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Carbene-Like Chemistry of Phosphinidene Complexes — Reactions,
Applications, and Mechanistic Insights

Koop Lammertsma*l and Mark J. M. Vlaarl?
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The versatile carbene-like chemistry of electrophilic phos-
phinidene complexes (R-P=ML,,) with C=C, C=C, C=X, and

C=X (X =N, O, S, Si, and P) bonds and aromatics is discus-
sed.

1. Introduction

Phosphinidenes (short: R —P:)[Y are the phosphorus ana-
logues of carbenes (R,C:). Because phosphorus is slightly
more electropositive than carbon, these low-valent organo-
phosphorus compounds resemble carbenes.”) When stabil-
ized by a single transition metal group (RP=ML,), they
become remarkably versatile reagents. Like the carbene
complexes (R,C=ML,), they are either electrophilic
(Fischer-type) or nucleophilic (Schrock-type). Phosphinid-
enes have been the topic of earlier reviews.*!

In this Microreview we focus on the rapidly maturing
chemistry of the electrophilic phosphinidene complexes.
These building blocks are generated in situ. Whereas they
have yet to be detected by spectroscopic means, their exist-
ence may be inferred from trapping experiments affording
a broad array of new compounds. This Microreview is not
intended to cover all of these; it aims rather to show their
synthetic potential by selected examples and mechanisms,
with some emphasis on those produced in our own laborat-
ory. To put the topic into context, we should briefly address
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the matter of the “free” and the nucleophilic phosphinid-
enes.

2. Free Phosphinidenes [R—P]

Despite many attempts to detect them, “free”” phosphin-
idenes remained elusive until 1994, when Gaspar and col-
laborators identified mesitylphosphinidene (2) by ESR
spectroscopy after irradiation of the mesitylphosphirane 1
at low temperatures.[! Previous efforts such as the thermal
decomposition of cyclopolyphosphanes (R—P), and the re-
duction of dihalophosphanes by alkali metals! had failed,
but the photolysis of phospholenes,® phosphiranes, phos-
phorus bis(azides),!”! and diphosphenes!®’ has been more
convincing.
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This limited success in generating the free species is un-
doubtedly due to its triplet ground state, which makes it
unconducive to synthetic applications. For example, the
singlet—triplet energy separation for the phenyl derivative
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has been estimated at around 24 kcal/mol.”] The presence
of amino and phosphido groups reduces this energy differ-
ence and may even favor a singlet ground state,['%! but such
species have yet to be developed. So far, only one phos-
phanylphosphinidene, generated from a phosphanylidene
phosphorane, has been reported, but its applicability has
yet to be studied.!'!]

3. Terminal Phosphinidene Complexes
[R—-P=M]

Phosphinidenes prefer a singlet ground state when stabil-
ized by a transition metal group. Ab initio studies on HP=
Cr(CO)s in the mid 1980s were ambiguous about its elec-
tronic properties,['? but recent investigations favor a singlet
ground state over a triplet one for HP=M(CO)s (M = Cr,
Mo, W) by as much as 10 kcal/mol for the phenyl derivative
[M = W].II3 The singlet—triplet energy difference increases
with increasing m-donation from the substituent on the
phosphorus atom. Whereas the P—M bond is often de-
picted as dative, it possesses significant m-bonding charac-
ter.[13al

Stabilization of the phosphinidene by a transition metal
group can give rise either to electrophilic (Fischer-type) or
to nucleophilic (Schrock-type) properties, depending largely
on the ancillary ligands on the metal atom.['*! Several well-
characterized nucleophilic phosphinidene complexes have
been reported, but surprisingly little of their chemical be-
havior has been explored.!'>! The first Schrock-type phos-
phinidenes 4 were synthesized — as stable compounds — in
1987 by Lappert’s group,l'®! who even reported an X-ray
structure for Cp,Mo=PMes*. A few years later, Niecke et
al.l'”l generated similar amino-substituted derivatives. In the
years since, several other stable phosphinidene complexes
have been obtained with molybdenum,!'8! tantalum,!”]
tungsten,”? uranium,?'! and zirconium®? metal centers.
The 3'P NMR spectra of these complexes showed reson-
ances at extremely low field, with chemical shifts of up to
8 = 1007.5 for an MoCp(CO); complex.['8] Most of these
species have hardly been investigated, except for the (phos-
phinidene)zirconium complex 5. The more noteworthy reac-
tions that Stefan et al.?d explored for 5 are those with car-
bonyl groups to give phosphaalkenes and those with vicinal
dichlorides and epoxides to give phosphiranes.

ﬂ R ﬂ Mes*
M=P Zr=P
% M= Mo, W PMe,

R = Mes*,

4 (MC3SI)2CH 5

4. Generation of Electrophilic Phosphinidene
Complexes

All known electrophilic phosphinidene complexes have
transition metal groups bearing carbonyl ligands only, ex-
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cept for the cationic [Cp*(Co),Fe = P'Pr,]".[>) So far, only
one (6) has been isolated;** Cowley et al. reported it to
have a P—C bond length of 2.274(2) A and two nearly
equivalent P—N bonds of 1.777(7) A and 1.764(7) A, which
suggests that the phosphorus center is intramolecularly sta-
bilized by Lewis base coordination. Apparently, it does not
represent an unencumbered species.

N E,0 N
N—;PCIZ + Na,Fe(CO)y W E‘;P*Fe(CO)‘,
Me
e
N _ Me l|3 Me
VA0
Me Me

“Free” electrophilic phosphinidene complexes have only
been inferred from trapping reactions. Several approaches
to these transient species have been followed. Marinetti and
Mathey®’! were the first to report a stable precursor in
1982, having found that the hitherto unknown 7-phos-
phanorbornadiene is effectively stabilized by M(CO); (M =
Cr, Mo, W) groups. In the same year, they trapped the tran-
sient phosphinidene complexes 9 as phosphiranes and phos-
phirenes by degradation of precursor 8 at ca. 110 °C in the
presence of olefins and alkynes, respectively.l*®l The temper-
ature could be reduced to ca. 55 °C if CuCl was used as a
catalyst, with elimination of the aromatic residue 10 consid-
ered to be the driving force for the formation of 9. 7-Phos-
phanorbornadiene complexes with a large variety of sub-
stituents at the phosphorus atom are accessible.?”] Only
those with bulky groups or NR, substituents are difficult to
access, a fact that has its origin in the sluggish Diels— Alder
reaction producing 8.

OC)sM
(OC)SM\PhR ( )5 \P/R
M CO,M
() + MeO,C—=—COMe —n e}b’ e
Mé _ Me Me COMe
7 8 M=W,Mo,Cr
110°C R Me:CECOZMe
—_ . P +
or 55°C, CuCl [(OC)SM F Me CO,Me
9 10

Besides these trapping products, the formation of transi-
ent electrophilic phosphinidene complexes is supported by
the following observations:

(1) Cheletropic elimination of 7-phosphanorbornadiene
complex 8 in the presence of various trapping reagents is a
first order process that depends only on the concentration
of the precursor and not on the concentration and nature
of the trapping substrate.[%]

(2) 1,2-Addition to Z- and E-olefins proceeds with com-
plete retention of configuration, suggesting a concerted re-
action of a carbene-like singlet species.[*]
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(3) Small and negative Hammett reaction constants of
—0.76, —0.60, and —0.55 for additions to styrenes of
PhPW(CO)s,3% MePW(CO)s,?1 and MeOPW(CO)s,P?! re-
spectively, corroborate their electrophilic nature.

Amino-substituted phosphinidene complexes 12 are ac-
cessible through thermal decomposition of amino-phosphi-
ranes 11.533 Unfortunately, the synthesis of these precursors
is laborious and they have therefore not found wide applic-
ability. Phosphirane complexes can be applied to (re)gener-
ate phosphinidenes, but higher temperatures are required,
making them much less desirable precursors than the 7-
phosphanorbornadienes.[?8:34:331

L NEtz
(0C)sW~P

11 12

(OC)sW, ,NEt, 0
X 7090 C [ + H,C=CH,

Streubel’s groupl®! developed a different route to gener-
ate an amino-substituted phosphinidene complex (14) by
thermally cleaving the azaphosphirene ring 13. Reactions
that successfully trapped the phosphinidene, however, also
showed that transient nitrilium phosphane ylides 15 can be
formed as well.[37]

(0C)sW, CH(SiMes),

R 0 CH(SiMes)
Ar/&N 45-75C [(OC)5W<-P' 32} + Ar—=N
13 14
\_45-75 °C 9 _gN(CO)s
Ar—=N-E
CH(SiMe3),
15

More recently, Lammertsma’s group®®! has developed a
rather different route to amino-substituted phosphinidenes,
based on earlier work by King on P/Fe clusters.?”) The
method relies on condensation of an aminodichlorophos-
phane with Na,Fe(CO), (Collman’s reagent). Complexed
phosphinidene 16 is generated below ambient temperatures
and can be trapped with alkynes and alkenes.

-30° - 0°C

NiPr,
NﬂzFC(CO)4 + lPI‘zNPClz (OC)4F€‘_P

16

5. Reactions of Electrophilic Phosphinidene
Complexes

The emphasis throughout the remainder of this Microre-
view is on the most widely employed phosphinidenes, those
generated from W(CO)s complexed 7-phosphanorbornadi-
enes. We concentrate on cycloadditions to m-bonds, appar-
ent insertions into 6-bonds, and P-ylides formed from addi-
tion to lone pairs. These reactions are reviewed by a func-
tional group approach that takes in C=C, C=C, C=X, and
C=X bonds.

Eur. J. Org. Chem. 2002, 1127—1138

5.1 Reaction with C=C and C=C Bonds

R—-P=M(CO);s (9), generated in situ, reacts with olefins
to form phosphiranes A.*°! Likewise, its 1,2-addition with
acetylenes yields 1H-phosphirenes B.1*°! Mathey!?®33 has
shown that R—P=W(CO)s in some cases transfers from a
phosphirane to an acetylenic bond to give a phosphirene.
Apparently, the unsaturated three-membered ring is ther-
modynamically favored over the saturated one. In this con-
text we note that 9 is a potent synthon, as illustrated by its
reaction with unsubstituted ethylene.* The 21.3
kcal-mol ! strain energy for the parent uncomplexed phos-
phirane C,PHs, calculated by the G2(MP2) ab initio
method, is — as expected — smaller than the 28.0
kcal'mol~! for cyclopropane, calculated at the same level
of theory.[*!]

1 , R1P’M(CO)5
R! _R? [RPM(CO)s] R
R3 R4 - o Rl...Au]}
R® R
A
‘P,M(CO)S
s __ s [RPM(CO)]
RA——FR® —— 75 o AR6
B

Olefins

A large number of phosphiranes A has already been re-
ported to result from the 1,2-addition to C=C bonds. There
appears to be little or no difference in selectivity between
simple olefins such as 1- and 2-butene, isobutylene, and tri-
and tetramethylethylene,[*?! but some discrimination in re-
activity exists between differently sized methylenecycloal-
kanes.*9 Addition of Ph—P=W(CO)s to exocyclic C=C
bonds has also been recognized as a convenient method for
the synthesis of more highly strained spirofused polycycles
such as the complexed phospaspiropentane 191° and the
phospa[3]triangulane 20.[*! Strain energies, computed at
G3(MP2) for the uncomplexed parent systems, give an ex-
cess strain per spirocarbon of 5.3 kcal-mol~!.*!l This is less
than the 8.6 kcal'mol™! relating to the corresponding hy-
drocarbons, [n]triangulanes,[*’! since phosphirane is less
strained than cyclopropane.

ph, NV(CO)s pp, W(CO)s ph, W(CO)s

P P . R
o R
l2 RYZ=HMe
19 20 21

(0C)W  W(CO)s

Ph, W(CO)s Ph, W(CO)s

p P Ph=P—P~Ph
" ..///c’/ N\ j/&ﬁ/
22 23 24

Phosphiranes with exocyclic C=C bonds have also been
reported to result from the addition of PhPW(CO)s to un-
saturated hydrocarbons. Methylenephosphiranes 21 are ob-
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tained from allene and its methylated derivatives,“4
whereas addition to cumulenes results in addition to a ter-
minal C=C bond to give 22, which subsequently rearranges
to a phospha[3]radialene 23.[43 This reaction has similarly
been reported for a less highly substituted cyclic cumulene,
in which case an additional Ph—P=W(CO)s inserts into the
C—P bond of the three-membered ring to give a mixture of
syn- and anti-phospha[4]radialenes 24.[°]

Metal Decomplexation

Whereas the transition metal group is crucial in stabiliz-
ing the phosphinidenes, it is less important for the 1,2 ad-
ducts. Consequently, the transition metal group can be re-
moved to give the less stable, “free” three-membered ring
structures. Several approaches have been reported, although
none of them is uniformly applicable.

The W(CO)s complexed phosphirenes B can be decom-
plexed by selective oxidation of the tungsten atom with iod-
ine to weaken the W—P bond, followed by addition of N-
methylimidazole to displace the phosphirene.[*? So far, only
one phosphirane (21), containing one sp-hybridized ring
carbon atom, has been reported to have been liberated from
the W(CO)s group by this method.*#* Another method to
remove the transition metal group uses exchange of the
phosphira(e)ne ring for a bidentate phosphorus ligand.[*”]
Removal of M(CO)s by exchange of a phosphirene 17 for
carbon monoxide proved unsuccessful, as the CO inserted
into the P—C bond to give the phosphorus analogue of an
unsaturated B-lactam 18.81 Such a 1,2-dihydro-1-phosphet-
2-one complex also results from the reaction between di-
ethylamine and the phosphirene obtained from the 1,2-ad-
dition of (Me3Si),HC—P=W(CO)s to dimethyl acetylene-
dicarboxylate.[*"]

(OC)M_ pp Ph g
- o (OC)SM:’IT_J[
RAR 160 °C R
17 18

M =W, Mo, Cr; R=Ph, Et

Ring-Opening Reactions

Complex 21 (R!> = Me) is susceptible to ring-opening
reactions. For example, metallation with lithium diisoprop-
ylamide (LDA) gives allenylphosphide ion 25, which, on
complexation with CpFe(CO),I (26) and subsequent heat-
ing, results in (1,2,3-n)-1-phosphabutadienyl complex 27.05%
Likewise, 1-phosphapentadienyl complexes have been ob-
tained from treatment of vinylphosphiranes with LDA with
subsequent trapping of the resulting 1-phosphapentadien-
ide complex with methyl iodide, HCI, or CpFe(CO),l.l5!
Ring-opening of 21 by heating with Ru3(CO);, was shown
to give the phosphorus analogue of a trimethylenemethane
complex.[?l Examples of ring-opening reactions for substi-
tuted phosphiranes are discussed in the next section.

1130

P, W(COs Ph_ W(CO)s
)@ CpFe(CO),1 CPOCREFe=TO

Y' 78°C >t Y
25 26
Cp(OC),Fe Ph
0,
110°C f/JP*W(CO)S
27

Olefins and Alkynes with Electron-Donating Substituents

21 iPryNLi

2-Halophosphiranes 29 are formed from the addition of
complexed phosphinidenes to haloalkenes 28. Thermal or Pd-
catalyzed ring-opening proceeds with retention of the alkene
stereochemistry.’3 The P—Cl substituent in the resulting
vinyl—phosphorus compounds 30 is readily replaced by a me-
thoxy group. The complexing metal atom can be removed by
oxidation with trimethylamine N-oxide to give 31.

(OC)sW.__Ph Cl
r =( (28) (OC)sW__Ph
Me 717 CO,Me Cl R
_a ., A
Me CO,Me 29
(PaPhy] HMeoH S
% -OMe
A P8 DMeNo  pB
©OCsW 39 ©n

Treatment of PhPW(CO); with ethyl vinyl ether (32) pre-
sumably results in the transient phosphirane 33, which reacts
with a second equivalent of olefin to give the formal [1+2+2]
adduct, phospholane 34.%°1 Similarly, treatment with elec-
tron-rich alkynes yields five-membered ring phospholes.** In
this case, when the phosphinidene complex with the bulky
CH(SiMe;), substituent was used, it was possible to isolate
the intermediate 1,2 adduct.!

W(CO) Ph, W(CO)s
[PhPW(CO)s]  |PReg™ 7 K. OFt
OEt 55 °C, CuCl A”om X—T
EtO
32 33 34

Heating of phosphirene complexes in the presence of ter-
minal acetylenes and Pd(PPhs), as catalyst also gives com-
plexed phospholes,*®! but in the absence of added acetylene
the single C-substituted phosphirene 35 undergoes an Ni- or
Pd-catalyzed head-to-head dimerization, with loss of a
W(CO)s group, to yield the six-membered 1,2-dihydro-1,2-
diphosphinines 36.°7) Azaphosphirene complex 13 dimerizes
under similar conditions in a /ead-to-tail fashion.®!

(OC)sW,__Ph
. [PhPW(CO)s] E
MesSi=—= ——— =
Me3Si
3s

Ph, },Ph

[Pd(PPh3)4] _ PR
—x Me3slvslMe3

36
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Treatment of complexed phosphinidenes generated from 13
with 1-ethoxy-2-(triorganostannyl)acetylene (37) follows a
different pathway. Phosphaallene derivative 39, obtained in
addition to the expected 1,2 adduct 40, is believed to result
from rearrangement of the intermediate zwitterion 38.05%

CH(SiMe3),
70-80°C  |0C)sW=R® o
R;Sn  OEt

38

(OC)5W\PNCH(SiMe3)2

\
/=N + RySn—=—OE:
Ph =N 3
13 37 R=Me, Ph

(OC)sW,_ OFt (OC)SW\P.,CH(SiMe3)2
p=c=C  + 2

SHR3 R3Sn
39 40

e

(Me38i),HC OFt

5.2 Reaction with Conjugated C=C and C=C Bonds

Mathey and Marinetti®! showed that PhAPW(CO)s reacts
with 2,3-dimethylbutadiene to give 1,2-addition product 41,
which upon heating rearranges to give the five-membered
ring phospholene 42. Likewise, the phosphinidene reacts with
a,B-unsaturated ketones?®”) and 1-azadienes®” to give oxa-
and azaphospholenes 43, respectively, although no interme-
diate products could be detected.

Ph., (O
—( |rweog R o,
55 °C, CuCl 80°C /P\
(OC)sw Ph
41 42
>/ {  [PPW(CO)] Z=(
_—— X
X P\/
X=0,NH (oc)sv{ Ph
43

Lammertsma et al.!! found that treatment with 1,5-di-
methyl-2,4-hexadiene also resulted in vinylphosphiranes 44,
but that these did not rearrange. Instead a second 1,2-addi-
tion occurred with additional phosphinidene to give 2,2'-bi-
phosphiranes 45. They also reported that 1,3-cyclohexadienes
yielded vinylphosphiranes 46, which rearranged by a [1,3]-
sigmatropic shift to phospholenes 47 with complete inversion
at the phosphorus atom,[®? suggesting a concerted process,
whereas the 1,2 adducts of both smaller and larger cyclic 1,3-
dienes only epimerized at the phosphorus center, ultimately
resulting in the formation of only the anti isomer.[63]

Eur. J. Org. Chem. 2002, 1127—1138

[PhPW(CO)s]  Ph, W(CO)s

4
=( 755°C, CuCl /M

44

Ph, W(CO)s

syn/anti :

syn/syn
=1:1

[PhPW(CO)s]
110°C

(OC)sW~. __ph Ph__»W(CO)s
P

v
R R=H, OMe
46 47

[PhPW(CO)s]
55°C, CuCl

s

Treatment of PhPW(CO)s with cisoid dienes such as 48
gives the corresponding phospholenes 50 by direct 1,4-addi-
tion.[* However, this route, similarly to the reaction of di-
halocarbenes, is in competition with the 1,2-addition/re-
arrangement pathway. A kinetic study suggested a birad-
icaloid mechanism for the thermal rearrangement of the 1,2-
addition product 49 to 50 and a concerted pathway for the
CuCl-catalyzed process.[®]

Ph,LP W(CO)s
Ph
W(CO)s
48 49 50
A (CuCl) 4

A similar reactivity pattern has been reported for the reac-
tion between an iron-complexed phosphinidene and diallene
51.138a1 Ab initio calculations showed that reaction at a con-
jugated double bond is favored by 6 kcal'mol ! over reaction
at a terminal one. The rearrangement of the initially formed
1,2 adduct 52 to the conjugated phospholene 53 is exothermic
by 40 kcal-mol .

(OC),Fe, i
P~NiPr
T\ [iPr,NPFe(CO),] //_V ’
4 )\ 30°C—0°C /{ )\,,/
Meé MeMe Me Me Me Me Me
51 52
Me, = Me
o T\
>0°C Mé /RNiPr Me
(0C),Fé NHT2
53

A rather different pathway is followed when a vinyl-substi-
tuted phosphinidene complex is treated with dienes. For ex-
ample, thermal decomposition of 7-phosphanorbornadiene
complex 54 in the presence of excess 2,3-dimethylbutadiene
yields 57. The formation of this bicyclic product was ex-
plained as resulting from a [3,3]-phospha-Cope rearrange-
ment of the initially formed 1,2 adduct 55, followed by a
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Diels—Alder reaction between the P=C bond of 56 and addi-
tional diene.[!

Me
(OC)5W Me>/
cone AR
>_( ©C)sWw=TR
COzMe Me Mé  Me

The first and so far only reported addition of a complexed
phosphinidene to an aromatic compound is the reaction be-
tween PhPW(CO)s and [Smetacyclophane (58) to give the
genuine 1,4-addition product 59.1°7) Decomplexation of the
W(CO)s group by I, oxidation and N-methylimidazole ligand
exchange resulted in the unique, moderately stable, free 7A3-
phosphanorbornadiene 60.1%1 The unfavorable thermodyn-
amics for retro-addition of PhP to restore the highly strained
58 explain the relative stability of this phosphanorbornadiene.

(OC)s Wy /Ph

P
8 [PHPW(CO)s] f‘g /f%
60

The only other reported reaction between a terminal phos-
phinidene complex and an aromatic compound is the C—H
bond insertion of one of the electron-rich cyclopentadienyl
rings of ferrocene to give 61. Its formation illustrates the elec-
trophilicity of the phosphinidene complex.[5”]

) 12

2y N |\/N Me

R
meMcoy) S,
R=Me,Ph LS M(CO)s

O M = Mo, W

61

The susceptibility of conjugated diynes toward multiple ad-
ditions appears to be dependent on the reaction conditions.
Catenated biphosphirene 63 is formed from the initial 1,2 ad-
duct 62 when RPW(CO)s is generated at 110 °C,/7% while
C—P bond insertion occurs to give 1,2-diphosphete 64 at 60
°C when CuCl is used as catalyst,’!] although the nature of
the substituents plays a role as well. Tran Huy et al.l’?l re-
ported a different approach towards polyphosphirenes invol-
ving catenation of the rings through C—P bonds. For this
they used a phosphinidene complex bearing an alkyne sub-
stituent (generated in situ) to form 65 and 66. The extended
structure 67 results from addition of PhPW(CO)s.

1132

RAP/W(CO)5
[RPW(CO)s] /ﬁ\v/R’
110°C R Y R=Ph
P R'=1Bu, SiMe;
R.P/W@O)s (0C)sW
A 63
R’ N
62 > R’ (0C)sW

R
\_[RPW(CO);]  Rep-p~W(CO)s

60°C,CuCl  g- N\ R=Ph CH,Ph, Me,

R’ CH2CH=CH2
64 R’= Ph, CH,OPh,
Me

Ph Ph
Ph Ph o
7 [PhCCPW(CO)s] Y Ph
—_—m /

’P\ 75°C 00w~ 7
CORT . I
©O0)W™ X

65 66 Ph
Ph Ph
P Ph
[PhAPW(CO)s]  (OC)sW W; on
0 y2
110°C (OC)sW \7/

»
©o)w”

67

5.3 Reaction with C=X and C=X Bonds

Electrophilic phosphinidene complexes react in extremely
diverse ways with unsaturated bonds containing heteroatoms.

An extraordinary CPSi ring structure results from the 1,2-
addition of transient PhPW(CO)s to the congested silene 69,
generated in situ. Simply heating a mixture of phosphinidene
precursor 8 [M = W] and silene dimer 68 at 110 °C gives
phosphasilirane 70, for which an X-ray structure was re-
ported.[”3l The G3(MP2) strain energy for the parent phos-
phasilirane CHsPSi of 26.5 kcal'mol™! is similar to that of
cyclopropane.

OO P (Me3Si),Si—Si(SiMe3),
Me~[~,-COMe
Me 8 CO,Me 68
jno °C tllO °c
Ph -
[(OC)SW*P ] {&SI(SIM?@)Z}
69
(OC)sW,_Ph
p
@L\Si(SiMe3)2
70

Reactions with C=0O bonds must be divided into those
with enolizable and those with non-enolizable ketones. Ma-
they and co-workers!’¥ showed that PhAPW(CO)s reacts with
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enolizable ketones such as PhCH,C(O)Ph, to give O—H in-
sertion of the enol tautomer (such as 71). No addition either
to the C=C bond or to the C=0 bond is observed. In con-
trast, the corresponding reaction with B-diketone 72 results
in C—C insertion product 74, presumably by rearrangement
of the transient 1,2 adduct 73, with no insertion into the
O—H bond being observed.” Acetone and acetophenone
instead undergo methyl C—H insertion to give 76, which has
been explained as occurring through a rearrangement of tran-
sient phosphirane 75.

Ph\n/\Ph
0 Ph
[PhPW(CO);] Y Ph
[ 110°C

o PH=W(CO)s
\’/\Ph h
OH 71
e
O O “P/W(CO)S 0
[PhPW(CO)s] Py R
e [RE — KRR
110°C o), )R #*pn O
R_~_R H--0 (00)sW
OH O 73 74
72 R=Me,Ph
e}
R/U\Me
(OC)sW JPh o Ph
ﬂ [PhPW(CO)s] .
110°C R'/A K
OH W(CO)s
x 75 76
R SCH,
R =Me, Ph

Reactions with non-enolizable ketones follow a different
pathway. For example, PhPW(CO)s reacts with benzo-
phenone at 60 °C, with CuCl as catalyst, to give bicyclic 80.
Its formation was explained as the result of initial coordina-
tion of the phosphinidene to the benzophenone oxygen atom.
This P,O-ylide 77 reacts with another equivalent of benzo-
phenone to give 78, which, after cyclization to 79 and decom-
plexation, yields the final product.’*! Similarly, treatment
with three equivalents of fluorenone yields the eight-mem-
bered ring structure 81.17%

Ph Ph
(¢] Pha®
Ph>= [PhPW(CO)s] Ph)@ PH Q,sPh
PH 60°C,CuCl P  Plph OW(CO)5
4 Ph™©
(0C)sW
77 78
ph P Ph I?,ho
Q_.Ph N
—_— P —_— X,
W(CO)s - W(CO)s 0
prOH Ph
79 80
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Streubel and co-workers treated benzophenone with phos-
phinidene 14, bearing the bulkier (Me;Si),HC substituent. In
this case a mixture of oxaphosphirane 83 and oxaphosphol-
ane 84 was obtained.’® Only the 1,2 adduct was obtained
with benzaldehyde.[””! Their formation was explained by ini-
tial addition of the complexed phosphinidene to the benzo-
phenone oxygen atom. The 1,2 adduct resulted from simple
ring-closure of this P,O-ylide 82, while bond formation be-
tween the negatively charged phosphorus atom and the elec-
tropositive phenyl ring with a subsequent H-shift gave the
bicyclic structure. A related process has been reported for
azobenzene, but the H-shift in this case is toward the phos-
phorus atom, thereby giving a formal phosphinidene inser-
tion into an aromatic ortho-C—H bond to furnish 85.17%

R

Ph L 82’

R\
Ph_o IRPWCON] Ph F-weoys
82

P*W(CO)S

R = CH(SiMe5), l

AR
»W(CO)s
AV(CO) P
oo O
Ph‘ /LO

Ph I
R
p--W(CO)s
Hpnh g4
O - )
Ph-N) — N Ph—N
@P\ F H !P\R
©C) W (OC)sW (0C)sW
R=Me, Ph 85

Rather different products result from reactions with C=N
bonds. For example, addition of RPM(CO)5; (R = Me, Ph)
to simple imines results in the formal [2+2+1] cycloadduct
87.,7°1 which is likely to have been generated via an azaphos-
phirane intermediate, as has been demonstrated for 86b.[5"]
The reaction resembles the formation of phospholanes 34
from electron-rich olefins. Azaphosphirane 86a was synthe-
sized with the bulkier phosphinidene 14 (R =
CH(SiMej3),].7T With MePW(CO)s, a four-membered struc-
ture 88 was obtained in addition to 87, presumably through a
C—N insertion of the intermediate azaphosphirane, for which
there is precedence.!®! Treatment of PhPW(CO)s with bis(im-
ine) 89 yielded the formal C—N insertion product 91 through
a 2,3-sigmatropic shift of the intermediate P,N-ylide 90.58%]
With a larger carbon spacer between the two imine groups,
as in 92, a 1,3-dipolar cycloaddition of the intermediate P,N-
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ylide took place to give 93, which on hydrolysis yielded large-
ring heterocycles 94.1801

R, W(CO)s Me W(CO)s
[RPW(CO)3] th(P\N—R’ +(OC)SW-:-P_PLMe
60 °C, CuCl N—, N
R”  Ph PiY Me
o 87 R, R'=Me,Ph 88
=N
‘R, R’=Me, Ph IR, R’=Ph
RmP/W(CO)g
[RPWE)CO)S] R ar=Me;
60 °C Ph R = CH(SiMe3),
86 bR’R =FPh
" me |
PhPW(CO)s] 2
PN 5 =N
Pi" N" "N "Ph T qj95c PH 9i>\ﬁlLPh
89 (0C)sW
90
Ph
PhVN;P\/iNaPh
P Wico)s
91
Ph
(CHy) Ph
7 PhPW(CO)s NI pn
——— -
Ph? “p, 110°C v
92 n=234 93 W(COs
H
,—~N__Ph
— (CHy), IPh
N
b WCo)s
94

Streubel et al. reported 1,2-addition to a C=S bond to
yield decomplexed thiaphosphirane 95.18%

i Me;Si),HC
(Me3S1)2HC1P,W(CO)5 PhH,CS Jsoc (Me;Si), "R
/L\ + —_ MezN'"/Ls

ar N Me,N - AICN  PhH,CS
95

Treatment of PhPW(CO)s with a phosphaalkene (P=C) at
110 °C gives the expected 1,2-addition product, but in this
case the coordinating W(CO)s group is also eliminated during
the reaction.[34 Aminophosphinidene complex
(CsH11),NPW(CO)s likewise adds to phosphaalkyne 96 in a
1,2-fashion, although the resulting diphosphirene 97a could
not be isolated since it slowly dimerized to form tricyclic
98.53 Streubel et al.l® reported that the 1,2-dihydro-1,2,3-
triphosphete complex 99 was formed from the insertion of
(MesSi),CHPW(CO)s into the transient diphosphirene 97b.
They also described the formation of a stable diphosphirene
complex in the case of the bulky N(SiMes)iPr-substituted
compound.
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W(C0);  gp_Bu __
RPW(CO)s]  Reg” Rp iR
— YL,
70°C gy Fop7~Bu
By—s=p 97a 98 R=N(CeHyy),
96
W(C0)s R, R
\REW(CO);]  Rep "pop’
80°C g, P " i
W(CO)s
97b 99 R = CH(SiMes),

Treatment of MePW(CO)s with triphosphabenzene 100 re-
sulted in a mixture of tetraphosphanorbornadiene 101, a
formal 1,4 adduct, and its corresponding quadricyclane 102
in a 1:8 mixture.®® The two products were in thermal and
photochemical equilibrium.

fBu (OC)sWy__Me (OC)sW,.__Me

P
php  MPWCON flaiBy e
T iy
110°C P
tBu/k\P/ktBu tBu* ~<tBu Bu Bu
100 101 102

Use of the phenyl-substituted phosphinidene complex gives
instead 103 and quadricyclane 104.87) The formation of 103
is remarkable and suggests an initial 1,2-addition to a C=P
bond of the triphosphabenezene, followed by an intramolecu-
lar electrophilic addition of a ring phosphorus atom on the
P-phenyl ring. Ab initio calculations indicated that the tetra-
phosphaquadricyclanes 102 and 104 resulted from [2+2]
cycloaddition of the corresponding norbornadienes (e.g.,
101), and that these were formed through 1,3-sigmatropic
shifts in the initial 1,2 adducts.

(OC)sW<.__Ph

[ ; p
©OOsW~g TH By PP
)Z p PpP

P: // ZA(
Bu ‘Bu 1Bu 1Bu
103 104

Insertion of complexed phosphinidenes into the O—H and
N—H bonds of alcohols and amines may well proceed
through initial formation of P—O or P—N ylides, respect-
ively.881 Theoretical calculations have shown that singlet PH
does indeed coordinate to the lone pair of the heteroatom
prior to insertion.®”] Treatment of complexed phosphinidenes
with a mixture of 1-piperidinonitrile and dimethyl acetylene-
dicarboxylate (DMAD) provided indirect evidence of these
Lewis acid/base adducts. Specifically, the five-membered ring
structure 106 is probably formed from a [3+2] cycloaddition
between the transient nitrilium phosphane ylide 105 and
DMAD.PY
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(OC)SW\P/R

Me CO,Me in-C= ® R
LAY 2 o CON pip-CEN—P\@

Me coMe  120°C W(CO)s
R =Me, Ph 105

pip = 1-piperidino
MeO,CC=CCO,Me N\'P y-COoaMe
COzMe
106

While the complexed P—N and P—O ylides remain elusive,
the related P—P ylides are well known. The phosphoranylid-
enephosphane complex 107, for example, formed in the reac-
tion between a complexed phosphinidene and a phosphane,
has even been characterized by an X-ray crystal structure
analysis of the CO,Et derivative. The less stable derivatives
of 107 convert aldehydes into the phosphaalkenes 108 by a
phospha-Wittig reaction.!l Related P,P-ylides of phospholes
and phospholenes are known. An X-ray structure has been
reported for the double CuCl-bridged dimer 109.°%

(OC)5W\P/R
Me CO,Me ar B\ _R
L7 % + PRy oo RuFPR
Me CO,Me R™ " wcoys
R = Ph, Me, allyl, CO,Et 107
R’=Et, Bu "
rR'cao R R
—_— ,C=P\
H
W(CO)s
108 R" = alkyl, aryl
Ph W(CO)s Me
\PPh Cl f é}Me
¢ PP Cu— PWP
Me / “ci b\
M¢ W(CO)s Ph

109

Treatment of PhPW(CO)s with carbene complex 110 yields
1,2-diphosphetane 113, probably through a [2+2] cycloaddi-
tion between two initially formed phosphaalkenes 112.03:94
The P=C bond is believed to be formed by elimination of
W(CO)s from the transient 1,2 adduct 111. A three-mem-
bered PCW ring has also been obtained from the reaction
with the carbyne complex PhC=W(CO),Cp.l*’]

JW(CO)
Ph [PhPW(CO)s] Ph. ’

K \
C*W(CO)s ——o~ ~ " | P/ ~W(CO
EtS 60 °C, CuCl Eto’L (CO)s
110 111
Ph Ph
Ph  Ph (OC)sWa,_£»W(CO)s
_ C=F, - .
- TN Ph OEt
W(C0s B0 w(coy, EG  Ph
112 113

6. Self-Condensation

In the absence of trapping reagents, PAPW(CO)s dimerizes
to 114,81 which reacts further at elevated temperatures to
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give triphosphirane 115, with liberation of W(CO)s groups
similar to that seen in the reaction of phosphaalkenes.’® The
ultimate product is tetraphosphetane 116, with loss of yet an-
other W(CO)s group.

0C)sW.
(005 ~p-Ph W(CO)s
Me co,Me 60°c (OOsWy { Ph
7 L oo P
Me W(CO)s
COZMC 114
Ph ph o W(CO)s
[PhPW(CO);] RPh  [PRPW(CO)s] PI'DhP/
120°C P}{P‘P 120°C P=F"ppy
W(CO)s i
115 116

Vinylphosphinidene 117, generated from precursor 54, un-
dergoes self-condensation to give 2,3-dihydro-1,2-diphosphete
119 rather than undergoing ring-closure to afford a phosphir-
ene.’71 The formation of 119 suggests an intramolecular
[2+2] cycloaddition by the transient dimer 118.

Me
O0sWa, A
Me 71 CO,Me A

Me
(OC)sW, _—
M Cucl PN
€ COzMC

54 117

Me
(0C)s Wy, p /\

Pa =p,_
A W(CO)s M€
Me

QO)sw e

VK

“Wco)s

118 119

Attempts to dimerize phosphinidenes intramolecularly,
starting from, for example, a cis-2-butene-bridged bis(7-phos-
phanorbornadiene) complex 120, were not successful, with
bicyclic products resulting instead on trapping with acetyl-
enes, dienes, and carbene complexes.’®! Illustrative is the
formation of 121 and 122 on trapping with 3-hexyne. Bicyclic
122 is believed to result from insertion of the “second” phos-
phinidene in the initially formed monophosphirene.

(OC)SW\ M xW(CO)S
Et =—Ft
60 °C CuCl

120 z= COZMe

(OC)SW\ P/\=/\ P/W(CO)S P—P
Al + (0C)sW™5 ™~ W(CO)s
Et Et Et

122

E” “Et Et
121

The reaction of bis(7-phosphanorbornadiene) complex 123
follows a different course, in that the phosphinidene PhPMo-
(CO)4L, generated in situ, adds to the remaining 7-phos-
phanorbornadiene ligand to give diphos 124.°°1 When this
second ligand is a phospholene instead, the more condensed
diphos 125 results, but with a phosphole only monodentate
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products 126 are obtained, due to excessively high strain in

the bidentate intermediate.[)
CO
Ve o),
Ph, _Ph N
2 P/ \P . Ph~g “p-Ph
\ 7 55%C, )
Me Me Me¢ .
123 z=CO,Me 124
@ Loc)Mo
R “g-Ph
Fhpl “p—pn )
Me- Ph
€ Me
Me Me
125 126 L =CO, phosphole

The related and rather congested biphos compound 128 is
produced on addition of PhPW(CO)s to phospholene com-
plex 127.5

Ph, WV(CO)s pp, Py W(CO)s
¢ P ) [PhPW(CO)s] L P
120 °C (OC)SW, 3
Mé Me Mé Me
127 128

7. Conclusion

These presented reactions of electrophilic phosphinidene
complexes illustrate the versatile chemistry of these reactive
species. Their carbene-like reactivity and the observed re-
arrangements of their adducts underline the diagonal rela-
tionship between low-valent phosphorus and carbon com-
pounds.”! The complexed phosphinidenes are particularly
useful as synthons for strained three-membered ring systems
through 1,2-addition reactions. However, larger ring systems
and also acyclic compounds can readily be obtained from
rearrangements or subsequent reactions of initially formed
1,2 adducts or P-ylides. Hence, complexed phosphinidenes
can be employed for the synthesis of a great variety of
organophosphorus compounds that are not otherwise easily
accessible.
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