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Hydrogen bonding was studied in 24 pairs of isopropyl alcohol and phenol as one partner, and water and
amino-acid mimics (methanol, acetamide, neutral and protonated imidazole, protonated methylalamine, methyl-
guanidium cation, and acetate anion) as the other partner. MP2/6&"3and MP2/aug-cc-pvtz calculations

were conducted in the gas phase and in a model continuum dielectric environment with dielectric constant of
15.0. Structures were optimized in the gas phase with both basis sets, and zero-point energies were calculated
at the MP2/6-31+G* level. At the MP2/aug-cc-pvtz level, the BSSE values from the B@®srnardi
counterpoise calculations amount to-1#D and 5-10% of the uncorrected binding energies of the neutral

and ionic complexes, respectively. The geometry distortion energy upon hydrogen-bond formation is up to 2
kcal/mol, with the exception of the most strongly bound complexes. The BSSE-corrected MP2/aug-cc-pvtz
binding energy of-27.56 kcal/mol for the gas-phase acetafghenol system has been classified as a short
and strong hydrogen bond (SSHB). The {85 ---isopropyl alcohol complex with binding energy 6£2.54
kcal/mol approaches this classification. The complete basis set limit (CBS) for the binding energy was calculated
for twelve and six complexes on the basis of standard and counterpoise-corrected geometry optimizations,
respectively. The %-Y distances of the XH---Y bridges differ by up to 0.03 A as calculated by the two
methods, whereas the corresponding CBS energy values differ by up to 0.03 kcal/mol. Uncorrected MP2/
aug-cc-pvtz hydrogen-bonding energies are more negative by up to 0.35 kcal/mol than the MP2/CBS values,
and overestimate the CCSD(T)/CBS binding energies generally by up to 5% for the eight studied complexes
in the gas phase. The uncorrected MP2/aug-cc-pvtz binding energies decreased (in absolute valug3 by 11
kcal/mol for the ionic species and by up to 5 kcal/mol for the neutral complexes when the electrostatic effect
of a polarizable model environment was considered. ARESSP(N — AEMP2 corrections still remained close

to their gas-phase values for four complexes with=@,net charges. Good correlatior® < 0.918-0.958)

for the in-environment MP2/aug-cc-pvtz and MP2/6+33* hydrogen-bonding energies facilitate the high-

level prediction of these energies on the basis of relatively simple MP2#&s3Xalculations.

Introduction of the residue side chain has been replaced with a methyl group

Theoretical characterization of the interactions and chemical (or 5|mpfly“W|th ‘3 i}){groggq |n|the tlmldazbole comaleé(es), m;ly d
transformations in biological systems is a rapidly developing SUcc€ssiUlly MOd€l he onginal Systems, because nydrogen-bon

area of computational chemistry. For systems sometimes havingene]fgles t_are [?rtlrr]narl_lél mﬂe_pendent of the length and the
thousands of atoms, only molecular-mechanics-based methods™©"'o'mation ot the side chain. .
become practical. However, these methods cannot handle_ N many cases, the ligand has two (or more) polar sites and
transformations involving breaking and making chemical bonds. IS €apable of forming more than one hydrogen bond with the
Quantum-chemical methods, useful in these cases, have severBOtein. In such cases, it is crucial to explore which combination
limitations upon the size of the system. Energies/free energies©f nydrogen bonds comes into existence, because this can dictate
calculated by utilizing semiempirical quantum-chemical methods the orientation of the ligand at the binding site. The structures
may not reach the precision required for providing valuable Of the isomeric hydrogen-bonded systems may primarily modify
support for theory-based drug design. High-level theoretical the biological response triggered by the actual mode of how
calculations are affordable today only on fairly small systems the ligand has bound to the protein. An example of high interest
or on models for larger systems. This latter approach has been/S the activation of the human estrogen receptor (hER).
applied in the present study. It is commonly accepted that precise spacing between two
One of the major stabilizing factors in biological systems is OH groups separated by an essentially planar and fairly
the hydrogen boridformed within biopolymers and between hydrophobic scaffold are the main structural features for ligand
the macromolecule and a ligand. Proper estimation of the latter binding with the hER: The natural agonist at the hER is the
interaction is of central importance in drug design. In proteins, human horn;one Yrestradiol. In the binding model of Tanen-
the polar site of the amino acid residue side chain is connectedbaum et al:; the phenolic OH-group of Yrestradiol is a
to the backbone through at least onR€H,— group. Hydrogen- ~ hydrogen bond donor to the GIu353 carboxylate while also

bonded complexes with protein mimics, where the aliphatic part Serving as an acceptor for hydrogen bonds with a nearby water
and the protonated Arg394. The 17-aliphatic OH interacts with
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There is growing evidence that some natural and non-natural
chemicals have the potential to disrupt the human endocrine
system by mimicking endogenous hormones, such as the
androgens and estrogeh&mong others, natural products found
in soybean, e.g., genistein and glyceollins, may have estroge
activity 56 These polycyclic systems contain two oxygen atoms
(two phenolic OH groups, or a cyclic ether and a phenolic OH)
at the required separation for possible binding to hER. Simple
molecular mechanics geometry optimization suggests that the
crucial oxygen atoms nearly overlap with those ifE&tradiol
when the structures are superimposed. Because the oxyge
atoms at either end of these polycyclic natural products are |
capable of interacting with either of the two hER binding sites,
two distinct orientations become possible during binding. It is
generally not clear which of these orientations will be preferred
within the hER binding cavity. Recently, the binding energies
between cyclic ethers and protein mimics were calculated, where
the cyclic ethers served as models for the ether sites of Figure 1. MP2/aug-cc-pvtz optimized geometries in the gas phase for
glyceollins? In the present study, the hydrogen bond energies (a) water(donor)-i-propanol(acceptor) (upper left), (b) i-propanol-
have been calculated for model complexes having different (donor, trans OH)- imidazole(acceptor) (upper right), (c) imidazoleH
protein side-chain mimics as one partner, and i-propanol or f?:Og‘rgg;'{gzggsg&'gfcgg’ggS;"a’g\;v:;f?iéﬁSiE)‘?&%ﬂ%ﬁS&o de:
ggﬁgg:o?sr;rrﬁigsther partner. The latter two molecules serve asc (white), H (cyan), O (red), N (blue).

As mentioned above, theoretical prediction of protdigand
hydrogen-bond energies can be extremely important during drug
design. For practical reasons, however, only relatively low-level
computations can be applied to large molecular complexes. Ong
of the goals in the present study was to examine correlations
between high and lower-level energy values in order to predict
the hydrogen-bond energies based on calculations performeg
at the more practical MP2/6-31G* level. The theoretical
investigations described herein include standard and counterpoise
corrected geometry optimizations for the complexes up to the
MP2/aug-cc-pvtz level. Calculated binding energies have been
corrected for the basis set superposition error. For several
complexes, the complete basis set (CBS) limit, M§zZor the
binding energy has also been determined.

Correlation effects may not be negligible beyond the MP2
level. In a recent review, Hob¥aproposed a formula for
calculating the hydrogen-bonding energies at the CCSD(T) level
at the CBS limit as follows

Figure 2. MP2/aug-cc-pvtz optimized geometries in the gas phase for
ccsD(T) MP2 CCSD(T) __ MP2 (a) phenol(donor)-CH;OH(acceptor) (upper left), (b) phenol-
AE ces = AEcas + (AE o~ AET ) (1) (donor)+-CHsCOO (acceptor) (upper right), (c) phenol(donor/acceptor)

Here the subscript “sb” refers to calculations performed with a *~ CHCONF: (acceptor/donor) (lower left), and (d) GBuaH (donor)
--phenol (acceptor) (lower right) complexes. For color code, see Figure

relatively small basis set. Equation 1 is based on the assumption;
that the correction term (in parentheses) to the MP2/CBS limit

i i MP2 i i
of the binding energyAE""cgs, is of small basis set depen- iy c,0H (mimic for serine and threonine); (i and i) neutral
dency. Indeed, the correction term for a few complexes becomes,

- ' and protonated imidazole (mimics for histidine); (iv) €H
nearly constant when calculated with basis sets of at least CC-CONH, (mimic for asparagine and glutamine); (v) g¥Hs"

pvdz quality’ In our stgdy, this term has been estimated at the (mimic for protonated lysine): (vi) methyl-guanidium cation

aug-cc-pvdz level or higher. _ (mimic for protonated arginine); and (vii) GBOO~ (mimic
Hydrogen-bond energies calculated in the gas phase may bgq anionic aspartic and glutamic acids). In complexes with the

remarkably different from those calculated in a condensed phase'protonated imidazole, C#IH3*, and methyl-guanidium cation

Because our intention is to use the obtained values for y,q orotein mimic acted as the hydrogen-bond donor. The protein
characterizing the strength of binding in proteiigand com- mimics acted as hydrogen-bond acceptors in complexes with
plexes from electrostatic point of view, the polarization upon CHsCOO™ and CHCONH,. Finally, in the complexes of CH

the protein environment must also be considered. To addressgy or imidazole with i-propanol ’Or phenol, each component

this effect, we performed calculations to assess changes inycteq hoth as proton donor and acceptor. Accordingly, altogether
hydrogen-bond energies based on an environment modeled by, g airs of complexes have been studied. Optimized geometries
a polarizable continuum with a dielectric constant of 15.0. for selected complexes are shown in Figures 1 and 2.

Because water molecules may also participate during ligand
binding, interactions of i-propanol and phenol with water have

Hydrogen bonds for i-propanol (isopropyl alcohol) and phenol also been considered. In the case of i-propanol, both the gauche
have been studied across seven amino acid side-chain mimicsand trans conformations of the alcoholic hydrogen in the(+

Methods and Calculations
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O—H moiety were studied. Water was treated as both a and CP geometry optimizations were applied for the water dimer
hydrogen-bond donor and an acceptor in these six complexesand for the CHOH:--oxocyclobutane and CiMH3*---0xo-

Most studies were performed at the ab initio MP2 I&&l.  cyclobutane complexes. Despite these differences in the system
Geometries were optimized throughout the standard proceduregeometries, neither the uncorrected nor the BSSE-corrected
at the MP2/6-31G* level and reoptimized by utilizing the aug-  binding energies differed by more than 0.03 kcal/mol. On the
cc-pvtz basis séf Local energy-minimum characters were basis of these results, the standard geometry optimization was
certified by frequency analysis from the MP2/643%&* calcula- generally used in the present study.
tions. For determining the CBS limit values, binding energies  An alternative to the BSSE correction for the binding energy
were also determined after geometry optimizations at the is when the binding energy is calculated by eq 2, but the energy
MP2/aug-cc-pvdz level. For eight gas-phase complexes, thefor each element has been extrapolated to the complete basis
AECCSP(Mgs values were estimated on the basis of eq 1. set (CBS) limit value. Wilson and Dunnitf§ and Helgaker et

When the binding energies are to be determined for van der al.18° proposed inverse power formulas for the extrapolation to
Waals complexes, a recurring problem is the role of the basisthe CBS energy. The simplest formula applied for MP2
set superposition errdt.The classical correction procedure for calculations is
this error is the BoysBernardi method? where instead of
calculating theAE""® uncorrected binding energy as E(X) = E(CBS)+ AIX® (5)

AE"""= E(complex)— E(A)™ — E(B)" ) whereX is the so-called cardinal number in the Dunning basis-
o ) _ set. Following the procedure by Grabowski et'@lthe two
the relevant binding energyE”, is calculated in the so-called  parameters of eq E(CBS) andA) were calculated for selected
counterpoise procedure as pairs upon MP2/aug-cc-pvdz and MP2/aug-cc-pvtz calculations
cp d d with X values of 2 and 3, respectively.

AE"" = E(complex)— E(A)” — E(B) ®3) Having determined thEMP2gs values, the CBS limit of
E(complex) stands for the energy of the hydrogen-bonded the hydrpge_n-bo_nd energy at the_ CCSD(T) Ié‘?/étoup_led_
complex in eqs 2 and 3, af&{X)™ andE(X)¢ (X = A, B) stand cluster_ with |te_rat|yely determined single and doublc_a excitations
for the energies of the component molecules in the monomerandcgg'Dp(lTe excitations upon fourth-order perturbgtlon theory),
and dimer basis sets, respectively. To minimize the total energyAE kes was estimated upon €q 1 for .e|ght selectepl
of the complex, the geometries of the elements undergo change§°mp|ec)é§§'TThe aL,ngP'ZCC'deZ basis set was applied for calculz_atmg
compared to their separately optimized forms, leading to a theAE M- AE term for each system. To stuo_ly the b_a_S|_s-
necessary increase in their energy. Thus, the correspondingset dependence of Fhls CBS correction, calculations utilizing
geometries for the elements as monomers, optimized in the',‘he aug-cc-pviz basis set were also performed for 'the water
monomer basis set, differ from that obtained throughout the "Propanol and methaneloxocyclobutene complexes in the gas
optimization of the complex utilizing the dimer basis set. In a phase . . .
seven-point calculation for a complex, Nagy et3defined the In a recent review? Grabowski summarized the character-

BSSE devoid of the geometry distortion energy, GEOM, as  Stics Of short, strong hydrogen bonds. An important feature of
this binding is the remarkable charge transfer@X4 atomic

AES = AEU" _ BSSE= ACP+ GEOM 4) charge units from the acceptor to the hydrogen-bond donor
molecule. The transferred charges have been calculated in the
GEOM is always a positive energy tefthBSSE, however, is present study using the Mulliken population analysis and the
of negative sign because the larger basis set used in calculation€HELPG (grid-oriented charges from electrostatic potential)
for the complex allows a more adequate description of the derivation method!
electron distribution for each component of the hydrogen-bonded When hydrogen bonds created between a protein and a ligand
system, and the resulting energy lowers. are studied, the polarization effect of the protein environment
As is generally accepted, the BSSE causes a nonphysicaland the surrounding water molecules is not negligible. Because
stabilization for the calculated binding energy. Furthermore, the of the rapidly changing electric field within a protein, consid-
question may be raised whether the BSSE affects only the eration of the environmental effect is difficult by using molec-
energy results or has an effect on the optimized geometry asular-mechanics force-fields without including an explicit term
well. Simon et al> performed geometry optimizations for small  for the polarization. A simple approach for implicit consideration
hydrogen-bonded complexes where the BSSE was considerewf the solvent/environmental effect is the application of a
in every step of the procedure (counterpoise-corrected (CP)distance dependent dielectric constant,For example, the
optimization). These authors found that the CP geometry default form in the Sybyl molecular modeling pack#ge € =
optimization led to larger heavy atom separation in thebk 4r. By assuming a distance of 3:8.0 A for two close,
--Y bond than with the standard procedure when the 6-31G- nonbonded O, N, C atoms, the actual value of the dielectric
(d,p) and the D95++(d,p) basis sets were used at the HF and constant scaling the Coulomb interaction for the two atoms is
MP2 levels. Hobza and Havi¥shave also argued in favor of =~ 14—16. This situation was modeled in the present study by
the CP optimization because the standard optimization failed considering a continuum dielectric environment. The IEF-PCM
to find a stationary point for the quasi-linear structure of the approach (integral-equation formalism for the polarizable
HF dimer at the MP2/6-31G** level. In contrast, Halkier efal.  continuum metho#?4 was applied with a model-acetone
noticed a rapid convergence of the MP2/CP optimized O...O solvent, whose dielectric constant was set to 15. The MP2/
equilibrium separation to the MP2/non-CP (standard) optimized 6-31+G* and MP2/aug-cc-pvtz geometries optimized in the gas
value with basis sets aug-cc-pvXz,=XD, T, Q for the water phase were applied for the monomers and dimers. The cavity
dimer, and the calculated BSSE values were small with large in the continuum environment was defined by overlapping
basis sets. In our recent stuiglifferences in the (O)H-O and spheres around the atomic centers, utilizing the Bondi3adii
(N)H---O distances of 0.0200.034 and 0.020 A, respectively, multiplied by a scaling factor of 1.25 The internal energyEin
were calculated at the MP2/aug-cc-pvtz level when the standardand the electrostatic component of the ligand-environment
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interaction,Eqist were calculated as TABLE 1. Geometric Parameters for Hydrogen-Bonded
Complexes Obtained through Non-CP Optimization at the
E. =0 H|WYD (6a) Ab Initio MP2/aug-cc-pvtz and MP2/6-31+G* Levels in the
int Gas Phase
Eeise= [W1/2VIWD (6b) i-propanol (acceptor) phenol (acceptor)

wherein H is the system Hamiltonian, V is the reaction-field O-H OH—X O OHoX

operator established in the SCF process, #rid the converged CH:OH 1.866 165-; 1.991 159.9
wave function. It was assumed in the present study that the ;..o 1i?87709 116699'.0 1'2_61917 161%39
ligand has enough space at the receptor site, thus the free energy 1.889 175.0 1.995 161.9
associated with the cavity formation should not be considered. CHsNH3* 1.598 174.0 1.745 162.7
However, the contribution of the polar sites to the total surface 1.671 175.5 1.747 164.4
exposed to the environment varies upon hydrogen-bond forma- imidazoleH i-g% gg-g i%% 122-;
tion even in an a_va|Iab_Ie cavity. In _the app_lled approach, the CH:GuaH™ 1922 1491 1970 1482
chang_e in the dispersietrepulsion interaction free energy, 1.955 147 4 1.997 146.8
AGy;, is related to the change of the total exposed surface and 1.946 149.4 1.969 149.1
provides an additive term to the interaction free energy. Thus, 1.978 148.3 2.032 146.5
this contribution does not depend directly on the considered water 1.890 165.4 1.969 162.9
theoretical level and was disregarded when the correlation of i'g% 1222 1.969 164.4
the MP2/aug-cc-pvtz ano! MP2/673}I;* pinding gnergies was 1879 167 8
calculated. The change in the dispersi@apulsion energy is
mainly due to the reduced surface contribution of the polar sites, i-propanol (donor) phenol (donor)
which become embedded in the hydrogen-bonded complex. X---H X+++H—0 Xe+H X++-H—0
_ : , 1.888 173.9 1.839 165.7
our studies was to explore the changes in the hydrogen-bond imidazole 1.912 1730 1.814 165.7
energies upon the polarization by the environment, single-point 1.954 176.7 1.878 163.4
calculations at the gas-phase optimized geometries were per- CH:CONH,
formed to avoid the combination of the polarization and the =0-+-H-0 %'9853 %gg% %-gﬂ iggg
re-optimization effects. As a consequence, the calculateg  N=H--O 5004 140 3 5137 1350
values depend on the differences in the gas-phase geometries 2.017 141.7 2146 135.8
optimized at different levels. Table 1 shows that the-B CH;COO™ 1.660 177.8 1.487 171.9
distances differ the most for the GEOO ---phenol and the 1.741 175.7 1.591 169.2
imidazole--phenol(acceptor) complexes, as calculated with the ~ Water 1.950 178.5 1.863 176.0
6-31+G* and aug-cc-pvtz basis sets. The contribution of the 1'322 ggg 1.870 1775
polar sites to the exposed surface changes slightly in both cases. 1933 178.8

The (C)OO ---HO-(phenyl) surface fraction is 14.0 and 12.8%

. i . o .
in the 6-31+G* and aug-cc-pviz structures, respectively. For heavy atom of the partner molecule in the hydrogen bond. Upper and

the imida;ole--phenol complex,. there is, practically no surface lower values from MP2/ aug-cc-pvtz and MP2/6433* optimizations,

contribution is 6.1 and 7%, respectively. Overall, the gas-phase position except for the indicated structures. One set with a planar phenol.
hydrogen-bonding energies have been compared with the changé Trans H-C—O—H in i-propanol. Double data sets because of the
of the system energy after considering the electrostatic effect bifurcated hydrogen bonds obtained with both basis sets.

of the Snwronment at the IEF-PCM/MP2 level using the 17 oy group can favorably act as a hydrogen-bond donor to
6-31+G* and aug-CC-thCZCtS)glg')s SetSMEZOV four complexes with 6 jmidazole nitrogen of the nearby 524 His only when in its
0, icgsggt charges, thaE — AE"corrections and the o5 ,che conformation. To gain further insight for the i-propanol
AE kes energies were calculated in the applied model (o 0rmations' effect upon the binding energy, we studied the

environment._ All calculations were p_erformed by the Gaussian hydrogen-bonded complexes of water with both the gauche and
03 packag® implemented at the Ohio Supercomputer Center. trans i-propanol.

The corresponding data do not indicate remarkable differences
at the MP2/aug-cc-pvtz level either in Table 1 or in Table 2.

Effect of the i-Propanol Conformation. The H-C—0O—H The hydrogen-bond geometric parameters are close to each other
moiety in i-propanol can assume two stable conformations, either with a gauche or a trans i-propanol in the complex. The
namely, gauche and trans. In the gas phase, the gauche structulBSSE corrected binding energieskEe" (eq 3), differ by only
was calculated to be lower in energy than the trans form by up to 0.07 kcal/mol. This preliminary study suggests that the
0.35 and 0.44 kcal/mol using the aug-cc-pvtz and the 6G1 conformation of the HC—O—H moiety in i-propanol has a
basis sets, respectively. The most stable structure for a hydrogensmall effect on the calculated binding energy. The i-propanol
bonded system can be easily formed in cases of small moleculesmolecule is, however, only a model of the chemical environment
When the interactions of the polar sites are considered for of the 17-OH group in a steroid molecule. In this or similar
protein—protein or protein-ligand systems, the positions of the ligands, the overall chemical environment of the OH group is
involved heavy atoms may become fixed by the overall asymmetric and the conformation preference for the alcoholic
favorable orientations of the constituents. Thus, hydrogen-bond hydrogen may differ from that in i-propanol. As mentioned
donation by a secondary alcohol group may be most feasibleabove, our ultimate goal in the present study is to find
from one of its main conformations. Supporting this scheme, it correlations between energy values calculated at high and lower-
can be noted that within the hieRL73-estradiol complex, the  levels of theory. A more balanced statistics may be obtained if

aDistances in A, angles in deg. ¥ O or N corresponding to the

Results and Discussions
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TABLE 2. Uncorrected and BSSE-Corrected Binding
Energies in the Gas Phase from Ab Initio MP2/aug-cc-pvtz
and MP2/6-31+G* Calculations upon Non-CP Geometry
Optimization?

i-propanol (acceptor) phenol(acceptor)

Nagy and Erhardt

hydrogen-bond formation with a GBuaH" partner has also
been found previously in cases for cyclic ethérs.

The X---H distances become smaller with a phenol partner
when the hydroxy group is the hydrogen bond donor. Although
the N—H---O distance with the CsCONH, partner is indicated

A AE ABTT AR in the lower part of the table, the hydroxy group acts as an
CHsOH —7.22 —6.3§ —6.11 —5.00 acceptor in this hydrogen bond, thus the longer separation from
—8.47 -7 —707 =379 the phenolic than the alcoholic oxygen is in rd with th
imidazole ~8.95 ~7.66 -832  —6.53 d.e P g Cb 2 ia?ﬁo ¢ OXyae hs accord with those
973 _6.97 912 590 iscussed above. The difference in the-"M separation is
CHsNHs* —23.55 —22 54 ~21.12 —19.50 generally up to 0.1 A in this series. In the case of theCBIO
o —23.91 —21.39 —-2151 —17.96 ion, however, a difference of 0.17 A was calculated when the
imidazoleH :3%?2 :ig-(l)g :%g-;g :g-gé aug-cc-pvtz basis set was applied. To reach the very short O
CH:GuaH" 2134 _19.96 _1749 —1597 _--H distance of 1.487 A with the phenol partner, theIEDt_)oan
—2233 —18.81 -1892 -15.11 in phenol was stretched by 0.066 A. The:® separation is
water —6.99 -6.19 —5.09 —4.36 only 1.660 A with an i-propanol partner, suggesting considerably
:2-38 :g-;g) —6.22 —4.08 reduced capacity of this molecule compared to phenol for
s s hydrogen donation. The basis set effect on the X distance
8.25 5.87 . . .
is up to 0.1 A for this series, as well. The hydrogen bonds are
i-propanol (donor) phenol(donor) similarly bent in most cases. The largest departures from a linear
ChOH 607 =80 o1l o5 hydrogen bond were consistently calculated for the complexes
3 796 50 1055 717 with the CHhCONH, partner (Figure 2). In this case, however,
imidazole —921 —8.00° -12.30 —10.89 a six-member ring was calculated including two hydrogen bonds
—-9.71 —6.81 —12.96 —9.36 of =0---H—-0 and N-H---O.
CHsCONH, :ﬁ";g _}g'ég :ig%g __lég:l” In complexes with water, both parties can act as either
CH,COO" —2153  —2017 —2910 —2756 hydrogen bond donor or acceptor. Water is a preferable donor
-21.61 —18.42 —28.49 —25.21 to i-propanol and acceptor with phenol. The-#D separations
water —5.40 —4.78 —7.31 —6.56 are shorter by 0.06- 0.09 A in the (HOY-H-+-O(i-propanol)
:g'gg :Z‘-g% —9.30 —6.38 complexes than in the O(waterH—O(i-propanol) systems at
—7.05 —45P the MP2/aug-cc-pvtz level. (The plural refers to the gauche and

aEnergies in kcal/molAE®" = AEY"e' — BSSE. Upper and lower
values from MP2/aug-cc-pvtz and MP2/6-8G* calculations, respec-
tively. The H-O—C—H moiety is in gauche conformation in i-propanol,
with the exception of the indicated water complexes, where the
conformation is trans? Trans H-O—C—H moiety in i-propanol.

complexes with trans i-propanol are also considered. To this
aim, in some complexes with methanol, imidazole, and;-CH
NH3™, the trans H-C—O—H moiety was assumed. (The trans
conformation for the alcoholic hydroxy group is noted in the
tables.)

Geometries. The two main geometric parameters of the
hydrogen bond, the X-H distance and the X*H—Y bond angle
(X, Y = O, N) are compared in Table 1, as calculated by the

trans conformations of i-propanol). With phenol, the separation
is shorter by 0.1 A when phenol is the donor component. In all
water complexes, regardless of the partner, theHD-O angle

is 163-165° and 176-18C°, when the water is the donor and
the acceptor, respectively.

Effects of the CP optimization have been studied for six
complexes, applying both the aug-cc-pvdz and the aug-cc-pvtz
basis sets (Tables 3and 4). Table 4 includes geometries for
hydrogen-bonded complexes with cyclic ethers as well, inves-
tigated by us only at the aug-cc-pvtz level previously. As found
in former studieg;'>17the optimized X--H(Y) and X---Y (X,

Y = O and/or N) separations are larger upon CP than standard
geometry optimization. The difference is quite remarkable when
the aug-cc-pvdz basis is used, but decreases to-0.08 A

standard (non_CP) geome[ry optimization in the gas phase_ Inon the basis of the MPZ/aUg-CC-thZ calculations. It is worth

accord with the calculated binding energies in Table 2, the Mmentioning that the complexes were selected for testing the
equilibrium separations also suggest that phenol acts as aeffects of the CP optimization on neutral, as well as positively

stronger hydrogen-bond donor and a weaker acceptor thanand negatively charged hydrogen-bonded complexes. The results
i-propanol. When the hydroxy group acts as an acceptor, thesuggest that the differences in the calculated geometries are
X-++H separations are shorter in complexes with i-propanol than Small when the aug-cc-pvtz basis set is used. Our computer

with phenol. The difference may be as large as-@2 A, both

resources did not allow for studying the selected systems with

with neutral and protonated partners at the MP2/aug-cc-pvtz larger basis sets (aug-cc-pvqz or larger), but the calculated

level (upper-row set). Using the 6-3G* basis set (lower-row
set), the trend is maintained, but the differences in thek
separations are generally decreased.

In contrast, the deviations of the corresponding-M—Y

geometric parameters support the conclusion of Halkier ¥t al.
about the rapid convergence of the MP2/CP and MP2/non-CP
optimized equilibrium separation of the heavy atoms involved
in a hydrogen bond when the basis sets aug-cc-pvXz B,

angles calculated with the two basis sets are moderate, up tol, Q are applied. Halkier et &l.performed the calculations for

6°. With an acceptor hydroxy group, the aug-cc-pvtz-H—Y
angles are in the range of 16479 in the i-propanol complexes
(Figure 1), whereas this range is 15863 with an acceptor
phenol component. The -H—Y bond angle is special with
the CHGuaH" molecule (Figure 2), where a bifurcated
hydrogen bond comes into existence for both i-propanol and

the water dimer compared to larger complexes in the present
study.

The usefulness of the specific geometry optimization can be
decided only on the basis of a comparison with experimental
results. For complexes in the present study, experimental
structure has been found only for the phenalater system.

phenol. The calculated angle, using any basis set and acceptorThe structure was determined on the basis of micro#’aaad

falls in the narrow range of 14615C°. This feature of the

high-resolution UV spectroscop§® The two studies provide,
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TABLE 3. Optimized Geometries for Phenol, Water, and the Phenot-Water Complex and the Calculated Binding Energies
with Different Optimization Methods and Basis Sets in the Gas Phase

non-CP opt CP opt
aug-cc-pvdz aug-cc-pvtz aug-cc-pvdz aug-cc-pvtz exp
phenol
O—H 0.9680 0.9641 0.9574
c-0O 1.3815 1.3701 1.3745
COH 108.61 108.66 108.77
CCO 116.90 117.13 117.01
water
O—H 0.9659 0.9614 0.957
HOH 103.87 104.12 104.52
phenol(donor)-water
phenol
O—H 0.9768 0.9729 0.9757 0.9726
C-0O 1.3747 1.3627 1.3751 1.3629
COH 109.08 109.30 109.23 109.38
CCO 117.32 117.56 117.24 117.51
water
O—H 0.9668 0.9626 0.9670 0.9625
HOH 104.50 104.81 104.46 104.80
intermolecular
O---Oy 2.8440 2.8347 2.9011 2.8604 2988.93
H++-Ow 1.8679 1.8633 1.9274 1.8897
O—H-:-0Oy 177.43 175.99 175.44 175.61
H—0---0Oy 1.69 2.63 3.03 2.90 687
C—0---0y 110.77 111.93 112.26 112.27 114.8
115.%
O-+-Ou—Xf 134.20 133.56 13241 134.63 137138.9
1445

aDistances in A, angles in deg. Optimizations were performed with the aug-cc-pvdz and aug-cc-pvtz basBesetsf 29¢ See ref 309 See
ref 28a.¢ See ref 28bf X is the bisector of the HO—H angle.

TABLE 4. Optimized Intermolecular Geometric Parameters for Hydrogen-Bonded Complexes Obtained with Different
Optimization Methods and Basis Sets in the Gas Pha3e

non-CP opt CP opt
aug-cc-pvdz aug-cc-pvtz aug-cc-pvdz aug-cc-pvtz

i-propanol(donory-water

O--+:Oy 2.922 2.919 2.992 2.945

H---Oy 1.949 1.950 2.020 1.977

O—H---0Oy 178.5 178.5 178.1 178.1
i-propanot--CHzNHz ™

O--*N 2.662 2.655 2.700 2.671

O-+-H(N) 1.600 1.598 1.643 1.616

O--*H—N 173.8 174.0 173.2 173.7
i-propanot--CH;COO~

O-++O4¢ 2.678 2.661 2.716 2.683

He++Og4c 1.675 1.660 1.716 1.683

O—H¢+-O4¢ 176.7 177.8 178.5 178.4
CH30H:--.oxocyclobutane

O-++Oether 2.763 2.759 2.825 2.787

H"'Oether 1817 1819 1883 1853

O—H:+**Octher 161.8 161.3 161.3 160.1
CH3NH3*---oxocyclobutange

N-**+Oether 2.635 2.634 2.676 2.651

H-++Oether 1.568 1.570 1.615 1.590

N—H=**Oether 170.6 172.7 171.3 172.2

aDistances in A, angles in de§Trans H-O—C—H moiety in i-propanol¢ Aug-cc-pvtz values from ref 7.

however, fairly different values for the -©0O separations of  respectively, whereas the bond angles change by up fo 0.7
about 2.86 and 2.93 A, respectively. The experimental structure An increase in the ¥H bond length of the donor molecule
was derived by accepting that neither the phenol nor the waterin a hydrogen-bonded system has been generally found for
geometry changes upon the formation of the complex. the complexes in this study. The increase is moderate for
Table 3 shows that some major calculated geometric param-neutral complexes but may reach 0.066 A in negatively
eters for the isolated phenol and water molecules agree withcharged complexes (see above), or 0.047 A for the
the experimental values within 0.0064 A and 90.4Jpon CH3NH3"--oxocyclobutane compleklt is not obvious to us
formation of the complex, the ©H and C-O bonds of phenol whether consideration of the calculated geometric changes for
increases by about 0.009 A and decreases by 0.007 A,the phenol-water complex would remarkably affect the
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TABLE 5. AEMPZ and Complete Basis Set Limit ValuesAEMP2cgs of the Interaction Energies for Selected Hydrogen-Bonded
Complexes as Calculated with Different Optimization Methods in the GasPhase

non-CP opt CP opt
aug-cc-pvdz aug-cc-pvtz CBS aug-cc-pvdz aug-cc-pvtz CBS

phenol(donor)...water

AEUncor —7.68 -7.31 —7.15 —7.62 —7.29 —7.15

AE® —6.18 —6.56 —6.24 —6.57
i-propanol(donory-water

AEUncor —5.66 —5.40 -5.29 —5.60 —5.39 —5.30

AECr —4.45 —4.78 —4.51 —4.79
i-propanol(acceptor): CHaNHz™

AEUneor —23.80 —23.55 —23.44 —23.66 —23.53 —23.48

AE®" —21.62 —22.54 —21.77 —22.55
i-propanol(donory-CH;COO™

AEUneor —21.93 —21.53 —21.36 —21.80 —21.50 —21.37

AE®" —19.25 —20.17 —19.40 —20.20
CH;OH:--oxocyclobutange

AEuncor —8.37 —7.80 —7.56 —8.25 —=7.77 —7.57

AE®" —6.46 —6.86 —6.58 —6.88
CHsNHg3*---oxocyclobutane

AEUneor —25.82 —25.58 —25.48 —25.74 —25.55 —25.47

AEC" —23.68 —24.46 —23.77 —24.47
CH;OH:---oxocyclobutenge

AEUncor —6.39 —5.99 —5.82

AE®" —4.84 —5.17
imidazole--oxocyclobutane

AEUneor —10.09 —9.27 —8.92

AE®" —7.61 —7.97
imidazole--i-propanol (acceptor)

AEUneor —9.76 —8.95 —8.61

AECr —7.17 —7.66
phenol(donory-CH;CONH;,

AEUneor —14.05 —13.28 —12.96

AE®" —10.81 —11.73
CHsGuaH"---phenol (acceptor)

AEUneor —18.29 —17.49 —17.15

AE®" —15.35 —15.97
phenol(donory-CH;COO™

AEUncor —29.34 —29.10 —29.01

AE®" —26.62 —27.56

aEnergies in kcal/mol. Donor or acceptor role of i-propanol and phenol in the complexes are indicated. Geometries were optimized with the

corresponding method using the aug-cc-pvdz or aug-cc-pvtz basisEet= AE'' — BSSE. The complete basis set limit valueEM"%gs, was
estimated using eq 8.Trans H-O—C—H moiety in i-propanol¢ Aug-cc-pvtz values from ref 7.

experimentally derived structure. Our calculations with the aug-
cc-pvtz basis set suggest that the-O distance of about 2.86
A is the more reliable separation.

MP2 Binding Energies. Hydrogen-bonding energies from
non-CP optimizations at the MP2/aug-cc-pvtz and MP2/6-
31+G* levels are summarized in Table 2, and for 12 complexes
with the CBS limit in Table 5. The uncorrected and BSSE-
corrected values were calculated according to egd.Z2The

—4.4 t0 —11.7,-16.0 to— 22.5, and—20.2 to —27.6 kcal/
mol, respectively. Binding energies of the water complexes vary
between—4.4 and—6.6 kcal/mol, depending on the partner
molecule and whether the water molecule acts as a donor or
acceptor throughout the bond formation. Corresponding to the
general trend, water is most favorably a donor and an acceptor
with i-propanol and phenol, respectively.

The alternative hydrogen-bonding energies (with reversed

BSSE values and the geometry distortion energies (GEOM) from roles for the donor and the acceptor) are mostly different in

non-CP optimization are summarized in Table S1 of the
Supporting Information.
The AE®" values for i-propanol containing complexes in

complexes with phenol. In the water-phenol complexesser
varies within a range of 2 kcal/mol, and in the methanol and
imidazole complexes the range is-8 kcal/mol. In contrast,

Table 2 are consistently more or less negative than the hydrogen-AE®" varies by up to 1.5 kcal/mol in the corresponding
bond energies with a phenol partner, when the i-propanol is ani-propanol complexes.

acceptor or donor, respectively. This is in accord with the
geometric results and indicates that for all of the studied

The asparagine/glutamine mimic, @EONH,, forms two
hydrogen bonds with the hydroxy partn&&ee" for the phenol

complexes, the stronger hydrogen bond is accompanied by acomplex is more negative by 1.6 kcal/mol than with an

smaller X--H separation, both at the MP2/aug-cc-pvtz and MP2/
6-31+G* levels. Another observed trend is that the MP2/aug-
cc-pvizAE® values are more negative than their MP2/6F&*
counterparts for the present series. In contrastAtE#&°'values
are more negative from calculations with the 6+33* com-
pared to the aug-cc-pvtz basis set.

The AE*°"values in Table 2 may be assigned to three groups.

On the MP2/aug-cc-pvtz level, the neutral complexes, the

i-propanol partner. On the basis of the calculated bond lengths
in Table 1, the=0---H—O hydrogen bond seems to be the
energy determining factor, and the trend for preference of a
donor phenol is maintained only by this assumption. However,
the energy effect of the NH---O hydrogen bond formed in
parallel may not be negligible. The hydrogen bonds in the
complexes with CHCONH, are the most bent ones in the
present series. By the assumption that the hydrogen bond is

protonated, and anionic complexes fall in the energy ranges of stronger when the X-H—Y bond angle is closer to being linear,
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the bond angles of 135142 in these complexes may be a -2
consequence of the balance of forming one, nearly lire@r 1
--H—0 bond, or two, largely bent hydrogen bonds. -6

Y=1044X+1379 R*=0.997 4
For the protonated complexes, the absolAte®" values -

decrease in the GNIHs ", imidazoleH", CH:GuaH" series. This E (aug -0 1

effect is clearly seen in complexes with an acceptor phenol, cc-pvtz) 1

where the energy range is 3.5 kcal/mol compared to 2.2 kcal/ [keal/mol] .14

mol for complexes including i-propanol. In the anionic com-

plexes with CHCOO™, the proton-donor preference of the -18 2

phenol partner is revealed most clearly for the complexes in -

the present series. The differenceA&®" is 7.4 kcal/mol, the 22

largest for all corresponding pairs in Table 2. TRIAE®" can

come into existence despite a geometry distortion energy as 26 -

much as 4.6 kcal/mol (see Table S1 in the Supporting Informa-

tion). a0 2
The BSSE values (Table S1, corresponding alse Encor 0 26 2 8 4 0 6 2

— AE®) are—0.6 to—1.8, and—1.0 to—2.1 kcal/mol for the E (6-31+G*) [kcal/mol]

neutral and the ionic complexes, respectively. This corresponds,:igure 3. Correlation of the uncorrected MP2/6-8G* and MP2/

to 10-20 and 5-10% of the respectivéE“"values at the  5yg-cc-pvtz hydrogen-bonding energies for 28 neutral, 24 positively

MP2/aug-cc-pvtz level. The BSSEEU"*'ratios are similarto  charged, and 2 negatively charged complexes in the gas phase. Energies

those calculated for the complexes with cyclic etfiéfhe BSSE in kcal/mol. See also Table 6.

values from MP2/6-31G* calculations are in the range e2.1

to —4.4 kcal/mol. Despite the considerably larger BSSE values

with this smaller basis, thAE®" values have been calculated

to be consistent with the MP2/aug-cc-pwE" values (see

next section).

calculated for the water complexes. TMMBPE is large in these
cases, regardless of whether the water molecule acts as a donor
or an acceptor. For other complex@&xPE is always larger in

the corresponding pairs with a phenol compared to an i-propanol
L . i . component. Overall, by considering tA&ZPE values of 1.3

The geometric distortions (see Table S1 in the Supporting 5,4 0.8 kcal/imol, respectively, only the EDO"-+-phenol and

The only exception, 4.6 kcal/mol for the GBOGO --HO— forming strong hydrogen bonds in the present series, according
CeHs (acetate--phenol) complex, indicates the readiness of the g ihe MP2/aug-cc-pvtz calculations.

distortion of the components for reaching a strong hydrogen e s jimit is close to the aug-cc-pvtz uncorrected binding
bond. Jeffrey assigned the strong hydrogen bond with an eNerQ¥energy for each of the studied complexes. The CBS energy
of 15—40 kcal/mol** Grabowski¢ characterized the short strong depends within a few hundredths of a kcal/mol on whether it
hydrogen bond (SSHB) with further structural features such as a5 derived upon non-CP or CP optimization of the complex.
an O--O distance of 2.462.55 A’ a charge transfer of about  This gifference is, however, much smaller than that between
0.1-0.4 charge units, and an-HX distance being close t0a {he BSSE corrected and the CBS binding energy. If the
covalent bond. For the acetate...phenol comple®*’ value is extrapolation of the CBS value upon the application of eq 5
—27.6 kcal/mol, whereas the-&H bond stretches by more than o4 the aug-cc-pvdz and aug-cc-pvtz binding energies is correct,

0.06 A, and the;ystem produces ® and O--O distances of e Taple 5 suggests that the uncorrected aug-cc-pvtz binding
1.49 and 2.52 A, respectively. The Mulliken charge transfer gngrqy is a much better estimation of the CBS limit than the
from the acetate ion is 0.13 units, the CHELPG value is 0.14. BSSE-corrected value. However, this conclusion rests on

Although the transferred Mulliken and CHELPG charges are considering only twelve hydrogen-bonded systems. Further

close to the previous values, 0.12 and 0.10, respectively, for oy,qjes and a larger variety of hydrogen-bonded complexes are
the CHCOO --+i-propanol complex, the ©O distance 0f2.66  hacessary to explore whether the use of the aug-cc-pvtz

A is considerably out of the preferred range. uncorrected binding energy may provide a good estimation to
Other systems, which may form strong hydrogen bonds, are the CBS limit value.
the protonated complexes. The most negathi" value of The correlation of the BSSE-uncorrected gas-phase hydrogen-
—22.54 kcal/mol was calculated for the g¥Hs™+++i-propanol bonding energies calculated at the MP2/6+& and MP2/
complex. In this system, the-NH bond is stretched by 0.039  aug-cc-pvtz levels are shown in Figure 3. (For the correlation
A, and the N--O distance is 2.66 A. The Mulliken and the of the corrected binding energies, see Figure S1 in the
CHELPG charge transfers are 0.12 and 0.11 charge units fromsuypporting Information.) The derived equations are summarized
the protonated partner. The-NO distance for the strong in Table 6. Correlation equations have been derived for a total
hydrogen bond is 2:52.6 A19:3 Thus, the present complex  of 54 complexes, 24 complexes from Table 2 and 30 complexes
with its structural parameters may be on the verge of the group of amino acid mimics and cyclic ethetsSeparate equations
classification. The N...O distance in the @¥Hs™+--phenol were derived for the neutral and positively charged complexes
complex is considerably larger with a value of 2.76 A. In the (see also the footnote of Table 6). The two negatively charged
imidazoleH - i-propanol complex, the N-O distance is again  complexes were only considered as part of the total set.
about 2.65 A, but the binding energy is only 20.2 kcal/mol. R js equal to 0.997 and 0.996 for the uncorrected and
Noneth9|ess, still remarkable 0.13 (Mulllken) and 0.09 (CHELPG) corrected AE \/a]uesl respective]y_ This indicates a good
units of charge transfer were calculated for this system. correlation of the corresponding MP2/aug-cc-pvtz and MP2/6-
Table S2 in the Supporting Information summarizes the 31+G* hydrogen-bonding energies for the total set. Neither
calculated changes in the zero-point energieE, at the MP2/ Figure 3 nor Figure S1 in the Supporting Information show a
6-31+G* level. The unscaled values vary between 0.8 and 2.2 remarkable outlier for the set of 54 complexes. The neutral and
kcal/mol. The largest values of 1.82.18 kcal/mol were charged complexes appear in thd to —14 kcal and the-15
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-2 rected MP2/aug-cc-pvtz binding energy is more negative than

1 the CBS limit by up to 0.35 kcal/mol in the gas phase for twelve

*1 v=1078X+0894 R® =0918 a complexes. A fairly easy prediction of the uncorrected MP2/

E (aug aug-cc-pvtz bir}d_ing_ energy at its_ non-CP_ op?imized geometry

ce-pviz) could be beneficial in many practical applications. The present
[keal/mol] study suggests that the corresponding values could be predicted

on the basis of non-CP MP2/6-3G* geometry optimizations
and binding energy calculations without applying the BSSE
correction. This makes the calculation procedure at the MP2/
6-31+G* level even shorter.

If future studies point out that the CBS estimation is not
precise enough on the basis of eq 5, and the BSSE corrected
energies turn out to be the theoretically more sound values for
the binding energy even at the MP2/aug-cc-pvtz level, the
, correlation found in Table 6 for the BSSE corrected binding
3 2 energies can still be applied, and calculations for everyday
E (6-31+G¥) [keal/mol] practice could then utilize the BSSE corrected MP2/6-Gk

Figure 4. Correlation of the BSSE-uncorrected MP2/6+33* and binding energy values.

MP2/aug-cc-pvtz hydrogen-bonding energies for 19 neutral complexes  CCSD(T) Binding Energies.Eight complexes were selected
in a model continuum with dielectric constant of 15.0. Energies in kcal/ for estimating theAECCSP(Tg5 binding energies in the gas phase
mol. The plotted energies do not include contributions due to a cavity (Table 7). For the more affordable cases of the i-propanol

formation and dispersioefrepulsion interactions throughout the hydrogen- water and methanetoxocyclobutene complexes, tHeAE =

bond formation. See also Table 6. (AECCSP) — AEMP?) correction term was calculated both by

4 using the aug-cc-pvdz and aug-cc-pvtz basis sets. For all
complexes, the correction term was estimated both with and
5 Y =0912X-0514 R* =0.958 o without the consideration of the basis-set superposition error.
chgstgz) AAE differs only by a few hundredths of a kcal/mol when
[keal/mol] the aug-cc-pvdz or the aug-cc-pvtz basis set was used for either

complex. Considering the BSSE uncorrected teAn\E"co"
the AECCSP(Tg5 value is more negative by-0.05 to —0.08
kcal/mol than theAEMP?cgg limit for the i-propanoi--water
complex. The correction is of opposite sign, but is very close
to zero kcal/mol for the methaneioxocyclobutene complex
with the two basis sets. The difference of tAAE®" terms
calculated with the two basis sets is slightly larger than the
corresponding difference for thiAE“"°°'terms, but the largest
difference is still less than 0.1 kcal. The two studied examples
suggest that theAECCSP(M) — AEMP2 correlation correction of
-10 -9 -8 -7 -6 -5 -4 the hydrogen-bonding energy may be reasonably estimated upon
E (6-31+G*) [keal/mol| using the aug-cc-pvdz basis set without accounting for the basis

. ) set superposition error.
Figure 5. Correlation of the BSSE-uncorrected MP2/6+33* and uncor .
MP2/aug-cc-pvtz hydrogen-bonding energies for 7 positively charged 1 N€ largest calculated AE""*°" (aug-cc-pvdz) correction is
complexes in a model continuum. Energies in kcal/mol. See also Table 0.57 kcal/mol and the largest difference between the corre-

6 and the caption for Figure 4. spondingAAE""c°" and AAE®" values is 0.16 kcal/mol. The
correction terms assume both negative and positive values.

to —29 kcal/mol binding energy regions, respectively. Since Because the BSSE-uncorrect@d=""?(aug-cc-pvtz) binding
these domains are not overlapping, it could be useful to developenergies (referred to @sEMP2 in Table 7) were always more
separate equations for the neutral and charged species. Table 6egative than the corresponding CBS limit in Table 5, the
shows that the slopes are about 1.04 for the total set, but thepositive AAEU"®" correction increases the difference between
average slope splits to 1.42.15 and 1.06:1.06 for the sets this value andAEC®SP(Mz5 Nonetheless, the overestimation
of the neutral and the positively charged complexes. A better of the AECCSP(T55 binding energy byAEMP? is generally up
estimation of the hydrogen-bond energy for a specific complex to 5 and 3% for the neutral and positively charged complexes,
is expected if the group-specific correlation equation is applied. respectively. The overestimation is 11% only for the imidazole

The most important conclusion from Table 6 is that the MP2/ --i-propanol complex. The number of the studied cases in Table
aug-cc-pvtz binding energies in the gas-phase could be predicted’ is far from forming a basis for generalization. The present
on the basis of much simpler calculations at the MP2/¢-G1 results are, however, promising toward using the separate
level. Table 1 (and Table 4 in ref 7) show that the H..X distance correlation equations for the neutral and protonated complexes
for a specific hydrogen bond may differ by up to 0.1 A, as (Table 6) and applying an empirical factor of about 0.95 and
calculated with the two basis sets. Nevertheless, the hydrogen-0.97, respectively, such that tRECCSP(Ng5 values in the gas
bond energies at the corresponding optimized geometries stillphase may be estimated on the basis of BSSE uncorrected
correlate satisfactorily, both for the uncorrected and the BSSE AEMP2(6-31+G*) binding energies. Nonetheless, further cal-
correctedAE values. culations with special emphasis on the negatively charged

The authors assume that eq 5 is an appropriate formula forsystems are necessary for establishing a more solid empirical
predicting the CBS limit. Table 5 then shows that the uncor- relationship.
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TABLE 6. Correlations of the Uncorrected and BSSE Corrected Hydrogen-Bond Energies Calculated at the MP2/aug-cc-pvtz
and MP2/6-31+G* Levels?

Y = AEU"cer(MP2/aug-cc-pviz);

X = AEUo (MP2/6-3HG*);

AE® (MP2/aug-cc-pvtz) AE®" (MP2/6-3HG*)

Gas Phase

total seth =54

AEuncor Y =1.044X + 1.379 R?=0.997

AECr Y =1.040X — 0.558 R?>=0.996
neutral complexes) = 28

AEuUncor Y=1.12 + 2.000 R?=0.969

AECr Y =1.146X + 0.067 R?=0.956
positively charged complexes= 24

AEuncer Y =1.060X + 1.837 R?>=0.964

AE® Y=0.996X — 1.324 R?=0.971

In Environment
total seth = 28

AEUncor Y=1.12X+ 1.077 R?=0.929
neutral complexes) = 19

AEuncor Y=1.07& + 0.894 R?>=0.918
positively charged complexes= 7

AEuncor Y=0.91% - 0.514 R?=0.958

aEnergies in kcal/mol. The total set in the gas phase includes 24 complexes from Table 2, and 30 complexes of amino acid mimics and cyclic
ethers from ref 7, Table 5. Neutral complexes: 16 from the present stutly ether complexes. Positively charged complexes: 6 from the present
study + 18 ether complexes. For the in-environment correlations, complexes were considered in Tables 9 and 10.

TABLE 7. Complete Basis Set CCSD(T) Binding Energies for Selected Gas-phase Complexes
AAE = AECCSD(T)_ AEMPZ

aug-cc-pvdz aug-cc-pvtz

AEMPZb AAEuncor AAEcor AAEuncor AAEcor AECCSD(TCBS
i-propanot--water —5.40 —0.08 -0.01 —0.05 —0.06 —5.37 (-5.34)
CH;0OH:--oxocyclobutene —5.99 —-0.02 0.07 0.03 0.00 —5.84 (-5.79)
imidazole--i-propanol —8.95 0.57 0.64 —8.04
phenot--CH;CONH, —13.28 0.29 0.45 —12.67
CHsGuaH"-+-phenol —17.49 0.15 0.28 —17.00
i-propanot--CH;COO~ —21.53 —0.15 —0.01 —21.51
CHsNHg"+++i-propanot —23.55 0.42 0.48 —23.02
phenot--CH;COO~ —29.10 0.49 0.64 —28.52

aEnergies in kcal/mol. The first standing partner is the hydrogen-bond donor for the complexes in the table. The complete basis set limit values,
AECCSP() 55 were calculated by utilizing th&AEMP%cgs values (Table 5) and th@AE = AECCSP( — AEMP2 energy difference. Values in parentheses
were obtained by considering the aug-cc-pAxE""°" terms.? For comparisonAE“"" (MP2/aug-cc-pvtz) values calculated with non-CP optimization
(Table 5).¢ Trans H-O—C—H moiety in i-propanol.

In-Environment Calculations. The changes in the binding A(Eine + E2) is always more negative than its gas-phase
energies for all 24 complexes under the influence of a polariz- counterpart AE“"®*(gas), which corresponds thE'"°" jtself
able environment were estimated throughout the IEF-PCM in the gas phase. In contrast, due to a considerably poitgg:
approximation at the MP2 level, utilizing the gas-phase opti- component, the electrostatic part of the binding energy in the
mized geometries (Table 8). Upon these single-point calcula- condensed phase, defined AE'"°{(cp) = AEest + A(Eint +
tions, the effect of the environment on the equilibrium geometry E,), has been calculated always less negative tharh E#gco-
was discarded, and the comparison of the gas-phase and in{gas) value. It is to be emphasized, however, that the above
environment (condensed-phase) values directly account for thedefinition of the condensed-phas& "*°"does not account either
polarization effect of the model environment with a dielectric for the energy possibly needed for covering a cavity formation
constant ok = 15.0. Because the implementation of the IEF- in the protein environment or due to the changes in the
PCM method in Gaussian 03 does not allow for the calculation dispersion-repulsion interaction free energies throughout the
of the BSSE correction, the following discussion compares the hydrogen bond formation.
AE'"c°rvalues calculated in the two phases. The most important changes fakE'"*°(cp) have been

All individual Ees terms, for either the components or the calculated for the ionic hydrogen bonds. In these casea\ g
hydrogen-bonded dimers (data not shown), were calculated atterms are as large as 16.47.5 kcal/mol. As a consequence,
negative values. Thus the electrostatic interaction is favorable the uncorrected MP2/aug-cc-pvtz binding energies decrease (in
for the molecules under consideration when they enter a absolute value) from the range ofL7.5 to—29.1 kcal/mol in
polarizable environment from the gas phase. Ni&s term the gas phase to the range-65.0 to—11.4 kcal/mol. It is also
following the hydrogen-bond formation was, however, always noticeable that for the positively charged systems, the largest
calculated as providing a positive-energy contribution. Table 8 and smallest stabilities of the GNHz;™ and CHGuaH"
shows the breakdown of the total condensed-plgsgcer to complexes, respectively, switch when they enter from the gas-
AEgistand A(Eins + E). Eint was calculated according to eq 6a  phase in a polarizable environment witk- 15.0. The changes
and E; is the second-order MollerPlesset (MP2) energy calculated for the neutral complexes are smaller AfH"c"is
correction to the internal energy. still less negative by 45 kcal/mol in the condensed phase than
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TABLE 8. Uncorrected Binding Energies from Ab Initio

MP2/aug-cc-pvtz and MP2/6-3%#G* Calculations in a Model
Continuum Environment with a Dielectric Constant of 15.0%

complexes: neutral, or ionic with-a1 or —1 net charge (Table
10). The basic conclusion is that the polarizable environment
does not change theAECCSP(M — AEMP2) correction term
remarkably when compared to that for the gas phase. Thus, this

i-propanol (acceptor) phenol(acceptor)

AEeist A(Eint+ Ez) AEUCOT AEqs A(Ein + Ez) AEUncor correction may be calculated from the computationally less
CH:OH 286 -791 -509 181 —646 —4.65 demanding gas-phase models. ,

325 —-897 -57» 173 —728 —555 Table 6 includes the correlation equations between the
imidazole 334 —-9.80 —-646 3.09 -920 -6.11 6-31+G* and aug-cc-pvtAE'""values in the model environ-
CHANH 122? ‘%g-gi —g-ggj 13&312 _;8'3? —g-gé ment. TheR? values are smaller than in the case of the gas-

o 1691 -2401 —710 1435 -1949 —514 phase binding energies, but still allow a useful prediction of
imidazoleH 13.18 —21.92 -874 1382 -20.48 —6.66 high-level binding energies on the basis of MP2/6+&
13.72 —22.40 —868 1435 —20.94 —6.59 calculations in a polarizable dielectric. Considering a total of
CHGuaH" 1245 -21.77 -932 1041 -1729 —6.88 28 complexes (see Figure S2 in the Supporting Information),
12.64 2259 —9.95 1139 ~1880 —7.41 the R2 value is 0.929. As for the gas-phase complexes, separate
water 309 -770 —461 303 —6.17 —3.14 lati i id all bett dicti f th

358 —864 —506 306 —646 —3.40 correlation equations would allow a better prediction of the

3.03 -7.68 —4.69 specific type of the hydrogen-bond energy. The correlation is

353 —-874 -52P remarkably better when only the positive ions are considered,

-propanol (donon) henol(donon) and only slightly worsen for the neutral species (Figures 4 and

prop P 5). The intercepts are much different for the positive ions and

ABeist A(Ent+Ez) AEM™ ABeist A(Einit+E) AET the neutral molecules, thus the use of individual correlation

CHzOH 211 -723 -512 278 -976 —6.98 equations is justified. Good prediction of the ionic hydrogen-

ol 262 —837 *5-7(53) 2.04 -1051  -8.47 bond energies is crucial for calculating a correct net binding
imidazole 32;1688 :ig'ég :;'glb j‘ég :ii'?g :g'ig energy with several binding siteAE“"®" for ionic hydrogen

CHsCONH, 6.07 —12.97 —-6.90 642 -1506 —8.64 bonds_ provide generally larger contributions to the total binding

6.68 —13.18 -650 7.13 -1545 —8.32 energies than the neutral ones, and thus such complexes have
CHCOO™ 1513 —2257 —7.44 1745 -28.89 —11.44 to draw large interest. In the present study, only two negatively

1557 —2236 —679 1766 ~—27.89 ~—10.23 charged complexes have been investigated. Our future work
water 189 —-6.05 —4.16 229 -8.09 —5.80 . ) e :

259 —7.46 —485 313 -975 —6.62 targets calcu_latlons in this field, studqug the_ §3+«1_ZO_O‘

1.90 -6.11 —4.2p complexes with hydrogen-bond donor amino acid mimics such

258  —7.42 —48% as CHNH3z", CH;GuaH", CH;CONH,, and neutral and proto-

nated imidazole. These complexes may model internal hydrogen

the gas-phase optimized geometria&.; and AE;,; from eqgs 6a and bonds and Salt-bl’idges in prOteinS. Such model calculations
6b, respectivelyE; is the second-order MollerPlesset correction to  augmented with the acetatevater complex could provide a
the internal energy. Upper and lower values from MP2/aug-cc-pvtz and basis for establishing a correlation equation for complexes
MP2/6-31G* calculations, respectively. The-HD—C—H moiety is including the—COO™ group as an acceptor.

in gauche conformation in i-propanol, with the exception of the
indicated water complexes, where the conformation is trafisans
H—O—C—H moiety in i-propanol.

aEnergies in kcal/mol. Single-point in-environment calculations at

Conclusions

The hydrogen-bonding energy was calculated for 24 pairs of
in the gas phase. Similar conclusions are valid for the studied complexes comprised of isopropyl alcohol (i-propanol) and
four complexes with cyclic ether acceptors (Table 9). phenol as one partner, and water and amino-acid mimics

The AECCSP(}55 values were calculated for four selected (methanol, acetamide, neutral and protonated imidazole, pro-
complexes representing different classes of the hydrogen-bondedonated methylalamine, the methyl-guanidium cation, and the

TABLE 9. Uncorrected Binding Energies for Cyclic-Ether-Containing Hydrogen-Bonded Complexes in a Model Continuum
Environment with a Dielectric Constant of 15.G*

MP2/aug-cc-pvtz MP2/6-3tG*
AEeist A(Eint + Ep) AEuncer AEest A(Eint + Ep) AEuncer
CH;OH:---oxocyclobutene 2.68 —6.66 (—5.99) —3.98 3.14 —7.57 (—6.99) —4.43
CH;0OH:---oxocyclobutane 3.23 —8.66 (~7.80) -5.43 3.27 —9.50 (-8.80) —6.23
CH3NH;*---oxocyclobutane 18.97 —26.53 (-25.58) —7.55 19.37 —26.70 (-25.81) -7.33
imidazole--oxocyclobutane 3.83 —10.34 -9.27) —6.51 4.38 —11.19 (-10.05) —6.81

aEnergies in kcal/mol. Single-point in-environment calculations at the gas-phase optimized geometries. See also the footnote fovahlde 8.
in parentheses stand for the gas-phase uncorrected binding energies from ref 7.

TABLE 10. Complete Basis Set CCSD(T) Binding Energies for Selected Complexes in a Model Continuum Environment with a
Dielectric Constant of 15.¢

AEMPZb AEMPZCBS (AECCSD(T) _ AEMPZ)C AECCSD(T)CBSd
phenot--water —5.80 —5.64 —0.06 —5.70
CH3;0OH:--oxocyclobutene —3.98 —3.75 —0.08 —3.83
i-propanot--CH;COO~ —7.44 —7.24 —0.16 —7.40
CHNHg"--+i-propanof —7.07 —6.93 0.30 —6.63

a Energies in kcal/mol. Single-point in-environment calculations at the gas-phase optimized geometries. The first standing partner is the hydrogen
bond donor for the complexes in the tableAE(MP2/aug-cc-pvtz) binding energies in the condensed phase without BSSE corredaeey.
¢ BSSE-uncorrected aug-cc-pvdz values for thE{CSP(M — AEMP?) energy difference? The complete basis set limit values were calculated according
to eq 1.6 Trans H-O—C—H moiety in i-propanol.
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acetate anion) as the other partner. Molecular geometries were Supporting Information Available: The BSSE and GEOM
optimized and zero-point-energies were determined at the MP2/values from ab initio MP2/aug-cc-pvtz and MP2/643%*
6-31+G* level. All structures were reoptimized at the MP2/ calculations and the MP2/6-315* zero-point-energies for 24
aug-cc-pvtz level. The X-H distances and ¥-H—Y bond complexes (Tables S1 and S2), the plot of the BSSE-corrected
angles differed by up to about 0.1 A ant} espectively, with gas-phase MP2/aug-cc-pvtz binding energies vs the MP2/6-
the two basis sets. 31+G* values (Figure S1), and the plot of the BSSE-uncorrected
The BSSE values from the Boy8ernardi counterpoise =~ MP2/aug-cc-pviz binding energies vs the MP2/6-& values
calculations amount to HR0 and 5-10% of the uncorrected  iN @ model continuum with dielectric constant of 15.0 (PDF).
binding energies of the neutral and ionic complexes, respec- 1his material is available free of charge via Internet at http:/
tively, at the MP2/aug-cc-pvtz level. These fractions of energies PUbS.acs.org.
are very similar to those calculated by us previously for
complexes between cyclic ethers and amino-acid mihidse
geometry distortion energy upon hydrogen-bond formation is (1) See e.g. (alodeling the Hydrogen Bon@mith, D. A., Ed.; ACS
up to 2 kcal/mol, with the exception of the most strongly bound fé’&‘,’?ﬁ;i’ﬁﬁ%’fﬁcﬁgﬁ’t OAF’E%TSSQncgfnnézggggfgj XYaES(;‘.';”g;?gr(?-C-v
acetate...phenol complex, where the GEOM term reached avaluQJniversity Press: New York, 1997. (c) Scheiner,H/drogen Bonding:
of 4.6 kcal/mol. A Theoretical Perspeate; Oxford University Press, New York, 1997. (d)

; . ‘. p Desiraju, G.; Steiner, TThe Weak Hydrogen Bond: Applications to
On the basis of the X-Y heavy atom and X-H distances, Structural Chemistry and BiologyOxford University Press: New York,

as well as by considering the CHELPG charge transfer from 1999. (e)Horizons in Hydrogen Bond Research 2088J. Mol. Struct
the acceptor to the donor molecule, the{lO +--HO—CgHs 2004 700 (1-3); Barnes, A. J.; Limbach, H.-H., Eds.; Elsevier B. V.:
(acetate-phenol) system with BSSE-corrected binding energy Amsterdam, 2004. (f) Hobza, Annu. Rep. Prog. Chem., Sect.2004

e 100 3. Grabowski, S. JAnnu. Rep. Prog. Chem., Sect.2006 10
of —27.56 kcal/mol has been classified as a short, strong 13%_ (h)(?\%arx, D.chemphyschemogﬁ 7, 19848. 6102
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