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This paper is devoted to the so-called effect of "anomalous arylic strengthening” (AAS)
observed upon extraction of a series of eleménts, mainly actinides and lanthanides, by
bidentate necutral organophosphorus compounds (BNOPC). This "anomalous” effect is an
increase in the extraction capacity of a reagent when alkyl substituents at the phosphorus
atom are replaced with more electronegative aryl groups. The influence of phenyl substitu-
ents at the phosphorus atom on the reactivity of organophosphorus compounds of various
types was considered. Based on the data on electronic effects of substituents, hypotheses were
formulated about the reasons for AAS involving phenyl groups that are biphilic because they
have substituents capable of manifesting both donor and acceptor properties depending on
several factors such as, e.g., the nature of the reaction center, the character of the attacking
reagent, the nature of the solvent, etrc. When a strong complex of a metal with a phenyi-
substituted reagent of BNOPC is formed during extraction, the phenyl groups become
donating, and additional strengthening of the complex appears.
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The concept of the "anomalous arylic strengthening”
(AAS) has been developed in Refs. [—5. The study of
the extraction of americium(in) and other trivalent
transplutonium (TPE) and rare-earth (REE) elements
by bidentate organophosphorus reagents of the
R,P(0)—(CH,),—P(O)R, type has observed an anomaly
in the ratio of the extraction capacity and basicity of
these substances caused by the replacement of alkyl
groups R by aryl groups and by changing the length of
the chain of CH; groups (n) between phosphorus atoms.
It turned out that the replacement of alkyl groups R by
aryl groups and decreasing the number of units (n)
between donor groups results in an increase in the
extraction capacity of these compounds, while the basic-
ity of these extractants, by contrast, decreases. The
authors of Refs. 1—35 accepted that phenyl (aryl) groups
are more electronegative than alkyl groups (which is
correct, generally speaking) and considered the phe-
nomenon discussed to be anomalous, especially as it is
not observed in extraction by monodentate organophos-
phorus reagents.* The authors of Ref. | assumed that

* In extraction practice, the ratio of the extraction constants
of an eclement with aryl- and alkyl-substituted reagents,
K, A K MK is usually accepted as the quantitative estimation

this type anomaly is caused by the resonance stabiliza-
tion of a metal complex with a bidentate extractant
through aromatization of the six-membered cycle. The
assumption that delocalization of the electron density
from the aryl groups to the central cycle formed during
the formation of a complex with a metal plays a role is
favored by the results of the measurements of X-ray
electronic and 'H NMR spectra and quantum-chemical
calculations®5 as well as by the disappearance of the
effect when aryl substituents are replaced by the groups
with the same electronegativity but without the possibil-
ity of conjugation, or when the phenyl substituent is
separated from the phosphorus atom by a CH, group.
Admittedly, the conclusions of the authors of Ref. |
seemed so convincirz that many authors of works on the
extraction of actinides by organophosphorus extractants,
including us, repeatedly observing the absence of paral-
lelism between the basicity and extraction capacity of
bidentate orgnophosphorus extractants and an increase

of the effect. In particular cases, the ratios of the distribution
coefTicients of elements for extraction by the same reagents are
used, although it is not quite correct (when the concentration
of acid in an aqueous medium is fairly high, the binding of the
reagent with the acid is not taken into account).
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in the extraction capacity on going from alky! to aryl
derivatives, used the idea of AAS. The development of
works on extraction of elements by bidentate (and
polydentate) neutral organophosphorus compounds
(BNOPC) enlarged substantially the range of compounds,
extraction by which results in the so-called AAS effect.
For example, it turned out that the formation of six-
and seven-membered chelate cycles (via CH, and
CH=CH bridges between the P=0 groups, respectively)
is not necessary for the appearance of the effect. The
effect was also observed in the extraction of trivalent
transplutonium and rare-earth elements by bis-
{(diaryl)phosphorylmethyl]benzenes,®7 in which a ben-
zene ring with methylphosphoryl groups at mera-posi-
tions serves as the bridge linking the functional groups

Arz(O)P—‘-CHz‘-@——CHQP(O)ArQ ‘

and by 2.4,6-tris[diarylphosphoryl}-1,3,5-triazines?

Arz(O)P——h@TP(O)Arz .
T

P(O)Ar,

The effect was also observed in the extraction of
elements by solutions of BNOPC with different types of
functional groups, one of which must be a P=0 group.
The widely known diaryl{dialkylcarbamoylmethyl]phos-
phine oxides R,P(O)CH,C(O)NR; %—!! belong to this
group of reagents.

In extraction by these reagents, the effect is observed
only when the phenyl group is linked with the phospho-
rus atom (and not the nitrogen atom).!' It has been
found that the amount of the effect observed depends
substantially on the nature of the acid in an aqueous
medium. [t is especially high in the extraction of ele-
ments from solutions of perchloric acid and its salts.1.12:13

Based on the rich experimental material, it has been
established that a necessary condition for the appear-
ance of the "arylic strengthening” effect of the extraction
capacity is the existence of at least two functional groups
capable of closin~ the cycle with a metal i~ the reagent.
At least one of these groups must be a P=0 group linked
with at least one aryl group.

However, there are published data that allow one to
doubt the existence of AAS. Reference 14 is devoted to
the extraction capacity of dialkyl- and diaryl(dialkyl-
carbamoylmethyl)phosphine oxides R,P(O)—CH,—
CONR," with respect to americium ions. The authors of
Ref. 14 compared the extraction capacities of these com-
pounds containing R = CgH; and R = Ph in solvents
of different solvating capacities and found that the ratio
of the extraction constants K.,0°/K., " in weakly sol-
vating media is less than unity, while it is greater than
unity in strongly solvating media. In other words, AAS is

not observed in weakly solvating media, but it is observed
in strongly solvating media. In the first case, aryl groups
decrease the extraction, and in the second case, they
increase it. Assuming that the intramolecular influence
of the phenyl group on the complex-forming capacity of
the bidentate ligand is independent of the nature of the
solvent, the authors concluded that no AAS exists and
reduced the problem to the role of the solvation of
extractant molecules by the solvent. Using Shmidt's
"dilution parameters” (DL)!S as a measure of the solvat-
ing capacity of solvents, the authors obtained a satisfac-
tory linear dependence logKQ</ KF" on DL (the correla-
tion coefficient was 0.96).

To understand the AAS effect, it is necessary to
consider in more detail the influence of phenyl substitu-
ents at the phosphorus atom on the reactivity of organo-
phosphorus compounds.

It is noteworthy that the special properties that are
imparted to an organophosphorus molecule by the exist-
ence of phenyl (aryl) groups at the phosphorus atom
were marked repeatedly and long ago,'6:17 especially
when the dissociation constants of phosphorus acids
containing one or two phenyl groups at the phosphorus
atom were compared. The effect observed was explained
by the mesomeric influence of phenyl (aryl) groups and
its steric dependence. An interpretation of this kind has
lately been suggested in the study of the stability con-
stants of the complexes formed by the bidentate reagents
R,P(O)CH,P(O)R, with alkali metal halides. In this
case, pheny! groups also resulted in higher stability of
the complex than alkyl groups did.18

According to the electronic effect in organic reac-
tions, aryl groups are typically biphilic. This means that
in different situations they can be both electron-with-
drawing and electron-releasing groups. This is caused by
the high polarizability of their n-electronic system, which,
depending on many factors, can donate electron density
to the reaction center at the time of a reaction or can, by
contrast, accept it. The nature of the reaction center
should be the first named among these factors, then the
character of the attacking reagent, the existence of
substituents in the benzene ring and their nature, the
character of the medium, efc. The analysis of the com-
bined action of all factors is a rather complicated prob-
lem requiring rigorous theoretical consideration.

However, fairly convincing conclusions can be drawn
on the basis of op-correlation analysis. We have devel-
oped!? a baus for op-correlation analysis applicable to
the chemistry of organophosphorus compounds. The o®
constants for different groups at the phosphorus atoms
were derived from experimental data, and numerous
good linear correlations between rate constants and equi-
librium constants of organophosphorus reactions were
revealed from the Hammett equation:

logK = logk? + pXa?®.

The value and sign of the o® constant characterize
entirely the effect of a given substituent at the phospho-
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rus atom. It has been found for phenyl and other aryl
groups that their o® constants can vary. They depend
first on the number of aryl groups linked to the phos-
phorus atom and can vary within wide limits in different
reactions. In this respect, o% are similar to the o,
constants of aryl groups in the Hammett equation,
which are also rather variable. For example, when the
electronic parameter of the reaction center in an organic
compound differs slightly from that of carboxy! groups
of benzoic acids (this is the reaction series from which
the o constants of the Hammett equation were derived),
the o, constant of the phenyl group is close to zero.
According to Jaffe, o, = 0.009, and according to
McDaniel and Brown, it is equal to —0.01.2% The o
constant of the phenyl group changes substantially when
the reaction center is nucleophilic, as in the phenoxide
ion or in aniline. It is designated as ¢~ and can take
values of +0.02 (anilines), +0.07 or +0.10 (phenols),?!
and even can reach a value of +0.30.2Z These values of
the o, constant characterize the phenyl group as an
electron acceptor. Of course, this accepting effect is not
high: for the typical accepting group, for example, CN,
o~ = +0.88— +0.98, and for the bromide ion, ¢~ =
+0.25.

By contrast, when the reaction center is electro-
philic, as in the triphenylmethyl cation (Phy;C*) or the
cumyl cation (C¢HsC*Me,), o, takes values from —0.07
to —0.35 ! and even to —0.38.23 This already indicates
pronounced donating properties, which are not exceeded
by those, e.g., of the methoxyl group for which o, =
—0.268 for the ionization of benzoic acids in water.

Thus, under appropriate conditions, the electronega-
tive (according to inductive effects) phenyl group can
turn out to be a strong n-donor or a weak n-acceptor.

Now let us consider a phenyl group linked to a
phosphorus atom. The characteristics of the phenyl group
in the correlation analysis of organophosphorus com-
pounds (the standard series is the ionization of
RRPOOH type acids) can be determined by the value
of o®, which is equal to —0.48 in the dissociation of
phenylphosphonic acid C4HsPO;H; or its acidic esters
in water. This constant is very variable and changes
under the action of many factors. It depends on the
number of phenyl groups at the phosphorus atom and
the nature of the reaction center. We will consider below
the changes in the ¢® constant of the phenyl group in
the case of two phenyl substituents at the phosphorus
atom: they are more indicative than those in the case of
one phenyl group (when changes in the constants have
the same character but are less pronounced). The ex-
amples for the changes in the ¢® constant of the phenyl
group (in the composition of the Ph,P fragment) upon
the acidic dissociation of various PH-, CH-, and
OH-acids in accordance with equations (1)—(10) are
presented in Table 1.

© ®
R,PHS === R,P—S + H M

© €]
RPHO === RP—0 + H 2)
S ®
R,PCH,CONEY, === RpL O H )
g CHCONE%
S
A ®
R,PCH,CONE R,P e H 4
R R \CHCONEt2 @
5
0
-~ ®
R,PCH,Ph === RP{, O + H
e 2 SCHPh )
0
+ S + ~ ®
RyP—C CH—PPh,X === R,P{ \@,PPhX + H(6)
) TS \TS
/‘S
oP(S)OH === R Pi\\g) + H %
S ®
RPSIOH =—= RPLO + H -
0
+ P -
PPh,X 2PPhX @
=c{ * == Rpp=c{ ? )
u COOEt lo “COOEt
OH o
+ - o -
PPh,X 2PPhX @
RP=C{_ ¥ == Rp=cT_ ¥+ H (10
| Ts ] © Ts
OH o

Ts = SOZC6H4CH3

As can be seen from Table !, the values of the %
constant of the phenyl group vary over a wide range

Table 1. Constants ¢® of the phenyl group in a series of
reactions of dissociation of OH-, SH-, CH-. and NH-acids

Reaction  Type Medium o?® Ref *
| PH oOMSO +0.08 24
2 PH DMSO -0.21 24
3 CH DMSO —0.21 25
4 CH DMSO —=0.31 26
5 CH DMSO —0.32 26
6 CH  MeNO, -0.45 27
7 OH 80% EtOH —0.59 28
8 OH 7% EtOH —0.64 28
9 OH  CH;NO,  —0.75 29

* The papers from which the data for calculations were taken.
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(from +0.08 to —1.19), i.e., the character of the effect of
this substituent can vary from more accepting (less
donating) to substantially more donating compared to
that observed for the standard acid Ph,POOH. Consid-
eration of the data in Table | (their number can be
considerably increased) results in the conclusion that
the reason Tor these changes is the changes in the
effective positive charge on the phosphorus atom of the
phosphory! group. In the phosphinite or thiophosphinite
anions (reactions (1) and (2), Table 1), the effective
positive charge on the phosphorus atom in the P=0(S)
group (dipole P*—O7) is weakened by the total negative
charge of the anion distributed between the phosphorus
and oxygen or sulfur atoms. As a result, the phenyl
group becomes accepting. As the o® constant decreases
(increasing its negative value), the P=0 dipole experi-
ences the effect of the positive charge (or the positive
end of the dipole) of the added groups, the positive
charge on the phosphorus atom increases, and the phe-
nyl groups become more and more donating. For ex-
ample, they become pronounced electron donors in
reactions (9) and (10).

The ratios considered can be illustrated by the acid-
base properties of carbamoyl-substituted phosphinoxides
R,P(O)CH,CONELt,. Like CH-acids,
when they lose a proton, they are _CH_
transformed into carbanions with a dis- HQF;;' - 'gNEt?
tributed charge. The effective positive 0 o]
charge on the phosphorus atom de-
creases, and the phenyl group manifests accepting prop-
erties: o® = —0.31 (in DMSO). However, when a pro-
ton is added to such a phosphin-
oxide, the effective positive charge
on the phosphorus atom increases Rz“ﬁ—CH{"%NRz'
and, hence, the accepting proper- O.. _OF
ties of the phenyl groups decrease, H
and their donating properties in-
crease. According to the value of ¢® of the phenyl
group, the protonation of carbamoyl phosphinoxide,
which proceeds at the C=0 group results in a situation
close to standard (the dissociation of the acid Ph,POOH):
o® = —0.58.1%

Let us give one more indicative example. For the
dissociation of R,P(S)SH acids in anhydrous EtOH, the
constant of the phenyl group (in the Ph;P fragment) can
be calculated as o® = —0.55, ie., it is close to the
standard.¥® In the reaction of the corresponding sodium
salt with benzyl chloride (the reaction kinetics was
studied)

P S. Ph\ S
h\p’efNa@ + PACHCI — P!
P’ s’ Pr” “SCH,Ph

the @ constant of the phenyl group becomes equal to
—1.25. In the jon pair or in the covalent complex with
the sodium ion, the effective positive charge of the
phosphorus atom is much higher than the charge on the

Ph,PSS~ anion, and the phenyl group becomes a pro-
nounced donor.16.17

It is noteworthy that the o® constants and, hence,
the electronic effects of the phenyl groups, against the
assertion of the authors of Ref. 14, are strongly prone to
the influence of solvents. Examples for the reactions of
acidic dissociation (11)—(14) are presented in Table 2.

+ —_ _—
_PPh_X @ _rPh.X @
RP—CH] % === Rp=c " +H U
i >Ts | o Ts
S S
+ - ® -
PPh,X 2PPh.X ®
,P=C_ 7 == RpPp=C__ 7 +H (12)
{ Ts | e Ts
OH 0
O ®
e
R,POICH.Ph === R PLO + H (13
2 H 2 "*CH—Ph
o ®
P
A,P(O)CH,COOEt ==—= R PIL © + H (14
2P 2 2 SCH~COOE!

Table 2. Effect of the solvent on the ¥ constant of the phenyl
group

Reaction  Acidity Solvent a® Ref.

3 CH MeNO,  —045 27
EtOH ~-(.46

12 OH MeNO,  —L15 29
EtOH -0.24

13 CH DG -0.58 26
DMSO -0.32

14 CH DG* —0.30 29
DMSO -0.22

* Diglyme.

For the dissociation of the CH-acid [reaction (11}}],
the o® constants in nitromethane and ethanol are equal
(—0.45 and —0.46). However, it can be seen that in
reaction (12) the OH-acidity of the phosphorane-phos-
phonium moiety depends strongly on the solvent: o?
changes from —0.24 in alcohol to ~1.15 in nitromethane.
The more solvating alcohot stabilizes the anionic forms
in which, reasonably, the effective positive charge on the
phosphorus atom increases and, hence, the donating
properties of the phenyls decrease and their accepting
properties increase. Many such examples can be pre-
sented.

Now let us consider the ratios observed in extraction
{Table 3).

Protonation both of monodentate (RyP=0) and
bidentate (R,P(O)CH,P(O)R; and R,P(OYCH,CONR;)
extractants depends, of course, on the nature of the R
group, but the phenyl groups are characterized by the o®
constants (—0.58 and —0.59) relative to that of the
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Table 3. Constants o® of extractants in various reactions

Extractant Reaction Medium a®py, Ref.
R;PO Equilibrium protonation CH;NO, -0.59 32
R,P(0)CH,P(O)R, Equilibrium protonation CH;NO, -0.59 l
R,P(O)CH,C(O)NR," Equilibrium protonation CH3;NO, -—0.58 28
R,P(O)CH,C{O)NR;" Extraction of HNO, CIC,H, 1 —0.67 34
R,P(O)CH,P(O)R, Extraction of HNO, CIC,H,C1 —0.71 35
RyP(O)CH,C(O)NR," Extraction of Am{1n) CIC,H Cl —1.17 34
R,P(O)CH,P(O)R, Extraction of Am(in) and Pu(iv) CICyH,Cl —1.43 5
R;PO Complex formation with HOPh CCly —0.88 29
R;PO Complex formation with HOC(H.F-p  CCly —0.88 33

standard (dissociation of the acid Ph,POOH). They are
not stronger acceptors and stronger donors than in
diphenylphosphinic acid (Ph,POOH), which is accepted
in the given case as the zero point.

For the extraction of nitric acid, the phenyl groups
manifest somewhat more donating (less accepting) prop-
erties (o® = —0.67, —0.71). We have shown previously
that nitric acid forms 1 : | and | : 2 complexes with
diphosphinoxides with strong hydrogen bonds
P=0...HNO; (in dichloromethane or chloroform).3! No
elimination of a proton from an HNO; molecule occurs.
Some increase in the effective positive charge on the
phosphorus atom is observed. Unfortunately, dipole
moments were not studied for the P=0...H—O system,
therefore, it is difficult to make a judgement about
charge transfer. However, the formation of complexes
by hydrogen bonds has been studied previously.2?:33 For
example, in complexes of monophosphinoxides with
phenol and para-flucrophenol the o® values of the
phenyl groups are —0.88, which attests to their increased
donor properties: charge transfer occurs in the formation
of the complex

The dipole moment of the system with the H-bond is
much greater than that of the initial triarylphosphinoxide
(for PhyP=0, —4.1 D, for the complex, 6.5 D). Owing
to the charge transfer, the phosphorus atom becomes
more positive, and the phenyl groups exhibit pronounced
donor properties.3®

In the case of the formation of complexes between
bis-phosphinoxides and Am(in),334 the phenyl groups
are characterized by very high negative values of o®
(—1.17 and —1.43) and exhibit donor properties. The
positive charge on the phosphorus atom caused by the
formation of the Am(int) complex is great, due to the
transfer of a charge from the phosphoryl group to the
metal cation. This explains the "anomalous arylic
strengthening.” In fact, it is not anomalous. The strong
charge transfer in the formation of the strong complex
makes the phenyl groups donating, which strengthens

the complex more. Thus, phenyl strengthening exists,
but only in the cases when a strong complex involving
two P=0 groups is formed, and the phenyl group, as a
"two-faced Janus,” appears in its natural donating func-
tion.

The absence of noticeable phenyl strengthening in
the extraction of Pu(iv), Pu(vi), and U(wi), whose ex-
traction constants (K.) by bidentate neutral organo-
phosphorus compounds are higher in most cases than
K., of trivalent TPE and REE, does not contradict the
aforesaid assertion. The decrease in K, for these ele-
ments in the series K., 0— K" is very small: it is only
twofold (instead of 300-fold for the monodentate ana-
logs). Therefore, additional strengthening of the com-
plexes also takes place in this case, but it is disguised by
the higher sensitivity of Pu(iv), Pu(vi), and U(v1) to
inductive effects.?:37

In conclusion, let us consider the effect observed for
phosphinoxides R,P(O)CH,CONR, .14 The authors of
Ref. 14 have established that the "phenyl strengthening”
depends strongly on the solvent and believe that the
electronic effect of the phenyl group cannot depend on
the solvent. We have shown above that the o® values of
the phenyl groups in fact can strongly depend on the
solvent. Unfortunately, the experimental data presented
in Ref. 14 are insufficient for calculating the o® con-
stants. However, the latter were estimated for tetrachlo-

roethylene (¢® = —1.00), CCl; (¢® = —1.12), and
dichloroethane (6® = —1.17). As can be seen, for weakly
polar solvents (tetrachloroethylene, CCly,), compared to
the octyl group (o® = —~1.11), the phenyl group in these

compounds is an acceptor (a weaker donor), and in
dichloroethane, it is explicitly a stronger donor than the
octyl group (o® = —1.17). There is no "arylic strength-
ening” in the first two solvents, while the phenyl effect is
observed in dichloroethane (and in the other strongly
solvating solvents used in Ref. 14). Of course, the mat-
ter is not in the solvation of the extractant, as the
authors of Ref. 14 believe, but in the solvation of the
complex formed. Efficient solvation increases the stabil-
ity of the complex, the effective positive charge on the
phosphorus atom increases, and the phenyl substituents
become donors. Thus, “phenyl strengthening” is subject
to the influence of solvents.
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It should be said in conclusion that we agree with the
opinion!=5 presented in the beginning of this work
concerning the role of the delocalization of the electron
density from the aryl groups to the cycle closed by a
metal in the strengthening of the complex. At the same
time, our experimental material on extraction of ac-
tinides, lanfhanides, and some other elements, as well as
the calculation parameters of the correlation analysis
allowed us to look more widely at the problem and,
based on the data on the electronic effects of aryl
substituents, to formulate ideas about the reasons for the
"arylic strengthening” of the extraction capacity of
BNOPC, which can be presented as the following state-
ments.

1. Since the phenyl group is biphilic, it can exhibit
both donating and accepting properties. When added to
a phosphoryl group, it can be a weak electron acceptor,
as in dialkyl phosphites, or a fairly strong donor when
the phosphonium character of the phosphorus atom
increases.

2. The "phenyl strengthening” of complexes with
strongly accepting cations actually exists. It depends on
the degree of the transfer of a charge from the oxygen
atom of the phosphory! group to the cation-complex-
forming agent. There is no "phenyl strengthening” in
weak complexes, because their phenyl groups are weak
donors (actually they are acceptors). Strong complexes
exhibit "phenyl strengthening.”

3. There is nothing anomalous in the "phenyl strength-
ening” of complexes with electron-accepting cations.

4. There is a dependence of the "phenyl strengthen-
ing” effect on the solvent: the effect increases in strongly
solvating solvents, which stabilize the complex, and
decreases or disappears in weakly solvating solvents.
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