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Hydroxamic acids, best known as iron chelators, have recently been widely used as a key functional group
of potential therapeutics targeting at zinc-bound matrix metalloproteinases involved in cancers. To investigate
the optimal structural variations of hydroxamic acids that confer the maximal selectivity for zinc over iron
for rational design of cancer drugs, we have first performed calculations of hydroxamic acids in the absence
of metal ions employing density functional, Møller-Plesset, and coupled cluster theories. Herein we report
the high-level ab initio calculations of hydroxamic acids that offer new insights into the intricate structures
of acetohydroxamic acid. The results suggest that in the gas phase acetohydroxamic acid exists in theE- and
Z-keto forms and theZ-iminol form that are in equilibrium, whereas the deprotonated acetohydroxamic acid
exists in the nitrogen-deprotonatedZ-keto form and theC-hydroxy oxygen-deprotonatedZ-iminol form that
are in resonance. Substitution of the nitrogen proton of acetohydroxamic acid by a methyl group does not
change the structures and relative stability of the neutral and deprotonated acetohydroxamic acid in different
configurations and tautomers.

Introduction

Hydroxamic acids, best known as iron chelators,1 have
recently been widely used as a key functional group of potential
therapeutics targeting at zinc-bound matrix metalloproteinases
involved in cancers.2-17 In our opinion, caution should be used
when hydroxamic acids are used to design specific inhibitors
of zinc proteins, since hydroxamic acids have high affinity for
iron which is in fact the most abundant transition metal ion in
human.18 Accordingly we have performed a series of high-level
ab initio calculations of hydroxamic acids in the absence of
metal ions employing DFT, Møller-Plesset, and coupled cluster
theories.

The present study is focused on theoretical predictions in the
gas phase on the relative acidities and stable configurations and
tautomers of the neutral and deprotonated acetohydroxamic and
N-methylacetohydroxamic acids that can serve as model hy-
droxamic acids used in cancer drug design. It has long been
assumed that acetohydroxamic acid can exist in either keto (1
and2) or iminol (3-7) form that each can be present in either
the E or Z configuration about the C-N bond (Figure 1).19

Several theoretical calculations have been reported for hydrox-
amic acids.20-25 The calculations with the MP2 theory suggest
1 (E-keto) to be the most stable structure in the gas phase,22,23

while the X-ray crystallographic analysis of acetohydroxamic
acid revealed the stable structure to be in theZ-keto form in
the solid state.26 The predicted most stableE-keto form in the
gas phase seemed to be contrary to the fact that an intramo-
lecular hydrogen bond in theZ form is disabled in theE form
(Figure 1). No ab initio calculations ofN-methylacetohydrox-
amic acid with consideration of electron correlation effect have
been reported so far, and yet this molecule has been widely
used as a functional group in rational drug design. These
considerations prompted us to investigate the stable structures

of acetohydroxamic andN-methylacetohydroxamic acids and
the relative acidities and stable deprotonation sites of the two
acids with higher level ab initio calculations. It has been reported
that electron correlation effect is important in the theoretical
studies of hydroxamic acids.25 Density functional, many-body
perturbation, and coupled-cluster theories with large basis sets
including diffuse and polarization functions have thus been used
in the present study in an attempt to resolve the conflict and to
investigate which level of ab initio methods is computationally
affordable and adequate to study hydroxamic acids.* To whom correspondence should be addressed. E-mail: pang@mayo.edu.

Figure 1. Different tautomers and configurations of acetohydroxamic
acid.
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Methods

The ab initio calculations were carried out by using the
Gaussian 94 program27 running on a SGI Origin 2000 (8×
195 MHz, 2.0 GB memory, and 40 GB disk) and four Origin
200s (8× 180 MHz, 1.2 GB memory, and 16 GB disk). The
structures of hydroxamic acids were first generated with the
Quanta program and optimized by energy minimization with
the CHARMm molecular mechanics force field.28 Further
geometry optimizations and harmonic frequencies used to
preclude the low-energy transition-state geometries were com-
puted by using Becke’s three-parameter formulation (B3LYP)
density functional method29,30 with the 6-311+G(d,p) and
6-311+G(2d,2p) basis sets, respectively.31 The relative energies
of different structures of hydroxamic acids were obtained from
the B3LYP-optimized geometries with the methods of B3LYP,32,29

CCSD(T),33 and Møller-Plesset perturbation (MP2,34-39 MP3,40,41

MP4D,42 and MP4DQ42). The triplet-state energies of all
molecules in the present study were also calculated, but they
are not reported since such energies were found to be higher
than the singlet-state energies.

Results and Discussion

Acetohydroxamic Acid. The relative energies of different
structures of the neutral and deprotonated acetohydroxamic acids
(Figures 1 and 2) and the corresponding bond lengths, angles,
and torsions are listed in Tables 1-4. Structure7 (Z-iminol)
converged to2 (Z-keto) after the B3LYP/6-311+G(2d,2p)
optimization. The calculations with the B3LYP/6-311+G(2d,-
2p) method suggest that2 (Z-keto, 0 kcal/mol) is the most stable
structure followed by1 (E-keto, 1.9 kcal/mol),4 (Z-iminol, 2.9
kcal/mol), 3 (E-iminol, 6.9 kcal/mol), and the other two most
energeticZ-iminol forms (6 and 5, 11.2 and 11.7 kcal/mol,
respectively) (Table 1). This suggests that acetohydroxamic acid
exists in1 (E-keto) and2 (Z-keto) and4 (Z-iminol) forms that

are in equilibrium in the gas phase, according to the chemical
accuracy (ca. 2 kcal/mol)43 and the fact that energy difference
of 3.0 kcal/mol implies that 99% of a population is composed
of one conformation at equilibrium at room-temperature ac-
cording to∆G ) -RT ln K. This prediction is consistent with
the calculations employing the CCSD(T) method that is almost
as accurate as the full configuration interaction if the nondy-
namical correlation effects are not important.44 Interestingly,
the CCSD(T) method reduces the energy differences of the three
stable structures and change the rank order of stability showing

TABLE 1: Relative Energies (kcal/mol) of the Different Structures of Acetohydroxamic Acid versus Calculation Methods

method
1

(E-keto)
2

(Z-keto)
3

(E-iminol)
4

(Z-iminol)
5

(Z-iminol)
6

(Z-iminol)

B3LYP/6-311+G(2d,2p)// 1.9 0 6.9 2.9 11.7 11.2
B3LYP/6-311+G(2d,2p)
CCSD(T)/6-311+G(d,p)// 0.8 1.0 2.6 0 13.7 2.4
B3LYP/6-311+G(d,p)
MP2/6-311+G(d,p)// 0.5 0.0 4.9 0.7 14.6 9.9
B3LYP/6-311+G(d,p)
MP3/6-311+G(d,p)// 0.8 1.0 3.9 0 17.5 9.0
B3LYP/6-311+G(d,p)
MP4D/6-311+G(d,p)// 0.7 1.0 3.9 0 17.0 8.9
B3LYP/6-311+G(d,p)
MP4DQ/6-311+G(d,p)// 0 0.5 3.9 0 17.4 9.0
B3LYP/6-311+G(d,p)

TABLE 2: Relative Energies (kcal/mol) of the Different Structures of the Deprotonated Acetohydroxamic Acid versus
Calculation Methods

method
1A1

(E-keto)
1A2

(Z-keto)
2A1

(Z-keto)
2A2

(Z-keto)
3A1

(E-iminol)

B3LYP/6-311+G(2d,2p)// 11.6 8.1 0 13.4 26.7
B3LYP/6-311+G(2d,2p)
CCSD(T)/6-311+G(d,p)// 11.9 12.3 0 18.7 27.7
B3LYP/6-311+G(d,p)
MP2/6-311+G(d,p)// 13.1 12.8 0 18.7 28.2
B3LYP/6-311+G(d,p)
MP3/6-311+G(d,p)// 12.5 12.9 0 19.6 28.3
B3LYP/6-311+G(d,p)
MP4D/6-311+G(d,p)// 12.5 13.1 0 19.5 27.7
B3LYP/6-311+G(d,p)
MP4DQ/6-311+G(d,p)// 12.3 12.6 0 19.2 28.0
B3LYP/6-311+G(d,p)

Figure 2. Different tautomers and configurations of the deprotonated
acetohydroxamic acid.
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the Z-iminol form to be most stable. The results of the
calculations using the higher order Møller-Plesset methods
(MP3 and MP4) are consistent with those using the CCSD(T)
methods, whereas the result using the second-order Møller-
Plesset method (MP2) agrees with that using the B3LYP
method. Nonetheless, all the high-level ab initio calculations
suggest the presence of theZ-keto andZ-iminol forms in the
gas phase that were precluded by the reported ab initio
calculations.23,22

For the deprotonated acetohydroxamic acid,3A2 (E-iminol),
4A1 (Z-iminol), and4A2 (Z-iminol) converged to1A1 (E-keto),
2A1 (Z-keto), and2A1 (Z-keto), respectively, after the B3LYP/
6-311+G(2d,2p) optimization. All our high-level ab initio
calculations suggest that2A1 (Z-keto) is most stable and the
rest are at least 8.1 kcal/mol more energetic (Table 2), which is
consistent with the reported ab initio calculations.22,23 As
depicted in Figure 3, the CO bond (1.278 Å) in the structure
converged from2A1 (Z-keto) and4A1 (Z-iminol) is longer than
the CO double bond in2 (Z-keto) (1.225 Å) and shorter than
the CO single bond in4 (Z-iminol) (1.348 Å); conversely, the
CN bond (1.315 Å) in the structure converged from2A1 (Z-
keto) and4A1 (Z-iminol) is shorter than the CN single bond in
2 (Z-keto) (1.363 Å) and longer than the CN double bond in4
(Z-iminol) (1.278 Å). In addition, the largest difference in charge
(0.3827) between2 (Z-keto) and the structure converged from
2A1 (Z-keto) and4A1 (Z-iminol) is at the nitrogen atom of2

(Z-keto), implying that deprotonation occurs at the nitrogen atom
of 2 (Z-keto), while the largest difference in charge (0.3446)
between4 (Z-iminol) and the structure converged from2A1
(Z-keto) and4A1 (Z-iminol) is at the oxygen atom of4 (Z-
iminol), implying that deprotonation occurs at theC-hydroxy
oxygen atom of4 (Z-iminol). These results suggest that2A1
(Z-keto) is in resonance with4A1 (Z-iminol). In contrast to the
reported study in which the presence of theC-hydroxy oxygen-
deprotonatedZ-iminol form (4A1) was overlooked,23 these
results suggest that the deprotonated acetohydroxamic acid exists
in the nitrogen-deprotonatedZ-keto form (2A1) and theC-
hydroxy oxygen-deprotonatedZ-iminol form (4A1) that are in
resonance in the gas phase, which is akin to the report in
reference.22

N-Methylacetohydroxamic Acid. The relative energies of
the different structures of the neutral and deprotonatedN-
methylacetohydroxamic acids (Figure 4) and the corresponding
bond lengths, angles, and torsions are listed in Tables 5-7.
Structure9 (E-iminol) converged to7 (E-keto) after the B3LYP/
6-311+G(2d,2p) optimization. The B3LYP calculations suggest
that8 (Z-keto, 0 kcal/mol) is the most stable structure followed
by 10 (Z-iminol, 1.5 kcal/mol) and7 (E-keto, 1.7 kcal/mol)
(Table 5). This suggests that theN-methyl acetohydroxamic acid
also exists in7 (Z-keto),8 (E-keto), and10 (Z-iminol) that are
in equilibrium in the gas phase like acetohydroxamic acid. This
result is also consistent with the CCSD(T) calculations. Interest-
ingly, the CCSD(T) calculations increase the energy difference
between the keto and iminol forms. Again, the results of the
higher order Møller-Plesset calculations (MP3 and MP4) are
consistent with those of the CCSD(T) calculations, whereas the

TABLE 3: Bond Lengths (Å), Angles (deg of arc), and Torsions (deg of arc) of the Different Structures of Acetohydroxamic
Acid Optimized with the B3LYP/6-311+G(2d,2p) Method

1
(E-keto)

2
(Z-keto)

3
(E-iminol)

4
(Z-iminol)

5
(Z-iminol)

6
(Z-iminol)

CO 1.225 1.226 1.357 1.348 1.326 1.373
CC 1.506 1.508 1.492 1.488 1.480 1.491
CN 1.363 1.364 1.273 1.278 1.301 1.271
NH 1.008 1.009 1.015
NO 1.400 1.399 1.420 1.432 1.314 1.396
OH 0.978 0.979 0.967 0.960 0.993 0.969
OCN 119.7 119.7 117.7 124.4 114.9 120.4
OCC 124.2 124.3 114.9 115.0 120.0 118.6
CNO 115.9 116.5 111.0 109.2 120.6 116.0
HNO 111.0 111.0 118.9
HNC 121.1 121.1 120.5
NOH 101.3 111.0 102.2 102.8 -108.4
HNCC 156.7 32.8 -0.3
OCNO -157.5 -10.5 -180.0 0 0 -0.3
CNOH -119.3 4.5 180.0 179.7 0
OCCH -4.5 -178.3 0 -180.0 180.0 -180.0

TABLE 4: Bond Lengths (Å), Angles (deg of arc), and
Torsions (deg of arc) of the Different Structures of the
Deprotonated Acetohydroxamic Acid Optimized with the
B3LYP/6-311+G(2d,2p) Method

1A1
(E-keto)

1A2
(E-keto)

2A1
(Z-keto)

2A2
(Z-keto)

3A1
(E-iminol)

CO 1.264 1.263 1.278 1.247 1.410
CC 1.537 1.515 1.518 1.532 1.484
CN 1.322 1.330 1.315 1.339 1.279
NH 1.016 1.016
NO 1.505 1.357 1.446 1.336 1.335
OH 0.958 0.982 0.970
OCN 122.1 123.4 126.1 126.8 117.5
OCC 118.1 122.1 119.4 119.2 114.8
CNO 109.4 127.3 108.9 128.6 120.3
HNO 117.8
HNC 115.3
NOH 98.4 101.4
HNCC 180.0 0
OCNO 180.0 180.0 0 0
CNOH 180.0 0
OCCH 0 0.6 180.0 180.0 -180.0

Figure 3. Resonance structures of the most stable deprotonated
acetohydroxamic acid implied by the bond lengths and charges of the
deprotonated and the corresponding neutral acetohydroxamic acids (the
charges were derived from the CCSD(T) calculations).
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result using the second-order Møller-Plesset method (MP2)
agrees with that of the B3LYP method. For the deprotonated
N-methylacetohydroxamic acid (Table 6), all the high-level ab
initio calculations suggest that7A (E-keto) is at least 9.4 kcal/
mol more stable than8A (Z-keto). These results suggest that
substitution of the NH proton by a methyl group does not alter
the structures and relative stabilities of acetohydroxamic acids
in different configurations and tautomeric forms.

Intramolecular Hydrogen Bond. As apparent from Table
1, the highest level ab initio calculation in the present study
employing the CCSD(T) method suggests that the energy
differences between theZ andE configurations for the keto form
of acetohydroxamic andN-methylacetohydroxamic acids are less

than the hydrogen bond energy that is in the range of 2-5 kcal/
mol.45 This seems to be inconsistent with the fact that an
intramolecular hydrogen bond in theZ configuration is disabled
in the E configuration. To resolve this conflict, we examined
the structures of2 (Z-keto) and8 (Z-keto) optimized with the
B3LYP/6-311+G(2d,2p) method. Surprisingly, the angles of
HOC in 2 and8 (83° and 85° of arc, respectively) are in fact
less than the cutoff angle (90° of arc) to form a hydrogen bond.45

These results imply that the intramolecular hydrogen bonds in
both2 (Z-keto) and8 (Z-keto) are disabled, thus explaining why
the E configuration is nearly as stable as theZ configuration
and why the relative stability of theZ andE configurations is
environment-dependent.22,25,23

Electron Correlation. For acetohydroxamic acid, as apparent
from Table 1, the presence of4 (Z-iminol) predicted by the
CCSD(T) method was precluded in the gas phase by the reported
low-level ab initio calculations that did not take into account
electron correlation.24 Although the B3LYP and MP2 calcula-
tions change the rank order of stability of1-4 predicted by
CCSD(T) method, the energy differences of these structures are
less than 3 kcal/mol and thus insignificant considering the
chemical accuracy (ca. 2 kcal/mol).43 These results suggest also
that the HF method is not adequate to study the neutral
hydroxamic acids and the B3LYP method or higher level
theories should be used to count for electron correlation required
in the study of the neutral acetohydroxamic acids.

Conclusions

On the basis of the calculations employing the density
functional, Møller-Plesset, and coupled cluster theories, in the
gas phase acetohydroxamic acid exists in theE- and Z-keto
forms and theZ-iminol form that are in equilibrium, whereas
the deprotonated acetohydroxamic acid exists in the nitrogen-
deprotonatedZ-keto form and theC-hydroxy oxygen-deproto-
natedZ-iminol form that are in resonance. Substitution of the
nitrogen proton of acetohydroxamic acid by a methyl group does
not significantly alter the structures and relative stability of the
neutral and deprotonated acetohydroxamic acid. The intramo-
lecular hydrogen bond is disabled in theZ-keto form of both
acetohydroxamic andN-methyl acetohydroxamic acids in the
gas phase.

Acknowledgment. This research was supported by the Mayo
Foundation for Medical Education and Research.

Figure 4. Different tautomers and configurations of the neutral and
deprotonatedN-methylacetohydroxamic acids.

TABLE 5: Relative Energies (kcal/mol) of the Different
Structures of N-Methylacetohydroxamic Acid versus
Calculation Methods

method
7

(E-keto)
8

(Z-keto)
10

(Z-minol)

B3LYP/6-311+G(2d,2p)// 1.7 0 1.5
B3LYP/6-311+G(2d,2p)
CCSD(T)/6-311+G(d,p)// 0 0 2.2
B3LYP/6-311+G(d,p)
MP2/6-311+G(d,p)// 0.6 0 2.2
B3LYP/6-311+G(d,p)
MP3/6-311+G(d,p)// 0 0.5 2.5
B3LYP/6-311+G(d,p)
MP4D/6-311+G(d,p)// 0 0.4 2.5
B3LYP/6-311+G(d,p)
MP4DQ/6-311+G(d,p)// 0 0.7 2.7
B3LYP/6-311+G(d,p)

TABLE 6: Relative Energies (kcal/mol) of the Different
Structures of the DeprotonatedN-Methylacetohydroxamic
Acid versus Calculation Methods

method
7A

(E-keto)
8A

(Z-keto)

B3LYP/6-311+G(2d,2p)// 0.0 10.4
B3LYP/6-311+G(2d,2p)
CCSD(T)/6-311+G(d,p)// 0.0 9.8
B3LYP/6-311+G(d,p)
MP2/6-311+G(d,p)// 0.0 9.4
B3LYP/6-311+G(d,p)
MP3/6-311+G(d,p)// 0.0 11.2
B3LYP/6-311+G(d,p)
MP4D/6-311+G(d,p)// 0.0 10.3
B3LYP/6-311+G(d,p)
MP4DQ/6-311+G(d,p)// 0.0 10.9
B3LYP/6-311+G(d,p)

TABLE 7: Bond Lengths (Å), Angles (deg of arc), and
Torsions (deg of arc) of the Different Structures of the
Neutral and Deprotonated N-Methylacetohydroxamic Acids
Optimized with the B3LYP/6-311+G(2d,2p) Method

7
(E-keto)

8
(Z-keto)

10
(Z-minol)

7A
(E-keto)

8A
(Z-keto)

C′O 1.218 1.233 1.326 1.262 1.248
C′C 1.511 1.511 1.484 1.515 1.541
C′N 1.385 1.355 1.307 1.336 1.344
NC 1.453 1.441 1.455 1.443 1.449
NO 1.415 1.403 1.325 1.359 1.346
OH 0.964 0.981 1.001
OC′N 120.3 119.0 114.2 124.7 124.6
OC′C 123.1 122.8 117.3 121.3 117.9
CNO 115.7 114.6 115.7 123.5 123.91
NOH 104.9 100.8
CNC′ 121.2 129.9 127.2 121.0 124.1
CNC′C 161.9 19.4 0 -180.0 0
OC′NO -162.7 -6.0 0 -180.0 0
C′NOH -114.6 4.0
OC′CH -4.7 -12.0 180.0 0 0
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