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A study of complexation of chloral hydrate with heteropoly anions

having various structures
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TH NMR was applied to study the interaction of chloral hydrate in deuterionitrobenzene
solution with tetrabutylammonium salts of the heteropoly acids (HPA) belonging to five
structural types: Keggin (H;PW,049, H;PMo0,049, H4SiW,043), Dawson (a-HgP,W;gO¢,,
(X-H6P2M018062, u_H4S2M018062)’ H6P2W21071(H20)3, H6ASZW21069(H20), and
H;,;B3W390,3,. The surface of the HPA anions is nonuniform in acid-base properties. A
general rule for all HPA was found, namely, that the HPA acidity increases with a decrease in
the specific anion charge (per W or Mo atom).
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In recent years, considerable attention has been paid
to the use of heteropoly acids (HPA) in acid cataly-
sis.1=4 In this connection, the acidity of HPA has been
studied by various physicochemical methods235 includ-
ing comparison of the basicities of the HPA anions.
These data can be gained from !H NMR study of
complexation between an anion and a geminal diol,
1,1-dihydroxy-2,2,2-trichloroethane (chloral hydrate) in
organic media.%7 This reaction is assumed® to yield
complexes with two hydrogen bonds involving only
bridging (Oy) but not terminal (O,) oxygen atoms of the
heteropoly anion (Fig. 1). The chemical shifts of the
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Fig. 1. Structures of heteropoly anions (M = Mo, W).
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hydroxyl protons of chloral hydrate increase in parallel
with the increase in the basicity of the anion, or, in
other words, with the decrease in the acidity of the
corresponding HPA. The application of this method for
HPA having similar structures (Keggin acids) resulted in
the following acidity series’:
H3PW 5,040 > H3PMo03049 > HySiW(5049 =
= H4G€W12040 > H4SiMO]204O > H4GCM0120404

This series corresponds to the theoretical views?
according to which the acidity of HPA having similar
structures should decrease with an increase in the charge
of the HPA anion and W-HPA are usually more acidic
than Mo-HPA.1.2

In this study, complex formation of chloral
hydrate with the HPA anions belonging to five
structural types, namely, Keggin (H3;PW,04,
H3PM012040, H4SiW12040), Dawson (a'H6P2W180629
a-HgPyMo,50¢;, a-H4S,Mo,30¢3), HgP,W;,07,(H,0)3,
H6AS2W21069(H20), and H21B3W390132 was studied by
IH NMR spectroscopy in a solution in deuterio-
nitrobenzene.

Experimental

Chloral hydrate (Fluka, 99%) and deuterionitrobenzene
(State Institute of Applied Chemistry, Russia, 99.7%) were used
as received. HPA (except H4S;Mo,40¢,) were synthesized and
identified using procedures reported previously.5 Tetra-
butylammonium (TBA) salts of HPA were precipitated from
aqueous solutions of HPA by stoichiometric amounts of TBA
bromide. The resulting salts were purified by reprecipitation
with water from solutions in acetonitrile and dried at 150 °C to
give anhydrous salts. The TBA salt of the HgCeMo,04, HPA
could not be prepared by this method. The identity of the
anions in the initial HPA and in their TBA salts was checked by
IR spectroscopy. The !B and 3P NMR spectra of solutions of
the TBA salts of B3W390;3,2!~ and phosphorus-containing
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Table 1. Signals from the OH groups in chloral hydrate in the
TH NMR spectra of solutions in the presence of HPA salts

Salt [Salt] 8
/mmol L™1 (Av, »/Hz)
Without salt — 0.82 (12)
TBA3 oPW/,049 10 483 (14)
20 4.84 (12)
30 4.83 (14)
TBA4(SiW/,049 10 4.96 (20)
20 5.05 (20)
30 5.11 (14)
TBA; oPMo;,049 10 4.88 (12)
20 4.91+4.88*

(general 12)
30 4.92+4.89* (6+6)

TBA4 0S;M0130¢, 10—30 4.82 (18)
TBAs 6Hy 4P, W 304 10 5.34+5.36*
(general 12)
20 5.58+5.61*
(general 14)
TBAs yH sP2Mo;5305) 10 5.50 (100)
20 5.70 (100)
30 6.00 (100)

TBA;s ¢sH 35P,W5,071(H,0); 10 6.35+6.61+6.82%*
(14+20+40)

20 6.30+6.70+6.96**
(14+20+40)

TBAg 0As; W Og9(H,0) 10 5.60+6.00+6.21%*
(40+30+40)

20 5.61+5.95+6.23%**
(40+20+40)

TBA11’0H10B3W390132 5 5.51+5.61+5.75*
(7+10+12)

10 5.46+5.72+5.81*
(T+10+12)

15 5.42+5.70+5.85*
(7+7+10)

* Signals with equal intensities.
** The mutual signal intensity is difficult to estimate due to
their overlap.

anions in C¢DsNO, in the presence of chloral hydrate demon-
strated the presence of unchanged B3W390;3,2!7, PW,04037,
PMo,04°, and P,W,;07;(H,0)36~ anions and B- and
y-isomer impurities in amounts of 8—10% in the o-P,W304,%~
and a-P,Mo,30¢,5 samples.

Free H4S;Mo0,40¢, is unknown; however, this HPA exists
as tetraalkylammonium salts.8:9 We prepared the TBA salt by
the procedure reported? for the synthesis of the tetraethylam-
monium salt of S;Mo;30¢,*". In this case, TBA bromide was
used for precipitation. This salt was purified in the same way as
other TBA salts of HPA. The IR spectrum of TBA—S,Mo;304,*~
corresponds to the spectrum of the tetracthylammonium salt of
this HPA.9

The amount of the TBA cation in the salts was determined
from the mass loss after annealing for 1 h at 600 °C. The
compositions of the salts are listed in Table 1. In the text, the
HPA are given in an abridged form, for example, PWj,,
S,Moyg, and so on. The attempts to prepare completely substi-
tuted a-P,Wig, a-P,Moyg, and P,W,; salts by adding a calcu-
lated amount of a methanolic solution of TBA to an acetoni-
trile solution of the salt resulted in partial hydrolysis of the
anions (observed in the 3'P NMR spectra), while re-precipita-
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Fig. 2. 'H NMR spectra of solutions of HPA salts in CgDsNO,
in the presence of chloral hydrate: (a) PW;, (10 mmol L™), (b)
P,W,g (10 mmol L71), (¢) B3Ws39 (5 mmol L1, (1) signals of
the CH protons in CI3CCH(OH),; (2) signals of the OH
protons in CI3CCH(OH),.

tion with the addition of water produced again partially substi-
tuted salts.

The degree of interaction of chloral hydrate with the HPA
anions was estimated from a change in signals in the 4—7 ppm
region of the 'H NMR spectra of freshly prepared solutions of
chloral hydrate (0.0138 M) in C4DsNO, containing admixtures
of the TBA HPA salts (Fig. 2). Tetramethylsilane was used as
the internal standard. Solutions contained <0.03% (w/w) water
introduced into the system together with the initial chloral
hydrate and deuterionitrobenzene.

The 'H, 3!P, and "B NMR spectra were recorded on a
Bruker MSL-400 spectrometer operating at 100.61, 161.98, and
128.36 MHz, respectively, at 37+0.2 °C. The accuracy of mea-
surements of the !H chemical shifts was 0.01 ppm. IR spectra
were recorded on a Specord 75IR instrument in the KBr pellets.

Results and Discussion

The 'H NMR spectra of solutions of the PW,, and
S,Mo,g salts (see Table 1) exhibit a single peak for the
hydroxyl protons of chloral hydrate molecules (see Fig. 1,
peak 2); the peak virtually coincides with that observed
in the spectrum of the individual substance. This can be
explained by the fact that chloral hydrate virtually does
not react with low-basicity anions. In the spectra of the
SiW,, and PMo,, salts, this signal slightly shifts
downfield, pointing to a weak interaction, while in the
case of PMoy,, it additionally splits into two compo-
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nents. The 3P NMR spectra show that the composition
and structure of the hetero polyanion are completely
retained and no noticeable (on the § 3'P NMR time
scale) complexation is involved because the phosphorus
atom shielded by the oxometallate shell is insensitive to
weak outer-sphere interactions such as hydrogen bonds.
The authors of earlier studies®? presented no data on
the splitting of the signal of the OH groups, apparently,
due to the insufficient resolving power of the spectrom-
eters used.

The splitting of the signal of the chloral hydrate OH
groups can be due the difference between the structures
of the molybdate and tungstate HPA anions or to the
incorrectness of the initial assumption® that only O
atoms are involved in complexation. The W and Mo
Keggin anions have formally identical structures (see
Fig. 1). However, semiempirical calculations (with the
assumption of an ideal structure of the anions) showed!0
that the mean atom charges of the O, and O, atoms in
the W-anions are identical (i.e., the anion surface should
be homogeneous in charge density), while in the case of
Mo anions, the O; atoms should have a lower charge
than O,. However, the Keggin W-anions are highly
symmetrical (7,), whereas Mo-anions have a lower
symmetry, closer to the T group, due to the displace-
ments of the Mo atoms inside the octahedra. The
displacements result in alternation of shortened and
elongated Mo—O,—Mo bonds.11:12 Tt can be concluded
that the surface of the Keggin W-anions is more uni-
form regarding the acid-base properties than the surface
of Mo-anions; this accounts for the fact that at least two
types of complexes of PMoy, with chloral hydrate can
be observed in the 'H NMR spectrum.

The spectra of solutions of P,Mo;g (see Table 1)
exhibit one broadened signal due to the OH groups of
chloral hydrate; in the spectra of P,Wyg, this signal is
always split. The 3P NMR spectra also did not show any
changes in the structure or composition of the heteropoly
anions. The Dawson anions consist of two structurally
nonequivalent MOg octahedra of two types, those in
belts (12 MOg) and in polar caps (6 MOg) (see Fig. 1).
This corresponds to the presence of O; atoms of two
types and O, atoms of five types discernible in the
170 NMR spectra.13 A simplified semiempirical calcula-
tion of the mean charges on the O atoms in the Dawson
W- and Mo-anions!4 gave identical results for O; and Oy,
However, studies of the oxygen exchange in the anions!3
and the thermal stability of HPA!S showed that all the O
atoms in the polar caps are much more labile than those
in the anion belts. As applied to the goals of the present
work, this can be interpreted as the presence of two
regions with different properties on the surface of the
oxygen shell of the Dawson anions, at the belt and at the
polar caps. Correspondingly, the spectra of solutions of
salts of the symmetrical P,W,g anion exhibit two signals
corresponding to complexes of two types (see Table 1).
In the case of P,Mog, due to the specific properties of
the MoOyg octahedra,!1-12 the situation is complicated by

even greater distortions of the anion than those observed
in PMoj,. Apparently, the broad signal from the OH
groups is a superposition of several signals caused by the
interaction of chloral hydrate with a highly inhomoge-
neous oxygen shell of P,Moys.

The spectra of solutions of salts of larger anions,
P,W,, and As,W,;, (see Fig. 1) exhibit three signals
with different intensities for the hydroxyl protons of
chloral hydrate (see Table 1). This points to a complex
(wavy) profile of the basic properties on the anion
surface.

In the presence of a salt of the poorly studied B;W3q
HPA (the structure of the anion according to published
datal® is presented in Fig. 1), the 'H NMR spectra
exhibit three signals for the hydroxyl protons with ap-
proximately equal intensities. In view of the complexity
of the 183W NMR spectrum of an aqueous solution of
the BsW39 HPA, which consists of three packages of
lines (data for B3W39 will be published elsewhere), it
can be concluded that the three BWy3 structural units
that constitute the B;W39 anion are nonequivalent. The
small number of replaceable (acidic) protons that we
found (11 of 21, as confirmed by the potentiometric
titration of a dioxane solution of the B;W3;9 HPA) also
point to a specific structure of this anion in solution
compared to that in the crystalline state, in which the
B3;W3g anion was reported!® to be symmetrical.

The results indicate that the surface of many
heteropoly anions is nonuniform in acid-base properties.

Due to splitting of the signals of the chloral hydrate
hydroxyl protons in the 'H NMR spectra of solutions of
the HPA salts with various structures, this signal cannot
be used to make a comparative estimate of the overall
basicity of heteropoly anions, as has been done previ-
ously.%7 For this estimate, we used the relatively pro-
nounced change in the position of the signals of the
chloral hydrate CH protons (see Fig. 2, peak I). The
data are presented in Fig. 3. The results obtained for
HPA salts of the Keggin structure are closely similar to
those obtained previously.” Since heteropoly anions of
different structures differ substantially in size and are
potentially capable of coordinating dissimilar numbers
of chloral hydrate molecules, direct comparison of the
data using Fig. 3 for these anions is illegitimate. The
data presented in Fig. 4, which are the Ad IHCH values
divided by the number of W or Mo atoms in the anion,
are more illustrative. The ratio of the anion charge to
the number of W or Mo atoms in the anion, i.e., the
mean specific charge (MSC) per W or Mo atom, can be
taken as an additional parameter for comparison. In this
respect (see Fig. 4), heteropoly anions can be di-
vided into three groups: S;Mo;g, PW;,, and PMo,
(MSC = 022—025), P2W21, Sinz, AS2W21, and B3W39
(MSC = 0.28—0.33, taking the number of acidic pro-
tons in B3W39 to be 11); and P,Mo;g and P,Wig
(MSC = 0.33). Since a decrease in A5 'Hcy, as in
Ad 1HOH, reflects lowering of the basicity, heteropoly
anions can be arranged in terms of the basicity in the



1532 Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001

Maksimov et al.

Ad

0.4 9

0.3

0.2

0.1

0 5 10 15 20 [TBA—HPA]/mmol L™!
Fig. 3. Position of the 'H NMR signal of the CH group of
chloral hydrate vs. concentration of the HPA salt: PWy, (1),
S;Moyg (2), PMoyy (3), SiWy (9, PyWyr (9), As;Wyy (6),
PyMoyg (7), PaWig (8), B3W3g (9).
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Fig. 4. Variations of 8 'Hy related to the number of the W or
Mo atoms in the heteropoly anions. For designations, see Fig. 3.

following series: group 1 < group 2 < group 3. In the
general case, the specific charge per W or Mo atom
varies in the same order. Thus, although the surface of
the HPA anions is inhomogeneous, the foregoing gener-
ally confirms the correlation found previously for the
HPA anions of the Keggin structure,” namely, with a
decrease in the anion charge, the anion basicity de-
creases and, hence, the acidity of the corresponding
HPA increases. Apparently, some contribution to the
AS H values (see Fig. 3 and 4) is made by the residual
protons present in the P,W,g, P,Mo;g, and P,W,; salts.
However, even if this factor does exist, it is not suffi-
ciently strong to disrupt the general pattern.

Although the S;Mo;3 HPA in a pure state is un-
known (we did not isolate it either), the results obtained
demonstrate that this HPA should be a fairly strong
acid, at least as strong as PWy,. The anions of strong
acids such as PW;, and S;Mo,g virtually do not react
with chloral hydrate; hence, their basicity cannot be
estimated in this way.

Thus, the 'H NMR study of the complexation be-
tween chloral hydrate and heteropoly anions made it

possible to conclude that the structure of HPA anions
can exert a dual influence on the acidic and catalytic
properties of HPA. First, the anion structure affects the
overall acidity of the HPA, which can be compared with
the MSC values. Second, the surface of the anion can
be nonuniform in acid-base properties. When HPA or
their salts are used in catalysis, the nonuniformity can
create prerequisites for the most or least advantageous
adsorption (activation) of organic molecules of various
types on the surface of the HPA anion. As a conse-
quence, the catalytic properties of HPA in both hetero-
geneous and homogeneous acidic-type liquid-phase re-
actions depend on both the overall acidity of the HPA
and the type of the reactant.
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