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The electronic structure, intramolecular interactions, second-order delocalizations;-&habtational barriers

in aminoguanidine have been studied using ab initio MO and density functional methods. Gherith
intramolecular hydrogen bonding has been found to be the most stable on the potential energy surface, with
nine minima. The influences of the basis set, computational method, and solvent effect on relative stabilities
of important isomers of aminoguanidine have been studied. Natural Population Analysis (NPA) indicates
that amino substitution in guanidine leads to an increased electron delocalization from the center of the NH
attachment to the frame. A strong redistribution of electron density has been observed in aminoguanidine

in relation to guanidine. The protonation energy for aminoguanidine is slightly less than that of guanidine. In
protonated aminoguanidine, thedelocalization is more polarized in comparison to that in protonated guanidine.
NPA, HOMA, and NICS studies have been carried out to understand electron delocalization in protonated
guanidine and aminoguanidine.

Introduction delocalization in aminoguanidine and its protonated form, it is

. - . R . important to study its electronic structure in detail.
Aminoguanidine and its derivatives have found applications . - .
in both chemical and biological systems. The basic guanidinium | N€ €lectronic structure, Y-aromaticity, proton affinity, etc.

functional group is commonly used by proteins and enzymes N guanidines have been studied in detaill but the same
as an essential recognition unit or catalytic moiety. Several drugs Characteristics in aminoguanidine are poorly understood. Sapse

and lead compounds with this moiety have been repdftad. et al® reported the HF/6-31G* study on the structural forms
Aminoguanidine is a drug known to possess extensive phar- of amlnoguanldm_e using plananty_ constraints. They reported
macological properties, and it also serves as an important startingNat the C-N rotational barriers are in the range of-120 kcal/
material in the synthesis of drugs and enzyme inhib#®rslt mol; higher barglgr_s_ are due to intramolecular hydrogen bonds.
is known to inhibit diamine oxidase, inducible isoform of nitric  KK0skinen et ak? initially reported the ab initio studies on the
oxide synthase (INOS), efe:9 It also prevents advancement endiamine tautomer of aminoguanidine to explain the crystal
of diabetic complications such as diabetic angiopathy and Structure of_ aminoguanidine monohydrochloride and atér _
retinopathy?®f Recent studies on the lead optimization of extended this work to the study of the tautomers and protonation
guanidinopropionic acid showed that anmiinand diamind in aminoguan_idine. However, the complete potential energy
derivatives are the most potent antihyperglycemic agents. Apartsurfaczeagf aminoguanidine was not yet reporteq. Rgcently, we
from antidiabetic activity, the aminoguanidine has been impli- found?¢that the observed trends in the-®l barriers in urea,

cated as a therapeutic agent for hepatotoxFéitypertensior? thiourea, and selenourea can be traced to the primary and
cardiovascular complicatior¥§,microvasculopathy¢ diabetic secondary electron delocalizations in these systems, which in
retinopathyEe anticancer therapyf,pulmonary fibrosi€? diabetic turn are controlled by molecu!ar orbital interactions. In thls
neuropathyh thermal injury® antiaging activity dermatologi- paper, we e_xplore.the ele(_:tr.omc structure, electrqn delocaliza-
cal complicationsX etc. tions, etc. in amlnpg.uanld.me ar]d_ compare with those of
The biological and physiological properties of guanidine imidamide and guanidine using ab initio MO and DFT methods.
derivatives have been attributed to their strong basféity. The protonated form of aminoguanidine is more important

Under physiological conditions, aminoguanidine is known to in both chemical and biochemical conditions. For example,
exist in the protonated form, which has been confirmed by the amino substituted guanidines, in their protonated form, are
cocrystal of iINOS with protonated aminoguanidfdeAmi- capable of passing through the sodium ion channel in the nerve
noguanidine is administered as monohydrochloride or bicarbon- memberané™ The aminoguanidine free base has not yet been
ate salts. The strong basicity of aminoguanidine is expected toisolated in the pure form. It is known to exist as a monocation
be a result of the stability of its conjugate acid in wafefhe or dication in the solid state. The crystal structures of ami-
internal electron delocalization in aminoguanidine and its noguanidinium monohydrochlorid&aminoguanidinium mono-
redistribution upon protonation or chelation with biometals are cation halogenoantimonates(lll), and halogenobismuthates-
expected to be responsible for the observed biological aétion. (Il1),2% as well as that of aminoguanidiniumf2amino-

It was reported that the presence of an additional Nit in guanidinium(3)hexacholoroantimonate(Il3® have been re-
aminoguanidine is responsible for the reduction in the toxicity ported. Contradicting reports are available regarding proton
of guanidine® To obtain a clear understanding of the electron affinity and basicity of aminoguanidine. Sapse eféireported
that the proton affinity of aminoguanidine is slightly less than
*E-mail: pvbharatam@niper.ac.in. that of guanidine. Koskinen et &2 reported that the proton
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affinity of aminoguanidine is significantly larger than that of in order to study the protonation energies (eqs 1 and 2) and
guanidine, though their potentiometric titrations indicate weaker absolute proton affinity (APA) (eq 3) and to evaluate the electron
basicity of aminoguanidine Ky in water: 11.5)'2in compari- delocalization of the molecules.

son to guanidine (g, in water: 13.6F° A high accuracy

G2MP2 method is employed in this study to estimate the proton Eprot = [E(BH) — E(B)] + [ZPE(BH") — ZPEB)]

affinity of guanidine and aminoguanidine and to compare
electron delocalization in their protonated structures. N
Gprot = Gyog(BH") — G,0¢(B) ()

Computational Details N N
APA = —AH,55=H,¢dB) + H,yqH") — H,0¢(BH 3
Ab initio MO4aband density functional (DFFj2bcalcula- 298 20B) 2odH) 20 BH) (3)
tions have bger_1 cgrried out using the Gaussian-98 paéRage. Eoror (6q 1§" is the electronic energy of the protonation
Complete optimizations have been performed on guani@®ug ( reaction,Gy (€q 2) is the Gibbs free energy of protonation,
and aminoguanidinéAG), to understand the electronic structure, ang APA is the absolute proton affinity of a molecule (e§®).
1,3-H shift, NN, C=N and C=N b%gg rotations, using HF  E(B) andE(BH™*) denote the total energies of the base and its
(E), B3LYP (E),*"*° and MP2(full}®*" (E) methods at the  conjugate acid, respectively; ZPE is the zero point vibrational
6-31+G* basis set. Default convergence criteria (m{mmum energy correctionG,es is the free energy at 298.15 K of the
force < 0.0004 a.u., RMS force< 0.0003 a.u., maximum  free hase (B) and its conjugate ionic acid (BHHagg is the
a.u.) were used for all optimizations. The thermochemical data gng the proton (M) at 298.15 K. Equation 1 includes the
discussed in this work can probably be slightly influenced by changes in total energy and in zero point energy, eq 2 includes
the choice of the convergence criteria, but the trends in the e changes in total energy, in zero point energy, in thermal
observed data are not expected to be influenced; hence, theénergy, and entropy change on going from 0 to 298.15 K, and
default convergence criteria have been employed in this work. eq 3 gives the negative of enthalpy change\Hass), which
Frequencies were computed analytically for all optimized species jncjudes the changes in total energy, in zero point energy (ZPE),
at all levels to characterize each stationary point as a minimum, viprational energy on going from 0 to 298.15 K, and in
or a transition state and to estimate the zero point vibrational yotational and translational energy, and a work teRTi 0.592
energies (ZPE). The calculated ZPE values (at 298.15 K) haveycal/mol) 4 For H', only the translational energy term is not
been scaled by a factor of 0.9153, 0.9806, and 0.9661 for theequal to zeroKzes HY = 3/2 RT = 0.899 kcal/mol at 298.15
HF, B3LYP, and MP2(full) Ieyels, respectively.The _highe( K) and a work term RT = 0.592 kcal/mol¥ In the present
accuracy G2MPZ method, which uszezs less cogmputanonal time  work, Epro,, Gprow and APA are calculated using energy, Gibbs
and cost as compared to the 8162722 and G3* methods and  free energy, and enthalpy, respectively, obtained at the G2MP2
is almost as accurate as these highly accurate methods, wagsye| of calculation.

employed to obtain more reliable relative energies for all of  Harmonic Oscillator Measure of Aromaticity (HOMAYa

the structures. Almost all the energy values discussed _in this 3 geometry-based aromaticity index (HOMA is defined in such
paper are based on G2MP2-free energi@s (nless otherwise 5 way to give 0 for a model nonaromatic system and 1 for a
specifically mentioned (When HF, B3LYP, and MP2(full) system where full electron delocalization occurs) was applied
results are discussed, the values refer to total energies with ZPgg quantify the extent ot electron delocalization of guanidinium

correction E)). The geometrical parameters (bond lengths, bond jon and aminoguanidinium ion. HOMA is defined as follows:
angles, etc.) discussed in the text are from MP2(full)/6-G*

level optimized geometries (unless otherwise mentioned). The _ a 2

results obtained oMG have been compared with those of HOMA =1~ EZ CHa) )
hydrazine (HN—NH,), methyleneimine (LC=NH), imidamide

(Ho2N—CH=NH), guanidine ((HN),C=NH), formaldehyde hy- In this equationgo is the normalization constant (93.52 for
drazone (HC=N-—NH,), formamide hydrazone @M—CH= CN bonds)nis the number of bonds taken into accoudafy is
N—NH,), and already reported urea (#),C=0) systemg2a the optimum bond length that is assumed to be realized when
etc. full delocalization ofr electrons (1.334 for CN bonds), add

Atoms in Molecules (AIM3* calculations have been per- aré the_ running bpnd lengths. The Nucleus Ind_ependent _Chemi-
formed to estimate intramolecular hydrogen bonding interactions ¢&l Shift (NICS) index, related to the magnetic properties of
(wherever applicable). The natural bond orbital (NBO) ap- the molecule, was applied to quantify the extentrolectron
proaci®2b has been employed to quantitatively estimate the plelocahzaﬂqn of the guanidinium ion and the amlnoguamdlnlum
second-order interaction&( = —2F;/AE;) as energy due to  1oN- It was introduced by Schieyer et#f.and is a new and
second-order interactiol\E; = E; — E; is the energy difference effective aromaticity index. It is defined as the negative value
between the interacting molecular orbitaéndj; Fj is the Fock of absolute shielding computed at a ring center or any other
matrix element for the interaction betweieand;). The Wiberg interesting point of the system, d(_etermlned by th_e nonweighted
bond indices have been evaluated to understand the changes if"€@n of the heavy atom coordinates. Aromatic systems are
the bond characteristics as a function of changes in electroncharacterized by negative NICS and antiaromatic systems by
delocalizatior? Solvent effects using the Onsager reaction field Positive NICS, as discussed in the study of many cyclic
model were studied according to the Self-Consistent Reaction systemg®>™"

Field (SCRF = Dipole) approacta' for the most stable

conformers ofGu, AG, and their protonated forms with water ~ResSults and Discussion

as a solvent at the HF and B3LYP levels using the 6-Gt Electron Delocalization in Guanidine.The potential energy
basis set. (PE) surface of guanidine has been studied eddigdowever,
The protonated structures of guanidinéuf) and ami- the second-order interactions and their influence in the electron

noguanidine AGP) were also optimized using the same methods delocalization have not been described. The important confor-
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Figure 1. Conformers of Guanidine.
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mations ofGu and its C-N rotational transition states are given

in Figure 1. Complete optimizations at the HF/6433d*,
B3LYP/6-31+G*, MP2(full)/6-31+G*, and G2MP2 levels
indicate that there are two minim&(1 and Gu2) on the PE
surface of guanidine. The major difference between these two

structures is due to the arrangement of hydrogen atoms at N3

and N4: all on one side of the molecular plane a&u? versus
opposite sides as iBul. Gul is the global minimumGuz2 is
only about 0.77 kcal/mol higher in energy at the G2MP2 level
(Table 1). The two €&NH; bonds are unsymmetrical iGul
and possess different partialstrengths as represented by their
rotational barriers: 6.82 and 10.84 kcal/mol for the-0& and
C2—N3 bonds, respectively (Table 2). The larger -3
rotational barrier may be attributed to the repulsive interactions
arising due to the lone pair of electrons on N1 and N&in
TS2, but not due to C2N3 i strength over C2N4 i strength.
The C-N partial 7 character inGul is weaker than that in
urea ((HN).C=0), thiourea ((HN).C=S), and selenourea
((H2N),C=Se) (as indicated by €N rotational barriers 6.27,
7.52, 8.81, and 9.44 kcal/mol at the G2 level, respectivéh).
There are strong second-order delocalizatiorGud (Table
3). For example, the enerdy? associated with gy — 0* co-n4
is 23.56 kcal/mol. This negative hyperconjugative interaction
causes the elongation of the €R4 bond (by about 0.006 A)
in relation to the C2N3 bond and accounts for the relatively
greater s — 7* co-n1 (E@: 46.09 kcal/molyr delocalization
in comparison to theny — 7* co—n1 delocalization E@: 41.58
kcal/mol) (Table 3). The strengths of electron delocalizations
observed inGul are much weaker than those in urea, thiourea,
and selenoureaE(: 56.75, 73.52, and 83.60 kcal/mol,
respectively)?22 This weakness can be mainly attributed to the
smaller AE between the molecular orbitals involved in the
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rotational isomerism (around the-®l and N-X single bonds),
and (iii) geometrical E/Z isomerism (around the=N double
bond) are in general observed in guanidine. In the case of
aminoguanidineAG), all these processes lead to a total of nine
different minima on the PE surface, of which the distinct isomers
areAG1, AG2, andAG3 (Figure 2), which may be labeled as
position isomers. The €N and N-N rotational processes in
AG2 lead to the minimaAG2-1, AG2-2, andAG2-3; a similar
process irlAG3 leads to the minim&G3-1, AG3-2, andAG3-

3. All the isomers ofAG are characterized by several second-
order interactions, for example,nn — o0*co-nga Negative
hyperconjugation. The relatively significant second-order in-
teractions from the N3 and N4 centers will be discussed later.

The isomerAG1 with amino (NH) substitution at the imine
nitrogen (N1) has been found to be the most stable. Isé/@Ger
with NH; substitution at N3 is about 2.76 kcal/mol less stable
than AG1 at the HF/6-3%G* level. This energy difference
increases after including the electron correlation, to 3.99 kcal/
mol at the B3LYP/6-3%+G* level and to 4.85 kcal/mol at the
MP2(full)/6-31+G* level. The higher accuracy G2MP2 method
shows the difference to be about 3.37 kcal/mol (Table 4).
Similarly, isomerAG3 with NH, substitution at N4 is about
4.30 kcal/mol less stable thakG1 at the G2MP2 level. The
greater stability oAG1 can be attributed to the intramolecular
hydrogen bond iG1, which is absent in botAG2 andAG3.
When intramolecular interactions are involved in stabilizing
some isomers, it is advisable to use larger basis sets. We have
employed 6-31%+G(3df,3pd) and aug-cc-pVDZ (with the
B3LYP method) to estimate the influence of basis sets on the
relative energies oAG1, AG2, andAG3 (Table S6). The N5
-H8 length of the intramolecular hydrogen bond (2.182 A at
the B3LYP/6-31-G* level) only slightly increased to 2.189 A
(at the B3LYP/6-313++G(3df,3pd) level) and to 2.184 A (at
the B3LYP/aug-cc-pVDZ level). Upon including the diffusion
and polarization function on hydrogen, that is, 6-3#G-
(3df,3pd), theAE (AG1 — AG2) was slightly reduced from
3.97 to 2.91 kcal/mol. Application of the augmented correlation
consistent polarized valence doulildsasis set also showed a
reduction in the relative energies amoi@1, AG2, andAG3
(Table S6). However, the trends in the relative energies remain
undisturbed. Hence, we continued the rest of the work with the
6-31+G* basis set. AIM (Atoms in Molecules) calculation on
AG1l (MP2 optimized geometry) showed a N&18 bond
critical point (between N5 and H8 with = 0.023 097 V2o =
0.09 214, and= = 0.5284) and a ring critical point (for one
five-membered ring, H8-N5—N1-C2—N4—-H8 and p =
0.02170), which support the presence of an intramolecular
hydrogen bond with an N&H8 bond length of 2.177 A. This
intramolecular hydrogen bond stabilizes a-N rotational
conformation withanti arrangement between the lone pairs

second-order interactions in guanidine as discussed in the cas@Ccross the NN bond. Such an arrangement happens to be a

of ureast?2 This is also supported by the stronger pyramidal-
ization at N3 and N4 irGul (sum of angles¢): 337.0 and
339.7), in comparison to that in urea (346)6The ny — 7*c—n
electron delocalization iGul has been found to be stronger
than that in imidamideg®@: 25.83 kcal/mol). The G2N1 bond
rotational path in guanidine is much softer than in simple
methyleneimine and imidamide. This is evident from the fact
that the G=N rotational barrier irGulis 21.11 kcal/mol, which
is smaller than that of imidamide (24.62 kcal/mol), which is
also smaller than that of methyleneimine (27.88 kcal/mol).
Electron Delocalization in Aminoguanidine. Isomers of
AminoguanidineThree types of isomeric process, namely (i)
prototropic tautomerism (intramolecular proton transfer), (ii)

transition state in hydrazine, in formaldehyde hydrazone as well
as in formamide hydrazone.

To understand the influence of polar media on the relative
stabilities ofAG1, AG2, andAG3 and their rotamers, a SCRF
study has been carried out with dielectric constant 78.39 (water)
at the HF and B3LYP levels using the 6-BG* level (Table
S7 and S8). The results also indic#&1 is the most stable
isomer in polar media, though th&E values between the
isomers were reduced. A slight change in the relative stability
order (in kcal/mol) has been notice&G1 (0.00)> AG2 (3.99)
> AG3 (5.11) in the gas phase becaA&1 (0.00) > AG3
(1.85) > AG2 (2.40) in the solvent phase at the B3LYP/6-
31+G* level. The order of relative stabilities of the rotamers



10512 J. Phys. Chem. A, Vol. 108, No. 47, 2004 Bharatam et al.

TABLE 1: Relative Energies (kcal/mol, ZPE Corrected Values that have been Scaled by a Factor of 0.9153, 0.9806, and 0.9661
for HF, B3LYP, and MP2(full) Levels Respectively) of Various Conformers of Guanidine and Aminoguanidine at 298.15 K
Using 6-3HG* Basis Set

chemical interpretation

str. HF (E) B3LYP (E) MP2(full) (E) G2MP2 (G) of the energy data
guanidine
Gul 0.00 0.00 0.00 0.00 global minimum
Gu2 1.20 1.08 1.49 0.77 AE between two minima
Gu-TS1 7.55 7.05 7.06 6.82 rot. bar. across-G2
Gu-TS2 12.86 12.08 12.40 10.84 rot. bar. across B2
Gu-TS3 23.03 19.14 22.06 21.11 rot. bar. across=N2
N1-aminoguanidine
AG1 0.00 0.00 0.00 0.00 global minimum
AG1-TS1 10.95 9.33 9.25 7.72 rot. bar. across-G3
AG1-TS2 9.15 9.00 9.33 8.78 rot. bar. across-C&
AG1-TS3 42.82 32.62 37.92 36.44 rot. bar. across-N2
N3-aminoguanidine
AG2 0.00 0.00 0.00 0.00 global minimum
AG2-1 0.95 0.81 1.41 1.60 AE between two minima
AG2-2 3.79 3.26 3.58 3.34 AE between two minima
AG2-3 7.02 6.87 6.90 6.04 AE between two minima
AG2-TS1 6.69 5.96 5.96 5.91 rot. bar. across-G&2
AG2-TS2 15.16 14.40 14.34 13.74 rot. bar. across-N2
AG2-TS3 23.09 18.69 21.42 20.51 rot. bar. across-N2
N4-aminoguanidine
AG3 0.00 0.00 0.00 0.00 global minimum
AG3-1 -0.14 0.25 —-0.32 0.67 AE between two minima
AG3-2 0.52 0.30 0.83 1.16 AE between two minima
AG3-3 2.08 1.67 1.74 2.16 AE between two minima
AG3-TS1 11.88 11.16 11.07 10.55 rot. bar. across- N3
AG3-TS2 11.13 11.10 10.49 11.01 rot. bar. across-N2
protonated aminoguanidine
AGP1 0.00 0.00 0.00 0.00 global minimum
AGP2 6.67 6.07 7.42 5.52 AE between two minima

aE is the total energyG is the free energy, rot. bar. is the rotational barrier.

TABLE 2: Barriers to Rotation (kcal/mol) of the Most Stable Conformers of Guanidine (Gu), the Three Major Isomers of
Aminoguanidine (AG1, AG2, AG3), and Their Protonated Forms (GuP and AGP1) Obtained at MP2(full)/6-3%G* and
G2MP2 Level at 298.15 R

C=N1 C-N3 C-N4 N—-N
str. MP2() ) G2MP2G) MP2(f)(E) G2MP2G)  MP2()(E) G2MP2G) MP2()(E)  G2MP2 @)
Gul 22.06 21.11 12.40 10.84 7.06 6.82 - -
AG1 37.92 36.44 9.25 7.72 9.33 8.78 10.25 8.16
AG2 21.42 2051 14.34 13.74 5.96 5.91 10.49 9.06
AG3 16.50 15.93 11.38 10.55 10.81 11.01 11.04 9.12
GuP 11.96 13.18 11.96 13.18 11.96 13.18 - -
AGP1 18.85 18.70 9.78 9.93 16.30 15.79 13.34 11.76

aE is the total energyG is the free energy.

of AG2 remains the same in the aqueous phase at the B3LYP/However, it is interesting to note the energy barriers involved
6-31+G* level, with AG2-1, AG2-2, and AG2-3 being 0.66, in the unimolecular 1,3-H shift under gas phase conditions.
2.58, and 6.96 kcal/mol less stable thAG2, respectively. Among the nine different minima on the PE surfaceAd?,
However, in the case AAG3, a slight change in the order of  only three different 1,3-H shifts are theoretically possible; they
the relative stabilities was observed fréx@3 (0.00)> AG3-1 are betweerAG2-1 = AG1, AG3-2 = AG3, andAG3-3 =
(0.25) > AG3-2 (0.30) > AG3-3 (1.67) in the gas phase to AG3-1.3° The energy barriers for these three 1,3-H shift
AG3 (0.00)> AG3-3(0.93)> AG3-1(1.15)> AG3-2(3.92) processes are 36.54, 41.53, and 40.54 kcal/mol, respectively.
in the solvent phase at the B3LYP/6-B&* level. The observed  These barriers are much smaller than the barrier noted forketo
slight reversal in the relative stabilities of isomers of ami- enol tautomerism (56.33 kcal/mol forz8—CHO < H,C=
noguanidine under polar conditions may be attributed to the CHOH) and imine-enamine tautomerism (61.21 kcal/mol for
increased number of lone pairs exposed to solvent (For example HsC—CH=NH < H,C=CH—NH,), but they are similar to that
three lone pairs of electrons iAG2 to four lone pairs of in guanidine (42.00 kcal/mol) and in imidamide (43.93 kcal/
electrons inAG3). mol). The smaller 1,3-H shift barrier kG2-1 = AG1 indicates
Isomeric Processes in Aminoguanidifototropic tautom-  that the hydrogen shift from N3 to N1 iAG2-1 is benefited
erism is one of the important processes of guanidine and its by the presence of the fN,) amino group, which induces
derivatives®® It can be effectively studied using computational weakness in the N3H7 bond due to j — 0*n3—H7 Negative
chemistry methods as reported on many basic systrisin hyperconjugation.
the solution phase, this process must have been taking place The AG2-1 = AG1 1,3-H shift process is of practical
through a protonated derivative along a bimolecular pathway. importance since this is the only unimolecular path that helps
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TABLE 3: NBO Analysis of the Most Stable Conformers of
Guanidine (Gu), the Three Major Isomers of
Aminoguanidine (AG1, AG2, AG3), and Their Protonated
Forms at the MP2(full)/6-31+G* Level at 298.15 K

second-order interaction occupancy

str. interaction E@* E—-EP F° PN(N)  ParC2-N1)

Gul MNs—m*co-n1 4158  0.67 0.153 1.8Q3) 0.212
Nna—T*co-ny 46.09 0.68 0.162 1.89%)
Mi—0*cona  23.56  1.22  0.152 1.939

AGl  nz—a*ce-ni 40.28  0.67 0.152 1.89@) 0.238
Nna—m*co-n1 53.22  0.65  0.171 1.8(%
Nni—o0*ca-na  18.22  1.29  0.137 1.9%%
Nns—0™* Na—Hg 550 1.28 0.075 1.98@;

AG2  nmz—a*ce-n1 46.83  0.65 0.160 1.8G@) 0.222
nN4—.7'[*Cg_N1 44.41 0.67 0.159 18%)
NN1— 0% co—Na 23.23 1.23 0.151 19%5_)
NNs— 0™ co-n3 7.44 1.21 0.085 19?[%)

AG3 MN3—7T* co—-N1 38.16 0.67 0.147 18%) 0.214
Nna—m*co-n1 51.51 0.66  0.168 1.86&)
NN1— 0% co—Na 23.30 1.23 0.151 19%&)
Nns—0* co-Na 856 1.20 0.091 1.97%

GuP M3—7T* co—-N1 112.48 0.48 0.220 176%) 0.443
Nna—m*co-ny 112,49 0.48  0.220 1.7

AGP1 nNg—m*cona 11235 050 0221 1.74& 0.430
Ni—7*co-na 109.64 050 0.221 1.74%
NNs5— 0% N1—H12 9.83 1.19 0.097 19@75)

AGP2 nz—m*ce-na 107.23 0.49 0.216 1.7 0.446
an_ﬂ*CZ—N4 125.06 0.48 0.230 17621)
Nns—0*c2-n1 12.01 1.23  0.108 1.9

an kcal/mol.? In a.u.

5
2.260A° éﬁj
AG3-1 AG3-2 AG3-3

Figure 2. Isomers of Aminoguanidine (the geometric details are given
in Table S5).

TABLE 4: Relative Energies (kcal/mol) of the Most Stable
Conformers of the Three Major Isomers of Aminoguanidine
(AG1, AG2, AG3) Using Different Theoretical Methods at
298.15 K Using 6-3#G* Basis Set

st  HFE) B3LYP(E) MP2(ull) (E) G2MP2@)
AG1  0.00 0.00 0.00 0.00
AG2 276 3.99 4.85 3.37
AG3  4.09 5.11 6.28 4.30

aE is the total energyG is the free energy.

in converting all the minima to the global minimum on the PE
surface ofAG (Figure 3 gives a schematic representation of
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AG2-3 AG3-2
b1 3.02 a/b1 41.53/9.85
Al 3_:.54 AG21-ZE AG2 19c.ss AG3 #-;7 AG3
18.46lb 845\" a/')44).54/9.52
AG2-2 AG3-

Figure 3. Schematic representation of possible interconversion paths
of isomers of aminoguanidine. The energy values (in kcal/mol at
G2MP2 level) are barrier for interconversion from higher energy isomer
to lower energy isomer. (a) 1,3-H shift barrier, (b) Rotational barrier

and (c) E/Z Isomerization barrier.

through different mechanisms.). It is interesting to note that none
of the rotational isomers oAG3 (AG3, AG3-1, AG3-2, and
AG3-3) can be converted directly to eith&G1 or AG2 via
the 1,3-H shift. It may take place only aftBfZ isomerization
from AG3 to AG2, which requires a barrier of 19.58 kcal/mol.
The geometricaE/Z isomersAG2 andAG3 were not reported
by previous workers!2though slightly less stable rotamers of
these two positional isomers were reported. The three minima
AG2-1, AG2-2, andAG2-3 (Figure 2) are higher in energy than
AG2 by 1.60, 3.34, and 6.04 kcal/mol, respectively (Table 1).
The rotational isomer&\G3-1, AG3-2, and AG3-3 are less
stable thanAG3 (Figure 2) by 0.67, 1.16, and 2.16 kcal/mol
respectively (Table 1). The order of preference of these isomer
remain the same at almost all levels, except &#@G8-1 becomes
relatively more stable thafG3 according to HF and MP2 level
calculations (Table 1). Though the observed -N3(N4)
distance is 2.201 A ildG2-1, the N5--H(N1) distance is 2.289
A'in AG3-1 and the N5-H(N3) distance is 2.269 A iAG3-
3, which are all within the range of the hydrogen bond length;
AIM calculations do not show any distinct bond critical point
or ring critical point corresponding to the presence of an
intramolecular hydrogen bond.

Electron Delocalization from N8Dne of the important aspects
to be addressed in this work is whether the lone pair &HN
is playing any role in the electron delocalization to thsame.
The structures ofAG1, AG2, and AG3 do not give any
indication of extended conjugation of the lone pair on N5 to
thesr frame of AG. The N—N rotational barriers iRG1, AG2,
andAG3 respectively are 8.16, 9.06, and 9.12 kcal/mol (Table
2) and all are slightly higher than that in hydrazine (7.80 kcal/
mol). The increase in these values can be attributed to the
intramolecular hydrogen bond A&G1, lone pair (N1)-lone pair
(N5) repulsions inAG2, and 1,4 repulsions arising due to
(N1)H---H(N5) interactions inPAG3, none of these are due to
loss of the N5 lone pairr distribution, indicating that the N5
lone pair is not involved inr delocalization in any of the isomers
of AG. The lone pair on N5 participates in relatively less
prominent interactions as below. AG1, it is involved in rys
— 0*n4—ng (E@: 5.50 kcal/mol) anomeric interaction, contribut-
ing to the intramolecular hydrogen bond;A&2 it is involved
in Nns — 0*co-naz (E@: 7.44 kcal/mol) negative hyperconju-
gative interaction, and iIAG3 it is involved in nys — 0* co-na
(E@: 8.56 kcal/mol) negative hyperconjugative interaction
(Table 3). The NPA charges (Table S9) obtained in all of the
isomers showed reduction in the negative charge at the amino
substituted nitrogen center, while the other atoms showed similar
charge distribution as in the case of guanidine.

C—N Rotational Process in Aminoguanidirtelectron delo-
calization inAG1 can be understood as a function of-€23
and C2-N4 (Figure 4) bond rotations, which are 7.72 and 8.78
kcal/mol, respectively. NBO analysis shows strong electron

the interconversion of the various isomers of aminoguanidine delocalization from N3 (g — 7*co-n1: E@: 40.28 kcal/mol)
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AG1-TS1 AG1-TS2

AG2-TS3

AG3-TS2

AG3-TS1
Figure 4. Rotational transition states &G1, AG2 and AG3.

and from N4 (Rs — 7*co-n1: (E@: 53.22 kcal/mol) (Table
3), which indicates stronger partial €4 z strength in
comparison to C2N3 bond. Three major points became evident
while comparing the €N rotational processes iGul and
AGL1: (i) the C2-N3 rotational barrier decreased from 10.84
kcal/mol in Gul to 7.72 kcal/mol inAG1, (ii) the C2-N4
rotational barrier increased from 6.82 to 8.78 kcal/mol, and (iii)
the C2-NL1 rotational barrier increased significantly from 21.11
kcal/mol in Gul to 36.44 kcal/mol inAG1 (Table 2). This
comparison indicates that there is strong redistributionr of
electron density irAGL1 in relation toGul. This is supported
by the slight decrease (41.58 to 40.58 kcal/mol) & A~

Bharatam et al.

¢ 6

GuP

AGP1

Figure 5. Protonated conformers of guanidine and aminoguanidine.

AGP2

TABLE 5: Protonation Energies (Eprot, Gprot) @and Absolute
Proton Affinity (APA) of Guanidine and Aminoguanidine at
G2MP2 Level of Calculations (kcal/mol) at 298.15 K

str. Epm( Gpm[ APA
Gu —234.93 —235.77 235.68
AG1 —234.84 —235.14 235.94

through the transition sta®®G1-TS3is not an allowed path in
aminoguanidineAG1.

An analysis of electron delocalization kG2 and AG3
indicates that the point of attachment of the Nigtoup plays
an important role. IPAG2, delocalization of the N3 lone pair
is relatively greater, whereas &G3, delocalization of the N4
lone pair is greater. For example, &G2 the second-order
energy due to s — *co—n1 delocalization is 46.83 kcal/mol
(an increase from 41.58 kcal/mol Bul) and s — 7* co-n1
delocalization is 44.11 kcal/mol (an decrease from 46.09 kcal/
mol in Gul) (Table 3). The C2N3 and C2-N4 bond rotational
barriers (Table 2) also support the above observation. An
opposite trend was observed AG3.

Electron Delocalization in Protonated Guanidine and
Aminoguanidine. The electronic energy change of protonation
(Eprop, Gibbs free energy change of protonatidB,gy), and
absolute proton affinity (APA) values dbu estimated using
the G2MP2 method (using egs 1, 2, and 3) arg34.93,
—235.77, and 235.68 kcal/mol, respectively (Table 5). The
calculated APA value of 235.68 kcal/mol falls within the
expected range (23236 kcal/mol at the G2 lev&) and the
FT-ICR estimate of 235.7 kcal/m&.The improved electron

7* c2-n1 delocalization and a large increase (46.09 to 53.22 kcal/ delocalization upon protonation has been shown to be the reason

mol) for the s — 7*c2-n1 delocalization fromGul to AG1
(Table 3).

During C2-N3 rotation inAG1, AG1-TS1is the rotational
transition stateAG1-TS1 is characterized by (i) the lack of
NNz — T* co-N1, Which is replaced by a weaker delocalization
Nns — 0*c2-ng Negative hyperconjugative delocalization and

for the high proton affinity. The €N rotational barrier irGuP
has been estimated to be 13.18 kcal/mol at the G2MP2 level
(Table 2).

The estimated APA oAGL1 at the HF/6-3%+G* level (eq 1)
is 235.02 kcal/mol. This value is reduced to 228.54 and 225.15
kcal/mol upon including electron correlation at the B3LYP/6-

is also characterized by (i) repulsions between the lone pairs 31+G* and MP2(full)/6-3H-G* levels (eq 1), respectively

on N1 and N3, which are present@u-TS2. However, AG1-
TS1 is additionally characterized by (iii) breaking of the
intramolecular hydrogen bond, which is replaced kg n>

(Table S13). A similar correlation effect is also observed in the
case ofGu, where at the HF/6-31G* level the value of APA
is 234.11 kcal/mol, which upon inclusion of electron correlation

7* c2-n1 delocalization. This compensates the energy loss uponat the B3LYP/6-3%G* and MP2(full)/6-3H-G* levels is

C2—N3 rotation and causes a decrease in the 82 rotational

reduced to 228.24 and 224.29 kcal/mol, respectively (Table

barrier. The energy compensation may be estimated to be abouS13). At the higher accuracy G2MP2 method, the estimated
1.78 kcal/mol as a function of the energy difference between Eprot, Goror, and APA ofAG1 are—234.84,—235.14, and 235.94

the C2-N3 rotational structure with 3N-6 and 3N-7 degrees of
freedom (i.e., unrestricted and restricted-N\NI5 rotation during
C2—N3 rotation). The C2N4 rotational process irAG1l
throughAG1-TS2is characterized by (i) a loss in intramolecular
hydrogen bond, (ii) a loss ofwa — 7* co-n1 delocalization, and
(iii) a gain in the ms — 0*c2-n1 @anomericr strength together
contribute to the C2N4 rotational barrier. The G2N1
rotational path iPAG1 through the transition stat®G1-TS3is

kcal/mol, respectively. These values are very close to the
corresponding values of guanidine, indicating that the Lewis
basicity of aminoguanidine is quite comparable to that of
guanidine.

All the isomers of aminoguanidine lead to the same proto-
nated aminoguanidinGP, which may exist in either of the
two conformational minima&GP1 andAGP2 (Figure 5). The
difference between the two structures arise due to rotation across

36.44 kcal/mol (Table 2). This is larger than in methyleneimine the N—N bond.AGP1 is characterized by the intramolecular

(27.88 kcal/mol), imidamide (24.62 kcal/mol), and guanidine
(21.11 kcal/mol), indicating that the geometrical isomerism

hydrogen bond N5-H8 (2.223 A), which is confirmed by the
presence of a bond critical point (between N5 and H8 with
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0.021 357 V?p = 0.08889, and: = 0.5794) and a ring critical
point (for one five-membered ring, H8N5—N1—C2—N4—

H8 andp = 0.02029) as shown by AIM calculatiorAGP1 is
characterized byng — 0* n1—n12 S€cond-order interactions, and
AGP2 is characterized byng — 0* co—n1 Second-order interac-
tions (Table 3). The energy difference between the two
conformers is 5.52 kcal/mol. The-N\N rotational barrier in
AGPL1 is about 11.76 (Table 2) kcal/mol at the G2MP2 level,
which is about 3.94 kcal/mol higher in energy than the rotational
barrier (7.80 kcal/mol) in hydrazine.

The C2=N1, C2-N3, and C2-N4 rotational barriers in
AGP1 are 18.70, 9.93, and 15.79 kcal/mol (Table 2), respec-
tively. This indicates that unlike iGuP, where all of the &N
partial double bonds become practically equivalent after pro-
tonation, the &N bonds inAGP are highly polarized. The G2
N1 rotation barrier (18.70 kcal/mol) iAGP1 is much smaller
than that inAG1 (36.44 kcal/mol), but the C2N3 and C2-

N4 rotational barriers show an increase upon protonation. This
trend is according to the expectations based on increased

delocalization upon protonation. The higher barriers for the=C2
N1 and C2-N4 rotations inAGP1 in comparison tdGuP are
due to the intramolecular hydrogen bond.

The bond characteristics and the extentzofielocalization
in GuP and AGP1 can be estimated using several indices:

J. Phys. Chem. A, Vol. 108, No. 47, 20040515

Wiberg bond indices represent the bond characteristics of aFigure 6. Conformations of aminoguanidinoacetic acid.

system while the geometry based aromaticity index, HOMA,

and the magnetic property based aromaticity index, NICS, can

solvent interactions in the case AfGP2. From the structure

be used to understand delocalization characteristics. The Wiberganalysis of the cocrystal of the protonated aminoguanidine and

bond indices for the G2N1, C2-N3, and C2-N4 bonds are
all equivalent to 1.28 forGuP and 1.23, 1.27, and 1.31,
respectively, forAGP1 (Table S11). This supports our earlier
observation that the electron delocalizationAGP1 is more
polarized compared tGuP. The calculated HOMA (eq 3) value
for GuP is 0.999, while Krygowski et &’ reported HOMA

= 1.011 for guanidinium salts. This clearly implies that the
delocalization ofr electrons in the C(N)moiety in guanidine

is very high (for benzene, HOMA= 0.979). The evaluated
HOMA value for AGP1 is 0.998 (Table S14), which is
comparable to that of the guanidinium ion. The NICS values
calculated for the guanidinium ion and the aminoguanidinium
ion, respectively, are-44.1 ppm and-37.6 ppm, much larger
than that of benzene—©.7 ppm) (Table S14). Though the

iINOS it has been observed that the protonated aminoguanidine
is present in the distal pocket of the oxygenase domain in iNOS.
The guanidino nitrogen and the amino nitrogen of the protonated
aminoguanidine form a hydrogen bond with the carboxyl oxygen
atom of Glu371, and both the terminal guanidino nitrogens form
hydrogen bonds with Trp366 peptide carbonyl. These interac-
tions indicate that the protonated aminoguanidine adopts the
orientation similar to that oAGP2 inside the active site of the
oxygenase domain of iNOS, which corroborates the above
solvent analysis.

The above study on the electronic structure of aminoguanidine
can be extended to understand the electronic structure of its
derivatives. One important requirement is to find the structure

numerical values cannot be taken as a measure of relativeof aminoguanidinoacetic acichGAA), which was shown to

strengths of delocalization, the negative NICS values confirm
strong delocalization ilGuP as well as inAGP1. Since the
C(N)s moiety is intact in aminoguanidine, the substitution of
an amino group does not perturb the existing strorgectron
delocalization of the guanidinium moiety.

The NPA charges obtained for th@uP suggest that the

exist as a zwitter ioR.A major question is whethehGAA is

a derivative ofAG1 or AG2. Earlier reports representé@AA

as a derivative oAG2 (1) (Figure 6). If it were to be a derivative
of AG1 (the most stable isomer of aminoguanidine), it should
have been represented aslinwhich is also convenient for the
zwitter ion (Il') formation. Our calculations suggested that

charge is equally distributed across the molecule. The positive S the proper representation &iGAA. Structurell is also
charge concentration on the hydrogens is much larger than thatcharacterized by two intramolecular hydrogen bonds-{N1

at the central carbon. This is similar to the observatio\GiP;

H17: 1.88 Aand N5-H12: 2.26 A). Structurdl is more stable

hence, its polarizability in aqueous conditions is also expected than | by 5.09 kcal/mol at the HF/6-31G* level. The AE

to be as high as in guanidif&® This may enable the peripheral
protons in the aminoguanidinium ion to participate in electro-
static interactions or hydrogen bond interactions in the solution

betweenll andlll in the gas phase has been found to be 15.46
kcal/mol at the HF/6-31G* level, favoringll . In the solvent
phase, the relative energy order between structureand

phase more favorably. In the solvent phase, the relative energystructurelll of aminoguanidinoacetic acid is reversed, that is,

order betweerAGP1 and AGP2 is altered, making the latter
more stable in polar media (water) with a difference-&.40
kcal/mol between the two conformers at the B3LYP/6+-&*

the zwitter ion structure is more stable in water than structure
Il by 16.80 kcal/mol at the HF/6-31G* level. However,
structurel is still the least stable, with an energy difference of

level. This reversal of the relative energy order can be explained 29.86 kcal/mol relative to structundl . This clearly suggests
on the basis of breaking of the intramolecular hydrogen bonding that the antidiabetic lead compounds based on aminoguanidine

and also on the availability of the lone pair on the N5 atom for

are actually derivatives oAG1, but not ofAG2 or AG3.
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