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Preface

Undoubtedly the chemistry of phosphorus appears more and more attractive in
the sense that phosphorus presents an extraordinary versatile behaviour that
allows the synthesis of a large number of different phosphorus reagents usable
for applications in different fields, from biology to material science without for-
getting key applications in catalysis. The full maturity of this topic of research
can be explained by all the acquired knowledge over these twenty last years.
Organic and inorganic chemistries of Py, Pyy and Py species have been the sub-
ject of thousands of publications while the chemistry of low coordinated phos-
phorus derivatives experienced its hour of glory from the 1970s to the early
1990s. In parallel, interactions between phosphorus compounds and transition
metals afforded many complexes, a lot of which present fascinating properties as
catalysts.

The interest in all these themes really is not decreasing, indeed some fasci-
nating areas of research are emerging or are the subject of many investigations:
the medicinal chemistry of bisphosphonates, the role of phosphorus in biology,
phosphorus ligands in radiopharmaceutical chemistry, phosphorus in material
science, new polymers and dendrimers incorporating phosphorus, and asym-
metric catalysis to name but a few.

Indeed researchers, benefitting from their background in basic phosphorus
chemistry are developing many new fields of research.

Therefore it appeared opportune not only to give an overview of the state of
the art of the new aspects in phosphorus chemistry but also to try to draw what
might be of interest for development in the future using phosphorus.

This Topics in Current Chemistry volume starts with a comparison of carbon,
nitrogen and phosphorus chemistry concerning the preparation and the
properties of three-membered rings as neutral cationic or radical species
(G. Bertrand et al.). The specificity of phosphorus is clearly shown. The follow-
ing contribution by E Mathey et al. reports new trends in phosphametallocene
chemistry with emphasis on the applications of transition-metal phospholyl
complexes in homogenous catalysis. How is it possible to take advantage of the
properties of a given element to develop the chemistry of another one? This
is what is shown in the contribution of J.-P. Majoral et al. describing the use of
benzyne zirconocene reagents as tools in phosphorus chemistry.

The use of phosphorus in catalysis is a topic impossible to circumvent. The
review by G. Buono et al. highlights the role of new chiral organophosphorus
catalysts in asymmetric synthesis.



VIII Preface

One of the sources of phosphorus reagents is white phosphorus. All efforts
to transform this bulk material are of great interest. M. Peruzzini et al. presents
a critical survey of the coordination chemistry of white phosphorus, metal
mediating the degradation and reaggregation of P,.

A survey of the chemistry and the role of phosphorus would not be complete
without entering the world of material science and bioscience. Again, phosphorus
has proved useful in these areas of research. Synthesis and properties of new inor-
ganic polymers containing phosphorus and more specially poly(thionylphos-
phazenes), hybrids of “classical” polyphosphazenes and poly(oxothiazenes) are
discussed among the preparation of a variety of novel polymeric materials by
1. Manners et al. Synthetic methods leading to P-chiral oligonucleotides for which
broad applications might be expected in biochemistry and molecular biology are
presented in the contribution by W. Stec et al. Special emphasis has been put on the
oxathiaphospholane methodology for the stereocontrolled synthesis of P-chiral
biophosphate analogues.

Recent advances in carbonylphosphonate chemistry are reported by
C.E. McKenna et al. with emphasis on the synthesis, chemical properties and
synthetic utility of this versatile class of organophosphorus compounds.

In conclusion the present volume, the first of a series of volumes, gives a
general and at the same time rather detailed review on the main research devel-
opments in phosphorus chemistry. There is still more to come, such a chemistry
being so fascinating and so diversified.

Toulouse, November 2001 Jean-Pierre Majoral
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Diphosphorus-Containing Unsaturated
Three-Membered Rings: Comparison of Carbon,
Nitrogen, and Phosphorus Chemistry

D. Bourissou, G. Bertrand

Laboratoire d’Hétérochimie Fondamentale et Appliquée, Université Paul Sabatier, 118,
route de Narbonne, 31062 Toulouse Cédex 04, France
E-mail: gbertran@chimie.ups-tlse.fr

Three-membered rings as neutral, cationic, or radical species give a good opportunity to com-
pare the chemistry of phosphorus, nitrogen, and carbon. Due to its specific properties, phos-
phorus has allowed for the isolation of original compounds which have so far few or even no
counterparts in nitrogen and carbon chemistry: the diphosphorus analogue of the cyclo-
propenyl radical does not dimerize through o(C-C) coupling but via m* -7* interaction lead-
ing to phosphorus-phosphorus one-electron bonds, while the phosphorus version of the ami-
dinium salts adopts a cyclic form featuring some carbanionic character!

Keywords. Three-membered rings, Phosphorus heterocycles, Cations, Radicals, Valence iso-
mers
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1
Introduction

Phosphorus is a heavier analogue of nitrogen and accordingly numerous phos-
phorus compounds (such as phosphines) can be related to their nitrogen coun-
terparts (amines). However, this so-called vertical analogy is not so efficient for
the low-coordinate phosphorus compounds, which are more strongly related to

Topics in Current Chemistry, Vol. 220
© Springer-Verlag Berlin Heidelberg 2002
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Fig. 1. Cyclopropenes, cyclopropenium salts, cyclopropenyl radicals, and their dinitrogen- and
diphosphorus-containing analogues

their carbon analogues [1a]. The diagonal phosphorus-carbon analogy stresses
the electronegativity of the elements (P 2.1 vs C 2.5 and N 3.0) which governs, in
part, the reactivity of these species.

Due to its specific properties, phosphorus has allowed for the isolation of un-
saturated neutral three-membered heterocycles such as 1’P, which are hardly
available in the nitrogen series. Even more striking, cationic three-membered
rings 2P, 2’P, and 2”P have, so far, no counterparts in nitrogen chemistry [1b],
and the transient diphosphirenyl radical 3P behaves totally differently from
both its carbon and nitrogen counterparts (Fig. 1). This review presents the syn-
thesis, structure and reactivity of diphosphorus-containing unsaturated three-
membered heterocycles 1-3 [2], and gives a good opportunity to compare the
chemistry of phosphorus with those of nitrogen and carbon.

2
Synthesis and Ligand Properties of Diphosphirenes 1P and 1'P

Free as well as coordinated 1H-phosphirenes A [3] and B [4], respectively, can be
prepared by trapping of transient phosphinidenes [5] with alkynes. By exten-
sion of this synthetic route, Niecke et al. prepared the first 1H-diphosphirene
1’Pa [6] by reaction of the chloro(silyl)phosphine 1 with the phosphaalkyne 2
(Scheme 1). Some years later, Mathey et al. [7a] and Streubel et al. [7b] indepen-
dently reported analogous reactions in the coordination sphere of transition
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metals, preparing the first complexes 1"Pb featuring 1H-diphosphirenes as n'-
ligands.

More recently, starting from the readily available P-hydrogenophosphaalkene
3, we reported a simpler synthetic route [8] to free and coordinated 1H-diphos-
phirenes, which is reminiscent of the Neber synthesis [9] of 2H-azirines and the
Graham synthesis [10] of 3-halogeno-3H-diazirines (Scheme 2). To induce the
necessary 1,3-elimination reaction, a thf solution of 3 was treated at room tem-
perature with a catalytic amount (5%) of BF;.OEt,. After work-up, the 1H-
diphosphirene 1"Pc was obtained as a light yellow oil in 65% yield. Since this
synthesis can be performed on multiplegram scale, the ligand properties of 1’Pc
could be studied [8,11].

The 1H-diphosphirene tungsten complex 1°Pd [8] is easily obtained by treat-
ment of 1’Pc with W(CO);(thf) (42% yield from 1’Pc), or alternatively by addi-
tion of one equivalent of W(CO),(thf) to phosphaalkene 3 (80% yield). Moni-
toring the latter reaction by *'P NMR spectroscopy at 0°C showed the primary
formation of complex 4 as a single isomer in an E configuration, where the metal
is n'-bonded to the o?-phosphorus atom. The transformation of 4 into 1’Pd in-
volved both the 1,3-elimination of diisopropylamine and the migration of the
metal fragment. The former process is probably induced by a catalytic amount
of W(CO);(thf) which acts as a Lewis acid; the metal shift is governed by the
higher thermodynamic stability of 1’Pd compared to the isomeric complex 1'Pe
featuring the metal fragment at the o?-phosphorus atom [12] (Scheme 2).

NRQ + BF3OEt2 NRZ
NR cat. A
HMP)\P< e () I\
. NR; “RoNH P P\NR
(65% yield)  1pc 2
NR, NRz NR:
NR, ——— W(CO)s A
H—P7 'F'<NR2 - RoNH P’ ( j /_p'-\
(0C)sW NR,  (OC)WT g,
4 1'Pd 1'Pe

Scheme 2
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e
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Scheme 3

Similarly, the n'-iron tetracarbonyl complex 1"Pf was obtained in 85% yield
by treatment of 6 with one equivalent of Fe,(CO), [11] (Scheme 3). Addition of a
second equivalent of Fe,(CO), induces the cleavage of the P-P bond and leads to
the binuclear complex 5, in which a 1,3-diphosphorus open chain bridges a
metal-metal bonded Fe,(CO), fragment. One of the phosphorus centers of the
latter complex can coordinate a further Fe(CO), unit affording the trinuclear
complex 6.

3
Structure of Diphosphirenes 1P and 1’P

At first glance, the stability of the potentially anti-aromatic 1H-diphosphirenes
1"P may be surprising. The X-ray analysis performed on 1"Pa [6] reveals that the
o*-phosphorus center is in a strongly pyramidalized environment and, since the
inversion barrier of phosphorus is rather high (146 kJ/mol), the destabilizing
four-m-electron interaction between the phosphorus lone pair and the P=C
m-bond is only marginal [13]. Accordingly, 1H-diphosphirenes 1’P can be clas-
sified as non-anti-aromatic species and this certainly explains why only these
cyclopropene diphosphorus analogues have been isolated so far. Indeed, no iso-
meric 3H-diphosphirenes 1P, which feature a weak P=P bond [14], have been
characterized. However, it is worth mentioning that attempted synthesis of 1Pa
led to the formation of its dimer 7 [15] (Scheme 4).

Due to the low inversion barrier of nitrogen (25 kJ/mol), an opposite situation
is observed for the diazirines. The chemistry of 3H-diazirines 1N, which are
good precursors for transient carbenes, has been extensively explored [16],

Me3Si><SiM93

s P—P

Me3Si S iMe3
\>< rEp”

P=P
Scheme 4 1Pa MesSi' SiMe;
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while only one anti-aromatic 1H-diazirine 1’N has been spectroscopically char-
acterized [17].

4
Synthesis of Diphosphorus-Containing Salts 2P, 2’P, and 2”P

By analogy with the synthetic method used to prepare the first phosphirenium
salts C [18], we initially tried to prepare a diphosphirenium salt of type 2’P by
[2+1]-cycloaddition reactions of various phosphenium salts to tert-butylphos-
phaalkyne. However, all our attempts failed (Scheme 5).

N+ c
vz
N I\
_ '\ _/
= P—F¢
Scheme 5 2'P

As aresult, we turned our attention towards a totally different synthetic strat-
egy. It is known that, due to their high electrophilicity, dicoordinate [19a] and
monocoordinate [19b, c] phosphorus cations react with phosphines giving the
corresponding 1,1-adducts, D and E, respectively. Therefore, 10',303-diphos-
phaallyl cations F, which might conceivably be available through heterolytic
cleavage of the P-X bond of C-phosphino-phosphaalkenes G, appeared to be po-
tential precursors for the desired diphosphirenium salt 2°P (Scheme 6).

Since both amino and bulky substituents are known to stabilize cycloprope-
nium salts [20], we chose to investigate the Lewis-acid induced P-N bond cleav-
age of the phosphaalkene 9, which is readily synthesized from the correspond-
ing bis(phosphino)diazomethane 8 [21]. Indeed, treatment of 9 with two equiv-
alents of BF;.Et,NH complex at room temperature afforded diphosphirenium
salt 2"Pa as non-air sensitive pale-yellow crystals (mp 118°C) in 60% yield [22a]
(Scheme 6). Subsequently, we found that using BF;.Et,0 in the place of

\+~ o \.._+_
S P< SR

E
A/ +)\~ J\
= R = e

Scheme 6 2'P F G
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——— 74 /NRZ -
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/k NRZ -2 EtzNH 2'Pa NR2
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g —— RoN—P7 B 2 EtoNH
RzN \NR2 R 2 \NR2 0!
8 9 NR, BE
o o + 2 BF4.E1,0 /* a
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BF;.Et,NH brought about the formation of the four-membered heterocycle 10
(60% yield) rather than 2’Pa [22b]. We quickly realized that the different out-
come of the latter reaction could be attributed to the lack of the base, which in-
duced the transformation of 10 into 2’Pa (Scheme 7).

Then we demonstrated the complete mechanism for the reaction leading to
the diphosphirenium salt 2’Pa from phosphaalkene 9. Treating 9 with trifluo-
romethanesulfonic acid allowed the spectroscopic characterization of the
10%30*-diphosphaallyl cation 11, which clearly demonstrated that the acid re-
acted at the o®-phosphorus atom of 9 [22b]. By varying the nature of the amino
groups, we then proved that a 1,1-elimination occurred at the o*-phosphorus
atom leading to the transient 10%,30%-diphosphaallyl cation 12, which was iso-
lated as the donor-acceptor complex 10. In other words, in contrast to our in-
tended synthetic strategy, the reaction does not proceed through the 10',30°-
diphosphaallyl cation 14! Subsequently, we showed that anionic nucleophiles re-
acted at the o?-phosphorus of 10 or 2'Pa to afford the corresponding
C-phosphino phosphaalkenes 15 [22b]. In the presence of neutral nucleophiles
such as diethylamine, 10 gives the diphosphirenium salt 2’Pa probably via the
transient intermolecular donor-acceptor complexes 13 of the desired 10',30°-
diphosphaallyl cation 14 (Scheme 8). Although our retrosynthetic strategy was
not perfect, the desired diphosphirenium salt 2"Pa was obtained!

Having in hand the diphosphirenium salt 2’Pa, we investigated the possibil-
ity of synthesizing a diphosphirenylium salt of type 2P. However, we had to keep
in mind that, in contrast with the phosphirenium salts C, which are known to be
stable [18, 23], the phosphirenylium salts H have only been observed spectro-
scopically in SO, solutions at -78°C [244a,b], or isolated when complexed in an
1’-fashion to an electron-rich Ni° center [24 c]. The difficulty in isolating species
such as H is essentially due to the very high electrophilicity of the phosphorus
atom. In addition, the desired diphosphirenylium 2P suffers from the presence
of either a weak P=P or P=C double bond [14] (Fig. 2).

Since obtaining a stable free diphosphirenylium salt 2P was quite unlikely, we
chose to prepare this type of compound in the coordination sphere of a transi-
tion metal via the Lewis-acid induced P-N bond cleavage of the 1,3-diamino-
diphosphirene complex 1’Pd. Treatment of 1°Pd at -78 °C with two equivalents
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Fig. 2. Phosphirenium salt C, phosphirenylium salt H, and resonance forms of the diphos-
phirenylium salt 2P
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of trifluoromethanesulfonic acid gave the desired diphosphirenylium salt 2Pa as
a highly air- and water-sensitive red oil, stable for days in solution at room tem-
perature [25]. The ionic nature of the complex 2Pa was demonstrated by the
preparation of the corresponding tetrachloroaluminate and gallate salts 2Pb and
2Pc, which present identical *'P, 'H, and *C NMR data. Salts 2Pb and 2Pc were
also obtained in two steps from 1Pd by treatment with two equivalents of hy-
drogen chloride in pentane, which gives the 1-chloro-1H-phosphirene 1’Pg, fol-
lowed by addition of a slight excess of aluminum or gallium trichloride
(Scheme 9). The n?-coordination mode of the heterocycle in 2Pa,b,c (via the
P=P bond) was deduced from the spectroscopic data: the *P NMR spectrum
showed only one singlet at -157.4 ppm in the range expected for a three-mem-
bered phosphorus heterocycle [26], with the axial and equatorial carbonyl
groups appearing as two triplets in the *C NMR spectrum.

NR,
A W(CO)
: P—P( 5
1pd NR2
TIOH HCI
NR2 ACl, NRo
+ X e
W(CO
:P4P: or GaCly ‘P/—P< (ks
W(CO)s 1pg C
2Pa,b,c R. -Pr
s T CF3802
a: X=TiO
b: X = AICI,
Scheme 9 c: X=GaCly

Since diphosphirenylium salts 2P can potentially act as 2-,4-, and 6-electron
ligands, we have then studied the possibility of adding further metal fragment
to the complex 2Pa. The reaction of 2Pa with W(CO);(thf) in dichloromethane
solution was monitored by *!P NMR spectroscopy. On addition of one equivalent
of W(CO);(thf), the sharp singlet corresponding to 2Pa (6°'P-157.4) disappears
to give a broad signal centered at -130 ppm. Addition of an excess of
W(CO);(thf) subsequently converts the broad signal into a sharp singlet at
-74.1 ppm [8Db]. This chemical shift,in the range expected for a three-membered
phosphorus heterocycle [26], and the presence of three different ], coupling
constants (176, 61, and 45 Hz) [27] strongly support the trinuclear structure 2Pe
(Scheme 10). In addition, the *C NMR spectrum for 2Pe reveals the presence of
two types of W(CO); fragment [193.6 (t,Jp<1 Hz, !J¢, =127 Hz, CO,), 194.5 (s,
CO,) and 213.6 (s, CO,), 214.7 (s, CO,)]. By comparison with those observed for
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2Pa [189.3 (t,]cp =4 Hz, Joy=122 Hz, CO,), 194.4 (t,];p < 1 Hz, CO,)], the signals
at 193.6 and 194.5 ppm can be assigned to the 72-PW(CO); moiety while the
deshielding of the other two signals (Ad=20 ppm) can be classically [28] attrib-
uted to the n!-coordination mode of the corresponding W(CO); fragments. Tak-
ing into account the trinuclear structure of 2Pe, the intermediate broad signal
detected in *'P NMR spectroscopy was certainly due to the binuclear tungsten
complex for which an equilibrium between the structures 2Pd and 2Pd’ is likely
to occur. Indeed, calculations have clearly evidenced a small difference in energy
between n'- and n?-coordination modes for model compounds [8b]. The for-
mation of the mono-, bi-, and trinuclear diphosphirenylium complexes 2Pa,
2Pd, and 2Pe, respectively, shows that the coordination chemistry of diphos-
phirenylium salts 2P features some resemblance with that of diphosphenes
RP=PR [29], and suggested that the positive charge is shifted toward the nitro-
gen substituent.

Analogously, treatment of the iron mononuclear complex 1’Pf with two
equivalents of trifluoromethanesulfonic acid leads to the dinuclear diphos-
phirenylium complex 2Pf [11] (Scheme 11). The presence of the Fe,(CO), frag-
ment in 2Pf was evident from the mass spectrum, and the cationic three-mem-
bered ring structure was established by comparing the spectroscopic data of 2Pf
(*'P NMR: s, § -139.8 ppm, 1*C NMR: t, § 218.2 ppm Jp¢ 93 Hz) with those of the
tungsten complex 2Pa. Although the mechanism of the reaction of 1’Pf with tri-
flic acid remains obscure, it is quite clear that the formation of the binuclear
complex involves a disproportionation process. To achieve the 18-electron con-
figuration for each iron atom in 2Pf, the three-membered ring must act as a six-

*WRZ _
NR; ey TiO
)\ Fe(CO), _HOTf PP
P R (OC)sFeZ—“Fe(CO),
TPt ° 2Pf
R: i-Pr

Scheme 11 Tf : CFRSO,»
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electron ligand (via the P=P bond and the lone pair of both phosphorus atoms).
This coordination mode is similar to that observed in the dinuclear diphos-
phene complex [cis-P,(tert-Bu),].[Fe,(CO),] [29b].

To prepare a salt of type 2”P featuring two o*-phosphorus centers, a totally
different strategy was used, based on the fact that such systems are cyclic valence
isomers of the diphosphino-substituted carbocations I [30] (Scheme 12).

We had previously demonstrated that the stable (phosphino)(silyl)carbene 16
[31] reacts with trimethylsilyl trifluoromethanesulfonate to give the phosphino-
substituted carbocation 17 [32], one of the very few stable phosphorus ana-
logues of iminium salts [33]. The same synthetic strategy was adopted to pre-
pare the diphosphino carbocation 17 or its valence isomer 2”Pa. A dichloro-
methane solution of bis(diisopropylamino)phosphenium triflate was added at
0°C to a pentane solution of the carbene 16. The adduct 2”Pa [34] was isolated
in 66 % yield as extremely air sensitive white crystals (melting point 89-90°C)
by recrystallization from tetrahydrofuran at -5°C (Scheme 13). The symmetri-
cal three-membered ring structure was evident from the spectroscopic data (*'P
NMR:s, § +7.3 ppm, *C NMR: t, §49.6 ppm, J 5 7.3 Hz,Si NMR: t, 6 -10.7 ppm
Jpsi 10 Hz).

MegSiOTf  RoNi SiMeg -
3 \P=C<

) TIO
RzN SiMe3
17 ' -
RoN_.. SiMeg iMes TIO
¢ ] RaNw_ A\ o-NR2
HzN S /P + P\ R
16 - RNT 4 NR:
_ iM63 _
R: LPr (RaN)oP™ TFO RN i NR, T
Tt : CF3SO; +)P—P(+NR
R2N 2
Scheme 13 2"Pa

5
Structure of the Diphosphorus-Containing Salts 2P, 2’P, and 2”P

Cyclopropenium salts 2C are the prototype of 2-m-electron Hiickel aromatic sys-
tems [35]. Due to the higher electronegativity of nitrogen compared to carbon,
the m-system of diazirinium salts 2N is strongly polarized towards nitrogen and
therefore these compounds are calculated to be less aromatic than the corre-
sponding cyclopropenium salts 2C [36]. Diazirinium salts 2N have yet to be
characterized, even spectroscopically. Their postulated involvement [37] in the
exchange reaction of nucleophiles with halogeno-3H-diazirines, a reaction of
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crucial importance for the synthesis of functionalized diazirines and therefore
of carbenes, has been refuted [38]. As far as 2N is concerned, nothing is known.

According to calculations [8b, 39], the PP and PC bond distances in diphos-
phirenylium salts 2P are halfway between those of single and double bonds, but
the positive charge is essentially distributed over the two phosphorus centers. In
other words, although the electronegativity of phosphorus is very close to that
of carbon, the electronic delocalization becomes less important with increasing
phosphorus substitution in the ring system. This is due to the fact that P(3p)-
C(2p) and P(3p)-P(3p) interactions are usually weak (m-bond strengths: C=C
293 kJ/mol; P=C 201 kJ/mol; P=P 142 k]/mol) [14]. For example, the electron de-
localization in phosphirenylium salts H has been estimated to be only 70% of
that of the cyclopropenium salts 2C [40].

Structural data available from experimental [22a] as well as theoretical [22c,
41] studies demonstrate that diphosphirenium salts 2’P also benefit from a cer-
tain amount of aromatic stabilization. However, the resonance energy of o*-
phosphorus-containing systems is smaller. From a quantitative point of view, the
electron delocalization in phosphirenium salts C has been calculated to be half
that of the corresponding phosphirenylium salts H [42].

This striking difference between the 0?- and o*-phosphorus-containing sys-
tems can be explained by considering the nature of the orbitals, which are in-
volved in the delocalization of the two-m-electrons over the ring. In diphos-
phirenylium salts 2P (which feature two dicoordinate phosphorus centers) these
are one 2p(C) and two 3p(P) orbitals; in contrast, one should consider one
2p(C), one 3p(P), and one o%x-type orbitals for diphosphirenium salts 2’P
(which feature a tetracoordinate phosphorus center) (Fig. 3). It is thus clear that
the Hiickel-type three-orbital two-electron interaction characteristic of the cy-
clopropenium cations 2C is more favored in diphosphirenylium salts 2P than in
the corresponding diphosphirenium salts 2P.

Compounds of type 2”P, featuring two o*-phosphorus centers probably
benefit from an even weaker aromatic character, but this is not the most inter-
esting point concerning their structure. Ab initio calculations have been per-
formed on the model compound 2”Pb [34]. The calculated geometric param-
eters [P-P: 2.102; P-C: 1.726 and 1.727 A] compare well with those found experi-
mentally for the sterically encumbered derivative 2”Pa [34] (Fig. 4). The
analysis of the electron densities of 2”Pb is of particular interest. Each di-
aminophosphenium unit carries approximately +1 charge, whereas the carbon
bears —1.6 charge [-1.2 in the o-space and -0.4 in the (formal) p-orbital]

3p 3pj
2p P

R 2p

Fig. 3. Orbitals involved in the electronic delocalization of the diphosphirenylium 2P and
diphosphirenium salts 2"P
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HN/ " \'NH,
H,N NH,
2"Pb

Fig. 4. Molecular view of 2”Pa in the solid state (thermal ellipsoids at the 50% probability
level). Isopropyl and methyl groups are simplified for clarity. Selected bond lengths (in
angstroms) are as follows: C(1)-P(1) 1.731(3), C(1)-P(2) 1.710(3), C(1)-Si(1) 1.859(3), P(1)-
P(2) 2.1195(11), P(1)-N(1) 1.651(3), P(1)-N(2) 1.659(3), P(2)-N(3) 1.651(2), P(2)-N(4)
1.642(2). Selected bond angles (in degrees) are as follows: P(1)-C(1)-P(2) 76.04(13), P(1)-
C(1)-Si(1) 146.00(18),P(2)-C(1)-Si(1) 137.79(18),C(1)-P(1)-P(2) 51.53(10),and C(1)-P(2)-
P (1) 52.42(10). Charges of fragments for the model compound 2”Pb

(Fig. 5). At first glance, this large value seems rather surprising, but if one sub-
tracts —0.5 charge, which is provided by the silyl unit, it leaves — 1.1 charge at the
carbon. There is a simple explanation for this observation. The angular com-
pression at the carbon makes it extremely electronegative. It therefore with-
draws considerable electron density from the neighboring electropositive phos-
phorus and silyl groups.

Further investigation of 2”Pb via analysis of the Laplacian of the electron
density and the electron localization function (ELF) [34] reveals a strong “ba-
nana” P-P-bond with large p-character (the bond ellipticity is 0.45) in the plane
of the ring, and partial double bond character (Wiberg bond indices =1.2) for
the PC-bonds (Fig. 5).

The calculations found that the open planar form (C,, symmetry) of type 18’
is not a minimum on the potential energy surface [34] (Fig. 6). However, pyra-
midalization at one of the phosphorus atoms leads to 18, which is not only an
energy minimum but also lower in energy by 24 k]J/mol than the cyclic form
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Fig. 5. Electron Localization Function analysis for the model compound 2”Pa (ring bonds in
plane of paper)

2”Pb. The experimental observation of 2”Pa was explained by the presence of
bulky diisopropylamino groups since the steric demand in the linear form is
larger than in the cyclic system. This hypothesis has been confirmed by further
calculations: the cyclic isomer 2”Pa is predicted to be 25 k]/mol lower in energy
than the open form 18 [43].

ﬂ"s iHg
HoNo, _NH, HoNE A
PAR P7 R
HNT T TONH, HoNT O\ NH,
18’ HoN
18"

Fig. 6. Open forms 18 and 18" of the model diphosphino-substituted carbocation

Derivative 2”Pa can be considered as resulting from a “cascade stabilization”
of the electron deficient carbocation center (Fig. 7). As in the case of monophos-
phinocarbenium ions such as 17, the first phosphorus atom gives electrons to
the carbocationic center and becomes positively charged and, therefore, highly
electrophilic [44]. The second phosphorus atom then acts as a Lewis base to-
wards the first and the carbon atom finally bears a negative charge!
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Fig. 7. Cascade stabilization in diphosphino-substituted carbocations

H
H

H H
J\ /H H\ *_ H
SNZFSNC +N— a
H H H
J 2"Na

Fig. 8. Structure of the parent diamino-substituted carbocation (amidinium salt) J and of its
cyclic valence isomer 2”Na

This type of transformation of a cationic center into an anionic center is un-
likely to be unique and shows once again that the electronic properties of phos-
phorus allow for the preparation of structural moieties that are difficult or im-
possible to access in the carbon and nitrogen series. For comparison, the related
nitrogen systems are the long-known synthetically and biologically important
aminidium salts, which adopt open allylic structures. Quantum chemical calcu-
lations at the B3LYP/6-31g* level with additional zero-point vibrational energy
correction predict the parent amidinium salt J to be 541 kJ/mol more stable than
its unknown cyclic valence isomer 2”Na (Fig. 8) [34]! Several factors may ex-
plain the striking difference between the nitrogen- and phosphorus-containing
systems: (i) the much smaller inversion barrier at nitrogen than at phosphorus
favors the three-center 4m-system J; (ii) the weakness of the phosphorus-carbon
m-bonds (P=C: 188 k]J/mol; N=C: 272 k]/mol) [14] disfavors the allylic structure
in I; (iii) phosphorus-carbon bonds are longer than nitrogen-carbon bonds (P-
C: 1.89 A;N-C: 1.47 A), and thus the ring strain energy is smaller in phosphorus
rings.

6
Reactivity of the Diphosphorus-Containing Salts 2P, 2’P, and 2"'P

Since compounds 2Pa, 2’Pa, and 2”Pa have only been recently discovered, little
is known about their reactivity. However, some interesting features are emerg-
ing, which corroborate the fact that the diphosphirenylium salts 2P are more
closely related to cyclopropenium salt 2C than diphosphirenium 2’P and of
course 2”P.

Nucleophiles react with cyclopropenium 2C and diphosphirenylium salts 2Pa
affording the corresponding cyclopropenes 1C and 1H-diphosphirenes 1’Px
(Scheme 14), respectively. Nucleophiles such as lithium salts also react at the di-
coordinate phosphorus atom of the diphosphirenium salt 2’Pa [22b, 45], but in
this case ring opening reactions occur affording the phosphaalkenes 15 rather
than the thermodynamically unfavored cyclic 4m-electron ylides 19. Cleavage of
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the P-P bond is also observed with 2”Pa by reaction with methylmagnesium
bromide: the P-methyl phosphorus ylide 20 is obtained in near quantitative
yield [34]. Note that the latter result is in perfect agreement with the electronic
distribution in 2”Pa: the carbon center which bears a negative charge has no
more electrophilic character.

While diphosphirenium 2’Pa and also cyclopropenium 2C exist as borate
salts, attempts to abstract chloride from diphosphirene 1’Pg with sodium
tetraphenylborate led to the phenyl-substituted 1H-diphosphirene 1’Ph [25]
(Scheme 15). These results clearly demonstrate that diphosphirenylium 2P are
much more electrophilic than either diphosphirenium 2’P or the cycloprope-
nium salts 2C.

NR NR -
)\ 2 )\ % BPh, Rz
\ _W(CO)s + NaBPh, I\ + \_W(CO)s
FR ‘P—R —— K
1'Pg Cl - NaCl W(CO)s| -BPh3  4ipp, Ph
(60% vyield)
Scheme 15 R: i-Pr

It is well documented that carbenium ions undergo nucleophilic attack by the
carbon atom of isocyanides [46]. Significantly, diphosphirenium 2’Pa reacts at
-50°C with tert-butyl isocyanide in a similar manner to give the transient ni-
trilium salt 21, which undergoes a ring expansion reaction affording 22 [45]
(Scheme 16). Note that 22 is one of the very rare four-membered heterocycles
featuring a phosphaalkene moieties [47].
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The interaction of transition metal complexes with cyclopropenium cations
2C has been widely studied [48-50]. Besides the expected 1* (an example of r?
ligation has also been observed by Nixon et al. with phosphirenylium H [24c])
and n' ligations [48, 49], the 1? coordination mode with various extents of in-
trusion of the metal into the CC bond have also been observed [50]. The latter
types of complexes represent points on the potential energy surface calculated
for the conversion of a metallatetrahedrane (1*-cyclopropenyl) to a metallacy-
clobutadiene complex (complete insertion of the metal into the CC bond) [51],
a process which has been recognized to play an important role in alkyne
metathesis [52]. The complex 23a [53] obtained by treatment of diphosphire-
nium 2’Pa with one equivalent of palladium tetrakis(triphenylphosphine) at
—40°C fits into this category (Scheme 17). The cleavage of the PP bond was sug-
gested by the large deshielding of the 2-P 3'P NMR signal compared to that of
the diphosphirenium salt 2’Pa (A8 = 195 ppm) and was confirmed by a single
crystal X-ray diffraction study of the complex 23b. Indeed, the PP distance of
2.655 A is longer than a normal P-P single bond, which is about 2.20-2.35 A [54]
and is also longer than that observed in the related 1,3-diphospha-2,4-disilabi-
cyclo[1.1.0]butane (2.34 A) [55]. However, the correlation between bond length
and bond order is not always simple; yet, as the ring carbon lies only 0.19 A out
of the P-Pd-P plane, a bicyclic structure can be ruled out. The palladium atom
has a slightly distorted square-planar geometry, probably due to the strain in the
four-membered ring, and can be considered as Pd(II). Since the ¢2-PC bond
length [1.745(3) A] falls in the range observed for C-amino substituted phos-
phaalkenes [56], complexes 23 have to be considered as the first examples of
diphosphametallacyclobutene.

Very surprisingly, when a dichloromethane solution of the complex 23a was
refluxed overnight in the presence of the three-membered heterocycle 2’Pa
(0.5 equivalent), a new complex 24a [57] was obtained in 25% yield
(Scheme 17). A single crystal X-ray diffraction study of derivative 24 b revealed
that the CN bond length [1.325(10) A] is in the range expected for a double
bond, which implies that the positive charge is more or less localized at nitrogen.
The palladium atoms have a slightly distorted square-planar geometry and can
be considered as Pd(II). At first glance, these compounds can be regarded either
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as [1.1.1]propellanes 25 [58], which possess bridgehead phosphorus atoms hav-
ing an inverted tetrahedral geometry, or alternatively as tricyclo[1.1.1]pentanes
(asteranes) 24 in which the P-P bond is broken. The o3-P...03-P distance
[2.681(3) A] in 24b is much shorter than that observed in the 1,3-diphospha-2,4-
disila-5-platinabicyclo[1.1.1]pentane (3.063 A) [55] and related P,B;, P,B,Si,and
P,B,Ge derivatives (2.86-3.07 A) [59], but longer than normal P-P single bond
lengths [54]. The P-C-P bond angle [96.4(4)°] is quite comparable to that ob-
served in the four-membered ring 23b (96.2°),but much larger than in the three-
membered ring 2’Pa (73.9°). Therefore, complexes 24 can be regarded as having
an asterane structure with two strongly pyramidalized bridgehead phosphorus
atoms (X angles = 254.0 and 251.7°). Although the stoichiometry of the reaction,
the cleavage of the diisopropylamino groups, and the mechanism as a whole for
the reaction leading to 24a are still obscure, this type of complex is unique in
several respects. Of particular interest - it features two pyramidalized p-phos-
phinidene units [60] (unknown before this work), and is the first asterane pos-
sessing a trigonal carbon atom.

Note that complex 23a formally results from the insertion of one Pd(PPh;),
fragment into the PP bond of the diphosphirenium salt 2°Pa [61], while deriva-
tive 24 a formally results from the insertion of two Pd(PPh;), fragments into the
PP bond of a diphosphirenylium salt 2P.
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7
Synthesis, Structure, and Dimerization of Diphosphorus-Containing
Radicals 3P and 3P

It is well known that reduction of cyclopropenium salts 2C leads to the corre-
sponding cyclopropenyl radicals 3C [62]. In contrast, under the same conditions
the diphosphirenium salt 2’ Pa undergoes a ring opening reaction [63]. After mi-
gration of an amino group, a surprisingly [64] stable 102,302-diphosphaallyl
radical 26 was obtained in 60% yield (mp 95-96°C). The mass spectrum of 26
revealed that no fragmentation reaction occurred during the reduction of 2’Pa,
while the splitting pattern of the ESR signal demonstrated the symmetrical
structure of the radical obtained. According to calculations for the parent com-
pounds (R=H), the cyclic radical 3’Pa is not an energy minimum, while the un-
symmetrical allyl radical 27 is 26 kJ/mol higher in energy than the symmetrical
allyl radical 26. Interestingly, oxidation of both radicals 3C and 26 regenerates
the starting cations 2C and 2’ Pa (Scheme 18).

+1e”
——

2C -te”  3c
NR, - NR;
)\ R +1e )\
;P/—PQ[\l 2 == RoN-P7P-NR,
NR, -1e
2'Pa ' 2 26
NRQ /Tf2
y NR
’)\/NRQ R: i-Pr ANy 2
N NR
27 2
Scheme 18 3pa R

So far, no free diphosphirenylium salt 2P is available but one can easily pre-
dict that a reduction should lead to a diphosphirenyl radical 3P [65]. In fact, we
have recently postulated the formation of the radical 3Pa in the homolytic cleav-
age of the P-N bond of the 1H-diphosphirene 1’Pc [66]. Treatment of 1’Pc with
catalytic amounts of BF; (5%) and Et; N (5%) in tetrahydrofuran at 50 °C for 2h
led to a diamagnetic red solution. After evaporation of the solvent and extrac-
tion with pentane, the compound [3Pa], was isolated in 45% yield as red crys-
tals (melting point: 140°C) (Scheme 19).

The molecular weight obtained by mass spectrometry corresponded to a
dimer of the diphosphirenyl radical 3Pa. The *'P NMR spectrum showed only a
singlet at - 164.5 ppm, suggesting the presence of a three-membered ring frame-
work [26]. The high symmetry of the structure was confirmed by the 'H and °C
NMR spectra. Additionally, a single crystal X-ray diffraction study of [3Pa], was
performed. In the solid state (Fig.9), the molecule is organized around an inver-
sion center located at the center of a rectangular P, framework, which is almost
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Fig. 9. Molecular view of [3Pa], in the solid state. Selected bond lengths (in angstroms) are as
follows: C(1)-P (1) 1.743(6),C(1)-P(2) 1.738(6),C(1)-N (1) 1.336(7),P(1)-P(2) 2.205(3),P(1)-
P(2a) 2.634(3). Selected bond angles (in degrees) are as follows: P (1)-C(1)-P(2) 78.6(3),P (1)-
C(1)-N(1) 141.4(4), P(2)-C(1)-N(1) 138.8(4), C(1)-P(1)-P(2) 50.6(2), C(1)-P(2)-P(1)
50.8(2), C(1)-P(1)-P(2a) 94.9(2), P (2)-P(1)-P(2a) 89.1(1),P(1)-P(2)-P(1a) 90.9(1)

perpendicular to two three-membered rings (P,/P,C: 97°); the NR, groups are
slightly tilted out of the PPC plans (0.164 A). The PC and PP bond lengths in the
three-membered rings are within the range expected for single bonds; the CN
bond lengths are short, indicating a strong double bond character, which is con-
firmed by the planarity of the nitrogen atoms. Interestingly, the PP bonds be-
tween the two three-membered rings [2.634(3) A] are by far the longest PP
bonds ever reported [54, 67], but are clearly less than twice the phosphorus van
der Waals radii (3.8 A).

To gain a better understanding of the nature of [3Pa], and its formation from
3Pa, ab initio calculations were performed [66]. For the model radical 3Pb, the
calculations predicted a %A, ground state (Fig. 10). The spin density is equally



20 D. Bourissou - G. Bertrand

E (kJ/mol) NH,
47 \
— P=p
_ fH2
3B A +NH;
P=P *+INHz
— P_\_ -R —
:F—p- -Np--3p
3Pb’ Hof [3Pb]>
NH,
0 * *(PP)-t*(PP) coupling
P—p-
3Pb

s —F:i\_ﬂ_,ﬁ‘»—;— -
e D% %Q

Fig. 10. Relative energies for the different states of the model diphosphirenyl radical 3Pb,
structure of the ensuing m*-7* dimer [3Pb],, and orbital diagram for the dimerization of the
diphosphirenyl radical 3Pb into the 7*-7* dimer [3Pb], (SOMO-SOMO interaction)

distributed over the two phosphorus atoms and the Single Occupied Molecular
Orbital (SOMO) is the m* orbital of the P=P double bond. Due to the higher
strength of the NC n-bond (272 kJ/mol) compared with that of the PC m-bond
(188 kJ/mol) [14], derivative 3Pb is best described by the zwitterionic structure
3Pb’. The dimerization of the diphosphirenyl radical 3Pb is exothermic
(-163 kJ/mol) and occurs via a *-7* interaction [68], giving rise to the forma-
tion of [3Pb],. A six-m-electron four-center bonding system [69] best describes
the P, framework; each phosphorus-phosphorus bond between the two three-
membered rings is formally a one-electron bond [70], which rationalizes the
very long PP bond distance. The most accurate, if any, Lewis-like representation
of dimers [3P], is the zwitterionic structure given in Fig. 10.

It is of interest to compare these results with those reported for the analogous
carbon- and nitrogen-containing series. All the experimental [71] (EPR para-
meters) and theoretical [36, 66] studies suggest that the diazirinyl radicals 3N
present a somewhat similar 7*-structure. However, based on the formation of
nitriles and dinitrogen, Maeda and Ingold [71] postulated that the bimolecular
self-reaction of diazirinyl radicals 3N proceeds via an N-N o-dimer of type 28;
the isolation of such compounds, which suffer from the anti-aromaticity of the
two 1H-diazirine moieties of type 1’N, is unlikely (Fig. 11). There is no mention
in the literature of radicals of type 3’N.
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Fig. 11. Diazirinyl radicals 3N and the ensuing o (N-N) dimer 28

As deduced from low temperature ESR characterization [72], as well as theo-
retical studies [73], cyclopropenyl radicals 3C adopt a totally different o-radical
structure. The spin density is located at one of the carbon centers, which is in a
strongly pyramidal environment. Accordingly, dimerization of such radicals
proceeds by o (C-C) coupling to give bis(cyclopropenyl) derivatives 29 [74]
(Fig. 12).

Derivatives [3P], are valence isomers of tetraphosphabenzenes, derivatives
which are so far unknown. It is interesting to compare the relative stability of
these two types of valence isomers in the carbon, nitrogen and phosphorus
chemistry (Fig. 13). The anti-tricyclohexylene, the carbon analogue of [3P],, has
only been postulated as a transition state in the Cope rearrangement of bicyclo-
prop-2-enyl derivatives [75]. According to calculations, it is a minimum on the
potential energy surface, which lies 618 kJ/mol above the benzene. In the nitro-
gen series, the dimer is also an energy minimum and is 405 kJ/mol higher in en-
ergy than tetrazine [34]. In marked contrast [3P],, is only 33 kJ/mol above the
tetraphosphabenzene! This again demonstrates the enormous difference be-
tween carbon, nitrogen, and phosphorus chemistry.

o(C-C)
A coupling
3c 29

Fig. 12. Cyclopropenyl radicals 3C and the ensuing o (C-C) dimer 29

E (kJ/mol)
618 — & .
/\
: V P
X —pP
! Ny BT \/
N N 'ﬁ \F|’
P ~P

Fig. 13. Calculated relative energies (kj/mol) for the anti-tricyclohexylene and benzene, and
for their tetra-nitrogen- and -phosphorus-containing analogues
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8
Conclusions and Perspectives

Due to its specific properties, phosphorus has allowed for the isolation of origi-
nal three-membered rings which have so far no counterparts in nitrogen and
carbon chemistry.

The diphosphorus-containing analogues of cyclopropenes, namely diphos-
phirenes, have only been isolated in their thermodynamically favored 1H-form
whereas the corresponding diazirines are almost exclusively known in their 3H-
form. This dramatic difference results from (i) the high inversion barrier of
phosphorus compared to that of nitrogen, which prevents the planarization of
the phosphorus and therefore the anti-aromatic character of the 1H-diphos-
phirene and (ii) the weakness of the m-bonds involving phosphorus compared
to those involving nitrogen.

No dinitrogen-containing cyclopropenium analogues have been spectroscop-
ically characterized, and even the postulated transient formation of diazirinium
salts has been refuted. In contrast, all of the possible diphosphorus-containing
cyclopropenium analogues 2P, 2’P, and 2”P have been isolated. Although these
phosphorus heterocycles are only weakly aromatic, they benefit from the elec-
tropositivity of phosphorus and from a relatively weak ring strain (PC and PP
bonds are longer than CC, NC, and NN bonds). The environment of the phos-
phorus (0? or ¢*) also play an important role. In particular, derivatives 2”P fea-
turing two o*-phosphorus centers must be considered as valence isomers of the
diphosphino-substituted carbocations. In other words, the phosphorus ana-
logues of the well-known diamino-substituted carbocations (amidinium salts)
exist in a cyclic form featuring a negatively charge carbon center! Such a polar-
ity inversion (transformation of a cationic center into an anionic center) is un-
likely to be unique and should be of important synthetic utility.

Both cyclopropenyl and diazirinyl radicals have been characterized by ESR at
low temperature. So far the transient formation of a diphosphorus-containing
analogue, namely a diphosphirenyl radical, has only been postulated and calcu-
lations predict that due to the weakness of the PP m-bonds such a species should
adopt a *-structure. In fact, an original dimerization process via 77*-m* inter-
action occurred and a tetraphospha-benzene valence isomer featuring one-elec-
tron phosphorus-phosphorus bonds has been isolated. This result opens brand
new research areas, not only in carbon chemistry (the corresponding m*-m*
dimer of the cyclopropenyl radicals so far postulated as a transition state is in
fact an energy minimum that might be observed), but also in phosphorus chem-
istry (other types of m*-m* dimers featuring phosphorus-phosphorus half
bonds can be envisaged).
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1
Introduction

Under the generic name “phosphametallocene”, we consider structures incor-
porating n’-phospholyl-metal subunits. This definition includes both the gen-
uine phosphametallocenes 1 and 2 and the half-sandwich structures 3.

& M
| " d)
ch'\:; @P} CP}

1 2 3

For comparative purposes we mention paramagnetic r°>-polyphospholyl
complexes of the transition metals [7°-(C,R,P;5_,),]M (n=0 - 3),but make no at-
tempt to treat the chemistry of these rings fully. Benzo-annelated compounds
are also excluded. Whilst the chemistry of phosphametallocenes has already
been reviewed many times [1-4], several new trends have emerged which jus-
tify a concise update. Among the new developments are the synthesis and char-
acterization of main group derivatives, of 16-, 17-, 19-, and 20-electron species
and, above all, some promising applications in homogeneous catalysis. This ac-
count will concentrate on these new topics.

1.1
Phospholide lons: General Data

In many respects there is a continuum between the synthesis and chemistry of
phospholide ions and of phosphametallocenes. Additionally, most syntheses of
phosphametallocenes start from phospholide ions, so a quick glance at their
chemistry is desirable.

The first and still most widely employed synthesis of phospholides rests on
the cleavage of the exocyclic P-Ph bond of 1-phenylphospholes by alkali metals
(Eq.1) [5]:

@ M, THF @

'lj DME, dioxane P (1)

Ph
M=K, Na, Li

The reaction is driven by the large gain in aromaticity which occurs upon con-
verting the phosphole into the phospholide. The mechanism of this cleavage in-
volves a single electron transfer from the alkali metal to the phosphole. The
phosphole radical anion thus produced collapses with release of a phenyl radi-
cal [6]. According to this mechanism, only one equivalent of alkali metal is
needed to perform a complete conversion of the phosphole into the phospholide
ion. To avoid the formation of phenyl-containing by-products, it is possible to
replace cleavage of P-Ph by the cleavage of P-P or P-CH,CH,-P bonds. Pure phos-
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pholide ions can then be obtained [7]. 1-Halophospholes, when stable, are also
convenient starting products [8].

Alternatively, strong bases are able to cleave selectively activated P-alkyl
bonds as shown in (Eq. 2) [9]:

Doz &l i
I\M/+Z Z=CN, CO,R

B = tert-BuOK, iso-PrpNLi, KOH

The mechanism involves a proton abstraction from the carbon atom bearing the
electron-withdrawing group Z.

A third approach takes advantage of [1,5]-sigmatropic shifts of sp- or sp*-hy-
bridized carbon substituents from phosphorus to the a-carbons of the ring.
These occur upon heating. The transient 2H-phosphole products can be depro-
tonated by a base (Eq. 3) [10]:

Qi’ {QRH} ?BH: @R

R

3)
B = tert-BuOK, iso-PrNLi

These three approaches all start from a preformed phosphole ring. Recently, a
fourth route has been reported in which the phospholide ring is built directly by
combination of an anionic P-unit and a 1,3-diyne (Eq.4) [11]:

™S ™S
. Ph-C=C-C:C-Ph
MTHF)([P(SiMes)sly ——~ "2 "0 M(THF)2* _&—S,
P Ph @ Ph (4)
P 2
M =Ca, Sr

From a spectroscopic standpoint, these phospholides are all characterized by a
3P resonance at low fields - at present, the range lies between +55 and
+141 ppm [7, 10] - and by a large !J_p coupling, typically ca.45-50 Hz [7]. The
1P deshielding is thought to result from a weak coupling between the in-plane
lone pair and the ring, leading to a large paramagnetic downfield shift [12].
Lithium 2,3,4,5-tetramethylphospholide [8] shows a planar ring with equalized
CC bonds: C-C 1.424 A, C=C 1.396 A, and short P-C bonds at 1.751 A. The aro-
matic stabilization energy of 29 kcal mol™! for the parent species [13] is close to
that of [CsHs]".

All known reactions of phospholide ions with electrophiles (R*, H*...) take
place at phosphorus, probably as a result of the high concentration of negative
charge at the heteroatom. With transition metal electrophiles (typically metal
halides), three reaction pathways can lead either to the desired n°-complexes
(Eq.5),to n'-complexes (Eg. 6) or to 1,1’-biphospholes (Eq. 7):
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@+M-X—>©\/_M+X' (5)

P
©+M-X—>©+X‘ ©)
|
M
2@ +2M-X ——= 2X + 2M + @P—P@ (7)

The formation of the n'-complexes (Eq. 6) is disfavored by the introduction of
bulky substituents at the a-positions of the phosphole ring. For example, 1°-
phospholyl-cobalt-dicarbonyls can be synthesized only with a-substituents
such as phenyl [14] or fert-butyl [15]. In order to avoid redox reactions (Eq. 7),
it may be necessary to replace the phospholide ions by tin [16] or lead deriva-
tives [17] (Egs. 8,9):

@ TiCly @/—Ti%
” P

F|> toluene

SnMej

tBu tBu
Pb{tBu @B } [RhCl(cod)] @ ©
“l2 T chen t"Rh\[:‘

Applications of these techniques will be detailed in the next sections.

(8)

2
Structurally Characterized Main Group Complexes Containing
n>-Phospholyl Ligands

2.1
Introduction

At present, the impetus behind main group phospholyl chemistry lies in its po-
tential applications in two areas: the use of volatile main-group-containing ma-
terials as precursors for electronic materials and the preparation of tailored
reagents for applications in synthesis. Exchange of phospholides with main
group metal halides has sometimes been used to generate reagents in situ, but
the small spectroscopic changes occurring upon coordination of phospholides
to main group elements means that the nature of such species is poorly defined.
Here, we cover crystallographically characterized n°-complexes and close rela-
tives only.
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2.2
Group 1

Most group 1 phospholides have been prepared through alkali metal cleavage of
a phosphole P-Ph bond and, after destruction of phenyl-derived byproducts
(with tert-BuCl AICl,, etc.), used in situ [3]. However, this convenient method is
poorly adapted to sensitive chemistry and effort has been devoted to isolating
pure alkali metal phospholides. When not substituted by chromophores, these
are colorless, and sometimes pyrophoric materials.

Theopold et al. reported the first structural characterization of a phospho-
lide. It was obtained through lithium cleavage of a P-chlorophosphole (prepared
in turn by transmetallation of a Fagan-Nugent zirconium complex with PCl;)
and crystallized from TMEDA-ether as [LITMEDA(PC,Me,)] 4 (Eq. 10) [8]:

Me Me Me Me Me Me

PCI Li, THF
me-Lo Some S8, Me—Lo S e Me—LT2 e
Z R TMEDA P
m \ ! (10)
Cp Cp Cl _Li
MeoN”  “NMe,
s
4

The chlorophosphole is rather labile but the lithium phospholide is stable indef-
initely in the absence of air and moisture. Its structure, showing a planar ring,
very similar C,-Cjand C4-Cy bond lengths (1.396 and 1.424 A respectively) and
a mean P-C dlstance (L. 751 A) lying half way between the values for classical
P-C and P=C bonds [18], unequivocally confirmed the long-assumed aromatic-
ity of phospholides. The lithium is displaced towards the phosphorus, in accord
with the high charge and HOMO localization at P. Cleavage of the chlorophosp-
hole with potassium and 18C6 in THF gave [K18C6 (PC,Me,)] whilst lithium in
TMEDA-free THF gave the desirable solvent-free [Li(PC,Me,)][8].

A second paper [19] deals with more elaborate alkali metal monophospho-
lides which are obtained through cleavage of an easily accessible tetraphosphole
[20] with lithium, sodium, or potassium. The system equilibrates rapidly and the
nature of the product is controlled simply by varying the metal stoichiometry.
Sodium cleavage to the tetramer dianion in DME gives a complex 5 where
sodium shows n'-n’-coordination to phospholides and n'-coordination to a
phosphole and DME. Potassium cleavage to the dimeric dianion in THF-18C6
gives a ‘kalocene’-type anionic sandwich 6 (Scheme 1).

2
Me Me P.
et M e
N ! 4 P 4K, 18C_ | e’ mate™ | Me
e | Meye | Me T THF B

:
P 71 Me Me Me Me
Ph—Q—CP}Ph o @b_cp;_%

Me’ Me

2 trans- K(18C6)THF,"
6

5
Na* = Na(DME)

Scheme 1. Synthesis of alkali metal phospholides by cleavage of a tetraphosphole [20]. Prod-
ucts identified by X-ray crystallography



32 D. Carmichael - F. Mathey

1.402(5) 1.411(5)
1.408(5) ) (_14156)
1.411(5) 1.474(5 1.399(5)

1.761(4) 1.759(3)

Fig. 1. Bond lengths in the kalocene ‘ate’ complex anion 6 [20]

Each potassium atom in the ‘ate’ complex is further coordinated to THE. The
bond lengths in 6 show the CPh ring carbon atoms apparently slightly decoupled
from the ring delocalization and rather short bonds about the P-C-C-P bridge
(Fig. 1).

In a much more complex reaction, interaction of [K(PC,Me,)] with SmCl; in
toluene gives a complex supramolecular structure 7 built from two similar but
crystallographically distinct eight-membered subunits linked through r>-potas-
sium-phospholide bonds (Scheme 2) [21].

Me Me@
Me Me
P@ / Me\ Me@‘

M
K(PC4Mey) _SmCl Me Me € Me
toluene / Me Me
\Me i
o Me Me
Me 7

Scheme 2. The eight-membered ring forming the basis of the polymeric structure obtained
upon reaction of potassium tetramethylphospholide with SmCl;. Product identified by X-ray
crystallography

Attempts to produce the potassium-free complex [Sm(PC,Me,);] failed. The
toluene is much less strongly bound to the potassium center than the r*-coordi-
nated phospholide, which also shows n'-coordination to a samarium center. A
degree of oligomerization seems to persist in solution.

23
Group 2

Westerhausen et al. have reported detailed studies of the interactions between
1,4-diphenylbuta-1,3-diyne with the THF adducts of group 2 metal bis(tri-
methylsilyl)phosphides (Scheme 3).

Magnesium gives an alkenylphosphine-complex 8 [22], calcium and stron-
tium produce B,-bis(trimethylsilyl)phospholides 9 and 10 [11], and barium
gives a dissymmetric phospholide bearing an enyne group 11 [22].In every case
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Scheme 3. Reaction of diphenylbuta-1,3-diyne with M[P(TMS),],.nTHF (M=Mg, Ca, Sr, Ba) in
toluene [11, 22]. All products identified by X-ray crystallography

the authors propose the initial formation of a complexed ynenylphosphane
structure of the type found for M=Mg. With magnesium, this product is stable
to refluxing toluene even in the presence of excess diphenylbutadiyne. For Ca
and Sr, a formal trimethylsilyl shift produces 2,5-diphenyl-3,4-bis(trimethyl-
silyl)phospholide anions. These adopt n!-coordination modes having long P-M
bonds (Ca: 3.068, Sr: 3.143 A) because of repulsions with the strongly coordi-
nated THF ligands. The softer Ba ion desolvates more easily, allowing coordina-
tion of diphenylbutadiyne prior to its incorporation into a heavily functional-
ized r’-phospholide product [11].

Comparison of the reactions in Scheme 2 with the base-catalyzed addition of
PhPH, to PhC,Ph [5] shows that the phospholides are formed with strikingly
high yields and selectivities (Ca, 82; Sr, 76; Ba, 87 %). These presumably reflect
the thermodynamic well resulting from aromatic 6me conﬁgurations [23] and
imply that the high degree of phospholyl C-C bond localization in 9 (C,-Cg
1.405; C4-C 1.451) and 10 (C,-Cp 1.408; Cp-Cp 1.457 A) may reflect steric repul-
sions between the SiMe; groups (see for example [Li(12C4),(CsH,TMS;)] [24])
rather than significantly diminished aromaticity. The literature shows that 3-
functionalized phospholides are quite difficult to prepare (for a typical example,
see [9]), so the simplicity of these syntheses outweighs the difficulties inherent
in the preparation of the P(SiMe;); starting material [25].

A more classical cleavage of an inseparable mixture of 1-cyclopentadienyl-
and 1-chloro-2,5-bis(trimethylsilyl)-3,4-dimethylphospholes with distilled cal-
cium gave a complex structure 12 containing four calcium atoms. Reaction of
calcium with the corresponding pure chloroarsole gave the dicalcium dimer 12a
(Scheme 4) [26].

In this light, the tetrameric phospholyl-containing structure 12 can be viewed
as the result of the double insertion of the mixed monophosphacalcocene
[CaCp (PC,TMS,Me,)] into the dicalcium core. The terminal calcium atoms ap-
pear to be more hindered in 12a than 12 but it is unclear whether the combina-
tion of bridging Cp and terminal phospholyl ligands results from sterical fac-
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Scheme 4. Reaction of distilled calcium with chloroheteroles [26]. Products identified by
X-ray crystallography

tors alone. NMR indicates that this structure is probably not maintained in so-
lution [26].

The variety of products observed in these studies suggests interesting work to
come.

24
Group 3

Interaction of [K18C6 (PC,Me,)] with InCl in toluene was studied by Theopold
etal. [27] as part of a program directed towards the preparation of single source
CVD precursors for group III/V electronic materials. It gave a disappointing
tetrahedral bis-n!-‘ate’ complex 13 in 24 % yield (Eq. 11). Reaction of toluene so-
lutions of InCl with the solvent-free [Li(PC,Me,)] produced a yellow insoluble
polymer, formulated as [(InPC,Me,),] 14, which decomposed to indium metal
and octamethylbiphosphole upon sublimation or dissolution in THF (Eq. 12)
[27]:

Me Me
Me@}‘Me
\ 11
K18C6(PC4Mey) 1_2&’ Ins<gi--K(18C6) (11)
oluene
Me 5 Me Cl
Me’K/— 13
Me
InCl
Li(PC4Mes) ————= [INPCaMey] —n MeyCsP—PCoMey

toluene
14 (12)
More promising results have been obtained when reacting metastable GaBr so-

lutions with [Li(THF),(PC,H,tBu,)] (Eq. 13) [28]. The bulky groups on the phos-
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pholide inhibit oligomerization and the yellow oily product 15 is quite volatile:

tBu tBu
P P
e S
GaBr ’ ;
Li(THF)(PC4tBugHy) ————  Ga.__ _.--Ga.__
toluene “~Ga” “~Ga
& : t8 (13)
u
e S
tBu tBu

15

A combined ¥Ga NMR - DFT study indicates the presence of [Ga(PC,H,tBu,)]
monomers in benzene solution (6Ga,,=-653; 6Gac,.=-655 ppm) [28]. This
form is also maintained in the solid state. Sublimation of [Ga (PC,H,tBu,)] prior
to cooling below —26°C produced slightly disordered crystals showing a previ-
ously unknown arrangement of Ga(I) monomers bound weakly into a zigzag
chain (Ga-Ga=3.66 A) [29]. The shielding conferred by the tert-butyl groups is
clearly shown upon interaction of 15 with [Cr(CO)s(cyclooctene)], where the
chromium center binds to gallium rather than phosphorus to give a simple bi-
nuclear product 16 (Eq. 14) [28]:

tBu

tBu @—tBu
@_ts n.[Cr(CO)s(coe)] Ga (14)
: YW@ —————— oc. 4,~C0
T.
e oc”1>co
15 € 16
2.5
Group 4

Two phosphastannocenes 17 and 18 have been obtained by metathesis of tin (II)
chloride with anionic phospholide sources (Scheme 5) [11,17].

T™MS

™S
Ph
SnCl, Ph TP
Ca(THF)4(PC4Ph,TMS,); ———2m Sn
(THRPCaPR2TMSl Ph.Iop
9 Ph
TMS 17
™S
tBu
tBu
R e e
oo¥my L ipcgBupH, G2, sn tBu
THF THF @tsu
pe=sa x
tBu P tBu
18 18

Scheme 5. Preparation of phosphastannocenes and a phosphaplumbocene [11, 17]. Products
identified by X-ray crystallography
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Compound 18 is soluble without decomposition in hexane and CH,Cl, and
shows sharp tin satellites in its *'P and '*C nmr solution spectra, thus suggesting
a nondissociating covalent formulation [17]. Structurally, the two compounds
differ and their hapticity is controversial. The bulk in 17 is localized on the f car-
bons so the phospholyl ligands are tilted and the tin binds much more strongly
to phosphorus than carbon (mean Sn-P=2.760, Sn-C,, 2.718, Sn-Cy.y
2.988 A). The bonds within the ring (C,-Cp 1.412; C4-Cp 1.465 A) are longer but
only slightly more localized than in the corresponding Ca and Sr analogs 9 and
10 [11]. The more symmetrically encumbered 2,5-di(tert-butyl)phospholyl de-
rivative 18 better resembles classical hindered stannocenes [30]. It has a small
mean ring interplane angle (19.2°) and tin-phosphorus radii lying towards the
high end of the tin-carbon range (mean Sn-P 2.813, Sn-C;,) 2.688, SnC .y
2.878 A) [17]. Nonetheless, the Sn-C distances remain very long (mean Sn-C
2.7955 A; compare 2.704 A in octa(iso- -propyl)stannocene [31]) and the Sn-P
linkage appears to dominate the structure. It is clear that the potential surface
controlling the phosphastannocene coordination geometry is fairly flat, but the
nature of the bonding continuum between classical r>-ligation and a more lo-
calized n’- or n'-coordination to P and the C, atoms requires clarification.

In a related reaction, [Li(THF),(PC,H,tBu,)] interacts with PbCl, to produce
the corresponding bright yellow 1,1’-diphosphaplumbocene 19 (Scheme 5) [17].
Compound 19 resembles 18 in being stable in hydrocarbon and dichloro-
methane media and showing classical covalent behavior. X-ray analysis of 19
shows intermeshed tert-butyl groups which impose a reasonably long P-P sepa-
ration (4.8 A) and presumably protect against reductive elimination of the phos-
pholyl ligands. Nonetheless thermolysis to metallic lead and 2,25,5’-tetra(tert-
butyl)-1,1-biphosphole occurs in toluene at around 80 °C (Eq. 15). Consistently,
attempted synthesis of 1,1’-diphospha-3,3"4,4"-tetramethylplumbocene in THF
gives rapid precipitation of lead metal (Eq. 16) [32]:

tBu—~<—"
:/Q;P K bz
Pb tBu — Pb + tBu I tBu (15)
@tBu toluene >—FR
P _—1Bu
tBu
19
Me «— P
Me PbCl, Me]:/\
Me-~ K THF, RT L@iMe (16)
v — Me
2.6
Conclusion

The paucity of well-characterized main-group phospholyl-containing com-
plexes is perhaps the most striking aspect of this area. Nonetheless, the variety
of elements already incorporated into these structures suggests that many more
complexes should be accessible. In addition to any uses for materials, the possi-
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bility of modulating solubility, solvent compatibility, nucleophilicity, and redox
resistance upon changing metal center should make them useful reagents; fur-
thermore, their reactions with halide-containing materials will often give highly
insoluble metal salts which are easily removed from reaction media. A number
of such applications appear in the next section.

3
Paramagnetic Complexes Containing Phospholyl Ligands

3.1
Introduction

The first attempts to prepare paramagnetic phosphametallocenes involved oxi-
dation of mono- and 1,1’-diphosphaferrocenes [32-36], and were inspired by
potential applications as electronic materials. The phosphaferricinium ion
products proved rather unstable and the first definitive characterization of a
paramagnetic metallocene incorporating ring phosphorus atoms was made in
1988 by Nixon et al., through a low yield crystallographically-verified synthesis
of 3,3’5,5"-tetra(tert-butyl)hexaphosphachromocene [37]. Further spectacular
complexes [MC,tBu,P,_,] (x=4-6) M=Sc [38], Ti [39, 40], V [41] reported by
Cloke et al. were later supplemented by Zenneck and coworkers’ syntheses of
[Mn (C,tBu,P;),] [42] and [CoCp (C,tBu,P;)] (Fig. 2) [43]. Only the 20 VE nickel
sandwich is missing from the first row of transition metal polyphosphametal-
locenes.

The mono-and polyphospholyl series seem to be complementary and paral-
lel research into monophospholyl ligand-based metallocene chemistry has been
driven by a number of factors. First, whilst monophospholyl ligands resemble
the corresponding cyclopentadienyls quite closely, polyphospholyls have rather
different electronic properties (Green et al. draw a comparison between
P,C,tBu; and C,Hj on the basis of PES studies of [Ti(P;C,tBu,),] [40]). Addi-
tionally, organic chemistry allowing the functionalization of phospholes is quite
well developed, so it should be possible to ‘tune’ the behavior of a phosphame-
tallocene by variation of the phospholyl substitution pattern [44]. Finally, only
one phosphorus atom is present in each ring, so its behavior can be relatively
easily understood and manipulated.

The four transition metal triads which currently include paramagnetic
monophospholyl-ring sandwiches are reviewed below. Electronic applications

tBu b tBu tBu
— —PR —PR
PSpe—tBu P$E—tBu P< 5By
M M M
P= ._(tBU P- _(tBU
Bu< > P tBu—&CPb,P >
tBu
M=V M=Cr,Mn M= Co

Fig. 2. Examples of paramagnetic polyphosphametallocene transition metal sandwich com-
pounds [37,41-43]
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remain a major motivation for research in this area, so most studies have been
oriented towards a physicochemical understanding of the complexes.

3.2
Group 6

Kohler et al. have described the preparation of octamethyl-1,1"-diphosphachro-
mocene 20 in 87% yield as air-sensitive red crystals through metathesis of
potassium tetramethylphospholide with CrCl, in THF (Eq. 17) [45]:

Me Me +
Me = Me =
crol Me I P Me I P
. r h
Li(PC4Mey) 2 MemMe FcBPhs MeCrMe BPhy
THF ', Me THF s Me
P PCSL
Me Me
Me Me
20 21 (17)

In the solid state, the complex shows C,, symmetry and a long metal-ligand cen-
troid distance of 1.76 A indicative of the 16e electron count (compare phospha-
ferrocenes at=1.63 A [46]). The replacement of the CH group in a cyclopentadi-
enide by a phosphorus atom lifts the degeneracy of the mbonding combinations
involved in the metallocene frontier orbitals (Fig. 3). NMR studies indicating
that the reduced ligand paramagnetic shifts are essentially temperature invari-
ant imply that the energy gap separating the 7 and m, orbitals is significantly
higher than in more conventionally ring-substituted chromocenes and that one
phospholyl m orbital determines the electron spin distribution. The combina-
tion of a high-frequency shifted *'P nmr resonance and assumed negative ligand
spin density indicate that this orbital is 7, [45].

Cyclic voltammetry of 20 shows reversible one-electron oxidation (0.56 V)
and reduction waves (-1.07) and an irreversible two-electron oxidation (2.23 V
vs [Cp,Co] in EtCN). Chemical oxidation with [Fc*BPh,] in THF produces a 65%
yield of the red air- and THF-sensitive chromocinium salt 21 which shows epr
(electron paramagnetic resonance) data consistent with an I1=3/2 metal-
locinium ion having a small zero field splitting and an almost isotropic g factor.
Unlike the neutral diphosphachromocene, variable temperature '"H nmr studies
imply the involvement of both 71, and 71, in determining the ligand spin den-

sity [45].
Cp 14%
g ®
36%

=]

mi(s)
(HOMO -2)

Fig. 3. Non-degenerate  orbitals of the phospholide anion showing their molecular orbital
coefficients; after [47]; (AET )11 ca. 1 eV)
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3.3
Group 8

The phosphaferrocenes are the oldest class of phosphametallocenes. Fenske-
Hall analysis [47] of mono- and diphosphaferrocenes suggest that the HOMO of
the parent diphosphaferrocene is a 3d,, orbital having greater than 90 % metal
character whilst the LUMO is a hybrid involving the metal d,, and ligand m or-
bitals; a more recent unpublished DFT B3LYP calculation at the 6-31G* level
gives a 3d,, HOMO lying less than 0.6 eV above 3d,, ,, and 3d,, in both C,;, and
C,, conformers [48]. Thus, the high-lying filled levels comprise the classical clus-
ter of essentially pure metal d orbitals whilst the LUMO has appreciable ligand
character.

Most data pertaining to phosphaferricinium cations have come from electro-
chemistry. Cyclic voltammetry in apolar solvents shows a first, diffusion-con-
trolled, reversible 1-electron oxidation occurring by an EC mechanism at po-
tentials lying between + 0.4 and + 0.8 V (SCE) (Fig. 4) [33-35,48,49].

The formal replacement of a CH group in a ferrocene by an sp? phosphorus
atom is associated with an anodic oxidation potential shift of about 185 mV. This
value is essentially independent of the substitution pattern of the metallocene
[33]. This electronic destabilization of the ferricinium cation upon incorpora-
tion of the phosphorus atom probably reflects the high m electronegativity of 2-
coordinate sp? hybridized phosphorus which has been observed in MCD stud-

Me Me Me M
E ) ‘I
v Me ) E Me ] P
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Me Me Me
22(a) 23(a) 24(b)
E= P: E(ox) 0.72V E= P: E(ox) 0.57V E(ox) 0.57, 1.8V
E=P: E(red) -2.35V E=P: E(red) -2.51v E(red) -2.33V
CcO
Me Me Me | CO Et
Et
e C;) P Me]:;O/\P Ve e L
|
Fe cO Fe 08 Fe Co FleEt
|co/<£ Me LOéD Me Bl Et
) oc-M—PZ 2L 0C-M—pPCEIL P
OC/i Me /1 Me Et
25(b) co 26(b) OCco 27(b) Et 29(c)
M=Cr,Mo, W M =Cr, Mo, W

E(ox) 0.52, 1.50V E(ox) 0.76, 1.25V E(ox) 0.74, 0.87, 117V E(ox) 0.70V
E(red) -2.55V E(red) -1.75, -2.36V E(red) -1.6, -1.75 -2.34V E(red) -2.53v

Fig. 4a-c. Selected electrochemical data for phosphaferrocenes. Conditions: a DME 0.1 mol/l
NBu,ClO, glassy carbon electrode —-40°C [49]; b propylene carbonate, 0.1 mol/l NEt,ClO, oxi-
dation: rotating Pt disc; reduction: dropping mercury [33, 34]; ¢ THF 3.0 mol/l NBu,BF, elec-
trode: Pt,25°C [48]
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ies of phosphinines [50]. The replacement of a phosphaferrocene CH by CMe
provokes a smaller cathodic shift (40.5 mV) than in ferrocenes (47.0 mV) [49].
A further linear correlation of electrochemical oxidation potential against het-
eroatom ionization potential has been found for two families of group 15 het-
eroferrocenes 22 and 23 (E=P, As, Sb, Bi):

E,,(0/+) = 0.219 (IP;) - 1.758 V for 22 (18)
E,,(0/+) = 0.192(IPg) - 1.519 V for 23 (19)

These simple first-order relationships confirm that the heteroferricinium
SOMO has little interaction with the metallocene ligands [49].

The stability of phosphaferricinium ions in solution is low; cyclic voltamme-
try reveals that it decreases as the polarity of the medium rises or the degree of
ring substitution falls [33]. The parent diphosphaferrocene evolves chemically
under electrochemical oxidation in CH,Cl,, MeCN, and DMSO and is only sta-
ble in solvents such as propylene carbonate [33]. Compounds 24 and 25 are re-
versibly oxidized in dichloromethane but decompose in DMF, probably to the
corresponding 1,1’-biphosphole (Eq. 20) [33]:

M

JP

Me l Me]f/\P
Fe y [ox] Me™ IQ/\Me (20)
{£ ®  DbMmso P =

Coordination of electron-accepting groups such as group 6 metal pentacarbonyl
fragments to the phosphaferrocene lone pair in 26 and 27 provokes the anticipated
rise in oxidation potential but also further diminishes chemical stability: the first
oxidation (for example +0.74 V for 26¢ attributed to the phosphaferrocene center)
is not reversible even in non-donor solvents such as dichloromethane [34].

Further irreversible oxidations of the group 6 metals also occur at more positive
potentials. A second poorly defined two-electron oxidation of non-coordinated
phosphaferrocenes also results in decomposition to unknown products [34].

Reduction reactions of phosphaferrocenes have also been studied electro-
chemically. The first phosphaferrocene reduction is an irreversible process oc-
curring between -2.1 and -2.6 V [33, 34, 48, 49]. The much greater influence
upon the reduction potential (anodic shift of 390 mV) than upon oxidation (an-
odic: 185 mV) when replacing a CH group by P reflects the substantial ligand
contribution found in the phosphaferrocene LUMO [49]. This low stability
makes it likely that phosphaferrocenide anions will only be isolable with diffi-
culty. The complexes 26 and 27 are reduced at the M(CO); groups and then dis-
sociate: controlled potential electrolysis at —1.8 V gives the decomplexed phos-
phaferrocene 24 (Eq. 21) [34].

If the electrochemistry of mono- and diphosphaferricinium cations is well
defined, their chemistry and characteristics are less perfectly understood. The
stability of phosphaferricinium ions appears to be highly medium-dependent
and the sometimes conflicting data must be interpreted with care. The first
attempted chemical syntheses involved controlled potential electrolysis of 24
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(+1V, platinum electrode, dichloroethane, 0.1 M TBAP) and gave orange solu-
tions showing g, = 2.72, g, = 1.99 and no hyperfine coupling to phosphorus
[33] (the ferricinium ion is now accepted to give g =4.35, g, = 1.26 [51]). In
subsequent work also including arsaferrocenes, chemical treatment of 23a with
silver tetrafluoroborate was found to give violet dichloroethane solutions which,
whilst epr-silent at room temperature, gave comparable data at 100 K (g 2.79
and g, 1.98). The marked difference from the values found for ferricinium ions
was interpreted in terms of a 3d,, SOMO and the change in ground state sym-
metry from “E,, to A, [49]. The interpretation of these data is complicated by
Sava [48], Cowley et al. [52], and Roberts et al. [53] who report deep purple co-
ordination complexes of Ag* with phosphaferrocenes, under only slightly dif-
ferent conditions. Roberts et al. have also reported some M&ssbauer evidence for
the oxidation of phosphaferrocenes by TCNE in aqueous acetone: the data, again
from purple solutions, are very different from those for ferricinium (for exam-
ple 24: isomer shift 0.48 quadrupole splitting 1.87; [24"TCNE"]: IS 0.49; QS 1.81
[36]; Fc*: IS 0.80-0.84; QS = 0 mm s! vs Fe foil [54]).

Very recently, Sava and Le Floch [49] have succeeded in isolating mono- and
diphosphaferricinium salts through oxidation of the parent phosphaferrocenes
with iodine (Egs. 22, 23):
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At present, only X-ray measurements and cyclic voltammetry data have been
used to characterize these deep violet compounds but they conclusively demon-
strate the existence and stability of isolable phosphaferricinium sandwiches.
Very slight alternations in phospholyl intracyclic bond lengths (for example C,-
Cp=1.415(4), C4-Cj = 1.430(5) A for 28; C,-C = 1.417(4),C4-Cj = 1.34(5) A for
29) again accord with the formulation of the SOMO as an essentially unmodified
metal 3d orbital.
A full analysis of these compounds would be timely.

3.4
Group 9

Phosphacobaltocenes may be prepared through the direct attack of appropri-
ately substituted lithium phospholides upon CoX, precursors (X=Cl, acac) or by
reduction of the corresponding phosphacobalticinium salts 30. In turn, these are
available straightforwardly through metathesis of [CoCp*1,], with a main group
phospholyl complex such as the phosphaplumbocene 19 or phosphastannocene
18 described above (Eq. 24) [55]:

tBu +
@-tBu
Pb(PC4tBuyHg), _LCOCP 22 Me Co Me | BPhs
19 NaBPhy Me Me (24)
Me
30

Electrochemical studies upon the colorless and air-stable 2,5-di(tert-butyl)
phosphacobalticinium complex 30 show a reversible reduction wave at -0.73 V
(compare [CoCpCp*],-1.17 V SCE, DMF [56]; [CoCp*,] -1.48 V THF [57]) and
an irreversible second reduction at —1.85V (THF). Chemical reduction of 30 can
be achieved efficiently by stirring with magnesium; pentane extraction and vac-
uum sublimation (70°C, 10~ mmHg) give the purple air sensitive phospha-
cobaltocene 31 in yields of up to 75% (Eq. 25) [32]:

tBu + tBu o
P
Vs iy
c BPh, —9. THF_ Co M
Me, “0 Me 4 Me e
Me@Me Me@Me (25)
Me Me
30 31

The solution magnetic moment of 1.69(10) BM at 298 K for 31 compares well
with the values found in typical cobaltocenes [58] and the combination of high
frequency Cp* with low-frequency phospholyl CH resonances in the 'H nmr
spectrum (6 Cp* = 42 ppm, CH -16 ppm, THF-Dg, 300 K) implies classical po-
sitive spin density on the ligands [59]. Two further observations, a reasonably
sharp 3P nmr signal (§=-122 ppm, Av;;, = 670 Hz [300 K, THF, H;PO,]) and a
pronounced localization of the ring C-C bonds (C,-Cg=1.409(2), Cs-C4=
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1.436(2) A), suggest a SOMO node at phosphorus and a bonding C,-Cpinterac-
tion. Thus, the unpaired electron probably resides in a hybrid incorporating the
phospholyl m orbital [32].

The alternative approach to phosphacobaltocenes employs the simple attack
of a lithium phospholide upon a cobalt(II) precursor. This process is unlikely to
work in the general case, but no redox chemistry or product evolution occurs for
2,5-di(tert-butyl)phospholides. Use of two phospholide equivalents gives a 1,1’-
diphosphacobaltocene 32 which may be isolated by careful sublimation in high
vacuum (Eq. 27). Room temperature 'H nmr data indicate a structure where an
intermeshing of the t-Bu groups provides a configurational lock, thus implying
mixing of the m and m orbitals in the Co-ring bonds (*H & t-Bu = 5.5,
4.0 ppm, CH - 23, - 42 ppm, C4Dg, 300 K). No *'P nmr signal is observed at 300 K:

tBu tBu

@—tBu @—Bu
,Clo\ C:O(acaci)2 LI(PC41BugHy) 0.5 eq Co(acac), C'o_( B0
fe) o) THF, -78°C THF, 20°C P (26)
tBu
33 32

Finally, the interaction of one equivalent of phospholide anion with [Co(acac),]
at low temperature provides the orange air-sensitive paramagnetic half-sand-
wich complex [Co(acac)(PC,tBu,H,)] 33 (Eq. 27) [32]. This complex may be an
important precursor for the [Co(PC,tBu,H,)]* fragment.

Neutral rhodocenes are notoriously reactive and the first room-temperature
stable example, octaphenylrhodocene, only appeared in 1995 [60]. Phospharho-
dicinium salts (e.g., 34) are readily available, either through fragmentation of a
triple decker complex [61] or more simply by metathesis of [RhCp* Cl,], with a
suitable main group reagent such as plumbocene 19 (Eq. 27) [55]:

tBu + tBu

[RhCp*Clz]2

Pb(PC4tBuzHp) 2 Me Rh Me | BPhy _COCP2 _ o Rh Me
19 NaBPh, Me Me CsHiz Me Me
Me Me
34 35
(27)

[RhCp* (PC,tBu,H,)]BPh, undergoes a reversible electrochemical reduction at
-1.29 V (THE, SCE) and chemical reduction upon treatment with decamethyl-
cobaltocene in pentane (Eq.27). Sublimation (40°C, 10~ mmHg) and character-
ization by EI mass spectrometry and 'H nmr spectroscopy (6'H Cp* = 81 ppm,
CH=-49 ppm, THF-Dg, 300 K) confirm the formation of the olive green
rhodocene 35 [62]. To date, no data concerning the reduction of phos-
phairidicinium cations [55] is available.
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3.5
Group 10

Phosphanickelocenes proved the most elusive of the first-row transition metal
phospholyl sandwiches and ring slippage to 18 VE compounds such as 36 and 37
has been observed in several studies [63-65].

Me Me
Me—@—Me tBu o
! 7
Me Me Ni Me_ Me P\C‘?)—tBu
Me—=5 P\N"P ———Me p,\|“_<tBU
i M =
Me. I Ms tBuJﬁ}P
Me—@);—Me 36 tBu
37

The first paramagnetic example was prepared only recently [32]. Deep green
air-sensitive monophosphanickelocene 38 is obtained in yields of up to 80%
through reaction of [Ni(acac)Cp*] [66] with [Li(THF),(PC4tBu,H,)] in THF at
-78°C (Eq. 28):

W p
(-
o_ 0 Li(PC4tBuyH,) Q—tB“
Me, Ni Me  ——— = Me, Ni_ Me (28)
Me@Me THF, -78°C to RT MG@ME
Me Me

38

Solution magnetic susceptibility measurements (p.;=2.78(10) BM, toluene
298 K) accord with the 20 VE formulation [58] and nmr data show resonances
whose shifts imply positive ligand spin density (68'H Cp* =263 ppm,
CH = -181 ppm, THF-Dy, 300 K) [58]. As expected, given the presence of two SO-
MOs, no detectable *'P nmr resonance is observed between + 3000 ppm. A struc-
tural analysis shows no significant bond length alternation within the carbon
backbone of the phospholyl ligand (C,-C=1.419(3); Cs-Cg = 1.419(4) A) [32].

Electrochemically, oxidation of 38 occurs reversibly at 0.03 V (THF, SCE) and
chemical oxidation with silver fluoroborate gives the corresponding orange air-
sensitive 19 VE nickelocenium cation 39 (Eq. 29) [32]:

tBu tBu

Me Ni_Me o Me, Ni Me BF4
CH,CI
Me@Me 2z Me@‘Me (29)
M Me
¢ 38 39

Spectroscopic (8'H Cp* = 109 ppm, CH -50 ppm, C4Dg, 300 K) and structural
data for 39 suggest strong similarities with the isoelectronic phosphacobal-
tocene 30, with 39 showing a marked C-C bond length alternation in the solid
state (C,-Cg = 1.395(2), Cp-Cj = 1.443(2) A) and a clearly discernable *'P nmr
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resonance (6 = -188 ppm, Av,;, = 960 Hz, 300 K, THF vs H;PO,). Again, these
suggest a 71y phospholyl contribution to the SOMO [32].

3.6
Conclusion

Whilst reliable data for paramagnetic phosphametallocenes have been available
for a relatively short time, it already seems likely that a continuum of electronic
properties may be conferred upon sandwich complexes by introducing phos-
phorus atoms into the ligands, prior to subsequent fine-tuning using the C-sub-
stituents. Green et al. have pointed out that the HOMO to LUMO energy gap de-
creases as the number of phosphorus atoms in the five-membered ring rises;
this permits greater metal-to-ligand backbonding and favors, for instance, sin-
glet spin states over triplets [40]. Unusual electronic configurations have already
been found in [Ti(P;C,tBu,),] [40] and [Mn (P;C,tBu,),] [42] and this kind of
carbon-to-phosphorus transposition may provide a means for modulating the
electronic state existing at the metal center. The balance between 18 and 20 VE
structures in phosphanickelocenes 37 and 38 seems to provide another example
of this effect. Given the suggestion that the phosphorus lone pairs may also af-
fect crystal packing within metallocene stacks [46], the intrinsic interest of para-
magnetic phosphametallocenes seems to be obvious. The finer details concern-
ing the precise role played by the bulky groups in some of these molecules, the
means of manipulating the phospholyl molecular orbitals to allow spin to be
placed either into 7 or 7, and the possibility of further coordination to the
lone pair electrons, remain to be clarified.

4
Phosphametallocenes in Homogeneous Catalysis

Phosphametallocenes, e.g., phosphaferrocenes, have been known to give o-
complexes through their in-plane lone pairs almost since their discovery [66]. As
discussed above, the phosphaferrocenes display three high-lying occupied MOs,
mainly centered on the metal, and the P-lone pair only appears as HOMO-3 [47].
As a result, the lone pair is relatively unreactive and phosphaferrocenes behave
as relatively weak o-donors. The low-lying LUMO appears to be mainly localized
at P and Fe. As P-ligands, phosphaferrocenes thus behave as good m-acceptors
and more resemble phosphites than phosphines.

Three preliminary reports describe their use in non-enantioselective cataly-
sis. Garrett and Fu have shown [67] that the monophosphaferrocene 40 is a good
catalyst for the opening of epoxides by Me;SiCl (Eq. 30):

OH

.
/<(l)/ + Megsicl 2065%),_ - _H_
CHoCly, RT

Me Cl (30)
MeMe

Me” 1 Me
Me_ Fe Me

&

40
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The proposed mechanism involves an adduct between 40 and Me;SiCl. No ring
opening is observed in the absence of catalyst. Complex 40 is less active but more
regioselective with non-symmetrical epoxides than either PPh; or Bu,NCL.

More recently, it has been demonstrated that octaethyl-1,1"-diphosphafer-
rocene 41 is able to give a stable bis-complex [Pd(41),] whose structure has been
established by X-ray analysis [68]. In this complex, the two parallel lone pairs of
one diphosphaferrocene are side-on coordinated to the tetrahedral Pd(0). The
bis-chelate 18-electron [PdP,] structure can probably equilibrate with the 14-
electron [PdP,] species in which one phosphorus atom of each diphosphafer-
rocene is axially coordinated to palladium and the other is free. Whatever,
[Pd(41),] is a very robust catalyst for the Suzuki cross-coupling reaction. For ex-
ample, PhB(OH), and 4-bromoacetophenone are coupled at 110 °C by [Pd(41),]
with a TON of 980,000.

Finally, BASF has issued a very recent patent describing, without detail, the
potential use of phosphaferrocenes in the rhodium(I)-catalyzed hydroformyla-
tion of olefins [69].

In a different vein, Ganter introduced the concept that 2-functionalized phos-
phaferrocenes display a planar chirality which can be used beneficially in asym-
metric catalysis [70]. A key step of his research program has been the chro-
matographic resolution of the two enantiomers of the 2-formyl derivative 42 via
the corresponding aminals 43 [71]. On that basis, a series of enantiopure 3,4-di-
methyl-1-phosphaferrocenes with chelating side-arms at the 2-position has
been prepared [72, 73]. Side-arms are of the type - (CH,),-Z with n =1, 2 and
Z = PR, and 2-pyridyl 44. The 2-pyridyl derivatives give stable cationic chelates
with Pd(II) [73]. Unfortunately, these catalysts give low ees (11-19%) for the re-
action of 1,3-diphenylallyl acetate with sodium malonate.

Independently, Qiao and Fu have investigated the use of similar 2-functional
1-phosphaferrocenes with the more bulky (1°-C;Me;)Fe subunit [74]. The
higher steric hindrance leads to much better ees. The resolution was carried out
by chiral HPLC of the intermediate alcohol 46. In a first series of experiments,
the Rh(I)-catalyzed enantioselective hydrogenation of dehydroaminoacid
methyl esters was performed in ethanol at RT in the presence of enantiopure 45.
The ees fall in the range between 79 and 96 % [74].

Et,_ Et P &

Et;@ea Cﬁ?me Ve CFE Ve '\,’:'f Me_ Fe Me

I Skt @j—mo & N'O @(C\HZ’"
. 8 e "

Z = PRy, 2-pyridyl

Me
Me"-Me MeMe
Me” + Me
Me Me Me_ Fe Me

e s

HO P 46 RoP P (+)-45
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Even more significantly, Fu has recently designed the first effective asym-
metric isomerization of non-protected allylic alcohols in 55 to 91% yields
(Eq.31) [75]:

R1
L)

/lQ§//\\ 5% [Rh(cod),BF 4] / (+)-45 ¥
R? OH SN
R? H

THF A

Me
MeMe (31)

Me® 1 Me
YEZéE%SMe
RP T (+)45

The observed ees are in the range 64-86%. Z-allylic alcohols isomerize with
higher ees than the E-allylic counterparts. This process has been applied to the
synthesis of two naturally-occurring sesquiterpenes. It is interesting to note
here that the highest ee previously reported for such an isomerization (53 %)
employed an Rh*/BINAP catalyst where a modest yield (47%) was also ob-
served [76].

Subsequently, better ligands than 44 have been designed for the asymmetric
palladium-catalyzed reaction of 1,3-diphenylallyl acetate with sodium mal-
onate. Both the bis-(phosphaferrocene) 48 synthesized as shown in Eq. (32) [77]
and the phosphaferrocene-oxazolines 49 [78] perform this condensation with
much higher ees (79 % in the first case and up to 82% in the second case). In the
second case, the stereochemical outcome of the reaction is determined by the
planar chirality at the phosphaferrocene, rather than the chirality of the oxazo-

line [78]:
Me_ F€ Me ?ggzﬁr’ Me F%jﬁfij>
Z§§§&—CHO e ZE%D 7
42 47

(32)

|
Me._ Fe Me

o

-

Me” Fe Me 48

1) NaHBEt3
2) FeCly

Instead of being viewed as P-ligands, phosphametallocenes can also be consid-
ered as modified metallocenes. It has been experimentally proven in a detailed
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Me
MeMe
Me' FI Me
Me e Meo
am ]
49 N" 7

IR-Raman study of phosphacymantrenes that the phospholyl ring is an intrin-
sically poorer m-donor than cyclopentadienyl towards the manganese [79]. The
prototype metallocene catalyst for the polymerization of olefins is a cationic
species such as [Cp,ZrMe]*. It is generally formed by reaction of [Cp,ZrCl,] with
an alkylating agent. Replacing Cp by phospholyl tends to increase the elec-
trophilicity of the metal and, hence, the activity of the catalyst. For this reason,
n’-phospholyl complexes of titanium and zirconium have attracted much inter-
est as potential polymerization catalysts. However, these complexes have one
drawback. In most cases, polymeric [MeAlO], (MAO) serves as the cocatalyst.
This Lewis acid, when in huge excess, tends to coordinate to the P-lone pairs of
phosphazirconocene and titanocene derivatives, thus deactivating the metal
center by steric hindrance. This effect has been well documented [80, 81]. Con-
sequently, the best catalysts in the phosphametallocene family all have sub-
stituents at the a-positions in order to preclude the complexation of the P-lone
pairs. Two representative catalyst precursors are the zirconium 50 [82] and the
titanium 51 [83] derivatives.

Ph Ph tBu
z:é{_ccl. ;é{SN =i
-

PhASSp¥-Ph C~/ Tt Co

cl oc co
50 51 52

The diphosphazirconocene 50+MAO system is a good catalyst for the poly-
merization of propene. With 10 pmol of Zr and 5 mmol of MAO at 45°C under
600 kPa, an activity of 170 kg of polypropylene per gram of Zr per hour and an
M, of 20,000 have been observed [82].

The synthesis of complex 51 is described in Eq. (33) [83]:

Me Me Me Me
5 VTR g
MeU-SM ———
P { =) THE Me P S|\Me2
| NHR | NLiR
Ph Li
/ 33
= Y
SnCl i )
S0, @s.Me VR
l NRS M |
SnMe es niviez C

The system 51 + MAO polymerizes ethylene at 160°C. It displays the same activ-
ity as its all-carbon analogue, but the final M,, of polyethylene is lower for the
phosphametallocene catalyst: 50 x 10° vs 126 x 10°.
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Numerous patents have been issued on the use of phosphametallocenes in
polymerization catalysis; for lists, see [82, 84]. In a different vein, it has been
briefly stated that the r°-phospholyl-cobalt complex 52 catalyzes the cy-
clotrimerization of EtC=CEt to CEt, [15].

It is unclear at the moment whether the use of phospholyl in lieu of cy-
clopentadienyl in metallocene-based catalysts will bring advantages significant
enough to justify the corresponding additional complexity and cost. On the con-
trary, it seems already quite clear that phosphametallocenes have a bright future
in asymmetric catalysis.
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The use of ?-benzyne and n?-phosphabenzyne zirconocene in phosphorus chemistry is re-
viewed. The regiospecific reactions of these complexes with small unsaturated organic mole-
cules incorporating phosphorus or not led to a variety of cyclic neutral or zwitterionic com-
plexes showing a versatile behavior. New methodologies of synthesis of phosphorus hetero-
cycles and of phosphorus ligands are described, as well as strategies of C-H and M-H (M=N,
0, P, S) bond activations.
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Fig. 1. Group 4 d°-metallocene complexes Cp,MX, (A n=1, B n=2, C n=3)

1
Introduction

d’-Bis(cyclopentadienyl)zirconocene complexes Cp,ZrX, (A,n=1,B,n=2, C,
n=3) with metal-ligand M-X bonds exhibit metal centers with 14, 16, and 18
electrons and valence coordination number from 3 to 5 (Fig. 1). During the last
20 years, bent cationic bis(cyclopentadienyl) complexes A have received consid-
erable attention as those compounds have been identified as the active catalytic
species in the homogeneous metallocene Ziegler-Natta process for the polymer-
ization of olefins [1, 2]. The chemistry of B complexes has been extensively ex-
plored and has allowed the development of a rich chemistry based on interac-
tions with organic reagents. The success of organo zirconium reagents B in syn-
thesis can be explained in terms of chemo-, regio-, diastereo-, and enantioselec-
tivity: these compounds are generally able to discriminate between similar func-
tionalities that differ only slightly in their steric and/or electronic environment
[3-5]. Anionic metallocene complexes C are postulated as intermediates in a
number of stoichiometric and catalytic reactions and a very few of these metal
C species have been spectroscopically and structurally characterized [6].

In the past decade, reports on the interactions between main group elements,
including phosphorus derivatives,and zirconium species such as [Cp,ZrHCl],, [7],
Cp,ZrMe, [8],[Cp,Zr] [9,10],0r others [11,12] have appeared in the literature. The
present review is focused on the use of 1?-benzyne-zirconocene and the parent -
phosphabenzyne-zirconocene in phosphorus chemistry. The versatile behavior of
these complexes towards unsaturated phosphorus reagents and the versatile be-
havior of the resulting products will be more precisely reported.

2
n*-Benzyne-Zirconocene in Phosphorus Chemistry

Photolysis or thermolysis of diarylzirconocenes or arylalkylzirconocenes lead
to reactive aryne-zirconocene complexes which can be trapped with several
types of electron-donating ligands including dienes, phosphines, and carbon
monoxide [13-15]. After being postulated by Vol’pin et al. [14] and Erker [13],
benzyne-zirconocene 1 (Eq. 1) was fully characterized by Buchwald et al. [16] by
X-ray crystallographic studies of its trimethylphosphine complex adduct:

CpoZr— ]O — Cp22r©
1

Equation (1). Generation of n*-benzyne zirconocene

szzrphg

(1

- PhH
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2.1
Reactions with Phospha-Imines

Thermolysis of Cp,ZrMePh or (¢-BuCp),ZrPh, generates benzyne-zirconocene
intermediates which in the presence of phospha-imines 2 afford azaphosphazir-
conaindenes 3 in a regiospecific way (Eq. 2) [17]:

R'=N=P-NR°R® 2 p'NRZR3

(RCp)QZr@ @ N-g'
Zr

(RCp)2

R=H, +-Bu 3
R'=R? = R® = SiMe,
R'=R? = tBu, R®= SiMe,

(2)

Equation (2). Insertion of phospha-imines into a Zr-C bond of n?*-benzyne zir-
conocene

2.2
Insertion of 2,3-Dihydrophosphole

There is an extensive literature on the topic of cyclic phosphines such as phos-
pholanes, phospholenes, or phospholes [18]. In contrast only a limited number
of fused bicyclic and tricyclic phosphines have been prepared and fused tri-
cyclic systems incorporating two phosphorus atoms or phosphorus and other
heavier main group elements remained unknown till the last five years.

A clean insertion reaction of the 2,3-dihydrophosphole 4 into the zirconium-
carbon bond of the transient benzyne-zirconocene 1 occurs when 4 is heated
with Cp,ZrPh, at 80°C for 6 h, leading to the tricyclic compound 5 (Scheme 1).
The regioselective formation of 5 can be regarded as the result of a strong inter-
action between the phosphorus lone pair and zirconium. It can be noted that un-
der the same experimental conditions, the corresponding oxide 4" or the 3,4-di-
hydrophosphole 4” do not react with 1.

An exchange reaction involving 5 and various dichlorophosphines readily oc-
curs at room temperature affording the tricyclic 1,1-diphosphines 6 [19] isolated
as their disulfides adducts 7. A trans arrangement of the lone pair of the two
phosphorus atoms was shown for 6 (R=¢-Bu) on the basis of the single crystal
X-ray analysis of the corresponding disulfide. An analogous exchange reaction
performed with PhSbCl, or Me,SnCl, gives stiba- or tin-phosphorus-containing
tricyclic systems 8 or 9 in high yield.

Remarkably the regioselectivity of the reaction of 2,3-dihydrophosphole 4
with a more hindered benzyne-zirconocene precursor as (r’>-t-BuC;H,),ZrPh,
was found to be the same: the zirconaindene-phospholane 10 was formed quan-
titatively and no trace of 11 was detected (Scheme 2).

All the exchange reactions proceed with ring retention. This is not the case
when the reactions are performed with monochlorophosphines instead of
dichlorophosphines. A concomitant ring opening reaction with the exchange
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Scheme 1. Regioselective preparation of tricyclic 1,1-diphosphines from 2,3-dihydrophosp-
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Scheme 2. Regioselective formation of the zirconaindene-phospholane 10
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Scheme 3. Synthesis of 1,1-diphosphines and their sulfur adducts from the zirconaindane-
phospholane 5
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reaction takes place when the tricyclic system 5 is reacted with Ph,PCl. The
1,1-diphosphine 12 is obtained as two isomers in a 4:1 ratio. Monosulfuriza-
tion occurs regioselectively on the intracyclic phosphorus atom. Further addi-
tion of sulfur leads to the formation of the corresponding disulfide 14
(Scheme 3) [19].

23
Insertion of Alkynes

2.3.1
Synthesis of 2-Phosphinophospholes

An efficient stereoselective synthesis of substituted zirconaindene compounds
and their use as starting reagents for the formation of 2-phosphinophospholes
was recently proposed [20]. It consists of the treatment of Cp,ZrPh, with the
alkynylphosphine 15a in benzene at 80°C for 6 h. The 2-phosphino-zirconain-
dene 16a thus obtained is further reacted with phenyldichlorophosphine to give
the 2-phosphinophosphole 17a (Scheme 4). Such a stereoselective preparation
of 2-phosphinophosphole was also observed with a non-terminal acetylenic
phosphine such as 15b and a more hindered diphenylzirconocene such as (1>-¢-
BuC;H,),ZrPh,. A similar exchange reaction from 16a and dichlorostilbene led
to the formation of the corresponding 2-phosphinostibole 18.

PPh,

N
Zr

R
A / Cp'
CpsZiPh, + PhP—=—R
- PhH R

15a,b
3 PPh,
Zr
Cp'2
16a,b

aR=H, Cp' =n°CsHs
b R = Ph, Cp' = n®-+BuCsH,

RMCl,
16a @P%
M

R
17a M-R = P-Ph, 17b M-R = P-tBu
18 M-R = Sb-Ph

Scheme 4. Synthesis of 2-phosphino phospholes 17a,b or stibole 18
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Addition of Sg to 16 b gave the sulfide 19 (Eq. 3). X-ray structure analysis of
19 revealed an interaction between zirconium and sulfur: the P-S bond length
was found to be slightly longer (2.005(1) A) than those generally observed for
thiophosphoryl groups (1.93-1.95 A). Indeed the P-S bond length lies in be-
tween those of a single and a double bond, suggesting a zwitterionic character
for 19 which can be formally considered as a zirconocene-ate zwitterionic com-
plex:

Ph
Sg ®
16b —= ©)—PPh,
Zr_J (3)
(+BuCp), S
19

Equation (3). Addition of S on the 2-phosphino-zirconaindene 16b

2.3.2
[3+2] Cycloadditions Involving 2-Phosphino-Zirconaindenes

As already mentioned in the introduction, anionic early transition metallocene
complexes of the type [Cp,Zr(R,)(R,)(R3)] with R;, R,, Ry=alkyl, alkenyl, or
alkynyl, are unstable. Most of them exhibit electrostatic anion-cation pairing re-
sulting in dimer, trimer, oligomer, or polymeric structures [21-25]. In marked
contrast, stable 18 electron-zirconate complexes were prepared via a formal
[3+2] cycloaddition reaction between 2-phosphino-zirconaindene 16a and
alkyne derivatives (Scheme 5) [26, 27].

X-ray diffraction data obtained for some of those ate complexes are consis-
tent with a zwitterionic form incorporating a four coordinate cyclic phospho-
nium center and a pentavalent 18-electron zirconium metal center. It is reason-
able to postulate that the first step of the reaction is the nucleophilic attack of the
phosphino group in 16a on an acetylenic carbon atom with formation of the
corresponding transient zwitterion. In the second step, an intramolecular
cyclization of the carbanionic center on the zirconium metal fragment occurs to
form stable zirconate products 20a-f. It was shown that the nature of the het-

— ] @ @

@P% + R—=R —= @‘P% — <j(@\>\PPh2
r r Zr

Cp2 Cp2 GX\R' szw;\

16a R R
20a-i

aR=R'=CO,Me fR = P(S)Ph,, R'= H

b R = COMe, R"= H gR=H,R = CH,OMe
cR= C(O)IMe, R'=H hR=H,R = CH,OCH,CCH
dR=H,R'=OFt i R =H, R' = CH,NMe,
eR=PPh,, R = H

Scheme 5. [3+2] cycloadditions involving a-zirconated phosphines and alkynes
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eroelement directly bonded to the triple bond of the terminal acetylenic system
directs the nucleophilic attack of the phosphine [27]. In all cases, only one re-
gioisomer is observed. Surprisingly, the nucleophilic attack of the phosphine in
16a occurs on propargyl derivatives to give the corresponding zwitterionic zir-
conate complexes 20g-1i.

Similar reactions were conducted with 16a and various aldehydes [28]. It can
be emphasized that the [3+2] cycloaddition reactions take place selectively on
the carbonyl group allowing therefore the preparation of diversely functional-
ized zwitterionic zirconocene complexes such as compounds 21a-e possessing
either a free phosphino group (21b) or free alkenyl group (21c-e) (Eq. 4):

R
16a + O>—H —_— ph2
sz O/\Z“
21a-f
H,C H (4)
aR=Ph dR= " 0 | fR=
b R = 0-PPh,CeHq- M‘: Ve Fe

¢ R = CH=CHMe
eR= ‘O
....n\—Me

Me

Equation (4). [3+2] cycloaddition involving the 2-phosphino-zirconaindene
16a and aldehydes

The ability of 16a to react with polyaldehydes was also investigated: the same
strategy was used to graft on the surface of dendrimers of generation 4 (22-G,)
and of generation 8 (22-Gg) respectively 48 and 768 anionic zirconocene moi-
eties (Scheme 6).

Moreover, a controlled number of anionic zirconocene units can be selec-
tively introduced into the internal layers of a polydendritic macromolecule.
The reaction of the multidendritic system 24-G;G,, constituted by a central
dendrimer of generation 3 and by six internal dendrimers of generation 2 pos-
sessing 24 internal aldehyde groups, with 16a (excess) clearly leads to the
polyzwitterionic zirconocene polydendritic structure 25-G;G, in which all the
early transition metal anions are located within the cascade structure
(Scheme 6).

Other zwitterionic 18-electron d’-anionic metallocene complexes 26 - 29 with
one Zr-heteroelement o-bond can be prepared following the same strategy. This
implies the treatment of 16a with an equimolecular amount of heterocumulenes
(CO,, CS,, Cy-N=C=N-Cy, R-N=C=S§, R-N=C=0) (Scheme 7) [29]. It is also rea-
sonable to propose here that the formation of all these new systems is due first
to a nucleophilic attack of the free phosphine of 16a at the electrophilic center
of the organic substrate. In the second step, cyclization reaction on the coordi-
natively unsaturated metal center occurs to form the stable pentavalent anionic
zirconocene products. With isocyanates and isothiocyanates, the anionic charge
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X=e=X \ ®
—*’ %D ihz 26aX =0
X

26b X =8

CyN=e=NCy @\/\>\®
©)—FPh
Zr )\ 2 27

16a — Cy

RN=e=0 ®
@feylnphz
i, /K 28

Cp2'N

R
RN=e=S ®
Zr /K

Cp> N S
R

Scheme 7. [3+2] cycloadditions involving the a-zirconated phosphine 16a and heterocumu-

lenes
® ®
®Pph2 . N—pph,
zt - ze \
©)

Cp2 N7GX Cp2 X750
R

R
I, X=0,8

Fig. 2. Delocalization of the anionic charge in transient zwitterionic species I

is delocalized over the carbonyl skeleton in I, but the preferred coordination site
in these systems is the nitrogen atom (Fig. 2). The n'-bonding mode of the car-
bamoyl group in complexes 28 and 29 is very strong since no competition be-
tween nitrogen and oxygen or between nitrogen and sulfur was observed nei-
ther in the solid state, nor in solution.

This methodology of chemo- and regioselective cycloaddition for the syn-
thesis of stable anionic zirconocene complexes can be extended to other phos-
phorus metallocenes. As an example, addition of phenylisothiocyanate to 5 led
to the expected complex 30. However, the same reaction performed with 5 and
carbon disulfide afforded unique “dimeric” species 31 arising from successive
(or concomitant) cycloaddition reactions on the two carbon sulfur double
bonds of CS, (Scheme 8).

233
[3+ 1] Cycloadditions Involving 2-Phosphino-Zirconaindenes

The Staudinger reaction of azides with tertiary phosphines is one of the two ma-
jor routes in the preparation of iminophosphoranes [30]. This reaction proceeds
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Ph_
N=e=S \F]’—Ph 20
ZF\N/LS
/
Ph
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S Cp2
Cpi\s ~Zr
2 ph—POD

Scheme 8. [3+2] cycloadditions involving the tricyclic phosphine 5 and heterocumulenes

by nucleophilic attack of the phosphine on the terminal a-nitrogen atom of the
azide to afford a linear phosphazide, rarely stable [31], which then dissociates to
the iminophosphorane with elimination of nitrogen. Iminophosphoranes form
complexes with a variety of metals by N-imino complexation (covalent or dative
bond) [30].

In marked contrast, only a few phosphazide complexes have been prepared
[32-34]. The wunique seven-coordinate complex [WBr,(CO);(Ar-N=N-
=PPh;)] 32 was characterized by X-ray diffraction studies: the phosphazide lig-
and is bounded to the tungsten metal fragment in a bidentate fashion through
the a- and y-nitrogen atoms [33]. More recently, the cyclic (Z)-phosphazide 33
was found to act as a monodentate two-electron donor through the less steri-
cally hindered B-nitrogen atom [34] (Fig. 3).

A formal [3 +1] cycloaddition is observed when 4-fluoro-3-nitrophenyl azide
is reacted with 16a with the formation of the phosphazide complex 34 [31]. In-
tramolecular donor-acceptor interactions only occur with the a-nitrogen atom
which suggests that this nitrogen atom is a better donor than Ny and that the po-
larization of the phosphazide moiety is more correctly represented as -P*-N~-
N=N-R rather than -P*-N=N-N"-R, at least for the structure reported here.
Complex 34 is stable at room temperature and slowly decomposed with loss of
dinitrogen in refluxing toluene to give a new complex 35 in which the Ny is
linked both to zirconium and phosphorus. Analogous complexes 36 and 37 are
directly isolated through the addition of N;P(O)(OPh), and N;SiMe; on 16a;
transient formation of the phosphazide compound was not detected in these

Br,(CO
Mz( )3 N Mo(CO)s
PhyPNZ \ Rl Mo N
NB:NY- RJ\(NV H
R R
32 M =W or Mo 33

Fig. 3. Phosphazide complexes involving a and y nitrogen complexation (32) or f nitrogen
complexation (33)
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Scheme 9. [3+1] cycloadditions involving mono- and tricyclic-a-zirconated phosphines 16a
and 5 with azides

cases (Scheme 9). Such a formal [3+ 1] cycloaddition can be extended to the tri-
cyclic system 5 to give the zwitterionic complexes 39 and 40 after addition of RN,
(R=P(O)OEt),, SiMe).

Interestingly, no difference in the reactivity between the azido and the alde-
hyde groups of 4-azido tetrafluorobenzaldehyde is detected when this bifunc-
tional reagent is reacted with 16a: the expected [1+3] and [2+ 3] cycloadditions
occurred concomitantly, even when stoichiometric conditions are used
(Scheme 10). When the resulting complex 41 is heated in refluxing toluene, di-
nitrogen is liberated and adduct 42 is formed. A similar reactivity was observed
when 16a is treated with 4-azidophenylisocyanate with formation of complexes
43 and 44. Reactions performed with 5 instead of 16a (and with 4-azidotetra-
fluorobenzaldehyde or with 4-azidophenylisothiocyanate) allowed one to isolate
the stable bis(zwitterionic) complexes 45 and 46. Contrary to what was observed
with the other phosphazide complexes, 45 and 46 do not lose dinitrogen cleanly
when refluxed in toluene (Scheme 11).

234
Reactions of 2-Phosphino-Zirconaindenes with Isocyanides

Intramolecular coupling reactions of group 4 imino-acyl complexes yielding the
corresponding free imines are rather rare and mainly involve titanium com-
plexes [35-38]. The mechanism of these reactions still remains unclear al-
though a concerted reductive elimination step, that initially leads to an n!-imine
intermediate complex of the type II, has already been postulated [35] (Fig. 4).
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Scheme 10. [3+1] and [3+2] cycloadditions involving the a-zirconated phosphine 16a and a
4-azidotetrafluorobenzaldehyde or 4-azidophenylisocyanate
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Scheme 11. [3+1] and [3+2] cycloadditions involving the tricyclic-a-zirconated phosphine 5
and 4-azidotetrafluorobenzaldehyde or 4-azidophenylisocyanate
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Fig. 4. n'- and n’-imine complexes

However, none of the previous reports described isolation and characterization
of n'-imine zirconocene complexes. Addition of isocyanides on organozir-
conocenes is known to give the corresponding iminoacyl complexes after inser-
tion into a zirconium-carbon bond [5,39-41]. These compounds have been con-
veniently converted for example to aldehyde [5, 39] or nitriles [42].

A powerful one pot synthesis of new bi- or tricyclic-B-phosphino-imines
from 16a and 5 and isocyanides was recently reported [43]. The process involves
three successive and controlled steps: (i) a regioselective Zr-C isocyanide inser-
tion reaction giving 47 followed by (ii) a carbon-carbon coupling reaction to
form a neutral n'-imine zirconocene complex 48 and (iii) subsequent reductive
elimination of zirconocene fragment Cp,Zr to give the corresponding B-phos-
phino-imines 49 (or 52 in the case of 5 as starting material). The phosphino
group located in the close environment of the metal plays a key role in the course
of the metal center displacement step. Therefore, this reductive elimination
process extends the scope of the zirconocene-induced coupling reactions. Inter-
estingly, addition of two equivalents of HCI on the n!-imine complex 48 gave an
access to f-aminophosphines 51 (Scheme 12).

R
16 :C=N’ Xy PPh2
° ZrCp; Pphz — @:}*Pth
| \
/N/
R

N - ZGC
R
47 48 49
HCI
@\Pm @Q\PPhQ
51 50
R
C=N
5 P—Ph
\
N 52
R

Scheme 12. Synthesis of bi- or tri-cyclic iminophosphines 49, 52, and the f-aminophosphine 51
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2.4
Insertion of Nitriles

Thermolysis of diphenylzirconocene in the presence of a wide variety of nitriles
has previously been shown to generate azazirconacyclopentenes as dimers in
the solid state in good to excellent yields [44]. A similar reaction undertaken
with bis amino-cyanophosphines gives rise to new azazirconacyclopentenes 53
[45]. Treatment of these complexes with R’PCl, (R"=Ph, ¢-Bu) at room temper-
ature led to elimination of Cp,ZrCl, to form the unprecedented 1,2-azaphos-
phindoles 54 (Scheme 13). Exchange reaction involving 53a and PhSbCl, led to
the formation of the corresponding 1,2-azastilbindole 55. Such a methodology
can be applied to the preparation of derivatives incorporating more than
one 1,2-azaphosphindole unit. As an example bis(1,2-azaphosphindole) 56 can
be isolated as two diastereoisomers from the reaction of the diphosphine
CLP(CH,),PCl, with complex 53 a.

2.4.1
C-H Bond Activation

The activation of C-H bonds is currently one of the most fascinating challenges
encountered for the construction of organic molecules. Two recent reviews
pointed out how important this process is from an economical point of view [46,
47]. In particular C-H activation initiated by transition metal complexes has

R.PCN PR, PR,
,PC R'PCl,
GO
Zr P
Cp2 R
53a,b 54a-d

aR=N-iPry, R = Ph
bR= NCYQ, R'=Ph

¢ R =N-FPrp, R' = tBu
d R =NCy,, R' = t-Bu

P(N'/"Pfg)z
PhSbCl, {
N
sb 55
Ph

53a —
(I;PF2N)2P P(N-I‘-PI’g)g

R P
/
56

/\
05 CLE  PCl

Scheme 13. Synthesis of 1,2-azaphosphindoles and 1,2-azastilbindole
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been the topic of a number of reports: a lot of electronically unsaturated metal
complexes were found to activate C-H bonds. Different strategies were pro-
posed. Among them, one can cite 1,2-additions at M=X units (X=0, NR, CRR’),
oxidative addition of a late transition metal, o-bond metathesis, homolytic
cleavage by UV-excited mercury atoms, activation at porphyrin Rh' complexes,
and heterolytic activation by late transition metals in polar media. C-H activa-
tion at d° metal centers was found to be effective due to the fact that these com-
plexes remove hydrocarbons reversibly; in this case concerted processes are
generally assumed to take place.

1-Aza-zirconacyclopentene complexes 53 contain a strongly electrophilic
metal center mostly because of the inductive electron-withdrawing properties
of the o-bonded intracyclic nitrogen atom, and a rather nucleophilic imido
group that does not share its lone pair electron density with the adjacent metal
center because of the strain in metallacycle. 53a has been found to activate C-H
bonds of terminal acetylenic systems like methylpropiolate, diphenylphosphi-
noacetylene, and phenylacetylene to give complexes 57-59 [48] (Scheme 14).
This carbon hydrogen bond activation is not limited to sp carbon hydrogen
bond, since activation of an sp® C-H bond also easily occurs when 53a is reacted
with malonitrile or with diethylmalonate. Remarkably sp* C-H bond activation
of vinyl acetate was also shown.

Furthermore, a novel electrophilic sp? C-H bond activation and its applica-
tion for the preparation of a-diazomethylzirconium complexes were also re-
cently reported. Treatment of complexes 53 with ethyldiazoacetate or with
trimethylsilyldiazo methane affords the C-a-metallated diazo alkane complexes
63-66 (Scheme 15). When 53a,b were allowed to react with the “non terminal”
diazo derivative 67, the pyrazoles 70 and 71 were obtained in good yield. For-
mation of the pyrazoles could be rationalized by O-H bond activation of the enol
tautomer of 67, leading to the zirconocene diazo intermediates 68 and 69 which

P(N-.‘.-PI'Q)Q
R———H
QUL goeooe
Zr. = 2
Cro X\ 59R=Ph
R
P(N-i-Pry),
53a ReCre A 60 R = CN
z 61 R = CO,Et
Cp, “CHR,
CHs P(N-+Pr)p
N
SO S ~H 62
Cpy “CH,
o0

Scheme 14. Examples of C-H bond activation using 1-aza-zirconacyclopentene complex 53a
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No { 63 R = N--Pr,, R' = CO,Et
ZFN\H 64 R = NCy,, R' = CO,Et

Ch2 YR 65 R = N-i-Pr,, R' = SiMe
N2 66 R = NCyz, R'= SiMe3

CHy” Ny Dokt PR

2 PR2
N
\
/N\H —_— ©(\</N\H
VAN Zr\O
O O

53a,b —

67 Cp, O Cp>
CH, OFEt CH” Y~ “OEt
Np N-N
!
68,69 H 70,71

68,70 R = N-i-Pr,
69,71 R = NCy,

Scheme 15. Synthesis of a-diazo zirconium complexes

in turn rearrange by an intramolecular [3 +2] cycloaddition to give the isolated
products 70 and 71 [49].

The C-a-metallated diazo alkane complex 63 when reacted with phenyliso-
cyanate is transformed into the 1,2,3-triazolato zirconocene enolate complex 74.
An identical reaction conducted with naphthyl isocyanate gave the triazole 75. It
is reasonable to propose for the formation of 74 and 75, as a first step of the re-
action, a [3+2] dipolar cycloaddition of the diazo function with the isocyanate
group, with transient formation of 72 and 73 (Scheme 16). Then, due to the high

P(N-£Pr), | P(N-£Pr),
A\ A\
N~H N~H
RN=+=0 CAI\_COE oo
)4',\‘ — CO,Et
P(N-i-Pry), 0 NN R\N\ =
N H NN
s H 72,73 74,75
o L i
P2 )—CO,Et 72,74 R= Ph
Na P(N-£Prp), 73,75 R= a-Naph
63 N
R—==—CO.R' N~H
CAIN_COE!
7677 76,78 R = CO,Et, R'= Et
' 77,79 R =H, R'= Me
R'0,C R
78,79

Scheme 16. Cycloaddition reactions of the a-diazomethyl zirconium complex 63
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oxophilicity of the zirconium atom and the resulting aromaticity of the five-
membered ring in the final product, an intramolecular rearrangement occurs to
give the metalonate triazole complexes 74 and 75 [49].

It is well known that transition metal complexes catalyze the decomposition
of diazoacetates in the presence of acetylenes. Thus addition of 63 to the
acetylenic species 76 and 77 resulted in loss of nitrogen and formation of the
stable C-metallated cyclopropene compounds 78 and 79. For the first time loss
of nitrogen in the formation of cyclopropene rings is initiated by the presence
of the zirconium metal fragment.

A clean cleavage of the exocyclic zirconium-carbon bond in 63 and 65 takes
place when they are reacted with chlorophosphines as electrophiles. As an ex-
ample, addition of (‘Pr,N),PCl to 63 or 65 resulted in transfer of the diazo
C(N,)R’ moiety to the phosphorus atom to give the a-diazophosphines 80 or 81,
respectively (Eq. 5) [49]:

P(N-i—Pr2)2 P(N-i—Pr2)2
< R,PCI { ‘
@QN‘” YO ¢
sz\)/-—R' Cp2¢l N 5)
No 80,81
63,65 63,80 R = Ph, R' = CO,Et

65,81 R = N-i-Pr,, R' = SiMeg

Equation (5). Formation of a-diazophosphines from azazirconaindenes 63, 65

2.4.2
X-H Bond Activation (X=N, O, P, S)

Reactions involving the addition of 53 to alcohols, enolisable ketones, amines,
phenols, phosphonates, thiols, or an SH-terminated dendrimer of generation 2,
lead via X-H bond activation (X=N, O, P, S) to new complexes 82-86
(Scheme 17).

Such a remarkable behavior is the result of the conjunction of two phe-
nomena:

1. The presence of a phosphorus lone pair in 53a which, through delocalization
along the P-C-N unit, renders the cyclic imino nitrogen atom more basic. Anal-
ogous reactions can be performed with the complexes 87 which differ from
53a by the replacement of the phosphorus group by an amino group. Neither
C-H nor X-H bond activation reactions were observed when the donor group
(phosphine or amine) was replaced by an alkyl group as in 88 (Fig. 5).

2. The presence of a 16 electron zirconium-nitrogen covalent bond in 53a (or
87) which allows the formation of an 18-electron zirconium-nitrogen dative
bond incorporated in a stable heterosubstituted-cyclopentene bicyclic struc-
ture. Indeed, one can describe the later compounds as betaines with the imino
nitrogen bearing the positive charge and zirconium bearing the negative
charge.
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Scheme 17. Examples of X-H (X=0, N, S, P) bond activation using 1-aza-zirconacyclopentene

complex 53a

NR, R
N N
Zr Zr
Cp2 Cp2
87 88

Fig. 5. 5. 1-Azazirconacyclopentene complexes 87, 88

Generally, the resulting Zr-X bonds (X=C, N, O, P, S) in complexes 57-66, 70, 71,
74,75,78,79, 82-86 can be easily cleaved by electrophiles offering access to var-

ious organic molecules (Eq. 6):

PR, PR,
® 0
N E”Y N
/N‘ H ©(</N‘ H +
@;\ Zr
Cpz “x Cpay

Equation (6). Cleavage of Zr-X bonds with electrophiles

EX

(6)
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25
Insertion of tert-Butylphosphaalkyne

1,1-Bis-(r’-cyclopentadienyl)-1,3-zircona-3-phosphaindene 90 is obtained in
good yield and high regioselectivity by reacting 1 with tert-butylphosphaalkyne
89 [50] (Eq.7):

P
1 + P=—¢tBu — @i\>\t-8u
Zr
89

90

Equation (7). Insertion of tert-butylphosphaalkyne 89 on n?-benzene zircono-
cene

2.6
Insertion of Bis(alkynyl)phosphines

The addition of the bis(alkynyl)phosphines #-Bu-P(C=C-Ph), 91 to one equiv-
alent of the transient benzyne-zirconocene 1 resulted in the unexpected forma-
tion of the zirconacycle 93, via the transient generation of complex 92 arising
from insertion of one of the alkynyl group of 91 into a Zr-C bond of 1 [51]
(Scheme 18). Treatment of 93 with HCI conveniently provided the phosphete 94,
a polyunsaturated cyclic phosphine, by cleavage of the two Zr-C bonds. The ex-
change reaction of 93 with PhSbCl, led to the corresponding tricyclic system 95.
Preliminary experiments show that such insertions can be envisaged with a va-
riety of bis(alkynyl) reagents providing new ways for the formation of tricyclic
systems incorporating one or two main group elements [52].

Ph
+Bu
1. t—BuP%PhL — @\/%\P’
Zr
92 Ph
Ph
2 HCl .
Ph S PN ,t-Bu
+Bu — 94
4
. NP H Ph
(ZDE) Ph Ph
2 +B
PhSbCl, N_p By
93 = 9
S$b “pn
Ph

Scheme 18. Insertion of bis(alkynyl)phosphines on the Zr-C of benzyne zirconocene
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3
n?-Phosphabenzyne Zirconocene

3.1
Synthesis

It was only in 1994 that synthesis of heteroaryne derivatives was proposed. Fol-
lowing the methodology which was developed for the preparation of benzynes
[16], Mathey et al. reported that the thermally promoted S-elimination of
methane or benzene from (2-phosphinimyl) (phenyl or methyl) zirconocene
complexes 98 led under mild conditions to 7?-phosphabenzyne-zirconocene
complexes which can be isolated either as a PMe; adduct 99 or as dimers 100
when the elimination is carried out in the absence of phosphine [53, 54]. Prepa-
ration of complex 98 involved two steps: (i) insertion of zirconocene [Cp,Zr]
into the C-X (X=Cl, Br) of 2-halogenophosphines 96 to give the (2-phosphin-
imyl)-halogenozirconocene 97 and (ii) addition of methyl or phenyllithium
which takes place selectively on the Zr-Br bond without interfering with the
P=C double bond to give 98 (Scheme 19).

The adduct 99 was only characterized in solution whereas an X-ray crystal
structure of the dimer 100c was recorded. The length of the carbon-carbon
pseudo triple bond and the geometry of the corresponding ZrCC unit is similar
to that of the n?-benzyne zirconocene itself. The presence of phosphorus in the
six-membered ring does not disturb the coordination sphere of zirconium. In-
terestingly the dimeric structure 100c is not destroyed even under forcing con-
ditions and the corresponding PMe;-complex monomer is never observed.

Me Me Me
Me\@ i/ BuLi Me\(‘i R'Li Meﬁ
P/ B i/ (RCp),ZrCl, P/ ;r(RCp)g P/ IZr(RCp)g
96 o7 Br 98a-d R’
M
oM Me/?ts aR=HR=Me
s b R=H,R' =Ph
- Zr(R - ,
\PHZF',;\(ACP)Z %9 R=H ¢ R =Me, R = Me
€3 d R =SiMes, R' = Me
98a-d A
“RH Mo, IS
fjtznﬂcmz
P é, 100a,c,d
v AN
(CPRRZIY
Me
Me

Scheme 19. Synthesis of n?-phosphabenzyne-zirconocene monomers and dimers
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3.2
Reactivity

Both monomer 98¢ or dimer 100¢c react with acetonitrile to give regioselectively
an insertion product 101 into the Zr-C bond (Eq. 8):

Me
M (CpMe),
MeCN VNN -Z1
98¢ or 100c ——~ LN
Sp (8)
Me
101

Equation (8). Insertion of acetonitrile on n*-phosphabenzyne-zirconocene

A selective cleavage of the C,-Zr bond was described when 100¢ is submitted
to react with triphenylphosphine sulfide as sulfur donor. The transient forma-
tion of a poorly soluble intermediate complex was observed with release of free
triphenylphosphine. Upon hydrolysis with HCI, the thiol 102 is formed (Eq. 9):

Me
PhgP:S HCl Me
100c ——~ [intermediate] — ~ | + PhaP
N ° )
p~ ~SH
102

Equation (9). Synthesis of 2-thio-n?-phosphabenzyne zirconocene 102

The n?-phosphabenzyne zirconocene 99 (or the complex 98a) reacts with
alkynes: insertion into the C,-Zr bond was always observed with formation of
the expected five-membered zirconacycles 103-106 (Scheme 20).

As in the case of the reactions conducted with 1?-benzyne zirconocene com-
plex, the trimethylsilyl group of the starting alkyne Me;Si-C=C-H is located on
the a-carbon of the resulting five-membered ring. The same situation occurs for
the phenyl group of the alkyne Ph-C=C-H while the reaction of Ph,P-C=C-Ph
with 99 affords two insertion complexes in a 95/5 ratio. Upon hydrolysis,
functionalized phosphinines 107-110 are formed. The insertion of ketones or
aldehydes takes place also selectively into the C,-Zr bond of 99 or 98a leading to

Me Me
Cp»
R—R Me -~ __7r HiO* Me H
99o0r 98a —— R — R
X N Y
P P
R! Rv

103-106 107-110
103,107 R=R'=Et
104,108 R=Ph,R'=H
105,109 R = PPhy,, R'=Ph
106,110 R = SiMe3, R'=H

Scheme 20. Reaction of r>-phosphabenzyne-zirconocenes 99 or 98a with alkynes
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R Me Me
R Cp2
(;»_ Me A\ 70 HO" Me ~
99 or 98a o — | o+
r' R s R
111-115 116-120

111,116 R=R'=Me

112,117 R = 4-MeCgHy4, R' = Me
113,118 R= CpFe(C5H4), R'= Me
114,119 R = CpFe(CsHy, R’ = H
115,120 R = 2-thienyl, R'=H

Scheme 21. Reaction of n?-phosphabenzyne-zirconocenes 99 or 98a with aldehydes

zirconacycles 111-115 which give phosphinines 116-120 after hydrolysis
(Scheme 21).

Synthesis of homochiral phosphinines for enantioselective catalysis is a very
attractive goal since the potential use of these phosphorus heterocycles as lig-
ands in homogeneous catalysis was already mentioned [55]. The reaction of (+)-
camphor with 98a gave a single diastereoisomer in 55% yield after hydrolysis
(Scheme 22): the phosphinine ring was selectively grafted onto the endo posi-
tion of the norbonane skeleton giving enantiomerically pure functionalized
phosphinine 122. This can be explained by the fact that the other possible di-
astereoisomer of the metallacycle intermediate 121 is strongly disfavored be-
cause of the strong steric repulsion between the phosphorus lone pair and the
dimethylated bridge [54].

98a

Scheme 22. Synthesis of an enantiomerically pure functionalized phosphinine

The 1-zircona-4-phosphaindene complex 103 was found to be a reagent of
choice for the synthesis of functional 1,4-diphosphaindenes and then related
anions. Exchange reactions between 103 and dichlorophenylphosphine or PBr;
as transfer reagents afford 1-phenyl or 1-bromo-1,4 diphosphaindenes 123 and
124 respectively [56]. Addition of a stoichiometric amount of lithium leads to
the anion 125 which can be used as a convenient source of functional derivatives
126-128 via reaction of electrophiles at the nucleophilic P atom of the phospho-
lide unit (Scheme 23). Prolonged contact of anion 125 with excess of lithium or
sodium cleanly affords the trianion 129 which gives back the anion 125 by oxi-
dation with one equivalent of iodine.
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Me
gpz Me P’R
! RPX; = g 123R=Ph
N —_
X = Cl.Br =] 124 R = Br
Et

103
Me Li® Me R
s P RO RX - Mes AN R
. \P Et \P Et
Et Et
125 126 R = CH,CH,CN
127 R = Me

I l T Li (excess) 128 R = SiMes

129

Scheme 23. Generation of mono- and tri-anions of the 1-zircona-4-phosphaindene complex
103

4
Conclusion

Throughout this review several points of primary importance can be pointed
out. The first is the extraordinary regiospecificity of reactions involving n*-ben-
zyne-zirconocene or r>-phosphabenzyne-zirconocene and unsaturated phos-
phorus or organic species. Indeed insertion of phosphino-alkyne, vinylphos-
phine, or 2,3-dihydrophosphole on rn*-benzyne-zirconocene exclusively gives
the regioisomer in which phosphino substituent is located on the a-position of
the five-membered zirconacycle as the result of a strong interaction between
phosphorus lone pair and zirconium. Such a phenomenon was also observed
when unsaturated phosphorus reagents were submitted to react with other zir-
conium species such as the Schwartz reagent [Cp,ZrHCI], [7]. Steric and elec-
tronic effects can be evoked to explain the regiochemical preference of the in-
sertion reactions involving the parent phosphabenzyne-zirconocene: the pres-
ence of the methyl group at the C, position probably disfavors the insertion of
alkynes into the C;-Zr bond by hindering its approach to zirconium. However is
was demonstrated [54, 57] that C, is more nucleophilic than C; in 100 and that
the HOMO of phosphinines is mainly localized at P, C,, and C,. Besides, there is
a much larger concentration of negative charge at C, than C,. All these observa-
tions render rational the selective insertion into C,-Zr bond.
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Another main feature which has to be emphasized is the versatile behavior of
the resulting phosphorus-zirconacycles which leads via exchange reactions, in-
sertion reactions, [3+1], [3+2], or concomitant [3+1], [3+2] cycloaddition re-
actions to a large variety of new mono-, di-, tri-, tetra-, penta-, or polycyclic
phosphorus derivatives.

Remarkably the use of benzyne-zirconocene allows the formation of unex-
pected new complexes as the first n'-iminozirconocene 48, the unprecedented
phosphazide and iminophosphoranes complexes 34-46, or the unique so far
stable pentacoordinated organo zirconocene-ate complexes 20, 21, 22-G,, 22-Gg,
24-G;-G,, 25-31.

Of special interest is the behavior of 1-aza-zirconacyclopentene complexes
which allows electrophilic sp, sp? and sp® C-H bond activations as well as M-H
bond activations (M=N, O, P, S) and the preparation of the first C-metallated di-
azoalkanes L,MC(N,)R with an early transition metal.

Finally, the ability to prepare 1,4-diphosphaindenyl mono-and tri-anions and
enantiomerically pure phosphorus ligands open new ways in organophospho-
rus chemistry and in asymmetric catalysis.
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Chiral organophosphorus compounds have been found to act as catalysts in numerous enan-
tioselective reactions. This review highlights recent developments in this area and more pre-
cisely in the kinetic resolution of secondary alcohols, the enantioselective borane reduction of
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1
Introduction

Catalytic asymmetric processes based on organometallic chemistry have been
intensively studied during the last 30 years [1-3]. In large part, catalytic asym-
metric syntheses promoted by transition metal complexes involve the use of chi-
ral phosphine ligands and particularly bidentate phosphine ligands. In this
enantioselective catalysis, the key bonding interaction occurs at the transition
metal center and the chiral phosphine ligand is responsible for the asymmetric
induction during the reaction. Recent years have seen a steady growth in the use
of chiral organophosphorus catalysts in asymmetric synthesis [4]. In this case,
the organophosphorus catalyst activates by bonding either the reagent or/and
the substrate. This review highlights some of the recent developments reported
in the literature and will also serve to initiate potential researches in this area.

2
Use of Chiral Phosphines as Catalysts

2.1
Kinetic Resolution of Secondary Alcohols

In 1993, Vedejs et al. [5, 6] showed that tributylphosphine is a potent catalyst for
the acylation of alcohols by acetic and benzoic anhydrides as efficient as 4-(di-
methylamino)pyridine DMAP (7, 8]. However, the DMAP catalyst is more ver-
satile since it presents catalytic activity in the reaction of alcohols with a larger
variety of electrophiles. Due to these properties, Fu [9] realized the design and
synthesis of a new family of chiral nucleophilic catalysts illustrated by the pla-
nar-chiral DMAP derivative I which is a very efficient catalyst in different enan-
tioselective reactions such as addition of alcohols to ketenes [10], rearrange-
ment of O-acylated azalactones [11], and kinetic resolution of secondary alco-
hols [12-14].

In the same way, Vedejs et al. [15] have explored the catalytic use of chiral
phosphines in the enantioselective acylation of alcohols by the anhydrides.
Moderate to good enantioselectivities were obtained using chiral phosphine 1a
as catalyst in the benzoylation of 2a. In this case, the monobenzoate 3a was ob-
tained in 68 % ee and 84 % conversion.

Scheme 1 Ph
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[_Vle
1a P—-Ph
Ph (0]
Ph Me Phe_ O
OH orcono  _ZBmol% ta I
+
( )2 84% conversion Bh”  OH

Ph™ "OH 68% ee

Scheme 2 2a 3a

This promising result have led Vedejs and Daugulis to design and synthesize
efficient catalysts 1b-c [16] belonging to the P-aryl-phospha-bicyclo [3.3.0] oc-
tane (PBO) family for the enantioselective catalyzed acylation of benzylic alco-
hols 2b-d or unconstrained allylic alcohols 2e-1.

Me
Me
H 1b Ar = Ph
H P aAr 1c Ar = 3,5-di(tert-Bu)Ph

Scheme 3 Me

The enantioselective key step for the reaction is the formation of a chiral
acylphosphonium intermediate involving a nucleophilic addition of the phos-
phine to the carboxylic anhydride. This intermediate reacts preferentially with
the alcohol (R)-2 leading to the ester (R)-3 and regenerating the catalyst.

The enantioselectivities are highly dependent on the alcohol structure, the
nature of the catalyst, and the temperature. The following examples illustrate the
efficiency of this new catalyst:

Me

HO, ot Me " LOC(OR
rac-2 . i} H Ar' R'
Ar” R 1b-c H P Ar rac-2 (R)-3
+
Me >\R
(RC0),0 0 H&H (5)2
Scheme 4 RC(0)0O- Ar' R’

- The tert-butylphenyl carbinol (rac)-2b (Ar’'=C¢Hs, R"=t-C,H,) reacts with
benzoic anhydride in toluene solution at —-40°C with 5 mol % of catalyst 1b to
afford after 45.8% conversion, the ester (R)-3b with 93.1% e.e and the un-
reacted alcohol (S)-2b with 78.7% e.e.

- The kinetic resolution of o-methylphenyl-1-ethanol (rac)-2c was realized by
acylation with isobutyric anhydride in deoxygenated heptane, using
0.6 mol% catalyst 1c with 99.7% e.e. After 14 h at —40°C, the ester (R)-3¢
(48.5% conversion) was obtained with 95.7 % ee (48 % isolated), while 46 % of
(8)-2¢ was recovered (90.2% e.e.). The high enantioselectivity factor [17]
s = 142 for this kinetic resolution shows the efficiency of the catalyst 1c.
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o-MeOPh ' oc(o)ipr

1c (0.6 mol%) Me H R)-3¢
—_—

H
-MeOPh + (iPrC0O),0 %: 95.
one _$MOH z heptane, -40°C 48%; 95.7 ee

rac-2c 48.5 % conversion Me)‘\\OH (S)-2¢
0-MeOPh H
Scheme 5 46%; 90.2% ee

Table 1. Kinetic resolution of allylic alcohols with isobutyric anhydride and 1¢®

Entry? Alcohol Conv. Ee % Ee % Enantio-
(%) of (5)-2 of (R)-3 selectivity
factor s¢
1 OH 45.1 67.3 82.0 21
Me
i Me
Ph 2e
2 OH 48.1 66.4 71.7 12
Me CH,Bn
2f
3 OH 38.1 45.7 74.3 11
Ph
j(kMe
2g
4 OH 50.4 89.8 88.2 52b
O)\Me
2h
5 OH 53.0 90.0 81.4 34
©)\Me
2i
6 O OH 52.6 96.1 86.7 55
O
2
7 O oH 34.0 48.9 94.8 61
Et
2k
8 O oH 40.3 64.2 95.3 820
S8
Me 21

2 Reactions were performed at —40°C using 0.1 mol/l substrate, 2.5 equiv. of isobutyric an-
hydride, and 5 mol% of 2¢ in toluene.

b Reaction in heptane solution.

¢ See [17].
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- Alcohol 2d (Ar" = mesityl,R”= Me) also proved to be an excellent substrate for
kinetic resolution when 1c was used in combination with acetic anhydride:
s =112 was measured at —40°C in toluene. After 51.8 % conversion 2d (98.6 %
e.e.) and the ester (R)-3d (R=Me, 91.6% e.e.) were obtained.

- The PBO catalyst 1c was recently applied to the kinetic resolution of allylic al-
cohols 2e-1 by acylation with isobutyric anhydride [18]. The enantioselec-
tivity depends strongly on the structure of allylic alcohols and increases with
the conformational flexibility of the substrate. The dienyl alcohols 2i-1 are
good substrates for this kinetic resolution as shown by the high selectivity
factors (30-80) obtained (Table 1).

2.2
Enantioselective C-C Bond Formation

Another example using chiral phosphines as catalysts has been described by
Zhang et al. studying the enantioselective [3+2] cycloaddition of butadienoates
with electron deficient olefins [19]. Thus, the use of catalytic amounts of cata-
lysts 8-10 led to the formation of major adduct 6 in enantiomeric excesses vary-
ing from 12 to 93 % ee. The best result was observed performing the reaction in
toluene at 0 °C in presence of 10 mol % of catalyst 8 (entry 3, Table 2).

On the other hand, catalyst 8 has also been successfully applied in the alkyla-
tion of malonate-type nucleophiles 11 with activated allenic ester 4. The adduct
resulting from a y-addition reaction was obtained in around 80 % yield and 70 %
ee [20].

Asymmetric Baylis-Hillman reactions catalyzed by CAMP 9 [21] and BINAP
10 [22] have also been studied but in this case the products were isolated in low

Table 2. Enantioselective cycloaddition of butadienoates with olefins

QI
P P\"'u Me PPhZ
R\Lb/ R Ph PPh,
OMe O

8 9 CAMP 10 BINAP
4 . COk COR,
10 mol% 8-10 . CO,R,
=+/COZR1 benzene, r.t.

5 6 CO,Et 7 CO,Et
Entry R, Solvent Catalyst T(°C) Yield (%) 6:7 Ee (%) (6)
1 Me Benzene 8 (R=Me) r.t. 87 96:4 79
2 i-Bu Benzene 8 (R=i-Pr) r.t. 92 100:0 88
3 i-Bu Toluene 8(R=i-Pr) 0 88 100:0 93
4 Et Benzene 9 r.t. 33 73:27 12
5 Et Benzene 10 r.t. 80 80:20 56
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0 0
__ COgt &COZMG 10 mol% 8 MCO £
= NaOAc, AcOH :
4 1 Toluene, 27 h, r.t. 12
R =Me, 74% ee
Scheme 6 R = i-Pr, 69% ee
o OH
25 mol% CAMP 9 CO.Et o
13 14
OH O
OMe
Ny CHO Y 20 mol% BINAP 10 N7 OMe
§ * 0 CHCI,, 85 h L
N 3 85 N 44% ee
15 16 24% yield .

Scheme 7

chemical yields and poor enantioselectivities (respectively 14 and 44 % ee for 14
and 17).

3
Use of Chiral Phosphine-Borane Complexes in the Enantioselective
Borane Reduction of Ketones

Parallel to the use of chiral phosphines as catalysts, other organophosphorus
compounds have been found to be highly efficient promoters in numerous
asymmetric reactions. For instance, in the early 1990s Buono et al. investigated
the synthesis and reactivity of P-chirogenic oxazaphospholidine borane com-
plexes [23, 24]. Such complexes are easy to prepare in a two-step sequence
through an exchange reaction between a constrained aminoalcohol such as (S)-
prolinol with a phosphorus(IIl) reagent such as bis(dimethylamino)phenyl-
phosphine followed by complexation with borane [25]. The structure of these
catalysts is analogous to those of the well established oxazaborolidine class
which are highly efficient catalysts for the borane reduction of prochiral ketones
[26,27]. Thus, complex 18 turned out to be an effective catalyst for enantioselec-
tive reduction of acetophenone [23, 25].

BH,

* N
o} 2 mol% P‘ :)18 H_ OH
Me Me
+ BHyTHF
Toluene, 110°C

Scheme 8
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Table 3. Enantioselective borane reduction of different ketones

o

Jj\ + BH.THE 2mol% 18 HO_ H
R™ 'R’ i Toluene, 110°C R” "R
Entry Ketone Yield (%) Ee (%)
1 Acetophenone 80 33
2 Propiophenone 63 38
3 Benzyl methyl ketone 81 55
4 iso-Propyl methyl ketone 75 92
5 tert-Butyl methyl ketone 67 36
6 2-Butanone 58 42
7 2-Hexanone 73 50
8 Ethylacetate 76 76
9 2-Acetyl furane 70 40

The best results in terms of enantioselectivity (33 % using 2 mol % of 18) were
noticed in refluxing toluene whereas only 12% ee was obtained at 20°C. More-
over, using a stoichiometric amount of 18 led to the formation of chiral (R)-
phenethylalcohol in more than 95% ee. On the basis of these results, numerous
ketones were reduced and also worked well with enantioselectivities up to 92%
ee depending on the structure of the considered substrates (Table 3).

The mechanism of this reaction is still somewhat unclear but numerous re-
sults suggest that the hydride in the alcohol product comes from the borane at-
tached to the phosphorus atom since its replacement by boron trideuterated led
to the fully deuteration of the methine position of the alcohol (when one equiv-
alent of catalyst, and of borane, was employed).

Moreover, it has been clearly demonstrated that catalyst 18 is converted at
elevated temperature to the derivative 19 through ring opening of the hetero-
cyclic ring upon exposure to borane. Derivative 19 appeared to be the effective
catalyst in the enantioselective reduction of the ketone by the borane.

+ N ) Toluene N
=] + NBH;THF ——» ' O-BH 19
> 110°C H“,P\
Scheme 9 18 PhBH,

This high activity of the catalyst 19 can be explained by its amphoteric prop-
erties since it is able to activate simultaneously both ketone and borane. This as-
sumption led to a mechanistic proposal rationalizing the hydride transfer from
the borane on the phosphorus atom to a ketone coordinated to the other boron
atom acting as a Lewis acid.

Nevertheless, this mechanism cannot fully explain the enantioselectivity en-
countered. In the same area, Martens et al. have reported the synthesis of nu-
merous oxazaphospholidine borane complexes and their use in the enantiose-
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H, _oBH
s ° BH,
’ !
ph i N L
H o=
O}BH S
19 2

| [oR

HP~BH, B )

Ph O 0-¢) H /P‘,BHZ BH
KH Ph H O\, 0 406
sL ¥

o

/ ’
{3
N 0
\

*5s -
H"4 \BFE\/B\H
Ph o 0-t)
H“ﬁL
S

Scheme 10

lective borane reduction of ketones but only low ee varying from 0 to 12% have
been observed. However, no detailed studies have been carried out to explain
these results [28].

Based on these studies, Vasella et al. have described the synthesis of a glyco-
sylphosphine-borane complex 20 and its use as catalyst (2 mol%) in asymmet-
ric borane reduction of acetophenone at 110 °C with an enantioselectivity up to
24% ee [29].

OBn

BnO o]
BnO

BnO  PPh,

20
BH,

1°) 2 mol% 20

% o .y _Toluene, 110°C H_ OH
+ : _ 4
PhJ\ Me ° 2°) hydrolysis Ph* "Me

Scheme 11 ee =24%

On the other hand, Wills et al. reported in 1993 the synthesis of a new class of
phosphine borane catalysts 21 which led to the formation of (S)-phenethylalco-
hol in 95% yield and 23 % ee [30].

More recently, Muller et al. [31] and Chan et al. [32] have independently men-
tioned the highly enantioselective borane reduction of acetophenone in pres-
ence of a catalytic amount of organophosphorus borane complexes 22 and 23 is-
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H Me
CE{NH 21
P
4
Ph \BH3
BH. - THF 2 mol% 21 H OH
+ 3 —_— .,
Scheme 12 Ph™ "Me THF, r.t. Ph” "Me
95% yield ce = 23%
L e soN
O. 0. 4
>P-NMe, PoNE,

0 o
O . L

(0] o H OH
)L + BH,:THF 5 mol% 22 or 23 phx "
Ph Me Toluene, r.t. e

Scheme 13 95% yield ee up to 96%

sued from BINOL derivatives. In these cases, enantiomeric excesses up to 96 %
ee have been encountered but no hypothesis on the exact nature of the species
involved have been proposed.

In 1996, the enantioselective borane reduction of imines catalyzed by an
oxazaphospholidine-borane complex in refluxing toluene has been described.
Thus, optically active amines have been obtained with enantioselectivities up to
63% [33].

R H
Jf\ . BH..THF __10moi% 18 "R,
R OR, ¥ Toluene, 110°C RY 'R,
BH; ee (%)
N {'H  R,=PhR,=Me Ry=Ph 63
Ph7 g R,=tBu,R,=Me,R;=Ph 42
Scheme 14 18 R, =Ph, R,=Me, R; =Benzyl 57

4
Use of Chiral Phosphine-Oxide in the Catalytic
Enantioselective Borane Reduction of Ketones

In 1996, our group initiated a program of research dealing with the asymmetric
borane reduction of ketones using oxazaphospholidine oxide compounds as
catalysts [34].
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This research lays within the scope of the results obtained with the bifunc-
tional catalyst 19 and the demonstration given by Wills et al. [35, 36] that the chi-
ral phosphinamides R* NHP(O)Ph, were effective catalysts in the borane reduc-
tion of the ketones (see below). The use of such compounds was based on the
known electron donor character of the oxygen atom of the highly polarized P=0
bond better pictured as R;P*-O~ [37]. Such a property was demonstrated in nu-
merous X-ray crystal structures of phosphoramides in complexes with salts
such as lithium chloride in which the bonding between oxygen and metal cation
is clearly apparent [38]. The interaction of the basic oxygen atom with borane
would increase its reactivity with respect to the ketone. A secondary interaction
may also takes place between the phosphorus atom (containing a partial posi-
tive charge) and the carbonyl group of the ketone, although this is likely to be
considerably weaker than the primary interaction. Both interactions were illus-
trated by the model proposed by Wills in the reduction of acetophenone.

H, Electron density on
/?\ H borane increased

O ]
+ ||3 ' Me
TNTINTO

weak interaction
Scheme 15 with ketone

On the basis of the achievements described above, the opening of the oxaza-
phospholidine ring would lead to the formation of a new bifunctional chiral cat-
alyst possessing Lewis acid and Lewis base moieties [39]. This catalyst could ac-
tivate both electrophiles and nucleophiles at defined positions.

On the basis of such hypothesis, the synthesis and use of new phosphine ox-
ides from (S)-prolinol has been realized. Thus, enantioselective borane reduc-
tion of chloroacetophenone at 60°C in THF in presence of 1 mol% of 24 led to
the expected alcohols in up to 94% ee [34].

D ')
1 mol% P
(0] N 24 H, OH
. Owd <__Cl
+ BH;THF
Toluene, 60°C

95% yield 94% ee

Scheme 16

As planned, the catalyst 24 underwent a cleavage of the endocyclic P-O bond
early in the reduction reaction giving an active species 25 which was not recov-

ered at the end of the reaction.
[
Toluene N

O
n
p-N + NBH,THF ———"Z» ) 19)
O ‘o.; : M0%C - H-Peg e ®

Ph
Scheme 17 24 N BH,
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As described in the catalytic enantioselective borane reduction of ketones us-
ing oxazaphospholidine-borane complexes, a mechanistic rationale has been
proposed. Nevertheless, this mechanism cannot fully explain the enantioselec-
tivity encountered.

H, oBH
S
. H
Ph:ﬁ_N L
o=
25 \ O}BH S
BH, BH, 72
08
- H
N O~) BH -
N)P\\ ? Hé\l O\
Ph O py Ph™" W, BH, ),BH
T2 (o] | S

\\\\\

L
Scheme 18

Numerous ketones have been reduced under the best experimental condi-
tions in 25 to 94% ee depending on the structure of the considered substrate.

O)\'"H L\H\/(S))

H_.OH H_.OH H,_ OH
©)\Me ©)\/Me ©)\/CI
70% ee 50% ee 94% ee
H_OH H
| /\/\H){)H >€£H
Scheme 19 33% ee 25% ee 49% ee

A few months later, Peper and Martens reported similar results using a chiral
phosphine oxide catalyst generated from (S)-diphenyl prolinol 26 and leading to
similar or better results in terms of enantioselectivity [40]. Again, it is likely that
this undergoes a reductive ring opening to a compound analogous to 25.

9
10 mol% ®,P:‘
0 .
cl 26 Ph cl
+ BH,THF -
THF, 20°C

Scheme 20 95% vyield up to 99% ee
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A serial of related oxazaphospholidine oxides 27-31 were described, reveal-
ing that the presence of the second fused ring adjacent to the oxazaphospholi-
dine was essential to obtain high catalytic activity.

o} H, OH

o 10 mol% 27-31 ~Cl
+ BH,THF -
THF, 20°C
H H
O/HL—\ O/\/L\ H
0. ,NA< O\P,N‘é
P S MeN. O
ph O ph O P
/ \o

27 28 Ph 29
<10% ee <10% ee <10% ee
S A
MeN. O ﬁ,\ 0
’P\\o H lp o
Ph 30 Ph 31
Scheme 21 <10% ee 54% ee

Since these pioneering works, Wills et al. have widely developed the synthesis
of different phosphine oxide compounds 32-44, varying the structure of the
chiral auxiliary bound to the phosphorus atom [41-44].

These different complexes have been used as catalysts in the enantioselective
borane reduction of acetophenone (THEF, r.t.) (Table 4) and the results obtained
have permitted one to discover several key features about the catalyst essential
for high activity.

Table 4. Enantioselective borane reduction of acetophenone in THF at r.t.

Entry Catalyst Yield (%) Ee (%)
1 32 83 30
2 33 70 20
3 34 90 12
4 35 85 35
5 36 88 0
6 37 920 4
7 38 90 24
8 39 92 2
9 40 80 <5

10 41 82 <5

11 42 82 8

12 43 84 46

13 44 88 19
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o) 0 o
Ph” N1 Pph Ph”NTP Ph ’?‘/F;ﬁh
H/2 H/3 Me
32 33 34
— HH
Ph._N. .N.__Ph N0
NH ~ N :
/ 7P (I pn
Ps 0 N
Ph O HH
35 36 37
0 0
Pl Yol
Ph” NP ph” "N—FR—Ph
H/2 H  CiF,
38 OMe 39
HMe @ J(J)\ 2
ph” > N—P—Ph o’ “N-PPh
| C.F Ph
PhOS °°
40 41
H :‘{l"e o H Me H Me
N0 N .0 =N .0
P. A : P!
CIN' N~ Ph q P NJ\Ph O; N ph
AN OH AN H AN CH
Me Me Me
Scheme 22 42 43 44

Electron-rich catalysts such as 38 are rather better than electron-poor ones.
In contrast, those containing electron withdrawing groups, i.e., 39-41, are poor
catalysts. A radical redesign of the catalyst structure led Wills and his coworkers
to synthesize catalyst 45 derived from (S)-diphenyl prolinol [45]. In this case,
upon reaction with borane, a borate ester would be formed and act as the Lewis

acid site.
Ph
Ph
N
0
45
Scheme 23 MeO

This catalyst has been found to be highly efficient in terms of enantioselec-
tivity performing the reactions in refluxing toluene. Enantioselectivities up to
90 % were achieved in numerous cases.
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H, OH H,_ OH H_OH
N N Me N Cl
Me
88% ee 77% ee 94% ee
H, .OH H_.OH H OH
Scheme 24 82% ee 67% ee 86% ee

A model for the control of asymmetric induction was proposed. It involves
the formation of a complex in which the borane and ketone are held in place by
the phosphinamide and borate ester, respectively.

Lewis acid

Ph \‘l/

Ph O—-B--0
Ph < ;L
'/O' -B—/

N-P~ N H, H

Ph

Scheme 25 H Ph Lewis base

As previously described, amphoteric catalysts featuring acidic-basic sites
have appeared to be very effective. In this area, Buono’s group has recently re-
ported the synthesis of a novel class of chiral o-hydroxyaryl phosphine oxides
possessing a basic (P=0) and acidic site (OH) [46]. The synthesis of diastere-
omerically pure o-hydroxyphenyl oxazaphospholidine oxide 46 was achieved
from (S)-prolinol and applied as catalysts in the enantioselective borane reduc-
tion of numerous ketones [47] (Table 5).

Enantiomeric excesses varying from 10 to 68% ee have been encountered de-
pending on the nature of the considered substrate.

Ho QAN
P~ o

46

)OL . 2 mol% 46 HO)i*
+ . .
scheme26 1 Rz S THF, 60°C R TR,
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Table 5. Enantioselective borane reduction of various ketones with 2 mol% of 46

Entry Ketone Yield (%) Ee (%)
1 o] 82 10 (R)
2 o] 81 11 (S)
@kBr
3 ©)?\/ 92 19 (R)
4 o 75 18 (R)
5 o 86 68 (S)
oA
6 o 67 44(S)
o cl
ST
o
5

Use of Chiral Phosphine-Oxide Complexes in the Catalytic
Enantioselective C-C Bond Formation

5.1
Catalytic Enantioselective Addition of Diethylzinc to Aldehydes

As for the reduction of the ketones, the amphoteric catalysts featuring acidic-ba-
sic sites have been found to be very effective for the enantioselective catalysis of
C-Cbond formation. Thus, Soai et al. were the first to report the enantioselective
addition of dialkylzincs to aldehydes using enantiomerically pure phosphin-
amides and analogues as chiral catalysts in the presence of titanium tetraiso-
propoxide. Numerous chiral organophosphorus compounds have been pre-
pared and applied in a test reaction between benzaldehyde and diethylzinc [48,
49]. An important difference in terms of enantioselectivity was observed be-
tween the behavior of P=S (47-48) and P=0O (49) groups. Thus, the enan-

(e} 5 mol% 47-49 OI:{
+  EtZn =
H Toluene / hexane Et
Ti(Oi-Pr), (1.5 equiv.)
20°C

Ph Me
\ ¢ PR 47X=S R=Me 93%ee
HO H-p/OR 48X =S, R=Et 88%ee

N 49 X=0,R=Et 49% ee

Sch 27
cheme X
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tiomeric excesses of 1-phenylpropan-1-ol were higher using sulfur-containing
chiral catalyst than using the corresponding oxygen analogue.

A mechanism has been postulated suggesting that the hard Lewis acid atom (ti-
tanium) bound to the oxygen of the catalyst may control the steric position of the
aldehyde whereas the basic site (oxygen or sulfur atom) activates the diethylzinc.

Kellog et al. have also reported that catalysts 50 and 51 led to similar results in
terms of chemical yields but improve the enantiomeric excesses up to >98% ee
by replacement of the hydroxyl moiety by a thiol group [50, 51].

Cl
Ph)_(Me /OR
Hs”  N-ROR
o) OH P OEt
0" OEt
Scheme 28 50 >98%ee 51  >93%ee

On the other hand, chiral o-hydroxyarylphosphine oxides such as 52 have
been widely applied as catalysts in the asymmetric addition of diethylzinc to a
series of aromatic aldehydes [52-54].

/
52 Ph
(0] 5 mol% 52 0 |I-||
X + EtyZn X—< >—<
H THF, 20°C Et
X=H 73% ee
X=NMe, 71%ee
X =Cl 86% ee
Scheme 29 X=CN  99%ee

It appears that better enantioselectivities were obtained performing the reac-
tion on aromatic aldehydes bearing electron-withdrawing groups on the para-
position. Although the nature of the active species involved in this reaction are
unclear, a plausible mechanism has been envisioned involving a six-center tran-
sition state.

H

Ph=2\
~Zn O -/-Zn

C
»>
N
/
Ph

Scheme 30
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In this area, the addition of dialkylzinc reagents to aldehydes facilitated by
aminoalcohols as bidentate ligands is generally accepted to generate dimeric
species. Thus, in order to substantiate this assumption, the use of non-linear ef-
fects to identify a higher order molecularity of the catalyst has been realized.
The results obtained in presence of 5 mol % of 52 clearly demonstrate a positive
non-linear effect and support the hypothesis of involvement of structures with
more than one o-hydroxyaryldiazaphosphonamide molecule. Thus, assuming
the mechanism proposed by Noyori and Kitamura [55], we can suppose that this
positive non-linear effect was a result of autoassociation of the chiral reagent
formed by the reaction between 52 and the organozinc compound.

Thus, when a mixture of (-)- and (+)-52 was used, two types of dimeric
species were formed: homochiral 53-(S) and 53-(R) and heterochiral meso
(55,Sp,5'R,Rp’) dimer. The enantiomeric monomers are the active catalysts in
this reaction and each one produces predominantly one enantiomer of phenyl
propanol. In this alkylation with diethylzing, it is logical to conclude that if
dimers are formed the heterochiral that retains the minor enantiomer of the cat-
alyst should be less implicated in the reaction, leaving the homochiral-enriched
dimer free to operate as the active agent or its precursor.

g ;
( N < Ph<
’O§E‘N‘Ph _0\
, O\’ZQO O_Zn
PS04 O (& °‘Z"‘° O
Rl iy
H
Et /
53(S) ”n / 53(R)
(55, Spi5'S,Sp) \ NNF:? P (5R.RpSR.Rp)
“l “ ﬁ
58,9p 5R,Rp

,/Et ,Zn 'I + Et,Zn Et

Ph’c .. *PhCHO + PhCHO

’C»'IOH
OH r{)' Ph™
Ph‘N & H
(R)-product O -0:;: Ve (S)-product
Zn
07N

Meso
Scheme 31 (5S.5p;5'R,Rp")
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5.2
Catalytic Enantioselective Trimethylsilylcyanation of Aldehydes and Aldimines

Due to their metal complexation properties, Buono et al. have envisioned the use
of titanium alkoxide-chiral o-hydroxyarylphosphine oxides complexes in a cat-
alytic enantioselective trimethylsilylcyanation reaction of various aromatic
aldehydes [56] (Table 6).

A significant variation of the enantiomeric excess was observed depending
on the nature of the aldehydes, the best results being obtained with benzalde-
hyde, 1-naphthylaldehyde and p-methoxybenzaldehyde leading respectively to
90, 94 and 98 % ee.

Table 6. Enantioselective titanium catalyzed trimethylsilylcyanation of various aldehydes us-
ing 54 as chiral ligand

1) CH,Cl,, 20°C
Me 2 20 oH
R4+ Me-SioN — JOmofeT¥ g H oH @H
H Me 2) hydrolysis CN P‘r\{
Ti* = catalyst generated from Ti(O-iPr), /i-PrOH/ 54 : 1/2/4 54 Ph
Entry Aldehyde Yield (%) Ee (%)
1 o 95 94 (S)
o
2 0 85 33 (S)
MeO.
H
Meoji;)\
OMe
3 Q 75 42(S)
L
0-CH,Ph
4 O o 92 90 (S)
"
5 0 86 98 (S)
H
MeO
6 79 3(S)
J\_,°
3~

In the same area, Shibasaki et al. described a new Lewis acid-Lewis base bi-
functional catalyst 55 highly efficient in the cyanosilylation of aldehydes [57, 58]
(Table 7).

The origin of the highly enantioselective catalysis by 55 is the simultaneous
activation of aldehydes and TMSCN by the Lewis acid (Al) and the Lewis base
(the oxygen atom of the phosphine oxide), respectively. The enantioselectivity of
the reaction may be explained by the working model depicted in Fig. 1, with the
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Table 7. Enantioselective catalyzed trimethylsilylcyanation of various aldehydes using cata-

lyst 55
Spes
0
Ci-AlLg
enior S
1) 9 mol% 55, 36 mol% Bu,P(O)
o Me CH,Cl,, 40C o
R—< + Me—-Si-CN - R—
H I\'Ae 2) hydrolysis CN
Entry Aldehyde Yield (%) Ee (%)
1 0 98 96 (5)
e
2 0 87 90 (S)
o
Me
3 o] 99 98 (S)
Ph\/\)J\H
4 o 98 83 (S)
T
5 o 100 98 (S)
Me\/\/\)I\H
6 A\ ,° 86 95 (S)
(=
7 0 97 99 (S)

Fig. 1. Working model for the addition of TMSCN to aldehydes catalyzed by 55
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external phosphine oxide coordinating to the aluminum, thus giving a pentava-
lent aluminum. This geometry would allow the aldehyde to position itself at the
apical site of the trigonal bipyramidal structure close to the internal phosphine
oxide. Trimethylsilylcyanide, interacting with the internal phosphine oxide,
could then transfer cyanide to the aldehyde, thus giving the observed S-product.
This highly efficient cyanosilylation of aldehydes catalyzed by 55 is practical and
was applied to the catalytic asymmetric total synthesis of Epothilone A starting
from highly functionalized aldehyde (entry 7) [59, 60].

The bifunctional Lewis acid-Lewis base catalyst 55 has been applied with suc-
cess to the asymmetric Strecker type reaction [61] (Table 8).

O catalytic system 1
or NHFIu

. catalytic system 2 _L H
N R—
/JI\ O CH,CL,, -40°C CN
R "H

Catalytic system 1 : 55 (9 mol%), TMSCN (2 mol equiv.), PhOH (20 mol%, slow addition over 17 h)
Catalytic system 2 : 55 (9 mol%), TMSCN (20 mol%}), HCN (1.2 mol equiv., slow addition over 24 h)
Scheme 32

Table 8. Catalyzed asymmetric Strecker reaction

Entry R System 1 System 2
Yield (%) Ee (%) Yield (%) Ee (%)

1 Ph 92 95 92 92
2 3-Furyl 92 90 92 92
3 trans-PhCH=CH 80 96 78 78
4 CH;(CH,)s 80 80 75 75
5 i-Pr 89 72 92 92
[§ tert-Bu 97 78 98 98

Shibasaki et al. demonstrate that PhOH and/or HCN work as proton source to
protonate the negative charge at the nitrogen atom without changing the cat-
alytic species. TMSCN is more active than HCN in the presence of 20 mol % of
PhOH which made it possible to use the catalytic system 2.

From analogy with the cyanosilylation of aldehydes a working model for the
catalytic cycle has been proposed in which the Lewis acid (Al) and the Lewis
base (phosphine oxide) activate the imine and TMSCN respectively.

More recently, Shibasaki et al. have extended this methodology to the enan-
tioselective cyanosilylation of ketones by designing a novel bifunctional catalyst
56 containing titanium and phosphine oxide (Table 9). Thus, enantiomeric ex-
cesses up to 95% in numerous cases have been obtained [62].

On the other hand, Yang and Fang reported the use of a chiral bis-oxazaphos-
pholidine oxide catalyst 57 in the trimethylsilylcyanation of aromatic aldehydes
leading to enantiomeric excesses varying from 12 to 90% ee depending on the
nature of the considered substrate [63].
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Table 9. Enantioselective cyanosilylation of ketones using bifunctional catalyst 56

P
Ph\ll-’ (o]
bl
HO 56
O
HO
° 1) THF, -50°C oH
)J\ Me 10 mol% Ti* S.R
R R, * Me-Si-CN - R—"2
1 2 Me 2) hydrolysis CN

Ti* = catalyst generated from Ti(O-Pr), / 56 : 1/1

Entry Ketone Yield (%) Ee (%)
1 0 85 92 (R)
o
2 o 82 95 (R)
Me
3 o 72 69 (R)
4 o} 72 91 (R)
5 o 85 90 (R)
O)LMe
6 [o} 88 76 (R)
/\/\)J\Me
0 .Ph
Ph_O N ~‘P~Oj
A NI )
I RN N
N‘ A H l e
Me [ 0 Me
Me 57
1% .2mol% (SmCl,, 57 (1/3))  TMSO_ H
L+ TMsCN 0.2 mol% (SmCly, 57 (1/3)) PN
ArT Y Toluene, -15°C Ar” CN
Scheme 33 ee varying from 12 to 90%
5.3

Catalytic Asymmetric Allylation of Aldehydes

In 1994, Denmark et al. found that chiral phosphoramides such as 58 may act as
Lewis base in the enantioselective addition of trichloroallylsilane and aldehydes
[64] (Table 10).
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Table 10. Enantioselective addition of trichloroallylsilane on aldehydes catalyzed by phos-
phoramides 58

Me
'y SN
UN_ 0 /J N 0 Me
P-N Me
N M6\N o M *
ANSE
N
Me’ \)
Q 1 equiv. 58-59 o
J_l\ + AN - H
RH CLSi CH,Cl,, -78°C RO
Entry R Catalyst Yield (%) Ee (%)
1 Ph 58 81 60
2 Ph 59 76 80
3 2-MeC(H, 58 81 65
4 4-NO,C.H, 58 76 21
5 4-MeOCH, 58 80 50
6 4-NMe,C(H, 58 69 33
7 PhCH=CH 58 67 38

It is noteworthy that this reaction can also be performed in presence of a sub-
stoichiometric amount of catalysts 58 and 59 (25 mol %) affording the expected
products in only slightly eroded yields and the same enantioselectivity. More-
over, this method gives syn and anti homoallylic alcohols diastereoselectively
from (Z)- and (E)-crotyltrichlorosilane. The demonstration of a non-linear
effect and higher order dependence on phosphoramide requires that the
trichloroallylsilane undergoes ionization of a chloride to accommodate all of
the components in a hexacoordinate array. The simultaneous operation of both
mono- and diphosphoramide pathways provided a unique explanation for the
less than spectacular enantioselectivities obtained. Generalized hypothetical
transition structures for both pathways clearly show how the monophosphor-
amide pathway, if operative through a trigonal bipyramidal pentacoordinate sil-
iconate (Fig.2), would be less enantioselective than a diphosphoramide pathway
involving an octahedral hexacoordinate siliconate due to the diminished influ-
ence of the singular chiral promoter in the former [65].

K. R, o+
MR, NR~5<NR,

H 3
H CL PR, u lcl, SNR,

DN | ~\O:P\N

“H Si NR, I g §im=C1\“NR,
Neg” N S ONA NR,
Q} “ H = al
e H —J

cationic trigonal bipyramid

cationic octahedron

Fig. 2. Hypothetical transition structures for the catalytic asymmetric allylation of aldehydes
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Kobayashi et al. also demonstrated the efficiency of reagent 60 derived from
(S)-proline generating asymmetric inductions of up to 88 % ee for the catalytic
allylation of benzaldehyde [66, 67].

OH
JOL A~ 1 mol% 60 /'\/\
+ .
Ph™H €S THF, -78°C,336h N =
Scheme 34 98% vyield 88% ee

5.4
Catalytic Asymmetric Ring Opening of meso-Epoxides with Silicon Tetrachloride

Denmark et al. have extended this study to the enantioselective ring opening of
meso-epoxides with silicon tetrachloride catalyzed by chiral phosphoramide 71
(Table 11). In this case, enantiomerically enriched chlorohydrins have been syn-
thesized in enantiomeric excesses varying from 7 to 87 depending on the struc-
ture of the considered substrate [68].

Table 11. Enantioselective ring opening of meso-epoxides by SiCl, catalyzed by phosphor-
amide 71

N,
N 'O
\
Me
o 1) SiCl,, 10 mol% 71 cl
/\ CH,Cl,, -78°C J\(R

R
ROR  2)kFKHpO, OH

Entry Substrate Reaction Yield (%) Ee (%)
Time (h)

1 <> 0.3 87 7
2 O 0.3 90 51
e}
h

o 3.0 95 2

4 0
P

o
3.5 94 87
Ph
0

BZO\A/OBZ

3.5 95 71
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5.5
Catalytic Asymmetric Aldolisation

This concept of Lewis base catalysis has been widely developed by Denmark and
coworkers in the asymmetric aldol additions of trichlorosilyl enolates on alde-
hydes. These reactions were shown to be highly susceptible to acceleration by
catalytic quantities of chiral phosphoramides [69-77]. In particular, a phos-
phoramide derived from (S,S)-stilbenediamine was remarkably effective not
only in accelerating the reaction but also in modulating the diastereoselectivity
and in providing the aldol addition products in good to excellent enantioselec-
tivity. For example, trichlorosilyl enolate 61 reacts with benzaldehyde in very
high enantio- and diastereoselectivity with 10 mol% of phosphoramide 62 in
favor of the anti diastereomer (anti/syn: 60/1). The catalyzed aldol reaction
depends on the bulkiness and loading of the catalyst. On the other hand, the
hindered phosphoramide (S,5)-63 afforded the syn aldol product in excellent
diastereoselectivity (anti/syn: 1/97) but with modest enantioselectivity.

Me E’h
Ph.. N O Ph.., N O
/]: B 62 J: B’ __ 63
ph” N N Ph” "N N
Me Ph
osicl, o OH O OH
j\ + © 10 mol% 62-63 é/\Ph é/LPh
+
Ph™ H CH,Cl,, -78°C
61 anti-64 syn-64
cat. 62 95% yield antilsyn, 60/1 (anti, 92% ee)
Scheme 35 cat. 63 94% yield anti/syn, 1/97 (syn, 51% ee)

Furthermore, the diasteroselectivity observed using catalyst (S,5)-62 depends
on the nature of the latent trichlorosilyl enolates. Thus, propiophenone-derived
enolate 65 possessing the Z-configuration reacts with benzaldehyde in presence
of 15 mol% of (S,5)-62 to afford the syn adduct 66 with very high enantioselec-
tivity.

osicl, O OH
j\ . ©)VM8 15 mol% 62 ©)J\/\Ph
Ph™ ~H CH,CI,, -78°C Me
65 95% yield 66
Scheme 36 antilsyn, 1/18 (syn, 95% ee)

The formation of 64 using catalyst (S,5)-62 exhibits a positive nonlinear ef-
fect, fitting well with Kagan’s two ligand model [78] whereas the more hindered
catalyst (S,5)-63 led to a perfect linear asymmetric induction suggesting that the
product arose from a transition structure involving only one chiral phospho-
ramide. The kinetic study of this aldol reaction is in accordance with these re-
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sults; the reaction catalyzed by bulky chiral phosphoramide 63 exhibited first
order dependence on the catalyst, while the aldol reaction catalyzed by 62 dis-
played second-order dependence on phosphoramide.

From experimental evidence, Denmark proposes two mechanistic pathways
[79]: by coordination of the Lewis basic phosphoramide to silicon the
trichlorosilyl enolate undergoes ionization of chloride to give rise a cationic
tetracoordinate silicon moiety 67 in equilibrium with 68, a trigonal bipyramidal
silicon cation by coordination of a second molecule of the catalyst. This equilib-
rium is displaced in favor of 68 by using smaller phosphoramide such as 62 or at
higher catalyst loading. Upon binding of the aldehyde the intermediates 67 and
68 undergo respectively aldolization through a boat and chair like transition
structure (69 and 70) organized around a cationic pentacoordinate and hexaco-
ordinate silicon atom.

Me
Ph,,
):N"p"o 62 JPNR,), *‘ 0 OH
5. o 0
PN N _se®  pncto N Ph
Me =0 S('J\Cl — CI L »
. + O
Two phosphoramide S"CI nti64
pathway P(NRz)s a- Ph/J\ .
2 (R,N),P=0 P(NRz)a
OSiCl -
N coordination of cationic oct_ahedron
phosphoramide chair
61 —| displaces
chloride
(R,N);P=0 . ES
P(N - o OH
o S Y e,
Ph.,, ” C .
0,SI CI PhCHO H 4+ Ph

0-&;nO—p.
<Si” ‘N
/E \ ~ Rz
69

cationic trigonal bipyramid

O hosph id
ne phosphoramide Dot

pathway

Scheme 37

The formation of syn-64 and anti-64 diastereomer aldol products emerges
from the transition states 69 and 70, respectively. Thus, the Zimmerman-Traxler
model [80] involving a six-membered like assembly of the reactants provide a
reasonable explanation of the (Z)-syn, (E)-anti correlation.

6
Conclusion

In this review, we have illustrated by different applications the importance of
chiral organophosphorus compounds as catalysts opening up a new field in
asymmetric catalysis. From the diversity of trivalent (pyramidal) A*0® com-
pounds and pentavalent (tetrahedral) A5¢*, there are many possibilities for the
design of asymmetric one- or two-center catalysts. It can be reasonably envi-
sioned that new chiral phosphines, phosphine oxides, and phosphazenes, to-
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gether with other related multifunctional organophosphorus compounds such
as chiral hydroxyphosphines or phosphine oxides, will play an important role
in the development of new multifunctional catalysts and their applications in
catalytic asymmetric syntheses.
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A critical survey of the coordination chemistry of white phosphorus illustrating the metal-
mediated degradation of the P, tetrahedron is presented. The underlying principles to account
for the activation and stepwise fragmentation of this molecule in the presence of transition
metal complexes are presented with emphasis given to mechanistic aspects. A collection of
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List of Abbreviations

t-Bu tert-Butyl

COD, cod Cyclo-octa-1,5-diene

Cp Cyclopentadienyl

Cp™t Ethyltetramethylcyclopentadienyl
CpMe Methylcyclopentadienyl

Cp*r Pentaisopropylcyclopentadienyl

CpS 1,3-Bis(trimethylsilyl)cyclopentadienyl
Cp* Generic cyclopentadienyl ligand

Cp* Pentamethylcyclopentadienyl

Cp’ tert-Butylcyclopentadienyl

Cp” 1,3-Bis(tert-butyl)cyclopentadienyl
Cp”’ 1,2,4-Tris(tert-butyl)cyclopentadienyl
Cy Cyclohexyl

DCM Dichloromethane

dppe 1,2-Bis(diphenylphosphino)ethane
dppm 1,2-Bis(diphenylphosphino)methane
Et Ethyl

i-Pr Isopropyl

NMR Nuclear magnetic resonance

NP, Tris(2-(diphenylphosphino)ethyl)amine
OTf Triflate

Ph Phenyl

PP, Tris(2-(diphenylphosphino)ethyl)phosphane

THE, thf Tetrahydrofuran
triphos 1,1,1-Tris(diphenylphosphinomethyl)ethane
VE Valence electron

1
Introduction

At the turn of the twentieth century, the coordination chemistry of white phos-
phorus, that may be broadly considered as the chemistry of transition metal
complexes incorporating either the tetraphosphorus molecule or fragments
thereof, is becoming a mature field at the borderline between coordination and
inorganic chemistry. Since the discovery of the first tetraphosphorus complex,
[(PPh;),CIRh(r*-P,)], in 1971 [1], the metal-mediated chemistry of this unique
molecule has indeed flourished and a variety of complexes featuring naked P,
P,,P;,and P, ligands in combination with all d-block transition metals, with the
only exception of technetium and the group-3 triad, have been prepared. Re-
markably, the assortment of coordination compounds arising from the metal-
promoted P, activation is greatly enriched by the straightforwardness of diverse
aggregation processes involving polyphosphorus units. Therefore, formation of
P, P, and even larger P, units, up to twelve phosphorus atoms, is a relatively
common process. This peculiar feature, in line with the formal analogy between
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(CH), and P, species, represents an important conceptual advancement towards
the full development of a phosphorus-based “inorganometallic chemistry” [2].

Most of the early studies in the coordination chemistry of white phosphorus
and polyphosphorus fragments were aimed at investigating this apparently ne-
glected area of inorganic chemistry and beautiful examples of transition metal
complexes incorporating phosphorus as well as other main group 15 elements
(As, Sb, Bi) have been described [3-10]. Nowadays, when a manifold of coordi-
nation modes entailing P, ligands have been accomplished, a different and more
ambitious goal is attracting the attention of synthetic inorganic chemists, i.e.,
the use of transition-metal complexes as a platform to carry out the metal-me-
diated functionalization of white phosphorus, a process leading to new P-H and
P-C bonds directly from elemental phosphorus and an organic substrate [4, 5].

In order to take further steps towards this intriguing and industrially relevant
field, it is mandatory to have a rational view of the general principles governing
the metal-mediated activation of white phosphorus. Although several reviews
covering different aspects of transition-metal chemistry of naked phosphorus
atoms and units have been published [4-12], no attempt has been made to pro-
vide a rationale picture of the metal-promoted stepwise degradation of white
phosphorus that highlights the multiform pathways transforming an intact P,
ligand into a variety of smaller and larger P, units embedded into a variety of co-
ordination architectures. This article, although updating precedent reviews on
the coordination chemistry of white phosphorus, is not intended to provide a
comprehensive coverage of the field. It attempts to provide a homogeneous pic-
ture of the present knowledge of the metal-assisted P, activation from the view-
point of the stepwise demolition of the P, tetrahedron. Therefore, emphasis will
be laid less on structural than on mechanistic aspects of the multiform com-
pounds individuated along the degradation pathways of P,.

2
White Phosphorus as a Ligand

2.1
The Coordination Chemistry of the Intact P, Molecule

Transition metal complexes featuring an intact, tetrahedro-tetraphosphorus lig-
and, i.e., n'-P, metal complexes, are quite scarce despite the increasing interest in
this chemistry and the growth of the general knowledge concerning the reactivity
of white phosphorus with transition metal species [3-12]. Until a few years ago, the
seminal complexes [(NP;)M(n!-P,)] (M=Nij, 1; Pd, 2), prepared in the late 1970s by
Sacconi and coworkers by treating the strong Lewis acid complexes [(NP;)M]
(M=Nj, 3 [13]; Pd, 4 [14]) with white phosphorus in THF/benzene solution (Eq. 1),
remained the only well documented members of this class of compounds:

P
NN+ KPP e (1)
() P’ THF/CeHs \p/

K/P

M = Ni, Pd M=Ni (1), Pd (2)

EN\

P

/
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The nickel derivative, which is slightly air sensitive in the solid state, was au-
thenticated by X-ray diffraction analysis. The crystallographic study confirmed
the occurrence of an n'-P, metal coordination with the nickel atom surrounded
by the three donor atoms of the tripodal polyphosphane.

Apart from these sparse examples, no other transition metal complex featur-
ing the intact P, molecule as a two-electron ligand was reported for the next 20
years. This fact is quite surprising in retrospect because these two decades wit-
nessed an unexpected and rapid growth of the coordination chemistry of white
phosphorus and related molecules [3-12]. Invariably, the many reactions of
transition metal fragments with P, carried out during this period usually led to
more or less drastic transformations of the tetrahedral-P, unit. Therefore, it was
tempting to look at the n'-P, complexes of Sacconi et al. as chemical curiosities
whose stability was a consequence of the peculiar properties of the NP, ligand,
particularly the shielding effects due to the six phenyl rings wrapping the Ni-P,
assembly [15]. Accordingly, it was hypothesized that similar species without
comparable steric stabilization would have only a fleeting existence along the re-
action pathways starting with the activation and ending with the degradation of
the P, tetrahedron. Nevertheless, the interest in understanding the first steps of
the metal-to-P, interaction preceding the P-P bond activation encouraged sev-
eral researchers to reorient their studies in order to explore the metal-mediated
reactivity of white phosphorus under less harsh conditions than those usually
used. Remarkable results in this area were obtained at the turn of the century by
Scheer et al. [16] and, soon thereafter, by Peruzzini et al. [17] and Stoppioni et al.
[18] who synthesized other tetrahedro-tetraphosphorus complexes using metal
precursors invariably supported by sterically demanding phosphane coligands.
In all of these cases, a coordinatively unsaturated metal fragment, namely
[M(CO);3(PR;),] (M=Mo, W; R=Cy; M=W; R=i-Pr) [19], [(triphos) Re(CO),]*
[20] and [(PP;)M]* (M=Co, Rh), [21, 22] generated in solution by either dis-
placement of a weak agostic interaction in the educt [19, 20] or reductive eli-
mination of weakly coordinated ligands [20-22], was straightforwardly reacted
with white phosphorus to yield [M(CO);(PRs),('-P,)] [M=W, R=Cy (5),
i-Pr (6); M=Mo, R=Cy (7)], [(triphos)Re(CO),(n'-P,)]Y [Y=OTf, BPh, (8)] and
[(PP;)M(n'-P,)]OTf (M=Co (9), Rh (10)] (Egs. 2-4).

P

PRB p/_ > PR3
oc\,\lﬂ_ 05 OC\“LI/CO
oc” | CyHg, -78 °C oc” [ \P<'|I3
PR, PR3 \P'_.p (2)

M =W; R =Cy (5), R = i-Pr (6)
M=Mo; R=Cy(7)

P ] oty
1\
1 PP 1
P\R|e _co P P\R|e _Co 3)
P™ | €O  pcm,35°C P71 >co
oTf

Z1\
Poj=P 8
4
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((\/P\\/ 5 / <\ / —|0Tf

P—M—H + MeOTf

k/llti THF, -78 °C

- MeH

(4)
M= CO, 9; Rh, 10

Noticeably, all the new tetrahedro-tetraphosphorus complexes, apart from 8, are
unstable in solution at room temperature and decompose between -40°C (9)
and 0°C (5). They were characterized by >'P NMR spectroscopy in solution and,
for complex 5 only, by X-ray crystallography (Fig. 1). In all cases the unques-
tionable presence of an n'-P, ligand was ascertained.

The reaction of the hydrogenation catalyst [(PPh;);RuCl,] with white phos-
phorus in toluene was briefly investigated by Peruzzini et al. during a study
aimed at exploring the possibility of hydrogenating P, homogeneously [23].
Notwithstanding that systems capable of accomplishing the hydrogenation of
elemental phosphorus have not yet been individuated [4, 5], the reaction re-
sulted in the formation of [(PPh;),RuCl(p-Cl);Ru(PPh;),(7'-P,)] (11) which has
been the first dinuclear species containing a monohapto-P, ligand (Eq. 5). Un-
fortunately, the stability of 11 was insufficient to grow crystals suitable for an X-
ray study as slow decomposition in solution to an intractable brown material
took place even under an inert atmosphere.

PPhs P/_FSP PhsR o PPns
I N \ / N /
PhsP P P
Ru—Cl ———— o —Ri— R“\P/ S
C|/l C7Hg, 0°C /\ / \ P
cl pr (5)
PPhs -PPhj PhsP PPhs
11

Solution characterization of the known n!-P, metal complexes was mainly based
on 3'P{'H} NMR spectroscopy, which is a reliable tool to assign promptly the
monohapto coordination mode of the P, molecule (see Sect. 3). Indeed, with the

Fig. 1. Crystal structure of [W(CO);(PCy;),(1'-P4)] (5). Only the P-bonded carbon atoms of
the cyclohexyl substituents are shown for the sake of clarity. Adapted from [16]
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Scheme 1. Use of [(triphos)Re(CO),(1'-P,)]* (8) as building block to synthesize dinuclear
1" 1-P, complexes

single exception of 1, which was completely insoluble in common solvents [13],
all the known tetrahedro-P, complexes, in the absence of additional coupling to
NMR active nuclei (usually P-atoms of ancillary phosphanes or the metal itself),
feature a well resolved AB; splitting pattern in the very high field region of the
spectrum. The three uncoordinated phosphorus atoms (Pj) have exohedral sp*-
hybridized lone pairs and therefore may still act as a donor towards further tran-
sition-metal moieties. Nevertheless, the use of n!-P, complexes as a building unit
for multimetallic complexes has been scarcely considered, probably as a conse-
quence of the thermal instability of most of these species, and further experi-
mental investigations of the coordination chemistry in this area would be valu-
able. For 8, the only thermally stable complex of this type yet reported, clear
evidence of the bonding capabilities of the P; subunit has been provided. Thus,
treatment of 8 with strongly acidic metal complexes such as [(triphos)Re(CO),
(OTf)]* [17], [Cp*Re(CO), (thf)] [24],and [Cp* Ru (PEt;),Cl] [25] readily affords
dinuclear complexes of formula [(triphos)Re(CO),(p,n"!-P,)ML,J** (x=1,
ML,=Cp*Re(CO), (12); x=2, ML, = (triphos)Re (CO), (13), Cp* Ru (PEt;), (14)]
(Scheme 1). A prima facie evidence for the formation of dimetallic species sand-
wiching an n'!-P, ligand between two metal fragments, is provided by the 3!P-
NMR spectrum where the P; doublet in the high field region is replaced by the
M, portion of the ABM, splitting pattern.

2.2
Metal-Mediated Rearrangement of P,

In order to accomplish the synthesis of functionalized phosphorus compounds
starting from white phosphorus, it is necessary that P, is activated in the pres-
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ence of suitable reagents [26]. Following the activation step and the consequent
P,-degradation, free connectivities are generated, which may be saturated by a
variety of organic fragments bearing heteroatoms such as N, P, O, S, C, or hydro-
gen atoms. Compounds in which the P, molecule, or fragments thereof, interacts
with one or more transition metal centers may serve as suitable models for mim-
icking the sequential loss of the P, integrity and, therefore, the whole degrada-
tion process. The intensive experimental and theoretical studies aimed at iden-
tifying the resulting products have fed an ever growing, fascinating, and esthet-
ical chemistry that has paved the way for bridging different disciplines such as
inorganic, organic, and solid state chemistry. However, it is only in the last few
years that systematic efforts have been undertaken to gain insights into the
mechanisms of these reactions and some valuable clues in this area have been
obtained.

2.2.1
P-P Bond Breaking of the P, Tetrahedron

Setting up the degradation of P, in the presence of both transition metal com-
plexes and suitable substrates is crucial to accomplish the direct functionaliza-
tion of white phosphorus [27, 28]. In many cases, the combination of P, with a
transition metal system affords a variety of hardly predictable compounds con-
taining unsubstituted phosphorus (P,) ligands (x<12) in which the original
tetrahedral phosphorus structure is no longer evident [3, 4, 6-12]. The topolo-
gies exhibited by these ligands, conforming to acyclic, cyclic, and polycyclic
units, suggest that in most instances the reactions proceed via a cascade of
degradation and aggregation steps. Trapping the intermediates with suitable or-
ganic and inorganic molecules, and in situ studies by *’P-NMR spectroscopy,
represent the methods of choice to follow these intriguing processes.

Scheme 2 illustrates the formalism we have adopted to sort the P, fragments
according to the number of bonds cleaved in the P, molecule.

The scission of a single P-P bond in the P, molecule (I) leads to a butterfly
arrangement of the P, polyhedron (II) (bicyclo-[1.1.0]tetraphosphabutane),
which is usually incorporated in transition-metal complexes as a formal P3- di-
anion. Cleavage of a second bond may afford tetraphosphorus ligands with ei-
ther three- or four-membered rings depending on the position where the second
P-P bond breakage occurs. Thus, if the additional cleavage takes place close to
the first one, the three-membered cycle (III) is generated, whereas when the P-P
scission takes place opposite to the first one, a cyclo-tetraphosphorus ligand is
left (IV). From there on, three alternative ways of P-P breakage may generate
tetraphosphorus ligands with “tripodal” (V), or linear chain arrangements (VI),
or may result in two separated fragments, i.e., one cyclo-P; ring and a single P
atom (VII). The cyclic three-membered ring (VII) and the tripodal P, ligand (V)
may formally be transformed into the open P; structure (VIII), leaving again a
single P atom apart. Two separate P, ligands (IX) are produced by cleavage of the
central bond in the linear P, chain (VI), whereas disruption of one of the pe-
ripheral bonds leads again to topology VIII Further degradation of VIII or IX
eventually provides single phosphorus atoms and P, units.
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Scheme 2. Chart showing the formalism adopted to classify the P, ligands as a function of the
increasing number of P-P bond cleavages

The polyphosphorus units described above encompass the stepwise degrada-
tion of the P, molecule and may be described, from a formal electronic view-
point, as polyphosphido or polyphosphorus ligands with multiple P-P bonds. In
the latter case the formal charge of the P, ligand is progressively reduced as the
multiple P-P bond character increases.

2.2.2
Mechanistic Aspects of the Metal-Mediated Degradation of White Phosphorus

Complexes containing a weakly coordinated P, ligand epitomize the initial in-
teraction of electronically and sterically unsaturated transition metal fragments
with white phosphorus. However, as outlined above in Sect. 2.1, complexes bear-
ing an intact P, ligand are quite rare in coordination chemistry owing to their
sparing solubility and high reactivity. Therefore, it is not surprising that most of
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the reactivity patterns of P, with transition metal species result in a more or less
pronounced degradation of the tetrahedral topology.

A perusal of the relevant literature suggests that there are two major pathways
accounting for white phosphorus degradation that share the opening of one
edge of the P,-tetrahedron to yield a butterfly ligand as the initial step. Once the
bicyclo-tetraphosphane unit has been generated, the first process goes on with a
symmetrical cleavage forming a cyclo-P, ligand and eventually two diphospho-
rus units. In contrast, the alternative pathway leads to cyclo-P; and P, fragments
via an unsymmetrical degradation.

The symmetric cleavage has been observed with both 16 and 17 VE frag-
ments, producing mononuclear and bridging dinuclear P, butterfly complexes,
L M(n*-P,) and L M (p,n"!-P,)M'Ly,, respectively. Remarkably, the first poly-
phosphorus complex ever described, [(PPh;),CIRh (72-P,)] (15), fits in this class
of compounds containing a distorted butterfly-like ?-P, tetrahedron [1]. Thus,
reaction of P, in dichloromethane with the Wilkinson complex (Eq. 6) or other
square planar rhodium(I) and iridium(I), [MX(PR3);], complexes at —-78°C gave
the slightly soluble and thermally unstable [(PR;),XM(7?-P,)] [M=Rh, X=Cl,
R=Ph (15), p-tol (16), m-tol (17); X=Br, R=Ph (18); X=I, R=Ph (19). M=Ir, X=Cl,
R=Ph (20)] [1,29]. The structure of 15 was determined by X-ray crystallography,
which confirmed the presence of a dihapto coordinated, P-P elongated, P, ligand
(dpp=2.4616 A). This arrangement was theoretically predicted by Albright et al.
for the model complex [(PH;),CIRh(7*-P,)] (x=1, 2) for which the optimized
side-on coordination was calculated to be 15 kcal mol™! more stable than the op-
timized n'-bonding isomer [30].

PPh\3
P, I.)\p
[(PPh3)sRhCI] + F’<—I>P _bem C|_Rh/ 5>|
P~ -78°C,-PPh, | NP (6)
PPh,
15

Complex 15 marks the borderline between a simple two-electron o-type coordi-
nation of the P-P bond to a metal center and its oxidative addition to it. More dis-
torted bicyclo-tetraphosphane-P, complexes have been installed on a variety of
transition metals moieties containing as coligands either Cp* [31-35] or mon-
odentate [36] and polydentate phosphanes [18,28,37]. Double edge activation of
the opposite bonds in the P, tetrahedron has been documented for the reaction
of the 16 VE fragment {Cp* Co(CO)} obtained via Co=Co breakage from the din-
uclear precursor [{Cp*Co(CO)},] [32]. Remarkably, the dicobalt species, which
forms, [{Cp*Co(CO)},(,n*2-P,)] (21), together with [{Cp*Co(CO)}(n?-P,)]
(22), may also be obtained by thermolysis of [Cp* Co(CO),] with 22 (Scheme 3)
[32]. The high temperature cothermolysis or cophotolysis of [{Cp*Co(CO),},]
(n+m=2) with P, goes a step forward in the direction of disrupting the
tetraatomic topology [38-40]. Thus, diphosphorus and monophosphorus lig-
ands have been isolated in bi-, tri-, and tetranuclear complexes of formula
[{CP*Col(mi™-P,),] (23) (Cp*=Cp”, Cp”, Cp%), [{Cp”Coly(ps-P),] (24),
[{Cp*Col(p-CO)(P,)] (25) (Cp*=Cp”, Cp™), and [{Cp*Co}(p1;-P),] (26) (Cp*=
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Scheme 3. Reaction of [{Cp*Co(CO)},] and [Cp*Co(CO),] (Cp*=Cp*, Cp”, Cp””, Cp®) with P,

Cp,Cp”), which incorporate the totally decarbonylated 14 VE fragment {Cp*Co}.
As frequently observed in metal-mediated P, chemistry, the reaction is not uni-
directional and a variety of polymetallic-polyphosphorus ligands such as Py
(27), Py, (28), and Py, (29) (see Sect. 2.2.4.3) have been isolated after chromato-
graphic workup (Scheme 3) [38, 39]. Replacing white phosphorus with yellow
arsenic, As,, has been successfully used to demonstrate the amazing richness
and complexity of the products arising from interaction of a transition metal
fragment with elemental pnicogen and has also served to clarify some reaction
mechanisms involving P, [41].

Analogous reactivity is shown by the cognate Rh and Ir complexes,
[{Cp*M(CO),}m] (m+n=2; M=Rh, Ir) during their cothermolysis with P, [31,
38,42-45]. From a mechanistic viewpoint the stepwise loss of carbonyl ligands
in the complexes [{Cp*M(CO),,},] (m+n=2; M=Co, Rh, Ir) is the key step as it
provides increasing coordinative vacancies at the metal which are suitable to in-
teract with the pnicogen molecule.

Co P——Co
f p—r P / \ el '
P Co P
/\ 4_\ ~I” Np 1
o Fe Co—| Lo R™p ' Co—|—P
\P\/P/ W?/ c°\ﬂ/c° pL——Co
23 Pag 25 26
cp*=Cp", Cp", CpS  Cp*=Cp cp*=cp",cp®  Cp*=Cp
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The reaction of white phosphorus with [{Cp*M(CO),},,] complexes
(m+n=2; M=Co, Rh, Ir), also highlights the possibility of achieving further, of-
ten unusual, polyphosphorus topologies and nicely addresses the non-innocent
role played by the electronic and stereochemical requirements of the Cp-ring
substituents. As an example, [{Cp*Co};(u-CO)(P,)] (25) (Cp*=Cp”;, Cp%) is
formed from the photochemical reaction of P, with [Cp*Co(CO),] (Scheme 3)
[38]. Complex 25 contains a unique 1*2-P,Co; assembly where an asymmetric
cyclo-P, ligand is capped by a {Cp*Co} moiety. It corresponds to an advanced
stage in the unsymmetrical P;/P; activation of P, and represents a minor prod-
uct of the reaction that ultimately leads to [{Cp*Co},(p,n%%-P,),] (23) (Cp*=Cp”,
Cp””, Cp%) [38, 46]. Remarkably, the formation of these tricobalt clusters does
not occur when [Cp* Co(CO),], containing the sterically less demanding Cp* lig-
and, is employed under comparable reaction conditions [7, 32, 46].

Additional stabilization can be provided by further reaction with Lewis-acid
fragments such as {M(CO);} that may coordinate to the residual lone pairs of the
P atoms (Scheme 4). Using this three-components protocol, Scheer and cowork-
ers were able to develop a rich chemistry through one-pot-reactions by which
they could trap a variety of intermediates caught during their transformation
pathways [33-35,47].

The photochemical or thermal activation of dinuclear iron cyclopentadienyl
carbonyl complexes, [{Cp*Fe(CO),},], containing sterically demanding coli-
gands was used to elucidate the degradation of P,in the presence of fragments
with uneven electron count (Scheme5) [48]. During the photolysis of
[{Cp”Fe(CO),},], after cleavage of the first P-P bond by two 17 VE iron frag-
ments, the reaction proceeds through internal rearrangements which affords in
cascade the complexes [{Cp”Fe(CO),},(u,n"'-P,)] (30) and [{Cp”Fe(CO),}
{Cp”Fe(CO)}(p,n"*-P4)] (31) by leaving the butterfly geometry of the P, ligand
substantially unchanged. Subsequent photochemical elimination of CO from
the partially decarbonylated iron moiety produces a 13 VE fragment that read-
ily inserts into the bridgehead P-P bond of the butterfly ligand, yielding the
“quasi-sandwiched” complex [{Cp”Fe}{Cp”'Fe(CO),}(p,n*!-P,)] (32) containing
a flat cyclic P, ligand. The second iron fragment may then decarbonylate and, af-
ter inserting into the third P-P bond, expands the tetraphosphorus assembly to
an almost planar five-membered ring incorporated into the sandwich complex
[{Cp”Fe}{n-P,Fe(CO)Cp”}] (33). Eventually, loss of the last CO ligand causes an
internal rearrangement of the FeP, cycle and forms [{Cp”'Fe},(p,n**-P,)] (34) in
which an open P,-chain bridges two equivalent {Cp”Fe} moieties.

The existence of a doubly metallated P, butterfly ligand in [{Cp*Fe(CO),},
(p,n*!-P,)], which was postulated for some years on the basis of spectroscopic
data [48-50], was recently ascertained by X-ray methods in [{Cp””Fe(CO),},
(mn*1-P,)] (35) [51].

The transformation of P, in the coordination sphere of 15 VE fragments has
been studied by allowing group-6 carbonyls, [M(CO)s] (M=Cr, Mo, W), and
nickel cyclopentadienyl carbonyl complexes to react using Scheer’s one-
pot/three-components practice under thermal or photochemical conditions.
Remarkably, the combination of P,, [Cr(CO)s], and the nickel dimer [{Cp*Ni
(CO)},] under UV irradiation yields complexes incorporating P, P,, and P; lig-
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Scheme 5. Photolytic reaction of [{Cp”Fe(CO),},] with P,

ands together with [{Cp*Ni}(n*!-P,){Cp*Ni(CO)HCr(CO)s}s] (36) in which a
unique bent cyclo-P, ligand behaves as a ten electron donor (Scheme 6) [52]. The
asymmetric bonding to both 15 and 17 VE metal fragments suggests the pre-
liminary separation into Ps/P, units. Photolysis of 36 furnishes the impressive
P,Ni,Cr, prismane complex [{Cp*Ni},(n**!1-P,){Cr(CO)s},] (37) featuring
an open P,-chain. From this reaction, the cyclo-P; complex [{Cp*Ni}
(r?11:1-P;){Cr(CO)s}5] (38) and the dinickeladiphosphatetrahedrane [{Cp*Ni},
(p,ntH-P,){Cr(CO)s},] (39) are also isolated as minor products. Complex 39 is
intriguing as it probably forms via dimerization of the undetected intermediate
[Cp*Ni=P — Cr(CO);]. Starting from the bent-P, complex 36, the thermal reac-
tion yields 37 as well as, at higher temperature, the novel P,/P\Ni; cubane
[{Cp*Ni}5(P5){Cr(CO);}] (40) with separated p;-P and tripodally arranged P,
ligands. The formation of such a large variety of products (P, P,, P3, P,-pris-
mane, P,/P,-cubane) also takes place from the direct reaction between P, and
several [{Cp*Ni(CO)},] complexes under appropriate thermal or photolytic con-
ditions (Scheme 6) [53,54]. However, the intermediate species 36, which is mech-
anistically central in this chemistry, has been accessible only through the three
component reaction thank to the presence of the sterically encumbering
{Cr(CO)s} auxiliary [52].

Thermolysis in THF of a mixture of the 17 VE molybdenum dimer [{Cp’Mo
(CO)s},] (Mo-Mo), white phosphorus and excess of [Cr(CO)s(thf)] gives
[{Cr(CO),} < (u,n*1:1:1:1-P,){Cr(CO)5},>] (41) (Scheme 7) [47]. Complex 41 does
not contain molybdenum and exhibits a bent and asymmetrically coordinated
cyclo-P4 ligand, which is also accessible from direct cophotolysis of white phos-
phorus and [M(CO)s] (M=Cr, W) [55, 56]. However, when the same reaction is
carried out under ultraviolet irradiation, the molybdenum precursor actively
participates in the reaction yielding a mixture of the P,Mo, tetrahedrane
[{Cp’Mo(CO),},<{p,?%11-P,H{Cr(COs),} >] (42) and the unusual complex
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Scheme 6. Reaction of [{Cp*Ni(u-CO)},] and P, with or without [Cr(CO);(thf)]

[{Cp’Mo(CO),}<{n* 1P, HH{Cr(COs),},>] (43) where the P-H bond likely
originates from adventitious water. In contrast, by replacing molybdenum with

the lighter homologue [{CpCr(CO)s},]

(Cr-Cr) in the two-component reaction,

tetrahedral clusters, [{CpCr(CO),},(1,1n*%-P,)] (44) and [CpCr(CO),(n*-P;)]
(45), were obtained after CO loss together with the unprecedented P, complex
[{CpCr(CO),}5(P1,)] (46) (see below) [57]. A radical mechanism involving attack
of [CpCr(CO),]" (x=2, 3) to P, consequential homolysis of P-P bonds and for-
mation of the key intermediate radical, [CpCr(CO),(P)]’, has been proposed

(Scheme 7) [58].
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223
P, Fragmentation to P, Species (x < 4)

2.2.3.1
Symmetrical Degradation of P, to P, Ligands

Diphosphorus ligands stemming from P, activation are usually quenched in
multinuclear complexes, where they generally adopt the side-on coordination
mode. As mentioned in the mechanistic section, multinuclear diphosphorus
complexes coordinated to 15 VE metal fragments may form via dimerization of
reactive P, intermediates and are incorporated into dimetalla-diphosphorus
tetrahedranes. However, when P,-complexes are derived from the direct reac-
tion of even-electron metal precursors and P,, it is likely that they form from the
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direct degradation of tetraphosphorus since the intermediacy of terminal P,
species is highly improbable. Thus, dimetallic bis-diphosphorus pseudo-triple
decker derivatives are formed with group-9 metal fragments while group-7 frag-
ments (16 VE) usually adopt the M,P, butterfly arrangement. Accordingly, when
the 16 VE fragment {Cp*Re(CO),}, generated from [{Cp*Re(CO),},] (Re=Re), is
treated with white phosphorus, di- and tetrametallic complexes containing two
mesomeric diphosphorus ligands, [{Cp*Re(CO),},(11,7%2-P,)] (47) and [{Cp*Re
(CO),tu(p,n 1 151-P,)] (48), are formed depending on the reaction condi-
tions (Scheme 8) [59, 60]. Interestingly, with the isoelectronic fragment
[(triphos)Re(CO),]* the stable complexes, [{(triphos)Re(CO),}(1'-P,)]* (8),and
[{(triphos)Re(CO),},(p,n*1-P,)]** (13), containing an end-on coordinated P,
ligand are formed (see above) [17]. Once more, these results emphasize the im-
portance of steric effects in controlling the reactivity of a metal fragment to-
wards P, and underline the fundamental role played by ancillary ligands in driv-
ing the activation/degradation pathways of the P, tetrahedron.

P
co /'\
P—|—P Re R Re
%}; __J.co 7 —p—"¢ Re., Vs
ez ,lp_p

Re e P
- I
/ N *  Re AN
co do toluene, RT P Re

47 48
Re = {Cp*Re(CO),}

Scheme 8. Reaction of [{Cp*Re(CO),},] with P,

2.2.3.2
Unsymmetrical Degradation of P,to P; and P, Ligands

Only few complexes resulting from the unsymmetrical cleavage of the P, cage to
a P; moiety and an isolated P atom have been individuated. Noticeably, in all
these cases, the fate of the four P atoms belonging to the reacting P, molecule has
successfully been followed in the resulting reaction mixture.

An intensively investigated system providing clear-cut evidence for the oc-
currence of an unsymmetric cleavage of a P, ligand to P; and P, units has re-
cently been reported for the reaction of white phosphorus with the rhodium and
iridium trihydrides [(triphos)MH;] (M=Rh, Ir) (Scheme 9) [37]. The reaction
results in the formation of complexes [(triphos)M(n*!-P,H)]* [M=Rh (49), Ir
(50)], where the partially hydrogenated ligand P,H includes an appendant P
atom singly bonded to a P; cycle. Further hydrogenation of the partially substi-
tuted P atom and extrusion of PH; traps the remaining triphosphorus unit (cor-
responding to one face of the original P, tetrahedron) in the thermodynamically
stable cyclo-P; species [(triphos)M(1*-P;)] [M=Rh (51), Ir (52)] [15]. A related
process may be envisaged in the reaction of [(triphos)Rh(R)(C,H,)] (R=H, Me,
Et, Ph) with white phosphorus [28]. In the case at hand, a two-step mechanism
involving first the activation of white phosphorus by the 16 VE metal moiety
[(triphos)Rh(R)]*, and then the metal-to-phosphorus migration of the organic
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Scheme 9. Reaction of white phosphorus with [(triphos)MH;] (M=Rh, Ir) and [(triphos)
Rh(R)(C,H,)] (R=H, Me, Et, Ph)

residue, yields [(triphos)Rh(7*!-P,R)] (53) where a P,R ligand is coordinated
through three not adjacent P atoms.

Extrusion of a P; ligand either from the P, cage and other P,-sources [61-64]
commonly takes place in the metal assisted degradation of white phosphorus
and related molecules in the presence of triphos metal complexes [5, 7-12,
61-64]. The reaction generally results in the stabilization of cyclo-P; complexes
of formula [(triphos)M(7*-P;)]** (n=0, M=Co, Rh, Ir; n=1, M=Ni, Pd, Pt) and
[(triphos)M(p, p*3-P5)M'(triphos)]** (n=0-2, M, M’=Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd, Pt) exhibiting a more or less distorted octahedral coordination around
the metal [15, 65, 66]. However, mechanistic studies on the formation of such
species are almost missing, being limited to few unpublished observations [67].
As a summary, THF mixtures of triphos and [(cod)Rh(pu-Cl)], in the presence
of non-coordinating anions react with one equivalent of white phosphorus
within minutes at room temperature to form the cyclo-P; complex [(triphos)
Rh(n?-P3)]. A redox process takes place in the reaction between [(triphos)Co
(NCMe);]** and P, in THF/EtOH and likely proceeds via formation of the pa-
ramagnetic triple-decker complex [{(triphos)Co},(z,7’-P5)]** before yielding
[(triphos)Co(1?-P5)] [67]. From a mechanistic viewpoint, a chlorophosphini-
dene fragment “PCl” is formally extruded in the case of rhodium, whereas in the
reaction with cobalt a monoelectronic reduction should occur formally extrud-
ing a “P**” unit. In both reactions, however, the outcome of the extruded P atom
remains unknown although in the cobalt reaction mixture, the ester (EtO),EtPO,
likely generated from the mechanistically non-innocent ethanol solvent, has
been identified by combined HPLC and mass spectrometry [67 - 69].

2.2.3.3
Polyphosphorus Ligands from Progressive P-P Breakage

Entrenched in the formal P-P activation scheme and the mechanistic rules out-
lined in the previous sections, we intend to provide in this section a critical ac-
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Scheme 10. Proposed mechanism accounting for the reaction of [Cp,Zr{P(SiMe;),},] with
white phosphorus

count of the final, thermodynamically stable, products deriving from the direct
reaction of P, with transition metal complexes. Thus, in the following part we
will order the activation/degradation products, for which insufficient mechanis-
tic details are given, according to the numbers of P-P bonds cleaved. Sorting the
P,-containing complexes by this modus operandi may be helpful to rationalize
the basic patterns exhibited by the reaction of transition metal complexes with
elemental phosphorus and may contribute to better approach the directed syn-
theses of P, complexes. Moreover, working out the polyphosphorus ligands
within this general frame could eventually set the basis for the development of a
rational approach to specific reactions aimed at functionalizing white phospho-
rus in the coordination sphere of a transition metal complex [68, 69].

As the cleavage of the first P-P bond to yield P,-butterfly complexes has ex-
tensively been discussed in the previous sessions, we will now skip to illustrate
those polyphosphorus ligands formed via rupture of a second bond in the
tetraphosphorus tetrahedron.

22331
Cleavage of Two P-P Bonds

The simultaneous cleavage of two P-P bonds in the P, tetrahedron occurs dur-
ing the photochemical reaction between group-6 metallocarbonyls and P,and
affords the cyclo-P, complexes [{M(CO),} < (cyclo-P){M(CO)s},> ] [M=Cr (41),
W (54)] (Scheme 7) [55,56].In such derivatives, the planar P, ring acts as 12 elec-
tron donor via face-capping and lone-pair coordination. Formation of cyclo-P,
complexes also takes place from the photochemical reaction of [Cp*M(CO),]
(M=V, Cp*=Cp* [70]; M=Nb, Cp*=Cp* [71]; M=Ta, Cp*=Cp” [72]) with P,.
These reactions usually result in complicated product mixtures from which the
P, complexes [Cp*V(CO),(cyclo-P,)] (55), [{Cp* V(CO),H(,n'*-P){Cp* V(CO),}]
(56) [70], [Cp* NB(CO),(n*-P,)] (57) [71],and [{Cp’Taks(11,-P,) (115-P,)] (58) [72]
were isolated after chromatographic workup. In the niobium derivative a slightly
bent tetraphosphorus cyclic ligand was determined by X-ray crystallography.
The small distortions of the P-P network suggest the presence of an allylic P,
chain/P, pre-separation.

The alternative cleavage of two P-P bonds (sketch III in Scheme 2) has so far
been described only for polyphosphorus complexes stabilized by further bonds
with organic residues. To the best of our knowledge, these conditions are
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matched only in two cases, i.e., the reaction of P, with either [Cp,Zr(PR,),]
(R=SiMe;) [73] or with the rhodium and iridium complexes [(triphos)M(R)
(C,H,)] (M=Rh; R=H, Me, Et, Ph; M=Ir, H) detailed above [28, 37]. In the reac-
tion with the zirconocene derivative, a mechanism has been proposed
(Scheme 10) which entails a concerted pre-coordination of one P atom to the
electrophilic zirconium center (A) accompanied by the nucleophilic attack of
one phosphido ligand to the activated n'-coordinated P, ligand (B). P-P bond
scission, phosphido-migration, and intramolecular rearrangement yields the
Ps-complex [Cp,Zr{n"'-P,(PR,),}] (59) where the organic residues are attached
to two peripheral phosphorus atoms [73].

22332
Cleavage of Three P-P Bonds

Cleavage of three P-P bonds in the molecule of white phosphorus occurs during
the thermal reaction of Co(II) salts with P, in the presence of dppm (Eq. 7) [74].
The reaction affords [Co{Ph,PCH,P(Ph),PPPP(Ph,)PCH,PPh,}]* (60), which
features a unique Pg-ligand with a zig-zag P¢-chain formed by the four atom of
P, and two PPh, ends from two distinct dppm ligands which have undergone the
nucleophilic attack of the activated tetraphosphorus ligand:

qup PPh, P e
o \P/
[Co(H20¥]"" + dppm PhaP—_ /Co\ /\
BuOH / THF, reflux PPh (7)
PhoP— " 2

60

Open chain naked polyphosphorus ligands in a cisoid conformation are found
only in multinuclear complexes. A beautiful example of this P,-topology was re-
ported by Scherer et al. in 1988 [31] in a study aimed at investigating the reac-
tion of [CpF'Rh(CO),] with P, in refluxing xylol (Eq. 8). After workup, crystals of
[{CpERh}(p,n*2-P,){CpH¥Rh(CO)}] (61) were separated. Compound 61 is not the
thermodynamic sink of the reaction and decarbonylates after prolonged heat-
ing to transform into the bis(diphosphorus) complex [{CpE‘Rh},(1,n%-P,),] (62).
The same topology is also found in group-8 complexes [{Cp*M(CO),},(P,)]
(M=Fe, Cp*=Cp” [48], Cp””, Cp** [51]; M=Ru, Cp*=Cp” [75]):

reflux
-CO

P
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The tripodal topology (V in Scheme 2) has already been introduced (see
Sect. 2.2.3.3.1) when we briefly mentioned the tantalum cluster [Cp’% Tas(ps;-
P,)(p-P,)] (58) [72,76,77] and the trinickelatetraphosphacubane [{Cp* Ni};(P;)
{Cr(CO)s}] (40) (see Scheme 6) [78] which are genuine examples of complexes
containing this uncommon opened P, ligand.

22333
Cleavage of Four P-P Bonds

An intriguing example of P, activation, en route to the separation into two
diphosphorus units, has been recognized in the complex [Fes(CO),o(p15,1n" -
P,)] (63), which is straightforwardly generated from the thermal reaction of
white phosphorus and [Fe,(CO),] in boiling benzene (Eq. 9) [79]:

\ /
e TR
S PR
[Fex(CO)q] Sr| DR
benzene, | >p---p” | 9)
reflux \\X/l _
-CO //Fe—F\e\
63

Two completely separated P, ligands originating from P, activation are present
in the previously mentioned complexes [{Cp*M},(p, 7' P,),] (M=Co, Rh, Ir). Or-
thogonally arranged P, ligands similar to a diphosphido dumbbell were found
in the dodecahedral cluster [{Cp’Fe}4(p, %% 1-P,)] which is generated via high
temperature cothermolysis of [{Cp’Fe(CO),},] with P, [80].

22334
Cleavage of Six P-P Bonds

Transition metal complexes incorporating single P atoms originating from the
cleavage of all the six P-P bonds contained in the P, tetrahedron were found in
the tetraphosphatetrametalla cubanes [{Cp*Ni(u;-P)},] (64) (Scheme 6) [56]
and [{CpCo(p;-P)},] (26) (Scheme 3) [38-40, 81, 82]. In keeping with the spatial
disposition of the pnicogen atoms, the structures of both 26 and 64 can also be
described as a P, tetrahedron with each face capped by a transition metal moi-
ety. Complex 26, which was reported by Dahl and coworkers in 1973, is histori-
cally relevant being the first example ever reported of a metal complex incorpo-
rating naked P atoms (Fig. 2). No hint about the mechanistic course leading to
the formation of these M,P, clusters has been yet reported. The intriguing pos-
sibility that the cubane may be assembled via a concerted tetramerization of ter-
minal [Cp*M =P] phosphido moieties cannot be excluded.

Splitting up of P, into four separate P ligands integrated in four molecules of
[P=Mo(NRR");] (65) (R=3,5-C;H;Me,, R"’=C(CD;),CH};), takes place, under sur-
prisingly gentle conditions, from the direct interaction of the trigonal planar
paramagnetic complex [Mo(NRR’);] with white phosphorus in diethyl ether
[83, 84]. The reaction runs via not yet identified intermediates.
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Fig. 2. Structure of the tetracobaltatetraphospha cubane [{CpCo(p1;-P)},] (26). Adapted from
[81]

Extrusion of single P atoms and their stabilization in transition metal com-
plexes is a common feature in the reactivity of P, with metal complexes. Termi-
nal phosphido species, M=P, either as putative or intercepted intermediates,
play a key role in the reaction of P, with 15 VE fragments. Thus, starting from
either [W,(OR)(L,] (W=W) (R=i-Pr) [6, 85, 86] or the isolobal [Co,(CO)]
[87-89], the formation of M,P,_, tetrahedranes (x=3) incorporating P,, P,, and
P; ligands has been observed. Mechanistic insights have been obtained for the
reaction involving the tungsten reagent [6, 86],and it has been proposed that the
generation of the terminal phosphido species [(OR);W=P] is mandatory to ac-
count for the formation of P, and P, complexes.

2.2.4
Aggregation to P, Species (x > 4) Following P, Activation

The formation of polyphosphorus P, ligands with more than the four atoms
dowry provided by the P, reagent is a relatively common process during the in-
teraction of P, with transition metal systems. This behavior can be explained by
assuming that the initial P, (x < 4) units resulting from the disruption of the P,
tetrahedron can aggregate to assemble larger polyphosphorus ligands. Mecha-
nistic investigations in this field are very sparse although some of these com-
plexes have had paramount importance for the development of the isolobal-
based chemistry between P atoms and CH units [2].

2.2.4.1
Pentaphosphacyclopentadienyl, P;, Complexes

The direct reaction of white phosphorus with dinuclear metallocenes is the
most useful entry to compose the planar cyclo-Ps ligand isolobal with the Cp an-
ion [5] although Baudler et al. demonstrated that ionic metathesis may be used
to prepare similar derivatives [90]. The pentaphosphacyclopentadienyl ligand
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may either be incorporated in group-8 cyclopentadienyl metal-complexes
[CP*M(11-P5)] [M=Fe (66) [91,92], Ru (67) [93], Os (68) [93] (Scheme 11) or act
as internal slice in triple decker compounds containing iron, [{CpFe}(p,n>>-
P;){Cp*Fe}]PF, [94a], or group-6 metals, [{Cp”’M},(11,1>>-P5)] [M=Cr (69), Mo
(70)] [94Db]. Careful investigation of the high temperature generation of
[Cp””’Fe(1°-P5)] from [{Cp””’Fe(CO),},] and P,, reveals that 66 forms via the P,
butterfly complex [{Cp”’(OC),Fe},(p,n1-P,)] (30) [51]. A tentative mechanistic
hypothesis entails that a P; fragment is first extracted from the bicyclo-P, ligand
and then coupled with a P, fragment. In keeping with this mechanistic picture,
prolonged thermolysis of 30 with diphenylacetylene affords the intriguing 1,2,3-
triphospholylyl species [{Cp””Fe}(n>-P;C,Ph,)] (71) where a P; unit originating
from the tetraphosphorus ligand is coupled with the alkyne (Scheme 11) [95].
Thermolysis in the absence of any external ligand leads to the known pen-
taphosphacyclopentadienyl species [{Cp”’Fe}(1°-P5)] in which the P; unit has
been incorporated in a cyclo-P; ring [95]. The mechanistic evidence arising from
this detailed investigation represents a milestone to understand the formation of
P, sandwich complexes and stresses the isolobal relationship between P=P and
HC=CH.

Cothermolysis of dinuclear chromium complexes [{Cp*Cr(CO),},] [n=2,
(Cr=Cr); 3,(Cr-Cr)] with white phosphorus has been used by Goh and cowork-
ers to generate a family of derivatives incorporating P,, P; and Ps ligands
(Scheme 7) [58, 96]. Remarkably, the paramagnetic dichromium triple decker
derivative [{Cp*Cr},(z,1°-P5)] (72) has been the first cyclo-P; complex charac-
terized by X-ray crystallography [94b].

The unexpected formation of the unique tetrachromium derivative
[ <{CpCr(CO)},(p-PH) > {(CpCr),(17°>11-P5)}] (73), which is the first r°>-P; triple
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Scheme 12. Reaction of [Cp*Fe(r’-Ps)] with [Cp”Ta(CO),] and [{Cp*Ir(CO)},]

decker complex coordinated to exocyclic transition-metal moieties, has recently
been reported by Scheer et al. from the reaction of [{Cp(CO),Cr},(p,7*2-P,)]
with LiHBEt, [97].

Rearrangements of preformed polyphosphorus units play a major role dur-
ing the reaction of organometallic species with P, complexes and often makes
unpredictable the outcome of the reaction. However, in some cases, especially
starting with cyclo-Ps complexes, the primary products could be isolated and
characterized. Thus, cothermolysis of [Cp*Fe(r’-P5)] with [Cp”Ta(CO),] in
boiling decaline (Scheme 12) yields the previously mentioned tritantalum clus-
ter 58 and the mixed complex [{Cp*Fe}(p,n*3-P;5){TaCp”}] (74), where the Ta
fragment inserts into the cyclo-P; ligand forming a folded P; chain [72, 75]. In-
sertion of a second tantalum into the adjacent P-P bond gives the trimetallic
species [{Cp*Fe}(p,n*?3-P;){TaCp”},] (Fe-Ta) (75a) which equilibrates with
[{Cp*Fe}(p,n*33-P;){TaCp”},] (75b) [75]. In the latter complex, separated P,
units and tripodal P, ligands may be distinguished, while in the former deriva-
tive an edge-opened folded P5-chain is stabilized. The P5 topology is lost in the
bis-triphosphorus tetratantalum species [{Cp”Ta},(Ps),] (76) which forms to-
gether with 58 and the Fe/Ta mixed species.

In contrast, the reaction of [Cp*Fe(r’-P5)] with [{Cp*Ir(CO)},] transforms
the planar P; ligand into a folded cyclo-P5 envelope (77), which, after addition of
a second iridium complex, is definitely cleaved to a P; chain (78) (Scheme 12)
[98].

Cothermolysis of 66 with [Cp*Co(CO),] yields complexes with P, and P, lig-
ands incorporated in a distorted cubane or in trigonal bipyramidal polyhedron
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[82]. Similarly, during the cothermolysis of 66 with [{Cp*Fe(CO),},] [80] or
[{Cp*Co(CO)},] (82,99, 100], diphosphorus ligands may be installed into a do-
decahedron, while P, ligands may be incorporated in a distorted trigonal pyra-
mid. The formation of these heterometal complexes through a synthetic proce-
dure, which leaves out the use of white phosphorus, nicely illustrates the poten-
tiality of Py complexes to serve as sources of phosphorus units.

As a closing note on cyclo-P5 chemistry, it is worth mentioning that transfer
of the intact cyclo-Ps ring from the [Cp*M(7’-P5)] to the heavier congeners
[Cp*™™M] (M=Ru, Os) is a suitable method to prepare different phosphametal-
locenes [93]. The possibility to exchange intramolecularly polyphosphorus
units between different transition metal systems has only occasionally been re-
ported. Well documented examples are the transfer of a P, ligand from
[{Co(CO)31,(1172-P,)] to [{(i-PrO),WH(i-PrO),(py)W}] yielding [{(i-Pr0),W}
{(i-PrO),(py)W}(p,7**-P,)] [85a], and the relocation of the entire E,X cyclic-
unit in the reaction of [(triphos)Co(n?-E,X)]* with [{(cod)Rh(u-Cl)},] and
triphos to afford the dirhodium complexes [{(triphos)Rh},(u,7*3-E,X)]* (E=P,
As; X=S, Se) [101].

2.2.4.2
Hexaphosphabenzene, P;, Complexes

The amazing complex [{Cp* Mo},(,1%%-Pg)] (79), containing a triple decker di-
molybdenum complex sandwiching a hexaphosphabenzene cyclo-P¢ ring, was
first described by Scherer and coworkers in 1985 during a study aimed at ex-
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Scheme 13. Synthesis of the hexaphosphabenzene complexes [{Cp*M},(u-Py)]
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ploring the coordination abilities of molybdenum carbonyls stabilized by cy-
clopentadienyl ligands towards white phosphorus (Scheme 13) [102]. The out-
standing importance of this complex lies in the stabilization of the six-mem-
bered cyclo-Pg as a bridging hexahapto ligand, a molecule which represents the
all-phosphorus counterpart of benzene.

At present, the intriguing cyclo-Pg ligand has been stabilized in a variety of
triple decker complexes of general formula [{Cp*M},(u-Ps)] (M=Mo (79) [102],
W (80) [103],V (81) [70, 103], Nb (82) [71, 104], and Ti (83) [105]) via cother-
molysis of an appropriate half-sandwich precursor with white phosphorus in
high boiling aromatic hydrocarbons. Depending on the transition metal and the
overall electron count of the triple decker complex, severe distortions from the
idealized Dg, symmetry can occur. As a matter of fact, deformations towards
bisallylic or puckered cyclo-P4 geometries have been crystallographically con-
firmed for niobium [{Cp*Nb},(1z,n%°-Ps)] (82) and titanium [{Cp*Ti},(pz,n*-
Ps)] (83) complexes, respectively.

From a mechanistic viewpoint, the formation of the cyclo-P4 ligand from P,
has not yet been completely clarified. Nevertheless, suggestive hypotheses based
on the dimerization of P; units or the trimerization of P, units have been pro-
posed [70, 102, 106]. The latter mechanism is particularly intriguing as it paral-
lels the well-known metal-mediated cyclotrimerization of acetylenes in the co-
ordination sphere of cobaltocenes [107].

Supporting evidence for the formation of the hexaphosphorus ligand via cy-
clotrimerization of P, fragments, is provided by the formation of the cyclo-P,
ligand in the seminal Scherer’s complex [{Cp* Mo},(p,1%°-P¢)] by cothermolysis
of [{Cp*(CO)Mo},(p1,n7*-P,),] (84) with white phosphorus [108]. In agreement
with this alternative mechanistic picture, it has recently been observed that the
heterometallic sandwich complex [{Cp* Fe}{Cp* Mo}(p,n*2-P,) (1, *2-P,)] (85),
generated via cothermolysis of [{Cp*(CO)Mo}{Cp*Fe}(p,n*2-P,),] (86) and P,
[109], may transform into 79 and [{Cp*Fe}(r*>-P5)] under suitable thermal con-
ditions [110].

The isolation of stable valence isomers is a not yet completely accomplished
goal in the chemistry of transition-metal complexes incorporating polycyclic P4
ligands. Nevertheless, bimetallic derivatives exhibiting an isolated valence iso-
mer of cyclo-P,have also been synthesized and characterized by spectroscopic
and crystallographic methods. A beautiful X-ray authenticated example is pro-
vided by the actinide complex [{Cp”Th},(bicyclo-p,n*3-P¢)] (88) where the P
unit endorses to a formally edge-opened all-phosphorus ligand resembling
benzvalene [111]. Figure 3 compares the X-ray structure of the remarkable
complexes [{Cp*W}y(p,n%-Pg)] (80), [{Cp*Ti},(11,7°°Pe)] (83), and [{Cp”Th},
(bicyclo-p,n*3-Pg)] (88) which exhibit different forms of cyclo-P, ligand (planar,
puckered and bicyclic ring, respectively).

2.2.4.3
High Nuclearity Polyphosphorus P, Complexes (x > 6)

Polyphosphorus P, ligands with nuclearity higher than 6 are usually obtained as
byproducts from thermal reactions involving white phosphorus. Therefore,
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Fig. 3. Structure of the hexaphosphabenzene complexes [{Cp* W},(u,n%-Py)] (80), [{Cp* Ti},
(1,1*3-Pg)] (83), and [{Cp”'Th},(bicyclo-p,n*3-Ps)] (88). Adapted from [104, 106, 112] respec-
tively

their synthesis, which is accompanied by the formation of several, often more
abundant, low-nuclearity species, appears typically to be driven by serendipity.
Remarkably, the possible architectures accessible with high-nuclearity
polyphosphorus ligands are still far from being entirely exploited. A number of
possible P, topologies (x > 6) have not yet been synthesized directly from white
phosphorus. For example, complexes containing P, ligands in either norborna-
diene (A) or nortricyclane (B) skeletons (Scheme 14), have never been prepared
from white phosphorus. The known way to prepare P;-complexes starts from
the Zintl anion P$- [112]. Noticeably, when Li;P; is reacted with [NiCl,(PBu,),],
head-to-head dimerization of the P}~ ligand occurs to afford the richest P, lig-
and so far known, i.e., [{Ni(PBus),}4(P,4)] (89), where two P, ligands are held to-
gether by an elongated P-P bond [113].
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Scheme 14. Sketches of some polyphosphorus P, ligands with x > 6
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According to theoretical calculations [114], the most stable modification of a
neutral Pg ligands is expected to be the cuneane structure (C), which is found in
the phosphorus allotrope known as Hittorff’s phosphorus [115, 116]. Surpris-
ingly, a ligand conforming to this structural motif has been stabilized in the
mixed iron/iridium complex [{Cp*Ir(CO)},(p,n*%11:1-Pg){Cr(CO)5}5] (90), pre-
pared either by photolysis or thermolysis of [Cp*Ir(CO),] with P, in the pres-
ence of excess [Cr(CO);(thf)] (Scheme 4) [35]. The same unit has also been rec-
ognized in the iron derivatives [{CpM¢Fe(CO)},(p,n*211-Pg){CpMeFe(CO),},]
(91) and [{CpYFe(CO)},(a,722111-P,) {Cp¥eFe(CO), HFe(CO), HCpMeFe,(CO)s ]
(92) prepared by photolysis of [{CpM¢Fe(CO)},], and P, [115].

Starting from the bicyclo-(Ps-P;) polyhedron (D) the “homologation” of poly-
cyclic polyphosphorus ligands with stepwise increments corresponding to P,
units has been accomplished. Complexes of general formula [{Cp”’Co},(P,,_,)]
[x=3; n=0 (29), 4 (28), x=4, n=2 (27)] have been isolated and, for the Pg and P,
complexes, characterized by X-ray methods [38, 39]. The related P,,-rhodium
derivative [{Cp”Rh}4(P;)] (93) is also known [42]. Remarkably, all these com-
plexes, whose astounding structures are summarized in Scheme 3 share the
same basic motif (D-F) consisting of a bent P5 envelope connected through an
isolated P-P bond to a second uneven-numbered P, fragment (x=3,5,7).

A quite unusual geometry is encountered in Goh’s P;, complex [{CpCr(CO),}5
(P1p)] (46) generated by cothermolysis of [{CpCr(CO);},] (Cr-Cr) with P,
(Scheme 7) [117]. The genesis of 46 is unclear as it is the formation of the P, lig-
and in [{CpP'Fe(CO),}(p,n"*2-P,;){Cp""Fe(CO)},] (94) from the reaction of
[{CpPFe(CO),}, (11,0 1-P,)] (30) with tolane (Scheme 11) [95]. The latter com-
pound is particularly remarkable being the first polyphosphorus complex with
an uneven number of P atoms (apart from P; and Ps) directly accessible from
white phosphorus [5].

3
31P-NMR Spectral Data for Transition Metal Complexes Containing P,
Ligands from P, Degradation

The huge variation of >'P-NMR chemical shifts and the big magnitude of J(BP)
coupling constants exhibited by transition metal complexes incorporating P, lig-
ands represent a formidable tool to get accurate and easily accessible information
about the solution structure of the compounds obtained from the reaction of P,
and transition metal complexes. The NMR information is also useful to clarify the
product of the synthetic procedures and the reactivity patterns as well. However,
notwithstanding the paramount importance played by *'P-NMR spectroscopy in
the coordination chemistry of white phosphorus and of the compounds described
in this report, no in-depth study aimed at critically analyzing the vast collection of
31P-NMR data available for these compounds has been published till now. In view
of the limited space available, it is not our intention to provide a comprehensive
survey of the reported NMR data; rather, we intend to outline the general trends
of the >'P-NMR chemical shifts for the several degradation products formed from
P,-metal activation. A comprehensive statistical study addressing the relation-
ships between the chemical shifts and coupling constants vs the structural and
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bonding properties of transition metal complexes containing naked phosphorus
ligands is currently under development and will be presented in due course. Thus,
only some general trends will be presented in this chapter with the purpose of
providing the reader with useful information about the 3'P-NMR properties of
naked P, ligands. As a helpful assist to the reader, we have collected in Fig.4,in a
simple pictorial way, the range of chemical shifts exhibited by polyphosphorus
complexes as a function of the P, ligand (x < 4).

The 3P-NMR signal of white phosphorus appears as a singlet near
-526.9 ppm at room temperature in CD,Cl,. Upon coordination, the four phos-
phorus atoms of the P, tetrahedron invariably move downfield with respect to
the resonance of the free molecule. The extent of such a shift strongly depends
on the nature of the metal, its oxidation state, and the electronic properties of the
ancillary ligands. Although the paucity of the collected data should be critically
considered; nevertheless some meaningful conclusions can be drawn. Thus, it
appears that the metallated P, atom experiences the larger downfield shift with
respect to free P, with A-values ranging from about 100 ppm for the tungsten(0)
derivatives [W(CO);(PR;),(1!-P,)] (5, 6) [16], to more than 200 ppm for the
ruthenium(II) complex [(PPh;),RuCl(p-Cl);Ru(PPh;),(7'-P,)] (11) [23].1n con-
trast, the three magnetically equivalent Py atoms show a less pronounced shift
with a narrow distribution of values [§(Pg)..=-478]. The temperature invari-
ance of the AB; spin system points to the absence of any dynamic process ex-
changing P, and Py atoms. In addition, the lack of coalescence for the high field
Pz-doublet in the *'P-NMR spectrum of [(triphos)Re(CO),(n!-P,)]* (8) down to
-105°C is in line with a P,-ligand freely rotating about the P,-metal axis [17].
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Fig. 4. Range of *’P-NMR spectral data for polyphosphorus P, compounds (x < 4) [85% H;PO,
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Once the P,-tetrahedron undergoes a metal-promoted activation with a more
or less drastic disruption of the original geometry, the NMR resonances due to
the naked P atoms generally move low-field to a largely variable extent depend-
ing on both the achieved P, topology and the nature of the coordinated metal
ligand fragment. Inspection of Fig. 4 allows one to draw some useful conclu-
sions, which are illustrated below, paralleling the stepwise demolition of the n'-
tetrahedro tetraphosphorus ligand. As a general rule, the metallated P atoms are
more deshielded than the P-atoms not coordinated to the metal in line with the
Lewis-acid properties ascribable to metal centers.

In keeping with these general trends, the *P-NMR spectra of 1?-P, complexes
usually exhibit A,B, splitting patterns downfield shifted in comparison to the
signals of both free P, and n'-P, complexes. Generally, the metal coordinated
phosphorus atoms (P,) are less electron-rich and resonate to lower fields than
Pg. The interesting complex [{Cp”Co}(u-CO)(P,)] (25) (see Scheme 3) [58],
which is the only known example of P,-complex containing an almost separated
P,/P, array of phosphorus atoms, shows an averaged signal at —-50.2 ppm for the
four P atoms. Remarkably, the dynamic behavior of 25 represents a pervasive
feature in transition metal-P, chemistry, which often makes extremely compli-
cated the assignment of solution structure for these complexes by *P-NMR
spectroscopy.

The few data available for compounds featuring the P,-butterfly geometry
(A,B, spin system) fall in a very narrow range of § values, and, in keeping with
the general rule outlined above, in all the known examples the metallated P atom
(P,) is significantly more deshielded than Py [A(Pg-P,).. = 140 ppm]. An even
larger deshielding is shown by the P atoms incorporated in planar cyclo-P, lig-
ands which span a wide range of positive chemical shifts (487 < § < -3). Further
degradation of the P, ligand to the tripodal disposition yields a very peculiar
3IP-NMR spectrum (AB; system if one assumes the magnetic equivalence of the
three peripheral P atoms) with the three metal-coordinated P atoms resonating
within a broad range of values almost overlapped with those determined for the
complexes containing a cyclo-P, ligand. In contrast, the non-coordinated phos-
phorus atom (P,) roughly resonates in the interval between - 161 and —466 ppm
pointing to a modest electronic perturbation. The alternative disposition of four
P atoms coordinated to the metal in an acyclic chain fashion displays a wide
range of chemical shifts between 567 and 147 ppm, similar to that observed for
cyclic P, ligands. At first glance it appears that the chemical shift of such acyclic
PPPP chains strongly depends on the adopted way of wrapping around the
metal center.

Removing the P, topology first leaves P; ligands, which may coordinate to
transition metal fragments by adopting one of two possible dispositions, i.e.,
open chain and cyclo-P; structures. The triangular arrangement causes *'P-sig-
nals to fall in a relatively narrow range from ca. - 69 to -381 ppm, which largely
depends on the overall charge of the complex, as well as the metal and the coli-
gands nature [12, 65]. In general, mononuclear cyclo-P; complexes display high
field signals with respect to triple-decker complexes where the P; unit bridges
two metals forming homo- or heterodinuclear systems. However, there is a large
overlap between the range of chemical shifts covered by mono- and dinuclear
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species, which broadly range from -133 to -300 ppm. Coordination of further
exocyclic metal fragments (up to three as in [(triphos)Co(r*11-P;){CpMn
(CO),}5] [118]), usually o-bonded to the P atoms of the cyclo-P; moiety, does not
extensively affect the chemical shift of the cyclo-P; ring. Triangular opened dis-
position of the P; ligand gives a smaller array of chemical shifts (-18.8 <6
< -103.6), which are normally downfield shifted in comparison with cyclo-P;
complexes.

A completely different behavior is found for the well assorted set of species
featuring P, ligands in which *'P-NMR resonances fall in a range spanning more
than 1300 ppm: from 959 ppm for [{Cp* Zr}, (1, *%-P,)] [119] to ca.-300 ppm for
[{CpW(CO),},(5,n'1-P,)] [120]; however, the data located at positive fields are
fewer than those falling at high field. The impressive variation of chemical shifts
displayed by compounds containing diphosphorus ligands is certainly due to
the many coordination modes and dispositions exhibited by this simple ligand
which entails examples covering the large range of chemical shifts indicated in
Fig. 4. It may be rationalized in terms of multiform participation of the excited
states of the P, ligand which possess a high degree of radical character [121].

The final step in the degradation pathways of the P, molecule provides single
phosphorus atoms coordinated to one (terminal phosphido, M=P, species) or
more transition metals (bridging phosphido, p1,-P, species). Related resonances
cover a wide range of chemical shifts from -369 to 1216 ppm. A simple inspec-
tion of Fig. 4 reveals that it is possible to associate a roughly distinct chemical
shift region to each class of known phosphido ligands with more or less signifi-
cant overlapping in some cases. In principle, there is not a direct connection be-
tween the displayed range of chemical shifts for a certain type of phosphido lig-
and (j1,-P) with the coordination number exhibited by the phosphorus atoms.
However, some care should be applied in extrapolating predictable information
from these data because the known categories of phosphido ligands span from
monometallic species (p,-P) to high nuclearity clusters, encapsulating a phos-
phido atom embedded in the core of a decametallic polyhedron [122]. It is also
worth mentioning that some of the possible p1,-phosphido categories are scarcely
represented [123] or are even not yet known, as for j1,-P and ps-P species.
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1
Introduction

The preparation of new classes of inorganic polymers provides a substantial
synthetic challenge but is motivated by the possibility of accessing new materi-
als with interesting and useful properties [1]. Advances in the last two decades
or so of the twentieth century have led to the preparation of a variety of new
polymers which contain main group elements, transition metals, and even lan-
thanides [1]. It is plausible that some of these new materials will possess prop-
erties which are difficult or impossible to achieve with existing organic materi-
als and may in the future fulfill the requirements of specialized markets. Phos-
phorus is one of the most abundant elements on Earth and the development of
the polymer chemistry of this fascinating non-metal is clearly of both funda-
mental and applied interest. In this chapter we survey recent progress made in
the development of linear inorganic polymers where phosphorus is contained in
the polymer main chain.

The most widely studied class of phosphorus-containing inorganic polymers
are the polyphosphazenes, 1, which have a backbone composed of alternating
phosphorus and nitrogen atoms [2, 3]. The side groups, R, can be alkoxy, aryloxy,
amino, alkyl, aryl, inorganic, or organometallic groups. This large range of ac-
cessible structural variations is accompanied by a wide range of polymer prop-
erties that are highly dependent upon the nature of the side groups.

R cl ~p?
| | 2
IID-:N T:N Cl | ||/CI
P P.
R cl AR
n n cl N cl
1 2 3

The first polyphosphazene, polydichlorophosphazene (2), was prepared in
crosslinked form by Stokes at the end of the nineteenth century by the thermal
ring-opening polymerization ROP of the cyclic trimer [CL,PN]; (3) [4]. This ma-
terial, referred to as “inorganic rubber,” remained a chemical curiosity due its in-
tractability and hydrolytic instability until the mid-1960s when it was shown by
Allcock and Kugel that if the (ROP) of pure 3 is carried out carefully, un-
crosslinked polydichlorophosphazene (2), which is soluble in organic solvents,
is formed [5]. Subsequent reaction of this highly reactive polymeric species with
nucleophiles has been shown to yield a wide range of hydrolytically stable
polyorganophosphazenes by the pioneering work of Allcock and coworkers
[4, 6-8]. Since that time, the development of condensation routes to poly-
dialkylphosphazenes and polydichlorophosphazene have also been reported
[9, 10]. This chapter focuses on new polymer systems and on the recent interest
in the synthesis of hybrid systems which incorporate phosphorus and nitrogen
together with other elements in the polymer main chain.
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2
Synthesis and Properties of Polycarbophosphazenes

In the past decade reports of a series of polyheterophosphazenes have appeared
in the literature. Among these are the polycarbophosphazenes, which possess a
backbone of phosphorus, nitrogen, and carbon atoms and can be regarded as
derivatives of “classical polyphosphazenes” 1 in which every third phosphorus
atom is replaced by carbon. The first examples of these materials were discov-
ered in 1989 by Allcock, Nuyken et al. [11]. Thermal ROP of a cyclic carbophos-
phazene was used to prepare the chlorinated polymeric species 4 which under-
goes halogen replacement reactions with nucleophiles such as aryloxides to
yield hydrolytically stable poly(aryloxycarbophosphazenes) 5 (M, =ca. 10°)
which are isolated as white, solid materials. The polymer backbone in these ma-
terials was found to be less flexible than in classical polyphosphazenes [11-14].
For example, the halogenated polymer 4 possesses a glass-rubber transition
(T,), which reflects the onset of large-scale conformational motions of the poly-
mer chain, of -21°C compared to a value of -66°C for polydichlorophos-
phazene 2:

-Cx cl OAr  OA
all” Mo ec ¢ _ NeOAr T
p. pl ———> ?—N P=N—P=N C=N—P=N—P=N
SNEN \ | | |
7 N
cl al OAr  OAr  OAr |
5 (1)

The reaction of 4 with alkylamines has also been studied [14]. The resulting
poly(alkylaminocarbophosphazenes) are sensitive to hydrolysis. However, aryl-
amino derivatives are moisture stable and, in addition, a novel, regioselectively
substituted polymer 6 was successfully prepared via the sequential reaction with
NHPh, and trifluoroethoxide anions:

i) NHPh, PR QR
4 > C=N—P=N—P=N
N 2
1) NaOR NPh, OR OR |, @)
OR = OCH,CF,
6

3
Polymers Containing Phosphorus and Transition Elements

Examples of polymers which contain both transition metals and phosphorus
atoms in the main chain remain relatively rare. In 1989, Roesky and Liicke briefly
reported the synthesis of the first polymetallaphosphazenes where every third
phosphorus atom from a classical phosphazene is replaced by a metal atom
(M=Mo, W) [15]. Polymetallaphosphazenes (7) were isolated through the ROP
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of cyclic metallaphosphazenes in refluxing xylenes. However, detailed charac-
terization of these materials has yet to be reported:

|
CI\E/CI
N A Cl Ph Ph
pn | Pn I | I
—»> E=N—P=N—P=
2 AN | /N [T NTREN
Ph Ph Xylenes Cl Cl Ph Ph "
E =Mo, W 7 (3)

Examples of “organometallic” polymers containing both phosphorus atoms and
transition metals in the backbone include polyferrocenylphosphines 8 (and the
corresponding phosphine sulfides 9), which are accessible via the thermal ROP
of phosphorus-bridged [1] ferrocenophanes [16, 17]. Polymers of this type have
been previously prepared by condensation routes and the catalytic potential of
some of their transition metal derivatives has already been noted [18]. Living
anionic ROP of phosphorus-bridged [1]ferrocenophanes has recently been
demonstrated and provides a route to block copolymers such as 10 (PI=poly-
isoprene) [19]:
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Sulfur-Nitrogen-Phosphorus Rings and Polymers

w

]

4.1
Polythiophosphazenes

Sulfur-nitrogen-phosphorus polymers possess backbones which can be re-
garded as compositional hybrids of those present in sulfur-nitrogen polymers,
such as the solid state polymer poly(sulfur nitride) [SN], or polyoxothiazenes
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[RS(0)=N], and classical polyphosphazenes, [R,P=N], 1 [20, 21]. The first well-
characterized examples of these materials, polythiophosphazenes, were also re-
ported by Allcock et al. [22]. These polymers were prepared via the thermal ROP
of a cyclothiophosphazene. This yielded the hydrolytically sensitive polythio-
phosphazene 12 with a backbone of three-coordinate sulfur(IV), nitrogen, and
phosphorus atoms. Although reaction of 12 with nucleophiles such as aryloxides
yielded materials 13 with improved hydrolytic stability, degradation in the pres-
ence of moisture was still rapid except where very bulky substituents such as o-
phenylphenoxy were present:

| |
N4S\ N 90 °C ? C|: NaOAr
CI\| ”/CI _ ?ZN_FF:N_IT):N — >
Ps. _P
ESNPSAN
of SNTNG cl cc n
11 12
OAr OAr
I | 5
S=N—P=N—P=N ()

Although the backbone of polythiophosphazenes appears to be quite fragile, a
particularly interesting feature of the substitution reactions of 12 is that the S-Cl
bond is much more reactive than the P-Cl bonds. Regioselective substitution at
the sulfur center is possible to yield macromolecules 15 with different aryloxy
substituents at sulfur and phosphorus. [22, 23]:

2 2
NaOAr ¢ o NaOAr2 OAr" OAr
12— 4 S=N—P=N—P=N-F+ —————> -S=N—P=N—P=N
r oy l L, 1,
oar' ¢ Cl . OAr'  OAr®  OAr

14 15 (6)

4.2
Polythionylphosphazenes

4.2.1
Cyclic Thionylphosphazene Monomers

One of the most well studied heterophosphazenes is the cyclic thionylphos-
phazene 18 which was first prepared in 1972 by two different low yield routes. Van
de Grampel et al. reported the synthesis of small quantities of this species via the
vacuum thermolysis of CI;P=N-PCl,=N-SO,Cl [24]. An alternate, low yield route
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was provided by Klingebiel and Glemser using a [3 + 3] cyclocondensation route
between [Cl;P=N=PCL;]PCl; and sulfamide SO,(NH,), [25]. The best synthetic
route to 18 is that described by Suzuki et al. in 1983 [26] which involves the reac-
tion of sulfamide with PCl; followed by a [5+ 1]cyclocondensation reaction be-
tween the bis(phosphazo)sulfone 16 with hexamethyldisilazane. The chlorina-
tion of the cyclic species 17 is accomplished by reaction with PCl; in a mixture of
EtOH/CHCI; affording 18 in yields of 40-75%. Two comprehensive reviews on
the chemistry of 18 with particular emphasis on halogen side group replacement
reactions have been published by van de Grampel in 1981 and 1992 [27, 28]:

0L 0
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e NS (Me5Si),NH N
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4,2.2
Thermal ROP of Cyclic Thionylphosphazenes

In 1991, Liang and Manners reported that when the cyclic thionylphosphazene
18 is heated in the melt at 165°C, thermal ROP takes place to yield the poly-
thionylphosphazene 19 with chlorine substituents at both sulfur and phospho-
rus [23]:

N7 o) Cl Cl
N/S\\ 165°C i | |
R —N—P=N—P=
CI | Cl S| N FI’ N Fl’ N )
AN ci cl cl
Ci Cl n
18 19

The fluorinated derivative 20 which can be prepared by reaction of the per-
chlorinated thionylphosphazene with AgF, [29], HgF,/AICl; [30], or alterna-
tively with AgBF, [31], also undergoes thermal ROP when heated in the melt at
180°C yielding 21 [32]:
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As a consequence of the hydrolytically sensitive main group element-halogen
bonds the gummy polymers 19 and 21 are sensitive to moisture and must be
handled under an inert atmosphere. Therefore, molecular weight measurements
on these perhalogenated polythionylphosphazenes have not yet been reported.
Nevertheless, insight into the conformational flexibility of the main chain pre-
sent in these new polymer structures was obtained from an analysis of their
thermal transition behavior by Differential Scanning Calorimetry (DSC). T,s
were detected at —-46°C for 19 and -56°C for 21. These values are intermediate
between those of related polyphosphazenes [N=PCl,], (T,=-63°C) [2] and
polyoxothiazenes such as [NS(O)Me],, (T;=55-65 °C)[33] reflecting the hybrid
nature of the polymer structure. This increase in T, suggests that there is a de-
crease in conformational flexibility of the perhalogenated polymers when
S(0)Cl or S(O)F groups replace a PCl, unit in the backbone. This is probably a
consequence of (i) the smaller size of sulfur relative to phosphorus and (ii) in-
creased intermolecular interactions when a highly polar S=0 moiety is present.
The lower T, (-56°C) of polymer 21 which has fluorine at sulfur, compared with
that of 19 (-46°C) which has a chlorine substituent, can be attributed to the
smaller size and lower polarizability of a fluorine side group compared with a
chlorine. This trend is also observed with polyphosphazenes and organic poly-
mers. For example, the T, of [N=PF,],, (-96°C) is significantly lower than that of
[N=PCL], (-66°C) and the T, of poly(vinylidenefluoride) [CH,CF,], (-39°C) is
lower than that of poly(vinylidenechloride) [CH,CCL], (-19°C).

Ab initio molecular orbital calculations on short-chain model compounds of
polythionylphosphazenes 19 and 21 have also been carried out to study the con-
formations and bonding present, and to provide insight into the factors that in-
fluence chain flexibility [34]. Geometry optimizations show that the model
compounds adopt a non-planar trans-cis structure which has been attributed to
the presence of two different substituents on sulfur. The calculations suggest
that the isotactic polymer (i.e., one in which the sulfur(VI) stereocenters have
the same configuration) would form a 12/5 helix in an extended conformation
and that highly polar S-N and P-N bonds are present where sulfur and phos-
phorus are electron-deficient and nitrogen is electron-rich. The torsional flexi-
bility was also studied, and revealed that the torsional barriers for rotation of the
S-N-P and P-N-P bond angles decrease when changing from chlorine on sulfur
in 19 to fluorine on sulfur in 21. This calculated increase in flexibility in 21 is
consistent with the observed lowering of the T, when fluorine replaces chlorine
as a substituent on sulfur.
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4.23
Isolation of Macrocycles from Thermal ROP Mixtures

The dominant compounds present in the crude reaction mixture after heating
18 for 4 h at 165°C are unreacted cyclic thionylphosphazene 18 and polymer
19 (ca. 80%). In addition to these species several other minor products can
be detected by 3'P NMR [35]. Furthermore, Fast Atom Bombardment mass
spectrometry indicated that 12-, 18-, 24-,30-, and 36-membered rings, [(NSOCI)
(NPCL),], (n=2-6), are also formed. From this mixture the cis and trans iso-
mers of the 12-membered ring 22a and 22b have been successfully isolated and
characterized by X-ray diffraction (see Fig. 1a). The two rings were found to be
significantly non-planar and the P-N-P bond angles are highly expanded
[134(1)-163(1)°] relative to 18 [122°], whereas the S-N-P angles are only slightly
expanded. Interestingly, the angles at sulfur are much smaller in 22a and 22b
than in 18, whereas the angles at phosphorus are similar. The bond lengths in the
heterocycles are typical for P-N and S-N double bonds.

Fractional recrystallization also yielded the remarkable 24-membered
macrocycle 23 which was characterized via crystallographic analysis (see
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b CI(10)

Fig. 1. Molecular structures of: a a 12-membered thionylphosphazene ring (22a); b a 24-mem-
bered thionylphosphazene ring (23). Reproduced from [35] with permission
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Fig. 1b). Compound 23 is among the largest inorganic heterocycles to be char-
acterized structurally to date [36]. The structural features of 23 are similar to
those of 22a and 22b; however, in this case the crystal contained only the
cis/trans/cis/trans isomer in which the PCl, fragments alternate between being
exo- and endocyclic. Studies of this type may provide insight into the mecha-
nism(s) of polymerization/oligomerization and may also provide access to
novel complexes with metal ions.

4.2.4
Synthesis and Properties of Hydrolytically-Stable Polythionylphosphazenes

In order to prepare hydrolytically stable polythionylphosphazenes the perchlo-
rinated polymers were reacted with nucleophiles to substitute the hydrolytically
sensitive main group-element halogen bonds [2]. This type of post-polymeriza-
tion structural modification is well-established in polyphosphazene chemistry
[2, 8]. Thus, aryloxide nucleophiles or primary amines were used to substitute
the polymers leading to poly(aryloxythionylphosphazenes) 24 and poly(amino-
thionylphosphazenes) 25 respectively [35, 37]:

(l? (l)Ar (l)Ar
+ NaOAr ——S|=N—F|’=N—F|’= NT—
o} cl cl / X OAr  OAr
I | I :
FTNTR NN “
X cl (O
C”) ll\lHR TIHR
19 or 21 +RNH2 —_S|:N7|:N_IT:N—_
NHR NHR NHR N
25 (10)

In the case of the reaction with aryloxides, only substitution of the P-Cl bonds
can be achieved even after prolonged reaction times. Interestingly, the sulfur-
chlorine (in 19) or sulfur-fluorine (in 21) bonds remain intact. This regioselec-
tive substitution pattern is exactly the opposite to that observed with polythio-
phosphazenes 12 which contain sulfur(IV) centers where perhalogenated deriv-
atives substitute with aryloxides preferentially at sulfur [38]. In contrast to
aryloxides, amines readily substitute at both the phosphorus and sulfur sites at
ambient temperature. The resulting moisture stable polythionylphosphazenes
range from colorless elastomeric materials (see Fig. 2) to glassy polymers which
are isolated as white powders (see Table 1).

The poly(aryloxythionylphosphazenes) 24 and poly(aminothionylphospha-
zenes) 25 show no noticeable change after storage in air for several years. How-
ever, in solution, polymer 24 rapidly decomposes in the presence of strong bases
such as NaOH or excess sodium aryloxide at elevated temperatures. These reac-
tions are presumably initiated by nucleophilic attack at the sulfur(VI) center.
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Fig. 2. A typical polythionylphosphazene elastomer (27 c)

The molecular weights of the polymers 24 and 25 have been estimated by Gel
Permeation Chromatography (GPC) relative to polystyrene standards (Table 1).
In addition, an absolute value of the weight average molecular weight (M,,) for
polymer 24b was determined by low-angle laser light scattering (LALLS) stud-
ies in THF solution and gave a value of M, =64,000 compared to the value
determined by GPC (140,000). This result showed that GPC, a relative technique,
overestimates the molecular weight of aryloxy-substituted polythionyl-
phosphazenes by a factor of 2. In contrast, LALLS for 25d gave M,,= 105,000
which is substantially greater than that determined by GPC (M,,=49,000). Thus,
poly(aryloxythionylphosphazenes) appear to be poorly solvated in THF and
thus the effective hydrodynamic size of the polymer coils is compact with re-
spect to polystyrene, whereas for poly(aminothionylphosphazenes) the exact
opposite is true. Thus, polymer molecular weights of 24 are overestimated and
underestimated for 25, since GPC separation of polymers is based on effective
hydrodynamic size.

The thermal transition behavior of the aryloxy polymers was studied by DSC
and, as expected, bulkier aryloxy side-groups, such as p-phenylphenoxide, led to
an increase in T, over less bulky side-groups such as phenoxide. For poly
[(amino)thionylphosphazenes], the T, values can be easily modified by varying
the type and length of side-chain used. The use of bulky amines, such as aniline
to substitute the polymer leads to a relatively high T, of 82°C for 25f. The T val-
ues show a general decrease as the length of the alkyl chain is extended from
methyl (25a) (T,=22°C) to hexyl (25¢) (T,=-18°C). This effect arises from the
free volume increase as the longer alkyl side groups push the polymer chains
further apart. Interestingly, in contrast to the situation for perhalogenated
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Table 1. Characterization data for selected polythionylphosphazenes®

R R’ Molecular PDI® T, (°C) Type of
weight (M,,) material

19 Cl Cl - - -46 Gum

21 F Cl - - -56 Gum

24a Cl OPh 58,000 14 10 Gum

24b Cl OC¢H,Ph-p 140,000 2.7 55 Glass

24c¢ F OPh 38,000 1.5 -15 Gum

24d F OC¢H,Ph-p 90,000 1.6 48 Glass

25a NHMe NHMe 5000°¢ 1.5 22 Glass

25b  NHEt NHEt 37,000 2.3 4 Gum

25¢ NHPr NHPr 49,000 1.9 6 Gum

25d NHBu NHBu 49,000 2.0 -16 Gum

25e NHHex NHHex 71,000 1.9 -18 Gum

25f NHPh NHPh 130,000 1.8 82 Glass

27a  NHBu OCH,CF; (51%) 140,000 1.7 -14 Gum
NHBu (49 %)

27b  NHBu OCH,CF; (76 %) 33,000 1.7 -20 Gum
NHBu (24 %)

27c¢ NHBu OCH,CF; (95%) 39,000 1.4 -30 Gum
NHBu (5%)

28a  NC;H,, NC;H,, 42,000 3.1 27 Glass

28b  NC,Hj NC,H, 57,000 2.6 24 Glass

29a NHBu NHBu (18%) 52,400 1.9 1 Gum
NEt, (82%)

29b  NHBu NHBu (29%) 53,500 1.8 -9 Gum
NEt, (71%)

29¢  NHBu NHBu (47 %) 63,700 1.8 -13 Gum
NEt, (53%)

29d NHBu NHBu (26 %) 35,700 4.9 20 Glass
NCsH,, (74%)

29e NHBu NHBu (56 %) 113,700 2.3 6 Gum
NC;H,, (44%)

29f NHBu NHBu (36 %) 33,500 10.9 14 Gum
NC,H; (64 %)

31 NHBu NHBu 150,000 1.9 -70 (PTHF) Gum

-16 (PTP)

2 R indicates the substituents on the sulfur atom (S-R), R” indicates the substituents on the
phosphorus atoms (P-R’).

b Polydispersity index (PDI) is the measure of the breadth of the molecular weight distribu-
tion of a polymer sample and is defined as the weight average molecular weight (M,,) di-
vided the number average molecular weight (M,,).

¢ The molecular weight of this water soluble polymer is probably a dramatic underestimate
because of its anticipated small hydrodynamic size in THF solution.
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polythionylphosphazenes, the aryloxy and amino-substituted materials gener-
ally possess lower Tgs than the analogous classical polyphosphazenes. For ex-
ample, the butylamino polymer 25d has a significantly lower T, (-17°C) than
[N=P(NHBu),], (T,=8°C) [39] This is a consequence of the presence of the
small S=0 group which leads to only five substituents of significant size per six
skeletal atom repeat unit in polythionylphosphazenes compared to six sub-
stituents for polyphosphazenes. Providing that the substituents are not small
this effect overrides the lower flexibility introduced by the replacement of a
phosphorus atom by a sulfur(VI) moiety discussed above. Another interesting
difference from polyphosphazenes is that all of the polythionylphosphazenes
prepared so far are amorphous and, to date, none show melting transitions by
DSC. Their amorphous nature has been confirmed by wide-angle X-ray scatter-
ing studies which give featureless diffractograms.

Attempts to substitute completely the halogen substituents of polymers 19
and 21 with alkoxide nucleophiles have led only to degradation of the polymer
backbone. The unexpected regioselectivity of substitution of the polythionyl-
phosphazenes with aryloxide nucleophiles and the rapid degradation of the
polymer backbone with alkoxide nucleophiles prompted us to model this be-
havior by studying the reactions of the cyclic thionylphosphazenes 18 and 20 to-
wards representative aryloxide and alkoxide reagents [40]. The substitution re-
actions with NaOPh were found to conform to the following general order of re-
activity: PCl,>PCl(OPh) >S(0)X (X=Cl or F). As in the case of the polymer, the
substitution of the S-Cl bonds did not take place under normal reaction condi-
tions, but it was found that, upon the addition of an excess of NaOPh and reac-
tion for several days at 25°C or reflux for 4 h, the fully substituted cyclic

Fig. 3. The molecular structure of a regioselectively phenoxide substituted thionylphos-
phazene, NSOF[NP(OPh),],. Reproduced from [40] with permission
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thionylphosphazene could be formed. In the case of the fluorinated cyclic
thionylphosphazene, even after prolonged reflux in excess NaOPh, no substitu-
tion of the S-Cl bond was detected and only the regioselectively tetrasubstituted
thionylphosphazene could be isolated (see Fig. 3).

Two alkoxide nucleophiles trifluoroethoxide and butoxide were chosen to
model the substitution pattern of 18 and 20. The reaction of cyclic thionylphos-
phazene with NaOBu was found to follow the same order of reactivity as NaOPh;
however, unlike NaOPh the substitution of the S-Cl bond was facile at room tem-
perature and the substitution of the S-F bond required an excess of nucleophile.
Interestingly, although the reaction of the cyclic thionylphosphazenes with the
NaOCH,CF; was found to follow the same general order of reactivity as NaOPh
or NaOBu (PCl,>PCI(OPh) >S(0)X), a significant enhancement in reaction rate
was detected with each equivalent of trifluoroethoxide added.

Although the reason for the backbone degradation in the reaction of 19 and
21 with alkoxides is still not clear, these results have encouraged the recent syn-
thesis of amorphous poly[alkoxy(amino)thionylphosphazenes] with high load-
ings of trifluoroethoxide [41]. Polymers 27 a-c were synthesized through the re-
action of 19 with Na(OCH,CFs;) in various ratios, followed by the reaction with
BuNH,. The substitution was found to proceed regioselectively with reaction of
alkoxide only at P, and subsequent substitution of the remaining P-Cl and S-CI
bonds with butylamine.

(0] Cl Cl o] R R

I | F|’ N + NaOCH20F3 g N I|D N F|’ N R= X OCH2CF3

=N—P=N—P= R —— =N—P=N—P=

S=N—P=N—F i | | 4-x Cl

Cl Cl cl Cl R R

n n
19 26
+NH,Bu (11)
Por 7
R= X OCH,CF,

=N—P=N—P=N 2~ 3
? N Fl, | 4 -x NHBu
NHBu R R

These polymers have the lowest T,s determined to date from hydrolytically
stable polythionylphosphazenes. Upon an increase in the loading of trifluor-
ethoxide from 27a-c, the T, decreased from -14°C to -30°C. This decrease in T,
is expected as lower glass transition temperatures are observed for polyphos-
phazenes with trifluoroethoxy side groups {[P(OCH,CF;),N],,, T,=-66°C} than
with butylamino side groups {{[P(NHBu),N],,, T,=8°C}.

In order to expand further the polythionylphosphazene system, the polymers
28a,b and 29a-f were prepared with secondary amines [42]. While complete
substitution of chlorine atoms was observed for cyclic secondary amines, treat-
ment of 19 with the sterically more demanding HNEt, resulted in only a partial
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substitution. The hydrolytically stable poly(aminothionylphosphazenes) (29a-f)
were prepared through reaction of partially substituted polythionylphospha-
zenes with n-butylamine. Complete substitution of chlorine by cyclic secondary
amines led to materials with ambient T,s (28a, T,=27°C) when compared to
analogs derived from primary amines. As expected, an increase in the amount of
n-butylamino substituents in the mixed systems resulted in a decrease in the T,
of the final material (29¢, T,=6°C):

0 NR,  NR,
[ I | NHR, = piperidine,
T S=N—P=N—P=N-—— pyrrolidine

+NHR, I I |
NR NR. NR
? l <‘> / ., 2 G Y

S=N— P N—P N

\ (12)
Cl
\ ﬁ) ? Fﬁ R=x NR,
+NHR, 4-x NHBU
19 ||)+RNH2 TPTNTRENTR TN
R R R R'= NHBu
n
29
NHR, = piperidine,
pyrrolidine,
diethylamine

4.2.5
Applications of Polythionylphosphazenes as Matrices for Oxygen Sensors

Polythionylphosphazenes represent an interesting class of new polymers and
the possible applications of these materials are under exploration. One area
where significant potential has already been established involves their use as
phosphorescent oxygen sensor matrices [43]. Phosphorescent sensors based on
composites comprising transition metal-based dyes (e.g., [Ru(phenPh,);]**)
with oxygen quenchable excited states dispersed in polymer matrices of high
gas permeability (e.g., crosslinked polysiloxanes) have attracted attention as
oxygen sensors for biomedical applications [44]. In addition, much interest ex-
ists in the use of such sensors for barometric applications such as the determi-
nation of the air pressure distribution over aircraft models in a wind tunnel. In-
formation of this type plays a vital role in aircraft design and testing. However,
current techniques involve the use of solid state pressure taps which are moni-
tored individually. This technology is very expensive, gives pressure information
only at points where the taps are located, and is limited to stationary objects. The
use of pressure sensing composites has the potential to overcome all of these
problems. For example, simply spray-coating a film of the composite on a sur-
face of interest allows the pressure distribution over the whole surface to be
readily monitored via illumination of the excitation wavelength of the dye and
data acquisition in the region of phosphorescent emission, the intensity of
which depends on the air (i.e., oxygen) pressure at that point.

Manners, Winnik and coworkers have shown that poly(aminothionylphos-
phazenes), 25, offer some significant advantages over existing materials for pres-
sure-sensing composite technology (see Fig. 4) and it has even been found that
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456

16
Fig. 4. Phosphorescent image of a section of a model aircraft wing showing the surface pres-
sure distribution as a function of tilt angle () during a wind tunnel experiment. (The colors,
whilst artificial, reflect the pressure at different points on the surface. In this case, the polymer
matrix was composed of poly(aminothionylphosphazene)-b-poly[THF] (31) and the dye was
[Ru(phenPh,);]Cl,. The images were obtained from a series of tests run at the National
Research Council Wind Tunnel in Ottawa)

rotating objects such as propellers can be imaged. The key advantages of poly-
(aminothionylphosphazenes) for this type of application involves the high sol-
ubility and high diffusion coefficient for oxygen in these materials [45], the good
compatibility with the dye due to the polar polymer structure, and the ability to
access reasonable quality films without the need for crosslinking. In addition,
the relatively low T,s for 25 are important as large scale conformational motions
are usually vital for effective gas diffusion in a material. T, values of less than
-10°C, which represents a typical low temperature limit in a wind tunnel, are
therefore critical.

Unfortunately, films formed by 25d are still quite tacky which make them un-
suitable for these applications. Visualization of air flow over objects such as air-
craft requires materials which provide a smooth, abrasive resistant surface. With
this in mind, the cationic chain end of 19 (see Scheme 1) was reacted with
tetrahydrofuran resulting in polythionylphosphazene-b-polytetrahydrofuran
block copolymer (30 and 31) [46]:
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R R FTHE
o o «
n
19
o o 0
N=P—N=P—N=$ o/\/\—}
a o ¢ m
n
30
(13)
+NH,R

Black copolymer 31 forms free standing films which are non-tacky and have
good mechanical properties while maintaining oxygen permeability which is
fairly close to that of 25d.

4.2.6
Ambient Temperature Synthesis of Polythionylphosphazenes

It has been speculated that the thermal ROP of both 18 and 20 proceeds via the
heterolytic dissociation of the sulfur-halogen bond as the initiation step, form-
ing the highly reactive thionylphosphazene cation (32) (see Scheme 1) [20].
Propagation occurs via attack of 32 by another molecule of 18 (or 20) to give a
cationic cyclolinear species, which can subsequently be attacked resulting in
continued chain propagation. Cationic mechanisms are common for the poly-
merization of cyclic organic molecules and a similar mechanism involving
the ionization of a phosphorus-halogen bond has also been proposed for the
thermal ROP of the cyclic phosphazene 3 [2]. Attempts to isolate 32 through
the reaction of 18 with stoichiometric quantities of a variety of halide accep-
tors led instead to the synthesis of new S-substituted cyclic thionylphospha-
zenes [31].

In addition, these studies led to discovery of an ambient temperature route to
19 through reaction of 18 with substoichiometric amounts of Lewis acid cata-
lysts (such as GaCl;). As with the thermal ROP, reaction of 18 with 10 mol%
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Scheme 1. Proposed mechanism for the thermal ring-opening polymerization (ROP) of cyclic
thionylphosphazenes (18 and 20)

GaCl; produces 12-, 18-, 24-, and higher order macrocycles, in addition to high
molecular weight polythionylphosphazene, 19. Interestingly, the extent of reac-
tion and distribution of products was shown to be highly dependent on the con-
centration of 18 in solution (see Table 2).

Highly concentrated solutions of 18 and 10 mol% GacCl, afforded only 19 and
higher order macrocycles, whereas more dilute samples yielded 19 together with
smaller macrocyclic products with lower conversions. Subsequent reaction of 19
with n-butylamine yielded 25d with molecular weights in the range M,
52,000-150,000; PDI=1.26-2.52. Remarkably, dilute solutions of 18 (ca. 250 mg in
20 ml CH,Cl,) were found to be unreactive towards GaCl; (see Table 2). This
points to the existence of a critical concentration (~0.15 mol/l) below which
polymerization will not take place at ambient temperature. Although such ob-
servations are well-established for organic monomers (such as a-methylstyrene
and THF) [47], very few examples have been established for inorganic systems
[48].

4.3
Condensation Routes to Sulfur-Nitrogen-Phosphorus Polymers

Also noteworthy is the interesting condensation route reported by Turner et al.
which leads to polymers with backbones of alternating S(O)=N and P=N units
[49]. Although, polythionylphosphazenes could not be isolated through heating
mixtures of N-silylphosphoranimines (33) and N-silylsulfonimides (34) at
140°C, a regioselective coupling of the two compounds occurred by heating
equimolar amounts of 33 and 34 between 80°C and 140°C. The resulting
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Table 2. Conversion of 18 to polymer 19 using 10% GacCl, as an initiator in different volumes
of CH,Cl, upon equilibration®

Volume CH,Cl, 18 (%) 22 (%) 19 (%)®  Yield25d M, 25d PDI 25d

used (ml) (%)¢
0.25 0 0 100 684 84,7504 1.864
0.50 4 12 84 83 91,500 2.18
1 15 20 65 62 89,000 1.72
2 33 32 35 34 60,500 1.78
3 52 23 25 25 59,000 1.32
4 61 23 16 5 58,000 1.26
5 77 23 0 0 - -

10 88 12 0 0 - -

20 100 0 0 0 - -

2 0.76 mmol of 18 were used. The composition of the reaction mixture was determined using
1P NMR integration. (18 § =27.1 ppm, 22 § = -7.7, -7.9 ppm, 19 6 = -9.7 ppm).

b Estimate also includes higher membered rings (>12-membered).

¢ Isolated yield based on 252 mg of 18.

4 Average of 4 experiments. Yield of 25d. 51-89%; M,. 52,000-150,000; PDI 1.63-2.52.

thionylphosphazene monomers (35) were reacted with trifluoroethanol to give
the alternate monomer 36. Heating 35 and 36 (R=Me, OR=0CH,CF;) at 140°C
and 100°C, respectively, resulted in low molecular weight polythionylphos-
phazenes, 37. Polymer 37 represents the first polythionylphosphazenes with
alkyl side groups:

33 ﬁ FI‘
+ —> F{O—SlzN—!!JZN—SlMe3
0 R R
|
RO~ $= N—SiMe, 35
I
34 (14)
140 °C
ROH
o R 100°C 0 R
IS:N—|I3:N - RO—S{Z N—ITIN—H
R R R R

n
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In addition, the first polythiazylphosphazenes (38), which contain two coordi-
nate sulfur(III) atoms, were prepared from the reaction of Cl,PN,(SiMe;); with
sulfur halides [50]. The materials, which also possess alternating S-N and P-N
units in the polymer backbone, represent true hybrids of poly(sulfur nitrides)
and polyphosphazenes and further developments in this area should prove to be
particularly interesting:

S,Cly
MeCN
+ S=N— P N
20°C 15)
//NSiMea
CloP, 38
N(SiMe,),

5
Synthesis of Polyphosphinoboranes

5.1
Early Pyrolytic Routes to Phosphinoboranes

Cyclic phosphinoboranes of the general formula [R,P-BH,], (R=alkyl or aryl,
x=3 or 4) are well known as a result of the pioneering work of Burg and Wagner
in the 1950s. For instance, the pyrolysis of Me,PH - BH; at 150°C for 40 h is re-
ported to give a mixture of 90 % [Me,P-BH,]; and 9% [Me,P-BH,], [51]. Most in-
terestingly, these cyclic structures show high thermal stability, and resistance to
oxidation and hydrolysis.

The attempted synthesis of polymeric materials based on skeletons of alter-
nating, four-coordinate phosphorus and boron atoms, polyphosphinoboranes,
also received significant attention at that time, as such materials seemed likely
candidates for accessing valuable, high performance properties such as high
temperature stability and flame retardancy. However, the open literature on
phosphinoborane polymer chemistry is very limited and most of this work is
documented in patents and technical reports [52, 53]. The main synthetic
methodology studied involved thermally-induced dehydrocoupling of phos-
phine-borane adducts R,PH-BH; at ca. 200°C and above which was often per-
formed in the presence of additives such as amines, which were claimed to pre-
vent cyclization. For example, thermolysis of Me,P-PMe,-BH; or RMePH-BH;,
(R=Me or Et) at 175-200°C in the presence of amines was reported to give poly-
mers [RMeP-BH,], with molecular weights of 1800-6000 [54, 55]. A patent
claims a maximum molecular weight of 13,632 when the thermolysis of Me,PH
- BH; is carried out at 200°C for 17 h with a difunctional base but no further
product characterization was reported in this particular case [56]. In addition,
partially characterized, insoluble materials with three-coordinate phosphorus
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and boron atoms have been described [57]. However, none of the products were
convincingly structurally characterized by present day standards and, where re-
ported, the yields and molecular weights were generally very low. Since that time
the area of phosphorus-boron polymer chemistry has generally been neglected.

5.2
Metal-Catalyzed Dehydrocoupling Routes to Phosphinoboranes

In 1999, a novel transition metal-catalyzed dehydrocoupling route to linear and
cyclic oligomeric and also high molecular weight polyphosphinoboranes was
developed [58, 59]. The dehydrocoupling of the phosphine-borane adduct
Ph,PH - BH; in the presence of [{Rh(u-Cl)(1,5-cod)},] or [Rh(1,5-cod),][OTf]
(0.5-1 mol% Rh) gives the linear compound Ph,PH-BH,-PPh,-BH; (39) at 90°C,
and a mixture of the cyclic trimer [Ph,P-BH,]; (40a) and tetramer [Ph,P-BH,],
(40b) at 120°C. In addition, the catalytic potential of other complexes (e.g., Ti,
Ru, Rh, Ir, Pd, Pt) was investigated and was in many cases demonstrated:

[Rh]
90 °C
Ph,PH-BH > Ph,PH-BH,-PPh,-BH
-H,
39 (16)
[Rh]
120 °C (17)
Ph,PH-BH, > [PhoP-BH,]; + [PhyP-BHol,
-H
: 40a 40b

In the absence of the rhodium catalyst, no conversion of Ph,PH - BH; was ob-
served at this temperature. As previous work had shown, much higher tempera-
tures (>170°C) are necessary before Ph,PH - BH; undergoes thermally-induced
dehydrocoupling to give mainly [Ph,P-BH,]; (40a) [60]. Compounds 39, 40a,
and 40b were characterized by solution NMR spectroscopy (*H, !'B, °C, *'P nu-
clei) and by single crystal X-ray crystallography (39, 40b, see Figs. 5 and 6) [58,
59].

Early work on the pyrolysis of the primary phosphine-borane adduct PhPH,
- BH; by Korshak et al. in 1964 suggested that low molecular weight polymers of
possible formula [PhPH-BH, ], could exist. For instance, heating of PhPH, - BH,
at temperatures between 100 and 150°C for a period of 13 h was reported to give
a benzene-soluble polymer with an average composition unit PhnPH-BH,, as de-
termined by elemental analysis, and a molecular weight (M,) of 2150, which was
measured ebullioscopically. Longer heating and elevated temperatures (up to
250°C) led to the formation of insoluble material, without significant molecular
weight increase of the benzene-soluble fraction (maximum M, = 2630) [61].

When PhPH, - BH; was refluxed in toluene overnight in the presence of ap-
proximately 0.5-1 mol% of [Rh(1,5-cod),][OTf], dehydrogenative coupling was
indeed observed. After precipitation into hexanes an off-white product was iso-
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Fig. 5. The molecular structure of a linear phosphinoborane (3a). Reproduced from [59] with
permission

Fig. 6. The molecular structure of a cyclic phosphinoborane (40). Reproduced from [59] with
permission

lated and subsequently identified as poly(phenylphosphinoborane) (41) [58,
59]:
(Rh]
90 130 °C i
PhPH,-BH; P-BH, (18)
H
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Polymer 41 was characterized by 'H, 1B, 13C, *'P NMR and IR spectroscopy, and
elemental analysis. The molecular weight of 41 was determined by static light
scattering (SLS) in THE. However, the absolute weight average molecular weight
(M,,) of 41 prepared by this solution method was found to be relatively low
(M,, = 5600), corresponding to a weight average degree of polymerization (DP,,)
of only 46.

To obtain higher molecular weights by increasing the extent of reaction,
PhPH,-BH; and a rhodium catalyst were heated in the absence of solvent at
slightly more elevated temperatures. Neat PhPH,-BH; and a catalytic amount of
[{Rh(p-ClI)(1,5-cod)},] (ca. 0.6 mol% rhodium) were heated at 90°C for 3 h and
then at 130 °C for 3 h. The reaction mixture gradually became viscous at 90°C
and was completely solid after 3 h at 130°C. Dissolution of the product in THF
and subsequent precipitation into hexanes gave polymer 41 (ca. 75% yield)
which was spectroscopically identical to that prepared in toluene. However, in
this case the high molecular weight nature of 41 was confirmed by SLS, which af-
forded an absolute value of M,, = 33,300, corresponding to DP,, = 273. The SLS
studies on solutions of polymers 41 in THF also revealed that the second virial
coefficient A, equals zero. This indicates that THF is a poor solvent for [PhPH-
BH,], at 22°C and that the polymer is on the verge of precipitation (6 condi-
tions). Attempts to analyze the molecular weight distribution of samples of 41 by
GPC using styragel columns and THF as eluent were not successful. However,
dynamic light scattering (DLS) experiments on solutions of 41 in THF were also
performed. DLS is capable of obtaining the distribution of sizes in a polymer so-
lution and provides a measurement of the hydrodynamic diameter (D) of the
polymer. A sample of high molecular weight 41 (with M,, = 33,300) in THF
showed a value of D, = 10 nm. A small D, value (ca. 1 nm) was measured for the
sample of polymer 41 prepared by catalytic dehydrocoupling in solution which
is consistent with the relatively low molecular weight subsequently determined
by SLS (M,, = 5600).

Polyphenylphosphinoborane (41) is air- and moisture-stable in the solid
state. It is soluble in THF and chlorinated hydrocarbons, moderately soluble in
toluene and benzene, and is insoluble in aliphatic hydrocarbons such as hexa-
nes or in hydrophilic solvents such as methanol or water. Prolonged storage of
polymer 41 in THF solution in air results in slow decomposition, which is indi-
cated by a number of additional resonances in the *'P and 'H NMR spectra and
is probably peroxide-moderated. Additional experiments have shown that
[PhPH-BH,], (41) is stable in solution toward triethylamine (no P-B bond
cleavage was observed) and is inert to benzaldehyde (no hydrophosphination
occurred).

In the absence of rhodium catalyst, thermally-induced dehydrocoupling of
PhPH, - BH; proceeds very slowly and forms only low molecular weight materi-
als with complex NMR spectra. Hydrodynamic diameters obtained by DLS mea-
surements in THF solution clearly revealed the low molecular weight nature of
the material (D}, = 1 nm), which is consistent with the previous work by Korshak
and co-workers where molecular weights M,, of ca. 2000 were reported. This sug-
gests that the material probably consists of low molecular weight oligomers and
perhaps cyclics or branched species.
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Catalytic dehydrocoupling of the alkyl-substituted phosphine-borane adduct
iBuPH, - BH; has also been investigated and was found to be much slower than
that of PhPH,: BH;. This produced polyisobutylphosphinoborane [iBuPH-
BH,], (42) under neat conditions at 120°C (13 h) in the presence of [{Rh(u-
CI)(1,5-cod)},] in 80% yield [59]. Polymer 42 was isolated as a tacky solid after
precipitation into a mixture of 2-propanol/water from THE, and characterized
by multinuclear NMR spectroscopy. Conclusive evidence for the polymeric
character of 42 was obtained from DLS experiments in THF solution. However,
the hydrodynamic diameter of polymer 42 (D, = 7 nm) was slightly smaller than
the one measured for high polymeric 41. Making the approximation that poly-
mers 41 and 42 exhibit similar hydrodynamic behavior in THEF, the DLS data for
42 suggest a molecular weight of 10,000 to 20,000. Polyisobutylphosphinobo-
rane (42) is stable to both oxygen and moisture and is soluble in THEF, chlori-
nated solvents, toluene, and even hexanes, but is insoluble in water and
methanol. Again, the dehydrocoupling of iBuPH , - BH; is very sluggish in the
absence of rhodium catalyst.

Prolonged heating of polymers 41 and 42 at elevated temperatures in the pres-
ence of catalyst afforded insoluble products which were found to swell signifi-
cantly upon addition of THF or CH,Cl,. However, the >'P and '"H NMR spectra of
these materials (immersed and swollen in CDCl;) were similar to those obtained
for CDCl;-soluble polymers 41 and 42. As branching positions could not be de-
tected in the 3'P and "B NMR spectra, we assume that the polymers either be-
come weakly crosslinked (through additional interchain P-B coupling) or in-
crease in molecular weight above the solubility limit when heated for prolonged
periods above 120-130°C in the presence of catalyst.

Future work in this area will focus on detailed studies of the physical proper-
ties of polyphosphinoboranes, which can be regarded as analogs of poly(a-
olefins) with a phosphorus-boron backbone. This should be very revealing from
a fundamental perspective and useful properties such as flame retardancy and
oxidative stability may emerge. Substantial differences in physical properties
would be anticipated as the skeletal P-B bonds (typically >1.92 A) should be
much longer than C-C single bonds (1.54 A). Opportunities also exist for the
facile structural modification of polyphosphinoboranes such as 41 and 42 and
analogs via exploitation of the P-H functionality using deprotonation/elec-
trophilic addition reaction sequences. The dehydrocoupling mechanism is also
of considerable interest; the catalytic chemistry may involve M-P and/or M-B
bonds and studies in this area are in progress [62]. The extension of the syn-
thetic methodology to other skeletons based on alternating atomic sequences of
Group 13 and Group 15 elements may also be possible by analogous chemistry
and such materials would be of potential interest as precursors to III/V semi-
conductor materials. We have shown that amine-borane adducts also undergo
catalytic dehydrocoupling. For example, in the presence of Rh! complexes (ca.
1-5 mol.%) Me,NH-BH; yields the cyclic dimer [Me,N-BH,], at 25-45°C [63]
Such reactions may permit convenient routes to B-N polymers to be developed.
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6
Summary

In this chapter key developments in the inorganic polymer chemistry of phos-
phorus are reviewed. A range of interesting new polymer systems have been pre-
pared recently by using ROP routes or novel polycondensation methods. Further
investigation of the generality of these types of synthetic approaches and the de-
velopment of entirely new polymerization strategies and materials will be im-
portant. For example, dendritic systems, which are currently attracting much at-
tention, have also been recently prepared with phosphorus as a key structural
component [64]. A future challenge will also be to study and understand the
properties of the new phosphorus-containing materials and to investigate pos-
sible applications.
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Oligonucleotides and their analogues have recently found broad application in biochemistry
and molecular biology as new tools for studying interactions of nucleic acids with other bio-
molecules, and as potential candidates for therapeutics. In this chapter the synthetic methods
leading to P-chiral oligonucleotide analogues are reviewed, including synthesis of iso-
topomeric phosphates and various nucleotide and oligonucleotide conjugates. In this respect
special emphasis has been put on the application of oxathiaphospholane methodology, re-
cently developed in the authors’ laboratory, for the stereocontrolled synthesis of P-chiral bio-
phosphate analogues.

Keywords. Oligonucleotides, P-chiral DNA analogues, Phosphorothioates, Isotopomeric phos-
phates, Bioconjugates

1 Introduction . . . . ... . . .. ... 170

2 Oxathiaphospholane Approach to the Stereocontrolled Synthesis
of Biophosphates . . . . ... ......... .. .. .. ... ..., 171

2.1  The Principle of 1,3,2-Oxathiaphospholane Ring-Opening

Condensation Strategy . . . ... ... .. ..., 171
2.2 Stereocontrolled Synthesis of Oligo(nucleoside Phosphorothioate)s 173
2.3 The Mechanism and Stereochemistry of 1,3,2-Oxathiaphospholane

Ring-Opening Process . ... ... ................... 176
2.4 Stereocontrolled Synthesis of Isotopomeric Oligo(nucleoside

PS'®0-Phosphorothioates and -P!®0-Phosphates) . .. ... ... .. 178
2.5 The Application of 1,3,2-Oxathiaphospholane Derivatives for

5’-End Modification of Oligonucleotides . . . . .. ... ... .... 181

2.6  The Application of 1,3,2-Oxathiaphospholane Derivatives
for the Synthesis of Stereodefined Oligo(ribonucleoside

Phosphorothioate)s and their 2’,5"-Analogues . . . ... ....... 182
2.7 The Synthesis of Stereodefined Oligonucleotide Phosphorothioates

Possessing Modified Sugar Residues . . .. .............. 183
2.7.1 Derivatives of xylo-Nucleosides . . . .. ... ... ... ....... 183
2.7.2 Derivatives of Locked NucleicAcids . . . .. ............. 184
2.7.3 Dinucleoside N3’-O5’-Phosphoramidates and

Phosphoramidothioates . . ... .................... 185
2.8 Boranophosphates . ............. .. .. .. .. ... 186
2.9 The Application of the Oxathiaphospholane Approach for the

Synthesis of Conjugates of Nucleotides with Aminoacids . . .. .. 187

Topics in Current Chemistry, Vol. 220
© Springer-Verlag Berlin Heidelberg 2002



170 P. Guga et al.

2.10 Oxathiaphospholane Ring Opening Condensation

with Nucleophiles other than Alcohols . . . ... ........... 188
2.11 Oxathiaphospholane Approach to Phosphorothioylation of Polyols . 190
2.12 Synthesis of Phosphorodithioate Analogues of Nucleotides

and Oligonucleotides . . . . ... ... ... ... ... ....... 192
3 Summary . . ... e e e 194
4 References . . ............ .. ... ... 197

List of Abbreviations
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Thy thymine

Ura uracil

1

Introduction

Nearly 25 years ago this Laboratory introduced asymmetric trifunctional phos-
phorylating reagents of general formula (ArO)(PhNH)P(X)CI (1, X=0 or S) [1,
2] allowing for the stereocontrolled synthesis of P-chiral analogues of mononu-
cleotides and dinucleotides. Phosphorylation of the 3’-hydroxyl group of appro-
priately protected deoxyribonucleosides with 1 provided nucleoside-3"-O-
(O-aryl-N-phenylphosphoramidate)s (2a) or corresponding phosphoramido-
thioates (2b), readily separable into diastereomeric forms [2, 3]. Subsequent
stereoinvertive intramolecular substitution of aryloxy group with another hy-
droxyl function of the same nucleoside provided P-chiral nucleoside cyclic
phosphoranilidates (3) [4, 5], while reaction with 5’-OH group of another nucle-
oside furnished the corresponding dinucleoside 3’,5-phosphoranilidates (4)
[5]. The subsequent PN — PX conversion (X=S or 80) [6] allowed for stereore-
tentive replacement of anilido function with sulfur or stable oxygen isotope giv-
ing rise to pure Rp and S; diastereomers of nucleoside cyclic 3’,5’-phosphoro-
thioates (5a), isotopomeric nucleoside cyclic 3’,5"-[!30] phosphates (5b), or
dinucleoside 3’,5’-phosphorothioates (6) [5].
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The same methodology was applied for the synthesis of corresponding ri-
bonucleoside derivatives [7]. Unfortunately, that approach did not allow for the
chemical synthesis of P-chiral analogues of oligonucleotides, such as oligo(nu-
cleoside 3”,5’-phosphorothioate)s (PS-Oligos, 7) [8], widely used as biochemical
tools for investigation of numerous intracellular processes, or evaluation of an-
tisense strategy for regulation of protein biosynthesis [9]. In the vast majority of
so far published studies PS-Oligos have been used only as the random mixture
of diastereomers, prepared according to phosphoramidite [10] or H-phospho-
nate [11] methods. Therefore, the curiosity in consequences of the sense of chi-
rality at phosphorus atom for biological properties of PS-Oligos prompted us to
search for a novel method allowing for stereocontrolled chemical synthesis of
PS-Oligos [12].

2
Oxathiaphospholane Approach to the Stereocontrolled Synthesis
of Biophosphates

2.1
The Principle of 1,3,2-Oxathiaphospholane Ring-Opening Condensation Strategy

The early attempts to use relatively easily available diastereomerically pure nu-
cleoside 3’-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite) monomers for
the stereospecific synthesis of PS-Oligos failed because of inevitable racemiza-
tion of P!l intermediate caused by an excess of 1H-tetrazole necessary for effi-
cient elongation of oligonucleotide chain [13]. An idea to use for that purpose
appropriately protected nucleosides functionalized at 3’-O position with 2-thio-
1,3,2-oxathiaphospholane moiety arose from the studies on the reactions of di-
substituted phosphorothioates with oxiranes [14, 15],and in particular from the
observation that PS-PO exchange in 0,0-diphenyl phosphorothioate (8) upon
treatment with ethylene oxide in methanol solution resulted in formation of
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O-phenyl-O-methyl phosphate (9) [16] (Scheme 1) while neither 8 nor 0,0-
diphenyl phosphate undergo methanolysis under applied conditions.

Further mechanistic studies provided evidence that the reaction proceeds
with participation of 2-oxo-1,3,2-oxathiaphospholane intermediate 10 which
reacts with a nucleophile present in the reaction mixture (methanol) with the
cleavage of the endocyclic P-S bond and elimination of ethylene sulfide. More-
over, using diastereomerically pure Rp-thymidine-3"-O-(4-nitrophenyl phos-
phorothioate) we were able to prove that in the course of reaction with ['#0]oxi-
rane and [7O]water the opening of the oxathiaphospholane ring occurs with the
stereoselectivity 98 % [17]. Mechanistic considerations led to the conclusion that
the replacement of the exocyclic oxygen atom with sulfur in 10 should provide a
2-alkoxy-2-thio-1,3,2-oxathiaphospholane that should react with alcohols to
give a product with a phosphorothioate diester structure. To verify the applica-
bility of this strategy for the synthesis of stereodefined PS-Oligos [12], phos-
phitylating reagent 2-N,N-diisopropylamino-1,3,2-oxathiaphospholane (11,
R=H) was prepared by condensation of 2-mercaptoethanol with N,N-diiso-
propyl phosphoramidodichloridite. Reaction of appropriately protected nucleo-
sides with 11 provides 2-alkoxy-1,3,2-oxathiaphospholanes (12) (Scheme 2)
which are readily sulfurized with elemental sulfur to yield 2-alkoxy-2-thio-1,3,2-
oxathiaphospholanes (13) [18].

Compounds 13 are fairly stable under neutral conditions and the nucleoside
derivatives can be isolated by flash silica gel column chromatography. It was
found that the 2-thio-1,3,2-oxathiaphospholanes 13, similarly to their 2-oxo
counterparts 10, react with alcohols in the presence of base catalyst (preferably
DBU) under rigorously anhydrous conditions with the cleavage of endocyclic
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R” S OH . o-Ps
11 \_#
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PS-bond, followed by spontaneous elimination of episulfide and formation of
expected 0,0-dialkyl phosphorothioates in high yield. It has also been demon-
strated in model experiments that compounds 13 react with sodium methoxide
with formation of sodium O-alkyl-O-methyl phosphorothioate. The ring open-
ing condensation also occurred if potassium tert-butoxide was used as the
base, while in the presence of tertiary amines other than DBU, such as triethyl-
amine or diisopropyl ethyl amine (Hiinig base), the condensation process oc-
curred very slowly [19]. Importantly, the nucleoside monomers 13 could be
chromatographically separated into fast- and slow-eluting P-diastereomers
allowing for investigation of the stereochemical outcome of the methodology
designed for the stereocontrolled formation of the internucleotide phosphoro-
thioate linkage.

2.2
Stereocontrolled Synthesis of Oligo(nucleoside Phosphorothioate)s

For the purpose of solid-phase synthesis of PS-Oligos of predetermined P-chi-
rality, three classes of 5’-O-DMT-deoxyribonucleoside 3’-O-(2-thio-1,3,2-oxa-
thiaphospholane) monomers were developed (Scheme 2), bearing at position 4
of the oxathiaphospholane ring either hydrogen atoms (13) [18], methyl groups
(14) [19], or pentamethylene ring in the spiro-arrangement (15) [20]. The corre-
sponding 2,2-disubstituted-2-mercaptoalcohols necessary for the preparation
of 14 and 15 were synthesized separately via published procedures [21]. The
oxathiaphospholane monomers 13-15 were isolated in 80-90% yield as a mix-
ture of diastereomers in ca.55:45 ratio (*!P NMR). They were further separated
into individual diastereomers by careful silica gel column chromatography. The
separation was rather tedious and inefficient in the case of 13 and 14. Fortu-
nately, the monomers 15 could be much more easily obtained as diastereomeri-
cally pure species. It has been demonstrated that all separated diastereomers
13-15 react with appropriately 3’-O-protected or support-bound 5-OH nucleo-
sides (16) in a fully stereospecific manner (Scheme 3).

Fast- and slow-eluting monomers 13 give rise to 6 with internucleotide phos-
phorothioate linkages of Sp and R configuration, respectively. Interestingly, the
presence of two methyl substituents in position 4 in 14, as well as the presence
of pentamethylene group in spiro-arrangement at the same position in 15,
changed the relative mobility of diastereomers, and fast-eluting monomers were
precursors for internucleotide phosphorothioate linkages of Ry configuration.
Accordingly, slow-eluting monomers of 14 and 15 yielded PS-Oligos with S; con-
figuration of phosphorothioate centers. For the purpose of solid phase synthe-
sis of PS-Oligos it was necessary to use DBU-resistant supports with a sar-
cosinyl-succinoyl linker between 5’-O-DMT nucleosides (N-protected if neces-
sary) and controlled pore glass [22].

Detailed studies on the stereocontrolled synthesis of oligo(nucleoside phos-
phorothioate)s by the oxathiaphospholane approach were performed with
monomers 15 [20]. The optimization of the coupling step was performed [20, 23]
involving the amount of the monomer (20 mg for 1 umol synthesis), the con-
centration of DBU (1 mol/l) and the coupling time (450 s). To complete the pro-
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cedure, standard detritylation and capping steps were added. The optimized
synthetic protocol is given in Table 1.

The step-yield condensation in presented oxathiaphospholane methodology
not exceeding 93-95% does not allow for the synthesis of PS-oligos longer than
20-mers, albeit with a miserable yield stereodefined 28-mers of mixed-sequence
were obtained as well. Using this procedure several stereodefined oligo(nucleo-
side phosphorothioate)s with the length up to 28 bases were synthesized for
physicochemical studies and biological evaluation, although the final yields
were lower than that resulting from the non-stereocontrolled phosphor-
amidite/sulfurization process [10]. The quality of HPLC-purified products ob-
tained by both methods was comparable, as determined by PAGE, ion exchange
HPLC, ESI or MALDI TOF mass spectrometry, and 31P nuclear magnetic reso-
nance. The resulting products were free of nucleobase- and sugar-phosphate
backbone modifications. The stereoselectivity of ring opening condensation
was not lower that 98 %, as proved by the synthesis of all 16 combinations of di-
nucleoside phosphorothioates, followed by reversed phase HPLC analysis. Im-
portantly, the separated diastereomers of 15 were found to be more stable upon
storage than the monomers 13 and 14.
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Table 1. Synthetic protocol for the 1-pmol scale automated solid-phase synthesis of PS-oligos
using monomers 15, or PO-oligos using 17

Step Reagent or solvent Volume (ml) Purpose Time (s)

1 Dichloroacetic acid in CH,Cl, 2.3 Detritylation 50
Acetonitrile 7.0 Wash 150

2 Activated 15° or 17° in CH;CN 0.8 Coupling 470
Methylene chloride 3.33 Wash 200
Acetonitrile 7.0 Wash 150

3 DMAP/Ac,0/lutidine in THF 0.33 Capping 20
Acetonitrile 7.0 Wash 150

2 A mixture of 270 pl of a solution of a monomer 15 in CH;CN (75 mg/ml) and 530 pl of
1.5 mol/l DBU in CH;CN.

b A mixture of 270 pl of a solution of a monomer 17 in CH;CN (75 mg/ml) and 530 ul of
1.0 mol/l DBU in CH;CN.

It must be pointed out that in a growing PS-oligonucleotide synthesized by
oxathiaphospholane method, generated in each iterative step, internucleotide
phosphorothioate bonds are of diester structure. Therefore, elongation of
oligonucleotides possessing those phosphorothioate diester linkage(s) by the
use of phosphoramidite/oxidation method was not possible, as already gener-
ated phosphorothioate linkages would be readily oxidized upon treatment with
the oxidizing mixture I,/H,O/pyridine, typically used in aforementioned stan-
dard methods of synthesis of natural oligonucleotides [24]. Our attempts to find
an efficient method for reversible protection of diester phosphorothioate bonds
against oxidation were unsuccessful. To solve this problem we had to modify the
oxathiaphospholane approach by preparing 5’-O-DMT-nucleoside 3’-O-(2-oxo-
4,4-pentamethylene-1,3,2-oxathiaphospholane)s (17, Scheme 2). They were ob-
tained by oxidation of P! precursors 12 with selenium dioxide [20, 23]. The 2-
oxo derivatives 17 were found to be much less stable compared to their 2-thio
counterparts 15, and had to be isolated with rigorous exclusion of moisture. All
four deoxyribonucleoside monomers 17a-d (B’=Ade??, Cyt®, Gua®, and Thy)
were synthesized and used for the elongation of oligonucleotide chain with un-
modified nucleotide units. Since in this case, contrary to phosphoramidite or H-
phosphonate methods, the internucleotide phosphodiester linkages are formed
directly, i.e., without oxidation step, the stereodefined phosphorothioate link-
ages already present in a growing oligomer are prevented from oxidation ren-
dering possible the preparation of “chimeric” PS/PO oligonucleotides as well
as unmodified oligonucleotides (PO-Oligos). Examples of stereodefined PS-Oli-
gos and “chimeric” PS/PO-Oligos of predetermined structure and chirality are
numerous and can be found in relevant papers [25-32].
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2.3
The Mechanism and Stereochemistry of 1,3,2-Oxathiaphospholane
Ring-Opening Process

Mechanistic considerations for the nucleophilic substitution at the phosphorus
atom incorporated in 2-thio-1,3,2-oxathiaphospholane ring system involved
two possible pathways. The first one assumed that a DBU activated alcohol mol-
ecule may approach the phosphorus atom according to an “in-line” type mech-
anism, via colinear attack from the side opposite to the endocyclic P-S bond, and
that the resulting intermediate collapses with the ring opening and the cleavage
of the P-S bond with net inversion of configuration at the phosphorus atom. Al-
ternatively, the ring opening may result from an attack of the nucleophile from
the side opposite to the most apicophilic endocyclic oxygen atom (“adjacent”
type mechanism), resulting in a pentacoordinate intermediate with a trigonal
bipyramid structure, which before collapse has to undergo intramolecular re-
arrangement (pseudorotation) placing the cleavable P-S bond in the apical po-
sition. The stereochemical outcome of the second pathway must be retention of
configuration at phosphorus. In both cases the cleavage of the P-S bond is fol-
lowed by fast and irreversible elimination of alkylene sulfide, leading to a final
product. Our early model studies on the mechanism of nucleophilic substitution
in elsewhere postulated intermediate thymidine-3’-O-(2-o0xo-1,3,2-oxathia-
phospholane) [17] supported the participation of the “adjacent” mechanism, but
the presence of exocyclic sulfur instead of oxygen in position 2 of the oxa-
thiaphospholane ring might affect the mechanism of ring opening process.
This forced us to look for direct stereochemical evidence, rather than to apply
conclusions resulting from the structural analogy between 2-thio- and 2-oxo-
1,3,2-oxathiaphospholanes. As mentioned earlier, fast- and slow-eluting diaste-
reomers of the nucleoside 3’-O-(2-thio-1,3,2-oxathiaphospholane) 13 were
precursors of internucleotide bonds of S, and R, absolute configuration,
respectively [18], but their configuration could not be correlated with any
known P-chiral nucleotides. To solve that problem a set of model compounds
was designed, namely 2-[(R¢)-1-(a-naphthyl)ethylamino]-2-thio-1,3,2-oxa-
thiaphospholane (18) and O,S-dimethyl N-[(Rc)-1-(a-naphthyl)ethyl]phos-
phoramidothioate (19). Diastereoisomers of 18 and 19 were separated as pure
specimens, and two of them, namely slow-eluting-18 and slow-eluting-19, were
obtained in the crystalline form. Their X-ray analysis revealed that both
compounds have (Rp,R¢) configuration [33]. Since the slow-eluting-18, when
subjected to DBU-catalyzed methanolysis, followed by alkylation of resulting
phosphoroamidothioate with methyl iodide, yielded fast-eluting-19 (Scheme 4),
the conclusion has been drawn that the opening of the oxathiaphospholane ring
in compound 18 occurs according to the “adjacent” type mechanism.

However, that model system did not provide final evidence as it suffered from
the presence of amino substituent instead of alkoxy group attached to the phos-
phorus atom. Fortunately, the fast-eluting diastereomer of 5’-O-DMT-N*-ben-
zoyl deoxycytidine-3’-O-(2-thio-4,4-dimethyl-1,3,2-oxathiaphospholane) (14,
B’=Cyt") after detritylation with p-toluenesulfonic acid, yielded N*-benzoyl de-
oxycytidine-3’-O-(2-thio-4,4-dimethyl-1,3,2-oxathiaphospholane) (20) which
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was successfully crystallized from a mixture of toluene, methylene chloride, and
diethyl ether. An X-ray analysis of a single crystal of 20 allowed us to assign the
absolute configuration as Rp [20]. Since the detritylation process does not
change the configuration at phosphorus, the same configuration had to be as-
signed to its fast-5"-0-DMT derivative 14 (B’= Cyt®*), otherwise known to be the
precursor of phosphorothioate dinucleotide d(CpsC) of Rp-configuration. This
correlation, based on unambiguous results of crystallographic analysis, sup-
ported the hypothesis that the coupling reaction proceeds via an “adjacent”
mechanism with pseudorotation of the pentacoordinate phosphorus intermedi-
ate.

The results of ab initio calculations [34, 35] provided a theoretical basis for
the explanation of experimental results, and indicated that an attack of nucle-
ophile at phosphorus atom in 13 (and analogously in 14 and 15) occurs from the
side opposite to the endocyclic oxygen atom of 1,3,2-oxathiaphospholane moi-
ety (Scheme 5).
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The resulting pentacoordinate intermediate 21, fulfilling Westheimer’s rules
of nucleophilic substitution at phosphorus [36] (apical entry - apical depar-
ture), should undergo pseudorotation. The calculations have shown that the
pentacoordinate intermediate 22 with apical sulfur is energetically unfavorable,
and the cleavage of the P-S bond leading to ring-opening product 23 most likely
occurs via a tetragonal pyramid-like 24, the hypothetical transition state be-
tween 21 and 23, without involvement of 22. Nonetheless, the elimination of eth-
ylene sulfide from 23 provides product with phosphorothioate diester bond with
overall retention of configuration at P-atom.
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2.4
Stereocontrolled Synthesis of Isotopomeric Oligo(nucleoside
PS'®0-Phosphorothioates and -P'0-Phosphates)

Stereodefined PS-Oligos are often accepted as substrates by nucleolytic enzymes
and can be used for stereochemical studies of their mode of action [37]. If the
enzymatic hydrolysis is performed in the presence of isotopically labeled
['®O]water, an absolute configuration of the P-atom in the resulting nucleoside
['®0O]phosphorothioate monoester can be determined, thus providing important
information on the mechanism of the enzymatic reaction [38]. The same infor-
mation can be gained when PS-Oligo possesses phosphorothioate linkage(s) la-
beled with heavy oxygen isotope (PS'80-Oligo) and the unlabeled water is used
for hydrolysis. Such modification of substrates is advantageous because the en-
zymes are usually available as solutions in unlabeled water, and also it is much
easier and cheaper to prepare all buffers necessary for hydrolysis using H,'°0, as
compared to H,'®0 (or even more expensive H,70). Since recently developed
techniques of configurational analysis of nucleoside ['®0O]phosphorothioate
monoester residues allow one to work with very small amounts of oligonu-
cleotides [39],in many cases stereodefined PS*0-Oligos may themselves be use-
ful stereochemical tools in molecular biology. In our effort to obtain stereode-
fined PS'80-Oligos and P'®0-Oligos by the oxathiaphospholane approach, at
first we synthesized phosphitylating reagent 2-chloro-4,4-pentamethylene-
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1,3,2-['80]oxathiaphospholane (25) carrying an isotope label in endocyclic po-
sition (Scheme 6).

For that purpose, commercially available cyclohexanecarbaldehyde (26) was
converted into 2,2’-dithiobis(cyclohexanecarbaldehyde) (27) [40] and subse-
quently transformed into 2,2’-dithiobis(cyclohexanecarbo-N-phenylimine)
(28). Its HCl-promoted hydrolysis in the presence of [**O]water yielded 2,2’-
dithiobis(['®O]cyclohexanecarbaldehyde) (29) with almost unchanged isotopic
enrichment. The two-step reduction of 29 gave 1-mercapto-1,1-pentamethyle-
neethan-2-['¥0]ol (30) which in reaction with PCl; provided 25. Phosphitylation
of 5’-0-DMT-nucleosides with 25, followed by sulfurization, gave monomers
[0]-15a-d (B'=Ade®?, Cyt®, Gua'®, Thy), which subsequently were separated
chromatographically into pure fast- and slow-eluting P-diastereomers of Rp and
Sp absolute configuration, respectively. Configurational assignments based upon
known stereochemistry of the condensation process (see above) allowed us to
conclude that the slow- and fast-['*0]-15 provide [**0O]phosphorothioate inter-
nucleotide bonds of Sy and R;, absolute configuration, respectively. According to
Cahn-Ingold-Prelog’s rule, the isotopic replacement %0 —'30 in internu-
cleotide phosphorothioates does not change either the sense of chirality or the
absolute configuration of the phosphorus atom, as the atomic numbers of both
oxygen isotopes are the same [38].

Monomers ['#0]-15a-d were successfully used for the synthesis of several
stereodefined oligo(nucleoside ['®0]phosphorothioate)s. Their stereochemistry
and isotopic enrichment were confirmed by a combined enzymatic-mass spec-
trometry method employing snake venom phosphodiesterase or calf spleen nu-
clease,and MALDI TOF mass spectrometry.

To obtain a set of monomers for direct synthesis of stereodefined P*¥0-Oli-
gos, diastereomerically pure monomers [!%0]-15a-d were stereospecifically (as
judged by *'P NMR spectroscopy) oxidized with selenium dioxide yielding 5’-O-
DMT-nucleoside-3"-0-(2-0x0-4,4-pentamethylene-1,3,2-['¥0] oxathiaphospho-
lane)s (['®0]-17a-d). These monomers were characterized by FAB MS and *'P
NMR. Although we have already described the applicability of the unlabeled 2-
oxo monomer 17d (B’=Thy) for the synthesis of “chimeric” oligonucleotides
[20, 23], the absolute configuration of the isotopomeric P!30-Oligos had to be
determined, because both stereochemistry of oxidation 15— 17 as well as the
stereochemical outcome of the DBU induced condensation utilizing monomers
['80]-17 were obscure. Our stereochemical analysis was based on stereoretentive
oxidation of internucleotide ['*0O]phosphorothioate bond in 31 into corre-
sponding ['®0]phosphate in 32 by means of unlabeled 1,2-epoxybutane [15, 16]
(Scheme 7).

The result of this correlation indicates that a sequence of reactions: slow-
[1*0]-15b — [*0]-17b — P'80-dinucleotide 32 yields the [*¥0]phosphate inter-
nucleotide bond of R, absolute configuration. It seems reasonable to assume
that the oxidation of ['®0]-15 into ['®0]-17, as well as the condensation of [80]-
17 with 3’-O-acetylthymidine 16, both occur with retention of configuration.

The two sets of 180-labeled monomers ['80]-15 and ['80]-17 described above
and their unlabeled counterparts allowed for the synthesis of medium size
oligonucleotides with any combination of internucleotide bonds with respect to
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their type (PS vs PO) or absolute configuration (Rp vs Sp), as well as to the posi-
tion and the number of isotope labels along the chain. This flexibility was exem-
plified by the solid phase synthesis of partially stereodefined oligonucleotide
d(ApoAnix-psAmix-psArp-psCrp-ps180Grp-ps T rp-ps T mix-ps Tro T) (33) with one isotope
label (47 atom % of '®0) in phosphorothioate linkage of R, configuration be-
tween dC and dG residues. Construct 33 was hydrolyzed in unlabeled water by
endonuclease from Serratia marcescens. This enzyme shows no sequence speci-
ficity with regard to natural oligonucleotides; however careful analysis of its ac-
tivity towards substrates containing phosphorothioate linkages allowed us to
select 33 as an appropriate target. Stereochemical analysis of pg;50Grp-psTrp-ps
TuixpsTpol (34) possessing the chiral 5-terminal ['®0]-phosphorothioate
group, which was the predominant product of degradation of 33, was based on
the methodology developed by Mizuuchi et al. [39]. The procedure involved iso-
lation of the oligomer 34 by HPLC, followed by its enzymatic ligation to a hair-
pin-like 44-base long template. Controlled degradation of the ligated material
with Sp-specific nuclease P1 provided pentamer poTpgi30Grp-psTrp-ps Trp-psT (35)
(Scheme 8).

The final MALDI TOF analysis of 35 showed the presence of two ions m/z
1626 and 1628 in the expected ratio, thus indicating the retention of isotopic en-
richment. This observation provided evidence that the degradation of 33 by Ser-
ratia marcescens endonuclease proceeds with inversion of configuration at the
phosphorus atom [41].

However, it is known that the presence of a sulfur atom influences the prop-
erties of internucleotide bonds, mostly due to different steric requirements of
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sulfur atom, differences in P-S vs P-O bond length, altered affinity towards metal
ions, modified hydration pattern, and changes in negative charge distribution
within the ambident phosphorothioate anion [42]. Therefore, unquestionable
results could be obtained by the use of P-chiral isotopomeric oligo(nucleoside
['®0]phosphate)s (P'80-Oligos) which are stereochemical probes not distin-
guishable from natural oligomers by enzymes or other interacting biomolecules
[43, 44]. Until recently, the synthesis of stereodefined P'#0-Oligos possessing
isotopic labels at any preselected positions of the oligomer was not possible. The
so-called “dimer approach” allowed one to label only a limited number of inter-
nucleotide bonds, no more than at every second position along the chain.
Oligonucleotides containing a single P-chiral ['®0]phosphate internucleotide
bond were for the first time used by Eckstein et al. [45] in pioneering studies on
the mode of action of Eco RI endonuclease. Presented in this account is a
methodology for synthesis of stereodefined P'*0-Oligos requiring development
of new analytical tools allowing for measurement of the stereodependent iso-
tope effect in their interactions with other molecules or metal ions with suffi-
cient accuracy [46].

2.5
The Application of 1,3,2-Oxathiaphospholane Derivatives for 5’-End Modification
of Oligonucleotides

It is well documented that covalent attachment of lipophilic biomolecules, e.g.,
lipids, cyclodextrins, steroids, or long-chain alcohols to oligonucleotides results
in considerable improvement of cellular uptake, which is an important factor for
biological activity [47]. Therefore, we applied the oxathiaphospholane approach
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to the synthesis of oligodeoxyribonucleotide conjugates bearing at the 5-end
lipophilic residues attached via a phosphorothioate linkage [48]. The 2-thio-
1,3,2-oxathiaphospholane derivatives of optically active forms of borneol, cho-
lesterol or menthol (36 -38) as well as that of achiral heptadecanol (39) were pre-
pared by standard procedure (as in Scheme 2) and reacted with 5’-OH group of
either appropriately protected nucleosides or a thymidine dinucleotide (pre-
pared by a standard phosphoramidite method) attached to the solid support
(Scheme 9). In the model experiments, the most satisfactory yields of dithymi-
dine conjugates were obtained with 30-fold molar excess of oxathiaphospholane
(CH,CI, solution) and 400-fold molar excess of DBU with respect to support
bound dinucleotide; reaction time 40 min. This protocol was further employed
for lipophilic modification of the 5-end of hexadecadeoxyribonucleotides
(phosphodiesters or phosphorothioates) complementary to a fragment of hu-
man or rat mRNA of plasminogen activator inhibitor type 1 (PAI-1), which were
used in antisense inhibition experiments [49, 50].

2.6
The Application of 1,3,2-Oxathiaphospholane Derivatives for the Synthesis
of Stereodefined Oligo(ribonucleoside Phosphorothioate)s and their 2’,5’-Analogues

Stereodefined oligo(ribonucleoside phosphorothioate)s were available only by
the enzymatic method [51 - 54] or by partially stereocontrolled H-phosphonate
procedure [55, 56]. However, both procedures could provide only products with
R, configuration. Alternatively, compounds containing the single phosphoro-
thioate modification were synthesized by nonstereospecific phosphoramidite or
H-phosphonate methods and then separated into diastereomers by tedious
HPLC procedure with various degree of success [57-59]. Such constructs be-
came important tools for investigation of the mechanism of action of ri-
bozymes.

In order to check the applicability of the oxathiaphospholane method for the
stereocontrolled synthesis of oligo(ribonucleoside 3’,5’-phosphorothioate)s, ap-
propriate oxathiaphospholane monomers possessing 2’-hydroxyl function pro-
tected with tert-butyldimethylsilyl group (40a-d) were synthesized and sepa-
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rated chromatographically into individual diastereomers [60]. Diastereomerically
pure monomers 40 were reacted with support-bound ribonucleosides under DBU
activation to yield dimers 41 (Scheme 10). It was found that the coupling pro-
ceeded with a stereoselectivity exceeding 98 %. However, only for the case of the
uridine monomer (40d) the yield of condensation was in the range acceptable for
solid-support oligonucleotide synthesis (96-98%). For other monomers (40a-c)
lower yields of condensation (66-83 %) were observed. Since the coupling yields
exceeding 90% are essential for successful iterative synthesis, further studies on
the use of oxathiaphospholane methodology for preparation of stereodefined
oligo(ribonucleoside phosphorothioate)s were abandoned.

Phosphorothioate analogues of 2’,5"-oligoadenylates have promising anti-
viral and anticancer properties and are able to elicit RNase L activation [61].
Short tri- and tetra-2",5"-oligoadenylates were recently synthesized as a mixture
of diastereomers and then separated into diastereomerically pure compounds
[62]. For the purpose of their stereocontrolled synthesis, N®-benzoyl-5-O-DMT-
3’-O-tert-butyldimethylsilyl adenosine-2"-O-(2-thio-1,3,2-oxathiaphospholane)
was synthesized and chromatographically separated into P-diastereomers [63].
The separated monomers were used for synthesis of 2’,5'-tri- and tetra-adeno-
sine analogues, which were cleaved from the support, deprotected, and identi-
fied by physicochemical and enzymatic methods. The step-yields 94-95%
were achieved for attachment of consecutive adenosine 2’-O-phosphorothioate
moieties.

2.7
The Synthesis of Stereodefined Oligonucleotide Phosphorothioates
Possessing Modified Sugar Residues

2,71
Derivatives of xylo-Nucleosides

Oligonucleotides with incorporated xylo-nucleosides attract a lot of interest be-
cause they are more resistant towards nucleolytic enzymes compared to natural
oligodeoxyribonucleotides [64, 65]. The corresponding oligodeoxyxylo-nu-
cleotides with incorporated phosphorothioate linkages should be even more
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stable. Their biological activity could depend on their avidity to complementary
DNA and RNA strands and might be influenced by the stereochemistry of inter-
nucleotide bonds. For the stereocontrolled synthesis of oligothymidylates con-
taining xylothymidine 3’-O-phosphorothioate moiety, 5-O-DMT-xylothymi-
dine-3’-0-(2-thio-4,4-pentamethylene-1,3,2-oxathiaphospholane) (42) was pre-
pared and chromatographically separated into P-diastereomers [66]. The
separated isomers were reacted with 3’-O-acetylthymidine (16) to give Rp- and
Sp-diastereomers of corresponding dinucleotides (43) (Scheme 11).
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The slow- and fast-eluting isomers of 42 were also reacted with 5’-hydroxyl
group at the end of support-bound hexathymidylate (synthesized by phospho-
ramidite methodology), followed by sequential addition of five 2-oxo-oxathi-
aphospholane monomers 17d. On this way, “chimeric” dodecathymidylates of
type 5'-TsxyloTpsT were synthesized, containing either Rp- or Sp-xylothymidine
3’-O-phosphorothioate moiety in the middle of the sequence [66]. An important
conclusion from these studies, besides the assessment of hybridization proper-
ties and nucleolytic resistance of xylonucleoside-containing oligomers, was the
confirmation of stereospecificity of the ring opening condensation utilizing
monomers 42, which have significantly altered conformation of the sugar ring.
In such a system the access to phosphorus atom is highly hindered due to the
presence of DMT group, aglycone, and oxathiaphospholane ring at the same
“side” of the sugar moiety.

2.7.2
Derivatives of Locked Nucleic Acids

Locked nucleic acids (LNA), defined as oligonucleotides containing one or more
2’-0-4’-C-methylene- f-p-ribofuranosyl nucleotide monomer(s), have been re-
cently introduced as a new class of conformationally restricted oligonucleotide
analogues [67]. LNA with incorporated internucleotide phosphorothioate link-
ages have also been reported [68]. By applying the oxathiaphospholane method-
ology, the first stereocontrolled synthesis of LNA dinucleoside phosphoroth-
ioates was performed [69]. Thus, the 5’-O-protected thymine LNA nucleoside
was transformed into corresponding 3’-O-(2-thio-4,4-pentamethylene-1,3,2-
oxathiaphospholane) (44), which was then separated into diastereomers by si-
lica gel chromatography. The separated oxathiaphospholane monomers were re-
acted with 5”-OH nucleoside to give diastereomerically pure LNA dinucleoside
phosphorothioates (45) (Scheme 12).
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Contrary to information that LNA oligonucleotides are resistant to digestion
with nucleases [67], we have observed that diastereomer 45a of LNA dinucleo-
side phosphorothioate (presumably Rp), obtained from fast-44, was readily di-
gested by snake venom phosphodiesterase.

2.7.3
Dinucleoside N3’-05’-Phosphoramidates and Phosphoramidothioates

The N3’-05” DNA analogues were found to have relatively low avidity for cel-
lular proteins and high affinity to double-stranded DNA allowing the formation
of stable triplex structures [70]. For these reasons, N3’-O5" Oligos became
widely tested for their use in antisense and antigene strategies [71,72], although
their syntheses were reported as moderately efficient [73, 74]. In order to
check the possibility of obtaining N3’-05’-Oligos in a more convenient way, we
phosphitylated base-protected 5’-O-DMT-3’-amino-2",3"-dideoxyribonucleo-
sides (46) with 2-chloro-4,4-pentamethylene-1,3,2-oxathiaphospholane (47)
(Scheme 13).

The intermediate phosphoramidites were then in situ oxidized with tert-butyl
hydroperoxide to form corresponding 5-O-DMT-2",3’-dideoxyribonucleoside-3’-
N-(2-0x0-4,4-pentamethylene-1,3,2-oxathiaphospholane)s (48, B’= Ade®?, Cyt®,
Gua'®, Thy). They have been chromatographically isolated and characterized by
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3P NMR and FAB MS. The condensation of 48 (B’= Thy) with 16 in the presence
of DBU in acetonitrile solution led to dithymidine N3’-O5’-phosphoramidate
(49) in 85% yield. Compounds 48 were also used in DBU-promoted condensa-
tion with thymidine 3’-O-immobilized on a solid support, which occurred in
89-93% yield furnishing 49. To our disappointment, attempts at elongation of
the oligonucleotide chain were not successful, as the yield of the second coupling
step dropped to 50%. Further studies revealed that 49 was virtually insoluble in
acetonitrile. This property of N3’-O5” phosphoramidates seems to be responsi-
ble for the failure of effective elongation of the chain. Several different solvents
(DMF, CH,Cl,, pyridine, pyridine-CH;CN) were tested to improve the yield of
condensation by increasing the solubility of Ty, T, but in no case was the cou-
pling efficiency higher than that observed in acetonitrile as the reaction
medium.

Replacement of 48 with 2-thio-analogues (50) for condensation with 3’-pro-
tected thymidine provided, after deprotection, diastereomeric mixture of N3’-
05" phosphoramidothioates TypsT (51). Also in this case the yield of the first
coupling step was relatively high (90%), but under conditions of solid phase
synthesis the yield of the second coupling dropped to 50 %. It was assumed that
S-alkylation of phosphorothioate linkages may improve solvation of the grow-
ing oligomer and increase the coupling yield. Unfortunately, attempts at alkyla-
tion of 51 with methyl iodide, 4-nitrobenzyl bromide, or 4-nitrobenzyl chloride-
Nal-2,6-lutidine did not substantially increase the effectiveness of the process of
chain extension. Using a pyridine solution of 4-nitrobenzyl bromide the cou-
pling efficiency was increased up to 75%, but unfortunately we were unable to
find experimental conditions to rise a coupling yield to at least 90 %.Therefore,
at the moment the oxathiaphospholane approach cannot be applied for satisfac-
tory synthesis of N3’-O5’-Oligos longer than dinucleotides, like 49 and 51 [75].

2.8
Boranophosphates

Boranophosphates, containing negatively charged borane moiety (BHj3) in
place of one of the non-bridging oxygen atoms, constitute a new class of back-
bone-modified oligonucleotides [76]. The boranophosphate group is isoelec-
tronic to the natural phosphodiester group and isosteric to the methylphospho-
nate modification, and its introduction retains the ability of oligonucleotides to
form reasonably stable complexes with the complementary DNA or RNA [77].In
order to check the applicability of oxathiaphospholane methodology to the
stereocontrolled synthesis of oligo(nucleoside boranophosphate)s the borane
complex of the 5’-O-tert-butyldimethylsilyl-thymidine-3"-O-1,3,2-oxathiaphos-
pholane (52) was prepared from the corresponding P oxathiaphospholane 53
[78]. The complex 52 was reacted with 3-N-anisoyl-3’-O-acetylthymidine (16a)
in THF solution in the presence of DBU to give, after deprotection, dithymidine
boranophosphate (54) in 60 % yield (Scheme 14).

Unfortunately, attempts to separate P-chiral diastereomers of complex 52 by
column chromatography were unsuccessful due to its instability to moisture, so
the stereochemical experiment could not be performed. That goal has been
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achieved recently by Jin and Just [79], who obtained pure P-diastereomers of
much more stable dithymidyl-2-cyanoethyl phosphite-borane complex and
converted them into Rp- and Sp-isomers of 54.

29
The Application of the Oxathiaphospholane Approach for the Synthesis
of Conjugates of Nucleotides with Aminoacids

It has been reported recently that condensation of 3’-deoxy-3"-azidothymidine
(AZT, 55) with N-phosphorylated aromatic amino acids provides conjugates 56
of considerably higher activity against HIV-1 replication in PBM cells than that
of parent AZT [80]. Compounds 56 are stable enough in human blood plasma,
and are highly hydrophilic due to a negative charge present in phosphoramidate
group. Among several amino acids tested, L-tryptophan gave the best results.
In vitro studies showed that the L-tryptophan-AZT phosphoramidate 56 (R=
3-indolylmethyl) was eight times more active an HIV-1 RT inhibitor than AZT
itself, without any symptoms of toxicity [81]. In this laboratory conjugates of
aminoacid methyl esters with nucleotides have been obtained [82] using the
oxathiaphospholane and/or dithiaphospholane methodology [83, 84]. The reac-
tion of amino acid methyl esters (57) with 2-chloro-1,3,2-oxathiaphospholane
(58) or 2-chloro-1,3,2-dithiaphospholane (59) in the presence of elemental sul-
fur gave nearly quantitative yields of N-(2-thio-1,3,2-oxathia(or dithia)phos-
pholane) amino acids methyl esters 60 or 61 (Scheme 15), which were isolated
from the reaction mixture by silica gel column chromatography, and character-
ized by 'H NMR, *'P NMR, and FAB MS.

Their reaction with azidothymidine in the presence of DBU furnished either
phosphoramidothioate (62, X=0) or phosphoramidodithioate (63, X=S) deriva-
tives of aminoacid carboxyesters. Due to asymmetry of the phosphorus atom,
compounds 62 were formed as diastereomeric mixtures and were further sepa-
rated into diastereomerically pure species by means of HPLC. Their antiviral ac-
tivity is currently under investigation. Compounds 62 and 63 after their oxida-
tion with potassium peroxymonosulfate (“Oxone”, buffered solution) [85] pro-
vided phosphoramidate analogues 56. It should be emphasized that the
presented methodology allowed us to obtain not only the known compounds 56,
but also new classes of their monothio- and dithio-analogues, 62 and 63, re-
spectively. N-(2-Thio-1,3,2-oxathiaphospholane) derivative of L-tryptophane
methyl ester 60 was chromatographically separated into P-diastereomers, and
the crystal structure of fast-eluted isomer has been resolved indicating the ab-
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solute configuration R at the phosphorus atom [86]. Since the stereochemistry
of the oxathiaphospholane ring opening process with O-nucleophiles has been
determined, the absolute configurations at P-atom in corresponding conjugates
62 are predictable.

Independent from studies oriented towards the search for better anti-AIDS
drugs, compounds of general formula 60 and 61, where R are natural aminoacid
residues, were reacted with simple alcohols like methanol. In this way we pre-
pared, with high purity and satisfactory yields, otherwise difficult to obtain phos-
phorothioate [87] and phosphorodithioate [88] amidoesters 64 considered as the
analogues of transition state for the cleavage of peptide bond by proteases [89].

2.10
Oxathiaphospholane Ring Opening Condensation with Nucleophiles
other than Alcohols

So far presented examples of the 1,3,2-oxathiaphospholane ring opening
process have involved the attack of O-nucleophiles. Here we present evidence
that other nucleophilic reagents such as amines, thiols, and fluoride anion react
in the presence of DBU in a similar way. Primary and secondary amines, like #-
butylamine, aniline, or morpholine, are themselves sufficiently nucleophilic to
attack (albeit slowly), without assistance of other activators, phosphorus atom of
2-alkoxy-2-oxo(or thio)-1,3,2-oxathiaphospholanes yielding corresponding
O-alkyl phosphoramidates or phosphoramidothioates, respectively [90]. Thus,
for example, the reaction of N%N°¢,0?,0%-tetrabenzoyladenosine-5"-O-(2-0xo-
1,3,2-oxathiaphospholane)s (65) with morpholine gives rise to adenosine-5"-O-
phosphormorpholidates (66), important intermediates for the synthesis of nu-
cleoside 5’-0-di- and triphosphates [91,92] (Scheme 16).

In the presence of DBU, the ring opening condensation of 13 occurs even with
weak nucleophiles such as imidazole [90]. It has also been demonstrated that
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3’-0O-acetyl-thymidine-5"-O-(2-oxo- or 2-thio-1,3,2-oxathiaphospholanes) react
smoothly with 5’-O-protected-3’-amino-3’-dideoxyribonucleosides (46) giving
in high yield aforementioned dinucleoside N3’-O5’-phosphoramidates (49) [75]
or -phosphoramidothioates (51).

S-Nucleophiles, like n-butyl mercaptan, react with nucleoside 2-thio-1,3,2-
oxathiaphospholane monomers like 13, yielding nucleoside S-n-butyl-phospho-
rodithioates (67) [93] (Scheme 17).
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Triethylamine tris(hydrofluoride) in the presence of DBU reacts quantita-
tively with 13. Contrary to all examples so far presented of 1,3,2-oxathiaphos-
pholane ring opening condensations, an attack of fluoride ion on phosphorus is
not stereospecific; when performed with diastereomerically pure species, the
mixture of diastereomeric compounds 68 is always produced [93, 94]. Oxathi-
aphospholane derivatives of 3’-amino-3’-deoxythymidine 48 and 50 under
treatment with triethylamine tris(hydrofluoride) in the presence of DBU, fol-
lowed by detritylation with acidic ion-exchange resin, provided 3’-deoxythymi-
dine-3’-N-phosphoramidofluoridate (69) and 3’-deoxythymidine-3’-N-phos-
phoramidofluoridothioate (70) (Scheme 18), further purified by preparative
TLC in ca. 80 % yield [75].
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Compound 70 (as a mixture of two diastereomers) in the presence of nucle-
ase P1 (buffer pH 7.2,24 h) underwent hydrolysis to the extent of 40 %.In a con-
trol experiment without the enzyme, 70 was hydrolyzed to the extent of 36 %. At
pH 5.0, the P-F bond in 70 was hydrolytically stable independent of the presence
of the enzyme. This observation provided evidence that the activity of nuclease
P1 towards compounds like 70 is virtually negligible [75].

2.1
Oxathiaphospholane Approach to Phosphorothioylation of Polyols

Since the discovery by Zamecnik et al. in 1966 [95] that diadenosine polyphos-
phates (Ap,As) are by-products of the lysyl-tRNA synthetase, dinucleoside
polyphosphates have elicited wide interest [96]. However, their biological func-
tions are not yet adequately understood. Symmetrical diadenosine tri- and
tetraphosphates have been proposed to carry out various intracellular func-
tions, including regulation of DNA replication and signaling stress responses.
There is also considerable current interest in an extracellular role of Ap,A and
Ap;A in blood platelet physiology [97,98]. It was demonstrated only recently that
the tumor suppressor Fhit protein [99] is an Ap;A hydrolase [100], whose sig-
naling appears to depend on Ap, A binding [101]. That result suggests that Ap;A
or similar dinucleoside polyphosphates may be essential factors in tumorigene-
sis [102]. A major problem in understanding the cellular function of Ap As is
their rapid degradation by both specific and non-specific hydrolases and phos-
phorylases. Much efforts have been put into chemical synthesis of their isopolar
and isosteric analogues that would be stable to enzymatic cleavage or might
serve as strong inhibitors of A A hydrolases [103]. Searching for new inhibitors
of Fhit protein we decided to replace the “middle” phosphate/pyrophosphate
moiety in Ap A with polyol derivatives [104]. Phosphorothioylation of hydroxyl
functions of polyols of general formula 71 with N¢N®0%,0%-tetrabenzoy-
ladenosine-5"-O-(2-thio-1,3,2-oxathiaphospholane) (72) provided, after depro-
tection, corresponding phosphorothioate derivatives 73 in satisfactory yield
(Scheme 19, path a). Alternatively, the same compounds 73 are readily available
in reaction of corresponding poly-oxathiaphospholane derivatives (74) with
N®,N¢,0?,0%-tetrabenzoyladenosine (75, Scheme 19, path b).

The crude reaction mixtures were deprotected with aqueous ammonia and
purified by preparative TLC and ion-exchange chromatography. So far, com-
pounds of type 73 have been obtained as diastereomeric mixtures since the at-
tempts at separation of diastereomers of 72 have failed. The ratio of substrates
used in all condensation reactions depicted in Scheme 19 is important and de-
termines the structure of final products, what can be well illustrated in the case
of pentaerythritol (76).The reaction of 76 with less that four molar equivalents
of 72 provided a mixture of mono-, di-, or tri- adenosine 5’-O-phosphorothioy-
lated pentaerythritols, still containing free OH function(s) (77, Scheme 20).

Alternatively, tetra-oxathiaphosphorothioylated pentaerythritol (78) in reac-
tion with less than four molar equivalents of 75, followed by the treatment of the
resulting mixture with 3-hydroxypropionitrile and subsequently with ammonia,
provides pentaerythritols with each oxygen phosphorylated with adenosine 5’-
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O-phosphorothioyl or phosphorothioyl substituents (79). It has to be added that
the reactions analogous to those presented in Schemes 19 and 20 were also per-
formed with selected polyamine derivatives [88].

Among numerous compounds of general structure 73, 1,3-bis(adenosine 5’-
O-phosphorothioyl)glycerol (80) and tetrakis-(adenosine 5’-O-phosphoro-
thioyl) pentaerythritol (79, n=4), have been found to be the most potent in-
hibitors of Fhit hydrolase so far known. Interestingly, their phosphate congeners
are ca. 100-fold weaker inhibitors of the same hydrolase [105]. Since both 79 and
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80 were obtained and tested as a mixture of all possible diastereomers, success
in obtaining diastereomerically pure Rp- and Sp-72 will determine further
progress in the studies on the mechanism of stereodependent inhibition of hy-
drolases. The above-mentioned Ap, A analogues were also tested as potential in-
hibitors of the platelet aggregation process. Strong inhibitory properties were
found for newly synthesized compounds resulting from condensation of 72 with
bis(hydroxymethylene)phosphinic acid O-methyl ester, followed by removal of
all protecting groups. Platelet aggregation inhibitory properties comparable
to clinically used Ticlopidine were also found for 1,4-bis(adenosine 5’-O-phos-
phorothioyl)erythritol (77, n=2) [106].

2,12
Synthesis of Phosphorodithioate Analogues of Nucleotides and Oligonucleotides

P-Prochiral phosphorodithioate analogues of nucleotides and oligonucleotides
were presented as potent inhibitors of viral reverse transcriptases and, therefore,
are regarded as potential antiviral therapeutics [107]. Results of early studies on
the electrophilic reactivity of organophosphorus compounds containing 1,3,2-
dithiaphospholane moiety [83] prompted us to apply this reaction to the syn-
thesis of nucleoside phosphorodithioates. Several 2-thio-1,3,2-dithiaphospho-
lane-substituted nucleosides (81; X=S) were obtained and reacted with various
oxygen nucleophiles in the presence of base catalysts. We have found that ap-
propriately protected nucleoside 5-0-(2-thio-1,3,2-dithiaphospholanes) (81a;
X=8§)) react with inorganic pyrophosphate in the presence of DBU to give nu-
cleoside 5’-0-(1,1-dithiotriphosphates) (82, Scheme 21, path a) [108].

Similarly, appropriately protected deoxyribonucleoside 3’-O-(2-thio-1,3,2-
dithiaphospholanes) (81b) were reacted with 5-OH deoxyribonucleosides pro-

o)
RO-P-0-P-0-P-0"
PP,/DBU s O O
path a 82
X
RO '
‘P'Sj R'OH - RO-P-OR'
; |-
X" s path b S
- 83,X=8
81ab, X=8 '
83ab X = O 1) HOCH,CH,CN/DBU 85 X = O
o 2) NH,OH
path c
9
RO-P-$
L

Scheme 21 86a,b



Recent Advances in Stereocontrolled Synthesis of P-Chiral Analogues Of Biophosphates 193

viding dinucleotides with phosphorodithioate internucleotide linkage (83, X=S)
(Scheme 21, path b). Compounds 81b were further developed as monomers for
the efficient solid state synthesis of oligo(deoxyribonucleoside phospho-
rodithioate)s (84) [84].

Both 81a and 81b were also reacted with 3-hydroxypropionitrile in the pres-
ence of DBU to give, after ammonia treatment, the corresponding 5’-O- (86a) or
3’-O-phosphorodithioate mononucleotides (86b) (Scheme 21, path c) [109].

The 2-oxo analogues of dithiaphospholanes 81, namely appropriately pro-
tected nucleoside 5-O- (83a) or 3’-O-(2-oxo0-1,3,2-dithiaphospholanes) (83b)
have also been used as P-prochiral substrates for the potentially asymmetric
synthesis of dinucleotides with P-chiral phosphorothioate internucleotide link-
age (85, X=0) (Scheme 21, path b). For example, reaction of 5-O-DMT-thymi-
dine-3"-0-(2-0x0-1,3,2-dithiaphospholane) (83b) with NZ?-isobutyryl-3-O-
acetyl deoxyguanosine in the presence of DBU provided corresponding dinu-
cleoside 3’,5’-phosphorothioate of isomeric composition Rp/Sp=28/72 [110].

Among phosphorodithioate analogues of oligonucleotides useful as chemical
tools for elucidation of the architecture of active site of metal-dependent en-
donucleases [111] P-chiral compounds of general formula 87 should be men-
tioned. First obtained by Cosstick and Vyle [112] by phosphoramidite approach,
compounds 87 had to be separated into diastereomers by HPLC. We have re-
cently found that 5-O-MMT-3’-deoxy-3"-mercaptothymidine react with 58 in
pyridine solution in the presence of elemental sulfur, providing in satisfacto-
ry yield 5-O-MMT-3"-deoxy-3’"-mercaptothymidine-3’-S-(2-thio-1,3,2-oxathia-
phospholane) (88), then chromatographically separated into fast- and slow-mi-
grating diastereomers. Their DBU-assisted condensation with 16 proceeds
stereospecifically to give individual diastereomers of dithymidine S3’-O5"-phos-
phorodithioate (87a,b) in a fully stereocontrolled manner [110]. Although the
absolute configuration at phosphorus in substrates and products of reaction
presented in Scheme 22 has not been yet determined, our results proved that of
two phosphorothiolate bonds present in 88 only endocyclic P-S bond is cleaved,
as in the case of oxygen- or nitrogen-bound oxathiaphospholane derivatives.
This observation confirms our claim that the 1,3,2-oxathiaphospholane ring
opening condensation is driven by the ring-strain effect and fast irreversible
elimination of episulfide.
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3
Summary

Several new P-chiral compounds with phosphorus incorporated into the 1,3,2-
oxathiaphospholane ring system were obtained and their structures have been
assigned unambiguously by X-ray crystallography [113-117]. The chemistry of
1,3,2-oxathiaphospholanes, from the beginning full of ambiguities [118] and
unprecedented reaction pathways [119-121], has been developed as a practical
method of phosphorylation and phosphorothioylation of alcohols, thiols, and
amines. The endocyclic P-O and P-S bonds of 1,3,2-oxathiaphospholanes differ
substantially as far as the energy of dissociation is concerned, and ring strain ef-
fect is the major driving force of the ring opening process as the result of nucle-
ophilic attack at phosphorus followed by fast and irreversible elimination of
episulfide. These two factors are responsible for its chemoselectivity and stereo-
specificity, providing the basis for stereocontrolled transformations of dias-
tereomerically pure oxathiaphospholane derivatives. The elucidation of the
mechanism of ring opening condensation was possible due to crystallographic
assignments of absolute configuration of oxathiaphospholane substrates and
products resulting from them. Theoretical studies confirmed the correctness of
earlier stereochemical correlations. Successful attempts at preparation of stereo-
defined P-chiral analogues of oligonucleotides, like PS-Oligos, were numerous
and led to development of novel stereospecific syntheses of P-chiral 0,0-dialkyl
esters of phosphorothioic acid. Besides the methods presented in earlier reviews
[12, 122], some recent results from other research establishments should be
briefly mentioned. Just and co-workers made numerous attempts towards
preparation of P-chiral cyclic phosphoramidites. Assuming their anancomeric
stability and the preference of exocyclic substituent at P™-atom (usually appro-
priately protected 3’-O-nucleosides) for occupying the axial position, cyclic
phosphoramidites obtained from both enantiomers of corresponding aminoal-
cohols have to possess opposite absolute configuration at phosphorus. There-
fore, the separation of diastereomeric precursors could be avoided, and the
process of stereospecific ring-opening condensation followed by addition of el-
emental sulfur should furnish the desired diastereomers of protected dinucleo-
side phosphorothioates. 2-(3"-O-Thymidine)-1,3,2-oxazaphospholanes based
upon 1,2-0,0-cyclopentylidene-5-deoxy-5-isopropylamine-a-p-xylo-furanose
and its enantiomer were stereospecifically reacted with 3’-O-tert-butyl-
dimethylsilylthymidine in the presence of 2-bromo-4,5-dicyanoimidazole yield-
ing, after sulfurization and deprotection, nearly stereopure Rp- and Sp-di-
astereoisomers of dithymidine-3’,5"-phosphorothioate [123]. A conceptually
similar approach to stereoselective synthesis of internucleotide phosphoroth-
ioate linkage has also been demonstrated by Agrawal and co-workers [124]. Nu-
cleoside 3’-O-bicyclic azaphospholidines derived from Rp- and Sp-2-pyrro-
lidinemethanol have been used for highly stereoselective synthesis of Rp- and
Sp-dinucleoside phosphorothioates, including 2’-methoxyribonucleoside ana-
logues [125]. In parallel, Wang and Just [126] reported on the use of chiral in-
dolyl-oxazaphosphorine derivatives which undergo DBU-assisted substitution
at the P atom with another 5’-OH-nucleoside resulting in highly stereospecific



Recent Advances in Stereocontrolled Synthesis of P-Chiral Analogues Of Biophosphates 195

cleavage of P-N bond, leading to the formation, after sulfurization and depro-
tection, of Rp- and Sp-dithymidine phosphorothioates.

Much more advanced and effective appeared to be the method reported re-
cently by Beaucage et al. [127]. Starting from (£)-2-amino-1-phenylethanol (88)
the authors performed chemoselective N-acylation with ethyl fluoroacetate (89)
providing 90, followed by its reaction with hexaethylphosphorous triamide
(Scheme 23). Cyclic N-acylphosphoramidite 91 has been obtained as a mixture
of diastereomeric rotamers. Condensation of N*-benzoyl-5-O-DMT-2"-deoxy-
cytidine 92 with 91 in the presence of 1H-tetrazole gave, after silica gel chro-
matography, pure R,Rp-93 and S¢,Sp-93. *'P NMR studies indicated that when
Rp-93 or Sp-93 was reacted with 3’-O-acetyl-N-benzoylcytidine (94) and
N,N,N’,N’-tetramethylguanidine (TMG), the dinucleoside phosphotriester was
formed in nearly quantitative yield with full P-stereospecificity. After subse-
quent sulfurization, the P-stereodefined dinucleoside phosphorothioate tri-
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esters Rp-95 or Sp-95 were subjected to base- and internucleotide bond depro-
tection under ammonia treatment.

The 2’-deoxycytidine cyclic N-acylphosphoramidite derivatives Rp-93 and Sp-
93 were subsequently applied to the solid-phase synthesis of [Rp, Rp]-and [Sp, Sp]-
tri(deoxycytidine phosphorothioate), and [Rp, Sp, Rp]-tetra(deoxycytidine phos-
phorothioate). A supplementary note provided information that the synthesis of
dodeca(thymidine phosphorothioate)s with stereodefined sense of P-chirality
has been accomplished. However, although further progress is expected, to our
best knowledge only the oxathiaphospholane approach, presented in this ac-
count, allows for the chemical stereocontrolled synthesis of oligonucleotide ana-
logues which, according to the requirements of antisense therapeutic strategy,
have to be 16-28 base long. This methodology allowed us to synthesize PS-Oli-
gos with a pre-determined sense of P-chirality at each internucleotide phospho-
rus atom. Moreover, an oxathiaphospholane approach enabled us to prepare
chimeric oligonucleotides with both phosphodiester and stereodefined phos-
phorothioate internucleotide linkages at desired positions. As demonstrated re-
cently, this procedure was adopted for the synthesis of isotopomeric [PS!®¥0]
phosphorothioates which became new and promising tools for the studies on the
stereochemistry and the mechanism of action of nucleolytic enzymes. In addi-
tion, isotopomeric oligo(nucleoside ['®0]phosphate)s became available, albeit
their application in mechanistic studies is still limited. The oxathiaphospholane
method also appeared to be applicable to the synthesis of dinucleoside bora-
nophosphates [78], dinucleoside N3’-O5” phosphoramidates [75], dinucleoside
phosphoroselenoates [128, 129], or dinucleoside phosphoroselenothioates [130].
The latter compounds are easily convertible to dinucleoside phosphorofluor-
idothioates [130]. On the other hand, N-oxathiaphosphorothioylation of
aminoacid methyl esters allowed for the preparation of new conjugates of
aminoacids with nucleoside 5-phosphorothioates (in a few cases in stereode-
fined form) being considered as a potential new class of antiviral therapeutics
[82]. The recent demonstration of versatility of designed methodology comes
from oxathiaphosphorothioylation of polyfunctional molecules such as glycols,
triols, tetraols, and polyamines, and their subsequent reactions with nucleosides,
providing, among others, the new class of inhibitors of diadenosine polyphos-
phate hydrolases [104]. Future perspectives include application of oxathiaphos-
pholane chemistry for phosphorothioylation of inositols, and the synthesis of
polyanionic dendrimers and polymers based upon dialkylene phosphoroth-
ioates and phosphoramidothioates backbone. Their properties and application
are still unpredictable, but undoubtedly the field is far from being depleted.
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Abbreviations and Symbols

AZT  3’-azido-3’-deoxythymidine

BTMS bromotrimethylsilane

DCC  N,N’-dicyclohexylcarbodiimide

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene

DIAD diisopropyl azodicarboscylate

DMAP 4-dimethylaminopyridine

PyBOP (1 H-benzotriazol-1-yloscy)tripyrrolidino phosphonium

hescafluorophosphate
HMPA hexamethylphosphor amide
rt reflux temperature

TFA  trifluoroacetic acid
THF  tetrahydrofuran
TPP  dianion of meso-tetraphenylporphyrin

1
Introduction

For the purposes of this Review, “carbonylphosphonates” are defined principally
as phosphonates that include a C=0 functionality sufficiently proximate to the
P=0 group that the two functional groups exert a significant influence on each
other. For practical purposes, we will limit our consideration to a- and p-ke-
tophosphonates. The chemistry of formylphosphonates, which are generally un-
stable compounds but have stable derivatives, has been recently reviewed [1]
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and will not be discussed here. The phosphonocarboxylates, a related class of
compounds presenting much of interest during the past few years with respect
to both chemical reactivity and biological activity, have also been excluded from
systematic consideration in this Review, excepting the phosphonoglyoxylates
which incorporate a ketone functionality (a-ketophosphonoacetates). We also
consider carbonylbisphosphonate esters, the first examples of which were re-
cently synthesized in our laboratory. Within the scope of these boundary condi-
tions, we will summarize some of the advances in these areas made particularly
during the five years that have elapsed since the appearance of the last major
(1996) monograph on acylphosphonates [2]. Our focus will be on the synthesis,
chemical properties and synthetic utility of this fascinating and versatile class of
organophosphorus compounds, however we also briefly note some of their ac-
tual or potential biological applications where appropriate.

2
a-Ketophosphonates

2.1
Synthesis

a-Acyl phosphonate esters have been conventionally prepared by a Michaelis-
Arbuzov reaction between a trialkyl phosphite and an acid chloride. The scope
and some potential pitfalls of this classical approach have been summarized [2].
Michaelis-Arbuzov syntheses usually proceed satisfactorily when simple aroyl
and alkanoyl chlorides are used, especially if purification of the product by dis-
tillation is possible. a-Acyl phosphinates are accessible by the same route, as
exemplified recently in a synthesis of asymmetrical and symmetrical a-keto
benzylphosphinates by Benech et al. [3] although the yield proved to be sensi-
tive to the structure of the benzyl moiety. Similarly, bis(trimethylsilyl)
phenylphosphonite reacts with trimethylacetyl chloride quantitatively to give
bis(trimethylsilyl) acylphenylphosphinate [4].

RO, Q rROS
,P-OR + CI—C-R' ,P-C-R'
RO RO
Scheme 1 R = Alk, Ar; R' = Alk, Ar

However, there has been less success in utilizing Michaelis-Arbuzov condensa-
tions for the preparation of functionalized acylphosphonates such as f3,y-unsat-
urated a-acylphosphonates [5, 6], epoxy acylphosphonates [7], a-ketophospho-
nocarboxylates [8] and a-ketobisphosphonates [9]. The latter two instances are
discussed in detail in subsequent sections. In general, problems arise when the
ketone group in the product becomes sufficiently activated by its neighboring
P=0 group(s) that it becomes susceptible to attack by the phosphite reagent,
in competition with normal attack of phosphite at the acyl chloride carbonyl
carbon. A similar problem of inadequate regioselectivity arises when the acyl
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chloride incorporates electronegative substituents proximal to the C=0 group,
such that the product ketone competes with unreacted acyl chloride for remain-
ing phosphite. Attempting to solve this problem within the framework of tradi-
tional Michaelis-Arbuzov chemistry, Glabe et al. have shown that trialkyl phos-
phites with increased steric bulk (triisopropyl, tris(trimethylsilyl)) give acyl
phosphonates which resist phosphite addition despite the presence of bromo-,
tributylsilyloxy-, or trans-epoxide a-subsituents. However this approach was
unsuccessful with acyl chlorides functionalized with cis- or monosubstituted
epoxide groups [7].

Recently, alternative methods for preparation of acylphosphonates based on
oxidation of easily prepared a-hydroxy- [10,11] and a-diazo phosphonates [12]
have been developed. A variety of oxidation methods {MnO,, PCC (pyridinium
chlorochromate), PDC (pyridinium dichromate), Pfittzner-Moffatt, Swern oxi-
dation} have been applied to a-hydroxy phosphonate substrates [13-16].

Alko,,(.P? < (o] Alko,,(.P? <
AKO" L ako. T
OH o)
Scheme 2 R = Alk, Allyl, Ar, Heterocycle

Particularly good results have been achieved with CrO, in refluxing acetonitrile,
a system that proved effective with a variety of structurally different a-hydroxy
phosphonates [17]. Similar conversions can be carried out under surface-medi-
ated solid-phase conditions [18], acyl phosphonates being obtained under mild
reaction conditions by treatment of a-hydroxy phosphonates on alumina (neu-
tral)-supported CrO; without solvent. An oxidative method proved successful in
the synthesis of novel phosphonopeptides for evaluation as inhibitors of human
calpain I [19].

R R
(o} o}
R0 ) [ o ] Ryl )
P . Peptid _P. . Peptid
Ry \2\'}‘ eptide Ry r}l eptide
OH H O H
Scheme 3 R1, Rz = OH, OAlk, Alk, Ar, Dess-Martin oxidation in CH,Cl,

An alternative approach to preparation of a-ketophosphonates is indicated in a
report that acylphosphonates can be obtained by heating the silyl diester of the
corresponding hemiacetal above 140°C [20]. However, the spectroscopic data
presented in this paper (IR, *'P-, ?*C-NMR) do not appear to fully support the
acylphosphonate structure assigned to the reaction product.

Oxidation of a-diazo phosphonates will be considered separately with spe-
cific reference to synthesis of phosphonoglyoxylates and carbonylbisphospho-
nates.
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2.2
Reactivity

2.2.1
Enolization

The tautomeric equilibria of a-ketophosphonates which possess a f-hydrogen
are determined by the nature of the acyl moieties. It has been recently found [21]
that B-aryl-a-ketophosphonates are fully enolized in solution and, at least in one
case, in the solid state as well, in structures where enolization is favored by an ex-
tended conjugated 7 system and by the possibility of intramolecular (or inter-
molecular) hydrogen bonding to a P=0 oxygen atom. An X-ray crystal structure
determination of dimethyl S-phenyl-a-ketophosphonate revealed a hydrogen-
bonded dimer in the unit cell, the enol OH of one molecule being bridged to the
oxygen in the P=0 function of the other.

o} O
Voot P A == Mo A

Scheme 4 o} OH

Dimethyl a-ketophosphonates may be readily converted to enols under mildly
basic conditions. a-Acylphosphonate enols thus far studied stereochemically
exclusively exhibit E-geometry, which advantageously places the two bulkiest
groups substituting the C=C double bond - the alkyl R and the phosphoryl
group - in a trans position [21].

The trapping of acylphosphonate enols by triflating agents under basic con-
ditions has been studied recently [22]. The best results were obtained using a
moderately strongly electrophilic triflating agent - nonafluorobutylsulfonyl
fluoride, with DBU. The resulting a-phosphonovinyl nonaflates were success-
fully converted to corresponding phosphono-containing enynes and dienes via
Pd-catalyzed cross-coupling reactions.

i Triflating agent
P(OYOR), ~ Base

Scheme 5 R = Et, Pr-i

P(O)(OR),
oTf

In the absence of stabilizing forces favoring the enol, the ketone form of enoliz-
able a-ketophosphonates prevails. Thus, dimethyl 1-oxopropanephosphonate is
in equilibrium with a negligible amount of its enol form in CDCl;.

2.2.2
Hetero Diels-Alder and Mukaiyma-Michael Reactions, Stereoselectivity

o, f-Unsaturated acylphosphonates are effective heterodienes in reactions with
heterodienophiles such as enol ethers and sulfides catalyzed by bis(oxazoline)
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copper (II) complexes, which can provide high diastereo- and enantioselectivity
[23-25]. The enantioselective synthesis of dihydropyrans (which occur as sub-
structures in a number of important natural products) by this method has been
shown to be straightforward using 0.2 mol % of the chiral catalyst, with stereo-
selectivities exceeding 90% The reactions are permissive with respect to sub-
strate structure. In particular, phenyl-, isopropyl-, and ethoxy-substituted sub-
strates all underwent diastereoselective Diels-Alder reactions with ethyl vinyl
ether to give dihydropyrans with consistently high enantioselectivities and good
yields.

.
Me_ Me 2
oj)ﬁro i
S’ T
N. ..N

Cu -
R R

R = t-Bu,i-Pr, Ph, Bn; X = OTf, SbFg

R
/\R" <
. R" =OEt, SEt @
R = MeO. -~
= cat MeO™ It R
MeO. - ] R'
P 0 - H
MeO 1l -
e S 7
meo._ AL (CHah
P
(\(CHZ)n MeO 6 © H ©
(0]
Scheme 6 n=12

While phenyl- and tert-butyl-substituted catalysts conferred similar degrees of
enantioselectivity, the phenyl catalyst proved much more reactive. Interestingly,
enantioselectivity reversed when the fert-butyl ligand replaced the phenyl li-
gand in the bis(oxazoline) copper (II) catalysts [23].

a-Acyl-f, y-unsaturated phosphonates have also been explored as substrates
for the Mukaiyma-Michael reaction.[26] The stereoselectivity (modest) is sen-
sitive to the steric bulk at the Lewis acid metal center. Contrary to their earlier
prediction [24], these authors did not find cycloaddition to be the most favor-
able pathway.

o
I . o)
OTMS \WP. o. OSiMe; 1]
i Ion S B Y Yoen + NP Ph
EtOP. .~ * Ph CH3 78 ¢® EtO
o Y o o

o CH,Cl,

Scheme 7 >99%
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2.23
Reduction Stereoselectivity

Over the past decade, a-hydroxy phosphonates have received increasing interest
because some compounds of this type have proved to be biologically active, in-
hibiting renin, EPSP synthetase or HIV protease [27]. The absolute configura-
tion of the a-hydroxy carbon is important for biological activity [27], under-
scoring the importance of stereoselective synthesis of these compounds. a-Hy-
droxy phosphonate enantiomers can be made by several methods, including
stereoselective reduction of a-ketophosphonates. Reduction of diethyl a-ke-
tophosphonates with borane and f-butyl oxazaborolidine as a catalyst has af-
forded (S)- or (R)-1-hydroxyalkylphosphonates in good yield and moderate to
good enantiomeric excess (53-83 ee%) [28]. This method was subsequently
developed and improved by Meier et al. [29-32]. Excellent enantiomeric excess
(up to 99 ee%) yields in the product were achieved using catecholborane in re-
actions conducted at low temperatures. In studying the influence of the phos-
phonyl and aryl group structures on the course of these reactions, the authors
concluded that modification of the phosphoryl group is chiefly important for
fine-tuning the reactivity of the carbonyl group. Reduction of a-ketophospho-
nates by an (S)-oxazaborolidine catalyst led to an (S)-configuration at the new
stereogenic center. In contrast, acetophenone derivatives and a,y-ketophospho-
nates gave (R)-hydroxy products. These results supported a proposed reaction
intermediate complex wherein the disposition of the “large/small” residues
flanking the carbonyl group determines product configuration by constraining
attack by the hydride of the reductant to either the re- or the si-face presented by
the carbonyl group.

Ph_ Ph
o
N‘B/
i
o) Bu-n
HO,
o
(0]
R = Alk, Ar 1.1 equiv,
Scheme 8 toluene, -20°C, 5 h

An analogous approach was used in a stereoselective synthesis of f-amino-a-
hydroxy phosphonates [33]. Reduction of corresponding a-keto phosphonate
substrates with borane-dimethylsulfide complex aided by oxazaborolidine
catalysis afforded a mixture of diastereomers, but significant diastereoselectiv-
ity was achieved using catecholborane as the reductant in toluene at —60 °C.

a-Hydroxy and a, @-dihydroxy alkane-a,@-bisphosphonic acids have been
obtained by the reduction of the corresponding a,-ketones [34].
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2.2.4
Deoxygenation and Deoxygenative Coupling

As noted above, reactive a-ketophosphonates are susceptible to nucleophilic ad-
dition of trialkyl phosphites. The resulting anionic intermediates may be
trapped by proton transfer, however if there are no protons or other elec-
trophiles available, cleavage of the C,-O bond can occur, as has been shown with
benzoylphosphonates, where the resultant carbenelike intermediate can react
either intermolecularly with trimethyl phosphite to give a phosphonate ylide or,
if a suitable ortho substituent is present on the benzene ring, by intermolecular
insertion resulting in cyclization or hydrogen abstraction from the substituent
[35-37].1In all cases where cyclizations were observed, there was a marked pref-
erence for five-membered ring formation even in those cases where larger ring
sizes were theoretically accessible [35]. Using a 2-phenoxymethyl substituent,
where formation of a 5-membered ring system should be impossible, it was
shown that the carbenoid intermediate interacts with the phenyl ring m-elec-
trons to give a six-membered heterocyclic ring system [36]. It was also shown
that with a 2-MeNH substituent, an ylide containing a P-N bond likely formed,
which then underwent rearrangement to give a diphosphorus product contain-
ing a five-membered ring incorporating a P-N bond [37].
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Scheme 10

Deoxygenative coupling of carbonyl compounds leading to substituted olefins is
an important process in organic synthesis that can be promoted by low-valent
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metals. To achieve the deoxygenative coupling of ketones and aldehydes by low-
valent lanthanides, Takaki et al. [38] employed an indirect approach using
acylphosphonates and Sm metal or SmI,,in which one oxygen was eliminated as
a carboxylic acid and the other as a phosphate. Acylphosphonates reacted with
aldehydes giving acyloxyphosphonates, and reductive elimination of carboxylic
acids, followed by coupling with ketones, proceeded well. However, Horner-Em-
mons olefination did not proceed, and thus the overall reaction produced f-hy-
droxy phosphonates in good yield. The B-hydroxy phosphonates could be con-
verted to alkenes using other bases [38].
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Scheme 11 o
2.2.5
Halogenation

Protein-tyrosine (PTP) inhibitors are potentially valuable pharmacological
tools for studying cellular signal transduction and for therapeutic intervention.
Derivatives of 1,1-difluoromethylphosphonic acid are known to be potent PTP
inhibitors. An important method for synthesis of these compounds is fluorina-
tion of acyl phosphonates by diethylaminosulfur trifluoride (DAST). This
method allows synthesis of tert-butyl-protected difluoro(aryl)- or (naphthal-
enyl)methylphosphonates, which under mildly acidic deprotection conditions
afford desirable phosphonic acids [16, 39]. Acyl phosphonate fluorination by
DAST has also been utilized for synthesis of a,a-(difluoroprop-2-ynyl)phos-
phonates [14].
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Facile acylphosphonate enolization was exploited in a synthesis of a-chlori-
nated fatty acids [40]. The a-chloro acylphosphonates obtained via chlorination
of acylphosphonates with sulfuryl chloride were cleaved to form the target prod-
ucts using hydrogen peroxide-sodium bicarbonate.

o) OH 1.3 equiv O
- .OMe MP/OMG SOZCI2 .OMe
é') OMe n 6\0Me RT,7h n al 6\OMe
1.H0, | 2.H,0, HCI
NaHCO,
RT, 16h
o}
.OMe
\(“"/n\Hj\OH + HO™INome
Scheme 13 Cl

2.2.6
Reactions with Nucleophiles

Acylphosphonates possess a carbonyl group which is activated to attack by oxy-
gen or nitrogen nucleophiles such as water, alcohols, amines, and hydroxyl-
amines, as well as by phosphites as noted above. The resulting adducts may be
prone to undergo C-P bond cleavage. Breuer et al. have examined the rates and
equilibria of hemiacetal formation from addition of alcohols to dimethyl
acetylphosphonate and dimethyl benzoylphosphonate using 3'P-NMR spec-
trometry [41]. The equilibrium constants for the addition of various alcohols
bearing electron-withdrawing substituents to dimethylacetylphosphonate were
found to decrease with alcohol acidity. However, this pattern was not consistent
for methanol and ethanol [41].

00 OH o)
n 1_OMe ROH (o] I 1i_OMe
‘R-C—-PZ —_ /{\II,OMe —— 'R—-C-OR + HP{
'R P.
OMe OR “OMe OMe

Scheme 14

An obvious synthetic application of amine addition to the a-keto group in
acylphosphonates would be reductive amination. This has been demonstrated
[42], and shown to be a useful route to 1-aminoalkylphosphonic acids. Thus, se-
lected acylphosphonates were reacted with benzhydrylamine, giving after re-
duction of the resulting imine intermediate with triacetoxyborohydride and
acid hydrolysis, satisfactory yields of the corresponding aminoalkylphosphonic
acids. However, a limitation of this approach is unwanted cleavage of the phos-
phonate P-C bond, which was observed with other amines such as benzylamine
and a-benzylmethylamine [42].

In an another interesting example of acylphosphonate amine addition [43],
para-substituted a-aminobenzylphosphonate esters were found to add to a di-
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alkyl benzoylphosphonate initially to yield diphosphorylated azaallyl deriva-
tives, which when heated or subjected to basic conditions underwent a reversible
1,3-H shift in the C=N-C moiety to give an equilibrium mixture of isomers.

Reaction of a-acylphosphonate esters with Grignard or other organometallic
reagents has received little attention until surprisingly recently. Maeda et al. [44]
have shown that reaction between dialkyl benzoylphosphonate and PhMgBr or
MeMgBr in THF at -78°C gives the corresponding hydroxyphosphonate
adducts in moderate yield. With PhLi and MeLi, tertiary alcohols were obtained
in preference to hydroxyphosphonates, presumably via elimination with P-C
bond cleavage, followed by further addition of carbanion to the ketone frag-
mentation product. Other workers have reported that dialkyl acylphosphonates
react with both Grignard and Reformatsky reagents to give, instead of the ex-
pected a-hydroxy phosphonate ester, P-C bond cleavage in the initial adduct
forming phosphite and a ketone: cited by Breuer, p. 685 [2].

Q oH
-CpOR R'M R GpOR
o) R" 11 OR
(@] R (@)
Scheme 16 R"=Me, Ph; M =MgBr, Li

Carbanions derived from isocyanoacetates formed in situ using NaH react with
acylphosphonates to give 1-alkyl-2-ethoxycarbonyl-2-formylaminoeth-1-
enylphosphonates [45]. Cu,O catalysis provided stereoselectivity, giving mainly
the Z-isomer.

O
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Scheme 17 R = Alk; R' = Alk, Ar
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2.2.7
Reaction with Metals, Metal Complexes, Metathesis Reactions

The utility of Sm in deoxygenative coupling of carbonyl compounds has already
been discussed [38]. One study has been published on the reaction of acylphos-
phonates with another lanthanide metal, Yb [46]. Ytterbium converted a substi-
tuted acylphosphonate under mild conditions (THF, HMPA, rt) to 1,2-diphenyl-
2-oxoethyl phosphate and 1-(phosphoryloxy)-1-phenylmethylphosphonate.
The reactivity of Yb was explained in terms of its oxophilicity, leading initially
to an acylytterbium complex.

0 Yb 0,9:8‘; ’9:013
g-Crp OBt THF/HMPA . . 0" “OEt
goa EtO:
o) EtO 6
Scheme 18 R = Alk, Ar

Nakazawa et al. examined the action of a series of palladium complexes (PdR,L,,
R = Me, Et; L = tertiary phosphine) on a-ketophosphonates [47]. Catalytic de-
carbonylation was observed, apparently via a metathesis reaction at the C-P
bond.

O 2 o) 0 o}
+_ . 1_OR s n_OR* Pdcat . i_OR2 1 il_OR*

R g Porz * R _g_P\OR4 R g Piorz ¥ R g-P\OR4
Scheme 19

2.2.8
Dealkylation, Synthesis of Acylphosphonic Acids

A number of acylphosphonic acids are of interest for their biological activity, or
as intermediates in syntheses of potentially bioactive phosphonic acids [7, 34,
48-50]. In many cases, they are most conveniently prepared by hydrolysis of the
corresponding esters. Due to the presence of the keto function, acid hydrolysis
(heating in aqueous HCI) is generally not a practical method to achieve this.
Silyldealkylation of methyl-, ethyl- or isopropyl phosphonates with BTMS, fol-
lowed by very mild hydrolysis is normally compatible with acyl and other sensi-
tive functionalities [7, 34, 48].

o} - o]

R_c_pOR' BrSi(CH3)s 11 OSi(CHa)3 CH3OH, NaOH R—C—E/ONa

g “OR' 8 “OSi(CH3)3 8 “ONa
Scheme 20

Acylphosphonic acids have also been obtained by hydrolysis of di(tert-butyl)
acylphosphonates with 85% TFA [49] or by hydrogenolysis of corresponding
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dibenzyl phosphonates [50]. If ionized, acylphosphonic acids are less prone to
P-C bond cleavage than corresponding diesters, which in some cases can lead
to better yields of desired reduction or reductive amination products [34, 50].
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3
B-Ketophosphonates
3.1
Synthesis

Several interesting approaches to the synthesis of -ketophosphonates have re-
cently been described. Typically, standard Arbuzov synthesis of f-ketophospho-
nates is unsatisfactory due to a competing Perkow reaction [51]. However, y, 6-
unsaturated pB-ketophosphonates are obtained in high yield via Arbuzov
reaction of triethyl phosphite with a-iodoenones, readily available from tertiary
allenic alcohols [52]. Another successful example of an Arbuzov-based approach
involves reaction of bromoacetylated polystyrene with triethyl phosphite, which
provided immobilized B-ketophosphonate in excellent yield [53]. In another ap-
proach, the lithio derivative of dimethyl methylphosphonate was reacted with
Weinreb amide to obtain the corresponding -ketophosphonate [54]. a,a-Diflu-
oro-a-ketophosphonates have been synthesized via a cerium-mediated route
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[55],in which the key step is addition of dry, solid cerium (III) chloride to a so-
lution of freshly-prepared LDA in THF at -78°C, followed by ester electrophile
addition. The acylation of organocuprates or organolithiated reagents with
2-(dialkylphosphono)alkanoyl chlorides or (dialkylphosphono)fluoroacetyl
chlorides has been described as a general and efficient route to f-ketophospho-
nates [56]. Synthesis of S-ketophosphonates (yield, 70-90% from tert-butyl
thioesters using the lithium anion of either methyl- or ethylphosphonate has
been described [57]. Interestingly, the anion generated from dimethyl ethyl-
phosphonate was noticeably less reactive than its diethyl counterpart.

3.2
Reactivity

PB-ketophosphonates are valuable synthetic intermediates for the preparation of
a, f-unsaturated carbonyl compounds via the Horner-Wadsworth-Emmons
(HWE) reaction [51]. The HWE reaction has been applied to synthesis of differ-
ent natural products or their precursors, including use of an intramolecular
HWE in construction of a highly strained eleven-membered ring system (a po-
tential precursor for the key biosynthetic intermediate of the protoilludane fam-
ily) [58], preparation of (£)-(E)-a-atlantone [52], synthesis of C-glucosinolates
[54],a halichondramide fragment [57], and synthesis of both enantiomers of the
biotin vitamer 8-amino-7-oxopelargonic acid [59].

Another important application of B-ketophosphonates is as ligands in certain
molybdenum catalysts. -ketophosphonate complexes of molybdenum (VI)
prepared from (R)- or (S)-camphor are highly active catalysts in the epoxidation
of alkenes, polybutadienes or polyisoprenes [60, 61]. An analogous catalyst ini-
tiated the selective ring opening of (+) or (-)-limonene oxide by water to give
the trans-diaxial diol, the trans-isomer being untouched [62]. Finally, the
Mo(VI) complex of diethyl (2-phenyl-2-oxoethyl)phosphonate has been used in
the oxidation of organic sulfides [63].
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4
Phosphonoglyoxylates

We originally became interested in the then unsynthesized phosphonoglyoxy-
late (a-oxophosphonoacetate) system as a result of structure-dependent dif-
ferences in DNA polymerase activity found among phosphonoformate and
phosphonoacetate analogues [64]. Beyond the replacement of the P-O-P bond in
pyrophosphate by a less scissile P-C-C bond in the analogues, the phosphonoac-
etates in particular provided the possibility of changing their bioactivities by
modification of the CH, group bonded to phosphorus. For example, replace-
ment of one or both a-methylene hydrogen atoms by halogen substituents mod-
ifies basicity, steric profile and ligand properties, resulting in important changes
in affinity for particular enzymes [65].

A specific application of this approach is the introduction of a reactive func-
tional group at the carbon adjacent to phosphorus in a phosphonate intended to
bind to a particular biochemical site. Exemplary molecules embodying this
strategy are a-diazo phosphonates designed to serve as photoaffinity labels [66,
67]. It should be noted that although the a-diazo phosphonate is strikingly sta-
bilized (less so in the monoanion and dianion) to nonphotochemical hydrolysis,
practical use of these compounds for photoaffinity labeling has been limited by
competing intramolecular Wolff rearrangement in the carbene photoproduct.

These considerations prompted us to investigate the synthesis and a-keto
group reactivity of phosphonoglyoxylic acid. A trialkyl phosphonoglyoxylate,
such as the triethyl ester, was taken as a logical precursor; this compound is also
of potential value as a synthon for other interesting a-substituted phospho-
noacetates that might be accessible by exploiting the versatile chemistry of the
ketone function.

Scheme 24 EtO

4.1
Synthesis

The synthesis of triethyl phosphonoglyoxylate via reaction between ethyl oxalyl
chloride and triethyl phosphite was claimed in the 1960s and 1970s, but no
structural characterization was provided [68, 69]. A reinvestigation in our labo-
ratory by NMR analysis showed that this reaction, and similar reactions with
methyl and methyl-ethyl crossed esters of the chloride and phosphite, regardless
of the addition order, give rise to complex product mixtures in which the
claimed product is not observed, due to the high degree of reactivity of the
newly formed ketone group although it may be formed as an intermediate (we
later found that it reacts exothermically with triethyl phosphite) [8, 70].
Despite the simplicity of its structure, triethyl phosphonoglyoxylate proved to
be inaccessible by a number of plausible methods based on chemical analogy
with either diethyl malonate or diethyl alkylidienemalonate, evincing the strik-
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ing decrease in a-C reactivity when the second RO(O)C moiety in malonate es-
ters is replaced by a phosphono group [8,71]. Thus, N,0; cleanly oxidizes diethyl
malonate to diethyl oxomalonate [72], but triethyl phosphonoacetate is inert to
this reagent, as well as to ruthenium tetroxide and a number of other oxidizing
reagents. Although treatment of diethyl dibromomalonate with potassium ac-
etate in ethanol gives a good yield of the oxomalonate [73], triethyl dibro-
mophosphonoacetate is instead reduced by this reagent. A reduction also oc-
curred when the synthesis of 2-(diethylphosphono)-2-carboxyethyldithiane was
attempted. Dithianes can be converted to ketones by several different reagents
under mild conditions.[74] Finally, it has been shown that dimethylsulfoxide ox-
idizes diethyl bromomalonate to diethyl oxomalonate [75], but triethyl mono-
bromophosphonoacetate is unchanged by this reagent. Treatment of triethyl
dichlorophosphonoacetate with aqueous potassium hydroxide, by analogy with
the known conversion of tetralkyl dichloromethylenebisphosphonate to tetra-
sodium carbonyldiphosphonate [76] also leads to decomposition. Ozonolysis,
successful with ethylidenylmalonate ester [77], did not give satisfactory results
with triethyl phosphonoacrylate, which on treatment with ruthenium tetroxide,
gave instead of a ketone [78], the corresponding epoxide as the major product
[79].
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Clearly in these precursors the severe electron deficiency of the methylene (or
a-methylidene) carbon, flanked by two strongly electron-withdrawing groups,
accounts for its resistance to oxidation and points to an ‘umpolung’ tactic for ac-
tivation, wherein advantage might be taken of the relatively high electron den-
sity present on the carbon atom in the diazomethylene group, and the large
driving force provided by elimination of N, in oxidation of this group. Rh(II)
acetate-mediated deoxygenation of epoxides using diethyl diazomalonate
was previously shown to be useful for deprotecting epoxide-protected alkenes,
producing as a byproduct the oxomalonate diester [80]. Reversing the roles of
product and byproduct, a similar reaction between an epoxide and a trialkyl
a-diazo phosphonoacetate suggested itself as a viable route to trialkyl phos-
phonoglyoxylates (newer developments in Rh(II)-catalyzed oxidations of a-
diazo phosphonate esters are further discussed in Sect. 5).
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Indeed, triethyl phosphonoglyoxylate was easily prepared by this approach us-
ing propylene oxide as the oxygen donor (100 % by NMR, 84 % isolated), with re-
fluxing benzene (16 hr) as the solvent [79]. The course of the reaction was con-
veniently monitored by *’P-NMR (diazo ester resonance, § 10.8 ppm, ketone es-
ter resonance ¢ -2 ppm). Workup is simple: both side products (dinitrogen and
propylene) are gases at room temperature, and excess propylene oxide and sol-
vent is removed in vacuo. On reuse, recovered rhodium catalyst was found to re-
tain its activity. When 0.02 eq. (tenfold more) catalyst was used, the reaction was
complete in approximately 2 h.

4.2
Reactivity

4,21
Physical Properties

Trialkyl phosphonoglyoxylates are brilliant emerald-yellow, mobile oils; for the
ethyl ester, £,y 4(acetonitrile) = 65.8 L/mol cm. Their visible light absorption can
be rationalized on the same basis as that of carbonylbisphosphonate esters, see
discussion below. Their ketone IR absorption is red-shifted (1750 (s), 1735 (vs))
relative to that of simple ketones. The phosphoryl stretching frequency is nearly
identical in both triethyl a-diazophosphonoacetate and triethyl phosphonogly-
oxalate; however, the ester stretching frequency is red-shifted by 35 cm™ in the
diazo compound. Obviously, m-delocalization lowers the C=0 bond order in the
diazo compounds. The *'P NMR resonance and *C-NMR carbonyl resonances
(8 159.6 (d, *Jpc = 76 Hz, C=0[CO]), 6 193.6 (d, 'Jpc = 183 Hz, C=0[PO])) reflect
the electron deficiency at the keto carbon atom (cf. corresponding a-diazo com-
pounds, C-P coupling 223 Hz).

4.2.2
Conversion to Acid and Salts

Trialkyl phosphonoglyoxylates are too labile to by hydrolyzed in strong aqueous
acids such as HCI or HI, due to the very reactive ketone function, which, unlike
that in simple acylphosphonates, can undergo reaction with BTMS. However, a
method was devised to prepare the parent acid, in which the precursor diazo
group does double duty as a protecting group [8]. Thus, ethyl P,P-bis(trimethyl-
silyl) a-diazophosphonoacetate was synthesized by treating the triethyl ester
with BTMS, which displayed the expected regioselectivity for P vs C ester de-
alkylation. The mixed ester was then converted to the ketone using the Rh(II)-
epoxide methodology. On contact with D,0, the silyl ester groups instantly hy-
drolyzed, generating the bisphosphonic acid which, on heating to 56°C for a day,
catalyzed hydrolysis of its own C ester group. Dicyclohexylamine then afforded
an analytically pure sample of the bis(dicyclohexylammonium) salt. The tem-
perature is critical for the final hydrolysis step, 78°C leading to decomposition.
Phosphonoglyoxylate moderately inhibits several viral nucleic acid poly-
merases, the active form having been shown to be the ketone form, not the hy-
drate (see below) by UV and *'P-NMR -pH activity profile analysis [81].
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423
Hydration

The ketone group in trialkyl phosphonoglyoxylates is highly electrophilic, being
quantitatively converted to the hydrate by addition of one equivalent of water,
and there is no evidence for rapid exchange on the NMR time scale. The hemi-
acetal from methanol also forms quantitatively and showed no sign of conver-
sion to hydrate when kept 48 h in water at room temperature. However, one
equivalent of a more hindered (tert-amyl) alcohol gave only about 5% hemiac-
etal.

In contrast, hydration of phosphonoglyoxylic acid is determined by the pH,
and the yellow ketone form predominates above pH 7.5. Further decrease of pH
shifts the equilibrium to the colorless hydrate. At the same time, a manifold of
acid-base pairs for ketone and hydrate should be present. Because the hydrate
and ketone do not exchange rapidly, their *'P-NMR peaks are distinct, and it is
possible to measure the total hydrate/ketone ratio at various pH values, and also
to follow ketone to hydrate conversion by uv-visible spectroscopy. An estimation
of pKa’s for species in the mid-pH range gave: ketone pKa; 6.8, hydrate pKa; 7.2,
pKa, 3.8. Previous work suggests that pKa measurements based on *P-NMR
chemical shifts agree well with values from classical titration.

4.2.4
Oximes

Oximes derived from phosphonoglyoxylic acid possess a trifunctional array of
phosphonic, iminohydroxy, and carboxylic acid groups connected to a common
carbon atom, and have thus been dubbed ‘troika acids’ [82]. The nature of the
oxime hydroxy group interaction with its neighboring groups (phosphonic or
carboxylic acid group) will depend on whether the =N-OH is in an E or Z
orientation, and thus the chemical behavior of troika acids will be substantially
controlled by the stereochemical status of the hydroxyimino moiety.

Troika acid derivatives have been under recent investigation as phosphory-
lating agents and also as metal ion chelators. Both the E and Z isomers of the par-
ent acid have been prepared in situ from the corresponding stable C-methyl pre-
cursor salts by alkaline cleavage of the carboxylate ester, and shown to undergo
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stereospecific, hydrolytic fragmentations in water near or below pH 7 at room
temperature [83]. The E isomer cleaves at the P-C, bond, phosphorylating the
solvent to produce inorganic phosphate (in water); the Z isomer cleaves at the
C4-Cgbond, forming phosphorocyanidate [83]. Similar fragmentation occurs on
heating the C-methyl ester E-isomer in alcohols, giving monoalkyl phosphates
(Et, i-Pr, t-Bu). When conducted in mixture of primary and tertiary alcohol
(1:1 EtOH-#-BuOH), only a twofold excess of primary alkyl phosphate was ob-
tained (~2:1 ethyl phosphate : tert-butyl phosphate). Lack of selectivity in phos-
phorylation of a primary alcohol versus sterically hindered ¢-butyl alcohol is
considered to be evidence for a dissociative (metaphosphate-like) mechanism.

Phosphorylation, the transfer of phosphoryl group (-PO;) to a nucleophilic
acceptor, is a fundamental reaction in phosphorus chemistry and is a process
central to biological metabolism and biosynthesis. Monomeric metaphosphate,
(P(0),0H), has frequently been postulated to exist as a highly reactive interme-
diate, or transition state structure, in dissociative phosphorylation mechanisms.
The troika system offers interesting possibilities for introducing specific means
of controlling a phosphorylation process, by taking advantage of the fact that a
stable precursor, e.g.,a C-monoester, can be prepared as a single geometric iso-
mer (E isomer), and phosphorylation can then be made dependent on an unre-
lated chemical process, e.g., cleavage of the C-monoester, preferably under mild
conditions, which leads to activation.
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Hydrolysis of troika acid C-methyl esters proceeds at pH 13-14 (the E isomer is
much less reactive, probably owing to the proximity of the iminohydroxy anion
to the carboxylate group). To explore phosphorylation from troika acid pro-
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duced under milder (physiological) conditions, the C-p-NO,Ph and 0-NO,Bn
esters were synthesized and evaluated [84 - 86]. The rate of p-nitrophenoxide re-
lease from the corresponding C-ester was studied as a function of pH, tempera-
ture and added divalent metals. It was found that C-ester hydrolysis is signifi-
cantly enhanced by divalent metals, especially by Ni** ions which accelerate hy-
drolysis at least 700 fold at neutral pH [86].

Indirect photo-induced (broad band UV, 308 nm Xe excimer laser or 355 YAG
laser irradiation) phosphorylation via a C-ester caged troika acid has also been
demonstrated. In alcohols or neutral aqueous buffers, irradiation of the troika
acid C-0-NO,Bn ester gave phosphorylation of solvent plus phosphoro-
cyanidate, the expected Z-isomer product. No photoisomerization was seen in
the methyl C-ester using the YAG laser 355 nm source, suggesting that oxime iso-
merization in C-0-NO,Bn ester requires the o-nitrobenzyl group, possibly in-
volving an energy- or charge transfer effect [84, 85].
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In contrast to both its parent “troika” acid, and the C-Me ester which is stable in
aqueous solution at both acidic and neutral pH, (E)-(hydroxyimino)(hydroxy-
methoxyphosphinyl)acetic acid (P-Me ester) was unreactive at pH 7 and 25°C
but at pH 1.5 fragmented to methyl phosphate (15%) and methyl phospho-
rocyanidate (85%). The predominantly non-phosphorylating fragmentation
pathway, characteristic of Z-troika acid, was proposed to involve a preliminary
E — Z isomerization prior to C,-Cg cleavage [83].
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Fragmentation chemistry with C-P bond cleavage has also been demonstrated
in acylphosphonate oximes. a-Hydroxyiminobenzylphosphonates (a-keto-
phosphonate oximes) are reported to be precursors to monomeric phosphate,
and can thus serve as phosphorylating agents [2]. Monomethyl hydroxyimi-
nobenzylphosphonate fragmentation is also consistent with a dissociative
mechanism [87].



Recent Progress in Carbonylphosphonate Chemistry 221

HO,

Q@
'RO-P-OH
OR

‘N O _O0| ROH
0,07 H = R-0-F{
Ph-C PQ\G{q PhC=N + [ \\o}

Scheme 32

Given the critical role of oxime geometry on the chemical behavior of a-keto-
phosphonate oximes, it is crucial to define the E/Z stereoisomerism of these
compounds. X-ray crystallography, the ultimate structural method of reference,
was used to identify the E and Z isomers of C-Me troika acid (as DCHA salts; in
the Z isomer, the proximal oxime OH increases the effective second pKa of the
phosphonic acid group, leading to formation of a bis-DCHA salt, whereas the E
isomer only forms a mono-DCHA, facilitating isolation of both by fractional re-
crystallization). The *'P-NMR of these compounds usually follow a pattern in
which the Z isomer shifts more downfield, however this method requires both
isomers and the shift order is not always consistent [88]. We have proposed [88]
that the *C-NMR !, coupling constants have more useful predictive value in
determining E vs Z isomerism in phosphonoglyoxylate a-oximes and a-hydra-
zones, and also in distinguishing syn from anti phosphorus atoms in carbonyl-
bisphosphonate a-hydrazones.

Comparison of NMR data for a series of such compounds with their isomer
structure as determined directly or indirectly by X-ray crystallography, or other
means, revealed that for the E-isomers, the *C-NMR '], values fell within the
range 171-242 Hz, whereas those for the Z-isomers were in the range
127-164 Hz, and thus formed two non-overlapping domains of values. Underly-
ing this empirical correlation, we note in all the phosphonoglyoxylate oximes
and hydrazones,and in a carbonylbisphosphonate hydrazone anti-P atom, P-C,,-
N bond angles <120° (114°-117°), whereas for Z isomers and a hydrazone syn-
P atom, P-C,-N bond angles are >120° (125°-128°). We refer to this distortion
from bond angle symmetry in the sp? hybridized a-carbon introduced by asym-
metric H-bonding as ‘canting’ of the oxime or hydrazone moiety. This pattern of
isomer-dependent distortion from ideal sp2 hybridization is proposed to cor-
relate with the magnitude of Jp¢ in a consistent way, such that a larger P-Ca-N
angle corresponds to a smaller '], value and v.v.
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Oximes effectively coordinate transitional metal ions, and the presence of
two additional potential ligands in troika derivatives suggests evaluation of
their properties as metal chelators. Recently we have been successful in im-
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mobilizing troika carboxamides on microporous polystyrene beads, and work
on creating comparable macroporous bead-immobilized troika ligands is in
progress.
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In the course of this work, N-Benzyl (E)-(hydroxyimino)(diethoxyphos-
phinyl)acetamide was found to form an unusual neutral octahedral complex
with Ni** in which three nickel atoms are disposed linearly within an enclosing
structure of six of the troika ligands [89]. The ligands chelate in a tridentate
fashion, the three ‘teeth’ being the phosphonate oxygen (P=0), the oxime nitro-
gen (C=N) and the deprotonated oxygen of the oxime (C=N-O-). Interestingly,
the Ni atoms are in different ligand environments; the two ‘outer’ or flanking
nickels being coordinated to three P=0 oxygen atoms and three oxime nitrogen
atoms, while the ‘inner’, central nickel is bonded to six deprotonated oxime O
atoms. The structure is further stabilized by several amido NH groups via hy-
drogen bonding with oxime oxygens. From the top view it can be seen that the
nickel atoms form a central metal core surrounded by hydrophobic benzyl
groups on the periphery, which gives the impression of an insulated molecular
nickel wire. However, EPR and cyclic voltammetry studies indicate that no de-
localization of metal electrons occurs, as expected from the measured Ni to Ni
distance.

Scheme 35
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4.2.5
Hydrazones

Accessible directly via the parent compound, trialkyl phosphonoglyoxylate aryl-
hydrazones have also been conveniently prepared via reaction of trialkyl phos-
phonoacetate with aryl diazonium salts [90]. This route suffers from the limita-
tion that aromatic amines which contain strongly electron-withdrawing groups,
such as 2,4-dinitro aniline, give low yields of the coupling product. X-ray crys-
tallographic analysis of the photochemically active triethyl 2-methoxy-4-nitro-
phenylhydrazone and of the phenylhydrazone of a phosphonoglyoxylic acid salt
showed that both compounds are obtained as E isomers (these compounds have
been studied in several different bioassays).
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However, when the 2-methoxy-4-nitrophenylhydrazone was heated in acetone at
78°C for several hours, a new peak appeared in the *'P-NMR spectrum of the so-
lution, and the 'H and ®C-NMR spectra showed a pattern of doubled peaks,
consistent with 50% conversion to the Z isomer. Attempts to isolate this isomer
by preparative TLC failed due to isomerization on the silica gel [90, 91].
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5
Carbonylbisphosphonates

Bisphosphonates are analogues of pyrophosphate in which the P-O-P moiety of
the latter is replaced by a (usually) less labile P-C-P group. The earliest bisphos-
phonates demonstrated to possess biological activity were methylenebisphos-
phonates bearing simple a-alkyl, a-halo or a-hydroxy substituents, with specific
affinity for bone. Subsequently, structure-activity studies in several pharma lab-
oratories have identified more active bisphosphonate drugs for treatment of
osteoporosis, and there is currently growing interest in this class of compounds
for cancer chemotherapy [92]. Thus, it is likely that realization of the full med-
ical potential of bisphosphonates remains in the future, awaiting further ad-
vances in our understanding of the mechanisms of action and pharmacological
properties of these compounds. Consequently, the development of new synthetic
routes to specific classes of bisphosphonates is highly desirable. The syntheti-
cally versatile ketone group in carbonylbisphosphonate esters could, in princi-
ple, provide a convenient entry to an enormous range of new a-substituted py-
rophosphate analogues. However, this potential has remained unevaluated due
to the synthetic inaccessibility of these reactive a-ketophosphonates.
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The tetrasodium salt of carbonylbisphosphonate was originally synthesized by
Quimby et al. [76], using hydrolysis of a tetraalkyl dichloromethylenebisphos-
phonate in aqueous NaOH. In aqueous solution, the yellow ketone form re-
versibly converts to its colorless hydrate at acidic pH [76], a process which can
be assessed by a combination of *'P-NMR and uv-visible spectroscopy; at pH 7,
the ketone predominates [93]. The salt moderately inhibits HIV reverse tran-
scriptase in a p24 assay, whereas the parent methylene compound is inactive
[64], displays some activity vs the pyrophosphate-dependent phosphofructose
kinase of the parasite T. gondii [94] and has found use as a selective inhibitor of
PCNA-independent DNA polymerase 4, allowing its enzyme activity to be dis-
tinguished from that of DNA polymerase o [95].

In contrast, tetraalkyl carbonylbisphosphonates have in the past proven syn-
thetically elusive. Not only are the parent methylenebisphosphonate esters stub-
bornly resistant to oxidizing reagents as described above for phosphonoacetate,
but even rhodium(II) acetate-mediated oxygen transfer from propylene oxide to
a carbenoid derived from an a-diazo bisphosphonate ester a la our synthesis of
phosphonoglyoxylate failed (see below). Likewise, oxidation of tetraaethyl ethy-
lidenebisphosphonate with a number of reagents was unsatisfactory, although
this compound has been oxidatively converted into both the corresponding 1,2-
diol and the oxiranylidene [96]. Nevertheless, more recent work in our labora-
tory has been successful in creating the first practical routes to carbonylbispho-
sphonate esters, and to some other novel, multifunctional a-ketophosphonates.
This work, and some of the chemical reactivities of carbonylbisphosphonates,
will be described in the following sections.
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5.1
Synthesis

5.1.1
tert-Butyl Hypochlorite Oxidations of Diazomethylenebisphosphonate Esters.
The Moisture Modification

Some forty years ago, Regitz et al. reported synthesis of vicinal triketone com-
pounds from 2-diazo 1,3-dioxo-compounds using oxygen-halogen-insertion
chemistry provided by tert-butyl hypochlorite in formic acid. However, no anal-
ogous reaction for phosphorus compounds, in particular 2-diazo 1,3-diphos-
phono substrates, had been previously described.

Applying this approach, we found that tetraisopropyl and tetraethyl a-diazo
methylenebisphosphonates in HCO,H were converted by reaction with t-BuOCl
to an intermediate which, on vacuum pyrolysis, provided crude samples of the
corresponding esters in modest and erratic yields, always accompanied by an
appreciable amount of a-,a-dichlorinated side product which proved difficult to
remove, and decomposition products. The tretramethyl diazo ester produced
only very low yields of the corresponding ketone, as did the unsymmetrical di-
methyl diisopropyl diazo ester, probably due to the lability of the methyl ester
group under the rather harsh, acidic pyrolysis conditions. Although we were af-
forded the first samples of carbonylbisphosphonate esters, the method was not
very satisfactory due to the refractory impurities accompanying the product,
and especially the exasperating capriciousness of the pyrolytic step. We were
particularly mindful of the advantages of a synthesis that would proceed spon-
taneously at or near room temperature, and thus perhaps adaptable to combi-
natorial exploitation of carbonylbisphosphonate ester synthons generated in
situ.

Transfer to aprotic solvent media (acetonitrile, acetone, ethyl acetate, CCl,)
was sometimes found to give trace amounts of ketone products, which appeared
to increase when the solvent was not scrupulously dried, a tantalizing hint. Re-
gitz [97] proposed that the interaction between his organic diazo substrates and
t-butyl hypochlorite in alcohols proceeded via an intermediate a-chloro a-dia-
zonium salt, with elimination of tert-butoxide, followed by proton transfer from
the alcohol solvent to butoxide and nucleophilic substitution of the diazonium
ion by alcoholate. tert-Butanol is a much more likely leaving group under the re-
action conditions, and indeed much later, it was shown [98] that efficient trans-
fer of positive chlorine from alkyl hypochlorite reagents requires at least some
degree of proton transfer to the neighboring oxygen atom.

Taking into account the hint cited above, the fact that a proton donor is es-
sential, and that the ideal final intermediate would be an unstable a-halo a-hy-
droxy species, H,0 would seem to be the obvious candidate combining the roles
of general acid providing the proton needed to activate the ¢-butyloxy leaving
group of t-butyl hypochlorite, and the nucleophilic oxygen source.

Indeed, we found that diazomethylenebisphosphonate esters in ethyl acetate
containing a few equivalents of H,O react at room temperature or below with
tert-butyl hypochlorite to form the corresponding carbonylbisphosphonate es-
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ters in high yields (>90%). After a brief induction period, the reaction proceeds
very rapidly with effervescence as N, suddenly evolves. The autocatalytic char-
acter of the reaction is rationalized on the basis that HCl is generated, which as
a much stronger acid than water, protonates tert-butyl hypochlorite, accelerat-
ing Cl* transfer to the substrate. It is preferable to take advantage of the HCl thus
generated in situ to adding an excess of HCl to the reaction mixture beforehand,
because this will divert the chlorodiazonium intermediate to unwanted a,a-
dichloro byproduct. Excess of H,0O suppresses this byproduct, but if not judi-
ciously controlled causes conversion of the product ketone to its hydrate, which
as explained in a later section can lead to decomposition products. Under the re-
action conditions, hydrate formation can be virtually suppressed by quick re-
moval of the excess H,O as soon as ketone formation is complete (cessation of
gas evolution). This can be conveniently effected by adding trimethylchlorosi-
lane as a water “getter”.

5.1.2
Rhodium(ll)-Mediated Oxidations of Diazomethylenebisphosphonate Esters.
Critical Roles of Metal Ligand and Epoxide Oxygen Donor

Although the hypochlorite method we previously elaborated conveniently pro-
duces carbonylbisphosphonate esters under very mild conditions, it suffers from
two potential drawbacks: 1) the exothermicity and exponential increase in rate
of reaction, so convenient on small scale, might pose cooling and control prob-
lems on major scale-up; 2) thus far, an efficient separation method to remove the
small amount of dichlorinated side product always present, has not been found.

Diazocarboxylate esters can be transformed by transition metal catalysts
such as rhodium(II) acetate into alkoxycarbonylcarbenes that undergo a wide
variety of synthetically useful C-H, C-C, C-X, X-H and X-X insertion reactions
(where X = heteroatom) [99]. Chemoselectivity of rhodium carbenoids derived
from Rh(II) carboxylates and carboxamides has been found to exhibit striking
ligand dependency, for example in work by Padwa showing that perfluorocar-
boxamide ligands exclusively promoted aromatic C-H insertions in Rh(II)-cat-
alyzed decomposition of diazoamides to give oxindoles, whereas a carboxylate-
based rhodium catalyst promoted other types of insertions and addition reac-
tions [100].

As mentioned in Sect. 4, Rh(II) acetate-propene oxide smoothly converts a-
diazo phosphonoacetate to the a-ketone. However, replacement of the carboxy-
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late group in this diazo substrate by a second phosphonate moiety produces a
dramatic drop in reactivity. The phosphonate group is strongly electron-with-
drawing, but unlike the carboxylate substituent is unable to provide a stabilizing
m-electronic interaction with the diazomethylene group as the latter begins to
react with the Rh catalyst. In effect, the second phosphonate decreases electron
density at the diazo carbon, rendering it less susceptible to attack by the elec-
trophilic Rh.

Thus, we found that tetraalkyl diazobisphosphonate substrates are com-
pletely unreactive to rhodium acetate/propylene oxide, even after days of reflux
in benzene which gave smooth conversion of triethyl diazophosphonoacetate to
triethyl phosphonoglyoxylate in a few hours [79]. Efforts to utilize more rigor-
ous conditions (higher boiling epoxide and solvent) with this catalyst have only
confirmed the inertness of tetraisopropyl diazomethylenebisphosphonate
[101]; and the corresponding tetraethyl ester was unchanged after a week in re-
fluxing toluene containing rhodium acetate and 4-methoxyphenol [102].

Examining the role of the catalyst, it appeared reasonable to explore the ef-
fects of Rh ligands other than acetate. The effect of the Rh(II) carboxylate cata-
lyst ligand structure on rhodium-carbenoid mediated O-H insertions in cat-
alytic decomposition of various diazo compounds in the presence of hydroxylic
compounds has been studied by Cox et al., who found that in this reaction, ef-
fectiveness varied with ligand, with L = CF;CONH >CH;CONH >CH;CO, al-
though no clear explanation of this order has been given [102]. A problem with
the trifluorocetamide catalyst is that it has not been well purified or character-
ized, and as obtained may consist of more than one species [103]. In contrast,
rhodium perfluorobutyramide [Rh,(NHCOC;F,),] can be isolated as a well-de-
fined compound [100], although it has not been used previously with dia-
zomethylenephosphonate substrates.
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Very recently, we discovered that the latter catalyst is effective in converting
tetraisopropyl diazomethylenebisphosphonate to the carbonylbisphosphonate,
using 1-hexene epoxide as the oxygen donor in refluxing benzene. The ketone
product is obtained in high yield, and can be distilled under reduced pressure
producing an analytical sample free of NMR-detectable impurities [92,103]. This
catalyst is also highly effective in the parallel synthesis of other novel trifunc-
tional a-ketophosphonates, namely diethyl N,N-dimethyl phosphonoglyoxy-
lamide (formed overnight at room temperature) and the mono(phenylphosphi-
nate) analogue of tetraethyl carbonylbisphosphonate [103]. Further showing its
greatly enhanced activity relative to rhodium acetate in these reactions, rhodium
perfluorobutyramide is also capable of converting triethyl a-diazo phospho-
noacetate in benzene to triethyl phosphonoglyoxylate at room temperature.

In addition, we now have very recent evidence that the oxygen donor - the
oxirane ring - can significantly influence the overall rate of the reaction. Thus,
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when propylene oxide is replaced in the oxidation of diethyl N,N-dimethyl phos-
phonoglyoxylamide by an epoxide configured to provide stabilizing delocaliza-
tion of charge developed during ring-opening - styrene oxide - the conversion,
which requires overnight using propylene oxide, occurs at room temperature in
less than a minute! These results demonstrate the remarkable “tunability” of the
Rh(IT)-epoxide route to a-ketophosphonates, which warrants further investiga-
tion. They also provide valuable tools for mechanistic studies of these reactions.

Tetraalkyl carbonylbisphosphonates and related analogues are therefore now
tully available, via several routes, for further exploration of their physical prop-
erties and chemistry, and for possible exploitation as “gateway” synthons pro-
viding convenient access to a broad range of derivatives.

5.2
Reactivity

5.2.1
Physical Properties

Carbonylbisphosphonate tetraalkyl esters are bright yellow, mobile oils, in con-
trast to simple acylphosphonates which are typically colorless. The red shift of
the carbonyl group n— n* transition may be attributed to the additional stabi-
lization of the excited state conferred by electrostatic interaction with the sec-
ond phosphonate group. In the excited state, an electron is promoted from a
non-bonding orbital on the carbonyl oxygen to a n* orbital of the C=0 group.
As this antibonding orbital has increased electron density on the carbon atom,
the excited state is stabilized by the P-O bond dipoles in the flanking phospho-
nate groups. Also characteristic of these compounds is their lowered carbonyl IR
stretching frequencies (v =1642-1645 cm™) compared to simple aliphatic ke-
tones (v = ca. 1715 cm™) Conversion of the a-diazomethylene precursor to car-
bonylbisphosphonate essentially reverses polarity at carbon, as reflected in the
3IP-NMR resonances which undergo an upfield shift of A§ =17- 19 ppm (con-
version to hydrate produces a downfield shift of AS = 20 ppm). Chemically, the
lowered energy of the LUMO results in enhanced reactivity to nucleophiles, and
stabilization of the hydrate relative to the ketone.

5.2.2
Hydration and Ketone-Hydrate Adduct Rearrangement

Hydrates of the impure bisphosphonate ketones prepared by our original tert-
butyl hypochlorite method are readily formed (not isolated) by treatment with
H,0. However, attempts to regenerate pure ketones free of the a,a-dichloro con-
taminant and other impurities by evaporation of the aqueous phase (low pres-
sure, heating) after extraction with an organic solvent lead instead to formation
of an unwanted product containing both phosphonate and phosphate groups. If
the water-trapping reagent in the modified method is omitted, the ketone prod-
uct is also converted to its hydrate (carbonylbisphosphonate tetramethyl and
tetraisopropyl esters). The hydrates are easily isolated as colorless, crystalline
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compounds with well defined melting points. Treatment of these pure hydrates
with P,0s or magnesium perchlorate in organic solvents regenerates the ke-
tones, however a ketone-hydrate secondary reaction may occur, see below.

Tetramethyl carbonylbisphosphonate hydrate readily dissolves in H,O, where
it decomposes to dimethyl hydrogen phosphonate, a process catalyzed by base.
Other hydrates are presumed to react similarly.

On heating, the hydrates produce a product, whose NMR and MS data are
consistent with a novel hexaalkyl bisphosphonophosphate. This product may be
formed according to the following scheme. The hydrate loses water to regener-
ate ketone, but also decarboxylates to form a dialkyl phosphite. The phosphite
adds to the carbonyl group of the ketone, giving an unstable trisphosphono
adduct which rearranges to the bisphosphonophosphate.
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To verify the proposed rearrangement mechanism, the reaction between
tetraisopropyl carbonylbisphosphonate and dimethyl phosphite was inves-
tigated by *'P-NMR . C — O rearrangement in the predicted triphosphono in-
termediate should give two different bisphosphonophosphate ester isomers,
assuming that the migratory aptitudes of the dimethyloxy- and diisopropoxy-
phosphoryl groups are not too different. On the other hand, direct attack by the
phosphite anion on the carbonyl oxygen (not shown), leading to an intermedi-
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ate bisphosphonophosphate carbanion, should give exclusively the dimethyl
phosphate-tetraisopropyl bisphosphonate product.

Both possible products were observed, in a ratio of Me:iPr = 1:0.75. This re-
sult demonstrates that the sterically congested hydroxymethylenetrisphospho-
nate intermediate forms but is indeed unstable to rearrangement, and indicates
that the migratory aptitude of the dimethoxyphosphoryl group (after correction
for a statistical factor of 2 favoring the isopropyl phosphate isomer) is about 3
times higher than that of the diisopropoxyphosphoryl group.

5.2.3
Oximes and Hydrazones

Carbonylbisphosphonate esters react smoothly with NH,0CH;. For example, re-
action of the isopropyl ester gave the corresponding stable O-methyl oxime in
609% yield. The free oximes, and the corresponding oxime derivatives of acid bis-
phosphonates, have not yet been subjected to systematic study. However, very
preliminary work indicates that the free oxime of the parent acid in aqueous so-
lution is unstable to fragmentation with C-P bond cleavage, similar to that en-
countered with the troika acids.
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The esters also react readily with aryl hydrazines to give aryl hydrazone deriva-
tives. Examples of the latter were first synthesized (prior to the availability of
tetraalkyl carbonylphosphonates) from tetraalkyl methylenebisphosphonates
and aryl diazonium salts, analogously to the phosphonoglyoxylate hydrazone
synthesis described in a previous section. First made as possible precursors in a
ketone synthesis, several of these compounds, converted to free acid salts by
treatment with BTMS followed by dicyclohexylamine in methanol, proved to
have unexpected inhibitory activity vs the pyrophosphate-dependent phospho-
fructokinase of the parasite T. gondii, which causes a potentially lethal oppor-
tunistic infection in immunocompromised persons such as AIDS patients [94].
In fact, the 2,4-dinitrophenylhydrazone of carbonylbisphosphonic acid (as the
tetrasodium salt) dramatically abated toxoplasmosis lesions in infected human
foreskin fibroblasts [94]. Animal toxicity in this compound, probably arising
from in vivo hydrolysis to the highly toxic hydrazine, precluded its future devel-
opment, but the result remains an interesting lead.

Although the 2,4-dinitrohydrazone free acid is relatively stable in water, the
2-methoxy 4-nitrophenylhydrazone decomposes at acid or near neutral pH, as
does the unsubstituted phenylhydrazone, to a mixture of phosphate and
cyanophosphate. This can be rationalized as a fragmentation involving cleavage
of both a P-C bond of the bisphosphonate and the N-N bond of the hydrazone,
with an aniline as the leaving group. The basicity of the nascent amino nitrogen
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strongly influences the rate of the fragmentation, and phenyl ring substitution
creating a significant net electron-withdrawing effect is required for stability

[91].
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An interesting regioselectivity is conferred by the presence of an hydrazone
group: Nal in acetone easily monodemethylates the bisphosphonate ester, but
the second, intact dimethyl group resists cleavage even after prolonged reflux.
The monodealkylated product in D,0 was found by NMR to be a single isomer,
indicating that strong H-bonding from the =N-NH- group to the P-O~ not only
‘locks in’ one geometric configuration, but thereby deactivates the diester to nu-
cleophilic attack via C-O bond breaking, by increasing electron density on a-

carbon [91].
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Addition of alkyl and aryl amines to carbonylbisphosphonates, which could af-
ford a new route to a-amino methylenebisphosphonates if the imine reduction
proceeds normally and competing fragmentation chemistry does not pose se-
vere problems, is currently under investigation in our laboratory.

5.2.4
Reaction with Organometallic Reagents

In principle, addition of organometallic reagents to the ketone function of
carbonylbisphosphonate esters could constitute a convenient portal to a wide
variety of a-substituted bisphosphonate derivatives. One aspect worth noting is
the possibility of generating a-alkyl or a-aryl, a-hydroxy substituted methy-
lenebisphosphonate esters directly by addition of an appropriate carbanion. The
biological activity of bisphosphonate bone agents such as pamidronate,
residronate, and their cognates, has been attributed to two structural features:
‘bone hook’ functionality, consisting of the two phosphonate groups and, where
present, an a-hydroxy group, which together mediate primary hydroxyapatite
adsorption; and the second, ‘bioactive’ a-substituent, which can be modified to
enhance the anti-resorptive potency of the drug [104]. Addition of a carbanion
to a carbonylbisphosphonate ester, assuming the adduct can be trapped by
adding a proton, could simultaneously generate an a-hydroxy group with intro-
duction of the a-R moiety.

However, as discussed in Sect. 2.2 above, reaction of carbanion nucleophiles
with a-keto monophosphonate esters may lead not to (our) desired a-hydroxy
a-alkylated adducts, but instead to elimination of the phosphorus-bearing moi-
ety forming a ketone and a phosphite. Thus, with even weaker C-P bonds pre-
sent, carbonylbisphosphonate reaction patterns with strongly basic carbon
nucleophiles might turn out to be dominated by fragmentation: the ‘carbanion
conundrum’.

00 0 0) 0 o]
RO, 1 RO.IT 1 I i_OR
“P-C-R' -RyC-R'| — R-C-R" + ~P{
RO P)CR RO J,'R.. P or
R"
Scheme 46

Nevertheless, we discovered that tetraalkyl carbonylbisphosphonates exposed to
excess Grignard reagent can be converted into the corresponding disubstituted
methylenebisphosphonate esters in 40-75% yield. For example, the tetraiso-
propyl ester of etidronate (1-hydroxy-1,1-ethylidenebisphosphonate) was read-
ily obtained from tetraisopropyl carbonylbisphosphonate and methyl magne-
sium jodide. The synthesis has been demonstrated with phenyl and benzyl Grig-
nard reagents, and several different alkyl esters of carbonylbisphosphonate.
Pending further investigation of this system, it can be speculated that the Mg**
dication plays an important role in stabilizing the adduct.
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RO\E g (IP?,OR R'MgHal RO\E EHE,OR
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Scheme 47 R' = Me, R = Pr-; R' = Ph, R = Pr-i; R' = Bn, R = Et

Future studies will elucidate to what extent the synthetic versatility of the ketone
function can be exploited synthetically in carbonylbisphosphonate synthons.

5.2.5
Carbonylbisphosphonate Nucleotide Analogues

Phosphonate esters are widespread compounds in many biological systems.
Over the two past decades chemists have paid much attention to the synthesis of
phosphonic acid and their derivatives which might be considered as analogs of
natural phosphate and display modified chemical and biological properties. One
other interesting potential application of carbonylbisphosphonates is as py-
rophosphate analogues for incorporation into nucleotides. The resulting nucle-
oside conjugates would resemble the well-known methylenebisphosphonate
analogues, differing from them however in the important aspect that the unre-
active P-CX,-P linkage (where X = H and/or halogen, for example) is replaced by
a chemically reactive ketone group, one moreover whose electrophilicity will be
influenced by its local electrostatic and solvation environment. The potential
lability of the P-C bond in nucleophile adducts of such conjugates must also be
taken into account. Synthesis of the first example of a carbonylbisphosphonate
conjugate (with AZT) was very recently achieved in our laboratory [105].

In general, phosphonate nucleotides have been made by a number of differ-
ent approaches, for example:

1. Treatment of activated derivatives of phosphonates with nucleosides contain-
ing an unmasked hydroxy group [106];

2. Condensation of an activated form of the nucleoside with a phosphonic acid
[107];

3. Esterification of phosphonic acids by hydroxy nucleosides using a condens-
ing agent [108];

4. Formation of the phosphonate-nucleoside ester bond using the Mitsunobu
reaction [109,110].

To elaborate a method for coupling 5’-hydroxy nucleosides with a carbonylbis-
phosphonate partner or precursor, the tendency of the keto group to react with
nucleophiles, possibly leading to C-P bond cleavage, has to be considered. Pre-
liminary experiments indicated that methods 3 or 4 offered better prospects for
success. We also sought a method in which the ketone functionality would be in-
troduced into the molecule as late as possible. As our initial nucleoside partner,
we selected AZT, where in addition to the possibility of creating a novel anti-vi-
ral nucleic acid polymerase inhibitor, we moderated the synthetic challenges in-
herent in nucleosides with reactive base substituents and/or containing a 2’-OH
group requiring protection/deprotection.
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We have achieved synthesis of the carbonylbisphosphonate analogue of AZT
5’-diphosphate using our newer hypochlorite route, applied to the correspond-
ing diazomethylenebisphosphonate conjugate (itself a novel and interesting nu-
cleotide analogue), which in turn was made by PyBOP or Mitsunobu coupling of
its trimethyl ester-monosodium salt with AZT, followed by treatment with
BTMS to silyldemethylate without hydrolysis. Conditions were found permitting
chemoselective oxidation of the diazo function in the tris(trimethylsilyl) ester of
the conjugate, followed by deprotection under extremely mild conditions (ex-
posure to neutral water).

Meo\g_g_g:OMe N;R, +BuOK meg:g_'gz_ g:gr\h:e
MeO™ [~ "OMe  lisaa
PyBOP or H'

O N, O Mit51.mobu o N.O
Meo:B—&—BgN” reaction Meo\g__&z_lg,OH
MeO OMe MeO” “OMe

BTMS

Me3Si0\9 N2 Q/Nu 1. +BuOCl, H,0 HC') 0N Nu
Me;SiO” ~OSiMe; 2.pH=7.5

Scheme 48

PyBOP, proceeding through a presumed benzotriazolyl ester intermediate, was
more effective than alternative coupling agents such as DCC, DCC/DMAP,
DCC/1-hydroxybenztriazole, and bromotris(dimethylamino)phosphonium
hexafluorophosphate.

The Mitsunobu reaction has been used previously to prepare 5’-O-acylnucle-
osides and nucleoside 5’-phosphates [111,112]. With purine nucleosides, the ap-
proach failed (<1% yields) in the preparation of 5"-phosphates, the main prod-
uct being N°,5”-cyclonucleosides resulting from an intramolecular nucleophilic
attack by a purine ring nitrogen atom on the 5’-carbon atom. The predominant
formation of the purine cyclonucleosides was attributed to electrostatic interac-
tions between the phosphorus cation and the purine base which brought the re-
action sites (5" and 3-N) close enough to favor cyclization [113].

It was found recently that 2°,3"-0,0-protected adenosine and similar deriva-
tives could be efficiently phosphorylated under Mitsunobu conditions when the
reaction was carried out in anhydrous pyridine. Less nucleophilic phosphonates
also reacted, but gave lower yields [114]. The use of nucleosides non-protected
at the 2" and 3’ positions led to the formation of by-products, and 5’-phospho-
rylated adenosine or derivatives could not be isolated satisfactorily.

The mechanism of the Mitsunobu reaction of alcohols with phosphonic acids
has been recently studied [109]. A typical Mitsunobu coupling reaction proceeds
via Path A and it is generally recognized that the rate-determining step is the re-
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action of alcohol with the protonated betaine to generate an alkoxyphospho-
nium salt, which then readily cascades to product. Path B is accessed only when
there is no acidic component present to protonate betain.
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If equimolar excesses of phosphonic acid, triphenylphosphine, and DIAD relative
to the alcohol are used, the protonated betaine is formed and reacts slowly with the
alcohol to form the alkoxyphosphonium salt. When a slight excess of unproto-
nated betaine is present, formation of the phosphonium salt via general base catal-
ysis is facilitated. However, with a greater excess of unprotonated betaine, path B
may be accessed resulting in formation of a dialkoxyphosphorane which can then
undergo E, elimination, leading to unwanted side products. These mechanistic
considerations were taken carefully into account in planning our Mitsunobu-
based synthetic approach to the carbonylbisphosphonate nucleotide analogue.

The tetramethyl ester of diazomethylenebisphosphonate [12] was chosen for
its ease of monodemethylation (Nal in acetone, added stepwise to abate forma-
tion of unwanted P,P’-didemethylated product).

Condensation of the diazo monosalt with AZT using PyBOP was carried out
under conditions considered to be optimal [108], however the yield of the con-
jugate intermediate was below 50 %, possibly due to the recognized moderate
sensitivity of PyBOP-promoted monophosphonic acid condensations to steric
hindrance.

In contrast, our Mitsunobu condensation chemistry proceeded nearly quan-
titatively after 4 hr at rt (by >'P-NMR ; isolated yield >80%) when conducted in
dry dioxane using 1.5 equiv of AZT, TPP and DIAD.
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The sequence of steps and reaction conditions in the remainder of the syn-
thesis is also critical. The diazo conjugate must be oxidized with t-BuOCI after
chemoselective tridemethylation with BTMS in CH,Cl, at rt. The oxidation with
t-BuOCl was also carried out (EtOAc) at room temperature, rapidly (5 min) with
only a fourfold excess of H,0, immediately followed by rapid solvent removal in
vacuo and pH adjustment (in water) to 7.5. The product, which was purified by
gradient HPLC on a C-18 column was characterized by 3'P-, 'H-, and *C-NMR,
and by high resolution mass-spectrometry. Its chemical properties and biologi-
cal activity are currently undergoing evaluation, and synthesis of further exam-
ples of carbonylbisphosphonate nucleotide analogues is under study.
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