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The infrared and Raman spectroscopic study of pyrrole-2-carboxylic acid (PCA) confirms the formation of

the cyclic acid dimer species in the solid state. The molecular structure, vibrational frequencies, and binding
energies of cyclic dimers have been also examined using the density functional theory (DFT) at the B3LYP/
6-311+G(d) level. In addition, a complete vibrational assignment is proposed for the both s-cis and s-trans
PCA conformers. The vibrational assignments are supported by normal coordinate calculations utilizing force
constants predicted using the DFT method. The “atoms in molecules” theory of Bader is also used to
characterize hydrogen bonds.

Introduction CHART 1: The Cyclic Dimers of Carboxylic Acids
One of the aims of crystal engineering is to understand R*cfo """ HO/Cnﬂ

intermolecular interactions and their role in crystal architec- OH—
tures!2 It is well-known that hydrogen bonds play a dominant

role in forming molecular networks in crystéighere are alot  retical methods. The PCA molecule contains not only a carboxyl
of reports and reviews on H-bond patterns in organic cry$tals.  group but also the NH proton donating bond. Hence%8)
Carboxyl groups are known as those which are often responsiblemotifs that may exist due to carboxyl groups may be replaced
for the arrangement of molecules in crystaldolecular packing by other motifs owing to N-H donors; G-H-+-O bonds between
modes of carboxylic acids have been studied in déptfhese PCA molecules may be replaced by-N---O interactions. Such
studies on crystals of carboxylic acids were based on X-ray andga sjtuation is not novel in the crystal structures of organic
neutron diffraction results. Carboxyl groups act as proton donors compounds. For example, the existence of motifs containing
(OH bonds) and as proton acceptors{Q bonds); hence they  N—H-.-0 bonds was detected for the crystal structure of methyl
can form hydrogen bonds between each other as cyclic dimerss.methyl-3,4-diphenyl-#-pyrrole-2-carboxylaté? It is well-
or as open arrays forming, for example, catamer maifs. known that unlike the ©H-:-O hydrogen bonds, there are no
Sinha et at? suggested that the combination of infrared and examples of strong NH-+-O bonds® The experimental X-ray
Raman spectroscopy is an ideal method to establish whethergiffraction or neutron diffraction data support this statement
carboxylic acid molecules are hydrogen bonded as cyclic dimers pecause the NH bond can be only slightly stretched by H-bond
or whether they form other patterns. For example, the infrared formation from 1.01 to 1.06 A, in contrast to -@®---O
spectra of benzoic acid crystals have been demonstrated to shovéystem# where for short H-O contacts of 1.21.3 A the O-H
the coexistence of two kinds of cyclic configuratiorisic- bond length may be 1.151.2 A. The elongation of the donating
cording to the Etter terminolog¥the cyclic dimers of carboxylic  bond within H-bridges is often treated as a measure of H-bond
acids form the eight-membered ring (Chart 1) denoted 8RR strengthté
This means that eight atoms £O-:-H—0—C=0---H—0) The spectroscopic investigations of pyrrole-2-carboxylic acid
form '_[W% H-bonds usually related through the center of paye heen performed earlOn the basis of vibrational spectra
inversion” The superscript designates the number of acceptor e nossible arrangements of the molecules in crystals have been
centers, and the subscript, the number of donors within the motif. predicted. As mentioned above, the studies of PCA conformers
The R?(8) motif often exists within crystal structures because anq of the possible PCA dimers have been performed here using

it may be formed not only by ©H-:-O H-bonds but also by £T.|R and Raman spectroscopic methods, ab initio calculations,
other bonds as well. For example, for the crystal structure of 5.4 the Bader atoms-in-molecules (AIM) thedfy.

the phenazine-3,5-dinitrobenzoic acid complex th&& motifs
exist for phenazineacid dimers connected by—€H---O and
O—H--N bonds!3

The aim of this study is to investigate the conformations of  Pyrrole-2-carboxylic acid was prepared by hydrolifsisf
pyrrole-2-carboxylic acid (PCA) using spectroscopic and theo- methyl pyrrole-2-carboxylate, MPC (prepared by Bailey’s
method?). A sample of methyl pyrrole-2-carboxylate (0.8 mmol)
* Corresponding author. E-mail address: slagra@krysia.uni.lodz.pl.  was dissolved in 10 mL of methanol. The mixture was treated

Experimental Section

: university of Blalystok. with a solution of 40 mmol of KOH in 2 mL of water and stirred
§Wroc,awyumversiiy of Technology. oyernight at 50°C. The solution was acidified and extracted
' Jackson State University. with ether. The extract was concentrated on a rotary evaporator,
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CHART 2: Structures of Pyrrole-2-carboxylic Acid CHART 3: Structures of the Possible Cyclic Dimers of
Monomers: a) s-cis (syn) Conformer b) s-trans (anti) the Pyrrole-2-carboxylic Acid
Conformer

and the obtained white solid was crystallized from methanol.
Mp: 204—-208°C. The structure was proved B NMR and
FT-IR spectra. B

N-Methylpyrrole-2-carboxylic acid was prepared by hydroly-
sis of methyIN-methylpyrrole-2-carboxylate according to the
procedure described for PCA.

The FT-IR spectra were recorded using a Nicolet Magna IR
550 Series Il spectrometer. The sample was measured in CCI
solution (0.001M) in a KBr cell of 0.2 mm path length, as a
KBr pellet and Nujol mull on KBr plates. A spectral resolution
of 4 cnm! was used.

The Raman spectrum was taken using a Jobin Yvone T64000
spectrograph equipped with a CCD camera cooled by liquid C
nitrogen as a detector. The 514.5 mn excited line of ah Ar
laser was used. A powder sample was measured.

Computational Details

All DFT calculations were carried out using the Gaussian 98
progran?! The geometry of conformers of pyrrole-2-carboxylic
acid (PCA) considered in this paper (s-cis and s-trans conform-
ers, Chart 2) has been optimized at the B3LYP/6-BG{d) o . o
and B3LYP/6-313+G(d,p) levels of theory. The geometry vibrational p(_)tentlal energy distribution (PED) among the
optimizations have been performed for three PCA dimers (A, Normal coordinates.

B, and C; Chart 3) at the B3LYP/6-3315(d) level. However, In addition, the atoms-in-molecules theory (AIM) of Batfer

in the case of dimers the optimizations were carried out with Was applied for the localization of bond critical points (BCPs),
Symmetry restrlct|ons The equivalence of monomers form”']g Wh|Ch Y\/ere analyzed In terms Of e|eCtr0n denSItIES and thEII’
complexes was assumed. In other words, for each kind of dimerLaplacians®

two associated monomers are related by the center of inversion. ) )

For the A and B dimers (Chart 3) the centers of inversion lie in Results and Discussion

the middle of the eight-membered rings and hence the cen- viprational Spectra. The molecules of carboxylic acids
trosymmetric dimers are considered as is usual for dimers of ygyajly exist as centrosymmetric dimers in crystals with the
carboxylic acids in crystaf.For the C dimer the center of  center of inversion within the eight-membered ring formed by
inversion lies within a ten-membered ring. two carboxyl group®® (Chart 1). The PCA molecule contains

H-bond energies were computed as the difference in energyO—H, C=0, and N-H groups and hence may generate the
between the complex, on one hand, and the sum of isolatedformation of three types of hydrogen-bonded dimers (Chart 3).
monomers on the other hand. Basis set superposition errorFor the A and B cases the complexes are linked through two
(BSSE) was corrected by the counterpoise procedure of BoysC=0:--H—0O bonds and for the C dimers there are two
and Bernard?? The IR spectra of monomers and dimers intermolecular interactions of NH---O=C type. The last type
considered in this study were also calculated by applying the of interaction is the so-called heterogenic association where the
same codes of Gaussian ¥8lhe DFT (B3LYP) approach was  carboxyl group is hydrogen bonded to another functional group.
used to predict the vibrational wavenumbers and intensities andror the A and B dimers there are®8) motifs containing two
the corresponding optimized geometries of the molecules. Theequivalent G-H-:-O hydrogen bond&that are replaced by the
predicted vibrational wavenumbers were scaled down by a singleR,2(16) motif in the C dimer. It seems that the?R.6) motif is
factor of 0.98. The aforementioned method overestimates thenot as frequent as the®8) motif, and it is probably less stable.
calculated harmonic frequencies, and for this reason, the scalingThe C dimer could be also less stable than the A and B
factors have been proposed in the literature to correct for complexes because-NH---O bonds are not as strong as-O
anharmonicity:34 H---O onesS This is in agreement with the spectroscopic results

The transformation of the force field from Cartesian to based on the shifts of the wavenumbers of the H-bondetiO
internal coordinates was carried out. The internal coordinates and N—H stretching absorption bands.
following the UPAC recommendatiéhare given in Table 1. The dimers considered here are of resonant type (resonance-
Such determined force constants were used to calculate theassisted hydrogen bonds, RAHBS)-or dimers A and B &
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TABLE 1: Local Symmetry Coordinates of PCA (Atom
Numbering as in Chart 2)

symmetry coordinafe descriptiofi
S:L = I'(Cl*NS) VCN
S= I'(Cl—CZ) vce
S3= I‘(CZ*C3) vce
Sy= I'(C3—C4) vce
S= I‘(C4-N5) VCN
S= I'(C4—C7) vce
S = r(C7—08) Yco
S= r(C7—09) Yco
So= r(N5—H6 VNH
Si0=r(09—H13) vor
S = r(Cl—HlO) VCH
812: r(CZlel) VCH
Siz= I’(C3-H12) VCH
S14= B(C1-N5—H6) — B(C4—N5—H6) Onm
Sis= A(N5—C1—H10) — (C2—C1-H10) de
Sie= B(C1-C2-H11) — B(C3—C2-H11) dcn
Si7= f(C2—C3-H12) — B(C4—C3-H12) S
Sis= B(C3—C4—C7) = B(N5—C4—C7) dec
Sie= A(08—C7—C4) — f(08—C7—09) dco
Sp0= (09—C7—C4) — B(08—C7—08) dco
SQ]_Z ﬁ(Hl3—09—C7) (3o|-|
Spo= B(C3—C4—N5) — 0.809H(C2—C3—C4) — Bring
0.809(C1-N5—C4) + 0.30%(C3-C2—C1) +
0.309(C2—C1-N5)
Sp3= —1.118(C2—C3—C4) + 1.118(C1-N5—-C4) — Sring
1.8093(C3—C2—C1) + 1.809(C2—C1—N5)
Spa= y(H6—N5—C4—C1) yeu
S5 = y(H10-C1-C2—N5) YeH
S6= y(H11-C2-C1-C3) ven
Sy7= y(H12-C3-C2—C4) YeH
Spe=y(C7—C4—C3-N5) yee
Sy9= y(08—C7—C4—C3) Yco
Sz0=y(09-C7-C4-C3) yco
Ss1= y(H13—-C9-C7-C4) YOH
Ss2= 7(C3—C2—C1-N5) + 0.30%(N5—C4—C3—C2) + Tring
0.30%(C1-N5—C4—C3) — 0.80%(C4—C3—C2—C1) —
0.809(C2—C1—-N5-C4)
Szz= —0.11§(C2—C1-N5—-C4) + Tting

0.11&(C4—C3-C2—-C1) +
1.809(C1—-N5—C4—C3) —
1.80%(N5—C4—-C3-C2)

@ Normalization constants are not given here. Definitions are in terms
of standard valence coordinates;: is the bond length between atoms
i andj; Bik is the valence angle between angle atonmjsandk with
thej central atompiy is the out-of plane angle between tirg bond
and the plane defined by the k, and| atoms; 7 is the torsion
(dihedral) angle between planes defined byithek andj, k, | atoms.
b Vibrational modes:v, stretchingp, bending in-planey, bending out-
of-plane;z, torsion.

H---O hydrogen bonds are assisted by HI33—C7=08
conjugated systems (see Chart 3) and can be called asd?
[R22(8)].228 N—H--+O hydrogen bonds of dimer C are assisted
by two conjugated systems: the fng [Rx%(8)] H6—N5—C4=
C7—08 and a more extended H®5—C1=C2—C3=C4—
C7=08 Rs ring [R2%(16)], giving origin to a conjugated structure
that can be called an (RRs) ring [RA8) R2(16)]28 The
similar intermolecular N-H---O hydrogen bonds assisted by
resonance were investigated previougf for the crystal
structures. However, the PCA or its simple derivatives were
not investigated from the crystallographic point of view. The
Cambridge Structural Database (C%Dyas searched in this
study for the PCA structure and its derivative structures (all
possible substituents instead of H-atoms within the pyrrole ring;
only the N—H bond was kept); no entries were found.
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bending vibrational modé%3lis straightforward and therefore
will not be discussed here.

Figure 1 presents the FT-IR spectra of pyrrole-2-carboxylic
acid taken as a KBr pellet (curve a), Nujol mull (curve b), and
diluted CCJ, solution (curve c), displayed together to facilitate
their comparison. The solubility of the PCA in nonpolar solvents
is very low; however, the IR spectrum was successfully
obtained.

PCA shows a freeny band at 3465 cmt in CCl, solution.

The position of this band is exactly the same as for the s-cis
conformer of methyl pyrrole-2-carboxylate (MPC). The experi-
mental and theoretical IR studies of MPC were presented in
our previous pape The theoretically estimated values of the
freevyn modes are 3576 and 3593 chior the s-cis and s-trans
PCA conformers, respectively (Table 3). The condensed phase
spectrum of PCA (KBr pellet and Nujol mull) revealed strong
absorptions at 3358 and 3356 chrespectively, attributed to
the vibration of the hydrogen-bonded-¥ group. The N-H
out-of-plane bending mode additionally confirms involvement
of the N—H group in intermolecular interactions. Solid-state
spectra show an absorption band at 602 £rwhereas dilute
CCl, solution revealed the absence afa-4 band of a bonded
N—H group3?

Formation of associates causes typical changes in the
vibrational frequency of the free -€H group. Even in quite
dilute CCl, solution the PCA, as a large majority of carboxylic
acids, exists essentially as a dimeric species. As a consequence,
the spectrum in the condensed phase (KBr disk and Nujol mull)
exhibits absorption due to the presence of the dimers. The bands
at 2917, 2906, 2746, 2701, 2637, 2627, 2574, and 2515 cm
were observed. In very dilute solution only a small portion of
the monomer is present, which was confirmed by a weak band
of the stretching vibration of the free OH group at 3550¢m
Another band characteristic of the dimeric acid species arises
from the O-H out-of-plane deformation vibration, which
appears as a broad band of intermediate intensity at 884.cm
In the diluted solution this band is less intense.

In the spectrum of the KBr pellefco bands at 1685 and 1665
cm~1 are broad and overlapped (Figure 1a). The spectrum of
the mull form also shows a broad and strong doublet at 1680
and 1661 cm! (Figure 1b) associated with the stretching
vibration of a hydrogen-bonded carbonyl group. The spectrum
of a diluted carbon tetrachloride solution (Figure 1c) revealed
strong vco absorption at 1671 cm. The experimentally
observed absorption of the carbonyl group can be confirmed
by using DFT calculated vibrational frequencies. The lowest
vco frequency was theoretically estimated for the B dimer (Table
4). Its value of 1671 cmt is the closest to the experimental
veo frequency of 1670 cmt recorded in CC solution.
Additionally, the IR spectrum df-methylpyrrole-2-carboxylic
acid, run as a CGlsolution, shows absorption of the carbonyl
group at the same wavenumber, e.g., 1670%as PCA (Figure
2). It has been shown previoudhthat N-alkylpyrroles substi-
tuted in thea-position exist primarily in the more stable syn
conformation (s-cis). Thus, in nonpolar solvents theHNgroup
takes no part in the hydrogen bond formation and, as a result,
PCA forms a hydrogen bond via the carboxylic group. These

The analysis of the observed bands in the IR and Ramanobservations indicate that in the condensed phase, the carbonyl
spectra was supported by theoretical calculations. The frequen-oxygen of PCM is involved in two types of interactions B and
cies and IR intensities of the s-cis and s-trans conformers of C, whereas in tetrachloride solution the B dimer is dominant.

pyrrole-2-carboxylic acid were calculated; and the proposed

On the basis of the difference in wavenumbers of the acid

description of bands is presented in Tables 2 and 3. Furthermoreyco measured in the gas and crystal form, Laetiall” assumed

the DFT PCA dimer frequencies are given in Table 4. The
assignment of the majority of the pyrrole ring stretching and

that PCA is likely to associate in cyclic dimers. The obtained
difference, around 4.5%, is close to the analogous values for
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TABLE 2: Theoretical (B3LYP/6-311++G** Level of Theory) Wavenumbers and IR Intensities for PCA

! N\ ow ! \_ 0
¥ v
H O H OH
Mode v.'l A ., PED® (%) Assignment v A 1, PED®(%) Assignment
(cm”)  (km mol™) (cm’) (kmmol’)
1 3699 110.2 S16(100) Vou 3701 108.3 S10(100) VoH
2 3570 1033 Se(100) Vait 3588 1024 S4(100) Vo
3 3198 0.4 S1(43), S12(28), S13(28) Veu 3198 0.7 S1(36), 812(32), S15(31) Vel
4 3191 0.1 S11(39), S13(60) VcH 3190 0.0 S11(42), S13(57) VeH
5 3174 23 Sn(17), Siz(71), Sy3(11) Vel 3175 1.7 S1(21), S12(67), Sy5(11) Vel
6 1723 555.7  SA77) Veo 1752 554.8 $5(80) Veo
7 1556 31.7 S2(16), S4(31), Se(10), S14(15) Ve, Onk 1561 56.6 S5(16), S4(36), Se(11), S14(14) Vee, Onm
8 1447 1.8 S(28), S15(23) VeNs Vees Scu 1446 338 $1(19), Sy(11), §,5(30) VeNs Vees Scu
9 1431 534 $,(28), S420), $14(20) Voo Vow S 1435 592 $,(13), 5420, Sx(14), ,4(28) Vons Vs S
10 1418 1572 $,25), Ss(16), S(12), S16(13), Ve, Voms 1410 49.9 $2(22), Sx(13), S5(19), S1(18), Vee, Vens S,
$2(13) Scn, Brng S2(13) Bon
11 1349 558 85(20), S(14), S1(14) vees Veo, Son 1332 87.8 S3(18), S¢(10), S5(10), S30(19) Ve Veo, Yeo
12 1255 22.5 Ss(11), S14(18), S15(12), S16(17),  ven, Onn 1256 5.6 S14(14), S16(17), S15(32) Snn» Scns Scc
Si(27) S
13 1230 336 $,(12), Sx(18), Sx(41) Vo Vee, Son 1212 548  Sy(13%), Ss(17%), S:(42%) Vees Vens Son
14 1134 1156 Sy(11), 85(11), S¢(20), S,4(10), Ve, Vex, Veo, 1117 50.7 $1(13%), $,(17%), 814(11%), $15(39)  vows Vee, Snms Scu
S15(18), S21(13) S, Scu, Son
15 1097 292.0 S1(40), S14(18), S;5(16) Vens Ones OcH 1109 2203 S1(29), S14(12), Sy(14) Vens Ons Sco
16 1072 220 S,(29), Sx(16), S16(24) Veo Voo, S 1053 130.5 $x(15), S¢(32), S16(18) Ve Veos Scn
17 1033 359 S5(35), Sie(16), S12(40) vee, Sci 1031 482 $5(36), S14(19), S1+(40) Veo, Sex
18 945 19.5 S4(10), Ss(13), S16(10), Sx(46) Vees Ven, 938 45.6 Ss(14), Sg(12), S,,(46) VeNs Veo, Sring
OcH » Bring
19 884 0.5 S25(12), S24(46), S»7(42) Ycu 889 1.0 S25(10), S;6(42), S»7(48) Yeu
20 882 24 $13(94) Sring 881 6.7 $23(95) Sring
21 823 6.5  $:5(39), Sa(13), Sx(42) You 827 54 $,5(40), S1¢(19), Sx(35) Yeu
2 759 59.8  Sy(l1), Sy(15), S3(60) Yeos Yo 751 60.00  Sy(74) Yeo
23 732 86.1 S,5(50), S,6(39) Ycu 732 81.6 S25(52), S»6(39) Ycu
24 682 41.0 S6(10), Ss(18), S15(27), Sx0(15), Ve, Veos 9co, 677 36.6 Se(10), Sg(19), S19(25), Sx(16), Vee, Veos 8cos
Sy (15) Sring S(15) Bring
25 636 2.6 $,4(25), S32(40), S33(32) YCH5 Tring 636 0.2 $24(12), 852(35), S33(46) YcHs Tring
26 613 4.1 S(12), 55,(40), S33(48) YcO» Tring 608 0.8 S30(9), $32(57), S53(34) Ycos Tring
27 557 767 $:(69), Sx(26) Yot Tring 538 110.0 Su(81), Su(11) Yot Tring
28 515 84.2 $31(90) You 508 583 S31(84), S;;5(13) Yo, Tring
29 507 23 Si(19), Sis(31), Sx(24) 8ce, Sco 504 37 $15(20), S15(27), S20(39) 8o, Bco
30 409 146 S«(30), $20(32), Sx(15) Vs 8con Bring 414 10.0 S6(32), S19(12), S20(28), Sn(16) Ve 8c0r Siing
31 181 41 S,5(64), Sio(15), Sx(18) 8co, 8co 190 0.1 S18(65), S15(17), S2(15) 8ce, Sco
32 169 25 Su(85), Su(15) Yee Yeo 172 2.1 $27(82), S30(18) Yo Yoo
33 105 1.7 S29(45), S30(55) Yco 100 0.0 S20(38), S30(62) Yco

aScaled by factor 0.98.PED’s lower than 10% are not included.

benzoic and trifluoroacetic acids, which are known to associate  Additional support for this conclusion is provided by the
in cyclic forms. The theoretically calculated differences between comparison of the calculated at B3LYP/6-31&(d) level dipole
vco of the monomers and of the cyclic associates are 2.95%, moments of both conformers. The value for the s-cis form is
2.7%, and 1.7% for the A, B, and C dimers, respectively. This 1.42 D, whereas for the s-trans form it amounts to 3.34 D. The
provides additional support for the experimental IR evidence. dipole moments of selected pyrroles have been also calculated
Furthermore, the interactions of solvents of different polarities previously on the basis of a group’s moméftnd compared
with pyrrole-2-carboxylic acid and-methylpyrrole-2-carboxylic with their measured values. It was concluded that 2-acylpyrroles
acid were also studied. It was observed that the shift ofthae exist in solution almost exclusively in the syn conformation.
band of these two acids is of the same type in diethyl ether Furthermore, Chadwiék pointed out that the greater stability
(1711 cmY), dioxane (1706, 1707 cnd), and acetonitrile (1713,  of the syn- over the anti-rotamer of pyrrole-2-carbaldehyde and
1710 cn1?l). The carbonyl band is symmetric and has a regular -2-ketones in a low polarity solvent is due to the lower dipole
shape. This is another piece of evidence suggesting that themoment of this form. A similar conclusion may be drawn in
pyrrole-2-carboxylic acid, as well as it$-methyl derivative, the case of pyrrole-2-carboxylic acid. In this case the syn-
exist in only one conformation in solution, most likely in the rotamer has a much lower dipole moment than the anti rota-
s-cis form. mer.
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TABLE 3: Theoretical (B3LYP/6-311+G* Level of Theory) IR Data for Pyrrole-2-carboxylic Acid Monomers

/ N\ oH ! N\ o
N N
H O H OH
Mode v v A Approximate v v A Approximate
(em™)  (em™) (kmmol™)  description® (em™)  (cm™) (kmmol™)  description®
1 3732 3658 753 Vou 3744 3670 74.1 Vou
2 3649 3576 84.8 Vo 3667 3593 84.1 Van
3 3262 3197 13 Veou 3262 3196 1.7 Veon
4 3255 3190 1.1 Ve 3254 3189 0.9 Ve
5 3236 3171 38 Ven 3237 3173 2.9 Veou
6 1759 1724 566.8 Veeo 1791 1755 566.4 Vewo
7 1595 1563 26.4 Vg On-t 1599 1567 522 Onotis Vyng Oc-nt
8 1483 1453 0.9 Snotts Voo Oc-n 1483 1453 17.2 On_ps Vg Sy
9 1466 1436 62.5 Onott Voo Ve 1471 1442 81.3 Oyt sOc_t»O0n
10 1451 1422 146.7 So-tis Ocats Vee Ve 1443 1414 46.5 Soti» Ot > Vey Vee
11 1383 1355 49.8 Soott» Oni Ve, O 1364 1337 76.8 Somtt »Octt>On-t1 Vg
12 1291 1265 292 Sutis Ocs Oos Ve 1291 1265 74 Oyt Oc_p»Ooy
13 1264 1239 49.7 Soetis Ocarts Ve 1245 1220 729 Soots OceOnen
14 1163 1140 117.9 Onetrs Ooors Ocpsvee 1144 1121 38.7 Oyt> Oon
15 1125 1103 280.9 Onors O Vey 1138 1115 2329 Soett »On-t> Oc_r>Vep
16 1097 1075 26.3 Ot »Oneris Ve 1077 1055 125.8 Veo On-ts Oc-n
17 1058 1037 356 SconsVee 1056 1035 50.7 Se_y
18 965 945 19.9 Sring» Oc> Oo_n 958 938 46.8 Veo Oc—i>Oring
19 901 883 24 S ti>Oping Oy 901 883 6.5 O ring
20 8% 876 0.6 80, 899 880 13 &%,
21 834 817 5.8 8Ty, STy 836 819 5.1 [
22 780 765 70.1 87, 858 772 756 70.2 8Ly 608
23 741 726 92.5 [ s e 740 725 852 8%,
24 697 683 414 Socti»Oc-tVeg 691 677 36.6 B0t »Oring
25 651 638 03 O 0%y, 8%y 654 640 1.6 S 0oty 807y
26 631 618 9.1 8Ty s OnTy 622 609 14 80y 6oy Oy
27 565 553 117.1 SNy Oty 007y 549 538 166.8 S50 00%0, 85,
28 548 537 518 8%y o0y 531 520 12.6 8 O 8L,
29 517 507 2.5 Set+0c0+On-n 514 503 34 On-tr>» Oco> Oc_p
30 417 409 14.9 oo Oong Oy 423 414 103 880t > Ormg
31 186 182 4.1 Sing» Ocvon Ocn 194 190 0.1 Sines Oloon »On-n
32 175 171 2.6 O O s O 176 172 23 0574 O » Oy
33 109 107 1.8 8ca s Ol s 600y 104 102 0.01 8 s 6y 08"y

aScaled by 0.98° Vibrational modes:v, stretching;d, deformational (all kinds). Superscripts: s, symmetrical; as, asymmetrical; ip, in-plane;
oop, out of plane.

In the study of the vibrational behavior of carboxylic acids, intensities are based on the HF calculations). The out of phase
the combination of infrared and Raman spectroscopy seems tostretching vibration of the carbonyl group gives intensive bands
be a good method to decide whether a carboxylic acid is at 1695, 1670, and 1703 crhin the IR spectrum of dimer A,
H-bonded through a cyclic dimer pattern. For instanceythe B, and C, respectively.

o band of the formic acid cyclic dimer was observed at 1754  Figure 3 shows the Raman spectrum of the crystal PCA. The
cmtin the infrared and at 1670 crhin the Ramary>—37 broad and medium intensity band at 1622 ¢ris assigned to

The calculated spectra of dimers A, B, and C revealed two the stretching vibratiom®, of the H-bonded €O group. The
carbonyl absorptions, which are assigned to the in phéﬁ%g ( theoretically estlmatedco frequencies for three cyclic dimers
and out of phasevfl) stretching modes for intermolecular  are higher than Raman experimental frequencies by 73, 48, and
hydrogen-bonded CO groups. Their intensities differ signifi- 81 cnr! for dimers A, B, and C, respectively. Thus, the
cantly from each other in the Raman and IR spectra. The in experimental value of theco is closest to the theoretically
phase, symmetrical stretching vibration of the CO group is active predicted value for dimer B. The significant difference of 63
in the Raman. The ab initio calculated frequencies are 1672, cm™1 between the in phase and out of phase stretching vibration
1651, and 1692 cr for dimers A, B, and C, respectively, and of the CO groups may be treated as direct evidence of the
their intensities are of medium strength (data concerning existence of the cyclic dimers.
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TABLE 4: Theoretical (B3LYP/6-311+G* Level of Theory) and Experimental IR and Raman Data for Pyrrole-2-carboxylic

Acid Dimers
dimer A dimer B dimer C
\
J N\ 0 : 4 '.‘\ OH---0 : %ou
A oH—-07 () H O—HO ) oo
o
N
HO \ /
Experimental® IR
v % A . AT v v A . Y v v: A . Y "
Mode Cem) (m?) (km mot™) Approximate description (em?) (em™) (km mol®) Approximate description em" (em”) (km mot™) Approximate description’ v(cm™)
1 3661 3588 s v, 3653 3580 166.7 Ve 3740 3665 46l v, 3550%vw
d J f
2 3261 319 002 v, 3262 3197 07 Ve 3483 3413 17932y 3465¢, 3358, 3356
3 3254 3189 26 v, 3255 3190 19 Ven 3262 3197 30 v, 3132
4 337 3112 35 vy 3238 3173 2338 Ve_u Vo 3255 3190 29 v, 3124
5320 3156 4995 Vg 3235 3171 25003 Vo Ven 3236 3171 97 Ve, 3108
1685°, 1680°
6 1730 1695 15395 y,_ 1705 1671  1465.4 Veeo 1738 1703 1808 Veeo 1665 1661°
1744%, 1671
7 1602 1570 2049 Oy_y. Vg 1598 1566 133.8 O Vimg 1596 1564 343 Oy_y. Vg 1554
8 1484 1454 1446 Oy p., Oc_y. Opy 1486 1456 10L1 Sn_n Ocp 1504 1474 481 Oy .0y, y"_ng'é'(,_H
9 1480 1450 87 Oy_y.Ocpy.Opy 1481 1451 5074 Spp-Oc_p> Op_y 1470 1441 872 Oc_y. é'N_,,,vn,"g 1439
10 1451 1422 03 o Oy Vyy M2 1432 519 Vg On-tt:Ooy 147 1418 393y 5 . Oy y
11 1420 1392 319 Oy y.O0c_y. Oyy 1423 1394 468 Sy - 5(,‘-H’Vm,g 1393 1366 7173 Ooy.On-n Viing 1391
12 1335 1309 6322 Oy . Oy Veo 1355 1328  653.1 Sors Onps Voo 1306 1280 316 Oy y.Oc_u- o 1328
13 1285 1259 358 Oy y.Oc_y.Op.y 1286 1261 63 Oc_yy Oy 1270 1245 752 Op_py. Oc_y 1264w
14 1203 1179 335 Veer Oner-Oon 1213 1189 2803 Sy Oc_y. 0oy 1181 1158 684 Oy y.0c_yO0y 1190
15 1141 1118 1486 O¢_py.Oy_y 1136 1113 2318 Oy Oc_y 150 1127 6610 Sy ., OV 1123
16 1099 1077 347 Oy_y.Ocpy 1104 1082 8.1 Sy Onp 1097 1076 122 8o py.Op.py
17 1056 1035 1075 Sy 1058 1037 1039 Sy 1063 1042 663 Oc_py 1037
18 967 947 619 ey Vey. O, 969 950 500 Spe>Ocri» 0oy %61 902 98 8. ,.00, 948
19 922 903 2519 657, 919 901 2594 Son 902 884 a1 &b, 892°¢, 884
20 901 883 167 S0, 902 884 101 sh 897 880 29 8%, 5%y
21 899 88l [ R S 897 879 49 8%, 886 868 125 ;"PH 600
22 838 82 27 8. 850, 837 820 189 S Oty 810 794 111.2 N Oty
23 780 765 a1 8er, 600, :z; 779 764 341 o » Oty 769 754 01 8T, 608, 6%,
24 759 744 364 v, S 762 746 437 Veos 88, Oy 749 734 1491 637, 007, 756
oop oop ip
25 142 728 919 57, 743 728 1939 o 707 693 827 Spyve 693
26 646 634 193 8", 6%, 650 637 169 Oy 600, 628 615 200 605, .0, S0ty
27 618 606 83 000, 60T .Oe 618 606 109 0%y, O 000 - 619 606 21 8%, 0Ty 602+
28 557 546 1088 §F 67,687, 564 552 1054 b SNy 60T, 56 516 u3y  8F,.60,.60, 5571, 5540
29 555 s44 1084 5y7, .60, 559 548 6638 S ons O 1 Oy 525 514 2000 5%,
ip P ip lﬂ p ip
30 435 426 2 85, é‘mg 431 422 49 é‘,mg 0% 202 198 32 v,.0 rng > Oco
31 275 269 98 S, 5('%_5("{;, 264 259 995 8 .0c u- ch 176 173 42 5::{;,5 o Ol
32 191 187 L 8%,.608 O, 188 185 12 Ol Org Oty 424 a6 %61 5%, 5(’;;,
oop oop 5aop é‘uap
“1:9c0 » co > ,
33 17 115 02 ZWH acai 21 19 19 pe :;f 137 134 06 8, 5%,
5C—H cC 5 5N_H,
4 & & 89 356k .08, 64 6 L1 S 08 . 60y 85 s 84 00y, 0. 680,60
Oy Oy, 8ok . OnTy
35 41 46 32 N-H ip” 45 4 11 i‘jp v 00;’ 35 34 XS N S G
o
005 6 682,65
36 22 21 22 6%,.008 2 21 12 o Oty 16 16 02 8¢, gf,g

aScaled by 0.98° Vibrational modes:v, stretching;d, deformational (all kinds). Superscripts: s, symmetrical; as, asymmetrical; ip, in-plane;
oop, out of plane¢ Abbreviation used: s, strong; m, medium; w, weak; v, véiyleasured as Cgkolution.® Measured as KBr pellet Measured
as Nujol mull.

Other bands that may assist in the identification of acid dimers at 1328 cn! in IR is high, whereas in the Raman spectrum a

are the coupled vibrations involving the=© stretching and
OH in plane deformation vibrations. Tidgy band at 1391 cmt
is rather weak in both spectra. The intensity of theo band

PCA.

weak band was observed. Additionally, the broad and medium
intenseyon band is visible only in the IR spectrum of solid
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Figure 1. IR spectra of pyrrole-2-carboxylic acid: (a) KBr pellet; (b) Nujol mull; (c) 0.001 M £€3lution.
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Figure 2. IR spectra of pyrrole-2-carboxylic acid (PCA) ahdmethylpyrrole-2-carboxylic acid (0.025 M; Cgl

Geometries and EnergeticsThe results of the B3LYP/6-  N—H bond (0.016-0.011 A). A similar situation is observed
311+G(d) level calculations indicate that the s-cis monomer for the C=0 bond; its elongation is smaller for the C dimer
conformer is more stable than the s-trans conformer. The than for the A and B complexes. It was pointed out eaffien
difference in energies of these conformers amounts to 0.97 kcal/the basis of neutron diffraction results taken from the Cambridge
mol. It was pointed out in the previous section that the B dimer Structural Databasg&that in the case of €0---H—O interac-
is dominant in solution. Table 5 presents some of the geometricaltions there is a correlation between the 4@ distance and €
parameters of complexes considered in this study. The resultsO bond length: the shorter the-+O distance, the longer the
show that the dimers formed through-®---O bonds are more ~ C=O bond.
stable than the complex formed through-N---O bonds. The Interestingly, the ©-H---O angles are greater than-i---
elongation due to the H-bond formation of the—@ proton O angles (Table 5) and it is well-known that linear H-bonds
donors (0.0270.028 A) is greater than the elongation of the and those that approach linearity are usually stronger than the
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Figure 4. Contour maps of the electron density for the pyrrole-2-
carboxylic acid dimers A, B, and C:a{nuclear attractor NA;®) ring
critical point RCP; ¢) bond critical point BCP.

/L
L L LA DAL LA AL L AL A B L D DL DL |
200 600 1000 1400 1800 3100320033003400 TABLE 6: Topological Parameters (Obtained from B3LYP/
Raman shift/cril 6-311+G* Wave Functions) for Complexes of the PCA (All
Figure 3. Raman spectrum of solid pyrrole-2-carboxylic acid (PCA). vValues in au)
cyclicdimer pxun  V%oxu  pu*O V2ou*O pc—o V?pc=0

TABLE 5: Geometrical (Angstroms and Degrees) and

Energy (kcal/mol) Parameters of the PCA Dimers A 0.3147 —2.0832 0.0462 0.1449 0.396+0.3413
Considered in This Study (Results Obtained at B3LYP/ B 0.3163 —2.0977 0.0454 0.1435 0.39020.3667
6-311+G* Level of Theory, H-Bond Energies Corrected for c 0.3243 —1.7270 0.0264 0.1094 0.4006:0.3098
BSSE)

cyclic dimer X—H* H-O C=0 X—H-:O H-bond energy ring critical points. It was shown recen‘tfythat for intermo-
lecular H-bonds, greatekcp (electron density at the ring critical

A 0.997 1.688 1.230 178.6 —-8.3 ;
B 0996 1697 1237 1789 77 point) values are observed for stronger H-bonds. For such
c 1.019 1.892 1.226 163.9 -57 systems, the considered ring critical points are associated with

a . the ring created due to intermolecular H-bond formation. The
anleﬁOggn,g I(esnzg)th g)?—ri rggrr:c? Te(;rglgcthpgrﬁoirngsu?gst)t%éléog8f§Et?oth value of prep for the eight-membered ring of PCA dimers (A
conformers. and B) amounts to 0.008 au and for the ten-membered ring of

the C dimer it is only 0.003 au
bonds where the XH:--Y angle is far from 180. Additionally,
H---O distances for the A and B complexes are shorter than Conclusions
this distance for the C complex.

The B3LYP/6-31#G(d) H-bond energies corrected for BSSE
are also given in Table 5. The single-®---O and N-H---O

On the basis of spectroscopic investigations using both IR
and Raman techniques, we have revealed that the pyrrole-2-
0]g:arboxylic acid (PCA) forms cyclic acid dimers in the solid

mgdgg d?Sneqrgtllre:na;ﬁ pa:g\%d:rﬂioagz ?r??hzeer(tar\]/?ct):'s:ts)gggc?nar:n dstate. The theoretically estimated IR frequencies for the B and
gtn, P ’ C dimers are very close to the experimentally observed

they are assisted by conjugated systems. For the all cases - S . . L . -
considered here two H-bonds stabilize each of the complexes absorptions. Pyrrole-2-carboxylic acid exists in solution and in

. X ‘th li in only on nformation, most likely in the s-ci
One can conclude that the energetic results confirm thet € solid state in only one conformation, most likely in the s-cis

geometrical data; the A and B complexes are more stable.form'
Additionally, the O-H---O bond within the complex formed

by the s-trans conformers is stronger than such aH©-O
bond within the s-cis conformers dimer.

Figure 4 presents the contour maps of electron density for
the considered dimers. The positions of attractors, bond critical
points and ring critical points are also displayed. Table 6 presents
the topological parameters of the bonds involved in H-bond
formation (C=0, O—H, and N—H bonds): electron densities
at BCPs and their Laplacians. The same topological parameter
of H---O contacts are also given.

It is well-known that the electron density at+Y (Y is the
accepting center within the XH---Y bridge) well correlates
with the H-bond energy; thus the stronger the H-bond, the
greater thepy...y value3®~4! Such a relationship is mainly
fulfilled for homogeneous samplé30ne can conclude that the
pu--0 Values (Table 6) are in an agreement with the correspond- (1) Desiraju, G. R.; Steiner, Tthe weak hydrogen bond in structural
ing H-bond energies. chemistry and biologyOxford University Press Inc.: New York, 1999.

All the results presented here indicate that theH®--O bonds (2) Nangia, A.; Desiraju, G. RTop. Curr. Chem1998 198 57.
are stronger than the \H---O ones and that the A and B Strugtréesfggi’ih;'F_Cérlggf%geerﬁn’V\g}gdlrloge” Bonding in Biological
complexes are more stable than the C complex. These results (4 raga, D.; Leonardis, P. D.; Grepioni, F.: Tedesco, E.; Calhorda,
are also supported by the values of the electron densities at them. J. Inorg. Chem 1998 37, 3337.
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