyl group. The OCÿCO dihedral angles are
typically between 150 � and 90 � in the crystals of fully
substituted a-ketoamides.2,12,22 This twisted conformation
is likely mimicking the tetrahedral transition state for
the enzymatic peptide hydrolysis.23,24 Nonplanar dicar-
bonyl group is present also in polyketides FK506 and
rapamycin, both in solution and while bound.3,25,26 Ab
initio calculations have been performed on N,N-dime-
thyl-a-ketopropanamide, which is one of the smallest
a-ketoamides with the nonplanar OCÿCO unit.27,28

This compound has a twist angle of 134.3� at the HF/6-
31(d) level, and it was postulated that the deviation
from planarity arises because of the steric interactions
between the methyl substituents.27 The early ab initio
and semiempirical work lead to the development of
OPLS/Amber force ®eld parameters for the a-ketoamide
unit in the naturally occurring polyketides FK506 and
rapamycin.28

However, it is known that many a-ketoamides and a-
ketocarbonyls are planar. Microwave spectroscopy and
ab initio calculations have conclusively shown that the
simplest dicarbonyl, ethanedial (glyoxal), occurs as an
equilibrium mixture of two planar conformations. The
s-trans conformer of glyoxal is 4.45 kcal/mol more
stable than the s-cis conformer and the rotation around
the OCÿCO bond faces signi®cant energy barrier with a
transition state at about 75�.29ÿ31 Ab initio calculations
at the HF/6-31(d) level predict that the simplest a-
ketoamide, 2-oxoethanamide, is also planar.27 During
our work with the OPLS force ®eld, we found that
although good results were obtained for some nonplanar
ketoamides, the current OPLS parameters failed to
reproduce the geometries of simple planar a-ketoamides
and a-ketocarbonyls. Also, experiments have shown
that bound polyketides di�er conformationally from
free molecules,32 and knowledge of the torsional energy
as a function of the OCÿCO dihedral angle is critical
for the accurate prediction of binding energies of FK506
analogues to proteins FKBP12 and FKBP52. These
considerations prompted the current study with a goal
to develop a set of empirical parameters that describe
accurately the torsional pro®les of both the small planar
a-ketoamides and substituted ketoamides with twisted
diketone units. We now report the MP2/aug-cc-pVDZ
geometries, torsional barriers, and conformer energies
for several diketones and a-ketoamides. The present study
also provides further understanding of the factors which
determine the structure of the ketocarbonyl moiety.

Results

MP2 and MP3 calculations. The conformational analysis
of eight ketoamides and four diketones (Scheme 2)
was performed as described in Computational
Methods. The structures for the MP2(Full)/aug-cc-
pVDZ minima of ethanedial (1), 2-oxopropanal (2), 2-
oxobutanal (3), 2,3-butanedione (4), 2-oxoethanamide (5),
2-oxopropanamide (6), N-methyl-2-oxoethanamide (7),
N-methyl-2-oxopropanamide (8), N,N-dimethyl-2-oxoe-
thanamide (9), andN,N-dimethyl-2-oxopropanamide (10)

are summarized in Table 1. Comparison of calculated and
experimental vibrational frequencies for glyoxal is
shown in Table 2. For compounds 1 and 4, where
experimental data are available, good agreement with
calculated bond lengths, bond angles, rotational constants
and vibrational frequencies is observed.29,31,33ÿ35 The
largest discrepancy was found in the C�O bond length
where the calculated distance in the s-trans ethanedial was
0.02 AÊ longer than the experimental. It has been reported
that calculations at the CISD/DZ+P or CCSD/TZ2P
level reproduce the experimental C�O bond length, and
thus the MP2 result is in slight error.31,36 We found that
the MP3/aug-cc-pVDZ optimization reproduces the
experimental and CCSD/TZ2P structures of 1 very well,
and the MP3 optimization was also used to obtain more
accurate structures for 3, 5, and 7 (Fig. 1). It should be
noted that a good performance of the MP3 calculations
is a feature of double-z basis set.37 The experimental,
HF and MP2 energy pro®les describing the rotation
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around the carbon±carbon single bond in ethanedial are
shown on Figure 2a. The agreement between the ab initio
MP2 data and experimental torsional potential is excel-
lent, but the HF/aug-cc-pVDZ pro®le overestimates the
energy of the s-cis isomer. Overestimation relative to the
MP2 pro®le is seen also in the HF/aug-cc-pVDZ rota-
tional pro®les of 2 (data not shown) and 5 (Fig. 3a), indi-
cating that the electron correlation e�ects contribute
signi®cantly to the stabilization of the s-cis arrangement of
two carbonyl groups. Thus, a-ketocarbonyls, and a-
ketoamides represent systemswhere an accurate treatment

of electron correlation is required for the correct
description of the rotational pro®le. Neglecting electron
correlation e�ects would lead to qualitatively incorrect
results, e.g. failure to predict a stable minimum for cis 2-
oxopropanamide.

Dicarbonyls 1 and 2 (Fig. 1), and ketoamides 5 and 6 (Fig.
4-(5) and 4-(6)) possess two conformational minima, corre-
sponding to the 180� rotation around the OCÿCO bond.
Four stable conformations were found for dicarbonyl 3
that possesses an additional degree of freedom around
the CCÿCC bond. In dicarbonyl 4, the steric repulsion
of the two methyl groups caused the s-cis conformation
to be a saddle point rather than a minimum and for this
molecule only one stable conformation exists. Secondary
a-ketoamides 7 and 8 (Fig. 4-(7) and 4-(8)) have addi-
tional minima (structures not shown) corresponding to
the cis conformation of the amide bond. For dicarbo-
nyls 1±4, and for ketoamides 5±8, the conformation
with two carbonyl groups in s-trans was always lower in
energy than the corresponding s-cis conformation. The
tertiary ketoamides 9 and 10 (Fig. 4-(9) and 4-(10)) are
examples of nonplanar ketoamides where the s-trans
arrangement of carbonyl groups is a transition state
connecting two equivalent minima. The large nonsym-
metric ketoamides 11 and 12 have two nonequivalent
minima as illustrated in Figure 5 for molecule 11. The
pipecoyl ring in 11 and 12 prefers the chair conforma-
tion; the boat form was not an energy minimum.

The internal rotation around the carbonÿcarbon single
bond in dicarbonyls is coupled to the remaining degrees
of freedom. Signi®cant skeletal relaxation takes place
during the rotation, and the systematic variations in
bond lengths during the rotation around the OCÿCO
bond are shown in panels b and c of Figures 2 and 3. It has
been shown recently that such skeletal relaxation plays an
important role in determining the energy pro®le for the

Table 1. Bond distances and bond angles for the trans (t) and cis (c) minima of the dicarbonyl unit from the MP2(Full)/aug-cc-pVDZ optimization.

The structures of 1, 2, 5 and 7 at the MP3(Full)/aug-cc-pVDZ level are shown in Figure 1 for comparison

CÿC CHÿO CCTÿO CÿH CÿCT CÿCÿH CÿCÿCT OÿCÿH OÿCÿCT
1t 1.522 1.225 Ð 1.112 Ð 115.4 Ð 123.2 Ð
2t 1.531 1.225 1.231 1.113 1.504 114.1 117.5 123.0 124.9
3t 1.532 1.225 1.231 1.113 1.507 114.0 117.7 122.9 124.8
4t 1.543 Ð 1.231 Ð 1.506 Ð 116.8 Ð 124.1
1c 1.539 1.220 Ð 1.115 Ð 115.3 Ð 122.1 Ð
2c 1.548 1.220 1.225 1.116 1.510 116.0 115.7 121.4 124.4
3c 1.546 1.221 1.225 1.116 1.512 115.9 115.5 121.4 124.4
4ca 1.563 Ð 1.225 Ð 1.514 Ð 118.4 Ð 122.7

CÿC CNÿO CRÿO CÿN CÿR CÿCÿN CÿCÿR OÿCÿN OÿCÿR
5t 1.529 1.234 1.225 1.357 1.109 113.6 113.9 126.3 123.2
6t 1.542 1.235 1.231 1.357 1.502 112.9 115.9 125.7 124.4
7t 1.526 1.239 1.226 1.352 1.110 114.1 114.0 125.5 123.0
8t 1.539 1.240 1.232 1.352 1.502 113.4 115.9 124.9 124.2
9t 1.528 1.244 1.226 1.358 1.111 119.9 111.8 125.0 122.3
10t 1.535 1.244 1.231 1.361 1.506 118.3 115.1 124.6 123.9
5c 1.539 1.226 1.218 1.370 1.117 112.6 116.3 124.8 121.4
6c 1.554 1.226 1.223 1.373 1.517 115.3 119.2 123.3 122.4
7c 1.534 1.231 1.219 1.365 1.118 112.9 116.0 123.9 121.2
8c 1.550 1.232 1.224 1.367 1.518 115.7 119.3 122.6 122.1

a4c is not a minimum but a transition state.

Table 2. MP2/aug-cc-pVDZ normal mode frequencies in cmÿ1 for

the s-trans and s-cis minima, and for the transition state in ethanedial

(1) and 2-oxoethanamide (5)

Ethanediala 2-Oxoethanamide

Mode trans cis TS trans cis TS

CÿC torsion 129 (127) 85 (91) 166i 137 101 118i
CÿN torsion 659 644 569
NH wag (pyram.) 328 212 283
CN wag (impr.) 539 499 482
CH wag (impr.) 816 (801) 735 823
CH wag (impr.) 1061 (1048) 1056 (1049) 992 1007 979 964
CCO bend 335 (339) 281 (285) 296 277 275 279
CCO bend 558 (551) 817 462 485 418 330
NCC bend 594 673 732
HNC bend 1081 1070 1086
HCC bend 1325 (1312) 1378 1373
HCC bend 1367 (1353) 1386 1394 1347 1420 1411
HNH bend 1600 1621 1623
CÿC stretch 1106 (1066) 866 (826) 1072 907 847 895
CÿN stretch 1395 1310 1322
CÿO stretch 1702 (1732) 1739 1709 1712 1739 1725
CÿO stretch 1718 (1744) 1705 (1746) 1729 1762 1773 1753
CÿH stretch 3029 (2809) 2967 2971 3054 2948 2976
CÿH stretch 3033 (2835) 2995 2987
NÿH stretch 3597 3604 3587
NÿH stretch 3753 3755 3737

aFor ethanedial: experimental values are given in parenthesis.
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rotation around the single bonds.38 Fitting the electrostatic
potential with atom-centered point charges showed that
the charge distribution is sensitive to the torsional
degree of freedom. In the s-cis ketoamide, the amide
carbon and amide nitrogen have largest positive and
negative partial charges, respectively. In the s-trans form,
both the carbon and nitrogen atoms carry less charge.

The amide nitrogen was planar in s-cis and s-trans forms
of ketoamides 5, 6, 7 and 8, but the nitrogen center
becomes pyramidal when the OCÿCO torsional angle
deviates from 0� or 180�. To further investigate how the
OCÿCO internal rotation a�ects the bonding in ketoa-
mides,MP2/aug-cc-pVDZ normal mode frequencies were
calculated for the two minima and for the rotational

Figure 1. Comparison of MP3/(Full)/aug-cc-pVDZ (Bold) and OPLS-AA (normal) structures for s-cis and s-trans conformers of ethanamide, 2-
oxopropanal, 2-oxopropanal, 2-oxoethanamide, and N-methyl-2-oxoethanamide.
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transition state in 5. Table 2 shows that the carbonÿnitro-
gen bond stretching frequency, carbonÿnitrogen out-of-
plane torsional frequency (CNwag), and the frequency for
pyramidalization of amide nitrogen (NH wag) are largest
in the s-trans conformer of 2-oxoethanamide. Similar
results (data not shown) were observed for ketoamides 6
and 7.

The methyl group in dicarbonyl 2 prefers eclipsing con-
formation and the barrier for the rotation of the methyl
group was 0.85kcal/mol at the MP2/aug-cc-pVDZ level.
It should be noted that the calculated C(sp2)-C(sp3) rota-
tional barriers have been shown to be strongly method
dependent in case of acetamide,39,40 and we calculated the
methyl rotation barrier in 2 also at the MP2(Full)/aug-cc-
pVTZ, MP3(Full)/aug-cc-pVDZ and MP3(Full)/aug-cc-
pVTZ levels. The MP3 calculation with the double-z

basis set was in good agreement (0.89 kcal/mol) with the
MP2 result but the calculations using the triple-z basis set
yielded lower barriers, 0.57 and 0.60kcal/mol, for the
MP2 and MP3, respectively. The rotation of the ethyl
group in 3 faces a barrier of 4.64 kcal/mol when the
CCÿCC angle is 0 degrees; the methyl barrier in 3 was
2.83kcal/mol at the MP2/aug-cc-pVDZ level. The rota-
tion barrier for the N-methyl group in ketoamide 7 is
underestimated (0.03 kcal/mol) at the MP2/aug-cc-pVDZ
level41 and a more accurate value of 0.14 kcal/mol from
MP2/6-311+G(d,p) single point calculations was used
to assign the CGÿNÿCTÿHC torsional potential. For
comparison, the torsional potential for the methyl group
in N-methylformamide is 0.17 kcal/mol.42

OPLS Parameters. The development of parameters for
diketones and ketoamides was performed in an iterative

Figure 3. Internal rotation in 2-oxoethanamide (5). MP2/aug-cc-
pVDZ (closed circles) and HF/aug-cc-pVDZ (open diamonds) energies
from the internal rotation around the OCÿCO bond (panel a). Chan-
ges in the carbonÿcarbon (panel b) and carbonÿnitrogen (panel c)
bond lengths during the internal rotation.

Figure 2. Internal rotation in ethanedial (1). MP2/aug-cc-pVDZ
(closed circles), HF/aug-cc-pVDZ (open diamonds), and experimental
(solid line) energies for the internal rotation around the OCÿCO bond
(panel a). Changes in the carbon±carbon (panel b) and carbonÿoxy-
gen (panel c) bond lengths during the internal rotation. Experimental
pro®le was obtained from ref 29.
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manner starting with the assignment of atomic charges to
carbonyl carbons, carbonyl oxygens, amide nitrogen,
and to carbons connected to amide nitrogen. It was
found that the default OPLS charges and Lennard±Jones
parameters for carbonyl group describe well diketones

and ketoamides and only minor modi®cations were
necessary. This is not surprising given that a considerable
e�ort has been put into developing the OPLS-AA force
®eld.28,43,44 However, the charge at the tertiary nitrogen
was modi®ed from its default value (ÿ0.14) to ÿ0.28.

Figure 4. Comparison of MP2 (closed circles) and OPLS-AA (solid line) torsional energy pro®les for 2-oxopropanal (2), 2-oxobutanal (3), 2-oxoe-
thanamide (5), 2-oxopropanamide (6), N-methyl-2-oxoethanamide (7), N-methyl-2-oxopropanamide (8), N,N-dimethyl-2-oxoethanamide (9), and
N,N-dimethyl-2-oxopropanamide (10).
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This provided good match to the CHelpG and RESP
charges and reproduced well the MP2 interaction
potential between the water molecule and ketoamide 9. It
should be noted, that the tertiary nitrogen charge was
previously reduced from ÿ0.56 to ÿ0.14 in order to
reproduce the heat of vaporization of N,N-dimethylace-
tamide (DMA).43 We found that the bulk properties of
DMA can be reproduced very well with a charge ofÿ0.28
when the Lennard±Jones E for the N-methyl hydrogens
is reduced.44 The combination of Q(N)=ÿ0.28 and E
(H at NÿCH3)=0.02 gives d25 of 0.914�0.001 g/cm3

and �Hvap of 11.80�0.04 kcal/mol. The experimental
density of DMA is 0.936 g/cm3 while the values of 11.75,
10.9 and 12.0 kcal/mol have been reported for the
experimental �Hvap.

43,45 The ®nal OPLSÿAA charges
and Lennard±Jones parameters for the ketoamide moiety
are listed in Table 3. These nonbonded parameters, along
with the bond stretching and bond bending parameters
shown in Table 4 yielded OPLS-minimized structures
and vibrational frequencies that reproduced closely the
corresponding MP2 and MP3 results (typical results for
structures are shown in Fig. 1). The torsional potential
in the OPLSÿAA force ®eld, as currently implemented
in the program BOSS, has the following form:43

Etorsion �
X
i

Vi
1

2
1� cos��i�� � � Vi

2

2
1ÿ cos�2�i�� �

� Vi
3

2
1� cos�3�i�� �

�1�

Two sets of torsional parameters for ketoamide have
been reported previously. The original parametriza-
tion28 used only V1 and V2 terms and was derived based
on the HF/6-31G(d)//3-21G pro®le for the ketoamide 9.
At this level of theory, the barrier for rotation through
the s-cis conformation was predicted to be about 12.5
kcal/mol which is 1 kcal/mol higher than the current
MP2/aug-cc-pVDZ barrier. The two methods also give
minima at similar values of the OCÿCO dihedral angle

Figure 5. Two nonequivalent conformations of tertiary ketoamide 11 at the MP2(Full)/6-31+G(d,p) level. Similar conformations were also found
for the ketoamide 12.

Table 3. OPLS-AA nonbonded parameters for a-ketocarbonyls and
a-ketoamides. Most E and s values are taken from the standard

OPLS-AA force ®eld.43

Type Q E s Description

CG +0.40 3.75 0.105 C: C�O keto in a-ketoamide
CG +0.49 3.75 0.105 C: C�O amide in a-ketoamide
O ÿ0.40 2.96 0.210 O: C�O keto in a-ketoamide
O ÿ0.49 2.96 0.210 O: C�O amide in a-ketoamide
N ÿ0.74 3.25 0.170 N: primary amide in a-ketoamide
N ÿ0.50 3.25 0.170 N: secondary amide in a-ketoamide
N ÿ0.28 3.25 0.170 N: tertiary amide in a-ketoamide
CT ÿ0.18 3.50 0.066 C: CH3 bonded to a carbonyl carbon
CT +0.02 3.50 0.066 C: CH3 on N in secondary a-ketoamide
CT ÿ0.04 3.50 0.066 C: CH3 on N in tertiary a-ketoamide
HC +0.06 2.42 0.015 H on C: CH3 bonded to a carbonyl carbon
HC +0.06 2.50 0.020 H on C: CH3 directly bonded to N
HC +0.06 2.50 0.030 H on C: alkanes
H +0.37 0.00 0.000 H on N: primary ketoamide
H +0.30 0.00 0.000 H on N: secondary ketoamide

Table 4. OPLA-AA bond stretching and bond bending parameters

for the ketoamide moiety. The bond stretching force constant Kr is in

kcal/(mol.AÊ 2) and the bond bending force constant Ky is in kcal/

(mol.radian2)

Bond Kr R(AÊ )

CGÿCG 300.0 1.521
CGÿO 700.0 1.215
CGÿHC 314.0 1.109
CGÿCT 317.0 1.503
CGÿN 460.0 1.357
HÿN 434.0 1.010
CTÿN 380.0 1.449

Angle Ky � (deg)

CGÿCGÿHC 42.0 114.0
CGÿCGÿO 70.0 120.5
CGÿCGÿCT 70.0 117.0
CGÿCGÿN 70.0 115.0
OÿCGÿHC 50.0 122.2
OÿCGÿCT 80.0 125.0
OÿCGÿN 80.0 126.0
CGÿCTÿHC 37.0 109.0
CGÿCTÿCT 63.0 111.1
CGÿNÿH 37.0 119.4
CGÿNÿCT 50.0 119.5
CTÿNÿCT 50.0 120.0
CTÿNÿH 35.0 118.4
HÿNÿH 31.0 117.0
CTÿCTÿN 80.0 115.2
HCÿCTÿN 35.0 109.5
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(135� for HF and 130.1� for MP2) suggesting that the
original parameters were appropriate for tertiary ketoa-
mides such as FK506. In the more recent parameter set46

the nonplanarity of ketoamides was in¯uenced by the
presence of V3 term which leads to the arti®cial twisting
of small dicarbonyl compounds. The V3 torsional term
in the current force ®eld (Table 5) is zero, resembling
thus the original parameter set. This means that the
nonplanarity of ketoamides arises entirely from non-
bonded interactions. The comparison of the OPLS and
MP2 torsional pro®les for ketoamides 5±10 is shown in
Fig. 4. The OPLS-AA calculations reproduce well the
rotational energy pro®le for all molecules but 9, where
OPLS predicts the presence of a high-energy conformer.
The OPLS calculations also nicely reproduce the two
nonequivalent minima for pipecoyl-substituted dicarbo-
nyls 11 and 12. For compound 11, the OPLS-AA pre-
dicted minima for rotation around the OCÿCO bond
occur at ÿ141.7� and +142.8�, compared to ÿ139.9�
and +144.0� at the MP2(Full)/6-31+G(d,p) level. The
OPLS values for the tertiary ketoamide 12 are ÿ136.3�
and +137.5� while MP2(FC)/6-31+G(d,p) calculated
minima lie at ÿ126.8� and +127.5�.

Discussion

Electronic structure of dicarbonyls and ketoamides. The
origin of the barrier for the rotation around the car-
bonÿcarbon single bond in ketocarbonyl compounds
has been of considerable interest in the past.36,47ÿ49 In
particular, ``the presence of signi®cant barrier between

the s-cis and s-trans rotamers of glyoxal remains some-
what a mystery. The calculated charges, bond orders,
delocalization indices, and intuition all suggest that any p-
delocalization interaction should be very weak''.49 It is
well accepted that the main factor contributing to the
energy di�erence between the s-cis and s-trans con-
formers is the repulsion of oxygen lone pairs.36 Not so
well understood are the reasons for changes in bond
lengths as the rotation around the carbonÿcarbon single
bond occurs.33 Data in Table 1 indicate that the CÿC
bond is longer and the C�O bond is slightly shorter
when the two carbonyl oxygens are cis. These trends are
consistent with the previous high level CISD/DZ+P,
CCSD/TZ2P, and MP4(SDQ)/6-311+G4* ab initio cal-
culations of glyoxal.31,36,50 The bond length changes can
be rationalized when one considers that the interaction of
two carbonyl dipoles is one of the major factors deter-
mining the conformation of ethanedial. The CHelpG
charges indicate a reduction of the negative charge at the
oxygen atom in the transition state and in the s-cis form
compared to the s-trans form. The decrease of the local
CÿO dipole moment in s-cis ethanedial leads to a
decreased dipole-dipole repulsion between the two car-
bonyl groups and lowers the energy of cis-ethanedial.
Analysis of bond distances and stretching force constants
further suggests that the double-bond character of the
carbon±oxygen bond increases slightly as trans glyoxal
converts to the cis form. Figures 2 and 3 (panel b) illustrate
that the carbonÿcarbon bond becomes longer in cis
dicarbonyls so that the oxygen lone pair repulsion would
be smaller. The importance of electron correlation in
describing correctly the energy of cis-ethanedial has
been noted previously.36,50 Figure 2a shows that at the
HF level, cis-ethanedial is unstable, but inclusion of the
dynamic electron correlation via the MP2 treatment leads
to the stabilization of the s-cis conformer. The UNO-CAS
calculations have shown that the nondynamic electron
correlation plays only minor role in glyoxal, thus the
exited con®gurations are not important in the stability of
cis glyoxal.51 It is likely that the stabilizing e�ect observed
in the MP2 calculations arises from the dispersion attrac-
tions between two adjacent hydrogen and two adjacent
oxygen atoms in cis glyoxal.

Analysis of interatomic distances in Table 1 and Figures
1±3 reveals that similar structural trends are also found
in a-ketoamides. The CÿC bond is typically 1.52±1.54
AÊ in s-trans conformers and 1.54±1.55 AÊ in s-cis forms. The
bond length in twisted intermediate geometries is never
longer than in the s-cis and s-trans conformers, suggest-
ing that there is no resonance contribution to interaction
between the two carbonyl groups. Instead, the length-
ening of the bond in s-cis compounds can be attributed
to the increased electrostatic repulsion between the two
carbonyl oxygens. The electrostatic nature of the CÿC
bond elongation is further supported by the ®nding that
this trend was present in the OPLS calculated geome-
tries of s-cis and s-trans ketoamides. Although the two
carbonyl groups in the planar a-ketocarbonyl com-
pounds are geometrically aligned so that conjugation of
double bonds can occur, the role of resonance stabili-
zation in the formation of planar structures appears to
be small.

Table 5. Fourier coe�cients (in kcal/mol) for the improper dihedrals

and torsional dihedrals in ketocarbonys and ketoamides

Improper V1 V2 V3

OÿCGÿHCÿCG 0.0 20.2 0.0
OÿCGÿCTÿCG 0.0 18.0 0.0
OÿCGÿNÿCG 0.0 16.5 0.0
HÿCGÿNÿH (prim.) 0.0 ÿ3.4 0.0
HÿCGÿNÿCT (sec.) 0.0 ÿ1.7 0.0
CTÿCGÿNÿCT (tert.) 0.0 0.0 0.0

Torsion V1 V2 V3

OÿCGÿCGÿO 1.6 3.2 0.0
OÿCGÿCGÿHC 0.0 0.2 0.0
OÿCGÿCGÿCT 0.0 0.5 0.0
HCÿCGÿCGÿHC 0.8 0.0 0.0
CTÿCGÿCGÿHC 0.8 ÿ0.6 0.0
CTÿCGÿCGÿCT 0.7 ÿ1.5 0.0
HCÿCTÿCGÿCG 0.0 0.0 0.085
HCÿCTÿCGÿO 0.0 0.0 ÿ0.085
NÿCGÿCGÿO 0.0 0.0 0.0
NÿCGÿCGÿHC ÿ0.9 0.3 0.0
NÿCGÿCGÿCT ÿ0.5 0.2 0.0
HÿNÿCGÿCG 0.0 4.9 0.0
HÿNÿCGÿO 0.0 4.9 0.0
CTÿNÿCGÿO ÿ0.4 4.9 0.0
CTÿNÿCGÿCG 0.4 4.9 0.0
CTÿNÿCTÿHC 0.0 0.0 0.65
CGÿNÿCTÿHC 0.0 0.0 ÿ0.09
OÿCGÿCTÿCT 0.0 0.0 0.0
CGÿCGÿCTÿCT ÿ2.0 0.75 0.4
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The amide carbonÿnitrogen bond was 1.352±1.361 AÊ in s-
trans ketoamides, which is slightly shorter than the
experimentally determined amide bond in typical gaseous
amides.52ÿ54 The short CÿN amide distance, signi®cant
barrier for the rotation around the amide bond, and
lack of conjugation between the two carbonyl groups
indicate that a-ketoamides can be viewed as amides
which have been substituted by an electron-withdrawing
carbonyl group. However, the interaction of amide
group with the adjacent keto group has the following
important consequences: (i) an elongation of the amide
bond by 0.014 AÊ occurs when the two carbonyl groups
are in s-cis conformation (Figs 1 and 3c), (ii) the pyr-
amidalization at amide nitrogen occurs when the
OCÿCO bond became signi®cantly twisted, and (iii) the
force constants indicate substantial weakening of the CÿN
bond when the OCÿCO dihedral di�ers from 180�.
Finally, the CHelpG charges show that nitrogen is more
negatively charged in the s-cis conformation and in the
TS compared to the lowest energy s-trans conformation.
The change in bonding as the rotation around the
OCÿCO bond occurs can be rationalized as the decreased
contribution of the resonance form where the nitrogen
atom is formally double bonded to carbon.55 The clas-
sical amide resonance form (B in Scheme 3) is signi®cant
in s-trans ketoamides because it minimizes the electro-
static repulsion between negatively charges nitrogen and
the distal oxygen. The carbonyl dipolar structure (C in
Scheme 3) becomes more important as the OCÿCO
bond is rotated out of the 180� minimum. The carbonyl
dipolar resonance form could be signi®cant in normal
amides unless neighboring electrostatic e�ects stabilize
the classical amide resonance structure.

The nonplanarity of a dicarbonyl unit arises when at
least one of the substituents is a bulky group. For exam-
ple, 9 and 11 are nonplanar despite the presence of
hydrogen at one of the carbonyl groups. In this case, the
nonplanarity is caused by an unfavorable steric interac-
tion between the bulky substituent and the distal oxygen.
It has been suggested previously that the nonplanarity
of substituted ketoamides results from steric interaction
between two substituents.27 Current data favor a model
where the repulsion between two substituents destabilizes
the s-cis conformation of ketoamides, but interaction
between the keto oxygen and a bulky substituent causes
the destabilization of the s-trans form.

Implications for the rational design of ketoamide-based
inhibitors. The a-ketoamide moiety is an important
building block in protease inhibitors,14 neuroregenerative
or immunosuppressive polyketides,1 and in the macrolide
antitumor antibiotic lankacidin.56 The knowledge of its

structural properties will be helpful for rational drug
design. Although the structure, and conformer energies
of most ketoamides can be determined with the current
OPLS parameters, some general structural features will
be summarized below. The a-ketoamide unit prefers
geometry where the nitrogen atom and two carbonyl
groups are all in the same plane and the two oxygen
atoms are in trans. If the nitrogen in a-ketoamide is
monosubstituted by an aliphatic chain, the amide bond
prefers trans orientation. The barrier for rotation around
the amide bond in ketoamides is similar to normal
amides; the rotational barrier around the OCÿCO bond
is typically 5±10 kcal/mol. Tertiary ketoamides possess
nearly planar nitrogen center but the ketoamide unit
becomes nonplanar. The compounds with general struc-
ture R(bulky)ÿCOÿCHO adopt the OCÿCO dihedral
angle close to 140±150�. The compounds with central
dicarbonyl group (e.g. R(bulky)ÿCOÿCOÿR) are more
twisted, with the OCÿCO dihedral near 100±140�.

Conclusions

The present study provides high level ab initio structural
data about the ketocarbonyl and ketoamide moieties
which are present in many potent protease inhibitors.
The energy pro®les for the internal rotation around the
OCÿCO bond have been determined at the MP2/aug-cc-
pVDZ and MP2/6-31+G(d,p) levels. The main factor
which determines the rotational pro®le in simple a-
ketoamides and a-ketocarbonyls is the electrostatic
dipolar interaction between the two carbonyl groups.
There is no evidence for resonance conjugation of the
two adjacent carbonyl groups, but the electrostatic
e�ects cause a signi®cant change in hybridization at the
amide nitrogen as the rotation around the OCÿCO single
bond occurs. The ab initio results have been used to
obtain a new set of OPLS charges, stretching and bending
parameters and torsional potentials which can be used for
a wide range of compounds containing the OCÿCO
moiety. The main changes from the previous description
of ketoamides are new torsional parameters and a new
value for the charge at nitrogen in tertiary ketoamide.

Computational Methods

Ab initio quantum mechanical calculations were per-
formed on a-ketoamides and a-ketocarbonyls (1±12) uti-
lizing the program package gaussian98.57 Dicarbonyls 1±
4 and ketoamides 5±10 were optimized at the MP2(full)/
aug-cc-pVDZ level, while the 6-31+G(d,p) basis was
used for the larger ketoamides 11 and 12. Transition
states for the OCÿCO bond rotation in 1, 5 and 7 were
located using analytically calculated force constants. The
s-cis and s-transminima of 1±7 as well as transition states
for 1 and 5 were veri®ed by a subsequent frequency cal-
culation at the MP2(full)/aug-cc-pVDZ level. The s-cis
and s-trans conformers of 1, 2, 5 and 7 were also opti-
mized at theMP3(full)/aug-cc-pVDZ level. The potential
energy surface for dicarbonyls 1±4, and ketoamides 5±
10 was scanned by optimizing the rest of the molecule
while the OCÿCO dihedral was ®xed to a given value.

Scheme 3.
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For molecules 1±9, the MP2(full)/aug-cc-pVDZ method
was used while the torsional potential for 10 was deter-
mined a the MP2(full)/6-31+G(d,p) level of theory.
Typically, 8±10 steps between 0� and 180� were taken to
obtain the torsional barrier for the rotation around the
OCÿCO bond. The amide bond in 6 and 7 was trans
during these potential energy scans.

The electrostatic potential-derived charges were obtained
at energy minima and at several points along the rotation
pro®le using the CHelpG scheme. It was observed that
in some instances, such as in the secondary ketoamide 7,
the CHelpG charges were conformation dependent.
Because one of the goals of the present work was to
derive OPLS force ®eld parameters for ketoamides, con-
formation-independent charges were desirable. To obtain
such charges, the electrostatic potential was calculated
from the MP2 density using the Merz±Singh±Kollmann
point selection scheme58 with 8±12 layers using gaus-
sian98. The program Resp59 was then used to perform a
restrained ®t over multiple conformers. The charges on
hydrogens, and of the methyl carbon connected to a
carbonyl carbon, were ®xed to values present in the
OPLS-AA force ®eld (CH3 carbon has OPLS charge
+0.18, CH3 hydrogens each: ÿ0.06, H in ÿCHO: 0.00).

All molecular mechanics calculations were performed
with the program boss.60 The parametrization of
OPLS-AA force ®eld for a-ketoamides was performed
similarly to a suggested procedure.43,61 Brie¯y, default
Lennard±Jones parameters were used for all atoms,
except for hydrogens attached to carbon directly bonded
to nitrogen. The E for these hydrogens was reduced to
0.020 in accord with a recent suggestion on improving
the OPLS-AA force ®eld for amines and amides.44 The
hydrogens on methyl carbons which are connected to
the carbonyl group were treated as in ketones (e.g. the
reduced Lennard±Jones E of 0.015 kcal/mol was used).
A new atom type, CG for two adjacent carbonyl carbons,
was created to avoid a�ecting the peptide bond parameters
during the assignment of ketoamide parameters. This
atom type was assigned Lennard±Jones and SASA
parameters of the AMBER type C as in ketones and
amides.62 A consistent set of atomic charges for car-
bons, oxygens, and nitrogen were obtained from the
RESP ®tting, as described above. The charge at the
nitrogen atom of tertiary ketoamide was not well
de®ned by the CHelpG calculations, and additional ®t-
ting to the water±9 interaction energy pro®le was per-
formed. The reference pro®le was calculated at the
MP2/aug-cc-pVDZ level and corrected for the basis set
superposition error by means of counterpoise correc-
tion.63,64 The value derived from the ®tting, ÿ0.28 e,
was further tested by performing bulk solvent simulation
on N,N-dimethylacetamide as described previously.43

The default OPLS-AA parameter set does not provide
parameters for the bending of the ketoamide unit as
well as for the stretching of the OCÿCO bond. These
parameters were estimated by ®tting the OPLS derived
frequencies of 1, 2, 5, 6, 7 to the corresponding MP2/
aug-cc-pVDZ frequencies and to the experimental IR
spectrum of 1. A set of new torsional parameters

describing the rotation around the OCÿCO was created
by ®tting the OPLS-AA rotational pro®les to the corre-
sponding MP2(full)/aug-cc-pVDZ pro®les for com-
pounds 1-10. Additionally, the OCÿCH3, CH2ÿCH3,
and OCÿ CH2R barriers were determined for s-trans 2
and s-trans 3 at the MP2(full)/aug-cc-pVDZ level of
theory. The torsional barrier around the CN-CH3 bond
in s-trans 6 was estimated at the MP2/aug-cc-pVDZ and
MP2(full)/6-311+G(d,p) levels. The quality of the new
torsional parameters was tested by comparing the OPLS
and MP2 minimum energy structures for compounds 11
and 12.
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