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ABSTRACT: On the basis of our systematic investi-
gations, the main trends concerning synthesis, struc-
ture, and reactivity of carboxylate phosphabetaines—
phosphorus analogs of organic aminoacids—are con-
sidered and analyzed. A wide series of phosphabetaines
has been obtained in reactions of tertiary phosphines
with unsaturated mono- and dicarboxylic acids, and
also with their derivatives—esters and amides. By
a plethora of experimental and theoretical methods,
it has been shown that the thermodynamic stabil-
ity of carboxylate phosphabetaines essentially depends
on the structure of the initial phosphine and car-
boxylic acid. In some cases, the reaction between
them is equilibrated. On the other hand, for a num-
ber of synthesized betaines, it is reliably established
that these exist in equilibrium with isomeric phos-
phoranes. The extremely important condition for sta-
bilization of phosphabetaine structures is the pres-
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DISCOVER SOMETHING GREAT

ence of proton-donating reagents, which are included
in their crystal lattice. In the series of symmetrically
substituted derivatives, the interesting phenomenon of
phosphorotropy of the phosphonium group is estab-
lished. The reactivity of phosphabetaines in reactions
with electrophilic reagents (haloid alkyls and acyls,
isocyanates, corbodiimides) has been investigated.
The majority of key structures have been confirmed
by the direct X-ray method. © 2006 Wiley Periodicals,
Inc. Heteroatom Chem 17:557-566, 2006; Published on-
line in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/hc.20276

INTRODUCTION

One of the most interesting classes of organophos-
phorus compounds, interest in which has sharply in-
creased recently, is the so-called phosphabetaines. In
these internal phosphonium salts, cationic phospho-
niun and anionic centers, are connected with each
other by not only ionic but also by covalent bonds.
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The interest in similar structures stems from
the fact that very often they arise as intermediates
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in many important organophosphorus reactions,
though there is a relatively small number of sta-
ble phosphabetaines, some of which are shown
below.
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The sharply growing interest in this class of com-
pounds becomes quite understandable when we take
into account the fact that phosphabetaines are also
the original analogs of organic amino acids, with a
wide spectrum of potential chemical and biological
properties.

RESULTS AND DISCUSSION

Phosphabetanies on the Basis of Tertiary
Phosphines and Unsaturated Monocarboxylic
Acids and Their Derivatives

In the past years, our group carried out regular re-
search on the synthesis, structure, and reactivity
of phoshabetaines of type 1, obtained on the basis
of tertiary phosphines and unsaturated carboxylic
acids [1-14]. The results are presented in this short
review.
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R;P + RCH=C—COOH —> [ R3P—(|2H CHCOOH ]
R b
R
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—>R;P—CHCHCOO
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Thus, the essential role of proton-donating
reagents and solvents in stabilizing phosphabetainic
structures (that is, to stabilize strongly divided
charges) has been established [1-4]. For instance
in Fig. 1, one can see a molecule of water in the
crystal lattice of betaine of type 1 (R=Ph, R =R"=
H).

In the reactions of phosphabetaines with aro-
matic carboxylic acids, it was possible to see the
formation of the isomeric phosphorane structure 2
[5,7,12,14]:

FIGURE 1

Molecular structure of -triphenylphosphonium
ethylcarboxylate 1.

R
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Additional stabilization of phosphoranes in this
case is probably promoted by aryl substituents
raising the thermodynamic stability of the five-
membered phosphorane cycle. Additional proof of
phosphorane formation in these reactions is the fact
that the addition of HCI to the reaction mixture con-
taining betaine—obtained on the basis of cinnamic
acid and isomeric phosphorane—leads to the for-
mation of a cristalline product with melting point
176-181°C, which correspond to the betaine. Addi-
tion of a molecule of HCI leads to the formation of
phosphonium salt 3.

Ph o /4
Ph;}r)—(IZHCHQCOG PhsP’
1
Ph
* HC [Ph;’—CHCHCOOH] CT
b

3
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The molecular structure of salt 3 is pre-
sented in Fig. 2. An additional molecule of
solvent (chloroform) is included in the crystal
lattice.

Betaines of type 1 easily react with alkyl halo-
genides and acyl halogenides to form the corre-
sponding phosphonium salts 4 [1-4,7,12].

<] @ ]
ph3p_c].12c[.12(jo(()9 + RHlg —— >  [PhsP—CH,CH,COOR] Hig
1 4

m.p. 148°C dp 25-27ppm

dp 25.16 ppm

R = Me, Et, Pr, i-Pr, Bu, i-Bu, i-Am, CH,Br; Hlg = CI, Br, 1

The composition and structure of phosphonium
salts 4 have been confirmed by the data of elemen-
tal analysis, IR, 'H, and *'P NMR spectroscopy, and
for two compounds by the direct method of X-ray
analysis (Figs. 3 and 4). It is remarkable that phos-
phonium salts, distinct from betaine itself, are not
so inclined to include a molecule of proton-donating
reagents in a crystal lattice.

The reactivity of betaine 1 in reactions with
other electrophilic reagents (isocyanates and car-
bodiimides) has also been studied [1-4,7,12,14].

The mechanism of the previous reaction has

been studied by kinetics. The product structure has
been confirmed by X-ray analysis (Fig. 5).

The reaction of triphenylphosphine with cro-
tonic acid in acetronitrile proceeds with the for-
mation of corresponding phosphabetaine 8a, and
according to 3P NMR data is equilibrated. A 60%
maximum conversion is achieved.

+ _

RsP + CH;CH=CH—COOH ——> R3P—CIHCH2COO
8 cu
3

PhsP (reversible, 60% of 8a)
MePh,P (reversible, 87% of 8b)
BusP (irreversible, 100% of 8¢)

As expected, the involvement of more basic
methyldiphenylphosphine in this reaction results in
the displacement of the equilibrium to the product
side (8b), 87%. Even more basic tributhylphosphine
makes this reaction completely irreversible (product
8c) [14].

It is interesting to note that the alkylation
of betaines 8a,b, obtained in reversible reac-
tions of triphenyl- and methylphenylphosphine with
crotonic acid, proceeds with more difficulty. In
this case, there is also formation of the cor-
responding salt 8ba. However, according to 3!'P
NMR data, there are two additional signals in

o @
PP+ [CH,=CHCOO RHN--C-NR]
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PhyP- CH,CH,COO
1 Ph‘NkQ

=0, H,0
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PhyP- CH,CH,COO - PhANHC(O)NHPh

the reaction mixture, one of which belongs to
methyldiphenylphosphonium iodide 8bb and the
second to methyldiphenylphosphine oxide 8bc.

0. H,0
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PhP-CH,CH,COO + PIN=C=0 ——> PhP-CHCH;(—0—C(o —>
1 5 N—Ph
m.p. 148°C
dp 25.16 ppm
® I 2 o ® o P
Ph3P—CH2CH2C—O—C\ OH —> PhP-CH,CH,COO HO—C\ —
NH—Ph 6 NH—Ph
PEN=C=0 o ,/0
—  »  PhP-CH,CH,COO ~PhNH—C\
-CO, NH—Ph
mp. 87°C
6P 25.21 ppm
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+ _ + - + -
PipP—CHCH;-COO™ + CHl —> Ehzll’—?HCHz—COOCHg] I+ [MeyPPhy| 1 + MePPhy(0)

Me Me Me Me
Op = 30.45 ppm Op =21.10 ppm Op=33.1ppm
(72.6%) (6.35%) (21.05%)
8b 8ba 8bb 8be

The formation of salt 8bb is quite normal, if we
take into account the equilibrium character of the
reaction of formation of betaine 8b itself, which
implies the presence of free methyldiphenylphos-
phine in the equilibrium mixture. The formation
of phosphine oxide 8bc is also not surprising and
proceeds, more probably, through the intermediate
formation of the isomeric (in relation to phospha-
betaine) unstable phosphorane of type 2 with P—O
bond, which then decomposes to phosphine oxide.
Similar reactions were repeatedly observed earlier
for betaines from triphenylphosphine. During these
studies, it was interesting to extend this investigation
to other unsaturated carboxylic acids, and also their
derivatives—esters and amides. Until now, it was not
possible to obtain the products of betainic structure
with the last derivatives [11,14].

The reaction with acrylamide proceeds easily
enough with the formation of the corresponding
betaine 9, insoluble in most of the organic solvents
[11,14]:

0 ® 9
PP + CH=CH—C —> PhyP—CHCH,—CL{9
NH, 9 NH

CL2

However, crystals suitable for X-ray analy-
sis, were obtained only in the presence of fu-
maric acid, which, obviously, plays the role
of co-crystallizing substance and proton-donating
reagent (Fig. 6). As mentioned earlier, in a crys-
tal lattice of betaine 9, there is a molecule of
water.

Tertiary Phosphines in Reactions with
Unsaturated Dicarboxylic Acids and
Their Derivatives

We have also investigated the reactions of phos-
phines with unsaturated dicarboxylic acids [5,6,8-
10,13,14], in which the second carboxylic group
would be the internal proton-donating center and
thus would promote the increase in stability of the
betaines formed.

It has been shown that toxylic acid reacts with
triphenylphosphine under mild conditions in di-
ethyl ether medium, forming an insoluble prod-
uct in organic solvents adduct with a m.p. 67-
72°C (with decomposition), which according to

FIGURE 2 Molecular structure of (3-carboxyethyl phosphonim chloride 3.

Heteroatom Chemistry DOl 10.1002/hc
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Il

FIGURE 3 Molecular structure of (3-carboxymethyl phos-
phonim iodide.

the IR data is the target dicarboxylate betaine
10.

i
COOH o O
PP+ — PRP—CH
cx, f
COOH 1 \Cﬁ_o
0

However, this betaine is unstable upon heating
and sometimes simply on storage, it easily elim-
inates a molecule of CO, with formation of the
phosphonium salt 11, representing the already well-
known betaine 1 (R =Ph, R'=R”=H), stabilized by
a molecule of toxylic acid.

o
I_e
o €0 o CH=CH_
PhP—CH % > PRP—CH,CH,~COOH--— OC 0
H _ Illll%\ ~
CI;iz ; CO, %0 O
=0 Sp =21
10 11 p P
0 mp.= 144-148°C

The formation of product 11 accompanying the
elimination of CO,, which was trapped in the ex-
periment on thermal destruction, does not leave any
doubt about the structure of the initial betaine 10.

Because betaine 1 is a weaker acid than toxylic
acid, the full transfer of a proton from the last to
the first takes place in adduct 11, which is identi-
fied by X-ray analysis (Fig. 7). There is also a strong

Heteroatom Chemistry DOl 10.1002/hc

FIGURE 4 Molecular structure of 3-carboxyethyl phospho-
nim iodide.

FIGURE 5 Molecular structure of the complex of phospha-
betaine with diphenylurea 7.

hydrogen bond between the protonated betaine and
the toxylic anion. Product 11, unlike betaine 10, is
well soluble in organic solvents. Because of this, its
structure was reliably confirmed again by spectral
methods (IR and NMR), and then by direct X-ray
analysis.

The full proton transfer from toxylic acid to be-
taine 1 (R =Ph, R'=R” =H) in the adduct 11 results
in its inertness in previously investigated reactions
of alkylation by halogen alkyls.

The reaction of triphenylphosphine with fu-
maric acid proceeds only at high temperature;
hence, it is not possible to identify the intermediate
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FIGURE 6 Molecular structure of phosphabetaine 9 (without
hydrogen atoms).

containing an initial dicarboxylic acid. In this reac-
tion, only betaine 1 (R=Ph, R"=R"”=H) has been
obtained, stabilized by one acetonitr molecule. Its
structure was confirmed by using IR and NMR
spectroscopy methods, and also by X-ray analysis
(Fig. 8).

COOH
C H/ T0°C @ =)
PP + il —» PhyP-CH;CH2COO
CH =CQO»

Hooc” 1

Reaction of tributhylphosphine with toxylic acid
proceeds as well as in the case of triphenylphos-

phine, with the initial formation of dicarboxylate
betaine 12, with §, 56 ppm, which in the reaction
conditions, is easily decarboxylated to form the trib-
utylphosphonium ethylcarboxylate 13, with 6, 35

ppm (Fig. 9).

COOH

Q=0
®

@

BusP 4+ || — BuP—CH

COOH

A ® o
_2 4 BwP—CH,CH,—COO

-CO, 13

Sp 35 ppm

During our research, we reacted itaconic acid in
reaction with triphenylphosphine, in the hope that
the product of this reaction, which is distinct from
similar products obtained with fumaric and toxylic
acids, should be more stable because the nearest car-
boxylate group in the formed betaine will not be
in «- but in B-position in relation to the phospho-
nium center.

@
PhsP—CHyCH_ A
PhP + CH=(—CH;-COOH ——> o7 gl — o
IS} -CO;
COOH Q S =
14 g

@ o
PhP—CH,CH,CH,COO----H—OH
15

FIGURE 7 Molecular structure of 3-carboxyethyl triphenylphosphonim toxylate 11.

Heteroatom Chemistry DOl 10.1002/hc
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FIGURE 8 Molecular structure of betaine 1, obtained in the reaction of triphenylphosphine with fumaric acid.

Indeed, this reaction proceeds smoothly with the
formation of one crystal product 14 with ¢, 23.9 ppm
and m.p. 58-60°C (with decomposition). In the IR
spectrum of the product, both the carboxylic centers
are precisely visible: a carboxyle COOH group in the
field of 1700 cm™' and a carboxylate anion in the
characteristic area of 1600 cm™' (Fig. 10).

A I

P REDE BEASY RVARP LEAEA RRAES BaRR
50 30 10

FIGURE9 3'P NMR spectrum of the reaction mixture in the
reaction of tributhylphosphine with toxylic acid.

Heteroatom Chemistry DOl 10.1002/hc

The NMR spectrum also fully corresponded to
the expected phosphabetaine structure. The product
obtained was much more stable in comparison with
betaines derived from toxylic and fumaric acids and
did not differ in high stability. When melting or boil-
ing in the chloroform medium, the clear decomposi-
tion with CO, elimination are observed. We carried
out the preparative reaction of decarboxylation and
separated the product phosphabetaine 15 with m.p.

H/"
T d

800 1000 1200 1400 1600 1800 2000 3000

FIGURE 10 IR Spectrum of phosphabetaine 14.
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200 1000 1200 1400 1600 1200 2000 3000

FIGURE 11 IR Spectrum of product 15.

53-57°C and 6, 22.45 ppm, which undergoes easy
hydration by air moisture with formation of the cor-
responding phosphonium salt. In the IR spectrum
of this product, there is no characteristic absorption
of carboxylate anion, and there is only a character-
istic absorption of one carboxyl group at 1720 cm™!
(Fig. 11).

To increase the stability of dicarboxylate phos-
phabetaine, we carried out its alkylation reactions
with methyl and ethyl iodides. Reactions proceeded
quantitatively under mild conditions. The alkylation,
in our opinion, proceeded on the more distant car-
boxylic group, which is more basic.

@ ] &} RI
PhyP—CH,—~CH—CH,—COOH ——= PhyP—CH~CH—CH,—C0O0~ — XL 5

cod® COOH

@ e @ e

Ph;P—CH,~CH—CH,—COOR |1 - Eth—CHz—CHz— CHZ_COOR]I
COOH B

6 17

R=Me, Et

The structure of products obtained was re-
liably confirmed by IR and NMR spectroscopy.
In particular, in an 'H NMR spectrum of prod-
uct 16 (Fig. 12), the signals of ethyl, methylene,
phenyl, and also OH groups protons are clearly
visible. The obtained phosphonium salts is also
quite stable. Besides, when heated or stored for
a long time, they undergo oxidation-reduction de-
composition with the elimination of elementary
iodine.

Therefore, the investigation shows the essen-
tial specificity in behavior of unsaturated carboxylic
acids in reactions of betaine formation. It is con-
nected with thermodynamic instability of structures
with a-arrangement of phosphonium and carboxy-

T T T T

[T Y | 1
10 9 2 7 & 5 4 3 2 1

FIGURE 12 'H NMR spectrum (CDCls, 300 MHz) of phos-
phonium salt 16 (R = Et).

late centers. This supports literature data [15] con-
cerning unsuccessful attempts of obtaining triph-
enylphosphonium methylcarboxylate 17. In this
case, the process of decarboxylation with elimina-
tion of CO, and the formation of triphenylphospho-
nium chloride 18 had also taken place.

©) © B ® 9
[ PhyP—CH,~COOH] Cl Tohe [pmp—CHrc\g@]
- 0
17

® o
— > [PWPCH; ] CI
-CO, 8

The interaction of triphenylphosphine with
dimethyl ester or fumaric acid proceeds according
to the following scheme [11,14] (Scheme 1).

In chloroform medium, according to NMR
and IR spectroscopic data, the reaction proceeds
smoothly enough with the formation of one prod-
uct 19, with phosphorus nuclear chemical shift of
29.35 ppm. The signal of initial triphenylphosphine
disappears almost completely. In the 'H NMR spec-
trum of the product obtained (Fig. 13), the protons
of phenyl substituents at phosphorus, and signals

COOMe °
PhP + H([JZCH —> MeOOC—CH—CH—COOMe =—=
MeOOC ©PPh;

& 5 PPh3
 CH—CH— o
EASOOC CH—CH COOM@J == MeOOC—CH—CH—COOMe

N 8*7
PPh3 19

SCHEME 1

Heteroatom Chemistry DOl 10.1002/hc
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FIGURE 13 'H NMR spectrum (CDClgz, 300 MHz) of phos-
phabetaine 19.

corresponding to methyl and methyne protons, are
clearly visible.

However, it is surprising that both methyl and
methyne protons are shown in 'H NMR spectrum as
singlets, displaced in comparison with the protons
of the initial dimethyl ester of fumaric acid toward
low field by ca 0.2 ppm. The equivalence of methyl
and methyne protons in the reaction product un-
equivocally indicates the presence of fast in NMR
time scale migration of the triphenylphosphonium
group between the two equivalent carbon centers
with the formation of two tautomeric forms com-
pletely identical in chemical nature. This phospho-
notropy is the first example of its kind, and by its
nature is completely similar to the well known phe-
nomena of acylo-, silylo-, and prototropic processes.
This does not contradict the chemical theory and
does not cause any doubts, because the fact of the
formation of only one product in this reaction is
clearly demonstrated by spectral methods.

To prove the structure of product 19, we per-
formed an alkylation reaction with methyl iodide.
The reaction proceeded easily at room temperature
with the formation of the corresponding salt (with
m.p. 93-95°C and dp 29.9 ppm) whose structure was
proved by a plethora of spectral methods.

5 8 CH,
MeOOC—CH—CH—COOMe I -
57 + CHjl —> |MeOOC—CH—CH—COOMe | 1

N
¢ PP *PPhy

m.p. 93-95°C

Thus, the investigation of reactions of trialkyl-
and triaryl-phosphines with unsaturated mono- and
dicarboxylic acids and their derivatives in various
conditions has shown new interesting results in the
field of synthesis, structures, and reactivity of car-
boxylate phosphabetaines. These new perspectives
provide new ways of looking at the formation and the

Heteroatom Chemistry DOl 10.1002/hc

stabilization of major intermediates of organophos-
phorus reactions.

EXPERIMENTAL

All details concerning synthetic, spectral, X-ray,
and other experiments are presented in our previ-
ous publications [11-14] and are the bases of this
review.
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