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Intramolecular Hydrogen Bonding in Disubstituted Ethanes. A Comparison of NH--O~ and
OH---O~ Hydrogen Bonding through Conformational Analysis of 4-Amino-4-oxobutanoate
(succinamate) and Monohydrogen 1,4-Butanoate (monohydrogen succinate) Anions
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Relative strengths of amide NHO~ and carboxyl OH-O~ hydrogen bonds were investigated via
conformational analysis of succinamate and monohydrogen succinate anions with the aid of vicinat proton
proton NMR couplings and B3LYP DFT quantum mechanical calculations for a variety of solvents. New
experimental results for succinamate are compared with those obtained from previous studies of monohydrogen
succinate. While some computational results for monohydrogen succinate were published previously, the
results contained herein are the product of a more powerful methodology than that used earlier. The experimental
results clearly show that intramolecular hydrogen-bond formation is more favored in aprotic solvents than in
protic solvents for both molecules. Furthermore, the preference of the succinate monoanion for the gauche
conformation is much stronger in aprotic solvents than that of succinamate, indicating that th© OH
hydrogen bond is substantially stronger than its:N&~ counterpart, despite the5 kcal cost for formation

of the E configuration of the carboxyl group needed to make an intramolecular hydrogen bond. The actual
energy differences between formation of internal hydrogen bonds for monohydrogen succinate and succinamate
anion were estimated by comparison of the relative valué§, aff the respective acids in water and DMSO

by a procedure first developed by Westheimer. Recent theoretical work with succinamate highlights the necessity
of considering substituent orientational degrees of freedom to understand the conformational equilibria of the
central CH—CH, torsions in disubstituted ethanes. Similar methodology is applied here to succinic acid
monoanion, by mapping potential-energy surfaces with respect to the CHj torsional, carboxyl-substituent
rotational, and carboxylproton E/Z isomeric degrees of freedom. Boltzmann populations were compared
with gauche populations estimated from the experimentally determined coupling constants. The quantum
mechanical results for succinamate show a much weaker tendency toward hydrogen bonding than for the
succinic acid monoanion. However, the theoretical methods employed appear to substantially overestimate
contributions from intramolecularly hydrogen-bonded structures for the succinic acid monoanion when
compared with experimental results. Natural bond orbital analysis, applied to the quantum mechanical wave
functions of fully optimized gauche and trans structures, showed a strong correlation between the population
of amideo* -y and carboxylo* o- antibonding orbitals and apparent hydrogen-bonding behavior.

In previous work} we reported on the lack of evidence for
intramolecular hydrogen bonding f@rin water, which would

Hydrogen bonding from amide hydrogens and carboxyl jnyolve 2a Although this finding was unexpected by many, it
protons to negative oxygen is a feature of some biological js sypported by the trends seen in the conformational equilibria
motifs.t~* Because such bonding can occur in a large number of 5 in a variety of solvent,as well as by stochastic Monte
of environments, for example, potentially in all peptides carlg classical explicit-solvent simulatiohsWhy is 2a so
pontaining ionized aspartate.residues, we have investiggted itSUnimportant in water? We can cite several contributing fac-
influence on the conformational preferences of 4-amino-4- (ors: one is the 45 kcal/mol penalty associated with converting
oxobutanoate (succinamat and monohydrogen 1,4-butanoate  he more stable Z configuration of the carboxyl proton to the E
(monohydrogen succinat@) in a variety of solvents. The  ¢onfiguration needed to form an intramolecular hydrogen iSond.
conformational equilibrium is expected to be affected by the apother factor is water's apparent efficiency in solvating the
formation of the corresponding intramolecularly hydrogen- re|atively open trans structure with its exposed polar carboxyl

bonded gauche-type structurds, and2a and anionic carboxylate groupd.There is also a possible
unfavorable entropy change arising from cyclization. Addition-
CHz-Cl /CHTC% ally, the geometrical constraints on intramolecular hydrogen-
0=C, C=0 0=Q )i =0 bond formation may not be optimal for maximum strength.
N—H-0" O—H---0 When we compare the hydrogen-bonded ratiod@fith
1a 2a 2a, we expect the ratiollg]/[1] to be smaller thandal/[2] on
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the basis that an amido-NH bond is less polar than a carboxyl

O—H bond. In1as favor, however, is the fact that the afore- %»b L
mentioned penalty associated with converting the carboxyl OH L &

from Z to E required by2ais not required for the amideSome ..&%.
information is available from quantum calculations and the infra- ©

red spectrum of succinamic acid and related compoénts, <

but we have no record of NMR determinations of conforma-
tional equilibria of succinamic acid arid possibly because these
entities do not appear superficially to offer much conformational
interest.

succinamate succinic acid monoanion
(6.oa) = (0, 0) Z-acid: (0, o) = (0, 0)

Experimental Procedures

Our studies to determine the proportionloéxisting asla, £
as well as the conformational preferences of succinamic acid
itself, utilized the NMR and analytical techniques for the ‘.J
estimations of conformational equilibria described eafifef!
Solutions in nonaqueous solvents were prepared by dissolution SUesinic G R anBaRIaH
of succinic acid (Aldrich) or of succinamic acid with 1 equiv E-acid: (8, o) = (72, 36)
or more of 95% tetrabutylammonium cyanide (Aldritip the Figure 1. The angled is defined as the central CCCC dihedral of

approprllate deuterated solvent US'“Q a drbekahere was particular interest, whileo. defines the orientation of one of the
uncertainty as to whether the salt-forming reaction was complete, gy pstituents.

the cyanide and acid were dissolved in methanol and taken to

dryness under reduced pressure. In other research, we have

found this procedure to be effective with acids that are much possible from the less stable E-form. Because the expected
stronger than HCN in water, but relatively weaker in solvents energy of interconversion from Z to E is the same order of

such as dimethyl sulfoxide (DMSG)3.14 magnitude as the expected enthalpy of hydrogen-bond formation,
one would expect the GHCH, torsional equilibrium to depend
Quantum Mechanical Calculations on a delicate balance of energetic and entropic contributions

from all three of the cited degrees of freedom.

All guantum-mechanical calculations reported here were made  Two-dimensional potential-energy surfaces (PESs) were
with Jaguar version 4.2 release 77 (Schrodinger, Inc.) using generated for each system with coordinates corresponding to
Becke 3-LYP type density functional thedin our initial work the CH—CH, and substituent (amide or carboxyl) torsional
with succinamate monoanion, we found it necessary to use large,degrees of freedo?. Because of limited computational re-
triple-¢ basis sets with diffuse functions to approach convergence sources, the out-of-plane rotational degree of freedom of the
of results. Thus, we report here results for succinamate monoan-carboxyl OH of2 could not be treated in detail. A two-state
ion and succinic acid monoanion as calculated with the model for this degree of freedom was adopted; two separate
6-311G**++ and (aug)-cc-pVTZ(-f) basis set&.1° two-dimensional PESs were generatak eacHor the carboxyl

Solution-phase calculations were modeled using the continuum-E- and Z-isomers. Boltzmann population analysis was then
solvation approximation. The parameters and limitations of carried out on the set of states consisting of the union of all
this method as used in our calculations are discussed elsestates on the E-carboxyl and Z-carboxyl two-dimensional

where?® surfaces.
Figure 1 shows the angles that we have varied in our
Generation of Potential-Energy Surfaces calculations. As a shorthand for referring to specific con-
formers, we label them by the values of these two angles using
Because of its relevance to observed NMR pretproton the notation @, o). In generating the PESsf),(a) were con-

couplings and its role in determining the qualitative geometric fined to 36 increments in both directions on the domain
features of molecular conformations of 1,2-disubstituted ethanes,[0°, 36C°] x [0°, 36(°] (see Figure 2). FoR, the un-ionized
the CH—CH, bond dihedral angle plays a central role in both carboxyl OH rotation was allowed to relax adiabatically to the
experimental and theoretical work on disubstituted ethanes of most stable E-like and Z-like positions. Altogether, 121 calcula-
the sort studied herein. For some systems, other degrees otions were performed for each system, and 242 calcula-
freedom, such as the motion of the substituent groups, cantions were performed for eachsystem. Although symmetry
influence the equilibrium of the CH-CH, torsional degree of arguments could be used to reduce the number of required
freedom. In other recent work with®® we found that accounting  calculations significantly, we performed all of the redundant
for the rotational motion of the amide substituent as an additional calculations using nonequivalent starting structures to min-
statistical degree of freedom had a significant effect on the imize the risk of getting caught in local minima during geom-
results. Thus, we concluded that such degrees of freedom shoulcktry optimizations. The required symmetries of the PESs
not generally be ignored in calculations of conformational were then enforced after the fact, by assigning the minimum

equilibria. energy of any set of symmetrically equivalent points to all such
In addition to the ChH—CH, torsional and carboxyl group  points.
rotational degrees of freedor® has a third degree of freedom For plotting and statistical analysis, the PESs were fit in

that we can expect to play a significant role in its conformational 6 and o with a two-dimensional cubic spline surface and

equilibria. There are two possible configurations for the hydroxyl interpolated onto a finer grid with a spacing of 9n

of the carboxyl group, labeled E and Z, respectively (see Figure both directions. A Boltzmann distribution was assumed for
1). Hydrogen bonding to the opposing carboxylate group is only the discrete states on the fine grid and the relative popu-
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Figure 2. An example of a 2D potential-energy surface as calculated 1-Particle density matrix results in the creation of 1-center lone
in this study. (A) The PES is for succinamate in acetone. (B) A shaded pair/core orbitals and 2-center bonding orbitals of high oc-

contour map of the PES for succinamate in acetone.

lations calculated by

exp(—AE, ,,/KT)

£l o=
(6,00 .,
gz exp(—AE ,/kT)

oA

wherefﬁgvu) is the relative amount of the species with dihedral
anglest anda as defined earlier antl e{E, Z} indicating the
E/Z isomerism for2, AE?HVQ) is the energy of the (4-carboxyl)
conformer @, o), k is the Boltzmann constant, andis the
absolute temperature. THerotamer populations were calculated
by summing the probabilities over (and, of course, the E and

Z configurations) for each value of

fo= ;f?&u)

4
Energy
{kcalmal)
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Figure 3. After summation over ther-coordinate, a 1D probability
distribution for 6 is produced. The measurell; and Ji4 coupling
constants are, in principle, statistically averaged over all conformations
of the CCCC dihedral according to this distribution.

This procedure thus recreated the results of the simpler one-
dimensional adiabatic model (see Figure 3).

Further analyses of structures of tydeand2 were carried
out by performing full geometry optimizations to obtain
optimized gauche and trans structures for each case. Natural
bond orbital (NBO) analysi8 was then applied to the resulting
wave functions to look for evidence of hydrogen bonding.
Diagonalization of monoatomic and diatomic sub-blocks of the

cupancy, along with their Rydberg/antibonding counterparts of
low occupancy?! Examination of the occupancies of these
orbitals can lead to useful insight about the bonding within and
between molecules as will be shown below.

Results and Discussion

Experimentally determined;3 and J14 coupling constants,
gauche populations estimated from these values, and amide
proton chemical shifts for succinamic acid and its monoanion
are presented in Table 1. The corresponding values for succinic
acid monoanion are presented in Table 2. For succinamic acid
itself, 3 represents the most likely mode of intramolecular
hydrogen bonding, because the acidic proton is much less tightly
bound than the amide protons, and for the carboxyl group to
be able to hydrogen bond efficiently to the Ngtoup, the latter
would have to be distorted out of normal amide group planarity.
It does not appear, however, ttahas a significant influence
on the conformational preferences of succinamic acid, as little
or no preference for the gauche conformation is observed in
alcohols and aprotic solvents, where one would expect intramo-

For comparison, we also calculated the populations consideringjecular hydrogen bonding to be most favored, if at all. Indeed,

only the lowest-energy structure for each valuedof

exp(—E;,"/kT)

Zexp(—EZi”/kT)

[4

with

min _ oA
B = r[11"/1"“5((9,01)

in seven alcohols and aprotic solvents ranging from methanol
to tetrahydrofuran (THF), the conformational mix was within
+4% of the statistical 2:1 ratio.

H /CH —CH2
—d  p=o
/ /

—H-0

H \\O H-
3

The situation withl is different. When compared in terms
of acidity, an amide N-H proton is much more tightly bound
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TABLE 1: Experimental Vicinal H—H Couplings, Chemical Shi
Succinamic Acid and Its Monoanion in Various Solvents

J. Phys. Chem. A, Vol. 109, No. 40, 2008079

fts, and Estimated Gauche Conformational Preferences for

succinamic acid

succinamate

eXthlg eXth14 %G %G %G 6N7H (SNfH' exth13 exthM % G2 % G2 % G2 éNfH (SNfH'
solvent Hz Hz (Ji (Jug avg ppm ppm Hz Hz (J13) (J14) avg ppm  ppm
D,O 7.61 597 7767 7868 7868 nla n/a 6.85 8.28 5951 5750 5851 nla n/a
methanol 6.97 6.97 6456 6859 6658 nla n/a 6.47 9.26 5145 4842 5044 nla n/a
ethanol 7.20 720 6860 6657 6759 nla n/a 6.89 8.48 5952 5548 5750 nla n/a
tert-butyl alcohol ~ 7.03 7.76 6557 6153 6365 nla n/a 7.92 5.86 8069 8069 8069 nla n/a
acetone 7.57 6.15 7666 7667 7667 6.959 6.299 9.04 3.90 10289 9885 10087 nla n/a
DMSCP 7.04 6.93 6557 6860 6759 7.303 6.774 8.41 5.32 8078 8574 8776 8.424 6.246
dioxané 6.95 6.95 6355 6860 6658 6.286 6.019 8.67 4.46 9482 9381 9482 8.242 5.824
THF 7.22 722 6960 6657 6759 6.610 6.130 9.13 3.08 10390 10592 10491 9.819 5.519

a Altona procedur®“-calculated gauche populations fy = 60° (left)
many moles of water as the succinamate anion in DMSIhe succinami
anion in dioxane.

TABLE 2: Previously Determined Conformational
Preferences of Monohydrogen Succinate

solvent %G (642 = 60°) % G (082 = 70°)
D,0P 66 57
methandl 78 68
ethyl alcohot 87 76
tert-butyl alcoho? >100 99
DMSC* >100 100
THF >100 100

anddy = 70° (right). ® The succinamic acid sample contained>0.&s
¢ acid sample containedk3More moles of water than the succinamate

bond of2a compared tdlain DMSO, which comes to 8 kcal/
mol after the additional-5 kcal/mol correction is made for the
conversion of the Z to the E isomer to allow intramolecular
hydrogen-bond formation to occur.

The relevance of all this to the formation @ is that, in
water,1 shows some preference for the trans conformer (58:42
gauche/trans) and even more so in methanol (50:50). However,
the trend reverses for ethanol ardt-butyl alcohol, in which
the ratios are 57:43 and 80:20, respectively. If we assume that

2 0yis the angle used as the gauche angle between the 1,2-substituentthe increase in importance of the gauche conformer relative to

in the Altona procedure for the calculation of @ ° Ref 20.¢ Ref 9.
dRef 5.

than a carboxyl hydroxyl proton [g(amide)— pKy(—CO,H)
~ 12], AAG =~ 17 kcal/mol. Consequently, an important factor
expected to bear on the ease of formatiorl oélative to2 is
the acidities of the carboxyl groups of the corresponding acids
when the statistical factor of 2 favoring succinic acid is taken

into account. While succinic acid is stronger than succinamic

acid in water, where thely's are 4.19 and 4.54, respectivéh,
it is actually very close to the statistical ratio. Of course, the

situation could be more complex in solvents other than water
because of differences in the ability of the medium to solvate

its importance in methanol results from the formationlaf

we need to correct the coupling constants predicted for ethanol
andtert-butyl alcohol for the certainty that the dihedral angle
of lais larger than 69 probably closer to 70

How do we know this? In DMS& and THF! we have a

strong argument th&is, for practical purposes, all gauche. Its
*NMR spectrum, assuming staggered dihedral angles, corre-
sponds to 110% gauche, but to 100% with gauche dihedral
angles of 70. This correction reduces the preferenceslfam
ethanol andert-butyl alcohol to 50:50 and 69:31, respectively.
Nonetheless, the trend mirrors the behavio2ah the same
alcohols? although the extent of preference for the gauche
conformer is much smaller with the-N\H---O~ system than

anionic species. A basis for evaluating this effect was provided ¢ a1 intramolecular ©H-+-O- hydrogen bond, even with the

by Westheimer and Benféy for dibasic acids through the
comparison ofK; of a given acid and that of its monomethyl
ester Kg). If Ky > 2Kg, then one can infer some degree of
stabilization of the monoanion relative to the monoester anion
most likely by intramolecular hydrogen bonding as exemplified
by 2a

This technique was exploited by McCdyto determine
optimal hydrogen-bonding geometries and by Koltfofh
studies ofK1/K,, which for succinic acid in water is about 25,
but is about 10in DMS02526 This, along with the fact that
K1/Ke = ~10® for succinic acid, shows that there is important
hydrogen-bond stabilization @in DMSO as solvent. That this
is the result of formation oRa is confirmed by, as far as we
can tell from the coupling constants, exclusive formation of a
gauche conformetThis is in contrast to the situation in aqueous

solution in which the gauche and trans forms coexist quite close

to the 2:1 statistical equilibrium ratfbAnother data point is
provided byKy/K for succinic and succinamic acids. In water,

as already mentioned, the difference is essentially the statistical

factor of 2. In DMSO, we used the method described edflier
to show the K, of succinamic acid to be 11.78. Comparing
this with pK1 = 9.5 for succinic acid, we find the ratio of the

latter having an E to Z conversion expense of 5 kcal/mol.
In addition to the DMSO argument, the supposition of a

gauche minimum at an angle greater thah 8@ 2ais strongly

' supported by our quantum-mechanical calculations (see Tables
3 and 4 for a summary of our quantum-mechanical results for
1and2, respectively). The center of the gauche well, as defined
by the first moment of the Boltzmann probability distribution
(eq 5) over the gauche states with CCCC dihedral betwéen 0
and 120, is consistently near 685across all solvents for
succinate monoanion and near’#6r succinamateWe have
interpreted our succinamate experimental results in terms of
gauche angles of 8Gand 70.

6=120
of,

(®)

In aprotic solventsla again appeared to be less favorable
than2a The trend forl, based on a 75dihedral angle, was

same ionization constants to be 95 (again taking into accountDMSO (76:24), dioxane (82:18), acetone (88:12), and THF (91:

the statistical factor of 2). If we neglect entropy effects, this

9). For comparison? is 100%2a in both DMSO and THF.

gives an estimated 3.1 kcal/mol greater strength of the hydrogenThe importance olain these aprotic solvents is confirmed by
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TABLE 3: Summary of ab Initio Results for Succinamate Anion

02 %G % Gad 0 %G % Gad’ 0 % G % Gad’

basis set (dioxane) (dioxane) (dioxane) (acetone) (acetone) (acetone)  (water) (water) (water)
6-311G**++ 75° 100% 100% 77 60% 82% 74 66% 90%
aug-cc-pVTZ(-f) 75 100% 100% 78 62% 82% 77 42% 55%

a6 is the average gauche angle from the mean of the population distribution over all gauche confo¥@svalues were calculated from
the adiabatic one-dimensional energy curves.

TABLE 4: Summary of Ab Initio Results for Succinate Monoanion

02 %G % Gad 0 %G % Gad’ 0 % G % Gad’

basis set (dioxane) (dioxane) (dioxane) (acetone) (acetone) (acetone)  (water) (water) (water)
6-311G**++ 65° 100% 100% 65 100% 100% 65 100% 100%
aug-cc-pVTZ(-) 653 100% 100% 65 100% 100% 65 100% 100%

a6 is the average gauche angle from the mean of the population distribution over all gauche confo¥m@gvalues were calculated from
the adiabatic one-dimensional energy curves.

the difference in chemical shifts between the E and Z protons TABLE 5: Natural Bond Orbital Analysis of the E and Z

of the amide nitrogen that can be ascribed in a straightforward FOrms of Succinate Monoanion and Succinamate lon

way to hydrogen bonding. With succinamic acid itself, this Succinate Monoanion

difference in parts per million was DMSO, 0.53; dioxane, 0.27,; gauche trans
acetone, 0.66; and THF, 0.48. With the monoanion, the chemical (O1—Hs 0* NBO occupation) E-acid  Z-acid  E-acid _ Z-acid
shifts paralleled the calculated fractions of gauche and were

DMSO, 2.18; dioxane, 2.42; and THF, 4.30. Acetone

The predictions of the conformational equilibria bffrom ce-pVTZ(-fy++ 0.1827 0.01044 0.00629 0.01067
our quantum mechanical simulations are shown in Table 3. 6-311G**++ 0.17961 0.01023 0.00633 0.01036
Table 4 shows the results f@r A clear trend is visible in the H.0
succinamate results with the aug-cc-pVTZ(-f) basis set, indicat- cc-pVTZ(-A)++ 0.18127 0.01054 0.0062  0.01019
ing that the gauche population in dioxane should be greater than 6-311G**++ 0.17792 0.01031 0.00622 0.00987
the gauche population in acetone, which should also be Dioxane
significantly greater than the gauche population in water. We gceﬁ\gﬂjﬁ"" 8?8%(1)2 8-81(1)91); 8-88232 8-8%3%
trust these results the most, because they were obtained with ' ' ' ’
the largest and presumably best basis set available. While the Succinamate lon
experimental results also indicate a low gauche population in gauche trans

aqueous solution, the observed gauche populationgnester

. . . ) N—H o* NBO occupation —H Ni—Hg N;—H N;—H
in acetone than in dioxane. However, this could be the result ( pation) N-Hio Ni~Hs Ni~Hio Ni—Hs

. . Acetone
of some degree of complexation tdiwith the acetone carbonyl Co-pVTZ(Hrt—+ 0.03146 0.0118 000738 0.01002
carbon as shown b4 o
Ho
o cc-pVTZ(-f)++ 0.02874 0.01215 0.00772 0.00956
\é CH.—CH Dioxane
/% TCH, e ce-pVTZ(-fy++ 0.05481 0.01355 0.00846 0.01098
H3C 5010 /C:O
°+,N—H""0' potentially influential degrees of freedom as possible in any
QG A conformational study of this sort.
/C=O In agreement with the experimental observations, the simula-
H,C 4 tions show that2a is significantly more favorable thafa.
Examination of the natural bond orbitals produced in the NBO
Such complexation could increase the acidity of HxdlH analysis reveals a strong correlation between occupancy of the

proton. Analogous effects involving acetone as solvent have ¢* -y ando*y—p antibonding orbitals and apparent hydrogen-
been observed in other conformational equilibtiaut are not bonding behavior. To investigate this correlation, fully optimized
included in the solvent-continuum model used in this study. gauche and trans structures were foundlfand?2 (both E and
Recent improvements in the software’s solvation model may Z isomers) in each of the three solvents. Although the absolute
handle these effects more appropriately and lead to improvedoccupations of the natural bond orbitals calculated with
results. 6-311G**++ and aug-cc-pVTZ(-f) differed slightly as expected,
The situation for2 looks less promising. The simulations the trends between the different conformers and molecular
predicted gauche populations of 100% in all three solvents in species appeared to be in complete agreement. The results of
contrast to the experimental observations which showed nearlythe NBO analysis with the aug-cc-pVTZ(-f) basis set are
statistical proportions in water, and only a moderate preferencepresented in Table 5. Fds Hg is the amide hydrogen directed
for gauche in dioxane. away from the carboxylate, and;flis the amide hydrogen
As discussed elsewheféthe inclusion of substituent rota-  directed toward the carboxylate.
tional effects led to a significant change in the predictions for ~ The most important features of thedata are as follows: (a)
the conformational equilibria of. A similar effect was not In gauche conformations, the y—p orbital has a significantly
observed in our simulations @because of the overwhelming larger occupation for the bond directed towards the carboxylate
effect of the hydrogen-bonded states. On the basis oflthe than theo*\—y orbital on the opposite sid&4#), and (b) there
results, however, we still recommend exploring as many appears to be a “base” occupation of around 0.01 that is
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observed for both NH bonds in trans conformations and in  succinamate, this was not the case for succinic acid monoanion
the non-hydrogen-bonded pair in gauche conformations. This because of the predicted large degree of hydrogen bonding.
control/variable analysis shows a strong correlation between Nonetheless, the importance of this effect on the predicted
o0*n-p Orbital occupation and the hydrogen-bonding interaction. equilibria for succinamate suggests that substituent orientation
Furthermore, the trend in the conformational preference for the effects should be considered in future calculations.
gauche conformation is mirrored in the occupationsaf-n1o Finally, the NBO analysis indicated a strong correlation
across the three solvents. between hydrogen-bonding behavior and OH/NH antibonding
For 1, the E/Z isomerism offers another opportunity for a orbital occupation. This leads to a useful pictéref hydrogen
control/variable test of the correlation between hydrogen- bonding, where a hydrogen bond is formed when lone-pair
bonding behavior and* oy orbital occupation. Similar to what  electrons are able to delocalize into neattdy -4 orbital.
was observed foR, there seems to be a base occupation of
approximately 0.01 foo*o-n in non-hydrogen-bonded con-
figurations. Contrary to the case fdr where the hydrogen-
bondedo* -y orbitals had occupations of only a few percent,
the significantly stronger OH-O~ hydrogen bonds lead to
0* o—n occupations of nearly 2096K). This is also mirrored
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