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ABSTRACT: The hydrogen-bond ability of nitrogen in X—=€EN---HO—R systems was investigated using
crystallographic data retrieved from the Cambridge Structural Database andbvimitio calculations. The
classification of hydrogen-bond geometries by the nature of the donor shows that the strength of the interaction
increases in the order wateralcohols<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 thiéyx scale for such moleculeAb initio molecular orbital calculations are then

used to compute descriptors of hydrogen-bond basicity (enthAld$, 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 Kggalepd these quantum mechanical
descriptors allow the calculation ofKpg 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 theed¢éptor. Copyright

0 2000 John Wiley & Sons, Ltd.

KEYWORDS: hydrogen-bond basicity; nitriles; Cambridge Structural Database anasisitio calculations;
cimetidine

INTRODUCTION available. Furthermore, in the case of molecules bearing
several hydrogen-bond acceptor sites, the various me-

Since the pioneering work of Taft's grodg, the  thods used for Kyg determination (IRC UV! or °F

hydrogen-bond (HB) basicity scal&pg [Egns (1)—(3)] NMR?) give only a global value and not the individual

has been found especially useful in solution chemistry. It basicity of each function.

is defined as lol§; for the complexation of organic bases In this work, we calculated secondarl{yps values for

B with a reference HB donor, 4-fluorophenol, in G@t experimentally inaccessible bases by establishing corre-

298 K. lations between g, andab initio quantum-mechanical
descriptors of hydrogen-bond basicity. We chose three
B + 4-FGH40OH = 4-FGH4OH - --B (1) descriptors already selected in a previous study devoted
to the estimation of secondarKpg values with semi-
K¢ /1mol ! = [complex/[basé/4-F GsH4sOH] (2) empirical calculations? namely thermochemical, geo-

metrical and electronic descriptors. The first descriptor of
PKrs = logK; = (AG® /kcal mol*)/1.36  (3) base strength is the enthalpy of the hydrogen-bond

complex formationAH®. In order to save computational
Although the fXg scale has been extended to various time, we replaced 4-fluorophenol in reaction (1) byCH
families of organic bases such as nitrodemxygen?~’ to calculateAH°. Such a replacement is possible since
sulfu® and carbofi bases, its generalization comes up Vvarious studie’ have shown the existence of linear free
against various experimental difficulties. For example, energy relationships between hydrogen-bond basicity
practical matters such as solubility and lack of quanti- scales based on 4-fluorophenol and water. The second
tative measurements for very weak or very strong descriptor is the hydrogen bond lengtBH) and the
hydrogen bonds limit the number of experimental data third is the most negative value of the electrostatic

potential on the molecular suface of the baggnin
*Corrﬁsréondence tod.-Y. Lt:| Questerl1 Laborat(;)lre de Spectfochl”ge Theoretical calculations have proved to be useful tools
P Bp 05508 tan Mo e \anies, 2 e de Ror structural studies of hydrogen bonding systems and
E-mail: jean-yves.lequestel@chimie.univ-nantes.fr calculations of their interaction energlésA reliable

Copyright( 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 347-358
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absolutecalculationof AH®, d(BH) andVg minby abinitio
methodsrequiresthe use of a large basis set, taking
accountof electroncorrelationand correctingthe basis
set superpositionerror. Despite the dramatic progress
madein ab initio computationalchemistryin the last
decadeand the adventof larger and faster computing
machinesthis seemaunlikely to berealizedfor extended
setsof relatively large moleculesFor suchaninvestiga-
tion, the singledeterminantartree—FocHkevel of theory
combinedwith one of the mostwidely usedaugmented
6-31G basis set, 6-31G**'> can be a reasonable
compromise. This basis set has proven to produce
reliable and consistent data on hydrogen bonding
previously*® In a hydrogenbond AH - B, the strength
of interactiondependsn the protondonorability of AH
andonthehydrogen-bonécceptorbility of B. Etterand
Reutzet’ tried to rank the relative proton-accepting
abilities of various functional groups by analyzing
molecularpackingin crystalline systemsThesestudies
showed that hydrogen-bondaccepting properties of
functionalgroupsclearly dependon their local intramol-
ecularenvironment.This is the reasonwhy we divided
thebasesnto familiesbearingacommonhydrogen-bond
acceptorfunction. The presentwork was devotedto
nitriles because greatnumberof experimentaataare
availablefor X—C=N systems.

First, nitriles are well characterizedon the pKyg
scalé®2% and their hydrogen-bondingasicity extends
overarangeof 3.50 pK units. For the presentwork, we
selectedl8 nitriles with very diversified X substituents,
the first atom being as different as Cg5, Csz, Csp N,
Nsg, Si, S,O andCl.

Second theoreticalstudie and gas-phasexperi-
mentalstructure$® haveboth shownthatthe sp nitrogen
lone pair is the hydrogen-bondcceptorsite andthat the
geometryof the X—C=N"--H—A complexess quasi-
linear?® Sucha geometryof interactioneliminatessteric
interferencesdetweenthe X substituenteandthe hydro-
gen-bonddonorapproachinghenitrogenlone pairwhich
shouldavoid abnormalentropycontributionsto AG°® and
permita linear pKyg vs AH® relationship.

Finally, manyphysicalpropertiesf nitriles areknown
andwill behelpfulin thecalculationsandthe analysisof
the results. From a thermodynamicpoint of view, the
enthalpyAH® of reaction(1) hasbeendeterminedn our
group for severalnitriles (unpublisheddata). Further-
more, numerousnitrile dipole moment$*?°® have been
measured. Finally, the gas-phas€ and crystalline
structuresof many nitriles are known. In a recentstudy
devotedo the HB acceptingpowerof isocyanideshigh-
leveltheoreticakalculationsaandstructuralinvestigations
in the solid state have shownthe strongstructuraland
hydrogen bonding similarities betweenhydrogen iso-
cyanide H—N=C, andits cyanideisomer H—C=N.?’
In this work, we first usedthe Cambridge Structural
DatabasgCSD, October1997 release’® to analyzethe
geometric characteristicsof inter ROH::*N=C—X

§1,22
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hydrogenbondsformed on the nitrile nitrogen. These
datashowthat the shortesthydrogenbondsobservedn
the solid statecorrespondo stronghydrogen-bondbases
asmeasuredy the pKyg scale We thencomputedAH®,
d(NH) andVs min for 18 nitriles at the HF/6-31G** level
of theory. Thesecomputedpropertieswere correlated
with the experimentapKyg andusedin a secondstepto
calculatepKyg valuesof the gaseousitriles HC=N,
FC=N, N=C—C=N and CFC=N, of the insoluble
and self-associateccyanamideH,NC=N and of the
polyfunctional4-cyanopyridinewhich acceptshydrogen
bondingnot only on the nitrile nitrogenbut also on the
pyridine nitrogen®® 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 crystallographidatawereretrievedfrom the October
1997(175093entries)releasef the CSD?® Searchesor
bonded substructuresand intermolecular non-bonded
R—OH:--N=C—X contactswere carried out using
theprogramQUEST3D(CSD,1994).Dataanalysesvere
performedwith VISTA (CSD, 1995).

Threesubfilesof datawere selectedcontainingeither
alcoholic, phenolichydroxyl groupsor water molecules
as donor and Ng, of nitrile groups as acceptors.
Substructuresvere only locatedin entriesthat (a) were
organiccompoundswithin CSD chemicalclasseglefini-
tions, (b) had error-free coordinatesetsin CSD check
procedureg(c) exhibitedno crystallograpic disorder(d)
contained no polymeric connectionsand (e) had a
crystallographicR factor <0.10. All H atomsinvolved
in non-bondedcontactsearchesvere placedin norma-
lized positions,i.e. they wererepositionedalongtheir x-
ray determinedO—H vectorsat a distancefrom O equal
to the appropriatemean bond length establishedrom
neutronstudies>®

Non-bondedcontactsearchesand geometricanalyses
of interactions involving the three different O—H
hydrogen-bonddonorsand N, acceptorswere carried
outin theform of the parameterindicatedin Fig. 1 with
d(HN) in A andthe hydrogen-bondnglesf; (CN---H)

61 62

NN
X—C=Na@ «++H—-0_
—> R
d(NH)
Figure 1. Definition of geometric parameters describing
hydrogen-bonding interactions on the nitrogen atom of
nitriles X—C=N
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HYDROGEN-BONDACCEPTORPROPERTIESOF NITRILES 349

and 6, (NH---O) with the condition N---H distances
<2.65A (sumof vander Waalsradii with 1.55A for N
and1.10A for H).3*

Calculations

All calculationswere performedusing the Spartan4.0
program package (Wavefunction, Irvine, CA, USA)
running on a Silicon GraphicsIndy workstation. The
geometrieof both monomerg(nitriles and water) were
fully optimized at the HF/6—31G** level starting from
the experimentaktructuresgiven by microwavé? or x-
ray spectroscopywhenavailable.The geometriesf the
hydrogen-bondedomplexeaverecompletelyoptimized.
The starting geometry of complexationis illustrated
schematicallyin Fig. 1: in eachcasethef, (C=N---H)
andd, (N---HO) anglesweresetto 180° andthe starting
d(NH) distancewasfixed at 2 A. In all casedrequency
analyseswere performedat the HF/6—-31G** level to
verify thatthe computedstructuresverelocal minimaon
thevariouspotentialenergysurfacesThehydrogen-bond
complexenthalpiesAH° werecomputedasthedifference
betweenthe energyof the complexandthe sum of the
energiesof the monomersaccordingto Eqgns ((4)—(6))
after evaluationof zero-pointvibrational energiesand
thermalcorrections:

AE° = E(compleX — [E(basé + E(H,0)] (4)

AE® = AEeIec‘f‘ AEZPVE + AEvib.therm
+ AEIrans"‘ AErot (5)

AH° = AE° — RT (6)

whereAE® is thefull thermodynamignteractionenergy.
It includes the variation of the different energetic
componentselectronicAEg e the zero-pointvibrational
energies AEzpye and the thermal energies which
comprise the effects of molecular translation AE;ans
rotationAE,q, andvibration AEip therm at298.15K and
1 atm. A scalingfactor of 0.9135° was usedto correct
approximately for vibrational anharmonicity and for
overestimatiorof theforceconstantatthe SCFleveldue
tothelack of properconsideratiorof electroncorrelation.

Calculationsof electrostaticpotentialenergysurfaces
were performedusingHF/6—-31G** geometry-optimied
structuresThesesurfacesveremappednto theelectron
density surfaces (0.001 e/au: electron/atomic units
isosurfaceht high resolution.

RESULTS AND DISCUSSION

Cambridge Structural Database

An obvious use of the CSD is to derive molecular

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 2. Histogram of C=N bond lengths in X—C=N
systems

dimensionsof functionalgroupsin a very wide rangeof
chemicalenvironmentsln this part,we thereforefirst use
the CSD to derive standardvaluesfor the C=N bond
lengthsand X—CN valenceanglesln a secondstep,the
CSDis usedto analyzethe geometriccharacteristicof
R—OH: - -N=C—X intermolecularydrogenbonds.

Observed C=N geometry. A total of 5059 nitriles
groupscorrespondingo 2634 entrieswere found in the
CSD.Theoveralldistributionof the C=N bondlengths
shownin Fig. 2 seemsngarnormal with a meanC=N
bondlengthof 1.14 (2) A. The X—CN angleis quasi-
linear with an averagevalue of 177(3Y.

The effective electronegativityof nitrogenin nitriles
can be increasedby conjugative interactionsbetween
C=N and the lone pair of one N substituent.Table 1
compareghe meangeometrief nitriles for X beingan
Ngg or Cgz in X—CN systemsThe averageC=N bond
length of 1.15(4)A in Ns=—C=N is not significantly
longerthanthatin Cs—C=N [1.13(2)A] in thelight of
the estimated standard deviations (e.s.d.) obtained.

Table 1. Comparison of the mean geometries of the X—
C=N fragment for cyanamides (X=Ns,:) and aliphatic
nitriles as observed in the Cambridge Structural Database

X Nops X—C (A) C=N
N 28 1.32(4) 1.15(4)
C 1634 1.47(3) 1.13(2)
N2 9282 1.47(2)

& Meangeometryof the N—C bondlengthin tertiary amines.

J. Phys.Org. Chem.2000;13: 347-358



350 J.-Y.LE QUESTEL,M. BERTHELOTAND C. LAURENCE

Table 2. Mean values of geometric descriptors (Fig. 1) with
e.s.d’s for intermolecular hydrogen bonds to nitrile nitrogen
(Nobs = 95)3

d(NH) (A) d(NO) (A) 61 (°) 6, (°)
Minimum 1.74 2.72 74 96
Maximum 2.64 3.50 179 179
Mean 2.05 2.94 145 156
SDsample  0.20 0.14 23 18

& 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, HQUACNO1, 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.

However, a shorteningof the Ng—C single bond in
Ns—C=N canbe pointedout by comparingthe mean
value observedin nitriles [1.32(4) A] with the average
value of the Ngz—C bond length in aliphatic tertiary
amines[1.47(2) A]. This shorteningcan be partially
attributed to conjugative interactionsin the case of
cyanamidedut alsoto the field/inductiveandresonance
effectsof the nitrile group.

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

12

L oglllm |

d(NH)

280

Figure 3. Histogram of d(NH) distances in X—C=N-*-HOR
hydrogen-bonded systems
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bonded systems. The resulting subfile contains 83
crystalstructureswith 95 nitrile—hydrogenbondinterac-
tions. Meanvaluesof the geometricdescriptorgdefined
in Fig. 1 andin the Methodologysection)for hydrogen
bondsto the nitrogen atom of nitriles are collectedin

Table 2 togethemwith the relevantCSD referencecodes.
The meanvaluesof the N---H hydrogenbondand O—

H---N angleare 2.05(20)A and 156(187, respectively.
Theirrespectivehistogramsareshownin Figs3 and4(a).
The distribution of the valence angle O—H--*N is

replotted in Fig. 4b after correction for geometric
factors* to showthat C=N---H—O interactionshave
a strongtendencyto linearity.
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Figure 4. Histogram of 6, (OH-**N) valence angles in X—
C=N-*+HOR hydrogen-bonded systems: (a) observed va-
lues; (b) after correction for geometric factors®*
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Table 3. Mean values of geometric descriptors (Fig. 1) with e.s.d’s for intermolecular hydrogen bonds to nitrile nitrogen

classified by the nature of the donor

Donor Nobs d(NH) (A) d(NO) (A) 6. () 62 ()
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
H>,O 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

The strengthof the hydrogen-bondhteractionsn X—
C=N"--HOR systemganbe stronglyinfluencedby the
natureof both the R and X substituentsWe therefore
classified the different hydrogen-bondinginteractions
accordingto the natureof the donorandaccordingto the
natureof the acceptor.

Hydrogen-bond geometries classified according to the
nature of the donor. A searchof the variousOH groups
insidethe total setof hydrogen-bondnteractionsled to
19 phenols,41 alcoholsand 23 water-typeof donors.
Table 3 showsthe geometricparametersobservedfor
thesedifferent subfiles.By consideringhe acidity of the
various OH donors, one would expectthat the mean
donor—acceptoseparationwould follow the sequence
PhOH < Cgz—OH ~ H,0. Owing to the low numberof
data in each sample, the three subsetscannot be
statistically separatedbut the evolution of the d(NO)
distancedollows the expectedchemicalorder: phenols
2.87 (0.09)A <alcohols 2.95 (0.16)A ~ water 2.99
(0.12)A.

The examinationof the relationbetweenthe OH--*N
anglesandthe d(HN) hydrogen-bondlistancebtained
for the three data sets might help to indicate the
respectivestrengthf interactionsof thevariousdonors,
thetendencyfor theshorter(strongesthydrogerbondsto
becomemorenearlylinearbeingwell known3*° Figure5
showsthe scatterplotf 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
phenolg—0.879)relativeto alcohols(—0.674)andwater
(—0.660). Owing to the linearity of the X—C=N
fragment, the directionality of approachof the donors
cannotbe analyzedthroughthe classicalsphericalpolar
anglesf and ®. Neverthelessthe useof the C=N---H
valence angle can give information on the acceptor
directionality. Themeanvaluesobservedor 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

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 5. Scatterplots of 6, (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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Table 4. Mean values of geometric descriptors (Fig. 1) with e.s.d’s for intermolecular hydrogen bonds to nitrile nitrogen
classified by the nature of the acceptor X—C=N inside each sample of hydrogen bond donor

Donor X Nobs d(NH) (A) d(NO) (A) 01 (°) 02 (°)
PhenolicOH Csp 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

Ngg OF Og—C=C?* 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 Csp 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

Ngg OF Og—C=C? 7 Minimum 1.90 2.82 107 138

Maximum 2.18 3.07 165 169

Mean 201 2.92 142 156

SD sample 0.12 0.10 19 11

Nsp 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

H,O Csp 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

Ngz Or Og—C=C? 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

Ngp or Ogg—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

& The functional groupbetweenNgg; or Og andthe nitrile function mustbe an unsaturatedtarbonsystemsuchasa phenyleneor a vinyl group.

showthatvaluescloseto 150¢° arefavoredoverthe more
linearanglesthe populationdensityalwaysbeinglargest
for values of the C=N--+H angle between140 and
180°.

Hydrogen-bond geometries classified according to the
nature of the acceptor. In cyanamidesRo;N—C=N,
conjugative interactionsbetweenthe lone pair of the
amino nitrogen Nz andthe cyanogroup canleadto a
shorteningof the N—C singlebondanda lengtheningof
the C=N triple bond. The importanceof the resonance
structuresR,N—C=N < R,N"=C=N" is thoughtto
be the main causeof the increasechydrogenbondingof
cyanamidescomparedto other nitriles*® 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 phenylenea vinyl or animino
group. The relative order of hydrogen-bondasicity of
thenitrile nitrogenis well characterizeth solutiononthe
pKug scalefor such systems?® Theseinteractionsare
similar to thoseinvolvedin resonance-assistéydrogen

Copyrightd 2000JohnWiley & Sons,Ltd.

bonding,originally pointedout in the solid stateandin
solutionfor intramoleculahydrogerbondingin R;COR,
system&®3”andgeneralizedor intermoleculahydrogen
bonding in heteroconjugatedsystemssuch as amide,
R:NHCOR,,*® and, more recently, thioamide and
thiourea,R,R,C=S, acceptors? In orderto verify such
effectson the crystaldataof nitriles, we divided eachset
of hydrogen-bonddonorsinto different subsetscorre-
spondingo the natureof the X substitutentn X—C=N.
Fourdifferentsubsearcheseremadefor: (i) X beingan
Nsg (cyanamides)(ii) X beingan Ngg or Ogz Separated
of the nitrile group by an unsaturategystemsuchasa
phenyleneor a vinyl group, (iii) X correspondingo an
Ngg or Os—C=N groupand (iv) X beinga Cgy, the
latter subfile representingour referenceset. Table 4
presentghe resultsobtainedfor eachdataset. Owing to
the small number of compoundsin each sample,
conclusionanustbe drawn carefully from theseresults.
In particular,it is worth notingthatthe shortestiydrogen
bonds are generally observed,inside each sample of
donor, for ‘push—pull’ nitriles. This is not true for the
phenolicdataset,in whichthestrongeshydrogerbondis
observedor analiphaticnitrile (ALZFLR 2.721A) to be

J. Phys.Org. Chem.2000;13: 347-358
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Table 5. Experimental pKyg scale of nitriles and the HF/6-31G** calculated descriptors of the nitrile hydrogen-bond basicity:

AH° dNH) and V4 min

—AH° _Vs,min
(kcol diNH) d(NO) d(C=N) (kcal

No. Compound Formula pKpg?  mol HP  (A)F (A)° (A)°  mol™HP°
1 Cyanogerchloride CICN 0.19 2.10 2.318  3.253 1.134  33.68
2 Ethynylcyanide HC=CCN 0.30 226 2314 3.245 1136 3593
3 Chloroacetonitrile CICH,CN 0.39 2.22 2.282 3.221 1.134 36.71
4 4-Chlorobenzonitrile 4-CICgH4CN 0.66 2.62 2252 3191 1136 39.94
5 Acrylonitrile H,C=CHCN 0.70 2.76 2.249 3.186 1.136 42.23
6 Methyl thiocyanate MeSCN 0.73 2.57 2256 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 2249 3186 1.135 4295
9 Trimethylsilylcyanide MesSiCN 0.93 2.95 2.247 3.182 1.139 43.57
10 4-Methoxybenzonitrile 4-MeOGH,CN 0.97 3.10 2233 3163 1.137 45.30
11 Trimethylacetonitrile t-BuCN 0.9¢ 3.10 2.228  3.165 1.136 44.68
12 Cyclopropylcyanide c-PrCN 1.03 3.05 2229  3.168 1.136 44.71
13 4-Dimethylaminobenzonitrile 4-Me;NCgHLCN 1.25 3.33 2.226 3.156 1.138 48.17
14 Dimethylcyanamide Me,NCN 1.56 3.59 2205 3.139 1.140 48.29
15 trans3-Dimethylaminoacrylonitrile Me,NCH=CHCN 1.70 3.83 2.190 3.126 1.139 51.39
16 N, N:-Dimethyl-N?-cyanoformamidine Me,NCH=NCN' 2.09 434 2164 3107 1141 54.74
17 N, N:-Dimethyl-N?*-cyanoacetamidine Me,NCMe=NCN"  2.24 449 2143 3.096 1.141 54.87
18 Trimethylammoniocyanamidate MesNT—N"CN 3.24 7.90 2.137 3.064 1.149 67.16

& Refs,17 and18.

P1A=1071°

€1cal=4.184

4 Therewasa typing errorin Ref. 17.
°Ref. 12.

f StereoisomeE.

9 Ref. 19 valuefor BugN*N — CN.

comparedwith a meanN---O distanceof 2.90 (0.14),5\
for the subsef reference However,in this sample six
stronghydrogerbonds(shorterthan1.90A) areobserved
onthetotal of 14 interactionsof phenolswith ‘push—pull’
nitriles. For the alcoholsdataset, the shortesthydrogen
bondis observedor a cyanamidg DUMDIY 2.77A) to
be comparedwith a mean N---O distance of 2.93
(0.09)A. If the hydrogen bond donor is water, the
strongesthydrogenbond is observedfor a vinylogue
(FAZBEN 2.82 A) to be comparedwith a meanN---O
distanceof 3.02(0.09)A.

Ab initio molecular orbital calculations

The 18 nitriles selectedfor the investigation of the
relationbetweerthe pKg scaleandab initio theoretical
descriptorsof hydrogen-bondasicity [AH®°, d(NH) and
Vs.minl @reshownin Table5 togethemwith theirrespective
experimental and theoretical values. The computed
intermolecular distances d(NO) between the nitrile

nitrogenandthewateroxygenatomengagedn hydrogen
bondingandthe calculatedd(C=N) bondlengthsin the
free basesarealsoindicated.

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

Copyrightd 2000JohnWiley & Sons,Ltd.

and of their hydrogen-bondedomplexegenthalpiesof
hydrogen bond formation AH° and intermolecular
distancegd(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-phasealata
available(Table 6) and consistentlytoo short,the mean
absoluteerror being 0.024A. The pure d(C=N) triple
bond length in acetonitrile (1.135 A) increasesfor

Table 6. Experimental (Ref. 25) and HF/6-31G** calculated
C=N distances (A)

No. Compound HF/6-31G** Exp.
19 HCN 1.133 1.153
20 CFR:CN 1.131 1.154
8 MeCN 1.135 1.156
21 FCN 1.132 1.157
5 H,C=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 H.NCN 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 MezSiCN 1.139 1.170

J. Phys.Org. Chem.2000;13: 347-358
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Table 7. Experimental (Ref. 25) and HF/6-31G** calculated
dipole moments (D) of nitriles

No. Compound Calc. Exp?
20 CRCN 1.50 1.26(gas)
21 FCN 2.32 2.17(gas)
4  4-CICH.CN 2.85 2.64(CgHe)
1 CICN 2.76 2.94(gas)
19 HCN 3.20 2.95(gas)
3 CICH,CN 3.40 3.00(alkane)
2 HC=CCN 4.08 3.60(gas)
11  t-BuCN 4.22 3.70(CCly)
12 c-PrCN 4.43 3.78(CgHo)
5 H,C=CHCN 4.26 3.90(gas)
8 MeCN 4.07 3.92(gas)
6 MeSCN 4.16 4.00(gas)
9  MesSICN 4.43 4.06(CCly)
7 PhCN 4.85 4.14(gas)
23  H,NCN 4.62 4.30(gas)
10 4-MeOGH,CN 5.81 4.76(CCl,)
14  Me,NCN 4.89 4.77(gas)
15  Me,NCH=CHCN 7.28 6.12(CeHeg)
13 4-Me,NCgH.CN 7.31 6.39(CCly)
16  Me,NCH=NCN 8.11 6.59 (CgHe)

17 Me,NC(Me)=NCN  8.09 7.06(CeHe)

aWhenp wasmeasuredh severaphysicalstatesve selectedurvalue
in the ordergas> alkane> CCl; > CgHe.

dimethylcyanamid(l.l40,&) and‘push—pull’nitriles 15,
16,17 and18 (Table5), the maximumlengtheningoeing
calculatedfor the cyanamidatel 8 (1.149A).

w(XC=N). We wereableto collect (Table 7) 21 dipole
moments of nitriles ranging from 1.3 to 7 D
(1 D=3.336x 10*° C m). If we exclude CIC=N,
the computed values are always too high with a
meanabsolutesrrorof 0.48D, but97.9%o0f thevariance
of u is correctly explainedat the 6—-31G** level [Eqgn.

(Nl
p(exp.) = 0.3724 0.810u(calc.) (7)
n=21r2=0.979s=022D

wheren, r ands arethe numberof data,the correlation
coefficientandthe standarddeviation,respectively.

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

—AH°(kcalmol™)

No. Compound Calc. Exp.
4 4-CICgH,CN 2.62 3.82
3 CICH,CN 2.22 3.90
7 PhCN 3.12 4.18
5 H,C=CHCN 2.76 4.21

10 4-MeOGH4CN 3.10 4.33
8 MeCN 2.86 4.64

11 t-BuCN 3.10 4.76

13 4-Me,NCgH4CN 3.33 4.90

14 Me,NCN 3.59 5.35

15 Me,NCH=CHCN 3.83 5.62

16 Me,NCH=NCN 4.34 5.95

HF/6-31G** calculations of molecular properties of
hydrogen-bonded nitriles. AH°. Accurate enthalpies
for the hydrogen-bondormation of 11 nitriles with 4-
fluorophenol,in CCl,, a poorly solvatingmedium,have
beendeterminedin our group (unpublishedresults).In
orderto savecomputationaltime, we selectedwater as
the hydrogenbonddonorof referenceor the calculation
of the hydrogenbond energies As we indicatedin the
Introduction, the comparisonof values obtained with
thesetwo different hydrogen-bonddonorsis possible
since linear free energy relationships exist between
hydrogen-bondbasicity scalesbasedon 4-fluorophenol
andwater?® The experimentakindtheoreticalvaluesof
hydrogenbond enthalpiesare presentedn Table 8. The
resultsshowthat88% of the varianceof AH® is correctly
predicted [Eqn. (8)] using HF/6-31G** ab initio
calculations.

— AH°(exp.) = —0.197+ 1.064—AH°)  (8)
n=11r?=0.876s= 0.26 kcal mol*
d(NO). The computedintermoleculardistancesetween

the nitrogenatom of the nitrile function andthe oxygen
atom of the water molecule involved in hydrogen

Table 9. Correlations between the pKy scale and the AM1 and HF/6-31G** calculated descriptors of the nitrile hydrogen-bond

basicity: AH°, d(NH) and V4 min

AM1 HF/6-31G**

Descriptor a b n r? s a b n r2 s

—AH° (kcal mol’l) 1.545 -—-2.155 18 0.948 0.18 0.556 -0.711 18 0.906 0.24
d(NH) (A) _22.328 61320 18 0941 019 -13.83 31969 18 0965  0.15
Vs min (kcal m0|712 0.103 —-4.212 18 0.937 0.20 0.095 -3.171 18 0.979 0.11
—AH?® (kcalmol™™) 1.796 —-2.653 17 0.934 0.16 0.843 -1566 17 0.977 0.09
d(NH) (A) —25.332 69.446 17 0.912 0.18 —-12.519 29.007 17 0.966 0.11
Va min (kcal mol ) 0.116 -4.821 17 0901  0.19 0.094 -3133 17 0962  0.12
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Figure 6. Geometry of the HF/6-31G** minimum found for
the OH*+*C=N and C—H"+0 hydrogen-bond interactions
between trimethylammoniocyanamidate 18 and water

bondingrangefrom 3.253A for the weakesthydrogen-
bond baseCIC=N to 3.064A for the strongesthydro-
gen-bondaseMe;N*—N~C=N (Table5). By compar-
ing the meanvalue of 3.06A for thesetheoreticaldata
with the mean d(NO) value of 2.99(12)A (Table 3)
observedfor hydrogenbonding interactionsof nitriles
with water in the CSD, we verify the well known
overestimationof hydrogenbonding parametersat the
Hartree—Fockevel **

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

Table 9 compareghe correlationsobtainedbetweenthe
pKyg 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?? Theseresultsshowthat the useof ab
initio descriptors significantly improves the various
correlationsif we exclude that involving the thermo-
chemical parameterAH®. We attributeit to the strong
deviationof cyanamidatel 8 of the correlationbetween
pKueg and AH®. For this compound,the variation of
enthalpy calculatedat 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 alsoto the formation of two others
hydrogenbondsbetweenthe hydrogenatomscarriedby
the MesN™ group and the lone pairs of the water

Table 10. Secondary pKig values calculated from Egn. (9)

molecule(Fig. 6). This interactioncan be explainedby
the acidic characterof the hydrogenscarried by the
carbonatomsin this moleculeowing to the presenceof

the positive chargeon the trimethylammoniogroup.HF/
6-31G** calculationsof the Mulliken partial atomic
chargeson the C—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
expectedAs they alsoexertan obviousinfluenceon the
geometryof the interaction,we calculatedthe various
correlations without including the cyanamidate 18.

Theseresults,togetherwith thoseobtainedusing AM1

calculations,are shownin Table9. The ab initio HF/6—
31G** descriptorsare actually all significantly better
correlatedwith pKyg thanthe AM1 values.In agree-
ment with our previous work using semi-empirical
calculations the bestdescriptorof the nitrile hydrogen-
bond basicity is the thermochemicalparameterAH®.

Theseresultsconfirmthatthe large changebservedn

pKyg (i.e. in AG®) and AH° are nearly independenbf

entropychangesn the nitrile family.

Calculation of secondary pKg values

We canusethe fourth line of Table9 [Eqn. (9)] for the
calculationof pKyg valuesthat are difficult to obtain
experimentally.

pKpg = —1.566+ 0.843 —AH?) 9)
n=17,r2=0.977,s= 0.09

Table 10 showsthe valuescalculatedfrom this equation
for N=C—C=N, CF;C=N, FC=N, H,NC=N and4-
cyanopyridine.The CFC=N value (—0.58) seemdow
in comparisonwith the experimentalpKyg of CCI,CN
(—0.26),butliesin theright direction.The strongewalue
of FC=N (0.28) comparedwith the experimentalalue
of BrC=N (0.19)is coherentwith the electron-donating
resonanceffect of F relative to Br in this system.The
valueof 0.45calculatedfor HC=N is expectedlylower

No. Compound Remark —AH° (kcalmol™1)? pKus
22 NC-CN Gaseous 0.99 -0.73
20 CR-CN Gaseous 1.17 —0.58
21 FCN Gaseous 2.19 0.28
19 HCN Gaseous 2.39 0.45
23 H-NCN Insoluble 3.30 1.22
24 4-Cyanopyridine Polyfunctional 2.34 0.41

& Calculatedat the HF/6-31G** level.
P Thesevaluesrefer only to the basicity of the nitrile function.
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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)Y? C=N--*(H)Y? IHBP
Crystal structureswith an intramolecularhydrogenbond
CIMETD N4 N3 NZ---N° N®---N*
2.911 2.954 2.881
CIMETDO02 N*---N3 N2---N°® N®---N?
2.909 2.941 2.874
CIMETDO3 N%--N3 NZ---N° N®---N*
2.899 2.933 2.822
Crystal structureswithout an intramolecularhydrogenbond
CIMGUA N*---0%(c) NS: - -QV©
3.080 2.801
CIMETDO1 N4---N3 N®---N?
2.955 2.920
N4 -+ N6
2.987

2Y =hydrogenbonddonor.
Intramolecula hydrogenbond.
¢ O" = oxygenatomof a watermolecule.

thanthevalueof 0.91for MeC=N andagreesvell with a

pKyg difference of 0.53 between HCOMe and Me-

COMe! The calculatedpKyg of 1.22 for H,NC=N

compareswell with anothersecondaryvalue of 1.38

obtained from unpublishedmeasurementsn CH,Cl..

Finally, the value of 0.41 for the nitrile group of 4-

cyanopyridineis closeto the value of 0.48 calculated
from a correlationbetweernpKyg andthe frequencyshift

of the OH bandof 4-fluorophenoluponcomplexatiorn

By comparingthesepredictedpK,g valueswith those
obtained by using semi-empirical calculations? it is

clear that the use of ab initio descriptorsincreases
significantlythe predictivepowerof 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
antagonizeshe histamineH, receptor.

Cimetidine carriesseveralpotentially hydrogen-bond
acceptorsheteroatomsOn the basisof the pKyg scale,
the thioether sulfur atom and the nitrogens of the
guanidinefunction can be ruled out owing to their too
weakhydrogen-bondingasicity>® The nitrogenatomof
the imidazole ring and the nitrile nitrogen of the side-
chainremainthe last candidatedor the interactionwith
hydrogen-bondionorsitesof the H, receptor.Of these,
thenitrile groupseemsarticularlyimportantsincein one
crystalline form of cimetidine the lone pair of the
imidazolering nitrogenis alreadyengagedn an intra-
molecularhydrogenbond?®

Among the various theoreticaldescriptorschosenin
this study,we selectedhe electrostatigotentialVs min to

Copyright[] 2000JohnWiley & Sons,Ltd.

investigate the hydrogen-bondbasicity of the nitrile
group of cimetidine since this property is the most
accessiblen terms of computationaltime. In orderto
have reasonablestarting geometriesfor our computa-
tions, we searchedhe crystalstructuresof cimetidinein
the CSD. The hydrogen-bondnteractionsobservedin
each of the five entrie§°™® found have also been
analyzed, their distancesbeing reportedin Table 11
togetherwith the correspondingrefcodes.These data
showthatthe hydrogenbondsinvolving the nitrile group
are always the shortestfor the crystalline form of
cimetidinewith anintramoleculathydrogenbond.When
theimidazolering nitrogenis not engagedn aninternal
hydrogenbond, it becomesthe atom involved in the
shortestinteractions.Thesedata are coherentwith the
respectiverangesof the pKyg scalefor Ng, and Ngp
hydrogen-bondases®

In orderto investigatethe influenceof the conforma-
tion onthe hydrogenbondbasicityof the nitrile groupof
cimetidine, the Vg nin values were calculated starting
from the CIMETD?° (internally hydrogenbonded)and
the CIMETDO1* (without internal hydrogen bond)
crystal structures.Owing to the size of the cimetidine
molecule the positionsof the hydrogensaatomswerefirst
optimized at the semi-empiricallevel with the PM3
methodand HF/6—-31G** single-pointcalculationswere
applied to the resulting structures.The most negative
valueof Vs min Of theinternally hydrogen-bondetbrm of
cimetidine is indeed found on the nitrile nitrogen
(—59.76kcalmol™), the value of Vs on the imino
nitrogen N? being about 20kcalmol™ higher
(—42.10kcalmol™Y). The comparisorof this valuewith
thoseobtainedor thevariousnitrilesin Table8 confirms
the super-hydrogen-baling basicity of the cimetidine
nitrile group already pointed out at the semi-empirical
level*? and are coherentwith the crystallographicdata.
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The comparisorof the electrostatiqotentialscalculated
onthenitrile nitrogenof the conformationsof cimetidine
with (—59.76kcalmol~*) andwithout anintramolecular
hydrogenbond (—54.55kcalmol™t) confirms the effi-

ciency of internal hydrogenbonding for enhancingthe
nitrile basicity. The secondaryaluesof pKyg calculated
from thesetwo electrostatigotentialsusingthesixthline

of Table 9 are 2.48 and 2.00, respectively.lt is worth

noting that despitethe obviousdifferencesin terms of

three-dimensionadtructuresetweerthe two cimetidine
conformationsstudied, the nitrile nitrogen remains a
strong hydrogen-bond acceptor site. This strongly
suggeststs involvementduring the molecularrecogni-
tion processof cimetidine to the H, receptor. The
quantitative structure—activity relationship study of

Nakayamaon derivativesof cimetiding* which pointed
out the relation between electrostatic properties of

histamine H, antagonist side-chains and biological
activity supportsthis hypothesis.

CONCLUSION

In the first part of this study, a statistical analysisof
hydrogen-bondhteractionsonthenitrile nitrogenin X—
C=N---HO—R systemswas made using crystallo-
graphicdataretrievedirom the CSD;83 crystalstructures
with 95 nitrile hydrogen-bondnteractionswere found
with meanvaluesof N--+H hydrogen-bondength and
OH---N angleof 2.05(20)A and156 (18°). In orderto
investigatethe influenceof the R and X substituentson
the hydrogen-bonatrengthsthe hydrogen-bongdjeome-
trieswereclassifiedoy the natureof thedonorandby the
natureof the acceptor.The examinationof the relations
betweenthe OH:--*N anglesandthe N--+H hydrogen-
bonddistancegor the 19 phenolsthe41 alcoholsandthe
23 water-type donors found shows that a higher
correlation coefficient is found for phenols (—0.879)
relatively to alcohols (—0.674) and water (—0.660).
These results indicate that the strength of the X—
C=N---HO—R hydrogenbondsobservedin the solid
statefollows the orderof hydrogen-bondionoracidity:
water=: alcohols< phenolsWithin eachsubsebf donor,
a searchof various substructuresn which conjugative
interactionsare possiblebetweena ‘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 the pKyg scalefor suchsystems.
Ab initio molecularorbital calculationswere usedin
the secondpartto computethe molecularpropertiesof
the free nitriles [d(C=N) bond lengths, dipole
momentgi(XC=N)] andof the hydrogen-bondedom-
plexes [enthalpiesof hydrogenbond formation AH®,
intermolecular distances d(NO) between the nitrile
nitrogen and the water oxygen atoms involved in
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hydrogen bonding]. These theoretical data confirmed
the well known overestimatiorof molecularand hydro-
gen bonding parametersat the Hartree—Focklevel.
Neverthelessfrom a relative point of view, reasonable
correlationsare found betweenthe theoreticaland the
experimentaldata available. Descriptorsof hydrogen-
bond basicity [enthalpy AH®°, hydrogen-bondlength
d(NH) and minimum electrostaticpotential of the base
Vs.mirl Calculatedatthe HF/6—-31G** level for hydrogen-
bondformationbetweenwaterand18 nitriles embracing
a wide range of structure and basicity were then
correlatedwith the experimentalpKyg 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 secondarypKyg values for
experimentallyinaccessiblebasesand the treatmentof
polyfunctionalnitriles. It canalsobe usedto evaluatethe
hydrogenbondbasicityof the nitrile groupin drugs.The
illustration of this methodon the exampleof cimetidine
confirms the super-hydrogenbond basicity of the
cimetidine nitrile group and strongly suggestsits
implication during the molecularrecognitionprocessof
this well known anti-ulcerdrugto the H, receptor.
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