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Abstract: An analysis is given of C=0.H-O interactions in neutron diffraction organic crystal structures

taken from Cambridge Structural Database. The dependence of the H..O intermolecular distance on the
C=0 bond h-\n(rfh cunnorte the concent of the valence cum rule It wac fonnd that the | pwic_hace
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strengths of C——O groups are close to the Lewis-acid strengths of O-H bonds within such systems.
© 1998 Elsevier Science Ltd. All rights reserved.

Introduction

According to Kitaigorodski' intermolecular interactions in crystals may influence conformations of

1

bonds.? Intermolecular interactions in crystals may also influence other qualities of H-bonds, for exampie
reducing potential barrier heights for the double proton transfer in carboxylic acid dimers.’

The empirical bond valence model” is very successful in analyzing internal and external bonds of crystal
structures.® For example, the hydrogen-bond energy may be given by the valence of the H..O (acceptor) bond.?

A lot of studies deal with different correlations between geometrical parameters of H-bonds but the
influence of H-bonds on bond lengths (except for D-H, D denotes the donor atom) has not yet been
investigated. This paper describes the influence of H-bonds - the strong intermolecular interactions - on the
C=0 groups, until now thought to be insensitive to environmental effects.

The influence of the external bonds and the remaining parts of molecules (all the molecule apart from

the O=0) hand iimder cancideratinn) an the C=0) hand lenagthe wac etiidied he nrn7 neing the ctatictical annraac
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C=0 bond lengths but intermolecular interactions (external bonds) do not. However in this paper (ref. 7) the
sample of the structural data was restricted within narrow limits to the crystal structures of simpie aliphatic
carboxylic acids. The analysis of the C=0..H-O interactions is extended here to different kinds of compounds.

An investigation of the influence of environmental effects on the carbonyl group is of great importance;
the C=0 groups often form H-bonds influencing behavior in a wide variety of systems ranging from small
chemical systems to biochemical ones - large macromolecules and proteins. Organic addition and elimination
reactions and transformation paths of carbonyl derivatives have been investigated® to understand the nature of
the other type of interactions, i.e. N..C=0 systems.

0040-4020/98/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(98)00607-3
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and e.s.d’s for bond lengths < 0.005 A were taken into account. The Database was screened for ordered and
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Refcodes
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containing C

In this paper the Cambridge Structural Database'® was searched for crystal structures of molecules

separated. 58 such systems were found for which H..O distances range from 1.205 to 2.575 A. To obtain a

Database; distances in A, angles in degrees, H..0 < 2.6 A, e.s.d’s < 0.005 A, R < 8 %, O-H..O angle > 90°

better insight into the statistical relations, this study is restricted to the C=0..H-O systems

error-free structures. As the first step of analysis C

bond is involved in only one H..O interaction.
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22. HDRZHO11 1.227 1.227 2.454 i80.00 1.277

23. KAOXYAO1 1.151 1.328 2476 17425  1.275

24. KDGLUMO1 0.945 2.105 3.035 167.80  1.246

25. KDGLUMO2 0.961 2.317 2.955 123.27 1.232

26. KHDASLO1 1.224 1.224 2.449 17998  1.283

27. KHMTARO! 1.220 1.220 2.440 180.00 1.279

28. KHMTARO1 0.971 2.451 2.944 111.10  1.206

29. KHMTARO1 1.237 1.237 2.475 180.06 1.278

30. KHMTARO! 0.955 1.826 2.771 17005 1.261

31. KHMTARO1 0.948 1.776 2.706 166.36  1.256

32. LGLUACO3 1.024 1.568 2.581 169.31  1.268

33. LIHPALO1 1.122 1.294 2.404 168.87 1.276

34. LIHPALO1 1.195 1.205 2.394 171.88  1.289

35. LIHPALO1 0.970 2.495 3.173 12686  1.294

36. LIHPHMO1 1.195 1.205 2.393 17131  1.284

37. LIHPHMO1 1.173 1.226 2.388 169.28  1.269

38. LIHPHMOL1 0.960 1.876 2.834 174.72  1.235

39. MALLAQZ01 0.955 1.847 2.787 167.35 1.221

40. NALCYS02 1.036 1.513 2.549 178.37  1.247

41. NRURAMI11 0.955 1.956 2.846 15422 1.224

42. PYOTCAO1 1.148 1.284 2.430 17492  1.267

43. RBHOXYO0I 1.225 1.225 2.446 174.52  1.317

44. SUBRACO1 1.009 1.631 2.638 175.99  1.226

45. SUCACBO02 0.994 1.688 2.678 173.68 1.222

46. UREAOHI2 0.994 1.669 2.648 167.61  1.255

47. ZZZFQQO02 0.937 1.845 2.761 16499 1.232

The correlations within C=0..H-O systems

The final sample consists of 47 C=0..H-O systems. The more detailed characterisation of the sample is
given in Table 2. The data are divided into subsets with increasing H..O distance. Apart from the entries
existing for the range 2.2-2.6 A (Table 2), one can see that the mean O-H bond Ienghts and the mean O-H..O

angles increase with decreasing H..O distances. It is well known and in line with the previous investigations.>®

The existence of only four systems for the range of 2.2-2.6 A for H..O external bonds, is the result of the
choice of the sample. The systems for which C=0O groups are involved in only one H..O interaction are taken
into account in this paper and C=0 groups may be involved in not only one H-bond (if H..O distances are
longer). The producing of more than one hydrogen bond by weakly bonding anions has already been described

in detail.!!
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Table 2. Mean values of the C=0O bond and of the other geometrical parameters of C=0..H-O systems for
given H..O intervals, standard errors (standard uncertainties) are given in parentheses,” distances in A, angles
in degrees

H.O[A] n® (O-H) (H..0) (C=0) {(O-H..0)

<14 12 L19(1)  124(1)  1.280(4) 175.4(L3)
14-18 15 1.008(8) 1.61(3)  1.244(5) 174.2(1.4)
1.8-22 16 0931(1) 193(3) 1241(4) 166.3(3.2)
22-26 4 0571(4) 246(5  125(2) 120.1(3.4)

all 47 1.03Q2)  1.70(5)  1252(4) 167.2(2.5)

?standard errors se(x) of the mean values (O-H), (H...0), (C= O) and {O-H..0)
are calculated according to the relation se(x) = [ Z; (x; - (x) ) /n(n-1) ]0 5
® n - number of C=0..H-O systems for the given interval

Table 2 also shows that a decrease of the length of H..O is associated with an increase of C=0. It is
particularly evident for the H..O contact less than 1.4 A compared with H..O distances in the range 1.4-1.8 A;
onc can observe a shortening of the average C=0 bond from 1.280 to 1.244 A, the difference between these
values is greater than 3o.

Table 3 lists the mean C=0 and H..O distances for different subsets of the data considered here. The
sample of 47 C=0..H-O systems (sample 1 in Table 3) contain two major types of proton acceptors; C=0
bonds and COO" groups (samples 2 and 3 respectively). The sample 2 does not contain the data of

bis(acetamide) hydrochloride (ACAMCLO! refcode in Table 1) for which there is no typical C=0.H-O
‘ + .

system, but rather C=0..H"..0=C (the same data as for the sample 2 but after the inclusion of ACAMCLO1 are

alon oixines and As PRSTSIPIR Ll ¥ e N e S ~ 21 1 -~ 1 AN

also given and designaied as the sample 2*). The mean H..O and C=0 distances for the sample 3 are 1.40(6)

d 1.273(4) A respectively, while the corresponding values for the sample 2 are 1.72(8) and 1.231(5) A

showmg the greater basicity of the COO™ acceptor than the basicity of C=0.

Table 3. Mean C=0O and H..O distances for different samples, standard errors are given in parentheses
(calculated in the same way as in Table 2), distances in A

Sample n mean C=0 mean H..O
1 alldata 47 1.252(4)  1.70(5)
2 O-H..O=C systems 12 1.231(5) 1.72(8)
2* the same as sample 2 but with ACAMCLO1 13 1.233(5) 1.68(9)
3  COO..H'"..COO and COOH .. 00C systems 17 1.273(4)  1.40(6)
4  H,0 as donors, C=0 and COO" as acceptors 17 1.246(5)  2.00(6)
The sample 4 of Table 3 ‘eprvsents the C=0.H-O systems with water molecules as proton donors and
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Fig 1 shows the plot of C=0 bond length against H..O distance for the experimenial daia taken from the
Cambridge Structural Database. 30 entries are taken into account, being the sum of the two samples (2* and 3
of the Table 3).
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Fig 1. Correlation between the C=0 bond length and H..O distance of C=0..H-O systems (angle at H > 90°,
H..O < 2.6 A) for experimental data; circles (2* sample of Table 3), triangles (sample 3 of the same Table), the
continuous curve (theoretical results - see the next Section)

The linear regression coefficient for the dependence between C=0 and H..O for sampie 2 is -0.768 and
for the sample 3 -0.732. So if a significant correlation exists it is non-linear. The Spearman-rank-correlation'
coeflicient r; was calculated to be -0.825 and -0.787 for samples 2 and 3 respectively (and -0.857 for 2%). The
values of r; exclude for an appropriate test the null hypothesis of zero correlation at the 1% significance level.
It means that the reliability of the correlation between C=0 bond length and H..O distance within C=0..H-O

systems for samples 2 and 3 is greater than 99%.
The use of the valence sum rule to C=0..H-O systems

The observed scatter-plot (Fig 1) is compared with the analytical curve of the form (Fig 1, continuous

curve):
sc=0 t+ suo = 2 (1)
where
scco = exp[(R.o - Re-0)/ B] @)

sc=o0 and sy o correspond to the valences of C=0 internal and H..O external bonds respectively, Rc~¢ is the
length of the C=0 bond; R°.o is the reference length of the single C-O bond '* (1.428 A taken from electron
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diffraction data for methanol), B equals 0.316. The constant B may be determined from eq. 2 if we fix the
valnae nf ¢ for the given knaum ‘ar\(,rf af the internal ar avternal And B Tn thic nanar R wag datarminad fram
YUIUVW Vi1 O AVl ulv 5!'\1!‘ NniiIvvyil l\-llbl.ll WL LlIWw IRELW I MICL] V71 WwALWITIIAT LZWZEEINL IN,. 11D LD }lu Wl 1P VYVAD UNIGLLLIININA 11VUEE
tha lamath ~ftha docdda Moy bhand solae feoon alotan A58t Antn Fan anemdais 1971400 A o — 9% MNen
UIC ITHEUL UL UIT UUUDIC UTUW DULIA WARETL LT €100 U 1 Ul11i1duvlivll ddld 101 dUIUICH] U 1.LU7 A, S — 4). UIIC

can write the appropriate equation exp[(1.428-1.209)/B]=2 from which constant B is calculated.
A
The Equation (1) expresses the idea of the valence sum rule:”
Vi=ZXsj 3)

The valence V. af ith atam i1c aceiimad tn ha charad hotwoon the hande it farme ¢.. ic the valanca Af tha hand
1w VAalviive ¥V UL 1TUL AU 1D A30ULLIVU W UL SHIAL VAL UVLVYLALILT LIV UWIULD L TULLLED. ﬂu 10 uMIML VAILILIVG UL UL vuiug
| ST DI R U NOF NNGETI o rgn (VS FOINPS I NI RN, [Ty, DY IR, .S L N NN [ PEURS N« S,
DCLWUOLILL dlUIIS 1 dlld §. 1L 11dd DOCIL 10UIU tial UIC DUIIA VdalCHCe COLICIAIUS HIVUISCLY Wikl UIC DOLIA ICIIEUL DUC]]
relation may be approximated by exponential equation (Eq. 2 of this paper) or by

v — M M vN FAN

bu - \Kij/l h) 4)
R,, N are fitted constants, R, being the length of the bond of unit valence and Rj; is the length of the bond
under consideration. Eq.1 refers to the atomic valence of oxygen atom of C=0 bond which should be equal to

the form presented above but over the limited range of bond lengths. The situation is more complicated for
H-O bonds (both external and internal) which cover the whole range of valences between 0 and 1.0 v.u. (v.u. -
valence units).'! sy o values used in Equation (1) were taken from the dependence between O-H bond Iength
and its valence applying over the whole range of internal and external bonds. ‘!

The curve obtained from Eq. (1) (Fig 1, the continuous line) agrees with the experimental results (Fig 1,

circles and triangles) in spite of the simplicity of the relation used here.

H..O contact versus O-H bond

considered in previous sections (the systems with O-H bond lengths > 0.957 A were taken into account). The

continuous curve at Fig 2 was constructed from the valence sum rule:
son * syo = 1 (5)

s-values were obtained according toref. 11. Fig2 shows that the influence of the H..O contacts within

C=0.H-O systems is stronger on O-H bonds than on C=0 carbonyl groups. The agreement between the
experimental data (Fig 2, circles) and the relation predicted from Eq. 5 (Fig 2, the continuous line) is excellent
in spite of the data based on the O-I1..0=C systems belonging to different kinds of compounds. A similar

theoretical relation but only between H..O and O-H within narrow limits of O-H..O bonds was investigated
aarliar!®17 Lcing tha idea of hond numher cancervation The relation of hand numhber conservation 18 < based

waLiivl uolllb Lilw INIVA UL UVEIM LIULILIUVWL WUVILOWL YALLVLL,. A A LVAAVIVIL VUVl UVILG JIMULILUWL WULLJWE ¥V i VRs LT
. . 20 .

bond number introduced by Pauling”” and applied later in many chemical problems Ctis
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similar to the bond valence model and the valence sum rule.
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Fig 2. Correlation between the O-H bond length and the H..O distance; for experimental data (squares),
and the theoretical curve obtained from Eq.5 (the continuous line)
Acidities of O-H and basicities of C=0 bonds
Fig 3 shows the plot of O-H acidities versus C=0 basicities. The Lewis acidity of O-H bond is
connected with its length. Elongation of the O-H bond causes a decrease of its valence (below unity) and an

increase of its acidity s, which can be calculated as s, = (1 - son)-

basicity
@

01 03 05 07
acidity

Fig 3. O-H acidities v
Database

C=0 basicities within C=0...H-O systems taken from the Cambridge Structural

The Lewis basicity of C=0 bond increases with the elongation of its length (with the decrease of its
valence). The basicity of C=0 may be calculated as sp = (2 - sc-0); Sc-0 = 2 corresponds to the valence of C=0
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double bond (not elongated). The linear regression coefficient for the dependence between O-H acidity and
C=0 basicity is 0.692, so there is no strong correlation between them but the results show that bonds may be
formed if the Lewis-acid strength of the electron acceptor is close to the Lewis-base strength of the electron
donor.”’ This is in line with the other investigations concerning H-bonds in crystal structures.”>? It is worth

mention that the Spearman-rank correlation coefficient r; for the dependence presented at Fig 3 is 0.646, the
value of r; excludes the hypothesis of zero correlation at 1% significance level.
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