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Molecular structure and properties of oxime phosphonates:
an FTIR and quantum chemical study
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Peculiar features of the molecular structure, isomeric composition, and hydrogen bonding
in new, potentially physiologically active y-oxime alkylphosphonates were established.
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Compounds containing an oxime fragment can re-
activate a vital enzyme cholinesterase inhibited by toxic
organophosphorus compounds.! A number of 3-oxo-
alkylphosphonic acid derivatives are non-anticholinest-
erase compounds of low toxicity and possess the antidote
properties (with unusual mechanisms) with respect to poi-
soning with anticholinesterase agents.2 To design novel
potential antidotes by combining these two types of frag-
ments, investigations on the synthesis and properties of
oximes of 3-oxoalkylphosphonates were carried out.

The synthesis of these compounds results in a mixture
of E- and Z-isomers.3

(MeO)zP(O)C(Me)QC\HQ
/C:N\
Me OH
E

(MeO)ZP(O)C(Me)ZCI\-|2 /OH
/C =N
Me
Z

The E-isomer was isolated as a single crystal. Accord-
ing to X-ray analysis data, it exists in the form of cyclic
H-bonded dimers of the "head-to-tail" type.3 Since the re-
activity of oxime compounds as cholinesterase reactivators
depends on their structure,4 it was of interest to determine
the aggregation state, £/Z isomer ratio, and specific fea-
tures of the molecular structure of oxime of 1,1-dimethyl-
3-oximinobutylphosphonic acid dimethyl ester (substance

of domestic drug "Dimephosphon”) in the solid state and
in solutions. However, the investigations were compli-
cated by the fact that only the E-isomer was isolated
(from product 1, see below) in individual state from the
reaction mixture. Information on the Z-isomer was ob-
tained by comparing the IR spectra of product 1 and a
polycrystalline mixture enriched with the Z-form (prod-
uct 2) using quantum chemistry methods.

Experimental

3P NMR spectra of solutions in CH,Cl, were recorded on a
Bruker CXP-100 spectrometer operating at 36.5 MHz. Oxime of
1,1-dimethyl-3-oximinobutylphosphonic acid dimethyl ester was
obtained as a mixture of £- and Z-isomers by the reaction

MeC(=0)CH,C(Me),—P(=0)(OMe), + H,N—OH - HCI +
+ Py - MeC(=NOH)CH,C(Me),—P(=0)(OMe),

in 65% yield, m.p. 96—103 °C. Found (%): C, 43.21; N, 6.20;
P, 13.95. CgH3O4PN. Calculated (%): C, 43.04; N, 6.27;
P, 13.88. 3'P NMR (8p): 37.91, 38.50 (integrated intensity ratio
is about 85 : 15%). Product 1 was isolated by fractional crystalli-
zation from ethyl acetate, m.p. 105—106 °C. 3P NMR (5p):
37.90. After isolation of product 1 and removal of ethyl acetate
in vacuo the residue (polycrystalline mass enriched with the
second isomer) was used as product 2, m.p. 96—98 °C.

IR spectra of the products under study in the solid state
(KBr pellets) and in CH,Cl, solutions (C = 0.1—0.03 mol L™/,
cell thickness / = 0.109—0.407 cm) were recorded on a Bruker
Vector-22 FT-IR spectrometer in the 4000—400 cm™! range
with a resolution of 4 cm—1.

All calculations were carried out in the framework of the
density functional theory with the B3LYP functional and the
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Table 1. Scale factors (m) used in vibrational frequency calcula-
tions of oxime phosphonates

Natural Structure element m
coordinate
Stretching C—C,C—N,N—0, 0—C 0.92077
C—P, P-O 1.040 8
P=0 1.0228
O—H 0.95277
C—H 0.889 8
Bending CCC, CCN, CNO, CCP, POC 1.01447
CPO, OPO 1.0708
CCH, OCH 0.9507
NOH 0.8767
HCH 0.90167
Torsion Any 0.95237
Out-of-plane deviation All 0.9767

6-31G* basis set using the GAUSSIAN-98 program’ at the
Supercomputer Center of Collective Use, Kazan Scientific Cen-
ter, Russian Academy of Sciences. To correct for systematic
errors, the calculated force constants were multiplied by the
scale factors m: F™; = (m;my) 12 Fy, where Fj; are the force
constants in the dependent natural coordinates® and m;; and my
are elements of the scale factor matrix. Since the GAUSSIAN-98
program allows force constant calculations in Cartesian coordi-
nates, subsequent transformation to the natural coordinates and
scaling were carried out using a normal coordinate analysis pro-
gram’ and then a conventional secular equation GF™L = LA
was solved® using the scale factors listed in Table 1. The scale
factors were chosen earlier?”? in such a manner that the normal
vibrational frequencies calculated in the framework of this ap-
proach for a wide variety of molecules correctly reproduce the
corresponding experimental data. Evaluation of the scale factor
set using data for various compounds including conformation-
ally inhomogeneous ones revealed transferability of these pa-
rameters; in addition, the experimentally observed conforma-
tional sensitivity of vibrations was reproduced using the same
scale factors for different conformers.?

Results and Discussion

The spectrograms of polycrystalline products 1 and 2
(Fig. 1) differ insignificantly. Both of them exhibit
well-documented1%11 key absorption bands v(OH)
(3300 cm~!), v(CH) (3000—2850 cm~!), &(CH)
(1480—1300 cm~!), v(P=0) 1230 cm~!, v(CC)
(1195 cm™1), v(CO) (1060/1030 cm™!), and v(P—O)
(830 cm™!), as well as some other bands (NO, POC,
CNO, CCC) at 1300 cm~! and at lower frequencies. These
parameters are consistent with the structural formu-
las given above. The v(C=N) absorption bands near
1650 cm~! are weak and almost indisinguishable against
the background (see Fig. 1, spectra I and 2), which is in
agreement with the published data.%>10

To obtain a more detailed picture and to reveal more
subtle effects, we studied the spectra of solutions using
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Fig. 1. FTIR absorption spectra of products 1 (/) and 2 (2) as
KBr pellets and the difference spectrum (3).
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difference spectrometry and the results of quantum chemi-
cal calculations of the molecular structure and vibrational
spectra of the E- and Z-isomers.

The difference spectrum recorded for the solid phase
(see Fig. 1, curve 3) shows some features indicating dif-
ferent degree of inhomogeneity of the samples and differ-
ent quantitative characteristics (£/Z ratios) of the samples
of chemically identical composition (the same vibrational
frequencies but different intensities).

The spectrograms of the solutions in CH,Cl,, which is
a medium of low polarity, are also quite similar (Fig. 2,
spectra / and 2). At the same time they allow one to draw
some conclusions on the behavior of the oxime hydroxyls.
In both cases the absorption bands in the region of v(OH)
stretching vibrations are clearly split into a broad compo-
nent with a maximum at ~3285 cm~! and a narrow sharp
band with a maximum at 3578 cm~!. The relative inten-
sity of the first component decreases while that of the
second component increases with dilution. This is an in-
dication of equilibrium solutions, which also points that
the low-frequency component should be attributed to the

‘MMM
WW

3500 3000 1500 1000 v/cm~!

'S

-—

Fig. 2. FTIR absorption spectra of solutions of products 1 (1)
and 2 (2) in CH,Cl, (C = 3-10=2/mol L~!, / = 0.407 cm) and
the difference spectrum (3); the region of strong absorption of
the solvent is asterisked.
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OH groups involved in the intermolecular hydrogen bond
(vP(OH)) while the high-frequency component charac-
terizes the "nonbonded/free” OH-groups of the molecules
(vf(OH)) (quotation marls imply the possibility of inter-
action with the medium). Previously, the v(OH) bands in
the spectra of B-oxime phosphonates!? in CCl, solutions
were observed in nearly the same intervals, namely, at
~3600 (vi(OH)) and ~3200—3280 cm~! (vP(OH)). Thus,
the samples studied in this work show a similar behavior

in solutions. In particular, the vf(OH) bands of the Z- and
E-isomers almost match each other, which agrees with
the results of our vibrational frequency calculations
(Table 2) and with the published data.1® Symmetric shape
of the vP(OH) band at ~3285 cm~! indicates that the
FE- and Z-isomers of products 1 and 2 are characterized by
the same or very similar frequencies. This is not surprising
because here the most probable are H-bonded chains
OH...O=P. The difference spectrum of the solutions in

Table 2. Experimental and theoretical IR spectra of E- and Z-isomers of 1,1-dimethyl-3-oximinobutylphosphonic acid dimethyl

ester?
Assignment?® IR spectra of product 1,¢ v/cm™! Calculations (B3LYP/6-31G*), v/cm~! (4)¢
e
(PED* (%)) KBr CH,Cl, E, Z Z
v(OH) (99) — 3578 m 3669 (71) 3671 (71) —
v(OH) (99) 3406 m.sh 3288 m — — 3354 (305)
v(OH)nterHB 3290/3274 vs — — — —
v(CH3), v(CH,) (98—36) 2985—2851 m 3007—2862 (3—58), 17 frequencies
v(C=N) (77) 1645 vw,br 1651 vw,br 1656 (4) 1662 (5) —
v(C=N) (73) 1610 vw 1607 vw — — 1614 (4)
8(CHs), 8(CH,) (96—30) 1477—1367 m, w 1476—1395 (0—22), 16 frequencies
B(OH) (14) B — — — 1392 (32)
B(OH) (30) — — — 1349 (37) _
w(CH,) (40) — 1356 vw 1342 (16) 1332 (13) —
©(CH,) (78) — — — — 1329(4)
B(OH) (40) 1330 w 1323 w 1320 (44) — —
©(CH,) (54) 1292 sh — 1289 (1) 1275 (18) —
w(CH,) (52) — — — — 1301 (1)
v(P=0) (79) 1236 sh 1235 vs 1272 (127) 1272 (92) —
v(C—C) (40) 1223 vs — 1223 (25) 1223 (43) 1249 (21)
v(P=0) (44) — — — — 1222 (68)
v(C—C) (16) 1195 1195 sh 1203 (16) 1204 (17) 1188 (35)
p(CHs) (89—26) 1182—1167 m 1185—1152 (0—40), 5 frequencies
V(C—C) (24) 1122 m 1119 w 1114 (35) 1112 (27) 1124 (13)
v(C—0) (72) 1053 vs 1060 vs 1057 (292) 1056 (308) 1054 (369)
p(CHs3) (30) — — — 1044 (27) 1044 (66)
p(CH3) (47) — — — — 1040 (14)
v(C—0) (63) 1026 vs 1038 vs 1036 (279) 1034 (245) 1027 (224)
p(CHs) (56) — _ 1032 (11 — —
p(CH;) (30) 1020 vs 1020 sh 1022 (98) 1025 (96) —
p(CH3) (35) 1000 sh 1000 sh 1006 (7) 1008 (9) 1013 (9)
v(N—O) (43) 967 m 968 w 958 (69) — 959 (42)
p(CHj3) (32), v(C—C) (50) — — — — 957 (9)
v(C—C) (56) — — — 950 (12) —
p(CHs) (53) 953 m 948 w 945 (19) 942 (23) —
v(C—C) (29) — — 940 (18) — —
V(N—0) (69) _ 930 sh — 933 (68) —
v(C—C) (31) — — — — 931 (10)
v(C—C) (20), v(N—0O) (21) 889 m 882 w 880 (21) 897 (4) 886 (6)
v(C—C) (41) 847 m 845 m 829 (43) 841 (25) 842 (6)
V(P—0) (55) 8265 827 s 812 (143) 811 (135) 820 (111)
V(C—C) (47), v(P—0) (19) 803 m 801 m 790 (77) 792 (69) 799 (41)
V(C—C) (51), (P—0) 27) 763 m 770 m 746 (60) 748 (61) 761 (64)
735 m.br f — — —
B(C—C—C) (13) 701s f 690 (11) 687 (10) —

(to be continued)
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Table 2 (continued)
Assignment? IR spectra of product 1,¢ v/cm™! Calculations (B3LYP/6-31G*), v/cm~! (4)?
(PED* (%))
KBr CH,Cl, E, Z 7

¥(OH) (50) — — — — 667 (142)
¥(OH) (30), v(C—P) (20) — — — — 639 (45)
B(CNO) (18) 651w 658 w 640 (6) — (19)
B(CNO) (41) — — — — 601 (1)
B(PO3) (28), B(OH) (15) 600 vw 600 vw — 595 (62) —
B(CNO) (32) — — — 589 (16) —
B(CCC) (18) 559 m 554 m 559 (56) — 579 (1)
B(CCC) (27), — — 523 (37) — —
Y(C=N) (17), ¥v(OH) (15) — - — — —
B(CCC) (20) 504 w 510 sh — 504 (22) 496 (26)
B(POC) (42), B(OPO) (30) 473 w 497 m 497 (3) 495 (5) 475 (18)
B(CCC) (25) 455 w — 449 (16) 443 (7) —
B(CCC) (35) — ! 428 (26) 417 (35) 443 (5)

412 vw — — — —
v(OH) (32), B(CCC) (7) ! 405 (79) 400 (58) 416 (6)

@ Since the frequencies in the spectra of products 1 and 2 are the same, listed are only the experimental values for one of them, namely,
product 1. Well-documented!? vibrational frequencies v, & and p alkyl radicals for each multiplet are given in a single row.
b Notations 1: v is stretching, & is bending, P is scissoring, v is out-of-plane deformation, 7 is twisting, w is wagging, and p is rocking

vibrations.

¢ Notations 2: s is strong, vs is very strong, w is weak, vw is very weak, m is medium, sh is shoulder, and br is broad band.

4 The scaled calculated frequencies and intensities (4/km mol~1).

¢ Potential energy distribution.
/Regions of strong absorption of the solvent.

CH,Cl, at equal C and / (see Fig. 2, curve 3) shows some
features similar to those observed in the difference spec-
trum of the solid samples.

We calculated the molecular structures, energies, and
IR spectra of possible conformers of the E- and Z-isomers
(£, and Z| isomers without intramolecular hydrogen bond
(IntraHB) and Z, (with IntraHB)) (Fig. 3). The calcu-
lated geometric parameters of the energetically most fa-
vorable form E; are in reasonable agreement with the
X-ray analysis data (see Ref. 3). Theoretical IR spectra
also agree with the experimental spectrograms (see
Table 2). Table 2 shows that the frequencies and intensi-
ties of some vibrations are different for the three isomers.
First of all, as should be expected, the v(OH) frequencies

for the Z,-isomer are much lower than for the E}- and
Z,-isomers. Comparison of the theoretical v(OH) fre-
quencies of the Z;- and E-isomers with the experimental
one (Vi(OH) = 3578 cm™!) gives a scale factor of 0.975.
With allowance for this scale factor the vIntraHB(QH)
frequency of Z, equals 3270 cm~! (¢f. experimental
v(OH)IntertHB yalye of 3285 cm™!). However, the intensity
of the corresponding band, which is quite symmetric in
the spectrum of the CH,Cl, solution (see Fig. 2), de-
creases upon dilution of the solution to nearly zero as
compared to the internal reference, namely, the v(CH)
peak at 2850 cm™!; this is typical of the intermolecular
rather than intramolecular hydrogen bond. In the case of
thermodynamic equilibrium the estimates for the solu-

E(0)

Z, (4.1) Z, (7.1)

Fig. 3. The most stable molecular forms E, Z|, and Z, of 1,1-dimethyl-3-oximinobutylphosphonic acid dimethyl ester (according to

calculations; relative energies in kJ mol~! are given in parentheses).
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tions could be obtained using the energies calculated from
the following relations!3

Ny,/Ng = exp[~AE/(RT)] = 0.83,
Ny,/Ng = exp|~AE/(RT)] = 0.06.

It follows that at room temperature (300 K) the
E, : Z, : Z,)"aHB jsomer ratio is 1 (53%) : 0.83 (44%) :
: 0.06 (3%). However, it should be emphasized that the
E- and Zisomers are geometric isomers rather than con-
formers that can undergo interconversion under normal
conditions. Therefore, the actual F : Z ratio depends on
the synthesis conditions. The theoretical Z;/Z, ratio is
practically important and indicates that the Z,-isomer
can only be present in small amounts.

According to calculations (see Table 2), the vibra-
tional frequencies in the low-frequency region (usually,
this is the conformationally more sensitive region) should
be attributed to the FE-isomer (at 523 (optical density
A=137),559 (4= 56), 640 (4= 6), and 829 cm~! (4 = 43))
and to the Z-isomer (at 589 (4 = 61), 595 (4 = 62), and
841 cm~! (4 = 25)). The fact that these two groups of
characteristic bands are detected in the spectra of both
products (see Fig. 1 and 2, Table 2) provides a strong
proof of non-individual character of the products.

Thus, detailed analysis of experimental spectral data
and results of calculations confirmed that products 1 and 2
isolated under experimental conditions represent mixtures
of E- and Z-isomeric oximes with different E/Z ratios
both in the polycrystaline state and (in agreement with
NMR data)3 in CH,Cl, solutions.

The next step was to determine the content and quan-
titative characteristics of the E- and Z-isomers as well as
(for solutions) H-bonded (with v®(OH)) and H-non-
bonded (with vi(OH)) forms of the molecules. Based on
the difference spectra (see Figs 1 and 2, spectra 3) and
calculations (see Table 2), we chose two well-separated
bands at ~555 and ~600 cm~! as "fingerprints” of the

E- and Z-isomers. Other individual bands are distorted by
the solvent effects. The common absorption maximum
v(CH) at 2850 cm~! was treated as internal reference (st).
When analyzing molecules with "free" and associated hy-
droxyl groups in solutions, two clearly different frequen-
cies vi((OH) and v°(OH) at 3578 and 3285 cm™!, respec-
tively, were chosen (see above).

Using the baseline technique, we measured the inte-
grated (S is the surface area under the spectral contour
recorded in the optical density units A = logly/I, cm™1)
and peak (D™Ma) intensities of the "fingerprint" absorption
bands at 600 (Z-isomer), 555 (E-isomer), 3578 ("free"
OH groups) and 3285 cm~! (associated OH groups) for a
series of eight solutions of the products 1 and 2 in CH,Cl,
(concentrations varied from 0.3 to 0.03 mol L~!; cell
thickness / was in the range 0.109—0.407 cm). Correla-
tion analysis!4 showed that these parameters (denoted as
Y) depend on the concentration C as Y = aC (absolute
term almost equals to zero) with different correlation co-
efficients (» = 1) in the last three cases. Thus, the
Buger—Lambert—Beer law is valid. Owing to the low
intensity of the E-isomer peak at 600 cm~! the errors in
measurements increase; therefore, the parameters were
estimated graphically. The integrated (%) and peak (kM%)
extinction coefficients calculated from the relations ob-
tained are equal to 140 and 14, 190 and 10, 740 and 19,
and 2080 L mol~! cm™2 and 15 L mol~! cm™! for the
bands at 555, 600, 3576, 3285 cm™!, respectively. The
errors in determination varied from a few per cent for the
v(OH) bands to 10—15% for the vZ values. Table 3 lists
the S and C values for the isomers, their monomers and
associates in the two pairs of solutions, which illustrate
the parameters and their convergence. Processing of the
data for other solutions and corresponding correlations
gave essentially similar results.

After averaging of the results of measurements it was
concluded that products 1 and 2 exist in solution as mix-
tures of E- and Z-isomers (£ : Z = 95 : 5 for 1 and about

Table 3. Data of intensity measurements of the "fingerprint" absorption bands and results of calculations of the content of E- and
Z-isomers of products 1 and 2, monomeric (f), and H-bonded (b) molecules in CH,Cl, solutions using experimental data and

correlations obtained in this work*

Product //cm SE555 SZ600 CE CZ CE** CZ** Sf3578 Sb3285 Cf Cb Cf** Cb**
1 0.280 0.571 0.030  0.029 0.001 0.028 0.002  4.228 5.966  0.020 0.010  0.020  0.010
7 (3) 93) (7 (67) (33) (67) (33)

0.407 2.262 0.053 0.029 0.001 0.029  0.002  5.501 9.038 0.018 0.011 0.020  0.010

7 (3) 7) (7 (60) (37) (67) (33)

2 0.280 0.319 0.188 0.025 0.005 0.024 0.006 4.345 5.968 0.021 0.010 0.020 0.010
(83) (17) (80) (20) (70) (33) (67) (33)

0.407 1912  0.278 0.025 0.005 0.025 0.006 5.675 9.050  0.019 0.011 0.020  0.010

(83) (17) (83) (18) (63) 37) (67) (33)

* The initial concentration is 0.03 mol L~!; the concentrations (C) are given in mol L~! and in per cent (figures in parentheses).
** Concentrations calculated from the peak intensities (D™Ma%),
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80 : 20 for 2). Evaluation based on the relative intensities
A/A% (A% is the optical density of the internal reference,
the peak at 2855 cm™!) lead to nearly the same values.
Based on this fact, we determined the CE/CZ ratio and for
the starting solid powder products 1 and 2, which ap-
peared to be equal to the previous estimates. Preferableness
of the E-isomer revealed in quantum chemical calcula-
tions (see above) is thus confirmed experimentally with
allowance for the synthesis conditions of the samples in
the condensed phase and for the absence of thermo-
dynamic equilibrium between the isomers.

Considering the characteristics of vi{(OH) and v°(OH)
in solutions, correlations analysis showed that the inten-
sity of the band corresponding to the H-bonded hydroxyls
tends to zero with dilution (see above). The proportion of
the molecules with associated hydroxyl groups is 80% at a
concentration of 0.3 mol L~!, decreases to 60% upon
threefold dilution, and then decreases parabolically (see
Table 3).

According to X-ray analysis data (see Ref. 3), hydro-
gen bonds between the E-isomer molecules favor the for-
mation of cyclic dimers (A). It is natural to assume that
this also occurs in solutions. The formation of linear
hydrogen bonds between molecules of the same isomer or
different isomers (B) is also possible. Clearly, steric con-
siderations allow both isomers (£ and Z) to form both
cyclic and linear associates. In the latter case, dimeric
associates are more preferable because of the constant

b value for the solutions chosen. Polymeric H-chains
should cleave with dilution; this should be accompanied
by the appearance of high-frequency bands near the v® fre-
quencies of the short chains. This suggests the possibility
for equilibrium between monomers (see Fig. 3), cyclic
dimers (A), and linear dimers (B) to exist in the solutions
of compounds 1 and 2 in CH,Cl, (Scheme 1). The
observed increase in v(P=0) from 1223 (in KBr) to
1235 cm~! is in agreement with involvement of the phos-
phoryl group in the intermolecular hydrogen bond.

Scheme 1

\/
P=0---H—0
oy e O
O—H---0= vy o— H---~O/UOH
A B

Relations in the available!5—17 make it possible to
calculate the energy of bridging hydrogen bonds
>C=N—OH...O=P (or ...N). According to logansen’s
"frequency rule",1® one has (AH)2 = 1.92(Av — 40)
kJ mol~!. In our case, one has Av = 3580 — 3285 =
295 cm~!. Therefore, one H-bridge provides a rather large
enthalpy gain (AH) of 22 kJ mol~! (5.3 kcal mol~1), which

is consistent with the corresponding correlations for orga-
nophosphorus compounds.!” A tendency of the oxime
phosphonate molecules to undergo H-bond-assisted
cyclodimerization is important for prediction of their
physiological activity; relevant information is necessary
for correct analysis of specific features of biological prop-
erties and establishment of corresponding structure—prop-
erty correlations. Indeed, both most reactive functional
centers in cyclic dimers, i.e., the phosphoryl (P=0) and
hydroxyl (oxime hydroxyl OH) groups, become com-
pletely or partly self-blocked.

Thus, we have shown that products 1 and 2 exist in the
polycrystalline state and in solutions in the solvent of low
polarity (CH,Cl,) as mixtures of geometric isomers of
molecules with the anti- (E) and syn-orientation (Z) of
substituents in the oxime fragment and differ in the
E/Z ratio. The high-melting and readily crystallizable
product 1 (single crystals of 1 can be grown) is character-
ized by the E : Zisomer ratio of about 95 : 5 (in per cent).
Product 2 also contains the E-isomer as the major com-
ponent (E : Z isomer ratio is about 80% : 20%). Products
1 and 2 both in the solid state and in CH,Cl, solu-
tions form intermolecular H-associates of both molecular
forms, which decompose to the monomeric form with
dilution.

The results obtained are important for further studies
under almost in vivo conditions, aimed at establishing the
action mechanisms and possibility of practical use of the
drugs described.
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