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Phosphorus-containing podands
10.* An improved method for synthesizing oligo(ethylene glycol)
bis[2-(diphenylphosphinoyl)ethyl] ethers and their complex-forming properties
with respect to alkali-metal-cations in anhydrous acetonitrile

V. I. Evreinov,* V. E. Baulin, Z. N. Vostroknutova, and E. N. Tsvetkov

Institute of Physiologically Active Substances, Russian Academy of Sciences,
142432 Chernogolovka, Moscow Region, Russian Federation

An improved preparative method for the synthesis of oligo(ethylene glycol) bis[2-
(diphenylphosphinoyl)ethyl] ethers has been developed. The complex-forming ability of these
ligands toward alkali-metal cations has been studied by conductometry in anhydrous MeCN
at 25°C. Ligands of this type have been shown to be highly efficient and selective complexing
agents with respect to the Li* cation. The stability series of the complexes M*L has the form
Li > Na > K > Rb in all cases. The complexing properties and selectivity displayed by these
new monopodands in MeCN have been compared with those in the THF—CHCI; (4:1)

system studied previously.
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Phosphorus-containing monopodands with 2-(di-
phenylphosphinoyl)ethyl terminal groups la—f and 2
exhibit some interesting properties.
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It was found that these compounds have a high comp-
lex-forming ability toward cations of alkali and alkaline-
earth metals. The stability constants of the complexes of
these ligands with alkali-metal cations (M*L) were de-
termined by conductometry in a mixed THF—CHCI,
solvent (4:1, v/v), and it was shown that monopodand 1a
has high Li/Na-selectivity and an efficiency in binding
Li* cation scarcely falling short of that for such a strong
complexing agent as 18-crown-6.1 A calometric study of

*For a preliminary communication, see Ref.1.

the complexing ability of ligand le toward salts of alkali
and alkaline-earth metal in anhydrous MeCN also
showed that its selectivity with respect to the Li* cation
is significantly higher than that of crown ethers.? In
addition, the extraction of alkali metal and alkaline-
earth metal picrates from neutral aqueous solutions by
compounds 1la—d in CHCl; and CH,Cl, has been ex-
amined, and it was found that these ligands can compete
with crown ethers in some cases.?

However, monopodands of type 1 are not easily
accessible compounds. The synthetic methods proposed
earlier! on the basis of the addition of oligo(ethylene
glycols) to diphenylvinylphosphine oxide requires the
use of ethylene oxide,* which severely limits the possi-
bilities of this method. The synthesis of monopodands 1a
described in the literature by the alkylation of lithium
diphenylphosphide with diethylene glycol ditosylate fol-
lowed by oxidation’ likewise does not solve the accessi-
bility problem. The use of the Michaelis—Becker reac-
tion for the synthesis of podands with alkoxy substituents
at the phosphorus atom is known.5 However, this method
can hardly be applied to the synthesis of podands of the
phosphine oxide type, since it has been shown for
B-substituted phosphines oxides that an alkoxy or hydroxy
group in the B-position is readily replaced by various
nucleophilic groups in the presence of bases.’~® The
reaction apparently proceeds with the intermediate for-
mation of the corresponding vinyl oxide. Accordingly,
the interaction of sodium diphenylphosphinite with
1,5-dichloro-3-oxapentane in EtOH or dioxane gives a
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mixture of three major products (as shown by 3P NMR),
from which tetraphenylethylenediphosphine dioxide is
easily isolated. The use of anhydrous K,CO, as a base
gives the same result. Monopodand 1la is stable under
alkaline conditions (heating for 5 h in aqueous—alco-
holic KOH at 80°C, monitoring by 3P NMR), but in
the presence of diphenylphosphinous acid and a basic
reagent (NaOH, EtONa, NaH, K,CO,) at >30°C, 1a
very rapidly forms tetraphenylethylenediphosphine diox-
ide in a nearly quantitative yield. In the absence of
substances which bind the hypothetical intermediate
diphenylvinylphosphine oxide, the equilibrium is shifted
completely to the left. When diphenylphosphinous acid
is added, the latter readily reacts with diphenyl-
vinylphosphine oxide.
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As was shown in this work, the rearrangement of
trimethylsilyl diphenylphosphinite under the action of
dihalogenated derivatives or ditosylates of oligo(ethylene
glycols) is a convenient method for the synthesis of
monopodands 1. The ester was obtained by reacting
diphenylphosphinous acid with hexamethyldisilazane*
and was usually used without isolation.
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The rearrangement proceeds at 140—150°C for the
bromides and tosylates, but the chlorides require more
severe conditions (180—200°C). We note that mono-
podand 2 with a pyrocatechol fragment in the polyether
chain cannot be prepared by the method described ear-
lier,! i.e., by reacting diphenylvinylphosphine oxide with
pyrocatechol. It should also be emphasized that
monopodands 1c and 1d with n = 2 and 3, respectively,
which we characterized as oils,! were obtained in the
crystalline state in this work.

We previously! studied the complexing ability of
monopodands 1 (rn = 0—35) with respect to alkali-metal
cations in a mixed THF—CHCI, (4:1, v/v) solvent. In
the present work the values of the logarithms (IgK) of the
stability constants of the complexes M*L were deter-
mined for the same compounds by conductometry®® in
anhydrous MeCN at 25°C, and the results obtained for
these two solvents, which differ in polarity and donor
activity, were compared.

Experimental

The 'H and 3!P NMR spectra were recorded on a Bruker-
CXP-200 spectrometer relative to tetramethylsilane and 85 %
H,PO,. The melting points were measured on a Boetius PHMK-
05 instrument.

1,5-Bis(diphenylphosphinoyl)-3-oxapentane (1a). A mix-
ture of diphenylphosphinous acid (57.0 g, 0.28 mol) and
hexamethyldisilazane (32.2 g, 0.20 mol) was heated with stir-
ring under argon to 120°C and held for 1 h, and then 1,5-
dichloro-3-oxapentane (23.3 g, 0.13 mol) was added dropwise.
The mixture was stirred for 3 h at 180—200°C and
trimethylchlorosilane was distilled off. After cooling to 20°C,
50 mL of ethanol and 5 mL of 30 % H,O, were added, and the
solution was stirred for 1 h at 80°C and poured into 200 mL of
water. The mixture was extracted with CHCl; (three 50-mL
portions), and the extract was washed first with a 20 % Na,CO,
solution (three 40-ml. portions)* and then with water (three
50-ml portions) and concentrated in vacuum. The residue was

*A large-scale synthesis requires washing the extract with an
acidified solution of Mohr's salt or FeS8O, to remove the
residual H,0,.

Table 1. Logarithms of the stability constants (IgK) of the complexes of alkali-metal cations M*L with monopodands 1 and

several crown ethers in anhydrous CH,CN at 25°C

Ligand (n) Lit Nat K+ Rb* Cs*
1a (0) 5.15+0.10 — — - —

1b (1) 5.50+0.14 3.444+0.06 2.801+0.09 -2 —

1c (2) 5.65+0.12 3.91+0.06 2.95+0.04 ~2 —

id 3) 5.75%0.15 4.77+0.07 3.39+0.07 2.77£0.06 —

1e (4) 5.48+0.08 4.54+0.09 3.3610.06 2.81+0.04 2.45+0.04
1f (5) 4.92+0.05 4.2210.07 3.67%0.08 3.32+0.07 —
15-Crown-5 22 5.34 5.38 398 342 3.14
16-Crown-5 22 448 5.39 3.57 2.94 2.38
18-Crown-6 3.7323 4.5524 5.70%4 — —
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Fig. 1. Logarithms of the stability constants of complexes of oligo(ethylene glycol) bis[2-(diphenylphosphinoyl)ethyl] ethers 1la—f
with alkali-metal cations as a function of the length of the polyether chain (#) and the number of donor centers (m) in anhydrous
CH,CN (a) and in a mixed THF—CHCI; solvent (4:1, v (B): 1, Lit; 2, Na™; 3, K*; 4, Rb™; 5, Cst.

chromatographed in a column with silica gel L (the eluent was
CHCl,) to give 53.0 g of 1a (82 %), mp 134—136°C (ben-
zene-‘hexane) Monohydrate of 1a: mp 81—82°C (see Ref. 5.

Compounds 1b—f were prepared as was la from diphenyl-
phosphinous acid and dichloro derivatives of the corresponding
glycols. The yields were 79—82 %. Their constants, analytical
data, and 'H and 3'P NMR spectra correspond to those
reported earlier.! 1le: mp 79—82°C (ether—acetone, hyg-
roscopic); 1d: mp 52—55°C (ether—acetone, hygroscopic).

1,2-Bis(p-diphenylphosphinoylethoxy)benzene (2). Com-
pound 2 was prepared from trimethylsilyl diphenylphosphinite?
(13.7 g, 0.05 mol) and [,2-bis(2-tosyloxyethoxy)benzene
(10.0 g, 0.02 mol) at 150°C as was 1a. The yield of 2 was 6.3 g
(55 %), mp 145—147°C (benzene—hexane). 'H NMR spect-
rum (CDCL,), & 2.88 (m, 4 H, CH ,—P); 436 (m, 4 H,
OCH,); 646 7.85 (m, 24 H, arom) 31p NMR spectrum
(CDCl) $: 29.35. Found (%): C,72.1, 72.2; H,5.80, 5.70;
p,11.2, 11.3. C,,H,,0,P,. Calculated (%) C, 721 H,5.70;
P, 10.9.

The procedure for the conductometric measurements in
anhydrous CH,CN was described elsewhere. 11 The random
error (2o, where o is the standard deviation of the arithmetic
mean) in determination of IgK of the complexes M*L was
calculated from the results of at least three independent meas-
urements. The concentration of jonogenic impurities in the
ligands was monitored conductometrically and taken into ac-
count in the calculations of IgK. Lithium perchlorate and
tetraphenylborates of other alkali metals which remain
unassociated in CH,;CN were used as supporting electrolytes.

Results and Discussion

Table 1 presents the data on the complexing proper-
ties of ligands la—f. Figure la presents plots of the
dependence of lgK of the complexes of the alkali-metal
cations M*L on the number of CH,CH,O units in the
polyether chain (n) and the total number of donor
centers in the ligand (m). For comparison, the analogous
plots which we previously! obtained for the same ligands
in a mixed THF—CHCI, solvent are presented in
Fig. 1b.

It is easily seen that monopodands 1 are efficient
complex-forming agents in MeCN, especially toward the
Li* cation. As in the case of the mixed solvent
THF—CHCL,, the plots of the dependence of 1gK on n
for Li* and Na* cations in CH,CN do not have pro-
nounced minima for Li* and Nat*, which are observed
for the closely related monopodands with o-(diphenyl-
phosphinoyl)!? and o-(diethoxyphosphinoyl)phenyl3 ter-
minal groups. Recently,! we discussed this behavior in
detail for the THF—CHCI, system and interpreted it as
a consequence of an increase in the conformational
mobility of the terminal phosphinoylethyl groups in
monopodands 1 as compared to that of the terminal
phosphoryl-containing groups. The efficiency of mono-
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Fig. 2. Equivalent electroconductivity A/

(Ohm™! cm? mol™!) of 1.0+ 1074 M solutions of alkali-metal salts as a function of the

concentration of monopodand le, [L]io eOgl), in anhydrous CH,CN: 1, LiCiO,; 2, NaBPhy; 3, KBPhy; 4, RbBPhy; 5, CsBPhy.

podands 1 with respect to the large K*, Rb*, and Cs*
cations monotonically increases, as a rule, with increases
in n and m in both solvents (Fig. 1). These facts have
been noted and discussed repeatedly in the litera-
ture. 3% They were usually attributed to an increase
in a degree of cooperativity of ion—dipole interactions
of the donor ligand centers on complex formation
with M™* . *

As follows from the comparison of Figs. 1a and 15,
the stability of the complexes M*L decreases along the
series Li > Na > K > Rb. In the THF—CHCI, system
this sequence holds completely only for «short»
monopodands 1a—c¢ (# = 0+2), while in the case of
monopodands 1d—f (# = 3+5) it is not valid for the Li*
cation due to the «underestimated» (in comparison with
those expected from the data on CH,CN) values of logK
for the corresponding Li complexes. Indeed, while the
appreciable decrease in the values of IgK for the com-
plexes with the Na*, K*, and Rb* cations in CH;CN
(e = 37.5) as compared with THF—CHCI, (¢ = 7.6 and
4.8) may be attributed to the larger dielectric constant of
CH,CN, the 1gK values for Li* complexes are almost
identical, regardless of the dielectric constant of the
medium. It should also be emphasized that the differ-
ences between the values of 1gK for the Li* and Na*
complexes with 1b, 1¢, and, evidently, 1a measured in
CH,CN are much greater than those in the THF—CHCl,
solutions, i.e., the Li/Na selectivity of these ligands
increases in CH,CN. Such a «lithium anomaly» is evi-

*It is noteworthy that the monotonic increase in the values of
1gK for K*, Rb*, and Cs* cations parallels the continuous
variation of the coordination numbers of these cations from 6
to 12 (Ref.16),

dently related mainly to the different solvating abilities
of THF* and CH,CN toward each specific alkali-metal
cation M*. As we demonstrated!! by analyzing data on
the free energies of transfer of MY AG‘)t (M™,
H,0-80lv) from water to an organic solven{,” the
solvating ability of CH,CN decreases markedly as the
radius of the alkali-metal cation decreases, while the
solvatability of M*, in contrast, increases dramatically in
THF. This fact is reflected in the values of AG%, (M*,
THF—-CH,CN). The value for Li* is close to 12
kcal mol™!, which is much higher than the correspond-
ing values for other M* (AG"tr = 6 kcal mol™!, —0.5
kcal mol™!, —4.5 kcal mol~!, and —5 kcal mol™' for
Nat, K*, Rb*, and Cs* cations, respectively). Thus, in
THF Li* is solvated more strongly than the other akali-
metal cations, while in MeCN, in contrast, it is solvated
least strongly. In our opinion, it is the increased solvation
of the Li* cation by THF molecules that can explain the
«abnormal lowering» of the value of 1gK for Li comp-
lexes with monopodands 1 in THF—CHCI;, as well as
the more pronounced Li/Na selectivity of ligands 1 in
CH,CN as compared with THF—CHCI,. Similar laws
governing the behavior of monopodands having
o-(diethoxyphosphinoyl)phenyl terminal groups were dis-
cussed in greater detail in an earlier publication of
ours.!!

We should dwell some more on the results of the
determination of IgK for the complexes of monopodands
le (r = 4) with Li*, Na*, and K* cations, obtained by
conductometry (this work) and by calorimetric titration?

*According to our data for monopodands 1, the values of gk
for M*L in THF and the THF—CHCI, system are practically
the same (see also Ref.11),
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in CH;CN. As we know,!%!! the calculation of IgK for
MT*L from conductometric data is based on the assump-
tion that only 1:1 complexes exist in the systems under
study, and the use of unassociated salts under conditions
of high dilution is mandatory. The calculations of 1gk
and the thermodynamic parameters were carried out!®
from the calorimetric data with statistical selection of
the sum of the equilibria in the solution which best fits
the experimental data, i.e., with consideration of the
possibility of the formation of complexes with 1:1, 1:2,
2:1, and other compositions in various combinations.
Hence, calorimetric titrations permit only indirect esti-
mation of the compositions of the complexes that are
actually formed in the solution. An appreciable discrep-
ancy between the data from the two methods obtained
with consideration of only 1:1 complexes by ligand 1e is
discovered for the Na* cation (IgK,,, = 4.54 for the
unassociated salt NaBPh, and IgK_,, = 3.82 for NaNCS*)
and, in our opinion, is due to the participation of the
thiocyanate anion in complex formation. The discre-
pancy is also revealed by comparing the values of 1gK_,
for unassociated (LiClO, and KBPh,) and associated
(LiNCS and KNCS)** salts. The calorimetric titrations
for the two lithium saits indicate? that two types of
complexes having 1:1 (M*L) and 2:1 (M*,L) composi-
tions and the values IgK' ., = 3.5 and IgK?,,, = 2.5 for
the associated salt (LiNCS) and lgK',,, = 4.36 and
1gK?,, = 2.70 for the unassociated salt (LiCIO,), respec-
tively, form in CH,CN. Therefore, direct comparison of
the results of two methods seems to be virtually impossi-
ble. It should be stressed that the conductometric method
provides indirect evidence in favor of the formation of a
1:1 complex in CH,CN, specifically for the lithium
complexes of monopodand le and its isodentate analog
with o-(diethoxyphosphinoyl)phenyl terminal groups. The
latter are characterized by high values of 1gK__ , (5.48
and 5.73, respectivelyl?). As follows from Fig. 2 (curves
1 and 2), the plots of the dependence of the experimen-
tal equivalent conductivity A  of a solution of LiCIO,
(1.0-107* M) in MeCN on ‘the total concentration of
the ligand [L]"O in the solution are nonlinear, and the
curves reach a plateau at a concentration ratio M*:L ~
1:1. Similar plots of the dependence of xfexp on [L]"0

*We were unable to find quantitative data on the association of
NaNCS in MeCN. The association constants of LINCS and
KNCS are equal to 1730—1800 L mol™! (Ref.??) and 38.2
L mol™! (Ref.29), respectively. Apparently, the use of similar
salts, e.g., alkali-metal thiocyanates, does not permit the com-
plete exclusion of the effect of the anion of the salt on
complexation due to the differences in the association con-
stants of salts with the same anion.

**We note that differences of 0.4 of a unit between the values
of lgK for complexes obtained by different authors using the
same experimental methods for similar systems are not rare, let
alone the discrepancies between the values of IgK obtained by
different authors using different methods.21

were also observed for the cation Na* at high values of
lgK (= 5). We note that in the case of the formation of
1:1 complex at K = o, these plots should theoretically be
strictly linear up to M*:L = 1:1 and should then reach a
plateau abruptly. For moderate values of IgK, the plots
of the dependence of A/ on [L]‘ do not reach a
plateau and thus do not alfow even inc?irect estimation of
the composition of the complex formed in the solution
(Fig. 2, curves 3—35).

Thus, the complexing ability of monopodands 1 to-
ward alkali-metal cations in CH,CN is at least equal or
even superior to that of the most effective crown ethers
(Table 1). At the same time, they have high Li/Na
selectivity, which is not typical of either crown ethers!3-21
or glymes.1!
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