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High level ab initio calculations have been carried out on a number of intramolecular two- and
three-center H-bonding structures containing the amide motif, NBCThese structures serve as
model systems for probing the stability of intramolecular three-center H bonds of the {if#e,A
Particular attention is given to cooperative effects in the three-center H-bonding structures. A
systematic assessment of cooperativity for intramolecular H-bonding systems is presented.
© 2001 American Institute of Physic§DOI: 10.1063/1.1400142

I. INTRODUCTION sities, and quadrupole coupling constghihe cooperative
effects manifested in these properties have been shown to
In paper | of this work, we studied intermolecular three- parallel those seen in the energetics.
center H-bonding interactions in diacetamide—X dimers  The parameters chosen to investigate cooperative effects
(X=HCN, CH;OH). Our previous results show that, in the should be sensitive to H bonding, and lées not sensitive
model systems considered, the formation of an intermolecuto other interactions. In this study, the cooperative effects are
lar three-center H bond is a process that gives rise to negaescribed in terms of the N-H bond lengths, the N-H
tive cooperative effects as clearly demonstrated by the enestretching and bending frequencies, and the NHHNMR
getics, geometry, vibrational frequencies, and protorchemical shifts. In paper | of this work we showed that the
chemical shifts. However, the issue of cooperativity in in- cooperativity effects manifested in these parameters correlate
tramolecular three-center H bonding is still open to researciclosely with those seen in the energetics. Thus these param-
In this paper, we turn our attention to a number of systemsters should provide reliable information as far as cooperat-
containing intramolecular three-center H bonding of the typgvity is concerned. A series of isodesmic reactions are also
A.HA,. We investigate the effects of having the proton do-devised to gain insight into the enthalpy change associated
nor as well as the proton acceptor atoms rigidly held withinwith the formation of a three-center H-bonded structure from
the same molecule. a pair of two-center H-bonded structures.
In this study, we mainly focus on the intramolecular
H-bond interactions in a series B CONH-R’ molecules.
The model structures are depicted in Fig. 1, where threg!l- COMPUTATIONAL DETAILS
center H-bonded structuré$—4) are chosen to investigate All the computations were carried out using theuss-
cooperativity. Because the definition and evaluation of in-ay 98 program® The geometries of the different systems
tramolecular H-bond interaction energies is by far notyere optimized at B3LYP/6-311+G(d,p) level. The same
obvious? we have chosen to investigate the effects of coopievel of theory was used to compute harmonic vibrational
erativity using properties other than energetiise ability to  frequencies that in turn were used to verify that each struc-
define and describe COOperatiVity with parameters other thamure Corresponded to a minimum on the potentia| energy sur-
energetics is particularly important for intramolecular face. Vibrational frequencies were used to obtain the zero-
H-bonded systemseveral groups have shown that a quan-point energy (ZPE) correction to the electronic energy.
titative treatment of cooperativity effects in intermolecular Geometry optimizations were also conducted at the
and intramolecular H bonds can be achieved in terms of th&1p2/6-31Gd) level to ensure that the results are robust,
relative vibrational frequency shifts undergone by the A—Hgiven the improvement in the correlation method. The opti-
group involved in hydrogen bondirfgCooperative phenom- mized geometries were used to compute single point energies
ena have been successfully studied by means of geometrieg, the MP2/6-311 +G(2d,2p level, and'H-NMR chemical
dipole moments, vibrational spectra, vibrational mode intenshielding constants at the B3LYP/6-32G(2d,p level. In
this study cooperative effects are highlighted using several

3Author to whom correspondence should be addressed. Electronic mailndicators SU_Ch as the frequency Shift? undergone by _the
rparral@wppost.depaul.edu N—H stretching and out-of-plane bending modes, the in-
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FIG. 1. Reference structures and
H-bonding structures considered in
this work.

y H O-Me Me-Q""‘oH Me-oH O-Me
@C/w @C/U @(O/W @QA)
! ! ] l

2c 2b 2a 2

crease in the intensity of the N—H stretching mode, theThe O--N distancesR; andR,, are shortened only when
lengthening of the donor N—H bond, aHd—NMR chemical  the phenyl group is directly involved in the H bonds.

shifts. The calculated dihedral HNEO angles are around
173.4 degrees and 180.0 degrees in the five- and six-
IIl. RESULTS AND DISCUSSIONS membered ring systems, respectively. The lagggrhybrid-

. . . ization at the nitrogen atom leads to a more acidic character
Geometries. The formation of an intramolecular H bond . . . .
of the amide motif, which in turn enhances the H-bond in-

is accompanied by structural chan.ges that help the protoHaraction in the six-membered ring structures
donor and the proton acceptor units to attain a proper ar- Vibrational and*H—NMR results. It is well known that

rangement for the interaction. Relevant structural parameters " L N .
are depicted in Fig. @ of Paper I. An H bond in a six- certain normal modes of vibration are significantly disturbed

membered ring is described in termsrofd,, Ry, and ¢, . by H-bond formatign. The chgnges are so distinctive that
An H bond in a five-membered ring is described in terms ofV|brat|onaI studies indeed provide the most commonly used
r,d,, Ry, andé,. The N—H distance, will be discussed in ~ Critéria for the presence of an H bofi&ome major spectral
the context of cooperative effects. A three-center H bond i€hanges, refative to the reference systems, that are expected
characterized by the combination of the structural parametef® occur when an H bond forms até) the N-H bending
used to describe the independent two-center H bonds. Tabldequency increases?) the N—H stretching frequency de-
lists the relevant geometric information. creases, and3) the intensity of the N—H stretching fre-
Both B3LYP and MP2 optimized geometries show thatquency increases. The intensity behavior is determined by
an H bond in a six-membered ring has a more favorabléhe charge distribution in the H bond and its movement dur-
geometry arrangement than that in a five-membered ringng vibration, and is therefore as characteristic of H-bond
This is reflected in shorter -OH distances ¢;<d,) and formation as is thesy_y frequency shiff.
larger N—H--O angles ¢,> ¢,). Table | shows that a phe- Table Il displays the N—H bond lengths afid—NMR
nyl group strengthens the H bonds, as seen by shortening ehemical shifts of the B3LYP geometries. It is worth men-
the O--H distances and widening of the N—~HO angles. tioning that the corresponding values for the MP2 optimized
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TABLE I. Relevant H-bond structural parametérs.

Parra, Gong, and Zeng

B3LYP/6-311++G(d,p) optimized geometries

dl Rl (bl d2 R2 ¢2
4a 2.024 2.812 132.9 4 2.437 2.783 99.3
3a 1.995 2.818 136.7 13 2.115 2.611 108.0
2a 1.884 2.694 134.7 2 2.431 2.782 99.6
la 1.853 2.696 138.6 o} 2.109 2.609 108.4
dl Rl (bl d2 R2 ¢2
4 2.033 2.806 131.4 2.493 2.808 97.4
3 2.018 2.820 134.3 2.147 2.622 106.6
2 1.888 2.685 133.3 2.498 2.807 97.0
1 1.869 2.693 136.1 2.155 2.623 106.1
MP2/6-31GQd) optimized geometries
dl Rl ¢l d2 R2 ¢2
4a 1.986 2.784 133.5 12 2.380 2.749 100.4
3a 1.947 2.783 137.6 13 2.089 2.587 107.9
2a 1.895 2.685 132.4 12 2.370 2.746 100.7
la 1.830 2.679 138.9 o} 2.082 2.583 108.1
dl Rl ¢l d2 R2 ¢2
4 1.986 2.767 131.7 2.416 2.763 99.0
3 1.951 2.770 135.5 2.104 2.589 106.9
2 1.882 2.665 131.5 2.405 2.755 99.1
1 1.829 2.661 136.5 2.100 2.586 106.9

®Bond lengthsd andR, in A; bond anglesg, in degrees.

structures are within 4% of those calculated with the B3LYPshifted in 2o and 4o, and slightly redshifted in i and 3.
method and therefore are not reported. Also shown in Tabl@he predicted shifts to the blue of thg,_, mode in b and

Il are the B3LYP/6-31% +G(d,p) vibrational frequencies.

3b are more than twice of those inb2and 4. The N-H

Table Il shows the changes relative to the reference systentsond elongations as well as tHel-NMR chemical shifts

in a way that helps the discussion of cooperative phenomenfound in 1b and 3 are larger than the corresponding
Intensification factors4),*’ defined as the intensity of the changes found in 2 and 4. The results clearly show that
vn_n Mode in a given H-bonded system divided by that inthe weak H-bond interaction involved in the five-membered
the corresponding reference structure, are also shown inng systems is greatly enhanced by the presence of a phenyl
group in the ring.

Table Il1.

Table 11l shows that formation of a two-center H bond in
a five-membered ring produces a small change in the N—HKbroduces a sizeable redshift in thg_, mode, a large blue-
stretching frequencies/{_y), and a sizeable blueshift of the shift in theby_; mode, and a considerable shift to lower field
out-of-plane bending modéy(,_,). The predicted frequency of the'H—NMR chemical shielding constants. As in the five-
shifts for 2b and 4 are close to each other, indicating simi- membered ring systems, the presence of a phenyl group en-
lar strength of the H-bond interaction in both structures; thehances the strength of the H bond in the six-membered ring

same is true for b and 3. The vy_y mode is slightly blue-

TABLE II. Calculated parameters for the N—H bonds.

Table 11l shows that an H bond in a six-membered ring

systems. As expected, the superior strength of the H-bond

4b 3b 2b 1b 4a 3a 2a la
2N 3626 3612 3631 3616 3584 3576 3571 3572
by_? 586 639 583 637 633 640 661 648
el 1.009 1.010 1.010 1.009 1.011 1.011 1.011 1.012
Snort 7.30 8.29 7.62 8.55 8.32 8.63 9.54 9.92

4 3 2 1 L 3c 2c 1c
2N 3586 3561 3575 3541 3622 3620 3625 3623
by_? 663 701 688 751 556 564 554 563
el 1.011 1.013 1.012 1.013 1.009 1.009 1.009 1.008
Snort 8.43 9.21 9.61 10.43 6.99 7.13 7.33 7.48

Frequencies in cm.
bBond lengths in A.
“Values relative to the calculated chemical shift of TNS31.91 ppn.
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TABLE lll. Parameters for the N—H bonds, relative to the correspondingTABLE IV. Important relative energy datécal/mol).?
reference structures.

4a-4b 3a-3b 2a-2b la—1b
4b 4a 4 3b 3a 3
HF —3.84 —-3.01 0.19 1.10
NI 4 —38 —36 -8 —44 —59 MP2 —4.72 -1.11 —2.95 0.59
by_y? 30 77 107 75 76 137 ZPE 0.23 0.33 —-0.09 0.00
A 1.6 4.3 4.4 2.6 5.2 5.7 Ho —4.49 —0.78 —3.04 0.59
i 0.000 0.002 0.002 0.001 0.002 0.004
Susl 031 1.33 1.44 1.16 1.50 2.08 3c-2c 3b-2b 3a-2a 3-2
2b 2a 2 1b 1a 1 HF 4.58 3.92 0.73 0.62
MP2 3.94 0.39 2.23 -0.98
NI 6 —54 -50 -7 -51 -82 ZPE —-0.08 —0.26 0.16 -0.07
by_i? 29 107 134 74 85 188 Ho 3.86 0.13 2.39 —1.05
A 1.6 8.4 8.1 25 8.9 9.8
e’ 0.000 0.002 0.003 0.001 0.004 0.005 8Relative electronic energies obtained with the 6-811G(2d,2p basis set;
Snks 0.29 221 2.28 1.07 2.44 2.95 zero-point energie€ZPE) obtained at the B3LYP/6-311+G(d,p) level.

3Frequencies in ci.
Bond lengths in A.
‘Chemical shifts in ppm. illustrated in Table Il, a three-center H-bond interaction pro-
duces an enhanced shift to lower fields of theNMR sig-
nal. The effect is more pronounced in structures 1 and 3.
interaction in a six-membered ring over that in a five- In summary, the combination ofy_y and by_y fre-
membered ring is manifested in the larger N—H bond elonquency shifts, intensification factorsH—NMR chemical
gations, frequency shifts, and proton chemical shifts obshifts, and N—H bond lengths lead us to the conclusion that
served in the former. The relative strength of the two-centepositive cooperative effects are clearly present upon forma-
H-bond systems follows the orderb4 2b<<3b, 1b<4a, tion of a three-center H bond in structures 1 and 3. However,
3a<?2a, la. the same indicators show that formation of a three-center

Three-center H-bonds and cooperative effects. Table IIH-bond interaction in 2 and 4 is not accompanied by the
shows that among the three-center H-bond struct(red) manifestation of positive cooperative effects. In fact, the
the largest frequency and chemical shifts occur in structure luy_y stretching modes and the intensity factors of 2 and 4
This indicates that structure 1 presents the strongest thresuggest a weakening of the H-bond interaction, relativeato 2
center H-bond interaction followed by structure 3. Structureand 4a, respectively.

4 has the weakest three-center H bond. Energetics. The relative stability of a two-center H bond

Structures containing three-center H-bond interactionsn a six-membered ring over that in a five-membered ring is
are particularly suitable to investigate cooperative phenoméisplayed in Table IV. It is seen that the relative energies
ena in multicenter H-bond interactions. To investigatedepend on the level of theory. At the HF leveh 4 clearly
whether the components of a three-center interaction reimmore stable thanld At the MP2 level, the stability of 4
force each other, that is, whether positive cooperative effectever 4b is increased by 0.88 kcal/mol. Also at the HF level,
are taking place in the three-center systems studied, we p&a is much more stable thanb3 whereas 2 is less stable
particular attention to structural and spectral changes. Herd¢han 2b. At the MP2 level, however, the stability oB3over
the cooperative effects are described in terms of the N—EBb is significantly reduced by 1.90 kcal/mol, whereas i&
bond lengths, the N—H stretching and bending frequenciesjow much more stable tharb2 The results show the need to
the intensity factor, and thtH—NMR chemical shifts. use correlated methods to better account for the H bond in-

Table Il shows that the N—H bond lengths in 1-3 areteraction, and for the enhanced electron delocalization that is
increased, relative to the reference geometries, more than taking place through the aromatic rings. For large systems,
la—3a, and 1b-3b, respectively. The effect is more pro- however, energy calculations with higher correlated methods
nounced in 1. This enhanced lengthening of the N—H bond iand larger basis sets become rapidly impractical. It is seen
commonly used as one index to quantify cooperativethat zero-point energy corrections to the energies are small
effects*® The N—H bond in 4 presents no further elongationfor 4a—4b, and 3—3b, and negligible for 2—2b, and
with respect to 4. la—1b.

Compared to the corresponding two-center H-bond  One notable feature of the energy results is the reduction
structures, the N—H bending mode is further blueshifted irof the stability of the six-membered ring conformations,
1-4. The N—H stretching mode is further redshifted uponupon replacement of either carbon—carbon double bond in
formation of the three-center structures 1 and 3. Relative tda and 4 by a phenyl group. The effect is very significant
2a and 4a, this mode is slightly blueshifted in 2 and 4. in 3b where the phenyl group is part of the five-membered

Formation of a three-center H bond in 1 and 3 increasesing. In fact, 3 is just 0.78 kcal/mol more stable thain.3
the intensification factor relative toaland 3, respectively. The presence of two phenyl groupsy1a) actually reverses
Structure 4 shows a negligible increase in the intensificatiothe stability order at both the HF and MP2 levels.
factor, and structure 2 shows a decrease. The reduced stability of a six-membered ring may be

In addition to vibrational studiessH NMR chemical attributed in part to the geometric changes brought about by
shifts can also be used to reveal cooperative phenothasa. the presence of a phenyl ring. Table Il shows, for instance,
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TABLE V. Mulliken charge distributionge).® particularly important to better describe the energetics of the
H-bond interaction. The relative stability ofland b may
4b 3b 2b 1b - i
also be traced partly to the combination of geometric and
A —0.28 —0.39 —0.25 —038  electrostatic effects.
fo _g'gg _%‘5254 _063293 _0'(;334 It is interesting to note that the hydrogen atom becomes
s ' ' ' ' progressively more positive as the H-bond structures go from
4a 3a 2a la a five- to a six-membered ring, and then to a three-center
N —0.28 ~0.39 —0.28 —0.43 H-bond interaction. This is more evident in the sequences
do —0.46 —0.46 -0.57 -0.56 3b—3a—3, and b—1la—1, respectively, which are also
an 0.25 0.27 0.26 029 the ones where positive cooperative effects are clearly
4 3 2 1 present.
Additional insight into the energetics can be gained from
ng :8'23 :8'2% :8'33 :8'23 models 2, 2—2c, and their structural isomers 3a3 3c.
qgc 046 _045 058 _oss  These models differ from each other in the relative position
O 0.29 0.36 0.32 0.41 of the phenyl and vinyl groups. The structural isomers can be

_ used to shed light into the influence of the position of the
Zg;’l,'gk:r? gtr;?;giif/ ;Sg‘dpﬁ:etﬂeatﬁ\t/':rfjr'%zgfﬁgfg’?t'ructures' phenyl ring on the relative stability of the isomers. Table IV
°Oxygen atom involved in the six-membered H-bond structures. shows that the reference structure is more stable if the phenyl

group is attached to the amide carbort) 2ather than to the

nitrogen atom (8). However, this stability is decreased
that the H-bond geometry of structurd @xhibits a signifi-  UPON formation of a two-center H bond. The effect is more
cant improvement over that of structurb.4The correspond- drastic for the ®—2b pair. The picture that emerges is that
ing geometric changes observed ia Blative to 4 are not the five-membered ring conformation is energetically stabi-
as significant. It is also seen that the presence of a pheny£ed by having a phenyl group attached to the nitrogen atom
ring in structure 2 improves, relative to 4, the H-bond (3b), so much that B is just 0.13 kcal/mol less stable than
geometry, whereas only minor changes are seen in goin§b1 after correlation and zero-point energy corrections. In-
from 4b to 2b. Despite these geometric changes, we still sederestingly, having a phenyl group attached to the amide car-
a reduction in stability of the six-membered ring im22b ~ bon seems to have an adverse energetic effect on the six-
compared to 4—4b. Thus factors other than changes in themembered ring conformation. If it were to provide additional
H-bond geometries need to be considered to better undegtabilization, we would expect a larger relative stability of
stand the relative stabilities of the structures. 3a over 2a (2.39 kcal/mol, compared to that of Sover 2

Trends in the electronic charge redistributions may pro{3.86 kcal/mo). It is seen that the formation of a three-center
vide some additional insight into the relative stabilities of theH bond actually reverses the stability of ver 2. Table
five- and six-membered H-bond structures. Table V displaysV shows that structure 3 is 1.05 kcal/mol more stable than
the computed Mulliken charges of the atoms directly in-Structure 2. This reverse in stability can be traced to the
volved in the H-bond interactions, i.e., H, N, and O. It is seencombined energetic effects of having a phenyl group at-
that the major change in going froma4o 3a is an increase tached to nitrogen in the five-membered ritenergetically
of the negative charge on the nitrogen atom. More substantid@vorablg, and having a phenyl group attached to the amide
changes are observed, though, in going froim t# 3b, carbon in the six-membered rirfgnergetically unfavorable
where the negative charge of the oxygen atom is increased Isodesmic reactions. We devised some relevant isodes-
along with that of the nitrogen atom. Thus the secondarymic reactions as an alternate tool for calculating the enthalpy
electrostatic interactidfi'! between nitrogen and oxygen is change associated with the formation of an intramolecular
expected to be more repulsive irb3In fact, 3a is 3.01 three-center interaction. Because of the conservation of the
kcal/mol more stable thankBat the HF level. Accordingly, total number and types of bonds, good results can be ob-
the energetic enhancement of the H-bond interactionbin 3 tained for isodesmic reactions involving very similar systems
expected from geometry considerations, can really be apprelue to the cancellation of errors on the two sides of the
ciated once the important dispersion energy component iggaction’*? The B3LYP/6-31% + G(d,p) optimized geom-
included at the MP2 level. etries were used to calculate MP2/6-31% G(2d,2p ener-

A similar Mulliken charge analysis helps rationalize the gies. After zero-point energy corrections, the enthalpy values
relative stability of 22 and 2. From Table V, it is seen that (at 0 K) are obtained for the following reactions:
an increase in the negative charge of the methoxy oxygen

occurs in going from 4 to 2a, while no important changes Reaction AH, (kcal/mo)
are seen in going frombtto 2b. Thus a more repulsive (A) da+ 4b 4+ 4c 047
nitrogen—oxygen interaction is expected ia than in 2b. In (B) 3a+3b<>3+3c 0.52
fact, 2a is actually 0.19 kcal/mol less stable thah at the (C) 2a+2b—2+2¢ 0.23
HF level. Therefore, the energetic enhancement of the (D) la+1b«1+1c 0.51

H-bond interaction in 2, expected from geometry consider-
ations, is partly offset by the secondary repulsive nitrogen—  The isodesmic gas-phase reactions show that the forma-
oxygen electrostatic interaction. The MP2 method is agairtion of the three-center H-bond structures 1-4 from their
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