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ABSTRACT

A vibrational study of the local anesthetic procaine hydrochloride in the solid
state and in aqueous solution was carried out. Assignment of the amino groups
was performed using deuterated and non-deuterated samples. All the bands in
the spectra were identified and assigned. The structure of the procaine cation
was determined using the AM1 semi-empirical method. A comparison with
crystallographic data was made. The frequencies and intensities of the
vibrations were also computed using AM1. Vibrational scale factors were
employed in the AM1 calculations.

INTRODUCTION

Procaine and its derivatives'* make up an important class of synthetic
molecules in the therapeutic group of local anesthetics. Procaine (2-
diethylaminoethyl p-aminobenzoate) is a local anesthetic remarkably similar
in structure (Figure 1) to natural compounds actively participating in nerve
impulse transmission. The conformation of the alkylamino end of the molecule,
the quinonoidal character of the p-aminobenzoate group, and the proximity of
the carbonyl oxygen to the ammonium nitrogen are considered necessary for
effective interaction with receptors.

Although identification of the active form of the drugs has been
controversial for some time, recent evidence seems to point to the cationic form
as the active form, blocking the excitability from inside the nerve membrane.

975

Copyright © 1997 by Marcel Dekker, Inc.



03:33 30 January 2011

Downl oaded At:

976 ALCOLEA PALAFOX

CSE@

Fig. 1. Cation of procaine hydrochloride.

The notion that local anesthetics penetrate tissues as uncharged molecules and
act at the membrane as cations provides an explanation for the fact that nearly
all of the most effective local anesthetics are amines. Thus, in the present work
it was considered important to carry out a comparative analysis of the
geometrical results for different procaine cations with those computed by the
AM1 semi-empirical method. A previous investigation had shown the
suitability of AMI and furnished a comparison with the MINDO/3 and MNDO
methods’.

As first step in the study of the anaesthesia, the infrared and Raman
spectra of several local anesthetics were recorded and thoroughly interpreted™”.
In the present paper, the Raman spectra of procaine hydrochloride (PRC-HCL)
in the solid state and in aqueous solution were undertaken, since this might
shed light on the structure and activity relationship of other local anesthetics.
Laser Raman spectroscopy permits the study of samples in aqueous solution,
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in which biological processes like the phenomenon of anesthesia mainly take
place.

EXPERIMENTAL

Samples of procaine hydrochloride from Merck were used without further purification
(99 %). D,0 was from the Spanish Junta de Energia Nuclear (Nuclear Energy Commission), and
had a purity of 99.7 %. For recording the spectra in the solid state, samples were inserted in a
glass capillary as crystalline powder. For the aqueous solutions, PRC-HCL was dissolved to 40
% in weight, close to saturation. The spectra were recorded in special glass U-cells.

Deuterated samples were prepared by several procedures”. In the solid state the simplest
one was: In a glass tube, PRC-HCL was solved with agitation in an excess of D.O. The samplc
was gently warmed for 20 min. and afterwards dried in a vacuum oven. The procedure was
repeated successively until the desired degree of deuteration for detcrmination of spectra bands
was obtained.

In aqueous solution, the deuteration of PRC-HCL was carried out mainly by adding
D,0 to the desired concentration and then shaking for 15 minutes.

Raman spectra in the range 100-4000 cm™' were recorded on a Laser-Raman JOBIN-
YVON spectrophotometer RAMANOR U-1000 model, which has a double monochromator
with halographic net planes and photon-counter detector. The Laser was a model 165, 2 w
ionized argon laser from SPECTRA PHYSICS. The laser power used was 100-400 mW and the
slit widths were 100-400 pm.

COMPUTATIONAL METHODS

The calculations for procaine hydrochloride, represented by the PRC-H' cation, were
carried out by using the standard AM1 procedure, as implemented in the AMPAC package of
computer programs, which has provided accurate computational tools for analyzing problems
relating to molecular structure and reaction mechanisms®. The geometry was determined by
minimizing the energy with respect to all geometrical parameters without imposing molecular
symmetry constraints. The PRC-H' cation was theoretically considered and analyzed as a
molecule of procaine with a proton on the N(23) atom, the charge on the system being +1. The
GAUSSIAN 90 and 92 packages® were also used. All the calculations were performed
accordingly.

The DRAW program'” was used to evaluate graphically the correctness of the
geometries and plot the motions for each vibration, in our case 108 for PRC-HCL, thus
providing identification and assignment of all the vibrations calculated theoretically. The graphic
representations were observed on Tektronic model-4105 high-resolution computer terminals.

The Figures obtained were prepared on a Macintosh microcomputer using the BALL
and STICK program''.

RESULTS AND DISCUSSION

GEOMETRY OPTIMIZATION

The data on bond lengths, bond angles, and torsional angles for the procaine
cation (PRC-H'), obtained by the AMI method are listed in Tables 1-3
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Table 1. Optimized bond lengthsin A for the PRC-H" cation computed by the AM1
method and experimental values reported for several salts.

Calculated X-ray
Bond length

AMI PRC-HCL' | PRCIIICL® |PRC-NDG* | PRC-DPH* | PRC-PNP*
C()-C2) 1.4029 1.36 1.396(4) | 1.399(6) | 1.386(4) 1.410(7)
C(2)-C(3) 1.3820 1.37 1.367(4) |1.387(5) |1.370(4) 1.36%(7)
C(3)-C4) 1.4252 1.41 1.405(4) | 1.405(5) |1.400(3) 1.404(6)
C(4)-C(5) 1.4253 1.36 1.407(5) | 1.399(6) |1.395(4) 1.390(8)
C(1)-C(6) 1.4070 1.41 1.409(4) | 1.389(6) |1.394(2) 1.393(6)
C(5)-C(6) 1.3809 136 | 1.356(5) |1.400(5) |1.364(3) | 1.381(8)
C(H-C(M 1.4509 1.47 1.457(4) | 1.477(5) |1.461(3) 1.461(6)
C(7)-0(8) 1.3951 1.36 1.356(4) | 1.364(5) '1.346(2) 1.364(4)
0(8)-C(9) 1.4262 1.44 1.427(4) |1.437(5) |1.440(2) 1.447(5)
C(9)-C(10) 1.5333 1.50 1.503(5) | 1.514(7) |1.499(3) 1.505(6)
C(7)=0(11) 1.2332 1.22 1.210(4) | 1.202(6) |1.206(3) 1.212(5)
C(4)-N(12) 1.3658 1.40 1.359(4) | 1.385(4) |1.357(3) 1.377(7)
N(12)-H(13) 0.9880 0.72(4) 0.83(5)
N(12)-H(14) 0.9882 0.81(3) 0.85(3)
C(9)-H(19) 1.1223 0.91(3)
C(9)-H(20) 1.1220 0.85(3)
C(10)-N(23) 1.4949 1.51 1.505(4) | 1.503(6) |1.505(2) 1.492(6)
N(23)-C(24) 1.5032 152 | 1.506(4) | 1.513(6) |1.498(3) | 1.515(5)
C(24)-C(25) 1.5141 1.49 1.508(3) | 1.506(8) |1.493(3) 1.49(1)
N(23)-C(31) 1.5019 1.48 1.512(4) | 1.508(6) |1.509(2) 1.492(7)
C(31)-C(32) 1.5138 1.49 1.511(6) |1.503(8) |1.508(3) 1.522(8)
N(23)-H*(38) 1.0304 0.87(3) 1.00(4)

*Fromref. 12. *Fromref 13. ‘Fromref 16. ‘Fromref. 14. *Fromref. 15,

respectively, with the corresponding experimental values reported for five
procaine salts.

Bond lengths and angles within the PRC cation do not differ
significantly in the crystal structures from those computed by AM1. The
values for the hydrochloride salt'> (PRC-HCL), which are in general very
different from those calculated in a later study of the hydrochloride molecule™
and from other experimental data'*'®, constitute an exception. The C-N bonds
in the trialkylammonium group are in very good agreement with those observed
in the crystal: the mean value of 1.50 A exceeds the C-N single bond length
by about 0.03 A, which is probably associated with the larger coordination
number of the protonated nitrogen atom. The environment about the N(23)
atom is essentially tetrahedral, and the CNC angles in this group average
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Table 2. Optimized bond angles in degrees for the PRC-H' cation computed by the
AM1 method and experimental values reported for several salts.

Calculated X-ray
Bond angle

AM1 IPRC-HCL* | PRC-HCL® PRC-NDG* | PRC-DPH' | PRC-PNP*
C(1)-C)-C3) | 1208 122 | 12193) |1203(4) [121.12) | 120.5(4)
C(2)-C(3)-C(4) 120.5 120 | 121.13) |120.2(4) |121.1(2) 121.1(5)
CB)-C(4)-C(5) | 1182 118 | 1169(3) [119.8(3) [117.7(2) | 118.5(5)
C(1)-C(6)-C(5) | 1207 120 | 121.73) |12L1(4) |121.6(2) | 121.1(5)
C(2)-C(1)-C(6) 1193 118 | 116.8(3) |119.4(4) |117.8(2) 118.3(4)
CW@)-C(5)-C(6) | 1205 122 | 12153) |119.2(3) |120.72) | 120.6(4)
CQR)}-C(1)-C(7 | 1224 124 | 123.73) |121.6(4) |123.0Q2) | 123.13)
c®6)-c()-c(m | 1183 118 | 119.53) | 119.0(4) [119.2(2) | 118.7(4)
C(1)-C(1)-0(8) 114.3 112 | 11293) | 111.4(3) [112.7(2) 114.5(3)
C(7-08)-CO) | 1153 116 115.7(3) [116.5Q2) | 114.0(3)
0-C(9)-C(10) 103.9 109 | 104.7(3) | 107.8(4) |108.6(2) 110.04)
C(1)-C(N=0 130.5 128 | 1262(3) |126.0(4) [1256(2) | 124.6(3)
0(8)-C(7)=0 115.1 120 | 121.0(3) |122.6(4) |121.72) | 120.9(4)
C(3)-C(4)-N 1209 119 | 1212(3) |1173(3) [1208(2) | 122.0(5)
C(5)-C(4)-N 120.9 123 1 121.8(3) {122.9(3) |121.5(2) 119.5(4)
C(4)-N-H(13) 1203 123(3)
C(4)-N-H(14) 1203 128(3)
H(13)-N-H(14) 1193 109(4)
C(9)-C(10)-N 1143 116 | 116.1(3) | 113.4(4) | 117.0(1) 113.5(4)
C(10)-N-C(24) 1115 114 | 11452) |113.1(3) |113.9(2) 110.5(4)
N-C(24)-C(25) 1133 110 | 112.2(3) | 114.6(4) |112.8(1) 117.1(5)
C(10)-N-C(31) 112.2 112 ¢ 112.12) [1109(3) |112.4(1) 113.7(3)
C(24)-N-C(31) 111.0 112 | 112.7(2) [113.2(3) |112.6(1) 112.6(4)
N-C(31)-C(32) 113.6 113 | 112.2(3) {111:8(4) |112.1(2) 113.4(5)
C(10)-N-H'(38) 106.7 101(2)
C24)-N-H'38) | 1077 108(2)
C(31)-N-H'(38) 107.4 110(2)

*Fromref. 12. ‘Fromref. 13. ‘Fromref. 16. °‘Fromref. 14. ‘From ref. 15.

112.3°. The dimensions of the p-aminobenzoate group predicted by AM1 are
in good agreement with those reported for p-aminobenzoic acid'’. There were
slight differences in the dimensions computed by AM1 for the ester and the
free acid occur in the carboxylate group.

For the ring, AM1 predicts the same small but significant contribution
of the quinonoid structure found in p-aminobenzoic acid and PRC salts. The
average value of the central bond length in the benzene ring (1.381 A) and the
mean of the remaining ring C-C bond lengths (1.415 A) are close to those in the
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Table 3. Optimized torsional angles in degrees for PRC-H" cation computed by the
AM1 method and reported experimentally in several salts.

Calculsted X-ray Calculated
Torsional Angles Torsional Angles
AMI1 |PrRCHCL' |PRC-DPH® | PRC-PNP AM1

C(1)-C(2)-C(3)-C4) 0.1 C(6)-C(5)-C(4)-N(12) | 1798
C(1)-C(6)-C(5)-C4) 0.0 0-C(9)-C(10)-H(21) -498
C(1)-C(7)-0(8)-C(%) 179.3| 178.7| 178.6| 176.1 || O-C(9)-C(10)-H(22) 683
C(2)-C(1)-C(6)-C(5) 0.0 C(10)-N-C(24)-H(26) 327
C(2)-C(1)-C(7)-0(8) -0.4 6.6 59, 29} C(10)-N-C(24)-H(27) | -838
CQ2)-C(1)-C(7)=0 179.81-173.7(-175.0|-178.2 §f C(10)-N-C(31)-H(33) 50.6
C(2)-C(3)-C@)-N -179.8 C(10)-N-C(31)-H(34) } 167.0
C(3)-C(4)-C(5)-C(6) 0.1 H(20)-C-C(10)-H(21) | -167.8
C(3)-C(2)-C(1)-C(6) 0.0 H(20)-C-C(10)-H(22) | -49.7
C(3)-C)-C(1)-C(T) 180.0 H(19)-C(9)-C(10)-N -52.4
C(3)-C(4)-N-H(13) -14 H(20)-C(9)-C(10)-N 714
C(6)-C(1)-C(T)-O(8) 179.6| -172.7| -173.2|-177.0 } N-C(24)-C(25)-H(28) | -59.5
C(6)-C(1)-C(T)=0 02 70 60| 19[ N-C4)-Cc25)}-H(29) | 63.1
C(7)-0-C(9)-C(10) 179.0] 173.3|-165.6 -178.8 § N-C(24)-C(25)-H(30) { -178.1
C(7)-0-C(9)-H(19) 58.7 N-C(31)-C(32)-H(35) | -56.6
C(7)-0-C(9)-H(20) -61.1 N-C(31)-C(32)-H(36) 66.1
0(8)-C(9)-C(10)-N -170.7] 70.1| -72.2| -65.1 § N-C(31)-C(32)-H(37) | -175.3
C(9)-0-C(7)=0(11) 08 10| -06| -28f C25-C4)-N-C31)| -802
C(9)-C(10)-N-C(24) 584] -614| -60.8; -150 C(25)-C(24)-N-H" 37.0
C()-C(10)-N-C(31) -66.8] 69.0/ 689| 864 | H(26)-C(24)-N-C(31) | 158.7
C(9)-C(10)-N-H" 175.8] 1758 180] -30|| H(27)-C(24)-N-C(31) 422
C(10)-N-C(24)-C(25)| 153.8] 1582} -61.5 C(24)-N-C31)-C(32) | 162.4
C(10)-N-C(31)-C(32){ -72.0| -54.6| 156.7| 68.4 | C(32)-C(31)-N-H* 449

*From ref. 13.

*From ref. 14.

°From ref. 15.

crystals, except the values reported'? for PRC-HCL, which tend to differ
substantially from the other values. In the hydrochloride salt the quinonoid
character is stronger than in the other crystal structures, whereas it is very low
or non-existent in the chlorhydrate of procaine N-n-glucoside monohydrate'®
(PRC-NDG). This is because the protonated tertiary amino nmitrogen atom
N(23) in the PRC-HCL crystal is hydrogen bonded to a chloride ion which
also interacts with two p-amino groups'’. These strong nitrogen-chloride
interactions therefore affect not only the conformation of the alkylamino end

of the molecule but also increase the quinonoid character of the p-
aminobenzoate group.
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The exocyclic bonds C(1)-C(7) and C(4)-N(12) in PRC-H" are shorter
than single bonds in most molecules. The C(4)-N(12) distance predicted by
AM1 (1.3658 A) is very close to that reported for the hydrochloride salt'
(1.359 A) and for the dihydrogen phosphate salt® (PRC-DPH), 1.357 A. The
low quinonoid character predicted by AM1 shows up in the valency angles in
the ring, where the two angles at the carbon atoms defining the para positions
average 118.8° compared with a mean value of 120.6° for the other four
endocyclic angles.

The p-amino group and the carboxyl group are predicted to be planar by
AM1, compared with filts of 2° and 2.5° for PRC-PNP, 28° and 7.5° for PRC-
HCI and, 4° and 6.6° for the PRC-DPH salt. In the tertiary amine, the proton
H*(38) is situated with a #ilt angle out of the C(24)-N-C(31) plane of 57.83°,
this plane being tilted with respect to the C(10)-N(23) bond by 48.86°. The
orientation of the N(23)-H* bond has been shown to be important in the
formation of hydrogen bonds with receptors'®,

The major portion of the molecule, extending through atom C(9), is
predicted to be planar by AM1. Atom C(10) is coplanar with a C(7)-O(8)-C(9)-
C(10) torsional angle of 179.03°, a value that correspond to the rrans
conformation commonly observed in esters.

The conformational flexibility of the procaine molecule has been
examined'® by "THNMR and quantum chemical calculations'”. Much attention
has been focused on the torsional angle of the OCCN fragment in the side
chain. In its conformation this segment resembles a number of other biological
compounds containing this moiety>'?.

The intramolecular distances calculated in the molecule of PRC-H’,
together with the data reported'?'® for the crystal structure are listed in Table
4. The results for PRC and several other related compounds that contain
functional groups similar to the C(24)-N-C(10)-C(9)-O(8) moiety of PRC have
been reviewed”. The proximity of the ammonium nitrogen atom to the ether
oxygen atom (3.17 A in acetylcholine systems'’) and the orientation of
ammonium substituents relative to the ether oxygen atom have been reported
to be important features necessary for effector-receptor interaction.

VIBRATIONAL FREQUENCIES
Solid state

Table 5 shows the observed bands with their estimated intensities, columns
eighth-tenth. Non-deuterated in the Table means that the compound was not
deuterated; deuterated refers to the deuterated compound.

The frequencies calculated by AM1 are listed in the column second. The
relative intensities given in the sixth column are determined by dividing the
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Table 4. Comparison of selected intramolecular distances (in A) in the PRC-H"
cation with those in the crystal structures of several salts.

Calculated X-ray
Distance

AMI PRC-HCL®* |PRC-HCL® |PRC-DPH°¢ |PRC-PNP!
C(2)-0O(8) 2.7794 2.761 2.740 2.797
C(2)-C(24) 6.8007 5951 5.899
C(2)~C(31) 7.0568 4225 4.130 4.439
C(6)--0O(8) 3.6811 3.643 3.620 3.650
O(8)N(23) 37018 3.07 3.069(4) 3.074(3) 2.983(4)
O(8)-C(24) 4.1969 3.00 3.789 3.823
0O(8)--C(25) 5.6834 5.136 4.799
O(8)-C(31) 43896 2992 2952 3.086
0O(8)-C(32) 49877 3316 4.435 3.992
O(11)--N(23) 5.0173 4.967(4) 5.022(3) 4.814(3)
C(24)--H'(38) 2.0651
C(31)--H"(38) 2.0594

*Fromref 12. ®Fromref 13. °Fromref 14. “Fromref 15.

value of the intensity of each band by the intensity of the strongest (line 86).
The characterization of the vibrations is given in the last column. Ring normal
modes are numbered according to Wilson’s notation*'. Vibrational mode
assignments were made carefully on the basis of group theoretical
considerations, published data for disubstituted benzenes®, isotopic species of
the benzoic acid”, and by comparison with IR and Raman assignments for the
benzocaine® and procaine™ molecules.

It was necessary to establish a one-to-one correspondence between the
frequencies calculated by AM1 and the IR and Raman data. It is not always
possible to achieve the desired degree of accuracy in the prediction of a
spectrum, because experimental frequencies depend on effects that are not
contemplated in the theory, such as solvent shifts, inharmonicity effects, Fermi
resonance, etc. To correct this deficiency, sets of scaling factors (or correction
factors) have been applied to the computed frequencies and reported for the ab
initio”?* and semiempirical methods™*. A correction value for each type of
vibrational mode was used in this study. The third column lists the available®*
scale factors (v, /v.,), and the results obtained appear in the fourth column.
The percentage errors in the IR data so determined are presented in the fifth
column,
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To facilitate the study of the spectrum, it has been divided in several
regions. Fig. 2a shows the non-deuterated compound in the 3500-2800 cm’
range. The antisymmetric and symmetric stretching N-H bands of the p-amino
group were assigned to the bands at 3351 and 3315 cm”, respectively. The
band at 3211 c¢m™ was attributed to intermolecular N-H hydrogen bonds. These
values and the retation”’

v(N-H) = 1023 + 0.682 v _(N-H) [1]
yielded v =3308 cm™, consistent with the value in the Raman spectrum. The
values of the force constant of the N-H bond: K, =6.17-10° Dyne:cm” and
the angle HNH = 99.32° were obtained using the Linnett equations® and were
similar to those determined by infrared spectroscopy’, which confirmed these
assignments. In Raman (unlike infrared), the intensity of the band
corresponding to the v(N-H) mode was almost double that the v, (N-H) mode
whose intensity was weak, and also double that of the v(N-H--),... mode.

In the deuterated sample, Fig. 2b, the decrease in intensity was higher
in the bands for v_(N-H) and v(N-H-), .. than for v (N-H), which remained
nearly unchanged. This led to a weak intensity in the v (N-D) band, which
makes it difficult to determine in the spectrum, and a clear band centered at
2446 cm™' and tentatively assigned to v _(N-D). Unlike the case of PRC?, the
stretching bands corresponding to the v(NHD) groups were not observed in the
Raman and infrared spectra of PRC-HCL.

The 1900-700 cm™ range, in Fig. 3a, showed an increase in the
frequency of the v(C=0) mode appearing at 1693 ¢cm™ (IR) and 1699 cm’
(Raman) compared to that of PRC*, 1665 cm™ (IR) and 1671.5 cm™ (Raman),
which is consistent with a decrease in v(C-N). This was caused by a slight
decrease in the quinonoid character of the ring on formation of the
chlorhydrate. Depolarization of the I'(NH,) mode and the appearance of weak
intensity in several ring modes were also observed in this range.

In the deuterated molecule, Fig. 3b, neither the scissor modes B (NH,)
and P, (ND,) nor bending modes in the NHD groups were identifiable.

The torsion and wagging modes of the p-amino group appear in the
700-100 cm™ range, Fig. 4. Thus, the shoulder at 510 cm™ disappeared on
deuteration of the sample; in contrast there was a weak band at 381 cm’, which
on the basis of its shape and position in the spectra was assigned to the y(NH,)
and y(ND,) wagging modes, respectively. The bands at 483, 409, and 215
cm’!, were also related to this mode, associated with transitions between
inversion energy levels.

The bands at 373 ¢cm™ and 280 cm™ have been assigned to the t(NH,)
and t(ND,) torsional modes, respectively. The t(NH,)/t(ND,) ratio was in
accordance with theoretical calculations™. The bands corresponding to the
NHD groups have not been identified.
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Fig. 2. Raman spectra of PRC-HCL in the solid state. a) Non-deuterated. b)
Deuterated.

Aqueous solution

Figs. 5-8 depict the spectra, and Table 5, the eleventh-twelve columns,
Iist the bands observed in the spectra. Band assignments are given in the last
column.

Fig. 5a shows the spectrum for the non-deuterated sample in the 3700-
2600 cm* range. Comparing the spectrum with Fig. 2a, there was: a general
increase in the frequencies of the bands in accordance with the break of the
crystal structure and thus the greater freedom of the molecules in solution than
in the solid state. In the amino group, this increase was very high, ca. 100 cm™
for v_(N-H) and ca. 50 ¢cm™ for v (N-H).

A number of bands chiefly related to 6(C-H), several overtones, and
combination bands were not identified in the spectrum in aqueous solution.

The splitting of a single band into several bands, was observed in the
stretching modes v_(N-H) (weak bands at 3465, 3450, and 3422 ¢m™) and
v(N-H) (strong bands at 3373 and 3363 cm™).
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Fig. 3. Solid state, a) non-deuterated, b) deuterated.

The N-H stretching bands satisfy the relation [1]; thus, for the average
value (3446 cm™) of the frequency of the v (N-H) mode, is obtained a v* =
3373 cm’!, which differs from the experimental average value by an amount
within the standard deviation values for the equation.

The mean values of the frequencies v, (N-H) and v (N-H) were used to
calculate the force constant K, and the HNH angle of the amino group®
(Table 6). The value of K, was higher in the solid state (because of the
influence of the crystalline field) than in solution. The value of the angle HNH
increased in solution due to the low influence of the CL" ion on the hydrogens
of the p-amino group, because of the greater freedom of these atoms and
consequently widening of the angle HNH between both hvdrogens. This value
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Fig. 4. Solid state, a) non-deuterated, b) deuterated.

was similar to those obtained for benzocaine and procaine of free basis*’,
without the influence of the CL" ion of the chlorhydrate.

In the deuterated molecule, the spectral range between 2200 and 3700
cm’ is plotted in Figs 5b and 6. No band is clearly visible in Fig. 6a, because
of interference by the spectrum® of D,0. Fig. 6¢ represents the result of
removing this interference by subtracting a previous record of the spectrum of
D,0 (Fig. 6b) from the spectrum of the sample using a computer program
installed in the Laser-Raman spectrophotometer. This Figure 6c shows clearly
identifiable the bands related to the v(N-D) modes (Table 5). The bands at
2545.5, 2528.5 and 2509.5 cm™ were assigned to v, (N-D), while the higher
intensity bands at 2448.5, 2436 and 2424 cm™ were assigned to the symmetric
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Fig. 5. PRC-HCL in aqueous solution, a) non-deuterated, b) deuterated.

mode. The mean values of the relations v, (N-H)/v_ (N-D) = 1.363 and
v{N-H)/v(N-D) = 1.382 were in consonance with the data for the solid state
and with those for other local anesthetics®’. Using these bands in the equation

v, (N-D) = 723.4 + 0.682 v (N-D) [2]
yielded a low deviation of 11.2 cm™, a little higher than for the non-deuterated
compound. The Linnett® equations, were used to calculate the values shown
in Table 6. There was generally good agreement between the values for the
non-deuterated molecule and those for the deuterated form.

In contrast to the results obtained for the solid state, in solution the N-H
stretching modes disappear totally in the isotopic change, with two bands
appearing at 2494 and 2466 cm™', which were assigned to the N-D stretching
mode in NHD groups.
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Fig. 7. Aqueous solution of PRC-HCL, a) Non-deuterated, b) deuterated.

Fig. 7a depicts the spectrum of the non-deuterated sample in the 800-
2000 cm? range. In contrast to the solid state, many new bands appeared in the
1700-2000 cm™ range and were assigned to overtones or combination bands.
The bands corresponding to the modes f(NH), I'(NH,) and several 3(C-H)
and 8(C-N) in the tertiary amine were not identified. Ring modes 19b and 5
were not observed.

The deuterated form is shown in Fig. 7b. In the spectrum is not
identified the high intensity band at 834 cm™ and assigned to the ring mode
17b, y(C-H).

Fig. 8 depicts the Raman spectrum in the 800-200 cm™ range. Based on
their broad form and position in the spectrum, the bands at 602 and 519 cm™
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Fig. 8. Aqueous solution of PRC-HCL, a) Non-deuterated, b) deuterated.

were assigned to the wagging mode of the NH, group, while those centered at
475 and 368 cm’ corresponding to the y(ND,), with a non-
deuterated/deuterated ratio close to 1.35, in consonance with theoretical
calculations™. These bands appear at slightly lower frequencies than in the
solid state, consistent with the increase in the frequencies for the stretching and
torsion modes.

Deuteration of the sample brought about a decrease in the intensity of
the bands at 460 and 419 cm, associated with amino group modes.
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Table 6. Values of the force constant (K o xp) in mdynes A, and the angle 6
between the two N-H bonds in degrees, calculated for the p-amino group of PRC-

HCL in aqueous solution.

_amino srou Mean value Mean value K 0
p group v (cm™) v”(cm'l) NH or ND HorD
-NH, 3368 3445.7 6.45 110.0
-ND, 2436.2 2527.8 6.42 107.2

SUMMARY AND CONCLUSIONS

Except for large differences in several of the torsion angles of the
diethyl-amino group, the conformation of the PRC cation was similar for AM1
and the five salts. In all these structures, the cation assumes a frans
conformation about the O(8)-C(9) bond. For C(9), C(10), and the non-
hydrogen atoms in the p-aminobenzoate moiety, the rotations by AM1 are
small enough to attain an almost planar conformation.

Strong intermolecular hydrogen bonds were observed in the solid state
of this compound, through the chlorine atoms of the hydrochloride. On
transformation of the procaine molecule to its hydrochloride form, the
stretching frequency of the C=0 mode increased and the C-N mode decreased,
as a result of the differing natures of the intermolecular bonds in PRC and
PRC-HCL and the loss of the quinonoid character of the benzene ring.

The good agreement for the frequencies of the antisymmetric and
symmetric N-H stretching modes with equation [ 1] indicates symmetric N-H
bonds in the p-amino group, with similar electron density. Thus, the bands
corresponding to the N-H and N-D modes in amino groups partially deuterated
NHD were not observed. In aqueous solution, the slight discrepancy in the
values relative to equation [1] originated the N-D stretching bands in NHD
groups.

The non-deuterated/deuterated ratios were consistent with the rules of
the isotopic change in the spectal frequencies for the p-amino group.

The bands for the torsion and wagging modes of the p-amino group
were detected and identified.
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