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Abstract

The spectral and structural changes caused by the conversion of 2-hydroxybenzoniyd@g¢phenol) into the corresponding oxyanion
have been followed by IR spectra, ab initio and density functional force field calculations. In agreement between theory and experiment, the
conversion is accompanied by a 29¢nfrequency decrease of the cyano stretching band, 2.7-fold increase in its integrated intensity, 5.8-fold
(total value) intensification of the aromatic skeletal bands of Wils8r@ad 19 types, and other essential spectral changes. According to the
calculations, the strongest structural changes are the shortening of the Ph—0 bond with 0.10 A, lengthenings of the adjacent CC bonds in the
phenylene ring with 0.06 A and bond angle variatioear the oxyanionic center. All these changes are connected with the formation of a
quasiertho-quinonoidal structure of the-phenylene ring in the oxyanion. According to the electronic density analysis, 0.4éliken)
or 0.56 € (natural bond orbital, NBO) of the anionic charge remain localized at the oxyanionic center. Conformations and hydrogen bonds
have also been discussed on the basis of experimental and theoretical data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tions[13-16] Gebicki and Krantz found that the formation
of CO. . - H-O-GH4CN hydrogen bonds in solid argon ma-

Finkelstein and Willems reported as early as 1929 that trices resulted in a 63 cn decrease imo— and a 15 cm?
2-hydroxybenzonitrile, alone or with appropriate addi- increase invc=p [17]. Complexes of 2-hydroxybenzonitrile
tives, can be used as a disinfectant, preservative, fungi-with water and methanol have recently been studied using
cide, parasiticide, etc[1]. The general toxic action of IR/UV double resonance and other technigidéy. Detailed
2-hydroxybenzonitrile has been repeatedly studied, e.g.vibrational assignments of the three isomeric hydroxyben-
[2-4], and herbicidal and insecticidal activities of its deriva- zonitriles were reported by Ram et al., quite a long time ago
tives have also been prové$6]. There is over a hundred of  [19].
patents describing 2-hydroxybenzonitrile as a precursor in  Vibrational spectra of the 2-hydroxybenzonitrile oxyanion
the synthesis of medicines, e.g. for the treatment of throm- have not been studied, so we believe the IR data for this
boembolic disorder$7—9] and to enhance the anti-tumor anion will be of a special interest. We did not find in the
activity of other cytotoxic agent$10], as drug delivery literature any ab initio or DFT force field studies on the title
systemgq11], modulators of neuropatic paif$2], etc. species.

Starting by Puttnam’s work of 196[13], the IR stud-
ies of 2-hydroxybenzonitrile dealt mainly with its intra- and
intermolecular hydrogen bondings in connection with the

s-cig/s-transpreference of the molecule under various condi- 2. Experimental

We prepared 2-hydroxybenzonitrite from salicylalde-

* Corresponding author. Tels359-2-739998; fax:-359-2-8700225.  hyde 2, according to the classical Meyer’s proced{26]
E-mail address: yb@orgchm.bas.bg (Y.1. Binev). (Scheme )1 The reaction of salicylaldoxim® with acetan-
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Scheme 1. Preparation of 2-hydroxybenzonitfilérom salicylaldehyde?.

hydride resulted in simultaneous conversion of the aldoxime
group into cyano and the phenolic hydroxy one into ace-
toxy. Hydrolysis of the ested4 by 10wt.% KOH/aq. gave
the potassium safi, which reacted with 10 wt.% $5Oy/aq.

to release the end produdt The reaction mixture was

indices; the theoretical spectra were simulated by means of
the SimOpug27] program.

4. Results and discussion

extracted by ether, the ethereal layer was washed, dried

and the solvent evaporated. The residue was crystallize
(m.p. 65°C) after an overnight stay at°€. Recrystalliza-
tion from ethanol gave white crystals with m.p.9Q; their
m.p. increased to 9&C after a 2-day storage at18°C. The
2-hydroxybenzonitrile oxyanio® (counter ion N&) was
prepared by adding 0.15 and 0.30 mdl DMSO/DMSO-¢
solutions ofl to an excess of dry sodium methoxidgahd

-d3 respectively, under argon. The conversion was practi-
cally complete: no bands dfwere seen in the spectra after
metalation. The dry sodium sal,(counter ion N&) was
prepared by reacting equivalent amountd @ind NaOH in
water under argon, followed by evaporation of the solvent
in vacuum. The IR spectra were measured on a Bruker IFS
113v FTIR spectrophotometer in a Ga€ell of 0.13mm
path length (for 0.15 and 0.30 mofi DMSO/DMSO-g so-
lutions), a KBr cell of 0.18 mm path length (for 0.09 mot|
CHCI3/CDCl3 solutions), and KBr and Csl discs, at a reso-
lution of 1 cnT ! and 50 scans.

3. Computations

The ab initio force field computations were performed
by using the GAMESS softwari@1] (AIX version, 2000)
at the HF[22] and MP2[23] 6-31G(d) levels. The GAUS-
SIAN 98 program packagf4] was used for the density
functional BLYP [25], B3LYP [26] 6-31G(d) and B3LYP
6-31 + G(d,p) force field computations. All the computa-
tions were performed on a Pentium 2 PC, at a full geometry
optimization. No scaling in the ab initio or density functional

force fields was done. A standard least-square program was

used for calculating the single-parameter linear regression

g1 Energy analysis

The 2-cyanobenzonitrile molecule can exist as two con-
formers,s-cis 1la ands-trans 1b (Scheme 2 Their total en-
ergies and that of their oxyanidf calculated by the five
methods used, are comparediable 1 Here are some com-
ments on the data ifable

1. According to all the calculations performely is more
stable thanlb by 9.31-11.18 kIJmof. This result is
due to the formation of weak intra-molecular hydro-
gen bonds, known from experimental IR and NMR data
[13-16] CNDO/2[14], MNDO [28] and DFT[29] cal-
culations. However, the two conformers coexist in solu-
tions (13-16]and the next sections). Having in mind the
dipole moment value of 3.2 Deby80], the s-cis con-
formerla should be prevalent in carbon tetrachloride so-
lutions (sections 4.2 and 4.3.1), and in the solid state, the
conformation is firmlys-trans [31].

The deprotonation enerdP of 2-hydroxybenzonitrile
can be calculated as a difference between the ZPVE-corr-
ected total energies of the anigh and that of the
more stable conformeda of the molecule, EP
Eanion — Emolecule The four methods used gave
within the 6-31G(d) basi€P values in the interval of
1410.24-1430.44kJ mot. The EP values are related

to the gas-phase acidities of Broensted acids and could
be used as an approximate measure of th€j yalues

in polar aprotic solvents, which solvate cations mainly,
e.g. DMSO: higheEP’s — lower acidities— higher
pKa's, e.9.[32—39] For example, there is a fair linear
correlation between gas-phagés,ciq and DMSO K4
values for 97 C-H acids of various structufés].
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Scheme 2. Mulliken MP2 6-31G(d) (in italics) and natural bond orbital (NBO) B3LYP 6-31G(d) (in bold) total net electric charges over fragments of
the s-cis 1a, strans 1b 2-hydroxybenzonitrile molecules of their oxyanién

Protic solvents, e.g. water, solvate both cations and an-mean deviation in kJ mot): HF, 46.8; MP2, 28.5; BLYP,
ions, and modify strongly the Broensted acid[#1,42] 21.7; and B3LYP, 28.7. The corresponding results, ob-
The Ka value of 4-hydroxybenzonitrile in DMSO is tained on the basis of semi-empirical calculations were
13.01-13.18[38-40,43-45] however, we did not find in  not very different from these just cited: MINDO/3, 96.4;
the literature of any K, data for DMSO solvent of the ~ MNDO, 29.0; and AM1, 17.349]. It should be empha-
studied 2-hydroxybenzonitrile. So, we can compare the sized here that th&P values of 1382.4 kJ mol obtained
EP values for the three hydroxybenzonitriles only with for the title 2-hydroxybenzonitrile by means of the B3LYP
the correspondingiy’s, measured in water, viz.: thekp 6-31 + G(d,p) method (cfTable 1 last column), practi-
value of 7.86[41] for the studiedo-isomer (see itsEP cally coincided with the experimental one (deviation of
above) is close to that of 7.941], for thep-isomer EP = —1.9kImot? only, cf. above).

139447-141937 kImol?, by the same method§6)),
quite lower than K, of 8.61 [47] and for them-isomer 4.2. Correlation analysis
(EP = 141499-144509 kJ motL, using the same methods

[46]). In order to check which one among the methods used
Fortunately, however, the experimentl’s of the iso-  gave better description of the vibrational frequencies of
meric hydroxybenzonitriles were known for a long time. the species studied, we compared their frequency pre-
They were determined by gas-phase proton-transfer equi-dictions with our experimental data (sections 4.3.1 and
libria, using a pulsed electron beam high-pressure mass4.3.2). On the other hand, the correlation obtained could
spectrometer{48]. The following values were obtained give some information about the prevalent conformer
in this manner igomer, E® in kJmol): ortho, 1384.3;  (1a or 1b) of 2-hydroxybenzonitrile, like in the case of
meta, 1392.3; andpara, 1378.0[48]. These values could  3-amino-2-propenenitrilg38]. The results are summarised
directly be compared (they should coincide) with the the- in Table 2and we can see there, that:
oretical EP’s. In fact, however, the ab initio and DFT
methods, applied within the 6-31G(d) basis set (this work 1. As it can be expecte[84-39,50,51] the DFT correla-
and[46]), overestimated the deprotonation energies of hy-  tions are much better than the ab initio ones: they show
droxybenzonitriles (cf. the above giv&? intervals) by the largestR (correlation coefficient) smallest standard de-
following mean deviations for the three isomers (method,  viation (S.D.) andp (slope) parameters closed to 1, i.e.

Table 1
Native and ZPVE-corrected (values in italics) total energies (in hartree), calculated fecithéa and s-trans 1b 2-hydroxybenzonitrile conformers, and
for their oxyanion6

No. Structure HF 6-31G(d) MP2 6-31G(d) BLYP 6-31G(d) B3LYP 6-31G(d) B3LYP 6+36(d,p)
1 la —397.295980 —398.507809 —399.579164 —399.711788 —399.741249
2 —397.184515 —398.405105 —399.478825 —399.608025 —399.637834
3 1b —397.292272 —398.504005 —399.574697 —399.707406 —399.737270
4 —397.180968 —398.401535 —399.474565 —399.603866 —399.634037
5 6 —396.736625 —397.955184 —399.028426 —399.158462 —399.200739
6 —396.639545 —397.865900 —398.941554 —399.068427 —399.111074
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Table 2
Correlations between theoretical and experimental IR frequencisgisfla and s-trans 1b 2-hydroxybenzonitrile conformers, and of their oxyani&n
according to the equatiotexp = pvtheor + b (em™1)

Y.I. Binev et al./ Spectrochimica Acta Part A 60 (2004) 26012610

No. Species Method P2 bP R s.nd ne
1 la HF 6-31G(d) 0.8786 26.9 0.9992 35.6 34
2 MP2 6-31G(d) 0.9203 70.1 0.9986 48.3 34
3 BLYP 6-31G(d) 0.9725 31.6 0.9992 35.9 34
4 B3LYP 6-31G(d) 0.9409 31.2 0.9995 27.9 34
5 B3LYP6-31+ G(d,p) 0.9353 425 0.9996 25.7 34
6 1b HF 6-31G(d) 0.8723 37.8 0.9990 40.4 34
7 MP2 6-31G(d) 0.9140 81.0 0.9990 41.0 34
8 BLYP 6-31G(d) 0.9662 42.2 0.9996 25.9 34
9 B3LYP 6-31G(d) 0.9344 42.2 0.9997 22.0 34
10 B3LYP6-31+ G(d,p) 0.9291 52.8 0.9997 23.9 34
11 6 HF 6-31G(d) 0.9106 —-13.7 0.9989 41.8 26
12 MP2 6-31G(d) 0.9356 50.8 0.9989 40.6 26
13 BLYP 6-31G(d) 0.9922 15.5 0.9997 21.9 26
14 B3LYP 6-31G(d) 0.9622 10.8 0.9996 24.1 26
15 B3LYP6-31+ G(d,p) 0.9609 18.0 0.9997 22.0 26

a Slope.

b Intercept.

¢ Correlation coefficient.
d Standard deviation.
€ Number of data points.

the native (unscaled) DFT frequencies are closer to the

experimental values.

2. The frequencies, calculated for tilsdrans conformer
1b, correlate better with the experimental ones (excep-
tion: HF), than those fota. The sum of the S.D. values

for the five methods used S.D.(1b) = 1479cnm?!
is essentially smaller thah_S.D. (1a) = 1623cm !
(cf. Table 9. The separate correlations for solvent
DMSO/DMSO-¢ (10 data points) and CHeICDCl3
(28 data points) (not included ifable 2 are also infor-

mative, as follows:

solvent DMSQDMSO-¢ ZS.D. (1b) = 89.1cm L

Z SD.(la) = 1090cm™t

solvent CHC$/CDCl3 : ZS.D. (1b) = 1593 cm 1

> SD.(la)=1761cm™*

the first scaling correlation equations appeared within
1992-1996 for AM1[53] and ab initio[54-56]frequen-
cies[53-56]and intensitie$55,56] This type of scaling

is nowadays used frequently, e[86—38,57,58]

The correlations between calculated and measured inte-

grated intensities are poor, witof 0.31-0.51 fodaandlb,

and 0.32-0.45 fob. The S.D.’s of ca. 12.01§), 11.6 (Lb)

and 51.36) km mol~! are larger than the intensities of many

could be used for some orientation only.

4.3. Spectral analysis

bands in the corresponding spectra, so these “correlations”

The IR spectra (1100-2300 ct of the molecule and

anion studied are compared 6ig. 1 Let us first consider
separately the spectra of the species studied, which will make
it possible to follow the spectral changes, caused by the
conversion of the 2-hydroxybenzonitrile molecule (see
above) into the corresponding oxyanién

All these results can be explained in the following

way: like in both cyclohexane and carbon tetrachlo-

ride solutions[13—-16] la and 1b coexist also in the

chloroform solutions studied (see alSection 4.3.1
In DMSO/DMSO-g¢ solutions 1b should be strongly
prevalent, due to the formation of strong intermolecular

hydrogen bonds with the solvent mainly.

We shall use thep and b indices of correlations 6-15
(Table 2 for correlational scaling of the corresponding

4.3.1. The 2-hydroxybenzonitrile molecule 15
We compare the theoretical and experimental IR data for

this molecule inTable 3 A good agreement can be seen

there between experimental and theoretical frequencies. The
mean absolute deviation (m.d.) between them for the ab ini-

tio calculations is ca. 27 cmt, which value is not away

from the 15-25cm? interval of deviations, typical for ni-
trile molecules[37] (and references therein). For the DFT

theoretical frequencies. As it was stated in Alcolea’s calculations this deviation is ca. 18 ¢t This value is es-
review article[52], the use of scaling equations instead sentially smaller than the ab initio one and lies within the
of scale factors gave better results, especially in the deviation interval of 9—20 cmt, found in cases of DFT cal-
culations for five nitrile moleculef36—38,46]

low-frequency region. Again according to Alcolg?],
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Table 3
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Theoretical (HF 6-31G(d), MP2 6-31G(d), BLYP 6-31G(d) and B3LYP 6-31G(d), 6-33(d,p) force field) and experimental (solvent DMSO/DMS§)-d

IR data for thes-trans-2-hydroxybenzonitrile moleculéb

No. HF MP2 BLYP B3LYP B3LYP B3LYP? Approximate descriptich Experimentdl
viem)e  vemH)®  vemHe v em) v (emH® A (kmmol?t) v (cm™1) A (kmmol1)
1 3650 3540 3525 3550 3609 80.5 VO—H 3586° 13.6
355%9 36.6
3318h 189.7
2 3012 3075 3088 3058 3046 6.4 VPh—H 3076 9.6
3 2995 3057 3075 3045 3034 5.8 VPh—H 304C¢ 1.5
4 2983 3045 3063 3034 3025 4.6 VPh—H 302¢ 5.0
5 2979 3038 3039 3012 3005 9.2 VPh—H 2960 w
6 2313 2102 2213 2238 2223 40.4 Vezy+ VCCN 2223 24.6
7 1617 1622 1586 1596 1588 46.0 vee, 8phH, dcce 1603 20.0
8 1599 1610 1569 1579 1569 25.4 vee, 8phH, SPhoH 1590 257
9 1501 1514 1492 1493 1481 36.2 3phHs Ve, Scce 1506 6.6
10 1451 1464 1443 1444 1433 62.9 8phH, dcces vee 1457 47.4
11 1313 1421 1344 1329 1321 30.1 SPhHs SPhH 1368 19.9
12 1274 1319 1298 1297 1289 89.4 VPh-0, SPhH, VCC 1275 13.0
13 1211 1294 1264 1264 1255 27.0 3phHs SPhOH, VCC 1246 16.2
14 1181 1224 1202 1201 1194 27.9 dphH, VCc—CN, dcce 1215 48.4
15 1159 1192 1171 1165 1157 20.4 8PhHs VCCy SPhOH 1182 0.2
16 1107 1188 1168 1160 1155 25.1 vce, 8phH, SPhoOH 1160 5.7
17 1069 1112 1091 1091 1087 57.5 VCC, 8PhH, SPhOH 1104 3.8
18 1030 1068 1042 1042 1040 2.8 v, SphH 103# 45
19 1010 886 945 959 973 0.0 VCC, SPhOH: SPhH 945 0.7
20 982 875 914 929 943 17 SphH 877 4.2
21 874 862 841 844 853 0.7 YPhH 859 0.1
22 837 816 831 842 847 20.6 YPhH 847 5.9
23 778 759 751 758 764 79.4 dcee 767 S
24 751 756 733 736 740 2.4 YPhH 754 S
25 722 625 726 729 735 0.1 YPhH 732 m
26 609 587 601 608 612 2.7 dcee 598 1.7
27 591 577 584 590 594 0.4 Tsk YO_C=N 567 1.7
28 562 510 565 570 575 1.4 dcee, Sc—c=N 560° 8.1
29 523 497 510 518 523 12.6 Tsks YO—C=N 496° 0.1
30 472 473 474 479 486 3.9 dcee, 8pPho, dc—c=N 468 0.4
31 418 421 411 418 424 0.0 Tskr YO_C=N 46F 12.1
32 382 409 407 391.2 398 8.4 dcee, Sc—c=N 40¢¢ w
33 329 384 384 391.0 377 116.1 YPhOH 37d
34 261 281 257 266 272 0.3 Tsks YO_C=N k m
35 182 209 174 183 192 25 8cee 9phor So—c=N 190
36 157 187 154 163 172 0.1 Tsk, YPhO k

2 B3LYP 6-31+ G(d,p).

b Measured after having decomposed the complex bands into components.
¢ Scaled, according to the correlation equations Nos. 6, 7, 8, 9 andalle(2, respectively.
d Vibrational modesw, stretching;s, bendings, except out-of-plane ones; out-of-plane bendingst, torsion; subscript sk, skeletal. For the atom

numbering seé&cheme 1
€ Solvent CDC}.
f A shoulder corresponding to free OH groups.
9 OH groups, bonded intra-molecularly O-H N.

" A broad band, corresponding to OH groups, bonded intermolecularly -O-®i

f KBr disc. s, strong; m, moderate; w, weak.
I Csl disc.
k The band was not detected.

According to the calculations, vibration Tdgble 3 is a

pure vo—y mode. This vibration was studied repeatedly in

connection with the conformers of variosssubstituted phe-
nols, including the title moleculgl3—-17] For example, in
very diluted CCJ} solutionsvo— gives rise to two bands,
at 3595cnT!, weak &trans 1b, i.e. free) and 3559 cnit,

strong é-cis1a, intra-molecularly bonded}5], and in argon

matrices this band appears at 3576¢rla) [17]. The con-
centrations of our CHGICDCI3 solutions were relatively
high (seeSection 2, so we found threeo— absorptions: a
shoulder at 3586 cnt (1b, free), a band at 3559 cm (1a,
intra-molecularly bonded) and a broad band at 3311%m
corresponding to intermolecularly bonded O-HD. The
relative intensities of these bandgable 3 cannot give in-
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Fig. 1. (A) Experimental IR spectra (0.15moll in DMSO) of
2-hydroxybenzonitrile b, shaded) and of its oxyanior,(counter ion
Nat). (B) B3LYP 6-31+ G(d,p) (scaled by correlation equations nos.
10 and 15 Table 2, respectively) spectra of the same species. Simulat-
ing the theoretical spectra by means of our program Sim@pdkwe
postulated half-widths of 10 cnt for all the bands.

formation about th&a/1b concentration ratio, as the stretch-
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tegrated intensityAcy (1b) however, is essentially lower
than Acn (p-isomer): predicted (B3LYP) and measured
1.7-fold (Table 3and[46,60). For the corresponding an-
ions theortho/para variations are qualitatively similar, viz.
a ven increase with: predicted 14 crh (B3LYP), mea-
sured 7cm?; Acy decrease: predicted 1.9-fold (B3LYP),
measured 2.0-foldTable 4and[46,60).

According to Katritzky and Topsotf61], the intensities
of the aromatic skeletal band&a,b and 19a,b (Wilson’s
notation) can be used as a quantitative measure of the
intra-molecular electronic interactions. Fab these are
bands Nos. 78a), 8 (8b) and 9 (9), both predicted and
experimentally foundTable 3. Their total integrated inten-
sity of 52.3 kJ mot? is intermediate with respect to those of
the meta (46.4 kmmot! [46]) and para (142.0 km mot?
[60]) isomeric hydroxybenzonitrile molecules.

Thevpn-o coordinate dominates in vibration 12, with pre-
dicted frequency 1274-1319 crh(ab initio, DFT, Table 3.
We found the corresponding band at 1275 ¢rtDMSO-d)
and 1304 cm?! (CDCl; and KBr). These frequencies are not
away from the values of 1291, 1278 and 1285¢émmea-
sured for thep-isomer under the same conditioj®]. The
corresponding vibration is also dominated by thg-o co-
ordinate, but the intensity of the latter band (56.1 mé)|
solvent DMSO-d [60]) is 4.3-fold higher tharApp—o (1b)

ing bands of hydrogen-bonded O-H, N-H, etc. groups are (cf. Table 3. All these values are reasonably higher (due
more intense (in cases of intermolecular hydrogen bondsto the HO/CN resonance, s&ection 4.4.) than the value
they are very broad and much more intense) than the bandsof 1249 cnt!, measured by Pinchas for the unsubstituted
of the corresponding free (non hydrogen-bonded) groupsphenol in HO, and assigned agno on the basis of the

[59]. We shall mention that if twap-hydroxybenzonitrile

15 cnr 1 160,180 isotopic shiff62]. Normal vibrations with

molecules form an intermolecular hydrogen bond, at least essential contributions of thepn—o coordinate have been

one of them has-trans conformation. Thelb vo— fre-

quency of 3586 cm! (shoulder) is very close to that of the
p-isomer (3580 cm? [60]) and practically coincides with
vo— Of the mrisomer (3587 cm? [46]); their sharp bands

predicted near 1270 and 1256cth) and found at 1293
and 1243cm? (solvent DMSO-g) in the IR spectrum of
4-hydroxynitrobenzengs3].

were measured under the same conditions. The molecules 0#.3.2. The 2-hydroxybenzonitrile oxyanion 6

3- and 4-hydroxybenzonitriles cannot form intra-molecular
hydrogen bonds.

In DMSO/DMSO-¢ solutions thelb molecules form
very strong O-H--O= S(CHg)2 bonds, manifested by
a vo— mMmultiplet (over 10 bands) between 3200 and
2500 cnT?, like vo—y of them- [46] and thep- [60] isomers
under the same conditions.

According to the calculations, théphon coordinate
is strongly delocalized, taking parts in vibrations 8, 11,
13, 15-17 Table 3. On the contrary,ypnon is well lo-
calized: vibration 33 is almost a pusenhoq mode. This
vibration was studied in detail by Carlson and coworkers

[15,16], who measured the corresponding bands (satu-

rated, <0.01mol 1 cyclohexane solutions) ofa at 392,
376 cnmt! (Fermi-doublet) and oflb at 343cnt!, sepa-
rately. Forlb (Cs disc) we found this band at 378 ti(in
the solid state the conformationsdrans [31]).

The frequency of the cyano stretching bamgh of 1b
is a bit higher tharvcy of the p-isomer, with: predicted
5cmi ! (B3LYP), measured 2 cnt; the corresponding in-

The theoretical and experimental IR data for the anion
6 are compared iTable 4 As above $ection 4.3.}, we
can find there a good agreement between experimental and
scaled theoretical frequencies. The m.d. between them for
the ab initio methods used is 31.0ch larger than the
14-28 cnt! interval of deviations, typical for nitrile an-
ions[37] (and references therein). For the DFT calculations
this deviation is ca. 16 crt. This value is almost two-fold
smaller than the ab initio one and also lies within the DFT
deviation interval of 9—24 crmt, found for five nitrile anions
[36—38,46]

The conversion of the 2-hydroxybenzonitrile moleciibe
into the oxyaniorb results in very essential changes in the
IR spectrum (cf.Tables 3 and ¥ some of them are well
seen inFig. 1L The changes are in a qualitative agreement
between theory and experiment, e.g.:

1. Decrease in the cyano stretching frequemey;: pre-
dicted 22cm?! (B3LYP 6-31 + (d,p)), measured
29cnTt.
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Theoretical (HF 6-31G(d), MP2 6-31G(d), BLYP 6-31G(d) and B3LYP 6-31G(d), 6+3&(d,p) force field) and experimental (DMSO/DMS@}dR
data for the 2-hydroxybenzonitrile oxyani@(counter ion N&)

No. HF MP2 BLYP B3LYP B3LYP B3LYP?2 Approximate descriptich  Experimental
viemHe  vemH)®  vem?)e vemHe v (em ) A (kmmoll) v(em™) A (kmmol?)
1 3061 3072 3085 3075 3078 44.0 VPh-H 3075 4.2
2 3041 3060 3071 3063 3066 55.4 VPh-H 3058 2.4
3 3015 3033 3050 3043 3047 21.3 VPh-H 3042 3.6
4 3006 3016 3017 3014 3021 41.6 VPh—H 3016 8.5
5 2302 2101 2188 2218 2201 278.2 VC=N, VC—CN 2194 65.8
6 1639 1649 1614 1627 1595 358.8 VG, VPhO 1595 84.0
7 1585 1567 1550 1562 1528 220.6 VCC, VPh-0 1522 13.7
8 1518 1548 1502 1507 1499 107.7 vee, SphH 1496 207.1
9 1467 1481 1434 1461 1448 54.5 vee, dcee, SphH 1453 14.1
10 1382 1387 1376 1373 1361 5.8 Sph, Scce 1364 46.2
11 1246 1343 1276 1275 1272 71.3 SPhH» VCC 1276 25.0
12 1209 1256 1224 1227 1227 2.0 Sceer 8phH, vee 1246 1.6
13 1143 1176 1157 1154 1149 21.9 SPhH» VCC 1169 4.3
14 1124 1159 1139 1133 1131 27.3 SPhH, Ve 1146 26.8
15 1056 1098 1081 1075 1076 0.9 YPhH, SPhH 1107 5.1
16 985 1042 1016 1012 1012 16.6 vee, SphH 103%F w
17 978 867 915 923 937 0.3 YPhH f -
18 952 856 874 886 905 2.1 YPhH, Tsk 863 m
19 837 821 853 849 853 4.8 Scee vee f -
20 835 783 817 820 823 17.0 YPhH» YPhO 841° m
21 738 728 729 729 728 0.8 YPhHh ¥PhOr Tsk f -
22 701 697 698 698 709 70.7 vee, dcee 748 m
23 684 621 692 692 704 2.6 YPhH: ¥PhO 728 s
24 594 611 598 597 600 1.9 Scee Sc—c=n 598 m
25 577 585 579 578 581 1.2 Yo—C=N, Tsk 570 m
26 543 528 546 560 566 21 Scee vee 506 m
27 500 486 499 500 507 19.2 YPhH: Tsks YPh 479 m
28 456 415 464 462 470 6.7 Scee 8pho Sc—c=n 454 m
29 395 413 410 407 411 0.2 Tsks YO—C=N 407 m

a B3LYP 6-31+ G(d,p).

b Measured after decomposing the complex band into components.

¢ Scaled, according to the correlation equations Nos. 11, 12, 13, 14 arithie ), respectively.
d Vibrational modes:wv, stretching;s, bendings, except out-of-plane ones; out-of-plane bendingst, torsion; subscript sk, skeletal. For the atom
numbering, se&cheme 1

€ KBr disc.

2.

3.

f The band was not detected.
9 Followed by four lower-frequency vibrations.

Essential increase in the corresponding intenAity:
predicted 6.9-fold (same method), measured 2.7-fold.
Strong enhancement of the intensity of the aromatic
skeletal bands of Wilson'8 and19 types; for6 these are
Nos. 6 B8), 7 (19a) and 8 (9b), both predicted and mea-
sured Table 4. The sum of their integrated intensities of
304.8 km mot ! is again intermediate between the values
of 237.1[46] and 421.0[60] kmmol~1, measured for
the m and p-hydroxybenzonitrile anions, respectively.
The intensity enhancement, caused by tbhe— 6 con-
version is: predicted 6.4-fold (B3LYP 6-3% G(d,p)),
measured 5.8-fold Tables 3 and 4and Fig. 1). The
essential intensity enhancements of thand 19 type
bands, caused by conversions of molecules into carban-
ions, azanions and oxyaniofi37,39,46,51,55,56{and
references therein) are examples for the strong effects of
anionic substituents on these intensitjé4]. Approxi-
mate quantitative measures of these effects on various

IR frequencies and intensitig§5—67] (and references
therein) are thes™ constants of anionic substituents
[68,69]

. Unlike the preceding casél(, vph—o at 1275 cni?l), the

vph—o coordinate of is delocalized, participating to, but
not dominating in vibrations 6 and 7, predicted within the
1614-1649 cm! and 1528-1585 cnt intervals (ab ini-

tio, DFT) and found at 1595 and 1522 th(in fact these
are Wilson’'sBa and19a modes, but modified by the sub-
stantial participation of thepn—o coordinate, Table 4.
Like in the case of the 4-hydroxybenzonitrile oxyanion
[60] however, this shift of thepn—o coordinate to higher
frequencies is obviously due to the strong shortening
(hence strengthening) of the Ph—O bond, accompany-
ing the conversion of the 2-hydroxybenzonitrile molecule
into the oxyanion (cf. 4.4). For example, according to the
calculations, thesph—o coordinate dominates in the vi-
bration (nominally Wilson’sl9a) of the 4-nitrophenolate
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anion, predicted near 1552 crhand found at 1532 crmt
(solvent DMSO-4g) [63].

4.4, Sructural analysis of the species studied

We shall follow the changes in both the steric and
electronic structures, caused by the conversion of the
2-hydroxybenzonitrile molecul&b into the corresponding
oxyanione.

4.4.1. Seric structure

Certain calculated and measured geometry parameters of
the species studied are comparedlable 5 As we men-
tioned above, in the monocrystal 2-hydroxybenzonitrile ex-
ists as infinite chains of molecules #trans conformation
[31]. So, we included inrable 5the geometry parameters,
calculated forlb only. The following comments can be done
on the corresponding data:

1. In fact all the methods used give good descriptions of
the steric structure of the moleculd. The m.d. val-

Table 5

Part A 60 (2004) 2601-2610

ues can usually34-39,52,60Janswer quantitatively for
the question which one among the theoretical methods
used gives the best description. For comparison: sim-
ilar m.d.’s of 0.006-0.024A and 0.94-12%ave re-
cently been found for 4-hydroxybenzonitrile (same meth-
ods [46]). Of course nobody can expect a full coinci-
dence between calculated (for isolated species) and X-ray
(measured in the crystal state) geometry parameters.

2. The m.d. value 4;) could give information on failures

of most or all the methods used in the determination of
a given structural elemef8]. The A; values inTable 5
show that the methods used overestimate all the bond
lengths, but the strong disagreement in the O—H case only
(A; = 0.054 A) can be classified as a real failure. In fact,
it is known that both ab initio and density functional cal-
culations overestimate essentially the element—hydrogen
bond length$70,71] As the methods used give good de-
scriptions of the structure of the moleculb, we hope
their structural predictions for the oxyaniémwould also

be adequate. So we should be able to follow the structural
changes, accompanying the conversioifnto 6. The

Theoretical (HF 6-31G(d), MP2 6-31G(d), BLYP 6-31G(d) and B3LYP 6-31G(d), 6-3%(d,p)), and experimental (X-ray) bond lengths (A) and bond
angles (degrees) in thetrans-2-hydroxybenzonitrile molecul&éb and in its oxyanior

Specie8  Molecule Anion

Methods  HF MP2 BLYP B3BYP B3LYP  X-ray® Ad HF MP2 BLYP B3LYP  B3LYP
cl-c? 1.441 1.433 1.435 1.431 1.432 1.431 0.003 1.433 1.428 1.427 1.422 1.424
c2=N3 1.136 1.183 1.177 1.163 1.164 1.136 0.029 1.143 1.187 1.183 1.170 1.170
ctct 1.394 1.406 1.424 1.411 1.411 1.394 0.015 1.444 1.456 1.485 1.468 1.465
cics 1.391 1.402 1.417 1.405 1.406 1.391 0.013 1.399 1.406 1.420 1.409 1.411
cAch 1.387 1.396 1.408 1.398 1.399 1.387 0.011 1.452 1.448 1.467 1.456 1.454
cscs 1.383 1.395 1.404 1.394 1.395 1.371 0.023 1.360 1.384 1.389 1.378 1.381
coéc? 1.387 1.396 1.408 1.397 1.399 1.378 0.019 1.412 1.408 1.424 1.414 1.416
c’cs 1.381 1.393 1.401 1.391 1.392 1.372  0.020 1.372 1.390 1.399 1.388 1.390
cA-0o° 1.341 1.366 1.372 1.358 1.359 1.348 0.011 1.232 1.265 1.266 1.253 1.261
0%-H 0.947 0.974 0.981 0.970 0.967 0.815 0.053 -9 -9 -9 -9 -9
m.df 0.0052 0.0180 0.0264 0.0156 0.0191 0.0000

clc2N® 178.05 178.28 179.21 179.18 178.37 179.15 —053 176.93  177.73  178.04 178.88 177.41
c2clct  120.36 119.74 120.50 120.35 120.35 119.47 079 119.31  118.09 11921  119.13  119.53
c2clc®  118.34 120.30 120.33 120.23 120.22 11960 028 11850 11890 11897 118.84  118.63
c*clc®  121.30 120.00 119.17 119.42 119.43 12090 —1.04 12220 123.00 121.82 122.03 121.84
clc*c® 11946 119.52 119.69 119.59 119.65 118.38 120 113.37 112.81 113.22 11321  113.68
clcéc’  119.23 120.20 120.80 120.72 120.69 119.79 054 12210 12110 121.72 12175 121.71
Cc*cSc®  120.01 120.11 120.22 120.19 120.16 120.08 006 122.75 123.39 12331 12320 122.99
C5C8C”  120.94 120.52 120.58 120.65 120.64 121.60 —093 122.18 12150 12155 121.69 121.61
cSc’c®  119.06 119.70 119.55 119.44 119.44 11926 018 117.42  118.18 118.38  118.11  118.16
clc*o®  117.76 116.80 117.20 117.36 117.36 117.63 —033 12411 12375 12376 12381  123.68
c5cf0® 12278 123.70 123.11 123.06 122.98 123.99 —086 12250 123.40 123.02 12299 122.63
C*O%H4  111.25 108.82 108.63 109.44 110.45 h_ - 9 -9 -9 9 -9
m.df 0.687 0.633 0.789 0.700 0.765 0000 - - - - - -

a For atom numbering se8cheme 2
b B3LYP 6-31+ G(d,p).
¢ X-ray diffraction of a monocrystal31].

d Mean algebraic deviation between theoretical and experimental values for a given structural element.

€ Not included in the m.dcalculation.

f Mean absolute deviation (m.d.) between theoretical and experimental
9 There is no H* in the anion.

" No experimental data available.

values for a given method.
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strong disagreement in the O-H cagl & +0.053A) very essential IR spectral and structural changes. These
may not be failure of the methods used. According to changes, however, can be described and predicted ade-
J. Hvoslof (Acta Crystallogr. Sect. B 24 (1968) 1431), quately by both ab initio and density functional force field
the X-ray diffraction O-H bonds are systematically short- calculations.
ened by the decrement of 0.148 A, compared to the neu-
tron diffraction ones. So the red; for the O-H bond
length becomes-0.095A and can be considered as a Acknowledgements
manifestaion of the intermolecular hydrogen bonds in the
monocrystab, like in the case of 4_hydroxybenzonitri|e The authors thank Prof. I.G. BineV, D.Sc, for the useful
[46]. discussion. The financial support by the Bulgarian Council
3. Among the bond length changes, caused by the conver-of Scientific Research for contract Chem.-1213 is also po-
sion of 1b into 6, the strongest are the shortening of the litely acknowledged.
Ph—O bond with 0.10 A and lengthenings of the adjacent
CC bonds in the phenylene ring with 0.059 and 0.055 A,
respectively (mean values for the five methods used). ~References
4. The conversion causes changes in all bond angles, but
the anion6 remains planar. The strongest bond angle 538,319 (1629)
changes take place at the .oxyani_o.nic cented.41° to s, R'en’ Erwiron. Toxicol. 17 (2002) 119.
+6.58", mean values) and its-positions (2.16-3.03, [3] S.B. Mekapati, C. Hansch, J. Chem. Inform. Comput. Sci. 42 (2002)
mean values). 956.
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are connected with the formation of a quasiho-quinonoidal R. Kuhne, G. Schuurmann, Quant. Struct.: Activity Relat. 21 (2002)
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