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Summary: Incremental addition of the nerve gas simu-
lant dimethyl methylphosphonate (DMMP) to an acetone
solution of the bidentate Lewis acid 1,2-bis(chloromer-
curio)tetrafluorobenzene results in a downfield shift of
the 1%°Hg NMR resonance. This phenomenon is ex-
plained by the formation of a complex involving the
bifunctional Lewis acid and DMMP with a stability of
3.7 (£0.4) M~ Upon cooling of a hot solution of 1,2-
bis(chloromercurio)tetrafluorobenzene in neat DMMP,
needlelike crystals of a 1:2 complex are formed. This
compound has been characterized by IR, 3'P{1H} CP/
MAS NMR, elemental analysis, and X-ray single-crystal
analysis. The structural data show that the phosphoryl
oxygen atom of each DMMP bridges the two mercury
centers of the bidentate Lewis acid. The individual
adduct molecules interact by intermolecular Hg---Cl
contacts, which leads to the formation of polymeric
chains. Each chain interacts with two neighboring
chains via formation of offset w—m contacts. These weak
interactions result in the formation of layers that sand-
wich the coordinated DMMP molecules.

Introduction

Polydentate Lewis acids have emerged as useful
receptors for anionic and neutral basic substrates.1?
While great emphasis has been placed on the recogni-
tion of anionic guests,’~3 only a few studies have focused
on the binding of neutral molecules.*~° However, it has
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been demonstrated that bidentate Lewis acids form
complexes with organic carbonyls in which the carbonyl
oxygen atom undergoes concomitant coordination to the
two Lewis acidic centers.~® The formation of such
adducts has been advanced to rationalize the unusual
activity of bifunctional Lewis acid catalysts.101! In
principle, bidentate Lewis acids could serve as receptors
for other substrates containing terminal oxo function-
alities. Available examples that do not involve organic
carbonyls are scarce and are limited to sulfoxides.12714
Taking into account the ubiquity of organophosphorus-
(V) esters in chemical warfare agents,'> we have decided
to determine whether bidentate Lewis acids could
coordinate phosphonate esters. As part of our ongoing
investigation into the coordination chemistry of 1,2-bis-
(chloromercurio)tetrafluorobenzene (1),512 we now wish
to report our findings on the interaction of 1 with
dimethyl methylphosphonate (DMMP), a substrate some-
times used as nerve gas simulant.1®
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Figure 1. 1°9Hg chemical shift of 1 in acetone vs concen-
tration of DMMP. [1] = 0.187 M.

Results and Discussion

Solution Studies. Upon incremental addition of
DMMP to a solution of 1 in acetone, the 1°Hg NMR
resonance of 1 undergoes a downfield shift (Figure 1).
It has been previously demonstrated that the °°Hg
NMR resonance of organomercurials undergoes an
upfield shift when the polarity of the solvent is in-
creased.l” Therefore, it is likely that the downfield shift
observed upon addition of DMMP to a solution of 1
reflects the formation of a complex involving 1 and
DMMP. The curve was fitted with a model based on a
1:1 complex. From this model, a stability constant of
3.7 (£0.4) M~ was obtained. Attempts to fit the curve
on the basis of other models were unsuccessful, sug-
gesting that the 1:1 complex 1-DMMP (2) is the main
species formed in solution. The magnitude of the stabil-
ity constant is rather small and reflects the noninnocent
role of acetone, which forms a 1:1 complex with 1.5 The
stability constant determined for DMMP falls between
those determined for DMSO (8 M~1) and DMF (1.8 M),
which allows the following selectivity order to be
established for 1: DMSO > DMMP > DMF > acetone.®

Solid-State Studies. In an effort to isolate a complex
involving 1 and DMMP, 1 was dissolved in neat hot
DMMP. Upon cooling of the resulting solution, needle-
like crystals of a new complex (3) formed. Elemental
analysis data indicated that the composition of 3 cor-
responds to that of the 1:2 complex 1-(DMMP),. The 3!P-
{*H} CP/MAS NMR spectrum of 3 exhibits two slightly
deshielded resonances at 35.6 and 37.5 ppm*® which
indicates the presence of two nonequivalent DMMP
molecules (Figure 2). It is noteworthy that the resonance
at 37.5 ppm is broad and probably corresponds to the
DMMP molecule affected by positional disorder (vide
infra). The IR spectrum of 3 features a broad unresolved
absorption at 1234 cm™! assigned to vp—o. Comparison
with the stretching frequency of neat DMMP (vp—o =
1243 cm™1) indicates a moderate weakening of the P=
O bond.

The crystal structure of 3 has been determined by
X-ray diffraction analysis. Pertinent crystallographic
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Figure 2. 3P{1H} CP/MAS NMR spectrum of 3.

Table 1. Crystal Data and Structure Refinement
Details for 3

C12H18Cl2F4HQ206P2

empirical formula

fw 868.28
temp 173K
wavelength 0.710 73 A
cryst syst monoclinic

space group
unit cell dimens

P21/c (No. 14)

a 11.3157(11) A
b 14.5575(14) A
c 14.3683(14) A
o 90°
B 108.110(2)°
y 90°
\Y; 2249.6(4) A3
Z 4
density (calcd) 2.564 glcm?3
abs coeff 14.069 mm—3
F(000) 1592
cryst size 0.40 x 0.06 x 0.02 mm3
6 range for data collecn 1.89—-28.34°
index ranges —-15<h=<14,-19 <k <19,
-19=<1=<19
no. of rflns collected 18914

no. of indep rfins 5476 (R(int) = 0.0584)
completeness to 6 = 28.34° 97.5%

abs cor SADABS

max, min transmissn 0.7661, 0.0708

refinement method full-matrix least squares on F2
no. of data/restraints/params  5476/7/258

goodness of fit on F2 0.948

final R indices (I > 20(1)) R1 = 0.0324, wR2 = 0.0614
R indices (all data) R1 = 0.0630, wR2 = 0.0671
extinction coeff 0.000 24(4)

largest diff peak and hole 1.660 and —1.071 e A3

data are assembled in Table 1. The asymmetric unit of
3 consists of one molecule of 1(u2-DMMP), (Figure 3).
Each of the coordinated DMMP molecules is chelated
by the bidentate Lewis acidic pincer, and the resulting
Hg—O bonds are approximately perpendicular to the
respective C—Hg—CI sequences. The Hg—O bond dis-
tances (average 2.79 A) are shorter than the sum of the
van der Waals radii of oxygen (1.54 A)'® and mercury
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Figure 3. ORTEP diagram of 3 (50% thermal ellipsoids).
For clarity reasons, only one conformation of the disordered
DMMP molecule is shown. Selected bond lengths (A) and
angles (deg): Hg(1)—C(1) = 2.064(7), Hg(1)—CI(1) = 2.3110-
(17), Hg(2)—C(2) = 2.068(6), Hg(2)—CI(2) = 2.3175(17),
P(1)—0(11) = 1.467(5), P(1)—0O(13) = 1.563(5), P(1)—0(12)
=1.570(5), O(21)—P(2B) = 1.461(7), O(21)—P(2A) = 1.515-
(6), P(2A)—0O(22A) = 1.524(14), P(2A)—0(23A) = 1.545(12),
P(2A)—C(21A) = 1.786(15), P(2B)—0(22B) = 1.461(12),
P(2B)—0(23B) = 1.618(11); C(1)—Hg(1)—CI(1) = 171.49-
(18), C(2)—Hg(2)—ClI(2) = 172.26(18). Selected intermo-
lecular bond distances (A) and angles (deg): Hg(1)—O(11)
= 2.722, Hg(1)—0(21) = 2.760, Hg(2)—0O(11) = 2.832, Hg-
(2)—0(21) = 2.849; C(1)—Hg(1)—0O(11) = 89.7, ClI(1)—Hg-
(1)—0(11) = 97.6, C(1)—Hg(1)—0(21) = 91.2, CI(1)—Hg(1)—
0O(21) = 94.6, O(11)—Hg(1)—0(21) = 78.1, C(2)—Hg(2)—
O(11) = 88.6, Cl(2)—Hg(2)—0O(11) = 98.6, C(2)—Hg(2)—
0O(21) = 89.5, ClI(2)—Hg(2)—0(21) = 95.1, O(11)—Hg(1)—
O(21) = 74.9.

(1.73—2.00 A).2° They are, however, longer than those
measured in 1-(up-acetone) (average 2.73 A),° 1-(uo-
DMF)® (average 2.70 A), and 1+(u2-DMS0),!3 (average
2.70 A), which substantiates the presence of a rather
weak interaction. The coordination geometry at O(11)
slightly deviates from a trigonal-planar arrangement
(sum of the bond angles of 356.3°). Part of the DMMP
molecule at O(21) is disordered (see Experimental
Section). As a result of this disorder, two types of
coordination geometries are observed for O(21), which
shows an increased pyramidality when compared to
O(11) (sums of the bond angles at O(21) are equal to
351.4 and 324.9° for P(2B) and P(2A), respectively).
While the P=0 bond distances in the disordered phos-
phonate molecule could not be determined with ac-
curacy, the P(1)—0O(11) bond (1.467(5) A) does not
appear to be lengthened when compared to the range
of 1.448—1.470 A obtained for several compounds fea-
turing a noncoordinated dimethylphosphonate moiety.2!
This observation contrasts with the IR and 3P NMR
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Figure 4. View showing the perpendicular arrangement
of the monomers in each chain. The formation of 7—x
contacts and layers is also obvious from this view.

Table 2. Intermolecular Hg---Cl and Hg---Hg and
C---C Distances (A) in the Supramolecular
Structure of 3

Hg(1)—CI(2)2 3.662 Hg(1)—Hg(2)2 3.778
Hg(1)-CI(2>  3.311 C(4)—C(5)° 3.529
ax,05-y,05+2z.%%x,05—-y,-05+z¢c—x+1, -y, —z+2.

spectroscopic data, which suggest a polarization of the
P=0 bond. A similar situation is encountered in analo-
gous ketone and formamide complexes.*® In these
complexes, while a significant lengthening of the C=0
bond is hard to confirm, the double coordination of the
carbonyl functionality has been shown to have measur-
able effects on the spectroscopic*® and chemical properties?
of the bound carbonyl substrate.

Examination of the cell-packing diagram reveals the
existence of infinite parallel polymeric chains in which
the successive molecules of 1 form a dihedral angle of
87.7° and are therefore essentially perpendicular (Fig-
ure 4). Thus, while organomercury halides usually
polymerize through the formation of flat Hg,Cl, bridges,?
the orientation of the successive molecules in 3 leads
to the formation of a distorted Hg,Cl, tetrahedron as a
bridging unit. The Hg---Cl contacts are smaller than the
sum of the van der Waals radii (ryqw(Cl) = 1.58—1.78
A2 ryaw(Hg) = 1.73—2.00 A)2° (Table 2). Interestingly,
this arrangement leads to the formation of a relatively
short Hg-:-Hg distance (3.778 A) which is only slightly
longer than the mercurophilic contacts of 3.455—3.673

(22) Tschinkl, M.; Schier, A.; Riede, J.; Gabbai, F. P. Organometallics
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Organometallics 1999, 18, 2040—2042.
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A observed in the structure of tris(1,3-dimethyluracil-
5-yl)mercuriooxonium salts (Table 2).22 Each chain
interacts with two neighboring chains via formation of
offset 7—x contacts of 3.52 A.2% In this offset arrange-
ment, the shortest inter-ring contact occurs between the
C(4) and the C(5) carbon atoms of juxtaposed rings
(Table 2). As a result of this interaction, the successive
chains form parallel layers that sandwich the coordi-
nated DMMP molecules.

Conclusion

This work demonstrates that simple bidentate Lewis
acids such as 1 can be used to complex phosphonate
esters. Both solution and solid-state studies indicate the
presence of a rather weak interaction between 1 and
DMMP. The low affinity of mercury for hard oxygen
donors and the steric bulk of DMMP likely account for
this situation. Nevertheless, the crystal structure of 3
establishes that the phosphoryl oxygen atom of DMMP
is concomitantly ligated to the two metal centers. We
note finally that a similar double coordination of the
phosphoryl oxygen atom is sometimes encountered in
the binding of organophosphorus(V) substrates at the
active site of dinuclear metalloenzymes involved in
phosphate metabolism.?®

Experimental Section

General Considerations. **Hg NMR (35.7 MHz) were
recorded on a Varian XL 200 broadband spectrometer at 25
°C with HgMe; as an external standard. The solid-state 3'P-
{*H} CP/MAS NMR spectra were recorded on a Bruker MSL
300 spectrometer operating at a field strength of 7.05 T. Cross-
polarization and high-power proton decoupling were applied
with a 90° pulse time of 4 us, a contact time of 1 ms, and a
recycle delay of 5 s. Alternatively, direct excitation with a 45°
pulse and high-power proton decoupling were applied with a
recycle delay of 60 s. 3P NMR shifts are referenced to an
external sample of phosphoric acid, with the signal set to 0
ppm. Approximately 50 mg of sample was packed into a 7 mm
ZrO, Bruker rotor with Kel-F inserts and cap. The rotor
spinning speed was 4.8 kHz. All NMR measurements were
acquired at ambient temperature. Atlantic Microlab (Norcross,
GA) performed the elemental analyses. The infrared spectra
were recorded as KBr pellets on a Mattson Genesis Series
FTIR. All melting points were measured on samples in sealed
capillaries and are uncorrected. All solvents were distilled
before use and stored over molecular sieves. Compound 1 was
prepared by following the published procedure.?® Dimethyl
methylphosphonate was purchased from Aldrich and used as
provided.

19Hg NMR Titration Experiment. The titration curve
depicted in Figure 1 was obtained by incremental addition of
small amounts of the DMMP to an acetone-ds solution (0.7
mL) of 1 (81 mg, 0.131 mmol). A 25 uL syringe was used to
add DMMP directly into the NMR tube containing the solution
of 1. After each addition the 1**Hg NMR chemical shift of the
sample was measured. The program EQNMR was used to
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calculate the stability constant K.?” The data were not cor-
rected for the slight change in volume produced by the addition
of titrant. K is defined as K = [1-DMMP]/{[1][DMMP]}. The
approximation that [1] = [1-acetone] can be made by consider-
ing that “free” 1 in acetone exists as 1-acetone. The concentra-
tion of acetone is considered constant and has therefore not
been taken into account in the expression of K. Attempts to
fit the curve on the basis of a 1:2 complex formation gave rise
to unstable refinement and were therefore unsuccessful.

Synthesis of 1,2-Bis(chloromercurio)tetrafluoroben-
zene—Bis(dimethyl methylphosphonate) Adduct (3). Com-
pound 1 (62 mg, 0.1 mmol) was dissolved in 1 mL of hot DMMP
(100 °C). When the solution was cooled, needlelike crystals of
3 spontaneously precipitated and were isolated dried over a
paper towel (Kimwipes). Yield: 70% (60 mg). Mp: 103—105
°C. Anal. Calcd for C12H13C|2F4ngpzoe: C, 16.59; H, 2.07.
Found C, 16.62; H, 2.03. 3'P{*H} CP/MAS NMR: ¢ 35.6 (s,
1P), 37.5 (br, 1P). IR (KBr): 3595, 3002, 2957, 2853, 1615,
1590, 1477, 1417, 1311, 1285, 1234, 1186, 1082, 1043, 1002,
917, 824, 795, 762, 634, 501 cm™1.

Single-Crystal X-ray Analysis. X-ray data for 3 were
collected on a Bruker SMART-CCD diffractometer using
graphite-monochromated Mo Ka radiation (1 = 0.710 73 A).
A colorless plate of approximately 0.40 x 0.06 x 0.02 mm?3 was
selected for analysis and mounted on a glass fiber using epoxy
cement. The data were collected using 0.3° wide w scans with
a crystal-to-detector distance of 5.0 cm, yielding a complete
(97.5%) sphere of 25 803 (5476 unique, Ri,: = 0.0584) data (3.78
< 20 < 56.68°). The data were corrected for absorption
empirically using the SADABS routine (Tmax = 0.7661, Tmin =
0.0708). The remaining important crystallographic data are
collected in Table 1. The structure was solved by direct
methods, which successfully located most of the non-hydrogen
atoms. Subsequent refinement on F? using the SHELXTL/PC
package (version 5.1) allowed location of the remaining non-
hydrogen atoms. One of the DMMP molecules was found to
be positionally disordered over two orientations that were
related by an approximate mirror plane passing through the
phosphonate oxygen atom (O(21)) and one of the carbon atoms
(C(21)). Refinement of the relative contributions of each
orientation converged to approximately 50:50 and was held
fixed at this value during the final refinement. During the final
refinement, the two positionally ordered atoms (O(21), C(21))
and the phosphorus atoms were refined anisotropically while
the remaining atoms in this fragment were refined isotropi-
cally. All non-hydrogen atoms in the rest of the structure were
refined anisotropically, and the hydrogen atoms were included
in calculated positions using a standard riding model. The
refinement converged with residuals of R1 = 0.0324 and wR2
= 0.0614 for 258 parameters and 3866 data with 1 > 2g(l).
The largest residual electron density peak (1.66 e/A3) was
located near one of the Hg—C bonds, while the largest hole
(—1.07 e/A3) was found near the disordered phosphorus atom.
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