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The conformational properties of neutral and protonatdd -dimethyl andN-methylIN'-acetyl-guanidines

have been studied in vacuo and in solution, considering either water or chloroform as solvents. Using the ab
initio MP2/6-31G* optimized geometries obtained in vacuo, single-point HF/6+31G**//MP2/6-31G* and
MP2/6-31H+G**//MP2/6-31G* calculations have been performed in vacuo and continuum solvent free
energy calculations in solution for most of the syn (S) and anti (A) conformers (with respect to the unsubstituted
nitrogen) for different tautomeric structures. The solvation free energy is considerably less favorable, as
expected, for neutral than for protonated guanidines (abdut vs —63 kcal/mol in water and about4 vs

—41 kcal/mol in chloroform for dimethyl-guanidines at the HF level; methyl-acetyl-guanidines show a slightly
larger spread around those average values). The correlation contribution to the solvent effect is feeble for the
protonated derivatives in solution, while it is larger (up to 4 kcal/mol in water) for the neutral conformers.
The cooperative effect among the carbonyl lone pairs and the nitrogen in-plane lone pair is responsible for
the fairly large solvent stabilization of the conformers with these polar groups facing each other. Several
different conformers/tautomers of neutral methyl-acetyl-guanidine are within a 0.5 kcal/mol free energy range
in vacuo, whereas in solution both the neutral (with a cisNCdouble bond with respect to the acety+0O)

and protonated SS methyl-acetyl conformers turn out to be slightly stabilized over the others, especially at
the HF level.

Introduction possible that the protonated base does not lose the proton but
reaches stabilization with the small number of water molecules
existing in the nonpolar phageA further possibility is that, if

the drug contains the active component in the form of an organic
analyzing the behavior of a single rotamer under specific salt, the protonated base and its counterion present a distribution

conditions, which is usually impossible for real systems where of an ion pair: ) o
an equilibrium mixture is present in general, one can derive ~_1he above mechanisms for drug distribution are real pos-
useful information about the equilibrium mixture composition Sibilities for the important class of guanidine derivatives.
as well. Guanidine as a building block of several compounds of
In biological processes, drug molecules partition between Piological and therapeutic interéstincluding arginine, has
aqueous and lipid phases throughout the drug-transport process‘i‘maCted _much attention. '_I'heoretlcal c_alculat|o_ns ha\_/(_a been
A low dielectric constant solvent can model a slightly polar eported in the literature either concerning the ion-pairing of
environment in a biological medium. Free energy calculations its positive ions in watéror conformational analyses of several
in water and chloroform permit estimation of the conformational/ rotamers of di- and trisubstituted protonated derivatfves.
tautomeric equilibrium for biologically important molecules in Recently, we have analyzed the conformational properties of
the given solvent and consequently their partition coefficients N,N'-diaryl-guanidines in aqueous solutiGhresorting to free
useful in drug-design studiés. energy ab initio calculations for the diphenyl derivatives and
Determination of the relevant molecular structure involved approximate methods for the bulkier compounds. Counterion
in the partitioning process may be complicated in cases when effect on the conformational equilibrium for tiheN'-diphenyl-
the biologically active component of the drug is an acid or a guanidine in water was studied in the framework of a combined
base. There are different possible mechanisms for partitioning. ab initio/Monte Carlo study? Due to the interest of this system,
The simplest occurs when the active component takes a neutrahowever, we decided to perform a more systematic study taking
form in both phases. At physiological pH (7.4), most bases are into account several conformers for guanidine derivatives with
protonated in blood, which may be assumed for theoretical symmetric/asymmetric substitutions and considering both non-
purposes as an aqueous solution. Moving to the nonpolar phasgolar and partly polar substituents. Accordingiy/N'-dimethyl
usually requires the protonated base to lose its proton. Sinceand N,N'-methyl-acetyl derivatives were investigated both in
this latter phase, however, must be saturated with water, it is neutral and protonated forms, using reliable geometries deter-

One of the attractive features of computational chemistry
relies upon the possibility to consider a particular geometrical
and electronic state of a flexible molecule. In this way, by
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mined at the MP2/6-31G* level. An extended basis set at a charges that should develop in the bulk of the dielectric medium
correlated level, MP2/6-31#+4G**, was used to evaluate the as a reaction to the escaped electronic f&ilEhe main novelty
free energy in the polarizable continuum model (PCM) frame- in the solvation code with respect to the PCM method already
work 2 in two different solvents, water and chloroform. Since embodied in Gaussian94 is the use of the united atom topologi-
guanidine and its derivatives, as generally strong bases, arecal model (UAHF) for the definition of the cavil, which
protonated at physiological pH in agueous solution, a different optimizes the van der Waals radii for atoms and atomic groups,
behavior is to be expected in chloroform and we would like to allowing very accurate electrostatic solvation free ener@ies,

see whether a consistent result comes out from our study. Theto be obtained:

thermal corrections have been evaluated for most of the

conformers in vacuo. It would be interesting to compute them Gy=E5 — % J TV, (r) dr (3)
also in solution, but this would require full geometry optimiza-
tions at the MP2 level in solution (employing the 6-3t#G** (with ES, = Ej, + E"9,8 with X = HF or MP2. To simplify

basis set) which are far beyond our present computer resourcesthe notations, HF and MP2 are not indicated in the tables and
Moreover, this kind of calculation needs some further testing drawings as subscripts or superscripts, but they are reported in
of the implementation at the MP2 level of the geometry the headings or legends only.

optimization in solution. A prospective way to overcome this  The solvent effect at each level is therefore defined as
should be the use of the density functional thééfyo include

correlation effects into the geometry optimization in solution. GY'=G) - Eg 4)

Brief Outline of the PCM Method whereEg is the energy of the solute in vacuo at the X level.
We have described thus far only the electrostatic contribution

To make the paper self-contained, we briefly report a tq the molecular free energy in solution, which however is made
description of the procedure followed to account for the up by additional terms:

electrostatic effect felt by a quantum mechanical solute M

immersed in a solvent, represented as a continuum of dielectric Gy=G,+G

constante. More detailed and exhaustive descriptions can be

found in the source papers of the metﬁca:hd in a recent The Ca.Vita.tiOﬂ]',6 diSperSionl,7 and repulsiof‘? terms do not

review1! However, some modifications recently introduced in  affect the solute wave function, because they do not enter into

the algonthms are mentioned and quoted hereafter. the Hamiltonian; their effect is limited to the energy. The
The computed quantities derive from the Hamiltonian of the cavit_ation free energy is defined as a summation over the spheres

system, which consists of two terms, one related to the Making up the cavity:

+ Gdis+ Grep (5)

cav

unperturbed solutei1°(M), and the othery,, to the solute- spheres A
solvent interaction: Gegy = z 4_R12G'H (6)
1 TR
(H°*(M) +V,) ¥y = Eyyon (1)

with GiHS corresponding to the free energy of a sphere of radius

The solute is located in a cavitf;!2 shaped on the solute R in a fluid of hard spheres, determined with the Pierotti's
itself, inside a dielectric medium and therefore induces an formulal®® weighted based on the actual solvent exposed
apparent charge distribution on the cavity surface. The inducedsurface,A;, to account for the complex nonspherical shape of
distribution depends on the solute total charge distribution cavities. The dispersion and repulsion terms are computed with
(electrons and nuclei) and on the apparent charge distributionan atom-atom potential methotf, using parameters developed
as well. The apparent polarization charges corrected for their by Caillet and Claverié The procedure implemented in PCM
mutual polarization and for the charge escaped outside theallows them to be computed at the same time making use of a
cavity, used to polarize the solute charge distribution, consist surface integral, transformed in a sum of terms defined on each
in the present version of PCM of two sets depending on the tile of the cavity surfacé?
solute electronsé] and nuclei N), respectively. They are solutesolvent  files
computed exploiting linear equations which can be expressed _ dr, |
in matrix form23 Gar = Z Z Ps IZ ACTTa, 7)

= AD_lEﬁ; qN — AD_lEr’\]' @) with dr equal to dis or rep, depending on the case. The sums
run on the atoms ands of the solute and solvent molecules,
respectively ps is the density number of solvent molecules, A
is the area of the tilg ry is the vector joining the atora and
the tilei, while n; is the unit vector normal to the tile For the
expressions o€ and to gain a deeper insight in the method,
the interested reader is referred to the already quoted p&péfs.
All the contributions shown in eq 5 are kept apart in Tables
1-6 in order to evaluate their relative importance. Because of
the definition ofG°! (eq 4), the difference in th&: terms is
not equal to the corresponding difference in th€,; terms.
Instead, the equatioNAG = AAE + AG:S holds.

whereA is the diagonal matrix of the surface tile areas and the
elements oD depend ore and on the geometry of the tiles
only. The elements dE¢ andE) are the normal components of
the electric field acting on the surface tiles due to the solute
electrons and nuclei, respectively. This formulation, coupling
PCM for the solute-solvent system to the boundary element
method to solve the electrostatic problem, allows the computa-
tion of all the molecular properties with a single SCF calculation,
instead of employing the three iterations earlier necessary.
The procedure used to normalize the polarization charge
appearing on the cavity surface corresponds to the option . .
ICOMP = 4 of PCM in Gaussian9%' i.e., additional charges Computational Details
are located on the cavity surface, according to the solute The systems considered are both neutral and protonated
electronic density in each point belonging to it, in place of the guanidines with two Hs in positidN,N’, respectively, substituted
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TABLE 1: Relative Stability of the Neutral Dimethyl- and Methylacetyl-Guanidine Conformers Considered with Respect to
dmgSA? and ma=gSAP, Respectively, in Vacuo and in Water Solution at the HF and MP2/6-31:£+G** Levels on MP2/6-31G*
Optimized Geometrie$

HF MP2 free energy contributions
rotamer AE AGiot G AE AGiot G GY(MP2) Geav Guis Grep
dmgSA 0. 0. —10.71 0. 0. —9.89 —10.11 13.83 —18.41 4.80
dmgAS 2.06 211 —10.66 1.94 2.09 —9.74 —9.94 13.82 —18.25 4.64
dmgSSs 1.71 0.88 —11.54 1.53 0.85 —10.57 —10.79 13.83 —18.35 4.75
dmgAA 6.95 6.44 -11.22 6.37 591 —10.34 —10.59 13.70 -18.17 4.71
ma=gSA 0. 0. —9.40 0. 0. —7.88 —9.18 17.04 —19.87 4.12
ma=gAS —0.10 -0.14 —9.43 0.50 0.54 —7.84 —9.28 17.00 —20.03 4.47
ma=gSS 0.02 —1.50 —10.92 0.75 —0.79 —9.42 —10.64 16.99 —20.09 4.32
ma=gAA 8.93 6.14 —12.19 6.41 3.92 —10.37 —12.02 16.90 —19.82 4.57
m=agSA 15.24 7.14 —17.50 10.94 4.78 —14.04 —15.91 17.44 —19.94 4.38
m=agAS 7.67 406  —13.01 4.70 233 —10.26 -11.74 17.10 —-19.61 3.99
m=agSS 3.95 291 —10.44 1.22 1.01 —8.10 —9.37 17.08 —19.85 4.05
m—=agAAc 13.33 931  —-13.42 7.54 476  —10.67 —12.36 16.79 —19.44 4.34
magSA 2.49 1.90 —9.99 1.26 1.68 —7.47 —8.94 17.14 —19.78 4.12
mag(up)SA 5.30 401 —-10.69 3.59 3.30 -8.17 —-9.67 17.07 —20.02 4.44

2The HF and MP2/631t+G** energies of dmgSA are-282.256852 and-283.243227 hartrees, respectivélythe HF and MP2/631E+G**
energies of meegSA are—395.054255 and-396.358649 hartrees, respectivelilhe total components of the solvent effect are also reported,
together with their relevant contributions.

TABLE 2: Relative Stability of the Dimethyl- and Methylacetyl-Guanidinium Conformers Considered with Respect to
dmgSAprand magSAp, Respectively, in Vacuo and in Water Solution at the HF and MP2/6-31%+G** Levels on MP2/6-31G*
Optimized Geometrie$

HF MP2 free energy contributions
rotamer AE AGrot G AE AGrot G GY(MP2) Geav Guis Grep
dmgSAp 0. 0. -62.18 0. 0. —-62.19 —62.03 1393  —19.33 5.24
dmgSSp ~0.05 -0.86 —62.99 027  —058 —63.04 —62.84 1389  —19.47 5.39
dmgAAp 4.45 3.63  —63.00 2.61 1.73  -63.07 —63.01 13.74  —19.35 5.55
magSAp 0. 0. —60.54 0. 0. —58.72 —59.72 1719  —20.63 4.44
magASp 0.89 033  —61.10 1.36 079  —59.29 —60.36 1712 —20.68 4.63
magSSp 0.06 —1.78 —62.38 060  —1.37 —60.69 —61.60 1712 —20.87 4.66
magAAp 8.53 492  -64.14 5.34 1.86  —62.19 —63.44 16.94  —20.75 5.06

2The HF and MP2/631&+G** energies of dmgSAp are-282.669337 and-283.638624 hartrees, respectivélfthe HF and MP2/631+G**
energies of magSAp are395.446996 and-396.740295 hartrees, respectivelilhe total components of the solvent effect are also reported,
together with their relevant contributions.

TABLE 3: Relative Stability of the Neutral Dimethyl- and
Methylacetyl-Guanidine Conformers Considered with
Respect to dmgSA and magSA, Respectively, in
Chloroform Solution at the MP2/6-311++G** Level on
MP2/6-31G* Optimized Geometrie$

TABLE 4: Relative Stability of the Dimethyl- and
Methylacetyl-Guanidinium Conformers Considered with
Respect to dmgSAp and magSAp, Respectively, in
Chloroform Solution at the MP2/6-311++G** Level on
MP2/6-31G* Optimized Geometrie$

MP2 free energy contributions MP2 free energy contributions
rotamer AGo G GY(MP2) G Gas  Grep rotamer AGo  Giy  GP(MP2) Geav  Gas  Grep
dmgSA 0. —3.85 —3.24 10.00 —13.07 2.46 dmgSAp 0. —40.88 —39.92 10.07 —13.66 2.64
dmgAS 1.60 —4.19 —-3.61 9.99 —1296 2.39 dmgSSp -—-0.11 —-41.26 —40.23 10.04 —13.78 2.71
dmgSSs 1.18 —4.20 —3.60 10.01 —13.04 2.44 dmgAAp 1.96 —41.53 —40.56 9.94 —13.67 2.76
dmgAA 5.81 —4.40 —3.81 991 -—-1292 241 magSAp 0. —39.39 —39.39 12.42 —14.76 2.33
ma=gSA 0. —-3.91 —4.19 12.33 —14.26 2.21 magASp 1.31 —39.44 —39.47 12.37 —14.76 2.42
ma=gAS 0.65 —3.77 —4.09 12.30 —14.32 2.35 magSSp —0.12 —-40.12 —39.98 12.37 —14.94 2.43
ma=gSS —0.56 —4.50 —4.66 12.29 —14.41 2.29 magAAp 3.65 —41.08 —41.13 12.24 —14.76 2.57
ma=gAA 5.66 —4.66 —5.09 12.22 —14.18 2.37 aTh
m—agSA 929 —556 —6.24 12.61 —14.25 231 e to_tal components of th_e s_olvent effect are also reported,
m=agAS 485 —3.77 —4.21 12.36 —14.07 2.15 together with their relevant contributions.
m=agSS 1.74 —3.39 —3.65 12.35 —14.28 2.18
m=agAAc 7.42 —4.03 —-454 1216 —-13.92 2.27 For the neutral ones we took into account three possibilities,
magSA 174 -3.44 -3.85 1240 -1418 2.20 namely mag, rrag, and mag (see Scheme 2). The protonated
mag(up)SA 3.49 —4.01 —4.37 12.36 —14.33 2.34

compounds considered (a suffix p is added to their names to
distinguish them from the neutral systems) are displayed in

Scheme 3, while the neutral compounds are reported with their
given names, whose definition is more cumbersome, in Schemes

aThe total components of the solvent effect are also reported,
together with their relevant contributions.
either by two methyl groups (% Y = CHg), called for short
“dmg”, i.e., N,N'-dimethyl-guanidines, or by a methyl group 4 and 5. The different conformers have been defined-aantti
and an acetyl group (% CHg, Y = COCHp), i.e.,N-methyIN'- (AA), anti—syn (AS), sym-anti (SA), or syr-syn (SS),
acetyl-guanidines, called for short “mag”. For the dmg com- respectively, depending on the orientation of the XY substituents
pounds, there is no ambiguity both for the neutral and protonatedin this order with respect to the unsubstituted N atom. This N
derivatives (see Scheme 1), while for mag the general form holdsforms always an amino group for protonated guanidines, while
only for the protonated derivatives. it is either an amino group or a=€NH group for the neutral
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TABLE 5: Relative Stability of Four Additional SCHEME 3
Methylacetyl-Guanidine Conformers with Respect to
ma=gSA in Vacuo and in Water Solution at the MP2/
6-3114++G** Level on MP2/6-31G* Optimized Geometrie$

MP2 free energy contributions
rotamer AE AGo GO GP(MP2) Gy  Gus  Grep

magAS 13.43 8.06 —13.25 —15.45 17.28 —20.06 4.98
magASc 8.21 6.25 —9.85 —11.59 16.90 —20.10 4.94
magSS  11.02 3.77-15.13 —16.95 17.35 —20.23 4.69
magSSc  6.05 3.02—-10.91 -—12.39 16.97 —20.12 4.63 dmgSSp

2The total components of the solvent effect are also reported,
together with their relevant contributions.

TABLE 6: Relative Stability of Four Additional
Methylacetyl-Guanidine Conformers with Respect to
ma=gSA in Chloroform Solution at the MP2/6-311-+G**
Level on MP2/6-31G* Optimized Geometried

MP2 free energy contributions
rotamer AGo Gy GX(MP2)  Geaw  Gas  Grep
magAS  11.27 —6.07 —6.86 1251 -14.24 252

magASc 7.59 —4.54 —5.00 12.24 —-1429 2.52
magSSs 8.71 —6.21 —6.78 1256 —14.43 2.44
magSSc 5.32 —-4.64 —4.95 12.29 —-1439 241

aThe total components of the solvent effect are also reported,
together with their relevant contributions.

SCHEME 1
/NH 2 NH ,
XN=C XNH—C/+ SCHEME 4
\
N'HY N'HY
SCHEME 2
NHX NH , NH ,
HN=C XN=C YN'=C
\
mag NHY m=ag NHY ma=g NHX

compounds. In the latter case, the H group points toward the X
substituted N atom whether not otherwise stated (in the latter
case “up” is added to the name, as in mag(up)SA). In the acetyl
substituted compounds, the nitrogen H or lone pair is considered
to be trans with respect to the adjacert@ group when not
explicitly defined to be cis (indicated by a suffix ¢, as irFm
agAAc).

There are only three dimethyl-guanidinium rotamers due to
the NH, group symmetry, namely dmgSSp, dmgSAp, which is
equal to dmgASp, and dmgAAp. As far as the neutdd\'-
dimethyl derivatives are concerned, because of the presence of
a double bond, we considered four rotamers reported in Scheme
4, all bearing a nonplanar amino group. Therefore the equality
between the AS and SA conformers no longer holds. In the
two N,N'-methyl-acetyl derivatives with a syn acetyl group
reported in Scheme 4, the<(N and G=0 double bonds turn
out to be cis as in the first conformer of Scheme 5, whose acetyl
group is anti; in the second one, the presence of an anti methyl
group produces a steric hindrance that forces tseOQroup the Ohio Supercomputer Center. The optimized geometries are
in gauche position. Analogously a gauche conformation is found available from the authors upon request.
also in m=agAAc and in m=agSA. In the latter case, the Relative free energies in the gas phad&ges in the rigid
repulsion is due to the in-plane nitrogen lone pair. rotor/harmonic oscillator approximation were obtained based

The in vacuo geometry optimizations and frequency analysis ©n MP2/6-313#+G**//MP2/6-31G* single-point calculations.
have been carried out at the MP®Rvel with the 6-31G* basis
set?! utilizing Gaussian94 implemented in a Cray YMP 8 at AG = AE® + AZPE+ AAHY T — TAAS T (8)
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SCHEME 5 TABLE 7: MP2/6-31G* Vibrational Frequencies,
Intramolecular Hydrogen Bond Distances and Relative Free
Energies for Optimized Structures in the Gas Phase

stretching frequenciés

NH, NH CO H-+O AGyas

dmgSA 3692,3578 3591 0.00
dmgss 3698, 3583 3576 1.34
dmgAS 3663, 3550 3638 1.79
dmgAA 3654, 3542 3583 6.26
ma=gSA 3719,3597 3452 1717 181 0.00
ma=gSS 3708, 3469 3655 1724 184 0.52
ma=gAS 3689, 3494 3636 1731 1.86 0.49
ma=gAA 3702,3581 3647 1752 6.59
m=agSS 3703, 3543 3627 1798 1.95 0.23
m=agAS 3704, 3569 3654 1804 1.99 4.06
m=agAAc 3684, 3563 3594 1804 7.78
magSA 3566 1794 192 0.44

3628 (amide)

3648 (HN=)
dmgSAp 3750, 3628 3656, 3648 0.00
dmgSSp 3753,3634 3651, 3643 0.66
dmgAAp 3740, 3615 3633, 3629 3.88

magSAp  3743,3628 3617,3471 1831 1.85  0.00
magSSp 3704, 3495 3650,3617 1834 1.87  0.77
magASp 3694, 3503 3637,3634 1839 1.88 161
magAAp  3725,3597 3609,3600 ~ 1851 6.47

aVibrational frequencies, H-O distances and relative free energies
in cm, A, and kcal/mol units, respectively Underscored frequencies
correspond to vibrations involved in hydrogen bonding.

effect for the reference conformer to the relative stabilk;r,
while AGg(HF) can be obtained by subtracting frahG,((HF)

the sum of theGcay, Gais, andGiep contributions. The free energy
results in chloroform can be found in Tables 3 and 4 for the
neutral and protonated compounds, respectively, but only at the
MP2 level. The HF results are available from the authors upon
request.

Neutral and Protonated N,N'-Dimethyl-Guanidines. The
Here AEC is the quantum chemical relative energy of the results for dimethyl-guanidines are reported in the upper part
conformers/tautomer@\ZPE is the relative zero-point energy of Tables 4. In vacuo at the HF level, the neutral and
of vibrations calculated by using the MP2/6-31G* frequencies, protonated derivative stability range is within 6.9 and 4.5 kcal/
AAHOT andAAST are therelative changesn enthalpy and mol, respectively, while the energy differences are somewhat
entropy, respectively, going from O btemperature, at 1 atm  damped at the MP2 level, becoming 6.4 and 2.6 kcal/mol. The

(Table 7). solvent effect is considerably less favorable, as expected, for
Ab initio calculations in solutichat the MP2 level have been  neutral than for protonated guanidines, i.e., abelil vs—63
carried out employing the 6-33-G** basis set? and modified kcal/mol in water and about4 vs—41 kcal/mol in chloroform

versiond? of the relevant links of Gaussian94, which run on (not displayed) at the HF level. The correlation effect, which is
the IBM RISC 6000/580-590 workstations at ICQEM. Those very feeble for the protonated derivatives in solution (water or
modified links are presently available in the announced releasechloroform), becomes0.4 kcal/mol in chloroform ane-1 kcal/

of Gaussian (Gaussian98). mol in water for the neutral derivatives.

The relative stabilities in vacuo (empty markers) and in
solution (solid markers) are graphically displayed in Figures

The in vacuo relative energies of the neutral conformers, taken1—4. It is apparent that there is a very limited effect of both
into account at the HF and MP2 levels, are reported in Table 1 the level (HF or MP2) and the solvent (water or chloroform)
together with their relative solvation free energies in water. The on the mutual stability of the neutral conformers. For the
total solvent effects are displayed at both the HF and MP2 levels, protonated ones, the free energy gap is somewhat reduced at
while the solvent electrostatic effect is reported only at the MP2 the MP2 level, while dmgSSp turns out to be slightly more stable
level, together with the cavitation, dispersion, and repulsion than dmgSAp even at the MP2 level. Equilibrium mixtures are
contributions to the free energy which allow computation of dominated by the dmgSA conformer both in the gas phase and
the total effect. From their values, conversely, it is possible to in solution for the neutral form. A close representation of the
obtain the electrostatic effect at the HF level not reported in dMgSSp and dmgSAp conformers, sensitive to the computation
the table. Analogously, in Table 2 the results for the protonated level, is expected in solution for the protonated species. The
conformers are reported. The first entry of each section of the dMgAAp form, despite its favorable solvent effect, still does
tables corresponds to the most stable rotamer in vacuo at thenot set up a remarkable fraction in the mixture.
MP2/6-311+G** level, the reference conformer, with MP2/ To evaluate the likely influence of the solvent on the solute
6-31G* optimized geometry. The solvation free energy at both geometry, we have optimized the structure of dmgAAp at the
the HF and MP2 levels can be obtained by adding the solvent 6-31G* level in aqueous solution. If we pay special attention

Results and Discussion
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Figure 1. Total free energy differences in water for the neubdgil'- Figure 3. Total free energy differences in water for the protonated

dimethyl-guanidi_ne conformers considered with respect to dmgSA (see N,N'-dimethyl-guanidine conformers considered with respect to
Scheme 2) obtained at the HF (black squares) and MP2 (black circles)dmgSAp=dmgASp (see text and Scheme 1) obtained at the HF (black
levels with the 6-313+G** basis set. The potential energy differences  squares) and MP2 (black circles) levels with the 6-8+1G** basis

in vacuo at both levels (empty markers) are also displayed. Geometriesset. The potential energy differences in vacuo at both levels (empty
were optimized at the MP2/6-31G* level. The differential total solvent markers) are also displayed. Same remarks as in Figure 1.
effect, computed using PCM (see text), can be appreciated by the

separation of the free energy with respect to the in vacuo energy. 8 P2
8 6
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2L Conformers

dmgAA - dmgAS  dmgSS  dmgSA Figure 4. Total free energy differences in chloroform for the protonated
Conformers N,N'-dimethyl-guanidine conformers considered with respect to
Figure 2. Total free energy differences in chloroform for the neutral dmgSAp=dmgASp obtained at the HF (black squares) and MP2 (black
N,N'-dimethyl-guanidine conformers considered with respect to dmgSA circles) levels with the 6-3Ht+G** basis set. The potential energy
obtained at the HF (black squares) and MP2 (black circles) levels with differences in vacuo at both levels (empty markers) are also displayed.
the 6-311-+G** basis set. The potential energy differences in vacuo Same remarks as in Figure 1.
at both levels (empty markers) are also displayed. Same remarks as in
Figure 1. HF ones but almost identical in vacuo (20988nd in solution
(209.82). Again, the MP2 curve in solution is smoother than
to the values ofr, the 6-1—-2—4/5-3—2—4 dihedral angles  the MP2 curve in vacuo below 20@&nd steeper above 212
(see Scheme 3), which are different from 1&@cause of the In summary, the solvent effect cannot remarkably distort the
methyl group steric hindrance, we find that their equilibrium geometry, which seems to be strongly determined by internal
values turn out to be 205.62h vacuo and 206.10in aqueous forces, not challengeable by the solvent interaction.
solution at the HF level, while the differential solvation free Neutral and Protonated N-Methyl, N'-acetyl-Guanidines.
energy is slightly more favorable than the internal energycfor Results for methyl-acetyl-guanidines are reported in the lower
below 202 and less favorable for greater than 210 part of Tables +4. The relative stability of the neutral
The basis set effect is very feeble; the curves related to the conformers is within 15 and 11 kcal/mol at the HF and MP2
free energy gap with respect to the structure exhibiting the most levels, respectively, of the most stable conformer in vacuo (Table
stable dihedral angle obtained for several valuesaimputed 1). Using relative free energies (Table 7) the gas-phase
at the MP2/6-311+G** level are almost exactly superimposed equilibrium mixture contains fractions of about 33%, 22%, 16%,
to those computed at the MP2/6-31G* level. Therefore, since 15%, and 14% for the nragSA, n—agSS, magSA, magAS,
the optimization at the MP2 level is much more expensive, we and ma=gSS conformers/tautomers, respectively. (For com-
carried out single-point MP2/6-31G* calculations in vacuo and parison with in-solution mixtures, the equilibrium was calculated
in aqueous solution for several values of these dihedral angles.at T = 310 K, which is the relevant temperature for the human
The MP2 equilibrium values far turn out to be larger than the  organism.)
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Figure 5. Total free energy differences in water for the neubid\- Figure 6. Total free energy differences in chloroform for the neutral
methylacetyl-guanidine conformers considered with respect t& ma  n N'-methylacetyl-guanidine conformers considered with respect to
gSA (see text and Scheme 3) obtained at the HF (black squares) andyna=qgsA obtained at the HF (black squares) and MP2 (black circles)

MP2 (black circles) levels with the 6-331+G** basis set. The  |ayels with the 6-313+G** basis set. The potential energy differences
potential energy differences in vacuo at bpth levels (empty markers) in vacuo at both levels (empty markers) are also displayed. Same
are also displayed. Same remarks as in Figure 1. remarks as in Figure 1.

The solvent effect, much more favorable for the conformers 8
higher in energy, reduces the relative stability range to about 5
kcal/mol in water at the MP2 level, while in chloroform it
remains slightly larger than 9 kcal/mol (Figures 5 and 6).
Nonetheless, these stabilized structures are still too high in free
energy to appear in the equilibrium mixture. In contrast, smaller
solvent effects for the low-energy structures lead to an equi-
librium composition entirely different from that in the gas phase.
Consid_erin_g the same_corrections as in the gas_phase_(the maghAp  magSAp  magASp  magSSp
determination of vibrational frequencies requests in-solution
optimized structures that are not available at this level at present, . Qonforme@
as stated in the Introduction), the equilibrium mixture in water F'9ure 7. Total free energy differences in water for the protonated

. N,N'-methylacetyl-guanidine conformers considered with respect to
contains 69% magSS, 13% SA, and 5% AS. Out of other 1545 p (see Scheme 1) obtained at the MP2 (black circles) level with
tautomers, only the magSS takes about 13%. The composition  the 6-311+G** basis set. The potential energy differences in vacuo
in chloroform is 66% MeegSS, 18% SA, 7% AS, 5% magSs, (empty circles) are also displayed. Same remarks as in Figure 1.
and 4% magSA. Thus, rrgSS is the dominant conformer in
both solvents in comparison to SA in the gas phase and thethe solvent effect more than in the case of dimethyl-guanidines,
fractions of all other isomers are reduced in solution. i.e., by 2-3 kcal/mol in water £7/—14 and—59/—62 kcall/

The gas-phase, protonat®&N'-methyl-acetyl-guanidinium mol) and by~1 kcal/mol in chloroform {3/—6 and—39/—41
ion is comprised of 74% SA, 21% SS, and 5% AS. Increasing kcal/mol, respectively, for the neutral and protonated conform-
polarity of the solvent leads to a switch in the magnitude of the ers). The solvation free energies of the methyl-acetyl-guani-
SA and SS fractions; compositions are 50% SA, 46% SS, anddinium conformers are within about 3 kcal/mol in water at the
4% AS, in chloroform, and 86% SS, 12% SA, and 2% AS, in MP2 level (Figure 7), with a sensitive stabilization of the
water. The fraction of the magAAp conformer is negligible in  magSSp form over magSAp in water and with nearly equal
any equilibria. fractions in chloroform (Figure 8). Importance of careful

The solvent effect, because of the presence of the morecalculations is revealed for this system. The largest electrostatic
flexible and polar acetyl group, is less independent of the solvent effect for the magAAp conformer was predictable based
conformation. For neutral guanidines, it varies freréi to —17 on its four N=H bonds supporting each other in the solvent
and from —4 to —7 kcal/mol in water and in chloroform, polarization. There is an intramolecular hydrogen bond for all
respectively, at the HF level, with a sharp enhancement for the three other conformers weakening the solvent polarization in
protonated ones+{61/—64 kcal/mol in water ane-40/—42 kcal/ this region. There are three-NH bonds with possible coopera-
mol in chloroform). The inclusion of correlation effects reduces tion in polarization for each of the SA and AS conformers. The
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in magSsS with respect to magAS; in both conformers, however,
MP2 the most favorable interaction with the polar solvent is produced

o—o by the cooperative effect of the N and O lone pairs. A

comparable effect is found also irFsagSA, which displays a

kcal/mol

' similar arrangement though involving the lone pair of the
— methyl-substituted N. In fact, this conformer has the largest
o~ o o solvent effect at any levels and in both solvents (Tables 1 and

LI L L L L LR L

3). In all the cases we examined however, the solvent effect,
though very favorable, is not sufficient to reverse the stability

N o NV A OO

magAAp magSAp magASp magSSp order.
Conformers ) )

Figure 8. Total free energy differences in chloroform for the protonated EIeCtrOS.ta“C vs Total Results It .Can be easily seen that the
N,N'-methylacetyl-guanidine conformers considered with respect to WO repulsive termsGcay andGrep), in general, counterbalance
magSAp (see Scheme 1) obtained at the MP2 (black circles) level with OF turn out to be slightly larger than the attractive oG,
the 6-311-+G** basis set. The potential energy differences in vacuo making the electrostatic contribution almost coincide with the
(empty circles) are also displayed. Same remarks as in Figure 1. total free energy. This is especially the case for the protonated
SCHEME 6 mag derivat_ives in chloroform and for the protonated dmg
conformers in water. On the contrary, for the protonated mag
conformers in water, the cavitation and repulsion terms prevail
over the dispersion attraction, while for the protonated dmg
conformers in chloroform, the dispersion attraction prevails over
the repulsive terms.

For the neutral mag compounds, the total free energy is
always less favorable than its electrostatic component by 0.2
0.8 kcal/mol in chloroform and by 1-22.2 kcal/mol in water;
the contributions with a noticeable excursion are the repulsive
ones, while the dispersion attraction is fairly constant. For the
neutral dmg conformers, the total free energy is slightly less
favorable than its electrostatic component by about 0.2 kcal/
mol in water, whereas it is more favorable by about 0.6 kcal/
mol in chloroform. The nonelectrostatic terms however for these
compounds represent only a small percentage of the solvent
effect.

Reliability of the present results, in the absence of available
experimental data for the equilibrium composition of the
dimethyl and methyl-acetyl substituted guanidines, can be
assessed on the basis of the work of Barone & ldking the
PCM method with the UAHF model and the charge normaliza-

magSSp form has only two cooperating-N bonds (exposed tion method ICOMP= 4, as was done also in the present study,

to the solvent), yet this conformer results in the second most th€ rms error for the free energy of hydration* for 43 neutral
favorable solvent effect within the series in both solvents. ~ molecules is 0.21 kcal/mol using the HF/6-31G* level. The rms

Additional mag Conformers. Since the N in-plane lone pair €O for 28 ions was 1.25 kcal/mol. In com_parable cases _when
can have a sensitive effect in stabilizing conformers without USINg the HF/6-31+G** level, the hydration free energies
intramolecular H-bonds in a polar solvent, the interest is here lowered by about 1 kcal/mol for neutral molecules and by some
focused on two methyl-acetyl-guanidines (magAS and magss, tenths of a kcal/mol for a positive idf.
see Scheme 6) both with the=®IH group. Because of the Relative Partitioning Constants. The 6-31H#+G** basis
absence of intramolecular H-bonds, however, they are noticeablyused in the present study is close to the 6-BE1* basis used
unfavored in vacuo and differ sensitively from the magSA inref12. Even assuming that ourcalcula@ﬂ'values are too
conformer already considered. negative by +2 kcal in theseparatesolvents, theidifference

To shed some light on the interactions taking place in these could be quite reasonable. In fact, calculating the partitioning
rotamers, the conformers magASc and magSSc, also reportecconstantP, the equation-AG°®/2.3RT = log P = log(Ccn/Cw)
in Scheme 6, were examined as well. The results obtained forholds. Assuming that the zero-point and frequency dependent
these four additional conformers are reported in Tables 5 andthermal corrections for the internal free energy of a specific
6, for water and chloroform, respectively. The solvent effect is structure are similar in water and chlorofortvG® may be
much more favorable for magAS and magSsS than for magASc approximated by the differences of tIGf(;’t' terms in Tables
and magSSc, as expected, because the cis peptide bond makds-6. This approximation may be supported by results of Wong
the two polar groups (the N hydrogen and the carbonyl O) point et al.?® who optimized the geometry of small, polar molecules
toward the same portion of the cavity surface, thus producing in solution at the HF/6-31G** level, using a spherical cavity
two opposite effects that compensate each other to a large extentand solvent dielectric constants of 2 and 35.9. Geometric
Furthermore, in parallel with the formation of the cis peptide changes as compared to the gas-phase structure did not exceed
bond, the cooperativity of the R{C) and O&C) lone pairs in 0.008 A for bond lengths and 0.%or bond angles. Changes in
the polarization process is canceled. In magSSc, however, thethe frequency-dependent free energy correctioris=at298 K
two almost parallel N-H bonds display a solvent interaction amounted to some hundredths of a kcal/mol. Additional evidence
more favorable than the analogous arrangement of=AE& that this approximation is satisfactory can also be obtained from
group and the N-H bond found in magASc. This occurs also earlier PCM resultg*

magASc
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Comparisons of the terms both at the HF and MP2 levels than the symmetrical one by about 100¢and 62 cm? for
show about 6 kcal/mol more negative values for the dmg the NH vibrations. Frequency-dependent thermal corrections
compounds in water than in chloroform. This value corresponds amount to 0.3-0.2 kcal/mol when comparing th&EMP2 and
to logP = —4.2 atT = 310 K, thus thé\,N'-dimethyl-guanidine AGgasvalues in Tables 1 and 7, respectively. (The positions of
stays practically in the aqueous phase. Even if we assume thathe dmgAS and dmgSS conformers are reversed in the two
the free energy difference in solution is overestimated by as tables.)
much as 2 kcal/mol, the lod® value is —2.8, allowing Decidedly different results have been obtained for the methyl-
partitioning ratio of 1:660. Partitioning of the protonated form  acetyl derivative with a possible intramolecular hydrogen bond.
is even less possible because of the Ia@jﬁ difference of The asymmetrical NH frequency is about 3700 ¢ér\v = 35
about 22 kcal/mol. A similar free energy difference {28 kcal/ cm™1) and is fairly insensitive to the hydrogen bond formation.
mol) has been found for the protonated methyl-acetyl derivative The Av range shows a value similar to that of the dmg
(Tables 2 and 4). compounds, thus indicating a moderate conformational depen-

For the methyl-acetyl derivative, free energy differences for dence. The symmetrical NH (lower by 121 chin the ma=
the lowest energy, neutral conformer/isomer ¥g8S, mae gAA and nragAAc tautomers without an intramolecular
gSA, ma=gAS) are 4-5 kcal/mol, corresponding to lo@ hydrogen bond) showAv ranges of 128 and 120 crhin the
values of—2.8 to —3.5 kcal/mol. These values are still too ma=g and nrag series, respectively. Thev value for the
negative for a remarkable partitioning into chloroform, but allow Separate NH vibration amounts to 203 ¢rin the ma=g series,
an important conclusion to be drawn: an acetyl instead of While itis only 60 cnr in the m=ag series, where this bond is
methyl substitution to guanidine leads to an increase of about not involved in intramolecular hydrogen bonds. The value
one unit in the chloroform/water loB value. This conclusion  is 82 for magSA with three different types of-NH bonds.
seems to be much unexpected if considering the polar carbonyl The C=0 stretching frequencies show a lower sensitivity to
group in the acetyl substituent. Interestingly, just the appearancethe involvement in hydrogen bonds. The values have a range
of this polar site decreases the polar surface of the molecule inof 35 cnt?! in the ma=g series and only of 6 cm in the n+=
low-energy conformations. The-\H bonds are fully exposed ag series. A slight red-shift was calculated between the mag
to solvation in the (neutral and protonated) dimethyl-guanidine and m=ag tautomers.
conformers. By replacing a methyl group with an acetyl group,  The H--O distances of the hydrogen bond are shorter by
N—H---O=C intramolecular hydrogen bonds are formed in SA, apout 0.1 A in the nweg series (1.8+1.86 A) as compared to
AS, and SS conformations. By this interaction not only does m=ag values of 1.951.99 A. The red-shift for the correspond-
the entering polar €0 becomes less exposed to solvation but jng N—H and G=0 frequencies reflects the hydrogen bond
also an N-H bond (which was fully solvated in dimethyl-  effect; the shorter the ++O distance, the lower the frequency.
guanidine) becomes partially buried in solution. This effect is This is far not true for the relative gas-phase free energies; m
more important in water than in chloroform because of the larger agSs has a relativAG value of only 0.23 kcal/mol, while it
solvent effect of the more polar solvent onto a polar bond. As has a relatively long intramolecular hydrogen bond of 1.95 A.
a result, the stabilization of the methyl-acetyl derivatives is The ma=gSS and neegAS isomers have\G values of 0.52
reduced in water as compared to the dimethyl derivative, thus and 0.49 kcal/mol, respectively, while their-8 distances
leading to an increase of loB. These results indicate the amounting to 1.84 and 1.86 A show a reverse order as compared
possible estimate of the substituent effect on Rygising ab  to the AG values. Even more irregular results are obtained if
initio calculations. Guanidine-based drugs with optimized the AG — AE values are considered. The thermal corrections
partitioning character may be developed accordingly, although are, e. g.,—0.99, —0.82, and—0.01 kcal/mol for m=agSs,
the theoretical prediction has not been verified because of themagSA, and m=gAS, respectively.
absence of experimental data. Based on reliably optimized gy examining the terms contributing to the thermal correc-
geometries, the significance of intramolecular hydrogen bonds tjons; the vibrational entropy revealed to be mostly responsible
can be assessed, and this structural peculiarity can be used iffor the above corrections. More precisely, the entropy contribu-
interpreting results unusual when considering only the chemical tion due to the lowest vibrational frequency covers the largest
characters of substituents. part of the calculated relative free energy correction:81

Overall, solvation free energies and relative Pgalues are and—0.54 kcal/mol for r=agSS and magSA, respectively. The
remarkably affected by the formation of an intramolecular corresponding value calculated for #gAS is about 0. Thus,
hydrogen bond. Its effect on the vibrational spectra and on the the “anomalous” behavior of the thermal correction is not due
gas-phase free energy is discussed below. to the shift in the N-H and C=0 frequencies.

Vibrational Frequencies and Hydrogen Bond Structure. In the ma=g series, the lowest vibrational frequency is about
Calculated N-H and C=0 stretching frequencies are collected 70 cnt!and the vibration is extended over the whole molecule.
in Table 7. The NH group has an asymmetrical and a In contrast, the lowest frequency is 17 chfor m=agSS and
symmetrical N-H stretching vibration generally about 3520 and 27 cnt! for magSA. In both cases, the vibration involves almost
3400 cnt?l, respectively, in primary amidé8.Our previous exclusively the motion of the hydrogens belonging to the acetyl-
results indicat® that harmonic frequencies based on MP2/6- methyl group. In fact, it is true only if there is an intramolecular
31G* optimized geometries are overestimated by about 3% on hydrogen bond in the mag and the=ag tautomer. No such
the average. Table 7 contains uncorrected frequencies, whiledecrease was found for the=magAAc structure without

in calculating theAZPE values for obtaininGgas a factor of hydrogen bonds, while a moderate decrease to 47* amas
0.97 was applied. Underscored frequencies refer to vibrationsfound for the r=agAS conformer with an internal hydrogen
involved in an intramolecular hydrogen bond. bond.

All three N—H vibrational frequencies for the dmg derivative Thus, we found that the large free energy correction is related
show a conformational dependence. NH frequencies are generio the decrease of the lowest vibrational frequency value. This
ally between those for the NHjroup. TheAv range is 44 cmt decrease emerges only for structures with an intramolecular
for the NH, vibrations (but the asymmetrical vibration is higher hydrogen bondand with the CH—CO—NH-C substructure
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For the ma=g tautomers with a Ck+CO—N=C substructure, Calculated partitioning constants between the two solvents
no lowest frequency below about 70 chwas found. indicate that the protonated species stays in the aqueous phase
The tautomers with the GHCO—N=C moiety are lower assuming that immiscible solvents are modeled by the present

in energy (Table 1) presumably due to a largeelectron method. The neutral forms of both guanidine derivatives stay

delocalization and because of a geometry allowing formation practically in the aqueous phase too. An acetyl substitution of

of short hydrogen bonds. Thesnag and mag structures cannot guanidine as compared to a methyl one increases, however, the

form such short intramolecular hydrogen bonds, but the createdlog P value by about a unit. Theoretical determination of the

structure allows larger flexibility for the acetyl-methyl (but not substituent effect on the partitioning constant as shown here

for the simple methyl group of the molecule) which structural may be useful in designing substituted guanidine drugs with

feature produces a relative stabilization in free energy. Theseoptimized partitioning character.

results emphasize the importance of considering the internal free
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