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Abstract—A careful assignment of the i.r. and Raman spectra of CH,P(O)(OCH;),, CD,P(O}OCH,;),,
CH,P(O)(OCD,), and CD,P(O)OCD,), and a comparison with those of the parent molecules
CH,OP(O)Cl, and CD,OP(O)Cl, suggest that only one conformer exists in the liquid state. This conformer
is probably close to the most stable one calculated by CNDO/2 and ab initio STO-3G methods, with one
CH;O group trans and the other cis to the P=0 group. The characteristic modes of the CP(OXOC),
skeleton are analysed through a force field calculation. It is shown that the stretching vibrations of the single
bonds PC and PO are strongly coupled. As already observed for carboxylic esters, it is shown that only
mixed skeletal modes and mostly the bending modes are sensitive to the conformation of the methoxy
groups around the P-O single bond. On the other hand the v(P=0) mode does not vary for the different
conformers, and the extra components appearing in its vicinity, as well as in that of the w(P-C) main
vibrational mode, are best understood as being due to Fermi resonances with harmonic or combination
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tones coupling with these modes.

INTRODUCTION

It is well known that for the esters of carboxylic acids,
the s-cis conformation of the R-O group is usually the
more stable one [[1]. Nevertheless, when the R group is
bulky, an equilibrium between the s-cis and s-trans
conformers may be observed, as for tertiobutyl form-
ate [2,3]. Existence of conformers for phosphonic
esters is still questioned, and splittings of the i.r. and
Raman bands, P=0) for tributylphosphate [4] or
v(P=0) and w(P-C) for dimethylmethylphosphonate
[5-7] are often assumed to reflect the presence of such
conformers. As we have done for the carboxylic esters
[2], a careful assignment of the spectra and a normal
mode analysis allows us the possibility of detecting
such conformers through vibrational spectroscopy.

As we are interested in obtaining a good under-
standing of the vibrational spectra of the substituted
phosphonates (RO),P(O)CH,Y, which are used both
as extractants—mainly when Y =-CONR}, [8]—and
as Wittig~Horner reagents [9], we have undertaken a
normal mode analysis of the model compound di-
methylmethylphosphonate (CH,0),P(O)CH,. In the
course of this study we shall discuss the possibility of
observing conformers for this compound through
vibrational spectroscopy.

EXPERIMENTAL

Dimethylmethylphosphonate (D,) and its deuterated
homologues, CD,P(O) (OCH,), (D,), CH;P(O) (OCD,),
(Ds) and CD,P(O) (OCD,), (D,), were carefully distilled
before use. The (D) compound has been prepared by an
Arbusov reaction of the trimethylphosphite (CD;0),P in the
presence of CD,I [10] The trimethylphosphite is obtained
from the reaction of CD,0D over PCl;. The (D¢} compound
is obtained from the action of SOCI, over the (D,) compound
to give CH,;P(O)Cl, [11] which reacts with CD;ONa in

CD;OH [12]. The (D) compound is obtained in a similar
way from the (Dy) compound.

Raman spectra were obtained using a PHO Coderg ox
T800 Coderg modified Raman spectrometer. The 514.5 nm
exciting radiation was provided by an argon ion laser
(Spectra-Physics 164) with 200 mW power measured at the
sample position. The slit width was 3 cm~!. The calibration
of the spectrometers has been checked with reference to
emission lines.

RESULTS AND DISCUSSION

Structure of dimethylmethylphosphonate

The structure of dimethylmethylphosphonate has
not been measured by X-ray or electron diffraction. It
may show different conformations by a rotation of the
two methoxy groups around the P-O(C) bond, and in
order to get an insight into this conformational behav-
iour, VAN DER VEKEN and HERMAN have undertaken
a theoretical calculation at the CNDO/2 level of
approximation [13] which has further been confirmed
by an ab initio calculation using a STO-3G basis [14].
The cis positions of the two methoxy groups (the
methyl eclipsing the phosphoryl oxygen) define the
origin of the dihedral angles ¢, and ¢, of the (O)PO
and POC planes, describing their orientation.* Six
energetically different minima have been determined
on the conformation map, and only four of them (I, II,
IV and V) have ¢, and ¢, values which are close to the
ideal positions ¢, = 60n,, ¢, = 60n,, the most stable
conformation (I), being that where one of the methoxy
group is trans and the other gauche (¢, = 189.0°, ¢,
= 50.5°) [13]. In what follows we shall assume that the
dimethylmethylphosphonate has this structure and
consequently has no symmetry element except for the

*The rotation is counted positive when starting from the
origin to the direction of the methyl substituant.
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Fig. 1. The geometry of dimethylmethylphosphonate.

identity. We will further consider what changes may
be expected for the vibrational spectra of the IL, IV and
V conformers close to the ideal positions.

Assignment of spectra

Dimethylmethylphosphonate has 16 atoms, and no
symmetry. Its 42 fundamental vibrations may be
expected to be both ir. and Raman active. The
vibrational spectra of the compound D, and of its
deuterated homologues D,, D¢, Dg have already been
reported and analysed [5] but the Raman data were
obtained with a slit width of only 8 cm ~! which is too
large for a precise measure of close vibrational modes.
Our Raman frequencies are in rather good agreement
with ir. ones (Table 1), as expected, but they some-
times show differences of some cm ™! from those of the
previous authors [5]. These small differences may be
due both to the calibration of the spectrometer and to
the low resolution used by these authors [5].

The synthesis procedure that we have used allows a
slight exchange of the hydrogen or deuterium atoms of
the CX,P group (X = H or D) with the solvent (meth-
anol): small amounts (< 10%) of CH,DP and
CD,HP were observed in compound Dy and a very
small amount of CD,HP is observed in compound
D,. These isotopic impurities were easily identified
through 'HNMR spectra, the CH,P, CH,DP and
CD,HP groups having been characterized by a doub-
let, a triplet and a quintuplet, respectively, with chemi-
cal shifts relative to TMS of 1.447, 1.432 and
1.417 ppm. The coupling constants are J =17.38 Hz
and J = 2.20 Hz. Their corresponding i.r. and Raman
bands are not seen in the spectra of VAN DER VEKEN
et al. and are thus easily identified (Table 1). On the
other hand, our D, compound does not show visible
CH bands due to incomplete deuteration. These extra
bands are easily assigned, mainly to the stretching or
rocking vibrations of the CH,DP or CD,HP groups,
by comparison with the observed frequencies for such
groups in partially deuterated ethane [15]. Only the
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most intense symmetric stretching and parallel roc-
king modes are observed in the spectra of VAN DER
VEKEN and HERMAN [ 5] for D, and in our spectra for
D, and Dy

Our assignments for different isotopic compounds
are supported by comparison with the assignment of
the CH,P group in CH,P(O)Cl, [16] or in CH,PO,
[17], and with those of the CH;OP or CD,OP groups
in CH,;OP(O)Cl, and CD,OP(O)Cl, [14]. All the
bands observed for these groups in (CH;0),P(O)CH,
and its isotopic homologue are, indeed, very close to
those observed in the previous molecules where these
group vibrations are well separated from the low
frequency vibrations of the PCl, group. The O,P(O)C
skeleton vibrations are assigned by comparison with
the spectra of the (CH,0);P(O) molecule [18].

Our assignments are in general agreement with
those of VAN DER VEKEN and HERMAN [5], except for
the §,(OCH,) or 8 (OCD;) vibrations and for the
deformation vibration of the POC angles. We assign
the band at 500 cm ! in D, to a rocking PO, mode
rather than to a POC mode, in agreement with the
absence of isotopic '3C/'?C shift when the substitu-
tion is on the (OCH ;) groups [5].

Normal mode frequency calculation

The spectra of the four compounds show two
WC-0) stretching vibrations with frequencies very
close to those found for the trans and gauche conform-
ers of CH,;0OP(O)Cl, and CD,OP(O)Cl, respectively
[14], this seems in agreement with the existence of
only one conformer for this molecule with probably
one methoxy group trans and the other gauche. It is for
this reason that the normal mode calculation has
been done for the ideal conformation ¢, = 180° and
¢, = 60° which is very close to the most stable con-
former 1 as calculated by the CNDO/2 method [13].

The exact geometry of dimethylmethylphosphonate
is unknown, and so to establish the G matrix, we have
used the bond lengths and angles already selected by
VAN DER VEKEN [13] and summarized in Table 2.
Valence angle and bond coordinates have been used,
except for the CP(O)O, skeleton where group co-
ordinates individualizing the PO, group have been
introduced (Table 3). For the methyl group, usual
group coordinates have been employed (see for in-
stance [19] and [20] for the torsional frequencies).

The initial set of force constants has been trans-
ferred from molecules having similar groups, viz.
CH,P(0)(OCH,), [21], CH,PO%™ [17], HCOOCH,
[22] and the calculations were performed using the
GMAT and VBN programs [23]. The calculated
frequencies for the four isotopic molecules and poten-
tial energy distributions are summarized in Table 4.
Most of the 93 observed frequencies are reproduced
very accurately, using only 38 interaction force con-
stants, supplemented by 29 diagonal force con-
stants. The diagonal force constants have been as-
sumed to be the same for the two OCH, groups and
are given in Table 5 with the initial force field. The
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Normal mode analysis of dimethylmethyl phosphonate

Table 2. Angle and bond distances used for

CH,P(0} (OCH,),
Bonds d (A or 102 pm) Angles (°)
P=0 1.488 POC 116
P-O 1,560 6, 180
P-C 1.788 b, 60
o-C 1.450
C-H 1.110

For the selection of values see Ref. [13]. The
other valence angles around P or C atoms have
been taken to bé tetrahedral. For the definition of
the torsional ¢, and ¢, angle between the COP
and OPC planes, see the text.

different conformations of the two OCH, groups
(¢, = 180°, ¢, = 60°) are reproduced using only three
different interaction force constants: {OC)—§(PO,),
6(PO,)—4(POC) and t(PO,)—t(OCH,), two of them
having opposite signs. These opposite signs may be
partly compared with the behaviour observed for the
interaction force constant WC=0)—§(COC) found in
tertiobutylformate [2] in which a change of sign is
seen when going from the cis to the trans conforma-
tion relative to the C-O single bond. This fact has been
interpreted as a change of sign of the dipole—dipole
interaction due to the angle variations [3].

It may be noticed (Table 5) that the most relevant
diagonal and off-diagonal force constants remain
close to those initially proposed for similar groups in
other molecules. The diagonal force constants of the
methoxy groups, which were those of carboxylic esters
in set I, are all lowered in the phosphonic ester (set II)
in agreement with the electron withdrawing effect of
the phosphorus atom. Low intensity bands, both ini.r.
and Raman, appearing between 402 and 379 cm ™! for
compounds Dy, D;, D¢ and D, could not be calcu-
lated as a t(PO,) mode (which is strongly mixed with
the 6(CPO) and p(PO,) modes); we suggest that these
bands are overtones or combinations involving main-
ly the 6(POC) mode which can be in resonance with
the 6(CPO) mode located between 400 and 410 cm ™!
(Tables 1 and 4).
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Calculated and observed frequencies for different con-
formations

The possible conformers for the dimethylmethyl-
phosphonate are related to the rotation of the OCH,
group around the P—O(C) bonds. As for the esters [2]
we expected that only the skeleton vibration modes
and mainly those involving the angle deformation be
sensitive to the conformation. We have calculated the
frequencies for the three other conformations which
have been shown to be close to the ideal positions: IT
(¢ = —60°, p, =180°), IV (¢, = —60°, ¢, =60°), V¥
(¢, =60°, ¢, =60°). As expected the normal modes
involving the CH, and OCHj, groups (as well as the
wP=0)) vary very little with the conformation. We
have summarized in Table 6 the calculated frequencies
for the four different conformations of the D, isotopic
species using the same force field as for conformer I
The calculated frequencies for the D, species are
shown in Table 6 and similar results have been
obtained for the species D3, Dy and D,. While the
conformations I and II differ only by their bending
skeleton vibrations, the conformations IV and V may
be distinguished from the others by a change in the
skeleton stretching mode frequencies, related to the
changes in the PO and OC mixing.

Splittings of bands in the v(P=0) and v(P-C) region

Solvent or temperature changes may both lead to a
variation in the relative intensities of the two compo-
nents of a vibrationat mode, related to changes in the
position of the equilibrium between two conformers of
the same product. Temperature [24] or solvent [25]
effects may also induce small variations of the relative
positions of the levels involved in a Fermi resonance,
producing a similar intensity evolution. Isotopic sub-
stitution, which changes the form of some normal
modes, may lead to the disappearance of certain
resonances, as well as to the appearance of others,
while the existence of two conformers must preserve
the existence of two components for the vibrational
modes at least when the nature of the normal coordin-
ate does not change.

The calculation of the v(P=0) frequencies for the
four different conformations (Table 6) shows that this

Table 3. Group coordinates of the skeleton modes used for the force field

calculation

WP=0) =D, 8(CPO)  =1//30(5a—B,— B, —6—y,~7,)
WP-C) =D, 8(PO,)  =1/4/2045—y, ~y,—B;—f,)
WP-O;) =D; o(PO,) =1/2(B, + B> —7:1—72)
WP-Og) =D, o(PO,) =128y —B+7:—72)
WO0s—C) =D t(PO,) =1/2(B;—B2—7v1 +72)
WOeC) =D 8(POsC) =39,

HPO,LC) =39,

WPOsC) =¢,

Y(POsC) =¢,

- For simplicity D, a, 8, 7, 6, 9, ¢ have been written for their variation. For their
definitions see Fig. 1. The symbols for the group vibrations v, 8, . . . have been
used to indicate in this table the corresponding coordinates.
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Table SA. Diagonal force constants

Vibrational

mode Coordinate  Set [ Set IT Fundamental Coordinate Set 1 Set II
v(P=0) S, 9.27* 9.150 d{OCH,) S,1.523 0.62||-0.648 ** 0.585
w(P-C) S, 3.50*+ 3.290 d(OCH,) S,2:524 0.548 ** 0.535
w(P-0) S3,54 3.92%* 4.240 P”(OCH3) S,55:6 0.769**-0.871 || 0.870
v(O-C) Ss.56 4.82*-4.85%* 4.519 v,(CH3) S,, 4.719-4.788¢§ 4.750
v(CH,) S, 4.801-4.788§ 4.890 v,(OCH,) S,8:529 4.82((-4.903* 4.765
vi(CH,) Sg 4.78*§ 4.585 p(PO,) S0 0.50 1.420
v(OCH,) 86,511 5.033**-5091| 4.730 t(PO,) Si1 0.50 1.540
vi(OCH,) $10:512 4784919 4.610 ,(CH,) Si2 0.501-0.549 0.599
8(CPO) Si3 0.50 1.600 p.(CH;) Si3 0.631 0.536
&PO,) Sia 0.50% 1.920 8,(OCH,) 834535 0.5171-0.554** 0.499
w(PO,) S5 0.50 1.478 p,(OCH,) 836537 0.842**-0.871| 0923
S(POCQC) S16517 0.50 0.895 t(CH,) Sis 0.137 0.168
d,CH,) Sis 0.4831-0.519§ 0510 t(OCH,;) S19:840 0.03(|-0.035** 0.158
6{CH,) Si9 0.501-0.589 0.541 WPOC) Sa1:542 0.03 0.230
p)(CHy) S10 0.63+ 0.555

Stretching force constants: mdyn A~! (or 10~2N m~?). Bending force constants: mdyn A rad ™2 (or 10'® J rad"~2)

*[21], 1[17), $[27], §(28]. li[22], YI[2),** [29].

The initial force constants are those of Set L.

Table 5B. Off diagonal force constants

Coordinates Set I Set IT Coordinates Set I Set IT Coordinates Set I Set 11
85, xS, 0.010 S3% 85 —0.100 §,, %855 —0.030

{ AYERH 0.120 S4% S5 S,4 %856
NS S3x 8,5 0.080 S30% 83, -0.200
S, %8s 0.150 S4x S, S30% S5, -0.020
S, %8s 0.105 Ssx 81, 0.030 Sa0 % S35 —0.050
S.x 85 0.120 USe xS, 0.120 S31 % S39 —0.100

{ S, xS, 0.290 S, xS, —0.539+ —0.500 Sy X Sa0 0.030
5, xS, Sg xS,y Sy %S4, 0.050
S, %8s —0.180 S5 X35 —0.022% -0.150 { S3: %8S,
S, xS —0.13* —-0.200 Se X S16 S32 % 83, 0.080
S; %850 0.100 So xSy, —0.080 834 %S3¢ —0.030
S; xS, 0.310 NTES IS S35 % S5,

{ 83 %S5 0.150 S13%x8S1s 0.250 S34 XS4y 0.020
S, %S¢ S13% 82 —0.050 S35 %S4

{ S; xSy 0.110 S14%S1s —0.040 { S36 %S4y 0.115
SaxSys S14%S,5 0.030 S37%x 84,

{ S3%8;¢ 0.220 { S16% S, —0.040 S30% 5S4, 0.040
SaxSyq 817X 834 Sa0% 84z

S19% 85 —0.070

Stretch-bend interactions force constants: mdyn rad ™! (or 108N rad ).

*[17], $[29].

mode varies only slightly with the conformation. The
very close position observed for the ir. and Raman
components in the pure liquid indicates small aggre-
gation effects due to a centrosymmetric dipolar coup-
ling, as is usually observed in other polar solvents
[26]. The W(P=0) main band frequency increases by
8-10cm~! when comparing the polar pure liquid
spectra to those of the same compounds diluted in an
apolar solvent like CS, [5]. This upward shift due to
the local field effect of the surroundings is only ob-
served for the D,, D; and D¢ compounds. For the D,
compound the main component is observed at the
same frequency (1263 cm ') in the ir. spectra of the
pure liquid and of the dilute CS, solution. The other
component appears at different frequencies in the pure

liquid (1248 cm ™! in Raman and 1253 shinir.)and in
the CS, solution (1280sh in ir.). This particular
behaviour in the Dy compound is explained by a
Fermi resonance with different combination tones
having a small anharmonic coupling with the w(P=0)
mode for the pure liquid and the CS, solution. In the
pure liquid the w(P-O)+ p(PO,) combination is ex-
pected at 471 +776 = 1247 cm ™! in the Raman and at
475+779=1254cm™! in the ir. spectra. The un-
perturbed v(P=0) level may be estimated from the
solution frequency at 1263—8 =1255cm™!, which
explains the repulsion of the observed levels at 1248
and 1263 cm !, The combination is expected at 473
+778=1251 cm ™! in CS, solution, and the energy
exchange and repulsion between levels is very small
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Table 6. Calculated frequencies for the skeleton modes of four CH,P(O) (OCH,), conformers

(¢, = —60°, IV(¢,) = —60°
Vibrations (¢, = 180° ¢, = 60°) ¢, = 180°) ¢, =60°) V(¢, =60°,¢, =60°)
modes obs. calc. calc. calc. calc.
wP=0) 1240 1242 1242 1243 1247
wOC) 1058 1059 1052 1047 1055
w0OC) 1034 1029 1028 1036 1027
wPO) 820 824 830 841 823
wPO) 789 797 798 786 814
y(PC) 714 709 709 704 690
ofPO,) 500 501 508 505 494
p(PO,) 467 473 494 489 463
4(PO,) 455 450 471 441 443
4(CPO) 415 421 433 419 427
(PO,) 378 378 388 403
4(POC) 233 240 236 243 246
8(POC) 204 211 209 194 202
y(POC) 141 140 169 140
y(POC) 133 131 116 132
1240
671
[
714

INTENSITY

Fig. 2. Raman spectra in the WP=0) region of compounds
Dy, D3, Dg. (——)Dyg, (-—-)D;, (~——)Ds.

due to a small anharmonic coupling term. The shoul-
der seen at 1280 cm ™! in the Dy compound and at
1295 cm~! in the Dg compound is assigned to another
combination v(PO)+ o(PQO,), expected at 806 + 473
=1279cm™! and 806+491=1297cm ™! in the Dy
and D4 compounds respectively. The shoulders ob-
served at 1260 and 1261 cm ™! in the Raman spectra of
the pure liquid D, and D, compounds corresponds to
the WP-O)+ p(PO,) combination expected at 789
+467=1256cm™"' and 800+460=1260cm™! re-
spectively.

For the bands observed in the WP-C) region, the
solvent effects observed on the frequencies [S] are
negligible, and the lowering of the temperature from
room temperature to liquid nitrogen temperature for

INTENSITY

Fig. 3. Raman spectra in the v(PC) region of compounds D,
DS’ D6- ( )DO’ (___)D:!a (_'_'_')D6~

the D, and Dy compounds gives only a slight band
frequency increase of 34cm™!. The calculation
shows that the PO and PC vibration coordinates are
strongly mixed. These normal modes also involve the
p(CD;) coordinate in the D; and D, compounds and
the p (OCD;) coordinate in the Dy and Dy com-
poun&s (Table 4). This mixing satisfactorily explains
the frequency variations of the intense Raman w(PC)
band. On the other hand, changes of the conformation
(Table 6) give only small frequency variations of this
normal mode which is calculated at 709, 668, 681 and
650cm™! for the Dy, D4, Dg and Dy compounds
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respectively. We note (Table 4) that the o(PO,) mode
partly involves the w(PC) and 8(POC) coordinates.
Non-negligible anharmonic coupling terms between
the v(PC) fundamental modes and the combination
mode w(PO,)+ §(POC) may be assumed [25]. This
combination is calculated from the fundamentals at
5004204 =704 cm™!, 484+222=706cm™!, 489
+210=699cm™! and 489+186=675cm™ !, 445
+219 =664 cm ™! for the Dy, D,, Dg and Dy com-
pounds respectively. They fit very well the two compo-
nents observed mainly in Raman spectra (Fig. 3) for
the Dy, D; and D, compounds and for the three
components observed from the Dy compound, taking
into account the slight repulsion and energy exchange
of the levels due to the resonance. Although other
combinations may be found, this one, taking into
account all the components or shoulders for the four
isotopic compounds in agreement with the calcu-
lation, seems the more convincing.
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