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Molecular structures of mono- and diamino derivativedld¥-dimethyluracil and their complexes with water

are investigated by ab initio quantum chemical methods at the MP2/6-31G(d,p) level of theory. The results
of the calculations demonstrate that the formation of theHN-O hydrogen bonds with participation of the
nitrogen atom of the amino group in teN'-dimethyl-5,6-diaminouracil complex with water is caused by

the intrinsic properties of this substituent. An analysis of the geometries and~aatane interaction energies

for different monohydrates of mono- and diamino derivativel,bf -dimethyluracil indicates that the formation

of this H bond requires the presence of the neighboring proton donor group. The energy of-the ®
hydrogen bonds depends on a degree of conjugation between the lone pair of the nitrogen atomrand the
system of the rest of the molecule. In the case of amino derivatives of uracil, the weakest conjugation is
observed for the substituent at the C(5) atom. Therefore, theHNO hydrogen bond is formed by this
amino group. A comparison of the amineater interaction energies and the relative stability of isomeric
monohydrates allows for the conclusion that the formation of such nonstandard hydrogen bonds is the most
favorable way for interactions of 1,2-diamines with water and other proton donors.

Introduction ence of this type of hydrogen bond was obtained from a
) . . . microwave investigation of anilirewatef® and aniline-
Hydrogen bonding plays a very important role in determining  ethandl? complexes. It was demonstrated that hydrogen bonds
both the structure and function of various biological molectiles. between the amine and a proton donor were rather strong, and
In particular, the hydrogen bonds are responsible for the o aming group acted as a proton acceptor. A recent investiga-
formation of the secondary structure of nucleic acids becauseq of the aniline dimer ion by electronic and vibrational
of the existence of adenirg¢hymine and guaninecytosine  gqciroscopif2oresults in the conclusion that neutral and ionic
Watson-Crick base pairs. In this case, conventionatt--O 5ieties of this complex are bonded by the-N—N hydrogen
hydrogen bonds are considered to include the imido and aminoy, .4
groups of nucleobases as donors of pratoh. - . The most clear evidence of the existence of the-f—0O
However, it was recently suggestetthat amino groups in hydrogen bonds is provided by X-ray diffraction study of the
DNA bases can also be a proton acceptor. An analysis of monohydrate ofN,N'-dimethyl-5,6-diaminouracil. Two inde-
crystallographic dafa® and theoretical calculatiofisi? reveals pendent crystallographic studt&ldemonstrate that the amino
the possibility of close contacts between the nitrogen atom of group at the C(5) atom forms a weak hydrogen bond with the
the amino group and the hydrogen atom of the hydroxy or other yater molecule (the N-H distance is 2.29 A). The second

amino groups in the crystals of DNA and various oligonucle- aming group is not involved in such interactions. However, it
otides. On the basis of these results, it was concluded thatis not yet clear what is the role of crystal packing in the

interactions between amino groups may play a role in the formation of this hydrogen bond.

twisting of base pairs and in recognition of nucleositi&s. In the present paper, we perform a gquantum-chemical
However, all of these data were obtained for macromolecules jyestigation of complexes of water and mono- and diamino
in the solid state. Therefore, it is not clear if this intrinsic derivatives ofN,N'-dimethyluracil. We demonstrate that the

property of the amino group or the formation of such hydrogen gpjjity to form this type of hydrogen bond is an intrinsic property
bonds is forced by crystal packing and steric strain in the of the amino group.

macromolecule.

The possibility for the existence of -NH—O bonds was Method of Calculation
considered by Smets et #11>for monohydrated complexes of _
4-aminopyridine, 4-aminopyrimidine, ard,N-1-trimethylcy- The molecular structures of moleculés5 and their com-
tosine. However, the applied matrix-isolated FT-IR technique P!€xes with water were fully optimized using the second order

does not allow for a definite conclusion concerning the presence ©f the2 closed shell restricted MoliePlesset perturbation
of such complexes. More clear evidence concerning the exist-th€ory? with the standard 6-31G(d,p) basis set. Hessian
calculations were performed to establish the nature of the

stationary points found by geometry optimization. Vibrational
* To whom correspondence should be addressed. : o
* National Academy of Sciences of Ukraine. frequencies were calculated at the same level of theory, within
* Jackson State University. the harmonic approximation, using analytical second derivatives
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8 TABLE 1: Selected Geometrical Parameters of Isolated
Molecules -5
R1\3N4 SRy 1 2 3 4 5
)\ 6 Bond Lengths, A
072°N] “Rs N(1)—C(2) 1.396 1.393 1.379 1.404  1.399
7 1'1 C(2)-N(@3) 1.385 1.391 1.400 1.383 1.384
1 N(3)—C(4) 1414 1416 1393 1.416 1414
1 R=R;=R;=H C(4)-C(5) 1.460 1.450 1.459 1.437 1.438
2 R;=Me, Ry=R;=H C(5)-C(6) 1.350 1351 1.357 1.361 1.368
3 R;=Me, R,=NH,, R;=H C(6)-N(1) 1.376 1.373 1.387 1.382 1.381
4 R;=Me, R,=H, R;=NH, C(2)-0(7) 1.217 1.230 1.233 1.231 1.231
5 R;=Me, Ry=R;=NH, C(4)-0(8) 1.219 1230 1.238 1.233  1.237
C(5-N 1.399 1.429
C(6)-N 1.390 1.382

for isolated molecule4—5 and numerical second derivatives Bond Angles, deg

for hydrated complexes. No imaginary frequencies were found. n(1)-c(2)-N(3) 112.7 1148 1145 1150 115.6
All calculations were performed using the Gaussian 98 pro- C(2)—N(3)—C(4) 128.4 1262 126.0 126.0 1258
gram23 N(3)—C(4)—C(5) 1133 1144 1157 1147 1147
An analysis of the electron density distribution was carried ggggiggggiﬁgg 328 igg% Ef? 522 3%
out within Bader’'s “Atoms in Molecules” (AlM) approaé‘h C(6)-N(1)-C(2) 123:7 122:3 123._1 122:2 122:0
using a wave function obtained at the same level of theory. N(1)-C(2)-0(7) 122.8 121.0 1221 1212 1221
N(3)—C(4)-0(8) 1204 1200 121.3 1194 1214
; ; C(6)-C(5)-N 125.3 - 118.3
Results and Discussion CES%—CE&—N 1233 1213
A comparison of the geometry ®f,N'-dimethyl-5,6-diami- I NH; (at C(5)F 334.2 - 322.2
nouracil5 and unsubstituted uradildemonstrates the significant INH; (at C(6)F 3379 3362
changes in the bond lengths and angles within the pyrimidine Torsion Angles, deg
ring (Table 1). It was previously suggestethat this deforma- L\:l%g:ﬁg;:(’\l:gg:ﬁg)) g'g 8'8 2'3 —1é30 _0'23 6
tion is caused by the presence of two strong electron-donatingn—c(s)-c(6)-N ' ’ ’ T _g8

substituents at the=€C double bond. However, a recent DFT
study?® of methylated uracil demonstrates that the replacement
of the hydrogen atoms in uracil by a methyl group results in an
expansion of the ring due to changes in the bond angles. To
distinguish the influence of methyl and amino groups, we have
calculated the geometry structureNyN'-dimethyluracil2 and

its monoamino derivative8 and4.

An analysis of the geometry of molecul#s5 demonstrates
that the deformation of bond angles within the pyrimidine ring
results from the presence of methyl groups which is in
agreement with a previous conclusir-However, we also found
some changes in bond lengths which were not detected by the
DFT method. In particular, a notable elongation of both carbonyl _. )
bonds Al = 0.011-0.013 A) and a shortening of the C4) Figure 1. Structure of isolated molecufe
C(5) bond Al = 0.01) is observed. Such deformation of the In both molecules, the amino groups adopt a trigonal-
geometry of the pyrimidine ring are retained also in the amino pyramidal configuration (Table 1). The degree of pyramidality
derivatives3—5. is slightly lower in 4. This is caused by the more efficient

The presence of amino groups results in changes in bondconjugation between the lone-pair of the nitrogen atom and the
lengths within the six-membered ring. The characteristics of z system of the pyrimidine ring as compared3tdt should be
these changes are determined by the position of a substituenhoted that the presence of an electron-donating substituent results
at the C(5;=C(6) double bond. In the case of compow)dhe in a deviation from planarity in the pyrimidine ring (Table 1).
shortening of the N(HC(2) and N(3)-C(4) bonds and the The presence of two vicinal amino groups in molectle
elongation of the C(2)N(3), C(6)-N(1), and C(4)-C(5) bonds causes the appearance of a strong steric repulsion between the
indicate a weakening of conjugation within the pyrimidine ring. hydrogen atoms of the substituents. This should enforce the
This agrees well with the antiaromatic character of the cyelic  significant deformation in the geometry of the amino groups.
system in uracif® The presence of an electron-donating The essentially weaker conjugation between the lone pair of
substituent results in a further decrease in the degree ofthe nitrogen atom of the substituent at the C(5) atom andrthe
aromaticity in the conjugated system and partial disruption of system of the &C double bonds as compared to the second
the w—x interactions between the different parts of the ring. amino group causes drastic changes in the orientation of this

A different situation is observed for the 6-amino derivative substituent (Table 1, Figure 1). The amino group at the C(5)
4. The trans configuration of the substituent with respect to the atom is arranged in such a way that the lone pair of the nitrogen
C(4y=0(8) carbonyl group creates favorable conditions for atom lies almost in the plane of the pyrimidine ring and is
effective m—x interactions between these fragments. This oriented toward the hydrogen atom of a second amino group.
assumption is confirmed by the significant shortening of the On the basis of the distance between the N and H atoms (2.249
C(4)—C(5) bond and by the elongation of the=C double bond A), one can assume the existence of a weak intramolecular
(Table 1). Also a decrease in the-GlH, bond as compared to  hydrogen bond. However, topological analysis of the electron
3is observed. However, the length of the carbonyl bond remains density distribution in molecul® does not reveal the presence
almost unchanged. of a (3,—1) bond critical point between these atoms. Therefore,

aSum of bond angles at the nitrogen atom of the amino group.
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TABLE 2: Selected Geometrical Parameters (A and deg) of Monohydrated Molecules-35

3-W1 3-W2 4-W1 4-W2 5-W1 5-W2 5-WXalc  5-W3expef®
N(1)—C(2) 1.375 1.388 1.402 1.404 1.398 1.397 1.399 1.38293)
C(2)-N(3) 1.402 1.397 1.380 1.383 1.385 1.383 1.382 1.376(3)
N(3)—C(4) 1.390 1.399 1.422 1.417 1.408 1.415 1.407 1.401(3)
C(4)-C(5) 1.458 1.454 1.432 1.440 1.433 1.435 1.437 1.398(3)
C(5)-C(6) 1.362 1.355 1.365 1.359 1.373 1.371 1.371 1.38693)
C(6)-N(1) 1.386 1.375 1.387 1.379 1.379 1.383 1.387 1.386(3)
C(2)-0(7) 1.233 1.230 1.232 1.230 1.231 1.233 1.231 1.229(3)
C(4)-0(8) 1.243 1.237 1.234 1.232 1.246 1.238 1.240 1.245(3)
C(5)-N 1.390 1.429 1.429 1.430 1.435 1.428(3)
C(6)-N 1.379 1.401 1.377 1.376 1.375 1.331(3)
5 NH; (at C(5)) 340.1 322.1 322.7 321.9 319.3 340.3
Y NH, (at C(6)} 340.9 334.7 338.9 337.5 340.1 358.2
C(6)-C(5)-N—H 124.6 121.4 117.7 118.3 121.3 1721
C(5)-C(6)-N—H 123.0 122.7 121.1 121.9 123.6 ~169.9
N(1)-C(2)-N(3)-C(4)  —1.0 1.3 -0.9 —2.1 -0.9 1.0 1.0 3.6
C(6)-N(1)-C(2)-N(3) -1.0 0.0 2.3 35 3.3 1.4 2.6 -0.8
N—C(5)—C(6)—N -7.2 -6.6 ~5.9 -3.3

aSum of bond angles at the nitrogen atom of the amino group.

we should consider thisNH interaction only as an electrostatic SCHEME 1
attraction between two atoms with opposite charges. The H
presence of considerable steric strain also causes some twisting H—Q

of the C(5¥C(6) double bond (the N}C(5)—C(6)—NH- { H
|

] , PV . 0 0o H
torsion angle is—6.8°). Similar results were obtained for Me X \N/H
hexaaminobenzefewhere the value of the NC—C—N torsion N ~H ‘\H

\__H
O)\T?I O)\N H----0"

angle is 13.1

Such an orientation of the amino group at the C(5) atom
results in the complete disruption of conjugation between the Me Me
m system of the €&C double bond and the lone pair of the
nitrogen atom. This is confirmed by the significant elongation
of the C—N bond up to 1.429 A and an essential increase in

0
the degree of pyramidality in the substituent (Table 1). Me- Hewo }" f
Therefore, changes in bond lengths within the pyrimidine ring N }O\H Mesn H
in molecule5 are very similar to those id as mentioned above. )\ _H )\ 'l"
. 07 N7 ON —H

Thus, the results of the calculations demonstrate that the | NN
nitrogen atom of the amino group at the C(5) atonb iclearly Me H H//C\H "\'
has sp hybridization. This considerably increases the proton- TO—H
withdrawing ability of this atom and creates suitable conditions W1 4W2
for the formation of an N-H—O hydrogen bond with a water
molecule. H 0 Oy n

The optimization of the molecular structure of monohydrated =Q Me- NH,  Mew N u
N,N'-dimethyl-5,6-diaminouracib with an initial geometry as g \ N j‘\ \H\O/

~H O)\N A PN NN

H
is found in the crystal phase leads to the complé#/3 (Scheme Me 111
1) Unlike crystallographic data, the water molecule is located =~ N

|
between two amino groups and forms two H bonds (Table 2, H/?\H\ \H Me H
Figure 2a): a conventional AH---O bond and an unusual ~ © ) N Ho 0T
N---H—O bond. In the crystal, two hydrogen bonds are also Me H
observed, but they form a water bridge between two different 5-W1 5-W2 5-W3

molecules ofN,N'-dimethyl-5,6-diaminouracib. Taking into
account the geometrical characteristics (Table 2), one canexistence of two other complexes of water with molecéile
suggest that the NH—O hydrogen bond in complex-W3 is (Figure 2b,c). In the structure-W1, water forms two conven-
significantly stronger compared to the one observed in the crystal tional hydrogen bonds with the carbonyl and amino groups. This
phase. Apparently, this is caused by a different location of the resuits in an elongation of the C&3D(8) bond up to 1.249 A.
water molecule. It should be noted that the substituent at the C(5) atom retains
A comparison between the geometries of isolated molecule its orientation (Figure 2b). Probably, an electrostatic interaction
5 and complexs-W3 does not reveal considerable changes in with other amino groups is more preferable. Therefore, the
the molecular parameters of structdreThe formation of the N—H---O bond in5-W1 is relatively weak (Table 3). The-W2
intermolecular hydrogen bonds results only in further differences complex is stabilized by a -€H+:-O hydrogen bond between
in the pyramidality of the two amino groups (Table 3). A the H atom of the methyl group and the oxygen of water and a
decrease in repulsion between these substituents which isconventional N-H---O bond. Both H-bonds formed are rather
manifested by a decrease in the-8=C—N torsion angle weak. This is confirmed also by the BSSE corrected values of
should also be noted. the interaction energy between water and mole&ul@able
The pattern of H bonds found iB-W3 is not unique for 2). The highest interaction energy is predicted for Big/3
monohydrates 0b. The results of the calculations reveal the complex and the lowest f&-W2. This also agrees well with
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TABLE 3: Geometrical Parameters of the Hydrogen Bonds, BSS
(Erer) of Monohydrated Complexes of Molecules 35

J. Phys. Chem. A, Vol. 106, No. 34, 20023831

E Corrected Interaction EnergyHi.), and Related Stability

3-w1 3-W2 4-W1 4-W2 5-W1 5-W2 5-W3
O—H:--0(8) (A) 1.928 1.908

O—H::+0(8) (deg) 152.3 163.3

O-+-H—N (A) 2.020 2.010 2.116 2.050 1.943
O-++H—N (deg) 170.2 170.2 148.0 168.4 169.0
O-+*H—C(Me) (A) 2.387 2,572

O:+-H—C(Me) (deg) 161.8 140.5

O—H-:N (&) 1.984 2.091 1.921
O—H:-*N (deg) 158.7 155.0 157.2
0O---H—C(6) (A) 2.307

O:++H—C(6) (deg) 133.9

0O---H—C(5) (A) 2.649

O:+*H—C(5) (deg) 133.1

Ein (kcal/mol) -11.41 —10.96 -9.1 —7.44 -11.73 —-7.80 —13.43
E:el (kcal/mol) 0 0.27 0 1.68 0.3 3.91 0

Figure 2. Structure of complexes of molecubewith water: (a)5-W3,
(b) 5-W1, (c) 5-w2.

the relative energy of the isomeric complexes. THh&V3
structure is the most stable (Table 3).

The results of calculations of monohydrated complexes of
allow for the assumption that the necessary condition for the
existence of N--H—O hydrogen bonds is the absence of or the
very weak conjugation between the lone pairs of the nitrogen
atoms of the amino groups and the adjacesystem. This can
explain why only the substituent at the C(5) atom5adforms

Figure 3. Structure of complexes of molecBewith water: (a)3-W1
and (b)3-W2.

should be noted. This agrees well with the relatively weak
character of the formed hydrogen bonds (Table 2).

The 3-W2 complex is stabilized by two nonstandard H bonds
(Figure 3b). One of them is the -NH—O bond with the
participation of the nitrogen atom of the amino group. The
formation of this bond results in a change in the pyramidality
and orientation of this substituent with respect to the(
double bond. The lone pair of the nitrogen atom lies almost in
the plane of the pyrimidine ring. This entails a disruption of
conjugation between the substituent and theystem of the
heterocycle. As a result, the C(IN bond is elongated up to
1.429 A, and the sum of the bond angles at the nitrogen atom
is decreased to 322.1Table 3). A shortening of the N(3)
C(6) bond is also observed.

It should be stressed that the interaction between water and
3in complex3-W2 is only slightly weaker than in the case of
3-W1. The difference in values of the BSSE corrected interac-
tion energy is about 0.5 kcal/mol. This indicates that the
energetic characteristics of the-NH—O and C-H---O bonds

such a bond. To test this assumption, we performed the searchin 3-W2 are comparable with the conventional hydrogen bonds

of all possible complexes between water and monoamino
derivatives3 and4. Only complexes where amino groups form
H bonds were considered.

Two monohydrates were found in the cas8d¢BScheme 1).
In the complex3-W1, water forms two conventional hydrogen
bonds with the carbonyl and amino groups (Figure 3a). An
interaction with the HO molecule does not significantly change
the geometry 08. A decrease in the pyramidality of the amino
group and a shortening of the CA)\ bond (Tables 1 and 3)

O:--H—0 and N-H---O in complex 3-W1 (Table 2). The
difference in interaction energy correlates well with the relative
stability of the monohydrates. TI8W1 complex possesses a
slightly lower energy (Table 3).

Two complexes oft with water are also revealed (Scheme
1). In the case o#i-W1, water forms conventional NH---O
and nonstandard €H---O hydrogen bonds with the amino
group (Figure 4a). This results in a flattening of the amino group
and a shortening of the C(6N bond (Table 2). Thel-W2
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Figure 4. Structure of complexes of molecuewith water: (ay4-W1
and (b)4-W2.

TABLE 4: Geometrical Parameters of the N--H—O
Hydrogen Bonds Formed by Amino Groups in the Crystal
Phase

comp N--H (A) N-:+H—0 (deg) ref
5-W3 2.29 170.7 20
6 1.893 168.8 29
6 1.955 164.3 29
7 1.736 170.6 30

complex is stabilized by two unconventional hydrogen bonds:
N---H—0O and C-H---O are formed with the participation of
one of the hydrogen atoms of a neighboring methyl group
(Figure 4b). This causes some increase in the pyramidality of
the amino group and an elongation of the C{B)bond (Table

2). However, the smaller value of the interaction energy indicates
a weaker character for these hydrogen bonds comparedit
(Table 3). Following this trend, the energy of #&V2 complex

is greater by 1.68 kcal/mol.

A comparison of the geometry, interaction energy, and
relative stability of monohydrated complexes of molec#es
indicates that the existence of the-NH—O hydrogen bonds
between amines and water is caused by the intrinsic propertie
of amino group. The formation of this type of hydrogen bond

requires the presence of a neighboring proton donating group.

This allows the water to form a second hydrogen bond which

further stabilizes the complex. The absence of such a group in

complexes3-W1, 4-W1, and5-W1 results in the formation of
the conventional N-H-+-O bonds rather than NZNH—O bonds.

The energy of the hydrogen bonds should also depend on the

conjugation between the amino group and thgystem of the

other part of the molecule. The interaction energy between water

and amines is significantly larger compared # The strongest
bond was found in the case of tBeW3 complex where both
conditions occur.

Thus, one can conclude that the formation of the:N—O
bond in the crystal oN,N'-dimethyl-5,6-diaminouracil mono-
hydrate does not result from only packing effects but is governed
by the intrinsic properties of the amino groups 30 The
formation of such hydrogen bonds is the most favorable
mechanism for interactions between water &nilloreover, one

can assume that this pattern of H-bonds should be a generaP®?

case for complexes of 1,2-diamines with water and other proton
donation agents. The search within the Cambridge Crystal

Shishkin et al.

Structure Databad® reveals two structures of complexes
containing such H-bonds (structurésind 7).2%:30

gels

HO

/N \
L QL
O\ NH,

In these casesyrtho-phenylenediamine forms the:NH—O
hydrogen bonds with different alcohols. The geometrical
characteristics of these bonds are listed in Table 4. It should be
noted that in the crystal of the second bond formed by water
and alcohols is an intermolecular hydrogen bond. As follows
according to Table 4, the NH—O bonds in complexe8 and
7 are significantly stronger compared to the crystal data for the
monohydrate oN,N'-dimethyldiaminouracil. In the case of very
strong interactions between the amino group and the proton
donor, the transfer of hydrogen occurs. Such a situation was
found for complexes of orthophenylenediamine witiSHtudied
by X-ray diffraction3!

Conclusion

The results of the calculations demonstrate that the formation
of N---H—0 hydrogen bonds with the participation of a nitrogen
atom from the amino group in the complex NfN'-dimethyl-
5,6-diaminouracil with water is caused by the intrinsic properties
of this substituent. An analysis of the structure and the water
amine interaction energy for different monohydrates of mono-
and diamino derivatives dil,N'-dimethyluracil indicates that
the formation of this H bond requires the presence of a
neighboring proton donor group. The energy of the:N—O
hydrogen bonds depends on the conjugation between the lone

Spair of the nitrogen atom and the system of the rest of the

molecule. In the case of amino derivatives of uracil, the weakest
conjugation is observed for the substituent at the C(5) atom.
Therefore, the N-H—O hydrogen bond is formed by this amino
group. A comparison of amirewater interaction energies and
the relative stability of isomeric monohydrates allows for the
conclusion that the formation of such nonstandard hydrogen
bonds is the most favorable mechanism for interaction of 1,2-
diamines with water and other proton donors.
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