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ABSTRACT: The hydrogen-bond ability of nitrogen in X—C�N���HO—R systems was investigated using
crystallographic data retrieved from the Cambridge Structural Database and viaab initio calculations. The
classification of hydrogen-bond geometries by the nature of the donor shows that the strength of the interaction
increases in the order water� alcohols<phenols. If the hydrogen-bond geometries are classified according to the
nature of the acceptor inside each sample of donor, the strongest hydrogen bonds are always observed for ‘push–pull’
nitriles, as observed in solution on the pKHB scale for such molecules.Ab initio molecular orbital calculations are then
used to compute descriptors of hydrogen-bond basicity (enthalpyDH°, hydrogen-bond length and minimum
electrostatic potential of the base) for hydrogen-bond formation between water and 18 nitriles embracing a wide range
of structure and basicity. Correlations between the hydrogen-bond basicity scale pKHB and these quantum mechanical
descriptors allow the calculation of pKHB values for experimentally inaccessible bases and the treatment of
polyfunctional nitriles. They also confirm the super-basicity of the nitrile group of cimetidine, a well known antiulcer
drug. This property might be relevant in the molecular recognition of cimetidine by the H2 receptor. Copyright
 2000 John Wiley & Sons, Ltd.

KEYWORDS: hydrogen-bond basicity; nitriles; Cambridge Structural Database analysis;ab initio calculations;
cimetidine

INTRODUCTION

Since the pioneering work of Taft’s group,1,2 the
hydrogen-bond (HB) basicity scale pKHB [Eqns (1)–(3)]
has been found especially useful in solution chemistry. It
is defined as logKf for the complexation of organic bases
B with a reference HB donor, 4-fluorophenol, in CCl4 at
298 K.

B� 4-FC6H4OH� 4-FC6H4OH � � �B �1�
Kf =1molÿ1 � �complex�=�base��4-F C6H4OH� �2�
pKHB � logKf � ��G�=kcal molÿ1�=1:36 �3�

Although the pKHB scale has been extended to various
families of organic bases such as nitrogen,3 oxygen,4–7

sulfur8 and carbon9 bases, its generalization comes up
against various experimental difficulties. For example,
practical matters such as solubility and lack of quanti-
tative measurements for very weak or very strong
hydrogen bonds limit the number of experimental data

available. Furthermore, in the case of molecules bearing
several hydrogen-bond acceptor sites, the various me-
thods used for pKHB determination (IR,10 UV11 or 19F
NMR1) give only a global value and not the individual
basicity of each function.

In this work, we calculated secondary pKHB values for
experimentally inaccessible bases by establishing corre-
lations between pKHB andab initio quantum-mechanical
descriptors of hydrogen-bond basicity. We chose three
descriptors already selected in a previous study devoted
to the estimation of secondary pKHB values with semi-
empirical calculations,12 namely thermochemical, geo-
metrical and electronic descriptors. The first descriptor of
base strength is the enthalpy of the hydrogen-bond
complex formation,DH°. In order to save computational
time, we replaced 4-fluorophenol in reaction (1) by H2O
to calculateDH°. Such a replacement is possible since
various studies13 have shown the existence of linear free
energy relationships between hydrogen-bond basicity
scales based on 4-fluorophenol and water. The second
descriptor is the hydrogen bond lengthd(BH) and the
third is the most negative value of the electrostatic
potential on the molecular suface of the base,Vs,min.

Theoretical calculations have proved to be useful tools
for structural studies of hydrogen bonding systems and
calculations of their interaction energies14 A reliable

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.2000;13: 347–358

Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2000;13: 347–358

*Correspondence to:J.-Y. Le Questel, Laboratoire de Spectrochimie,
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absolutecalculationof DH°, d(BH) andVs,minby abinitio
methodsrequires the use of a large basis set, taking
accountof electroncorrelationand correctingthe basis
set superpositionerror. Despite the dramatic progress
made in ab initio computationalchemistry in the last
decadeand the adventof larger and faster computing
machines,thisseemsunlikely to berealizedfor extended
setsof relatively largemolecules.For suchan investiga-
tion, thesingledeterminantHartree–Focklevel of theory
combinedwith oneof the mostwidely usedaugmented
6–31G basis set, 6–31G**,15 can be a reasonable
compromise. This basis set has proven to produce
reliable and consistent data on hydrogen bonding
previously.16 In a hydrogenbondAH���B, the strength
of interactiondependson theprotondonorability of AH
andonthehydrogen-bondacceptorability of B. Etterand
Reutzel17 tried to rank the relative proton-accepting
abilities of various functional groups by analyzing
molecularpackingin crystallinesystems.Thesestudies
showed that hydrogen-bondaccepting properties of
functionalgroupsclearlydependon their local intramol-
ecularenvironment.This is the reasonwhy we divided
thebasesinto familiesbearingacommonhydrogen-bond
acceptor function. The presentwork was devoted to
nitriles becausea greatnumberof experimentaldataare
availablefor X—C�N systems.

First, nitriles are well characterizedon the pKHB

scale18–20 and their hydrogen-bondingbasicity extends
over a rangeof 3.50pK units.For the presentwork, we
selected18 nitriles with very diversifiedX substituents,
the first atom being asdifferent asCsp3, Csp2, Csp, Nsp3,
Nsp2, Si, S, O andCl.

Second,theoreticalstudies21,22 andgas-phaseexperi-
mentalstructures23 havebothshownthat thespnitrogen
lonepair is thehydrogen-bondacceptorsiteandthat the
geometryof theX—C�N���H—A complexesis quasi-
linear.23 Sucha geometryof interactioneliminatessteric
interferencesbetweenthe X substituentsandthe hydro-
gen-bonddonorapproachingthenitrogenlonepairwhich
shouldavoidabnormalentropycontributionsto DG° and
permit a linear pKHB vsDH° relationship.

Finally, manyphysicalpropertiesof nitrilesareknown
andwill behelpful in thecalculationsandtheanalysisof
the results.From a thermodynamicpoint of view, the
enthalpyDH° of reaction(1) hasbeendeterminedin our
group for severalnitriles (unpublisheddata). Further-
more, numerousnitrile dipole moments24,25 have been
measured. Finally, the gas-phase26 and crystalline
structuresof manynitriles areknown. In a recentstudy
devotedto theHB acceptingpowerof isocyanides,high-
level theoreticalcalculationsandstructuralinvestigations
in the solid statehaveshownthe strongstructuraland
hydrogen bonding similarities betweenhydrogen iso-
cyanide,H—N�C, andits cyanideisomer,H—C�N.27

In this work, we first used the CambridgeStructural
Database(CSD, October1997 release)28 to analyzethe
geometric characteristicsof inter ROH���N�C—X

hydrogenbondsformed on the nitrile nitrogen. These
datashowthat the shortesthydrogenbondsobservedin
thesolid statecorrespondto stronghydrogen-bondbases
asmeasuredby thepKHB scale.We thencomputedDH°,
d(NH) andVs,min for 18 nitriles at theHF/6–31G** level
of theory. Thesecomputedpropertieswere correlated
with theexperimentalpKHB andusedin a secondstepto
calculatepKHB valuesof the gaseousnitriles HC�N,
FC�N, N�C—C�N and CF3C�N, of the insoluble
and self-associatedcyanamideH2NC�N and of the
polyfunctional4-cyanopyridinewhich acceptshydrogen
bondingnot only on the nitrile nitrogenbut alsoon the
pyridine nitrogen.29 We also analyzed HF/6–31G**
calculationson cimetidine,an important antihistaminic
molecule, bearing several hydrogen-bond acceptor
groupsincluding a nitrile.

METHODOLOGY

Crystal structure data

All crystallographicdatawereretrievedfrom theOctober
1997(175093entries)releaseof theCSD.28 Searchesfor
bonded substructuresand intermolecular non-bonded
R—OH���N�C—X contactswere carried out using
theprogramQUEST3D(CSD,1994).Dataanalyseswere
performedwith VISTA (CSD,1995).

Threesubfilesof datawereselectedcontainingeither
alcoholic,phenolichydroxyl groupsor watermolecules
as donor and Nsp of nitrile groups as acceptors.
Substructureswereonly locatedin entriesthat (a) were
organiccompoundswithin CSDchemicalclassesdefini-
tions, (b) had error-freecoordinatesetsin CSD check
procedures,(c) exhibitednocrystallographic disorder,(d)
contained no polymeric connectionsand (e) had a
crystallographicR factor�0.10. All H atomsinvolved
in non-bondedcontactsearcheswere placedin norma-
lized positions,i.e. theywererepositionedalongtheir x-
ray determinedO—H vectorsat a distancefrom O equal
to the appropriatemeanbond length establishedfrom
neutronstudies.30

Non-bondedcontactsearchesandgeometricanalyses
of interactions involving the three different O—H
hydrogen-bonddonorsand Nsp acceptorswere carried
out in theform of theparametersindicatedin Fig. 1 with
d(HN) in Å andthe hydrogen-bondangles�1 (CN���H)

Figure 1. De®nition of geometric parameters describing
hydrogen-bonding interactions on the nitrogen atom of
nitriles XÐC�N
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and �2 (NH���O) with the condition N���H distances
<2.65Å (sumof van der Waalsradii with 1.55Å for N
and1.10Å for H).31

Calculations

All calculationswere performedusing the Spartan4.0
program package (Wavefunction, Irvine, CA, USA)
running on a Silicon GraphicsIndy workstation.The
geometriesof both monomers(nitriles and water) were
fully optimized at the HF/6–31G** level starting from
the experimentalstructuresgiven by microwave32 or x-
ray spectroscopy,whenavailable.Thegeometriesof the
hydrogen-bondedcomplexeswerecompletelyoptimized.
The starting geometry of complexation is illustrated
schematicallyin Fig. 1: in eachcase,the�1 (C�N���H)
and�2 (N���HO) anglesweresetto 180° andthestarting
d(NH) distancewasfixed at 2 Å. In all casesfrequency
analyseswere performedat the HF/6–31G** level to
verify thatthecomputedstructureswerelocalminimaon
thevariouspotentialenergysurfaces.Thehydrogen-bond
complexenthalpiesDH° werecomputedasthedifference
betweenthe energyof the complexand the sum of the
energiesof the monomersaccordingto Eqns ((4)–(6))
after evaluationof zero-point vibrational energiesand
thermalcorrections:

�E� � E�complex� ÿ �E�base� � E�H2O�� �4�
�E� � �Eelec��EZPVE��Evib:therm

��Etrans��Erot �5�
�H� � �E� ÿ RT �6�

whereDE° is thefull thermodynamicinteractionenergy.
It includes the variation of the different energetic
components:electronicDEelec, thezero-pointvibrational
energies DEZPVE and the thermal energies which
comprise the effects of molecular translationDEtrans,
rotationDErot, andvibrationDEvib, therm, at 298.15K and
1 atm. A scalingfactor of 0.913533 wasusedto correct
approximately for vibrational anharmonicity and for
overestimationof theforceconstantsat theSCFleveldue
to thelackof properconsiderationof electroncorrelation.

Calculationsof electrostaticpotentialenergysurfaces
wereperformedusingHF/6–31G** geometry-optimized
structures.Thesesurfacesweremappedonto theelectron
density surfaces (0.001 e/au: electron/atomic units
isosurface)at high resolution.

RESULTS AND DISCUSSION

Cambridge Structural Database

An obvious use of the CSD is to derive molecular

dimensionsof functionalgroupsin a very wide rangeof
chemicalenvironments.In thispart,wethereforefirst use
the CSD to derive standardvaluesfor the C�N bond
lengthsandX—CN valenceangles.In a secondstep,the
CSD is usedto analyzethe geometriccharacteristicsof
R—OH���N�C—X intermolecularhydrogenbonds.

Observed C�N geometry. A total of 5059 nitriles
groupscorrespondingto 2634entrieswerefound in the
CSD.Theoverall distributionof theC�N bondlengths
shownin Fig. 2 seemsnearnormalwith a meanC�N
bond length of 1.14 (2) Å. The X—CN angle is quasi-
linear with anaveragevalueof 177(3)°.

The effective electronegativityof nitrogenin nitriles
can be increasedby conjugative interactionsbetween
C�N and the lone pair of one N substituent.Table 1
comparesthemeangeometriesof nitriles for X beingan
Nsp3 or Csp3 in X—CN systems.TheaverageC�N bond
length of 1.15(4)Å in Nsp3—C�N is not significantly
longerthanthatin Csp3—C�N [1.13(2)Å] in thelight of
the estimated standard deviations (e.s.d.) obtained.

Figure 2. Histogram of C�N bond lengths in XÐC�N
systems

Table 1. Comparison of the mean geometries of the XÐ
C�N fragment for cyanamides (X = Nsp3) and aliphatic
nitriles as observed in the Cambridge Structural Database

X Nobs X—C (Å) C�N

N 28 1.32(4) 1.15(4)
C 1634 1.47(3) 1.13(2)
Na 9282 1.47(2)

a Meangeometryof the N—C bondlengthin tertiary amines.
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However, a shorteningof the Nsp3—C single bond in
Nsp3—C�N canbe pointedout by comparingthe mean
value observedin nitriles [1.32(4) Å] with the average
value of the Nsp3—C bond length in aliphatic tertiary
amines [1.47(2) Å]. This shorteningcan be partially
attributed to conjugative interactions in the case of
cyanamidesbut alsoto thefield/inductiveandresonance
effectsof thenitrile group.

Intermolecular hydrogen bonding to C�N accep-
tors. Searches and geometrical results for hydrogen-

bonded systems. The resulting subfile contains 83
crystalstructureswith 95 nitrile–hydrogenbondinterac-
tions.Meanvaluesof thegeometricdescriptors(defined
in Fig. 1 andin the Methodologysection)for hydrogen
bondsto the nitrogen atom of nitriles are collected in
Table2 togetherwith the relevantCSDreferencecodes.
The meanvaluesof the N���H hydrogenbondandO—
H���N angleare2.05(20)Å and156(18)°, respectively.
Their respectivehistogramsareshownin Figs3 and4(a).
The distribution of the valence angle O—H���N is
replotted in Fig. 4b after correction for geometric
factors34 to show that C�N���H—O interactionshave
a strongtendencyto linearity.

Table 2. Mean values of geometric descriptors (Fig. 1) with
e.s.d's for intermolecular hydrogen bonds to nitrile nitrogen
(Nobs = 95)a

d(NH) (Å) d(NO) (Å) �1 (°) �2 (°)

Minimum 1.74 2.72 74 96
Maximum 2.64 3.50 179 179
Mean 2.05 2.94 145 156
SD sample 0.20 0.14 23 18

a CSD refcodes:ALZFR, BIVNEZ, BOHVUP, BUYTIY10, CES-
KOA, CHSECN, CHTDED, CIMBOP, CIMGUA, CITXUY10,
CNADMT, CPRPCY, DAHFAT, DIKFAE, DIZPEH, DOKSIF,
DOYHOO, DUMDIY, DUZXEB, EACPAZ, FANNIR, FAVKAO,
FAZBEN, FEGBEY, FIRPIF, FITWAG, FUHFIX10, GAVPUO,
HACTIO, HATLAP, HEXGAS, HQUACN01, HYCYAN, JAPDEJ,
JATLIZ, JECFIG,JEGWAT,JEYKED, JIXBAT, JOTBID, JUXLIX,
KCNCRN, KENMIZ, KENMUL, KOBSOJ, LAGMUB, LAVPAZ,
LILKEW, MSACTZ10, NADTER, PABDOL, PCYPOL, PECBII,
PIGTAA, RAGMUH, RAGNAO, SAVDAU, SIRWOF, SOYHOD,
SUKNER, TAGZAC, TAHFIR, TAYBIE, TEDTUR, TEXPOB,
TEXPUH, TICRUS,TIPJIL, TOZPAZ, TUCGED, TUCGUT, VOB-
TUB, VUNNUN, WANWUD, WANXAK, WEJVUC, WISGEK,
YEGMIG, YEMMAE, ZIDKOM, ZOZVUF, ZUFPUL, ZZZAVV10.

Figure 3. Histogram of d(NH) distances in XÐC�N���HOR
hydrogen-bonded systems

Figure 4. Histogram of �2 (OH���N) valence angles in XÐ
C�N���HOR hydrogen-bonded systems: (a) observed va-
lues; (b) after correction for geometric factors34
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Thestrengthof thehydrogen-bondinteractionsin X—
C�N���HOR systemscanbestronglyinfluencedby the
natureof both the R and X substituents.We therefore
classified the different hydrogen-bondinginteractions
accordingto thenatureof thedonorandaccordingto the
natureof theacceptor.

Hydrogen-bond geometries classi®ed according to the
nature of the donor. A searchof thevariousOH groups
inside the total setof hydrogen-bondinteractionsled to
19 phenols,41 alcoholsand 23 water-typeof donors.
Table 3 showsthe geometricparametersobservedfor
thesedifferentsubfiles.By consideringtheacidity of the
various OH donors,one would expect that the mean
donor–acceptorseparationwould follow the sequence
PhOH< Csp3—OH� H2O. Owing to the low numberof
data in each sample, the three subsets cannot be
statistically separatedbut the evolution of the d(NO)
distancesfollows the expectedchemicalorder: phenols
2.87 (0.09)Å <alcohols 2.95 (0.16)Å � water 2.99
(0.12)Å.

The examinationof the relationbetweenthe OH���N
anglesandthed(HN) hydrogen-bonddistancesobtained
for the three data sets might help to indicate the
respectivestrengthsof interactionsof thevariousdonors,
thetendencyfor theshorter(strongest)hydrogenbondsto
becomemorenearlylinearbeingwell known.35 Figure5
showsthe scatterplotsof the OH���N anglesversusthe
d(HN) distanceswith their regressionlines for (a)
phenols,(b) alcoholsand (c) water-typeof donors.A
higher correlation coefficient is actually obtained for
phenols(ÿ0.879)relativeto alcohols(ÿ0.674)andwater
(ÿ0.660). Owing to the linearity of the X—C�N
fragment,the directionality of approachof the donors
cannotbe analyzedthroughthe classicalsphericalpolar
angles� andΦ. Nevertheless,the useof the C�N���H
valence angle can give information on the acceptor
directionality.Themeanvaluesobservedfor thedifferent
subfiles(Table 3) of 150 (23), 146 (23), and 159 (18),
respectively,do not reveal a specific behavior of the
variousdonorsowing to the e.s.d.obtained.Thesedata

Table 3. Mean values of geometric descriptors (Fig. 1) with e.s.d's for intermolecular hydrogen bonds to nitrile nitrogen
classi®ed by the nature of the donor

Donor Nobs d(NH) (Å) d(NO) (Å) �1 (°) �2 (°)

PhenolicOH 25 Minimum 1.74 2.72 93 111
Maximum 2.61 3.11 176 179
Mean 1.99 2.87 150 154
SD sample 0.21 0.09 23 19

Alcoholic OH 42 Minimum 1.78 2.77 74 104
Maximum 2.64 3.50 179 178
Mean 2.06 2.95 146 155
SD sample 0.20 0.16 23 18

H2O 28 Minimum 1.86 2.79 96 97
Maximum 2.60 3.30 179 175
Mean 2.09 2.99 159 138
SD sample 0.17 0.12 18 23

Figure 5. Scatterplots of �2 (OH���N) valence angles versus
d(NH) hydrogen-bond distances together with their regres-
sion lines for (a) phenols, (b) alcohols and (c) water
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showthatvaluescloseto 150° arefavoredoverthemore
linearangles,thepopulationdensityalwaysbeinglargest
for values of the C�N���H angle between140 and
180°.

Hydrogen-bond geometries classi®ed according to the
nature of the acceptor. In cyanamides,R2N—C�N,
conjugative interactionsbetweenthe lone pair of the
amino nitrogenNsp3 and the cyanogroup can lead to a
shorteningof theN—C singlebondanda lengtheningof
the C�N triple bond.The importanceof the resonance
structuresR2N—C�N , R2N

�=C=Nÿ is thoughtto
be themain causeof the increasedhydrogenbondingof
cyanamidescomparedto other nitriles.19 Theseeffects
aregeneralto ‘push–pull’ nitriles, in which a ‘pushing’
substituentis directly (cyanamides)or indirectly con-
jugated with the C�N group. In the latter case,the
‘transmitter’ betweenthe ‘pushing’ substituentand the
nitrile function canbe a phenylene,a vinyl or an imino
group.The relative order of hydrogen-bondbasicity of
thenitrile nitrogenis well characterizedin solutiononthe
pKHB scale for such systems.18 Theseinteractionsare
similar to thoseinvolved in resonance-assistedhydrogen

bonding,originally pointedout in the solid stateand in
solutionfor intramolecularhydrogenbondingin R1COR2

systems36,37andgeneralizedfor intermolecularhydrogen
bonding in heteroconjugatedsystemssuch as amide,
R1NHCOR2,

36 and, more recently, thioamide and
thiourea,R1R2C=S, acceptors.38 In orderto verify such
effectson thecrystaldataof nitriles,we dividedeachset
of hydrogen-bonddonors into different subsetscorre-
spondingto thenatureof theX substitutentin X—C�N.
Fourdifferentsubsearchesweremadefor: (i) X beingan
Nsp3 (cyanamides),(ii) X beinganNsp3 or Osp3 separated
of the nitrile groupby an unsaturatedsystemsuchasa
phenyleneor a vinyl group,(iii) X correspondingto an
Nsp3 or Osp3—C=N group and (iv) X being a Csp3, the
latter subfile representingour referenceset. Table 4
presentsthe resultsobtainedfor eachdataset.Owing to
the small number of compounds in each sample,
conclusionsmustbe drawncarefully from theseresults.
In particular,it is worthnotingthattheshortesthydrogen
bonds are generally observed,inside each sample of
donor, for ‘push–pull’ nitriles. This is not true for the
phenolicdataset,in whichthestrongesthydrogenbondis
observedfor analiphaticnitrile (ALZFLR 2.721Å) to be

Table 4. Mean values of geometric descriptors (Fig. 1) with e.s.d's for intermolecular hydrogen bonds to nitrile nitrogen
classi®ed by the nature of the acceptor XÐC�N inside each sample of hydrogen bond donor

Donor X Nobs d(NH) (Å) d(NO) (Å) �1 (°) �2 (°)

PhenolicOH Csp3 8 Minimum 1.74 2.72 114 111
Maximum 2.61 3.11 176 179
Mean 2.06 2.90 146 148
SD sample 0.29 0.14 25 23

Nsp3 or Osp3—C=Ca 14 Minimum 1.82 2.75 93 124
Maximum 2.31 2.97 174 173
Mean 1.94 2.85 152 157
SD sample 0.13 0.06 23 14

Alcoholic OH Csp3 20 Minimum 1.86 2.82 111 104
Maximum 2.45 3.17 179 178
Mean 2.04 2.93 152 156
SD sample 0.17 0.09 19 17

Nsp3 or Osp3—C=Ca 7 Minimum 1.90 2.82 107 138
Maximum 2.18 3.07 165 169
Mean 2.01 2.92 142 156
SD sample 0.12 0.10 19 11

Nsp3 2 Minimum 1.78 2.77 158 111
Maximum 2.28 2.79 162 177
Mean 2.03 2.78 160 144
SD sample 0.35 0.02 3 47

H2O Csp3 4 Minimum 1.95 2.92 128 158
Maximum 2.15 3.13 168 177
Mean 2.05 3.02 151 170
SD sample 0.09 0.09 17 8

Nsp3 or Osp3—C=Ca 6 Minimum 1.86 2.82 135 149
Maximum 2.02 2.99 175 176
Mean 1.95 2.89 159 161
SD sample 0.06 0.06 15 11

Nsp3 or Osp3—C=N 4 Minimum 1.95 2.92 97 154
Maximum 2.13 3.08 122 168
Mean 2.06 3.01 110 163
SD sample 0.09 0.07 12 7

a The functionalgroupbetweenNsp3 or Osp3 andthenitrile function mustbean unsaturatedcarbonsystemsuchasa phenyleneor a vinyl group.
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comparedwith a meanN���O distanceof 2.90 (0.14)Å
for the subsetof reference.However,in this sample,six
stronghydrogenbonds(shorterthan1.90Å) areobserved
onthetotalof 14interactionsof phenolswith ‘push–pull’
nitriles. For the alcoholsdataset,the shortesthydrogen
bondis observedfor a cyanamide(DUMDIY 2.77Å) to
be comparedwith a mean N���O distance of 2.93
(0.09)Å. If the hydrogen bond donor is water, the
strongesthydrogenbond is observedfor a vinylogue
(FAZBEN 2.82 Å) to be comparedwith a meanN���O
distanceof 3.02(0.09)Å.

Ab initio molecular orbital calculations

The 18 nitriles selectedfor the investigation of the
relationbetweenthepKHB scaleandab initio theoretical
descriptorsof hydrogen-bondbasicity [DH°, d(NH) and
Vs,min] areshownin Table5 togetherwith their respective
experimental and theoretical values. The computed
intermolecular distances d(NO) between the nitrile
nitrogenandthewateroxygenatomengagedin hydrogen
bondingandthecalculatedd(C�N) bondlengthsin the
freebasesarealsoindicated.

Before presentingthe various correlationsobtained,
we discussthe accuracyof the HF/6–31G** methodin
calculatingmolecularpropertiesof nitriles [nitrile bond
lengthsd(C�N) andnitrile dipolemomentsm(XC�N)]

andof their hydrogen-bondedcomplexes[enthalpiesof
hydrogen bond formation DH° and intermolecular
distancesd(NO)].

HF/6±31G** calculations of molecular properties of
nitriles. d(C�N). The ab initio optimizedbondlengths
at the 6–31G** level are close to the gas-phasedata
available(Table6) andconsistentlytoo short,the mean
absoluteerror being 0.024Å. The pure d(C�N) triple
bond length in acetonitrile (1.135 Å) increasesfor

Table 5. Experimental pKHB scale of nitriles and the HF/6±31G** calculated descriptors of the nitrile hydrogen-bond basicity:
DH° d(NH) and Vs,min

No. Compound Formula pKHB
a

ÿDH°
(kcol

molÿ1)b
d(NH)
(Å)c

d(NO)
(Å)c

d(C�N)
(Å)c

ÿVs,min
(kcal

molÿ1)b

1 Cyanogenchloride ClCN 0.19 2.10 2.318 3.253 1.134 33.68
2 Ethynyl cyanide HC�CCN 0.30 2.26 2.314 3.245 1.136 35.93
3 Chloroacetonitrile ClCH2CN 0.39 2.22 2.282 3.221 1.134 36.71
4 4-Chlorobenzonitrile 4-ClC6H4CN 0.66 2.62 2.252 3.191 1.136 39.94
5 Acrylonitrile H2C=CHCN 0.70 2.76 2.249 3.186 1.136 42.23
6 Methyl thiocyanate MeSCN 0.73 2.57 2.256 3.198 1.137 40.03
7 Benzonitrile PhCN 0.80 3.12 2.243 3.179 1.136 43.10
8 Acetonitrile MeCN 0.91 2.86 2.249 3.186 1.135 42.95
9 Trimethylsilylcyanide Me3SiCN 0.93 2.95 2.247 3.182 1.139 43.57

10 4-Methoxybenzonitrile 4-MeOC6H4CN 0.97 3.10 2.233 3.163 1.137 45.30
11 Trimethylacetonitrile t-BuCN 0.99d 3.10 2.228 3.165 1.136 44.68
12 Cyclopropylcyanide c-PrCN 1.03 3.05 2.229 3.168 1.136 44.71
13 4-Dimethylaminobenzonitrile 4-Me2NC6H4CN 1.25e 3.33 2.226 3.156 1.138 48.17
14 Dimethylcyanamide Me2NCN 1.56 3.59 2.205 3.139 1.140 48.29
15 trans-3-Dimethylaminoacrylonitrile Me2NCH = CHCN 1.70 3.83 2.190 3.126 1.139 51.39
16 N1, N1-Dimethyl-N2-cyanoformamidine Me2NCH=NCNf 2.09 4.34 2.164 3.107 1.141 54.74
17 N1, N1-Dimethyl-N2-cyanoacetamidine Me2NCMe=NCNf 2.24 4.49 2.143 3.096 1.141 54.87
18 Trimethylammoniocyanamidate Me3N

�ÿNÿCN 3.24g 7.90 2.137 3.064 1.149 67.16

a Refs,17 and18.
b 1 Å = 10ÿ10

c 1 cal= 4.184
d Therewasa typing error in Ref. 17.
e Ref. 12.
f StereoisomerE.
g Ref. 19 valuefor Bu3N

�Nÿ CN.

Table 6. Experimental (Ref. 25) and HF/6±31G** calculated
C�N distances (AÊ )

No. Compound HF/6–31G** Exp.

19 HCN 1.133 1.153
20 CF3CN 1.131 1.154
8 MeCN 1.135 1.156

21 FCN 1.132 1.157
5 H2C=CHCN 1.136 1.157
7 PhCN 1.136 1.158

22 NC-CN 1.134 1.158
11 t-BuCN 1.136 1.159
23 H2NCN 1.138 1.160
2 HC�CCN 1.136 1.161

12 c-PrCN 1.136 1.161
6 MeSCN 1.137 1.170
9 Me3SiCN 1.139 1.170
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dimethylcyanamide(1.140Å) and‘push–pull’nitriles15,
16,17and18(Table5), themaximumlengtheningbeing
calculatedfor thecyanamidate18 (1.149Å).

m(XC�N). We wereable to collect (Table7) 21 dipole
moments of nitriles ranging from 1.3 to 7 D
(1 D = 3.336� 10ÿ30 C m). If we exclude ClC�N,
the computed values are always too high with a
meanabsoluteerrorof 0.48D, but97.9%of thevariance
of m is correctly explainedat the 6–31G** level [Eqn.
(7)]:

��exp:� � 0:372� 0:810��calc.� �7�
n� 21; r2 � 0:979; s� 0:22 D

wheren, r ands arethe numberof data,the correlation
coefficientandthestandarddeviation,respectively.

HF/6±31G** calculations of molecular properties of
hydrogen-bonded nitriles. DH°. Accurate enthalpies
for the hydrogen-bondformation of 11 nitriles with 4-
fluorophenol,in CCl4, a poorly solvatingmedium,have
beendeterminedin our group (unpublishedresults).In
order to savecomputationaltime, we selectedwater as
thehydrogenbonddonorof referencefor thecalculation
of the hydrogenbond energies.As we indicatedin the
Introduction, the comparisonof values obtained with
these two different hydrogen-bonddonors is possible
since linear free energy relationships exist between
hydrogen-bondbasicity scalesbasedon 4-fluorophenol
andwater.13 The experimentalandtheoreticalvaluesof
hydrogenbondenthalpiesarepresentedin Table8. The
resultsshowthat88%of thevarianceof DH° is correctly
predicted [Eqn. (8)] using HF/6–31G** ab initio
calculations.

ÿ�H��exp:� � ÿ0:197� 1:064�ÿ�H�� �8�
n� 11; r2 � 0:876; s� 0:26 kcal molÿ1

d(NO). The computedintermoleculardistancesbetween
the nitrogenatomof the nitrile function andthe oxygen
atom of the water molecule involved in hydrogen

Table 7. Experimental (Ref. 25) and HF/6±31G** calculated
dipole moments (D) of nitriles

No. Compound Calc. Exp.a

20 CF3CN 1.50 1.26(gas)
21 FCN 2.32 2.17(gas)
4 4-ClC6H4CN 2.85 2.64(C6H6)
1 CICN 2.76 2.94(gas)

19 HCN 3.20 2.95(gas)
3 ClCH2CN 3.40 3.00(alkane)
2 HC�CCN 4.08 3.60(gas)

11 t-BuCN 4.22 3.70(CCl4)
12 c-PrCN 4.43 3.78(C6H6)
5 H2C=CHCN 4.26 3.90(gas)
8 MeCN 4.07 3.92(gas)
6 MeSCN 4.16 4.00(gas)
9 Me3SiCN 4.43 4.06(CCl4)
7 PhCN 4.85 4.14(gas)

23 H2NCN 4.62 4.30(gas)
10 4-MeOC6H4CN 5.81 4.76(CCl4)
14 Me2NCN 4.89 4.77(gas)
15 Me2NCH=CHCN 7.28 6.12(C6H6)
13 4-Me2NC6H4CN 7.31 6.39(CCl4)
16 Me2NCH=NCN 8.11 6.59(C6H6)
17 Me2NC(Me)=NCN 8.09 7.06(C6H6)

aWhenm wasmeasuredin severalphysicalstatesweselectedourvalue
in the ordergas> alkane> CCl4 > C6H6.

Table 8. Experimental hydrogen bond enthalpies ÿDH° for
the interaction of 4-¯uorophenol with nitriles (unpublished
data) and HF/6±31G** calculated enthalpies for the inter-
action of water with nitriles

ÿDH°(kcalmolÿ1)

No. Compound Calc. Exp.

4 4-ClC6H4CN 2.62 3.82
3 ClCH2CN 2.22 3.90
7 PhCN 3.12 4.18
5 H2C=CHCN 2.76 4.21

10 4-MeOC6H4CN 3.10 4.33
8 MeCN 2.86 4.64

11 t-BuCN 3.10 4.76
13 4-Me2NC6H4CN 3.33 4.90
14 Me2NCN 3.59 5.35
15 Me2NCH=CHCN 3.83 5.62
16 Me2NCH=NCN 4.34 5.95

Table 9. Correlations between the pKHB scale and the AM1 and HF/6±31G** calculated descriptors of the nitrile hydrogen-bond
basicity: DH°, d(NH) and Vs,min

AM1 HF/6–31G**

Descriptor a b n r2 s a b n r2 s

ÿDH° (kcalmolÿ1) 1.545 ÿ2.155 18 0.948 0.18 0.556 ÿ0.711 18 0.906 0.24
d(NH) (Å) ÿ22.328 61.320 18 0.941 0.19 ÿ13.836 31.969 18 0.965 0.15
Vs,min (kcalmolÿ1) 0.103 ÿ4.212 18 0.937 0.20 0.095 ÿ3.171 18 0.979 0.11
ÿDH° (kcalmolÿ1) 1.796 ÿ2.653 17 0.934 0.16 0.843 ÿ1.566 17 0.977 0.09
d(NH) (Å) ÿ25.332 69.446 17 0.912 0.18 ÿ12.519 29.007 17 0.966 0.11
Vs,min (kcalmolÿ1) 0.116 ÿ4.821 17 0.901 0.19 0.094 ÿ3.133 17 0.962 0.12
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bondingrangefrom 3.253Å for the weakesthydrogen-
bond baseClC�N to 3.064Å for the strongesthydro-
gen-bondbaseMe3N

�—NÿC�N (Table5). By compar-
ing the meanvalue of 3.06Å for thesetheoreticaldata
with the mean d(NO) value of 2.99(12)Å (Table 3)
observedfor hydrogenbonding interactionsof nitriles
with water in the CSD, we verify the well known
overestimationof hydrogenbonding parametersat the
Hartree–Focklevel.14

Correlation of pKHB with HF/6±31G** descriptors
of hydrogen-bond basicity

Table9 comparesthe correlationsobtainedbetweenthe
pKHB scale and the three theoretical descriptors
calculatedat the HF/6–31G** level in this work and
at the semi-empiricallevel with the AM1 methodin a
previousstudy.12 Theseresultsshowthat the useof ab
initio descriptors significantly improves the various
correlationsif we exclude that involving the thermo-
chemicalparameterDH°. We attribute it to the strong
deviationof cyanamidate18 of the correlationbetween
pKHB and DH°. For this compound,the variation of
enthalpycalculatedat the HF/6–31G** level doesnot
correspond only to the hydrogen bond interaction
betweenthe water molecule and the lone pair of the
nitrile nitrogen,but also to the formation of two others
hydrogenbondsbetweenthe hydrogenatomscarriedby
the Me3N

� group and the lone pairs of the water

molecule(Fig. 6). This interactioncan be explainedby
the acidic characterof the hydrogenscarried by the
carbonatomsin this moleculeowing to the presenceof
thepositivechargeon thetrimethylammoniogroup.HF/
6–31G** calculationsof the Mulliken partial atomic
chargeson theC—H hydrogenatomsof trimethylamine
(�0.12) and its protonatedform (�0.20) confirm the
enhancedpositive characterof such C—H hydrogen
atoms. These secondaryhydrogen bond interactions
inducean increasedstabilizationof the complexgiving
rise to a much stronger variation of enthalpy than
expected.As theyalsoexertanobviousinfluenceon the
geometryof the interaction,we calculatedthe various
correlations without including the cyanamidate 18.
Theseresults,togetherwith thoseobtainedusing AM1
calculations,areshownin Table9. The ab initio HF/6–
31G** descriptorsare actually all significantly better
correlatedwith pKHB than the AM1 values.In agree-
ment with our previous work using semi-empirical
calculations,the bestdescriptorof the nitrile hydrogen-
bond basicity is the thermochemicalparameterDH°.
Theseresultsconfirmthat the largechangesobservedin
pKHB (i.e. in DG°) andDH° are nearly independentof
entropychangesin the nitrile family.

Calculation of secondary pKHB values

We canusethe fourth line of Table9 [Eqn. (9)] for the
calculation of pKHB values that are difficult to obtain
experimentally.

pKHB � ÿ1:566� 0:843�ÿ�H�� �9�
n� 17; r2 � 0:977; s� 0:09

Table10 showsthevaluescalculatedfrom this equation
for N�C—C�N, CF3C�N, FC�N, H2NC�N and4-
cyanopyridine.The CF3C�N value(ÿ0.58)seemslow
in comparisonwith the experimentalpKHB of CCl3CN
(ÿ0.26),but lies in theright direction.Thestrongervalue
of FC�N (0.28)comparedwith the experimentalvalue
of BrC�N (0.19)is coherentwith theelectron-donating
resonanceeffect of F relative to Br in this system.The
valueof 0.45calculatedfor HC�N is expectedlylower

Figure 6. Geometry of the HF/6±31G** minimum found for
the OH���C�N and CÐH���O hydrogen-bond interactions
between trimethylammoniocyanamidate 18 and water

Table 10. Secondary pKHB values calculated from Eqn. (9)

No. Compound Remark ÿDH° (kcalmolÿ1)a pKHB

22 NC-CN Gaseous 0.99 ÿ0.73
20 CF3-CN Gaseous 1.17 ÿ0.58
21 FCN Gaseous 2.19 0.28
19 HCN Gaseous 2.39 0.45
23 H2NCN Insoluble 3.30 1.22
24 4-Cyanopyridine Polyfunctional 2.34b 0.41b

a Calculatedat theHF/6–31G** level.
b Thesevaluesrefer only to the basicityof thenitrile function.
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thanthevalueof 0.91for MeC�N andagreeswell with a
pKHB difference of 0.53 between HCOMe and Me-
COMe.7 The calculatedpKHB of 1.22 for H2NC�N
compareswell with another secondaryvalue of 1.38
obtained from unpublishedmeasurementsin CH2Cl2.
Finally, the value of 0.41 for the nitrile group of 4-
cyanopyridineis close to the value of 0.48 calculated
from a correlationbetweenpKHB andthefrequencyshift
of the OH bandof 4-fluorophenoluponcomplexation.18

By comparingthesepredictedpKHB valueswith those
obtained by using semi-empiricalcalculations,12 it is
clear that the use of ab initio descriptorsincreases
significantlythepredictivepowerof this approach.

The case of cimetidine

The various correlationsof Table 9 can be used to
evaluatethe hydrogenbonding basicity of nitriles in
drugs. We will illustrate this on the example of
cimetidine (25), a well known anti-ulcer drug which
antagonizesthehistamineH2 receptor.

Cimetidinecarriesseveralpotentially hydrogen-bond
acceptorsheteroatoms.On the basisof the pKHB scale,
the thioether sulfur atom and the nitrogens of the
guanidinefunction can be ruled out owing to their too
weakhydrogen-bondingbasicity.39 Thenitrogenatomof
the imidazole ring and the nitrile nitrogenof the side-
chainremainthe last candidatesfor the interactionwith
hydrogen-bonddonorsitesof the H2 receptor.Of these,
thenitrile groupseemsparticularlyimportantsincein one
crystalline form of cimetidine the lone pair of the
imidazole ring nitrogenis alreadyengagedin an intra-
molecularhydrogenbond.40

Among the various theoreticaldescriptorschosenin
thisstudy,weselectedtheelectrostaticpotentialVs,min to

investigate the hydrogen-bondbasicity of the nitrile
group of cimetidine since this property is the most
accessiblein terms of computationaltime. In order to
have reasonablestarting geometriesfor our computa-
tions,we searchedthecrystalstructuresof cimetidinein
the CSD. The hydrogen-bondinteractionsobservedin
each of the five entries40–43 found have also been
analyzed,their distancesbeing reported in Table 11
together with the correspondingrefcodes.Thesedata
showthatthehydrogenbondsinvolving thenitrile group
are always the shortest for the crystalline form of
cimetidinewith anintramolecularhydrogenbond.When
the imidazolering nitrogenis not engagedin an internal
hydrogenbond, it becomesthe atom involved in the
shortestinteractions.Thesedata are coherentwith the
respectiverangesof the pKHB scale for Nsp and Nsp2

hydrogen-bondbases.39

In order to investigatethe influenceof the conforma-
tion on thehydrogenbondbasicityof thenitrile groupof
cimetidine, the Vs,min values were calculatedstarting
from the CIMETD40 (internally hydrogenbonded)and
the CIMETD0141 (without internal hydrogen bond)
crystal structures.Owing to the size of the cimetidine
molecule,thepositionsof thehydrogensatomswerefirst
optimized at the semi-empirical level with the PM3
methodandHF/6–31G** single-pointcalculationswere
applied to the resulting structures.The most negative
valueof Vs,minof theinternallyhydrogen-bondedform of
cimetidine is indeed found on the nitrile nitrogen
(ÿ59.76kcalmolÿ1), the value of Vs on the imino
nitrogen N2 being about 20kcalmolÿ1 higher
(ÿ42.10kcalmolÿ1). The comparisonof this valuewith
thoseobtainedfor thevariousnitriles in Table8 confirms
the super-hydrogen-bonding basicity of the cimetidine
nitrile group alreadypointed out at the semi-empirical
level12 and are coherentwith the crystallographicdata.

Table 11. Hydrogen bond distances observed in the various crystal structures of cimetidine found in the CSD (the numbering of
the atoms corresponds to that given in the text)

CSDrefcode C�N���(H)Ya C=N���(H)Ya IHBb

Crystal structureswith an intramolecularhydrogenbond:
CIMETD N4���N3 N2���N6 N5���N1

2.911 2.954 2.881
CIMETD02 N4���N3 N2���N6 N5���N1

2.909 2.941 2.874
CIMETD03 N4���N3 N2���N6 N5���N1

2.899 2.933 2.822
Crystal structureswithout an intramolecularhydrogenbond:

CIMGUA N4���Ow(c) N5���Ow(c)

3.080 2.801
CIMETD01 N4���N3 N5���N1

2.955 2.920
N4���N6

2.987

a Y = hydrogenbonddonor.
b Intramolecular hydrogenbond.
c Ow = oxygenatomof a watermolecule.
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Thecomparisonof theelectrostaticpotentialscalculated
on thenitrile nitrogenof theconformationsof cimetidine
with (ÿ59.76kcalmolÿ1) andwithout an intramolecular
hydrogenbond (ÿ54.55kcalmolÿ1) confirms the effi-
ciency of internal hydrogenbondingfor enhancingthe
nitrile basicity.Thesecondaryvaluesof pKHB calculated
from thesetwo electrostaticpotentialsusingthesixth line
of Table 9 are 2.48 and 2.00, respectively.It is worth
noting that despitethe obviousdifferencesin terms of
three-dimensionalstructuresbetweenthetwo cimetidine
conformationsstudied, the nitrile nitrogen remains a
strong hydrogen-bond acceptor site. This strongly
suggestsits involvementduring the molecularrecogni-
tion processof cimetidine to the H2 receptor. The
quantitative structure–activity relationship study of
Nakayamaon derivativesof cimetidine44 which pointed
out the relation between electrostatic properties of
histamine H2 antagonist side-chains and biological
activity supportsthis hypothesis.

CONCLUSION

In the first part of this study, a statistical analysisof
hydrogen-bondinteractionsonthenitrile nitrogenin X—
C�N���HO—R systems was made using crystallo-
graphicdataretrievedfrom theCSD;83crystalstructures
with 95 nitrile hydrogen-bondinteractionswere found
with meanvaluesof N���H hydrogen-bondlength and
OH���N angleof 2.05(20)Å and156 (18°). In orderto
investigatethe influenceof the R andX substituentson
thehydrogen-bondstrengths,thehydrogen-bondgeome-
trieswereclassifiedby thenatureof thedonorandby the
natureof the acceptor.The examinationof the relations
betweenthe OH���N anglesand the N���H hydrogen-
bonddistancesfor the19phenols,the41alcoholsandthe
23 water-type donors found shows that a higher
correlation coefficient is found for phenols (ÿ0.879)
relatively to alcohols (ÿ0.674) and water (ÿ0.660).
These results indicate that the strength of the X—
C�N���HO—R hydrogenbondsobservedin the solid
statefollows the orderof hydrogen-bonddonoracidity:
water� alcohols< phenols.Within eachsubsetof donor,
a searchof varioussubstructuresin which conjugative
interactionsarepossiblebetweena ‘pushing’ substituent
and the ‘pulling’ nitrile group was made.Despite the
smallnumberof datain eachdataset,theseresultsshow
that the strongest(shortest)hydrogenbondsare always
observedfor ‘push–pull’ nitriles, as observedexperi-
mentallyin solutionon thepKHB scalefor suchsystems.

Ab initio molecularorbital calculationswere usedin
the secondpart to computethe molecularpropertiesof
the free nitriles [d(C�N) bond lengths, dipole
momentsm(XC�N)] andof the hydrogen-bondedcom-
plexes [enthalpiesof hydrogen bond formation DH°,
intermolecular distances d(NO) between the nitrile
nitrogen and the water oxygen atoms involved in

hydrogen bonding]. These theoretical data confirmed
the well known overestimationof molecularandhydro-
gen bonding parametersat the Hartree–Fock level.
Nevertheless,from a relative point of view, reasonable
correlationsare found betweenthe theoreticaland the
experimentaldata available. Descriptorsof hydrogen-
bond basicity [enthalpy DH°, hydrogen-bondlength
d(NH) and minimum electrostaticpotentialof the base
Vs,min] calculatedat theHF/6–31G** level for hydrogen-
bondformationbetweenwaterand18 nitriles embracing
a wide range of structure and basicity were then
correlatedwith the experimentalpKHB values.All the
correlationsare significantly better than theseobtained
using the samequantummechanicaldescriptorscalcu-
lated at the semi-empiricallevel by the AM1 method,
provided that cyanamidateis excluded.This approach
allows the calculation of secondarypKHB values for
experimentallyinaccessiblebasesand the treatmentof
polyfunctionalnitriles. It canalsobeusedto evaluatethe
hydrogenbondbasicityof thenitrile groupin drugs.The
illustration of this methodon the exampleof cimetidine
confirms the super-hydrogenbond basicity of the
cimetidine nitrile group and strongly suggests its
implication during the molecularrecognitionprocessof
this well knownanti-ulcerdrug to theH2 receptor.
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