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Abstract: Ab initio calculations, including natural charge population and natural resonance theory analyses, have been carried out to study the
two-way effects between hydrogen bonds (H-bonds) and the intramolecular resonance effect by using the H-bonded complexes of
ring compounds containing the H,N-C=Y moiety (C=Y bond is contained in the six-membered or five-membered rings) with water as
models. The amino groups in the four monomers of ring compounds (FAYs, Y represents the heavy atoms in the substituent groups,
=CH, =N, =SiH, and =P, respectively) can all serve as H-bond donors (HD) and H-bond acceptors (HA) to form stable H-bonded
complexes with water. The HD H-bond and resonance effect enhance each other (positive two-way effects) whereas the HA H-bond
and resonance effect weaken each other (negative two-way effects). The resonance effect in FAY(1) (C=Y bond is contained in
the six-membered rings) is weaker than that in formamide, and those in FAY(2) and FAY(3) (C=Y bonds are contained in the five-
membered rings). The two-way effects between H-bond and resonance effect exist in the H-bonded complexes of ring compounds

containing the H2N-C=Y moiety with water.
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© Versita Sp. z 0.0.

1. Introduction

The dual ability of amide linkage to function as both a
hydrogen bond (H-bond) donor and acceptor makes the
linkage versatile in molecular assembly and recognition.
It is the capability of the linkage to serve as both H-bond
donor and acceptor that makes it important in chemistry,
biochemistry and materials science [1,2]. Amide
structure and reactivity is conventionally interpreted
within the framework of resonance theory [3,4]. We
have performed ab initio calculations [5] to study the
two-way effects between H-bond and the intramolecular
resonance effect by using the H-bonded complexes of

* E-mail: zhy_yu@126.com

formamide and its derivatives with water as models.
It has been shown that there are no contradictions to
the Pauling’s resonance model [3] and the resonance
effect influences not only the H-bond strength but also
the type.

An understanding of the two-way effects may be
helpful in drug design and refinement by modulating the
H-bond strength and in building empirical H-bond models
to study large biological molecules. In the present work,
we will further explore if the two-way effects between
H-bond and the intramolecular resonance effect exist
in the ring compounds containing the H,N-C=Y moiety.
The models we use in the article are the ring compounds
(FAYs, Y represents the heavy atoms in the substituent
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groups, =CH, =N, =SiH, and =P, respectively) and their
H-bonded complexes with water. Three catalogues of
the ring compounds are studied in the present work (see
Figs. 1-3). Inthe ring compounds ( FAY(1) ) of catalogue
(1), the C=Y bonds are contained in the Y-C=C-
C=C-C six-membered rings. In the ring compounds
( FAY(2) ) of catalogue (2), the C=Y bonds are contained
in the Y-C=C-C-C five-membered rings. In the ring
compounds ( FAY(3) ) of catalogue (3), the C=Y bonds
are contained in the Y-C-C=C-C five-membered rings.
It should be clarified that the intramolecular resonance
effect we mentioned is the resonance effect among the
C, N, and Y atoms as described in Scheme 1, rather
than the inherent resonance effect in the six-membered
rings of FAY(1) and the five-membered rings of FAY(2)
and FAY(3). We focus on how substitutions influence
the resonance effect and consequently the capability to
form H-bond and, in reverse, how the formed H-bond
affects the geometrical and electronic structures (i.e.,
the resonance effect).

To study the two-way effects, we first study the
substituent effects on the resonance effect in the three
catalogues of ring compounds by replacing the =CH with
=N, =SiH, and =P, respectively. By using water as an
H-bond probe, we then investigate how the resonance
effect affects their capability to form an H-bond and how
the formed H-bond, in reverse, influences the resonance
effect. For clarity, the monomers are designated as
FAY(i) (Y = C, N, Si, P, and i = 1, 2, 3, respectively)
with Y representing the heavy atoms in the substituent
groups. In the present article, we will discuss FAY(1)
and their H-bonded complexes in detail, and discuss the
FAY(2) and FAY(3) briefly.

2. Details of Calculation

All structures in this work were fully optimized at the
MP2 level with basis sets, 6-31G**, 6-311+G**, and
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Scheme 1. The resonance effect among the C, N, and Y atoms
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cc-pVTZ and characterized to be minima (no imaginary
frequency) by frequency analyses at the MP2/6-31G**
level. The H-bond energies used in the discussions
were calculated with Eq.1.

AE =E -E . -E_..+AE .. +AE

H-bond complex water FAY(i) BSSE

ZPE (1)
whereE . E. .. aNdEg,  arethe MP2/aug-cc-pVTZ//
MP2/cc-pVTZ single-point energies of the H-bonded
complex, water, and FAY(i) (Y =C, N, Si, P, and i = 1,
2, 3, respectively), respectively. AE_ . is the basis set
superposition error (BSSE) correction estimated at the
same level by using the standard counterpoise method
[6] implemented in Gaussian 03 [7], and AE,,_ is the

PE

£ 7 =CH(FAC(L)
Z =N (FANQ1))

Z =CH(FACQ))
Z=N(FANQ))

& 7 =CH(FAC(L))

Z =N (FAN(D)

Z =5iH(FASi(1))
=P (FAP(1))

(A) MP2/cc-pVTZ geometries of FAY(1) (Y=C, N, Si, and P)
withthebondlengthsinangstroms. (B)MP2/6-311+ +G**//
MP2/cc-pVTZnaturalcharges (ine) ofindividualatoms, and
the charge shifts relative to the reference (methylamine) on
aminogroups(CSG). (C)MP2/6-311+ +G**//MP2/cc-pVTZ
WBIs.

Figure 1.
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Figure 2. MP2/cc-pVTZ geometries of FAY(2) (Y=C, N, Si, and P)
with the bond lengths in angstroms.

zero point energy (ZPE) correction at the MP2/6-31G**
level.

The previous study [5] indicates the reliability of
the MP2/cc-pVTZ level in describing this class of
compounds. The H-bond energies calculated at the
level can produce a reliable trend. The MP2/cc-pVTZ
geometries and the energies based on Eq. 1 are used in
the following discussions.

The NPA (Natural Population Analysis) [8-10], NRT
(Natural Resonance Theory) [11-13] and WBI (Wiberg
Bond Index) [14] performed at MP2/6-311++G**//MP2/
cc-pVTZ level with the MP2 wavefunctions were used to
characterize the electronic structures of the monomers
and the H-bonded complexes. All calculations were
carried out by using the Gaussian 03 program [7], and
the NPA, NRT, and WBI were performed with the NBO
5.0 package [15].

3. Results and Discussions

3.1. Substituent effects on the geometries and

resonance effect of the monomers
The MP2/cc-pVTZ structures of the four monomers of
FAY(1) are displayed in Fig. 1A (The input structures
of FAY(1) (FAC(1), FAN(1), FASi(1), and FAP(1)) for
geometrical optimizations are given in the supporting
information). As the Y atom moves from left to right
along either the second or third row in the periodic
table, the N-C, bond is contracted progressively; the
N-C, bond lengths in FAC(1) and FAN(1) are 1.401 and
1.388 A, respectively, and those in FASi(1) and FAP(1)
are 1.402 and 1.396 A, respectively. All values are
substantially smaller than the standard single N-C bond
length (1.4626 A) in NH,CH, and larger than the N-C
bond length (1.3576 A) in formamide [5]. The apparent
shortening of the N-C, bond indicates the double bond
character of N-C, bonds in the monomers. The increase
in the electronegativity of X atom decreases the N-C,

Figure 3. MP2/cc-pVTZ geometries of FAY(3) (Y=C, N, Si, and P)
with the bond lengths in angstroms.

bond length and enhances the resonance effect.
Consistently, the elongation of C,=Y bonds (Y = C and
N) in the monomers relative to thatin CH_=Y, being 0.066
and 0.062 A, is less pronounced than the C=Y(Y=Si
and P) elongation (0.085 and 0.086 A, relative to the
corresponding CH,=Y) in the monomers, in agreement
with the fact that the formal C=Y (Y = C and N) double
bonds are stronger than the formal C=Y (Y= Si and P)
double bonds.

The MP2/cc-pVTZ structures of the four monomers
of FAY(2) and FAY(3) are displayed in Figs. 2 and 3. The
values of the N-C, bond lengths in FAY(2) and FAY(3)
are smaller than the corresponding values in FAY(1),
showing that the resonance effect is stronger in FAY(2)
and FAY(3) than that in FAY(1). In the structure of
FASI(3) the Si-H bond is out of the five-membered-ring
plane ( the corresponding C-H bond in FAC(3) (Y =C)is
in the ring plane ), which leads to the N-C, bond lengths
being shortest in FASi(3) of the four FAY(3) monomers.

The substituent effects on the geometries are
supported by the quantitative NRT analyses. Table 1 lists
the weights of the three most predominant resonance
structures (among C, N, and X atoms) calculated at
MP2/6-311++G**//IMP2/cc-pVTZ level. The resonance
| in the four monomers of FAY(1) consistently is the
most weighted (21.11 - 27.84%), resonance Il ranks
second (1.51 - 2.17%, we do not find the resonance Il
in FASi(1) and its corresponding H-bonded complexes
(see below)), and resonance Il only exist in FAN(i)
(i =1, 2, 3, respectively) and some of the corresponding
H-bonded complexes. As shown in Table 1 and Fig. 1A,
the weights of resonance Il in FAY(1) at the second row
in the periodic table are in qualitative agreements with
the N-C, bond lengths.

It can be seen that the weights of resonances | and
Il in FAY(i) are smaller than the corresponding values
of formamide and its derivatives (resonance |: 77.6 -
57.2%, resonance II: 8.2 - 29.4%) [5] since the inherent
resonance effect of the six-membered or five-membered
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Figure 4. Various correlations among the N-C, bond lengths, charge shifts, and WBIs for the isolated monomers.
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Figure 5.

(A) MP2/cc-pVTZ optimized geometries of FAY(1)-HD (Y=C,
N, Si,andP) complexes, withthebond lengthsinangstroms.
(B)MP2/6-311++G**//MP2/cc-pVTZnaturalcharges (ine) of
partialcharges, andthechargetransfer (CT)fromNH, +H,0
groups(CSG).(C)MP2/6-311+ +G**//MP2/cc-pVTZWBIs.

ring of FAY(i). Similarly, as the inherent resonance effect
in the five-membered ring is not as strong as that in the
six-membered ring, the weights of resonances | and Il
in FAY(2) and FAY(3) are larger than the corresponding
values in FAY(1) as shown in Table 1.

Resonance |l implies that if the resonance effect is
turned off, the amino nitrogen willbecome more negatively
charged and the oxygen will become less negatively
charged, while resonance Il implies no charge shifts on
nitrogen atom. The charges of the individual atoms, given
by NPA analyses, are collected in Fig. 1B. In the four
monomers of FAY(1), the charges (-0.7921 to -0.7971 e)
on nitrogen atoms are all smaller than the -0.8281 e on
the nitrogen in NH,CH,, which indicates the resonance
effect results in the charge shifts on nitrogen atoms. In
the following, we use the charge population of NH,CH,
as a reference to discuss the charge shift values. Note
that the choice of a reference does not influence the
changing trend among the monomers. As the resonance
effect occurs, all electrons are reorganized to adapt to
the new chemical environment, the hydrogen atoms in
amino groups therefore also play a role, and the charge
shifts on the amino groups are more informative, so we
will consider the total charge shifts on the amino groups
(CSG). By using the total charge (-0.1562 e) on the NH,
group in NH,CH, as a reference, the CSG’s in FAY(1),
FAY(2), and FAY(3) (Y=C, N, Si, and P) are 0.0818,
0.1083, 0.0790, and 0.0939 e, 0.0897, 0.1267, 0.0725,
and 0.1098 e, 0.0851, 0.1106, 0.1202, and 0.1087 e,
respectively. The value of the CSG in FASI(3) is largest
of the four monomers of FAY(3) for the strange structure
of FASI(3) (Y = Si), as stated above. As shown in
Fig. 4A, the group charge shifts are well correlated with
the N-C, bond lengths. The correlation coefficient in
FAY(1) is 0.98 and the corresponding value in FAY(2)
is 0.99.

The double bond character of N-C, bonds is also
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Figure 7. (A) MP2/cc-pVTZ optimized geometries of FAY(1)-HA
(X= C, N, Si, and P) complexes, with the bond lengths in
angstroms. (B) MP2/6-311++G**//MP2/cc-pVTZ natural
charges (in e) of partial charges, and the charge transfer
(CT)fromNH, +H,Ogroups (CSG). (C)MP2/6-311+ +G**//
MP2/cc-pVTZ WBISs.

indicated by the WBIs (shown in Fig. 1C). The WBIs of
N-C, bonds in the monomers of FAY(1), ranging from
1.0242 to 1.0483, are larger than the value of 0.9610 in
NH,CH,. The WBIs of N-C, bonds in the monomers of
FAY(2) and FAY(3) are larger than the corresponding
values in FAY(1), which further indicates that the strength
of the resonance effect in FAY(1) is weaker than that in
FAY(2) and FAY(3). The correlation of the N-C, WBIs
with N-C, bond lengths of FAY(1) is plotted in Fig. 4B,
which shows the good correlations (R?=0.72).

3.2. Two-way effects between H-bond and

resonance effect

As in our previous study [5], the amino groups in the
six monomers of formamide and its derivatives all serve
as H-bond donors to form stable H-bonded complexes
with water, and only two are able to function as
H-bond acceptors to form stable H-bonded complexes
with water. In contrast, the amino groups in the four
monomers of FAY(i) can all serve as H-bond donors and
H-bond acceptors to form stable H-bond complexes with
water. We designate the two types of H-bonds as HD
(H-bond donor) and HA (H-bond acceptor), and label
the corresponding complexes as FAY(i)-HD (Y = C, N,
Si, P,andi=1, 2, and 3, respectively) and FAY(i)-HA (Y
=C, N, Si,P,andi=1, 2, and 3, respectively).

3.2.1. Positive two-way effects between HD H-bond and
the resonarnce effect

The geometries of the four HD complexes (FAY(1)-
HD) are displayed in Fig. 5A. Comparison of the
geometries of the FAY(1) moieties in the complexes
with their corresponding monomers (Fig. 1A) shows
similar trends of N-C, bond contraction and C,-Y bond
elongation to those in the free monomers as Y moves
across the periodic table. Nevertheless, the H-bonds
have appreciable influences on the geometries of the
FAY(1) moieties. Relative to the isolated monomers,
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the N-C, bonds are further shortened by 0.002 -
0.008 A, and the C,-Y bonds are further elongated
by 0.001 - 0.002 A. The geometrical deviations to the
isolated monomers signify that the HD H-bond enhances
the resonance effect. Intuitively, because the amino
groups are HDs, there are negative charge transfers
(CTs, Fig. 5B) from water to the monomers through
amino groups. The charge accumulation on the amino
groups pushes more negative charge away from the
group. Comparing Fig. 1B with Fig. 5B, one can notice
that the charge shifts on NH, + H,O moieties are larger
than those in the free monomers. As shown in Table 1,
the weights of resonance Il in FAY(1)-HD are lager than
the corresponding values in the monomers of FAY(1)
(the resonance Il can not be found in FASi(1)-HD). The
changes in the geometries are also consistent with the
larger weights of resonance Il (ca. 0.02 - 0.38%) and
WBIs of N-C, bonds in the complexes than those in the
corresponding monomers. The N-H, bond lengthening
in the complexes can be interpreted by the electrostatic
interaction model [16-18], according to which the oxygen
of water pulls the H-bond proton away from nitrogen,
or the hyperconjugation model [19], which attributes
the lengthening to the donation of the oxygen lone
pair to the N-H antibonding orbital. With respect to the
monomer, the C,-C, bond lengths become longer, and
N-H, bond lengths only change marginally. Comparing
the corresponding values in FAY(2)-HD and FAY(3)-
HD with those in FAY(1)-HD, one can notice that there
are larger weights of resonance Il, shorter N-C, bond
lengths, larger values of shifted charges, and larger
WBIs of N-C, bonds in FAY(2)-HD and FAY(3)-HD.

The correlations described in Fig. 6 can even be
extended to include the four FAY(1)-HD complexes
together. Figs. 6A,B shows the various correlations
corresponding to Figs. 4A,B, respectively. The R?
values, 0.77 and 0.81, are compared with the values of
the monomer case, 0.98 and 0.72, respectively.

The H-bonds in FAY(1)-HD complexes become
increasingly strong as the X atoms become growingly
electronegative in the same row of the periodic table.
The H-bond energies in FAC(1)-HD and FAN(1)-HD
(given in Table 2) are -2.59 and -2.90 kcal mol", and
-2.67 and -2.92 kcal mol* in FASi(1)-HD and FAP(1)-HD,
respectively. The H-bond energies in FASi(1)-HD and
FAP(1)-HD are respectively larger than their second-
row counterparts. As shown by Table 1 and Table 2, the
H-bond energies are in qualitative agreement with the
weights of resonance Il in FAY(i)-HD complexes. The
agreement indicates that the resonance effect tends to
strengthen the HD H-bond.

H-bond interactions are dominated by the primary
electrostatic attractions between water oxygen and
the H-bond hydrogen. For the primary electrostatic
attractions, the increasing positive charges on H-bond
hydrogen atoms (H,), and increasing negative charges
on the water oxygen atoms are consistent with the
increasing H-bond energies, as the X atoms go from left
to right in either the second or third rows. The covalent
bonding character of an H-bond due to CT is reflected
by the WBIs of the H-bond and H-bond angles (ZOH_N).
As the X atoms move from left to right in either the
second or third row, the WBI of H-bond increases, the
Z0H_N H-bond angle becomes closer to 180.0°, and
in the meantime the H_+=*O H-bond lengths decrease
(Figs. 5A,C).

The intramolecular resonance effect and the H-bond
enhance each other in FAY(i)-HD complexes, and the
positive two-way effects exist in FAY(i)-HD.

3.2.2. Negative two-way effect between HA H-bond and
resonarce effect.

The HA H-bond is the prefered pattern in H,Os=*NH,
and H,O+*NH,CH, complexes. As indicated by the
N-C, bond lengths and the weights of resonance II, the
resonance effect in FAY(i) monomers is weaker than in
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Table 1. Weights of resonance |, I, and Il in Scheme 1 at MP2/aug-cc-pVTZ//MP2/cc-pVTZ level by NRT.

FAC(1) FAN(1) FASI(1) FAP(1) FAC(1)-HD FAN(1)-HD FASi(1)-HD
| 21.11 26.59 17.90 27.84 28.00 25.31 16.04
I 1.51 1.62 217 153 2.00
i 112
FAP(1)-HD FAC(1)-HA FAN(1)-HA FASI(1)-HA FAP(1)-HA
[ 26.51 28.98 27.38 17.47 28.73
I 2.27 0.88 1.34 0.33
i
FAC(2) FAN(2) FASI(2) FAP(2) FAC(2)-HD FAN(2)-HD FASIi(2)-HD
[ 50.68 4878 48.95 4818 4851 42.80 46.90
I 5.06 6.59 5.81 7.84 6.12 13.49 6.90
i 0.72
FAP(2)-HD FAC(2)-HA FAN(2)-HA FASI(2)-HA FAP(2)-HA
| 44.14 49.24 47.90 48.17 47.19
I 12.74 2.72 2.80 3.92 3.57
i 1.10
FAC(3) FAN(3) FASI(3) FAP(3) FAC(3)-HD FAN(3)-HD FASIi(3)-HD
[ 51.24 48.98 36.95 4735 49.92 4716 35.26
I 4.08 6.86 10.75 7.50 6.67 713 11.17
i 0.76 0.66
FAP(3)-HD FAC(3)-HA FAN(3)-HA FASI(3)-HA FAP(3)-HA
| 45.23 50.25 48.19 37.84 46.72
I 7.91 3.58 3.33 7.13 4.96
i 0.11

formamide. Therefore, the FAY(i) monomers are all able
to form stable FAY(i)-HA complexes (see Fig. 7A).

The geometries of the four HA complexes are
displayed in Fig. 7A. Relative to the free monomers, the
N-C, bonds in FAY(1)-HA are lengthened. Recall that
the N-C, bonds in the HD complexes are shortened. The
N-C, bond lengths, 1.409, 1.402, 1.416, and 1.411 A in
FAC(1)-HA, FAN(1)-HA, FASi(1)-HA, and FAP(1)-HA
complexes, respectively, are longer than those (1.401,
1.388, 1.402, and 1.396 A) in the FAC(1), FAN(1),
FASi(1), and FAP(1) and those (1.397, 1.380, 1.399,
and 1.389 A) in FAC(1)-HD, FAN(1)-HD, FASi(1)-HD,
and FAP(1)-HD. The N-C, bond elongations are in
agreement with the decreased weights of resonance
Il (the resonance Il in FASIi(1) and its H-bonded
complexes cannot be found). The weights of resonance
Il, 0.88% in FAC(1)-HA, 1.34% in FAN(1)-HA, and
0.33% in FAP(1)-HA, are smaller than the values in

their free counterparts (1.51%, 1.62%, and 2.17%) and
the values in the FAC(1)-HD, FAN(1)-HD, and FAP(1)-
HD complexes (1.53%, 2.00%, and 2.27%). However,
the N-C, bonds in FAC(1)-HA, FAN(1)-HA, and
FAP(1)-HA are still shorter than the N-C single bond
(1.4626 A) in NH,CH,, indicating that the resonance
effect is not turned off by the HA H-bond completely.
The N-C, bond lengths, 1.402, 1.385, 1.411, and
1.396 A in FAC(2)-HA, FAN(2)-HA, FASIi(2)-HA, and
FAP(2)-HA complexes, and 1.405, 1.392, 1.396, and
1.399 A in FAC(3)-HA, FAN(3)-HA, FASIi(3)-HA, and
FAP(3)-HA complexes, respectively, are shorter than the
values (1.409, 1.402, 1.416, and 1.411 A) in FAC(1)-HA,
FAN(1)-HA, FASIi(1)-HA, and FAP(1)-HA, respectively.
The difference of the N-C, bond lengths and weights of
resonance Il in the three FAY(i)-HA complexes (shown
in Table 1) shows that the resonance effect in FAY(1)-
HA is weaker than that in FAY(2)-HA and FAY(3)-HA.
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Table 2. H-bond energies (in kcal mol) calculated at MP2 level with various basis sets.

MP2
6-31G** 6-311+G** cc-pVTZ aug-cc-pVIZ? aug-cc-pVTZ? aug-cc-pVTZ?
+AZPEP +BSSE° +AZPE®

FAC(1)-HD -6.54 -5.47 -5.79 -4.25 -3.34 -2.59
FAN(1)-HD -6.34 -5.71 -5.91 -4.35 -3.55 -2.90
FASi(1)-HD -6.73 -5.67 -6.19 -4.41 -3.46 -2.67
FAP(1)-HD -6.62 -5.78 -5.94 -4.39 -3.59 -2.92
FAC(1)-HA -6.84 -6.95 -6.98 -5.47 -4.50 -3.69
FAN(1)-HA -7.80 -6.47 -7.07 -5.14 -3.77 -3.00
FASi(1)-HA -9.11 -7.04 -7.90 -5.67 -4.16 -3.28
FAP(1)-HA -7.65 -6.64 -7.06 -5.12 -3.77 -2.94
FAC(2)-HD -5.92 -4.99 -5.44 -3.62 -2.84 -2.25
FAN(2)-HD -6.54 -5.93 -6.17 -4.66 -3.39 -2.61
FASi(2)-HD -5.44 -4.31 -7.30 -5.66 -4.79 -3.87
FAP(2)-HD -6.59 -5.77 -6.08 -4.54 -3.87 -3.12
FAC(2)-HA -8.48 -6.90 -7.81 -5.70 -4.29 -3.47
FAN(2)-HA -7.81 -6.31 -7.08 -4.96 -3.71 -3.13
FASi(2)-HA -9.07 -7.44 -8.58 -6.31 -4.96 -4.07
FAP(2)-HA -8.18 -6.78 -7.49 -5.32 -3.99 -3.26
FAC(3)-HD -6.33 -5.20 -5.80 -3.97 -3.11 -2.38
FAN(3)-HD -6.18 -5.68 -5.94 -4.39 -3.48 -2.76
FASIi(3)-HD -7.49 -5.59 -6.09 -4.01 -2.98 -2.33
FAP(3)-HD -6.62 -5.77 -6.13 -4.52 -3.56 -2.82
FAC(3)-HA -8.14 -6.98 -7.48 -5.51 -4.10 -3.33
FAN(3)-HA -7.57 -6.08 -6.79 -4.79 -3.56 -2.98
FASIi(3)-HA -6.90 -6.47 -6.98 -5.12 -3.83 -3.02
FAP(3)-HA -7.43 -6.40 -6.88 -4.87 -3.62 -2.94

NH_-HA -7.92 -7.35 -7.31 -6.23 -4.43 -3.97
NH,CH,-HA -8.66 -8.00 -8.21 7.16 -5.51 -4.87

aMP2/cc-pVTZ geometries were used. * ZPEs calculated at MP2/6-31G** level. ° BSSEs calculated at MP2/aug-cc-pVTZ//IMP2/cc-pVTZ level.

The correlations described in Fig. 4 can also be
extended to include the four FAY(1)-HA complexes
together. Figs. 8A,B shows the various correlations
corresponding to Figs. 4A,B, respectively. The R?
values, 0.99 and 0.87, are compared with the values of
the monomer case, 0.98 and 0.72, and the values of the
FAY(1)-HD case, 0.77 and 0.81.

The nitrogen atoms in FAY(1)-HA are HAs and donate
negative charges to water molecules, which results in an
electron deficiency on nitrogen. The electron deficiency
is not favorable for the charge shifts and therefore leads
to a weakened resonance effect. Indeed, the charge
shifts from NH,+H,O groups in FAC(1)-HA, FAN(1)-HA,
FASi(1)-HA, and FAP(1)-HA, 0.0638, 0.0764, 0.0491,
and 0.0625 e, are less than those on NH, groups in
FAC(1), FAN(1), FASi(1), and FAP(1) (0.0818, 0.1083,
0.0790, and 0.0939 e) and those of NH, + H,O moieties
in FAC(1)-HD, FAN(1)-HD, FASi(1)-HD, and FAP(1)-HD
(0.1059, 0.1302, 0.1067, and 0.1193 e), respectively.

The H-bond lengths in FAC(1)-HA, FAN(1)-HA,
FASi(1)-HA, and FAP(1)-HA, 2.0434, 2.035, 1.999,
and 2.031 A, are shorter than those in FAC(1)-HD,
FAN(1)-HD, FASi(1)-HD, and FAP(1)-HD, 2.214,
2.067, 2.213, and 2.054 A, respectively, and the
WBIs of H-bonds, 0.0199, 0.0220, 0.0247, and
0.0214, are larger than those in the corresponding
HD complexes, 0.0070, 0.0114, 0.0076, and 0.0119.
Consistently, the H-bond energies in FAC(1)-HA

(-3.69kcalmol'),FAN(1)-HA(-3.00kcalmol"), FASi(1)-HA
(-3.28 kcal mol'), and FAP(1)-HA (-2.94 kcal mol)
are larger than those in FAC(1)-HD (-2.59 kcal mol),
FAN(1)-HD  (-2.90 kcal mol'), FASi(1)-HD
(-2.67 kcal mol'), and FAP(1)-HD (-2.92 kcal mol"),
respectively. Nevertheless, because of the distributions
of the resonance effect, the H-bond energies are less
than that in H,O+=sNH, complex (-3.97 kcal mol™) and
that in H,O+**NH,-CH, complex (-4.87 kcal mol"). In
agreement with the larger H-bond energies in FAY(1)-HA
than those in FAY(1)-HD, the CT amount between H,0
and monomers in the former, 0.0121, 0.0126, 0.0097,
and 0.0126 e are also larger than those in the latter
(0.0067, 0.0119, 0.0066, and 0.0123 e, respectively).

The intramolecular resonance effect and the H-bond
weaken each other in FAY(i)-HA and the negative two-
way effects exist in FAY(i)-HA.

In conclusion, the two-way effects between H-bond
and resonance effect exist in the H-bonded complex of
ring compounds containing the H,N-C=Y moiety (FAY((i))
with water.

4. Conclusions

By using the ring compounds which contain the H,N-C=Y
moiety (C=Y bond is contained in the six-membered or
five-membered rings), and their H-bonded complexes
with water as models, we have performed ab initio
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calculations to study the two-way effects between the
intramolecular resonance effect and H-bond. The amino
groups in the monomers of FAY(i) can all serve as HDs
and HAs to form stable H-bonded complexes with water.
The NRT analyses and the N-C, bond contractions
indicate that the resonance effect strengthens HD
H-bonds and weakens HA H-bonds. In reverse, the
HD H-bonds also enhance the resonance effect, and
HA H-bonds weaken it. The H-bond energies in the
FAY(i)-HD and FAY(i)-HA complexes are in qualitative
agreement with the N-C, bond lengths, the weights of
resonance ll, and the N-C, WBISs.

The resonance effect in FAY(1) (C=Y bond is
contained in the six-membered rings) is weaker than
that in formamide, and those in FAY(2) and FAY(3) (C=Y
bonds are contained in the five-membered rings).

The two-way effects between H-bond and resonance
effect exist in the H-bonded complex of ring compounds
containing the H,N-C=Y moiety (FAY(i)) with water.
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