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errors. Finally, experimental values may be missing for
. . . . . . particular structures. All of these problems can be overcome
chemical and biological processes. This article describes

o -~~~ easily by theoretical methods; once a model for calculating
the development of a method for the quantitative estimation a target property is determined, the procedure can be ex-

of the hydrogen-bonding donor strengths of OH/NH moi- . . -
. . tended to any other molecule (within the confidence inter-
eties and of the hydrogen bonding acceptor strengths of O/N val) and fully automated.

itrlortnhsemcgtl'];’feelt’;letir(])tncr(])?n(]al)((:aleztr;uecr:zarﬁ S'thsimgéh%d ésroba‘esrf_d Numerous attempts have been made to replace experimental
P y ydrog hydrogen-bonding values with theoretical descriptors. These

z(r)t?(e(j ;ng aslgjg?égso\r’]v'meq;?:;u;g}rgfggagg;ra:] dgrgvz(:]_%fﬁé attempts range from the simple count of the number of donors/
’ P yadrog acceptors in a moleculé to the application of additive or

acceptors) and on the heavy atom attached to the donor multiplicative empirical methods® and finally to the use of

&ydr&%e%éf;:rC%cr‘éfgt'iaonr;bv?lir;g ?ﬁgoéi).erir::eﬁ;grim;rso gé\:]' guantum-mechanical (QM) calculated properties. Dearden et
9 P ydrog al. have recently reviewed these studies.

bonding scales were electrophilic superdelocalizability and : o

self-atom polarizability. The best equations found have been m;:doeclgzlrég 32:% (.)n QM approaches, donor ability has been
implemented in a Web-based tool for hydrogen-bond y 9
strength prediction. © 2001 by Elsevier Science Inc.

Hydrogen bonding interactions play a major role in many

® the energy of the lowest unoccupied molecular orbital
Keywords: hydrogen bonding, quantum-mechanical proper-  (LUMO) and the atomic charge on the hydrogen atém,
ties, AM1, PM3, Web-based program, drug design, QSAR @ the superdelocalizability and self-atom polarizability of the
heavy atom attached to the donor hydrogen.

INTRODUCTION Whereas, acceptor ability has been modeled by using:

The importance of hydrogen bonding in drug design is well @ the energy of the highest occupied molecular orbital

I’ecognized; hydrogen-bonding Capabilities deeply influence (HOMO) and the atomic Charge on the most negative|y
the transport and ADME (Adsorption, Distribution, Metab- charged atom in the moleculé,

olism and Excretion) properties of a molecule as well as its
specific interaction with biological receptors. Many QSAR

studies have been reported in which hydrogen-bonding in-
teractions play a key role in modeling a particular target
activity.r The hydrogen-bonding parameters used in QSAR )
can be either experimentally determined or derived from been applled to hydrogen-bonq acceptors.

calculated properties. Beside the obvious accuracy advan- Despite what has been studied in the past, the correct pre-

tage in the use of experimental values, some disadvantageiiftion of hydrogen-bond capabilities is still an open problem.

may be recognized. The scales are strongly dependent on th %f;amg a_pplleld t\l/v?_ d|fferenttsem_|-empt|r|r,}al mlethc:ds/ (fM;
experimental conditions so that values can not be transferred?" ) in calculating an extensive set of molecular/atomic

easily from one scale to another. The process of searchingpmperties and we have correlated them to experimental accep-
and importing tabulated experimental data for a large set of tor/donor scales. Our main objectives were to explore whether

molecules can be tedious, time consuming, and prone toWe could identify new and meaningful correlations between
' ' QM properties and hydrogen-bond ability and to extend to

hydrogen-bond acceptors the work that has been performed
Corresponding author; Emanuela Qancia, Celltech Chiroscience Ltd., previous|y on hydrogen-bond donors by emp|0ying Superde]o-
Granta Park, Great Abington, Cambridge, CB1 6GS, UK. calizability and self-atom polarizability properties. A further

E-mail addressemanuela.gancia@celltechgroup.com objective was to implement the results in an easy-to-use appli-

® the molecular electrostatic potential (MEP).

To the best of our knowledge, atomic properties such as the
superdelocalizability and self-atom polarizability have not yet
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Figure 1. Thirty-one OH-type proton donors. The experimental Jpg&lues?! are reported in parentheses. The values for

HD_68 (2.30)

compounds HD 9 and HD_68 were provided by Jeff Morris, AstraZeneca (personal communication).
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Figure 2. Twenty-seven NH-type proton donors. The experimental logkies! are reported in parentheses.

cation that could be directly used by chemists to predict bonding equilibrium constants of a large variety of proton
hydrogen-bond strengths. donors and acceptors, using 4-nitrophenol as the standard do-
Many sources of experimental hydrogen bonding scales nor and N-methylpyrrolidinone as the standard acceptor.
exist. As our interest was in predicting hydrogen-bonding 1,1,1-trichloroethanee(= 7.53) was used as solvent; due to its
strength in a drug design context, we found an ideal source of high dipolarity, it was considered to be a better model for real
data in the measurements by Abraham et al. of the hydrogen-biological membranes than less polar solvents. Furthermore,
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Figure 3. Thirty-five Oxygen containing proton acceptors. The experimental;logiies!® are reported in parentheses.
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Figure 4. Thirty-one Nitrogen containing proton acceptors. The experimentaloglies? are reported in parentheses.
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this data set offers good coverage of common donor/acceptorstructures have been deleted from the original data set, in
groups and is rich in heterocyclic compounds, thus making it particular: (i) structures characterized by a potential ambiguity

an interesting set for medicinal chemists. on the hydrogen-bond site (i.e. molecules containing more than
one acceptor/donor of similar potency), (ii) structures where

METHODS the acceptor site is neither nitrogen or oxygen; and (iii) struc-
tures where steric factors rather than the electronic distribution

Software may heavily affect the logK (e.g., 2,6-disubsituted phenols). A

All the structures were generated as SMILESstrings and total of 58 proton donors and 66 acceptors were analyzed.

converted into 3D models using Coritfalhe QM calculations ] )

were carried out with a modified version of Mopac 6.01 (Peter Theoretical Descriptors
Bladon, Interchem Chemical Services, Glasgow), which is able
to calculate additional atomic properties (keyword: PROP-
ER)214 Both the Sybyls> and Tsa¥® software packages were
used for statistical analyses.

The modified version of Mopac 6.01 has been interfaced to
Sybyl through an in-house SPL (Sybyl Programming Lan-
guage) script. The script works on a Sybyl molecular database
creating the Mopac input file for each molecule in the data-
bases and running Mopac. Once the QM calculation is com-
pleted for all the structures, a Sybyl spreadsheet is created an
the relevant properties are imported. Subsequent QSPR (quand. Electrophilic frontier electron density (FE)
titative structure—property relationship) analyses are relatively

All the structures were fully optimized (EF routine), before any
parameter calculation either using AMIor PM3'® Hamilto-
nian. In addition to the charge (Q), as defined in Mopac, some
additional atomic propertiéswere computed from the eigen-
vectorsc,; and the eigenvalueg, wherea refers to the atomic
orbital (i.e., s, p, B, and p) andj to the molecular orbital.
'Given a molecule wittN molecular orbitals, whose levels from

1 tomare occupied, and an atqmwith g atomic orbitals, these
Cproperties are defined as follows:

straightforward. FE(p) = > Cin (1)
a=1,q
Data set is simply the sum of all the squared eigenvectorp an the
HOMO.

The experimental hydrogen-bonding data have been taken from
Abraham et at The values of logl and logK; were chosen

as a measure of hydrogen bon.dlng strength for hydrogen-bond FN(p) = z Ci(m+l) 2)
donors and acceptors, respectively. All the structures used and
the associated data are reported in Figures 1 and 2 (proton
donors) and Figures 3 and 4 (proton acceptors). The numberingis simply the sum of all the squared eigenvectorp @ the
of the original paper has been kept for ease of reference. Some_LUMO.

2. Nucleophilic frontier electron density (FN)

a=1,q
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3. Electrophilic superdelocalizability (SE) 4. Nucleophilic superdelocalizability (SN)
SEp) =2x 2 X (ci/A) (3) SNp) =2« X X (ch/—\) (4)

j=1m a=1,q

where the sum is over all the atomic orbitalspénd all the
occupied molecular orbitals.

j=m+1,N a=1,q

where the sum is over all the atomic orbitalspénd all the
unoccupied molecular orbitals.
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5. Radical superdelocalizability (SR)
SRp) =2 2 (@A) + X 2 —A).

j=1m a=1,q j=m+1N a=1,q
(5)
6. Atom self-polarizability (ALP)
ALP(p) = —4x 3 > 3 (Chrchd — M.
j=1m a=1,q k=m+1,N
(6)

logKp

the data set into two classes: 31 OH-type and 27 NH-type
donors (Figure 1, Figure 2). The correlation between each
electronic property and the experimental lggkalues was
calculated for the entire data set as well as for each single class.
When considering the whole data set, none of the calculated
properties showed a high correlation to lggkdowever, on
separately analyzing the OH and NH donors, reasonable coor-
relations were found. Considering the OH donor subset, the
electrophilic superdelocalizability of the donor oxygen PE
has a correlation coefficient of 0.91 (AM1) and 0.92 (PM3)

All the above properties have been calculated on the acceptorwith logK,. In the NH donor subset, {fs slightly worse, with
atom for proton acceptors and on the electronegative atomr = 0.76 (AM1) and 0.68 (PM3). We found that, in some cases,
bonded to the donor hydrogen for proton donors. The following AM1 and PM3 results were not consistent. For example (NH

molecular properties were also taken into account:

® Energy of the highest occupied molecular orbital,§&o)
® Energy of the lowest unoccupied molecular orbitgl (&o)-

RESULTS AND DISCUSSION

The two data sets of 58 proton donors and 66 proton acceptor
have been analyzed with the following steps: (i) the correlation
coefficients between experimental hydrogen bonding strengths
and all the QM parameters were calculated; (ii) the scatter plots
of experimental hydrogen-bonding strengths versus the most
correlated properties were analyzed; and (iii) linear equations

were derived by using multiple linear regression (MLR). The
most significant findings are reported as follows.

Proton Donors

S,

donors) SN, calculated by AM1 has a correlation coefficient of
—0.44 with logK,, whereas, when the same property is calcu-
lated by PM3, the correlation is0.03. A closer inspection into
each single value revealed that the SN values of a few com-
pounds are completely outside the range covered by all of the
other compounds. This is true for either AM1 or PM3, but
affects different compounds in the two cases. We did not find
any obvious explanation for these anomalous values, apart
from the consideration that SN is based on the coefficients of
all the unoccupied orbitals and refers to a “virtual” rather than
to a real electronic density. The SN parameter was therefore
not considered any further.

As this preliminary work consistently demonstrated the
highest correlation between electrophilic superdelocalizabil-
ity and logK,, we investigated the scatter plots of $&
versus logK, (Figure 5). OH donors and NH donors are
clearly separated in this plot. While the slopes of these lines

As the calculated atomic properties are strongly dependent onappear to be similar, their intercepts differ. The few outliers
the atom type, we felt it would be reasonable to further divide belong to well-defined chemical classes: the only 2 oximes
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in the data set for OH donor class (HA29 and HA 30,
Figure 1) and the sulphonamides for NH donor ¢
(HA__55-58, Figure 2).

MLR, as implemented in Tsar, was used to derive

Experimental

following equations. Our objective was to obtain statistically
lass significant models, while keeping the number of parameters as

low as possible. The cross-validated results?(rrefer to the
the leave-one-out protocol.
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® Best AM1 model for OH donors:

Table 1. Predicted and experimental hydrogen
logK, = 1.645 * Sk, + 17.689 1) bonding scales for common functional group3%

n=31,r=0.91,¢=0.83, 2= 0.81, F= 137, s= 0.306
® Best PM3 model for OH donors:

Donors (logK,)

Acceptors (log k)

logK, = 1.713 * SE, + 18.629 )
n=31r=092 F =085, = 0.83, F= 92.45, 5= Group Exp.  Calc.  Exp.  Cale.
° 2'321 . Alk NH2 b 0 2.8 2.8
est AM1 models for NH donors: Ar NH2 0.6 0.3 1.0 1.9
logK,, = 1.420 * S§, + 13.276 | (3 ArNHAr 06 07 04 0.8
n= 23/27, r=0.86, l2 = 0.74, Ly = 0.69, F= 59.95, s= Alk NHO Alk 0.8 1.0
0.437 Alk NH NO2 16 14
logK, = 1.380 * SE, + 0.535 ALR, + 22.475 (4 Ak C=N OAIk 15 0.9
n=27,r=0.87,f=0.75 72 = 0.68, F= 31, s= 0.434 Alk C=N OAr 1.1 0.9
® Best PM3 model for NH donors: Amidine G=N 3.4 5.8
logK, = 0.939 * SE, + 9.432 (5) Guanidine GN 4.2 7.2
n = 23/27,r=0.78, F = 0.60, > = 0.53, F= 32.62, s= Alk C#N 1.0 1.6
0.537 Ar C#N 1.2 15
Alk SCN 0.9 1.7
The electrophilic superdelocalizability of oxygen (§Es suf Cyanamide 2.0 2.9
ficient to model hydrogen bonding for the OH class, giving an Cyanoguanidine 2.9 5.1
r? of 0.83 (AM1) and 0.85 (PM3); this could be increased to Alk OH 1.2 11 14 1.1
0.93 by removing the two oximes from the data set (data not Alk O Alk 15 1.2
shown). When analyzing the NH donors, the sulphonamides Ar OH 2.1 2.0 0.6 0.7
were detected as outliers and removed to obtain Equation 3 andAlk NOH 1.6 1.6
Equation 5 (23 out of the possible 27 compounds were used).Alk C=NOH 1.0 2.0
The introduction of a second parameter, the atom self- Ar C=NOH 1.2 21
polarizability (Equation 4), gave a model with ahaf 0.75 Alk COOH 2.0 21
(AM1) for all 27 compounds. For comparison, thfeagainst ~ Ar COOH 2.0 2.1
SE, (AM1) alone for all the 27 compounds was 0.58 (equation Alk CHO 11 17
not shown). Ar CHO 1.2 1.7
Previous studies have already reported good correlationsAlk CO Alk 16 1.9
between ALP and SE properties and hydrogen-bond donor AT €O Alk 1.4 1.9
ability.® Nevertheless, a more thorough comparison between Ar CO Ar 14 1.9
our study and previous reports is difficult due to the differ- Alk COOAIK 1.4 18
ent sources of experimental data used. Our study confirms'ﬁ‘r CI:OO Alk 11'27 12'90
that SE values are able to explain the hydrogen donor A?IfconOeNH Alk 07 07 3'0 5 '5
capability for a variety of drug-relevant groups. SE is cal- Ar CONH Alk 0'7 0'7 2.8 2'5
culated by summing up the squared coefficients of the Alk CONH Ar 1'3 1'1 2'5 2'1
occupied orbitals, and is therefore directly proportional to Lactam ' ' 3'1 2'5
the electron density over the atom: the lower the electron Cvelic imi ) )

. . Cyclic imide 11 13 1.4 1.6
density on the atom bonded to the hydrogen, the more easﬂyAI_K NHCONH Ak 2.1 05 3.0 28
the hydrogenlwill be donated. The scatter plots of pr_edicted Alk OCONH Alk 24 29
versus experlmental logK obt.alngd by using Equation 1 A, 5coNH Alk 21 29
and Equation 4 are reported in Figure 6. Alk OCONH Ar 1.1 11 20 22

ArNO2 0.7 1.6
Alk SO Alk 3.0 3.4
To analyze the 66 proton acceptors, we applied the sameAr SO Alk 2.7 3.4
computational methods used for the donor set. The structuresAr SO Ar 2.4 3.3
were divided into 35 O-type and 31 N-type acceptors (Figure 3 Alk SO2 Ak 1.6 1.6
and Figure 4) and the correlation between various electronic Ar SO2 Alk 14 17
parameters and logKwere investigated. Sulphonamide 1.2 1.2 1.4 1.6
The correlation coefficients for acceptor groups were poorer, Acylsulphonamide 1.0 0.9 1.0 1.7
suggesting that finding a simple equation correlating hydrogen- Ar PO 3.9 2.8
bonding strengths and QM parameters is likely to be more AlkO3 PO 3.2 2.5
difficult for acceptors than donors. This is not surprising if we Alk CSNH Alk 1.0 12
consider that in the latter case much more chemical variation is ﬁlrkCCSSNNHHAAIE ig ig
possible (possible acceptor atoms includéapd sg oxygen, Alk NHCSNH Alk 51 09

sp, sp and sp nitrogen). Once again, however, the best-cor

relation coefficients were found to involve SE.

2Data from ref. 11, table 4.

The inspection of the logKlSEyy scatter plot (Figure 7) P Negligible hydrogen bonding ability.
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allowed for the identification of possible outliers in the O-type
acceptor class: HA 98-103 (compounds containing SO and
PO groups) and in the N-type acceptors: HA_ 104-108

(amines).

The best regression models found for both classes are re-¢

ported here.

® Best models for O acceptors (AM1):
logK, = —1.430 * SE, —13.161 (6)
n = 30/35,r= 0.87,F=0.76, > = 0.73, F= 91, s=
0.338
logKg = —1.012 * Sk, —0.302 * ALP, —12.973 (7)
n=35,r=0.87,F=0.76, t,° = 0.69, F= 50, s= 0.404
® Best models for O acceptors (PM3):
logK; = —1.430 * Sk, —13.558 (8)
n = 30/35, r= 0.82, # = 0.67, ;> = 0.62, F= 56.06, s=

pedt hytiogen bonaing__

For any questions or comments, please e-mail to Emanuela Gancia

Figure 9. Input HTML page

of the in-house Web-based
hydrogen bonding calcula-

tor.

EE -

0.402
logK,; = —0.804 * SE, —0.386 * ALP, —159 9)
n=235r=0.77 =059 2= 049, F= 22.67, s=
0.527

Best models for N acceptors (AM1):

logK; = —2.642 * S, —21.141 (10)
n = 27/31, r=0.89, ¥ = 0.80, ,> = 0.76, F= 100, s=
0.375

logKg = —2.749 * SE; —0.590 * ALR, —33.976  (11)
n=231r=0.86,F=0.74, 2 =067, F= 39.62, s=
0.432

Best models for N acceptors (PM3):

logKg = —2.497 * SR, —22.403 (12)
n=27/31,r=0.83, = 0.69, ,” = 0.65, F= 55.90, s=
0.467
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Convert the 2D-MOL file into 3D
| (calling Corina)

* 2D-MOL file

Create Mopac input file
(calling Babel)

Calculate QM properties
Figure 10. Flow- (calling Mopac)
chart of the in-

house Web-based

hydrogen bonding »| Identify the H-bonding atoms
calculator.
—®| Retrieve atomic properties
*PDB ﬁl'e . » Apply the predictive equations
* H-bonding results
Convert the 3D-MOL file into PDB
(calling Babel)
logKg = —2.202 * Sk, +0. 317 * ALR, —12.317 (13) whose anomalous behavior has been highlighted by Abra-
n= 31 r=0.87,F =076, t,° = 0.72, F= 44.48, s= ham et al. in the original articlet
0.414

Following the removal of compounds containing SO or PO

groups, we derived Equation 6 and Equation 8 (obtained using PREDICTION OF THE HYDROGEN-

30 out of the 35 compounds). As in the case of donors, the BOND STRENGTHS OF COMMON

addition of ALP proved to be helpful in modeling hypervalent

compounds (HA_98-103) and a 2-parameter equation (Equa- FUNCTIONAL GROUPS

tion 7) with an f = 0.76 (AM1) could satisfactorily model all  As all the reported equations contain only one/two param-
the 35 O acceptors. For comparison, the parametgr(&&1) eters for 23-35 structures, the risks of chance correlation as
alone, applied to all 35 molecules, gave &00.62 (equation || as of overfitting are minimized. Moreover, the selected
not shown). When considering the N acceptors, the amines ,,rameters appear reasonable and can be interpreted in
(HA__104-108) were removed so that equations 10 and 12o.¢ of the properties they represent. We further validated

\évere dernt/ed ”S'”g. 21 oué of t?e origimal(flEcomtpounld;. The our study by applying equations 1, 4, 7, and 11 to predict the
-parameler equations, tquation and =quation Lo, Werehydrogen-bonding values for common functional groups

obtglned _b_y using all 31 of the nitrogen compounds. For the that are reported in Table 4 of Abraham et&This further

entire training set of 31 compounds, the parametey 8lEne . : . .

(AM1) gave an # of 0.61 (equation not shown), whereas the analysis provided at the same time an estimate of the con-
’ fidence level of our predictions for different chemical

addition of ALR, increased the?rto 0.74 (Equation 11). )
classes. The results are reported in Table 1. The agreement

The statistics of the equations for acceptors are not as )
good as those found for donors. However, they were con- between calculated and experimental hydrogen strengths for

sidered of further use. Moreover, the use of consistent Nydrogen-bond donors (column 1 and column 2) is quite
parameters (i.e., SE and ALP) between donors and acceptordmpressive: ureas and thioureas (AIKNHCONHAIk

was encouraging. AM1 and PM3 provided similar models, and AIkNHCSNHAIk) are the only classes poorly pre-
with slightly better results being shown for AM1 in model- dicted, with an unsigned error of 1.6 and 1.2, respec-
ing the proton acceptor capability. The scatter plots of tively. When analyzing the hydrogen-bond acceptors (col-
predicted versus experimental logKaccording to Equation ~ umn 3 and column 4), the worst predictions involve mainly
7 and Equation 11) are shown in Figure 8. The outlier groups containing €N, CN, SO, SO2 and PO functional-

HA__110 belongs to the 2-substituted pyrimidine class, ities.
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%{- elscape

H-bonding Prediction - Resulis

Figure 11. Output HTML
page of the in-house Web-
based hydrogen bonding

calculator.
Rasmol picture

Hydrogen Donors Hydrogen Acceptors

EId Type |pKalpha 1d IType Fpreta

13 OH 1968 7 |o |0.664

H-bonding predictions are based on QM properfies calculated by Mopac &
e S e e E 2|y
Development of a Web-Based Tool to Predict it is converted by Babgt into a DAT file, which is submitted to

Mopac (with the keywords AM1, PROPER, and EF). At the end

of the QM calculation, the atomic properties are extracted from the

The Web environment provides the means to create simple, inter-output file. Following this, all potential hydrogen-bonding atoms

active, easy-to-use tools for processing chemical informétigh.  are identified and their strengths are calculated according to Equa-

We therefore decided to implement our results via a Web-basedtions 1, 4, 7, and 11.

calculator of hydrogen-bond strengths that could be readily acces-  Finally, the output results are converted in HTML format

sible to the chemistry staff through the company Intranet site.  and sent back to the PC. An example of an output page is
The PC user front-end of the tool is an HTML page containing shown in Figure 11. The MDL Chime plug2his used to

a structure drawing applet, written in JAYA(Figure 9). Chem- display the structure and view the atom numbering.

ical structures drawn into the applet can be exported as a MOL

file. The file is then processed by an in-house cgi-bin PERL script, CONCLUSIONS

according to the scheme reported in Figure 10. The PERL script

transfers the information contained in the MOL file to an Octane We have modeled the proton donor and acceptor capabilities of

Silicon Graphics workstation, where all the calculations are per- a large variety of functional groups by using QM parameters.

formed. A 3D model of the molecule is created by Corina and then In particular, we have highlighted a strong correlation between

Hydrogen-Bonding Capabilities

J. Mol. Graphics Modell.2001, Vol. 19, No. 3/4 361



hydrogen bonding strengths and the atomic superdelocalizabil-
ity and self-polarizability of the atoms involved. While we
have obtained satisfactory results by using calculated descrip-
tors that are largely electrostatic in nature, a recent Compton- 9
scattering experimetftsupports a partially covalent picture of
the hydrogen bond. These experimental results may encourage
future modeling efforts to introduce parameters able to account
for the covalent contribution of hydrogen-bonding interactions. 1
Despite some limitations (our method can predict only O/N
acceptors and NH/OH donors, it cannot explain steric effects
on hydrogen bonding, there are potential ambiguities in han- 11
dling tautomers and conformational flexibility has not been
addressed), we believe that the approach we have described can
provide useful hydrogen-bonding strength estimates for drug
design. To make the use of our models straightforward for
chemists, we have implemented the hydrogen-bonding calcu-1»
lation in a Web-based tool.
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