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ABSTRACT

The Z/E iminol forms formohydroxamic acids (HX(OH)NHOH where X=C, S, Ge, Sh and Pb) have been
investigated in the gas phase using B3LYP density functional theory at B3LYP/6-31++G(d,p) level of theory.The
barrier to the rotation of Z to the more stable isomer E is significant in C, S and Ge structures, whereas in Snh and
Pb the Ztautomer is more stable than E. The highest energy point is TS;.,, which lies 46.35 kcal/mol above the E
isomer 2.The rate constant for tautomeric interconversion lies between 5.62x10™ and 2.23x10° s*. The 3-4
interconversion exhibits the highest rate constant for the tautomeric interconversion. The equilibrium constant for
interconversion of tautomer 1 to 2 is 4.45x10°. The solvent effect on formohydroxamic acid showed that the AG,.
ovalues are 0.37, 0.70, 0.58, 0.85, 1.97 and -9.07 kcal/mol, in DMSO, methanol, acetone, THF, cyclohexane and in
gas phase respectively.
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INTRODUCTION

Hydroxamic acids are hydrophilic organic compoutigg can exhibit keto-iminol tautomerizm, and btethtomers
may exist as Z or E diastereomers. The pKa valua ofiolecule determines the relative concentratibritso
protonated and deprotonated forms at a specificnpbst drugs contain at least one site that is @bfgotonate or
deprotonate reversibljfI]]. The kinetic of the acid hydrolysis of formohyaemic and acetohydroxamic acids in
nitric acid to form hydroxylamine and the parentboylic acid have been determind@]]. The structure and the
deprotonation of the derivatives of these compoura® been the subject of several theoretical tigagons [3]-
[5]]. Many hydroxamates exhibit metalloproteinase hitfon activity [6]-[7]]. Earlier theoretical calculations have
been shown that the substitution of the centrdb@aratom with the silicon in formohydroxamic acigrsficantly
influences the structure and acidity by compariadth parent molecule[8]]. The aim of this work is to provide
structural, kinetic and thermodynamic properties$oibstituted iminol formohydroxamic acid using hitgvel
theoretical calculations. Additional interests d@hle molecular geometries, activation barrier andv htbese
properties change upon isosteric substitution diaaatom formohydroxamic acid molecule by silicgarmanium,
tin and lead atoms.

2. The M ethodology section

DFT calculations were performed with the B3LYP thigarameter densities functional, which includeskig&s
gradient exchange correctiof®]] and the Lee—Yang—Parr correlation functiondQj-[11]]. The LANL2DZ basis
set and the corresponding Los Alamos relativistieotive core potential (RECP)IR]] were used for Ge, Sn and
Pb atoms and the 6-311++G(d,p) basis set was osdd, {C, N, O and Si atoms. These were followedasmonic
frequency calculations at these levels; the optuhistructures were confirmed to be real minima fegdency
calculation. The zero-point vibrational energy cimittion is also considered. The solvent effealifferent solvents
was modeled by the polarizable continuum model (PQ3]]. Dimethylsulfoxide (DMSO)(e=46.7) methanol
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(e=32.63),acetonée=20.49) Tetrahydrofuran (THFfe=7.43) and cyclohexarie=2.02)were used as solvents. The
equilibrium (K. and the rate (k) constants of the reactions waleulated using the computed Gibbs free energies.
The electrophilicity indexd() which is a measure of the energy stabilizatiora gfiven molecule when it gains an
amount of electron density. Parr and coworkd#j] have defined the global electrophilicity poweragystem in
terms of its chemical potential and chemical hasdres follows:

2

W=t
2n

Wherep is the chemical potential amds the absolute hardness.

The calculations were performed using GaussianGkagge [[L5]]. The visualizations of the structures were
performed with the program ChemCraft 1.7 (Build B[[%6]].

RESULTSAND DISCUSSION

3.1The geometries

The calculations investigate the relative stal#itiof the various isomeric forms of foromhydroxanaicid
(HX(OH)NHOH where X=C, Si, Ge, Sn and Pb) and teaction paths leading from Z to E tautomer. Teralloc
minima of Z and E tautomers10 were located along with five transition structu(@s,; ,to TSq 1) that connect
these minima Z/E conformation. The local minimaustures are presented in Figure 1.The bond leragtdsbond
order from the full optimized geometry of the migirstructures are given in Tablel.The Z and E taetsrfor the
formohydroxamic acid are planar, whereas the othsrsot. It is notable that as the central atoonobes heavier
the planarity is reduced. As expected the N-O Hendth is increased as the central atom becomesehndhus the
N-O of the lead structur@ has the lowest N-O bond length (1.32 A).The chalig&ibution of the structures in the
gas phase has been examined using calculated Blullikarges. Mulliken atomic charges for the mingtmactures
and the dipole moments obtained are shown in Tablhe data reveals that the central atoms (apart €arbon)
acquire positive charges. N and O acquire negatiaeges; whereas the hydrogen atoms attached tathen and
the remaining hydrogen are positively charged. fd®milt suggests that the atoms bonded to nitrogesxygen
atoms are electron donors, and that charge trafisfar hydrogen to oxygen or nitrogen is significafibe tin
structure? has the most negative oxygen charge (-0.629) lamditicon structurd has the most negative nitrogen
charge (-0.756). Structurd®, 9 and3 have the largest dipole moments in the gas pl#aéé& O, 3.85 D and 3.80 D
respectively). The dipole moment®fvas the lowest (0.74 D).

4 »
TS
a B
P '
L,, q,
1(2) 2 (E)

@ =C, Si,Ge, SnandPb
Scheme 1

3.2Theenergy analysis

The transformation of the Z to E tautomers andithesition states is plotted schematically in FegurAll transition
states have been confirmed by vibrational analysds by the corresponding imaginary frequencies. éifergies of
structures are reported relativeBdautomer in each case. The barrier to the rotaifah to the more stable isomer,
E is significant in C, Si and Ge structures, whelieai and lead the Z tautomer is more stable thas reverse. It
is clear that the highest energy poinfiS,.,, which lies46.35kcal/mol above the E ison2€Fhis is in accord with
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the previously reported resultsLf]-[18]]. In transformation o to E, the 1-TS;,-2,3-TS; »-4and 5-TSs¢-6 are
exothermic steps with enthalpies chanfel) of -8.52, -4.52 and -4.56 kcal/mol respectivéijie remaining steps
(7-TS;.8-8, 9-TSg10-10) are endothermic with positivAH of 1.33 and 1.44 kcal/mol respectively. The HOMO-
LUMO separation (Table 1) has been used as a siindieator of kinetic stability. Indeed the largg4OMO-
LUMO gap (6.73 eV) is found fd?structure, wherea® has the lowest gap (2.61 eV). This differencehim énergy
gap is largely due to a relative stabilization lné  UMO, which is at -0.2348 and -3.7677 eV asdgigte2 and9
respectively.

3.3 Thermodynamic and kinetic study

In the gas-phase the Gibbs free energy differeAG) petween structures lies between -9.07 and1.@Brkol for
forward reactions. These data correspond to/ABe.and AGq. 1o respectively; this is expected because carbon
tautomers are the most stable. The equilibrium teonts of tautomeric transformations were calculatsithg the
standard equation

-AG
K = e RrT

WhereAG is the relative total Gibbs free energy of thactant and product, T is the temperature, and fRds
universal gas constant. Standard transitional stesery [[L9]-[20][20]] was employed to estimate the rate
constant as follows:

WhereAG’ is the activation Gibbs free energy of the reaxtib is the temperature, ks Boltzmann’s constant, h is
Plank’s constant, and R is the universal gas cahsitde activation parameters along with the ehuilim and rate
constants are listed in Table 4. The equilibriuvomstant for interconversion of tautomérto 2 at B3LYP/6-
31++G(d,p) level is4.4810°, In accordance withG between tautomers. In the tautomeric interconwere4 and
6arefound to be the major tautomers (positivg kn the 3-4 and 5- 6reactions respectively. In contrast the
tautomers8 and 10 are found to be the insignificant tautomers (vl keg) in the 7—-8 and 9- 10 reactions
respectively. The equilibrium and rate constantaatomerism interconversion at is given in TablélBese data
showed that th&G between TS of the tautomessd) lies in the range of 4.70and35.53 kcal/mol. Meeo the
rate constant for tautomeric interconversion lieswieen 5.6210'*and 2.2310°S™. The 3-4 interconversion
exhibitshigh rate constant for the tautomeric icd@version. The remaining low values of the ratestant indicate
that no tautomeric conversion can occur at roonptrature in the absenceaatalyst or solvent assistance.

3.4 Solvent Effect

Experimental investigations on the structure ofnfohydroxamic acid using X-ray 2[L]] and NMR [22]]
confirmed that the most stable structure is E-ketorystalline form and Z-keto in solution, so dtinteresting to
look at the solvent effect on the iminol forms. eTHE tautomerism of the simplest formohydroxangicl {1-T S, »-

2) has been analyzed further in different solvertse three structures were reoptimzed in five d#fifi¢ solvent. The
study of equilibrium and rate constant in solvdrge energy of tautomers and transition state waleulated using
DMSO, Methanol, acetone, THF and cyclohexane asatd. The major purpose from considering solvffeceis
simulation of real system and determination ofad#hces between the gas phase and solvated sy3teenslata
shows that the11.96 kcal/mol value is the diffeezhetween the highest Gibbs free enefyin (cyclohexane) and
the lowest { in DMSO) of the tautomers, Table 4. In additiog,ibcreasing of the polarity of the solvent theGbb
free energy is decreased.@n. 7transformation the DMSO provides the highest ehuilim constants (0.536) which
are still lower than the gas phase value of 4.48x1fiis huge shift towards lower equilibrium constansolvents is
attributed to the intramolecular hydrogen bondiige tautomers interconversions in all solvents afferded
positiveAG. There is no obvious trend in the equilibrium stant in comparison with the solvent dielectric stant.
One can conclude that the lower the dielectric onsof the solvent, the higher the barrier to ¢tbaformation
process. The dipole moment value of tautomers lede® very well with the fact that the structurehathe smaller
dipole moment is always more stable, it is cleat tihe bulk of solvents stabilizing the tautomethwthe lower
dipole moment (Z tautomer).

The Gibbs free energies were used to calculatd & between tautomers, thsG” between tautomers and
transition states, and the rate and equilibriumstaoits of tautomeric interconversion in solventmparing these
data with the gas phase data shows a big differbab@een the solvents. For example, & ,values are 0.37,
0.70, 0.58, 0.85, 1.97 and -9.07kcal/mol, in DMS®@ethanol, acetone, THF, cyclohexane and in gasephas
respectively. Moreover, the maximum rate constangfl tautomeric interconversion in all solverg8.50x10's™;
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which is far from the gas phase rate constants ifmax: 5.62x13*s?) which is also extracted for the sarhe 2
equilibria. An electron resonance involving the N&onds is possible, which should stabilized tleeteon pairs
on oxygen atom. This resonance region is cleaffigcedd by the solvents, for example, the C-O bamdyth in
cyclohexane decreases to 1.395A from 1.401A indviglielectric solvent (DMSO) and its stretchingjiiency also
increases by 36 cmThe strong interactionyg— 0 ci-o2is effected by the polarity of the solvent, sintie values
of electron density for C1-O2 bond decreases witlient polarity. This decrease in electron denaityhe bond
critical point (BCP) can be due to the decreadatefaction energy with the increase of C1-O2 blemdjth atT S;.,.

A linear correlation has been found between theramtion energy of th&S,., (C1-O2) and the three other
parameters namely the electron density at BCPirefgulicity index ) and dipole moment Figure 3. The dipole
moment of theT S, ,decreases as the polarity of the solvent increasdzsequently, the dipole moment of 3.48 and
2.86 D is extracted in DMSO and cyclohexane re$pagt The activation dipole moment has similamtie A
linear correlation has been found between the aibbin dipole moment and the rate constant in difiesolvents.

Table 1: Geometrical parameters of the molecules, bond length (Z's), diple moment (Debye) and HOMO-LUMO gap (eV)

System X0 XN X-H NO OH (X OH(N) p HL
1 1359 1272 1082 1.398 0964 0970 294 597

2 1.347 1.268 1.082 1.398 0.964 0.970 091 6.73
3 1.653 1.605 1.458 1.390 0.961 0.966 3.80 4.79
4 1.641 1.620 1.470 1.417 0.963 0.963 0.87 4.92
5 1.787 1.744 1517 1.424 0.965 0.964 0.74 3.97
6 1.780 1.748 1.529 1.424 0.965 0.964 092 411
7 1.964 1.986 1.704 1.366 0.961 0.969 231 2.96
8 1.951 1.986 1.714 1.374 0.961 0.968 231 294
9 2.063 2.166 1.775 1.320 0.962 0.975 3.85 261
10 2.048 2.162 1.782 1.330 0.963 0.974 4.01 2.62
Table 2: The Mulliken atomic charges of the molecules
Sys. gX gN gHX  gO(N) gO(X) gH (XOH) qgH (NOH)
1 -0.144 -0.171 0.197 -0.089 -0.197 0.226 0.177
2 0.005 -0.317 0.156 -0.163 -0.217 0.271 0.265
3 0.586 -0.652 -0.540 -0.027 -0.363 0.282 0.229
4 0.826 -0.756 -0.053 -0.114 -0.461 0.301 0.266
5 0.812 -0.537 -0.103 -0.097 -0.573 0.269 0.230
6 0.943 -0.656 -0.115 -0.171 -0.564 0.285 0.278
7 0.826 -0.487 -0.162 -0.105 -0.629 0.268 0.290
8 0.880 -0.543 -0.178 -0.096 -0.623 0.268 0.292
9 0.695 -0.416 -0.149 -0.036 -0.626 0.239 0.292
10 0.730 -0.466 -0.157 -0.033 -0.612 0.241 0.297

Table 3: The thermodynamic and kinetic parameter s (kcal/mol) of thereactions

Sys AE AE AG  AG'  AH AH Keq k (s

1.2 -9.85 36.49 -9.07 3553 -852 36.47 4.45E+06 5.62E-14
3-4 -446 352 -3.70 470 -452 297 5.15E+02 2.23E+09
5.6 -468 8.85 -4.00 10.65 -456 7.95 8.55E+02 9.70E+04
7-8 141 922 141 991 133 810 9.26E-03.38E+05
9,10 145 1461 176 13.49 141 13.14 5.13E-02 8.03E+02

Table 4: The thermodynamic and kinetic parameters (kcal/mol) of the 1-T S,.,-2 path in different solvents

s M’ AE AEF NG AGT AH AW Keq k(s
DMSO 2.27 091 47.26 037 4556 061 4565 5.36E-01 2.50E-21
Methanol 2.26 111 4752 070 4590 0.81 4592 3.07E-01 1.41E-21
Acetone 2.23 1.03 47.46 058 4578 0.75 45.87 3.76E-01 1.72E-21
THF 2.15 129 47.85 0.85 46.08 1.02 46.29 2.38E-01 1.04E-21

Cyclohexane 1.91 2.35 49.06 1.97 47.18 2.18 47.59 3.60E-02 1.62E-22

2.
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Figure 1: Thelocal minima structures
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Figure2: The potential energy surfaces describing the Z/E conformation
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Figure 3: Linear relationship between (a) the activation dipole moment and rate constant, (b) the interaction energy of the TS, (C1-
02) and of electron density at the BCP of C1-O2 at the TS,.,, (c) the interaction energy of the TS,, (C1-0O2) and the electrophilicity
index and (d) the HOM O-LUMO gap and theinteraction energy of the TS, (C1-02) in different solvents

CONCLUSION

The density functional theory studies on the Z/Ehohforms of (HX(OH)NHOH where X=C, Si, Ge, Sn aRth)
showed that the Z and E tautomers for the foromdwaimic acid are planar, whereas the others (SiSB8gnd Pb)
are not. In the transformation & to E, the 1-TS;.,-2, 3-TS:4-4 and 5-TS;4-6 are exothermic steps and the
remaining steps7TS;s-8, 9-TS10-10) are endothermic. The solvent effect is clearlgavbed, since th&G,.
ovalues decreases by a factor of 11.04 kcal/moblwasion. There is synchronizing trend in the irmgiag of the
activation dipole moment and rate constant withpblarity of the solvent.
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