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ABSTRACT 

The title compounds were the first representatives of stable compounds having properties 
approaching those of real carbenes. Theoretical as well as spectroscopic studies suggest a multiply bonded 
formulation and a singlet ground state. The dual nature of the phosphinocarbenes (carbene and phos- 
phorus-carbon multiple bond) is demonstrated by their chemical reactivity. All presently available data 
concerning the title compounds are reported. 

1. INTRODUCTION 

In the literature, two definitions for carbenes can be found: (i) "Carbenes are 
divalent carbon compounds with two non-bonding electrons on one carbon atom" 
[ 1 ]; (ii) "carbenes are two-coordinate carbon compounds that have two non-bonding 
electrons and no formal charge on the carbon" [2]. Stable compounds featuring 
monocoordinated carbon with oxidation state II are well exemplified by carbon 
monoxide and isonitriles. In contrast, the challenge of preparing compounds having 
properties approaching those of real carbenes, consistent with the criteria of the 
second definition, has only recently been met. The first representative type of stable 
carbenes A is the subject of this review, the second type being the imidazol-2-ylidenes 
B reported by Arduengo et al. I-2,3]. Both compounds have subtle electronic struc- 
tures and the reason for their stability, apparent from their long lifetimes (weeks to 
years at room temperature), is not evident: this is a combination of electronic and 
steric effects. 

I 

I 
Returning to the definition of carbenes, a two-coordinate carbon is a true 

carbene if the valence at the carbon is genuinely two. Problems arise in determining 
the valence of the carbon if the substituents are capable of non-traditional bonding. 
If the ligating atoms belong to the first or second period, the problem is usually 
simple. As examples, F2C: is a pure carbene [4], while the carbon atom of nitrile 
oxide is much better described as a triply bonded carbon than as a carbene substituted 
by a nitroso group I-5]. If the ligand atoms are from the third period or higher, 
there is the possibility of the ligand having more bonds than expected from the 
normal Lewis counting rules. Seppelt compounds (F3C-C-SF 3 [6a-c] and 
FsS--C-SF 3 [6d]) and phosphinocarbenes belong to this category. For this reason, 
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several theoretical studies have been carried out for the phosphinocarbenes, and we 
first summarize the conclusions of the calculations. Then, the synthesis of stable and 
transient phosphinocarbenes is presented. In section 4, the spectroscopic data are 
discussed, as well as the results of the only known X-ray analysis. The intramolecular 
and intermolecular reactivity of neutral and cationic phosphinocarbenes is the subject 
of the last part of this review. 

2. THEORETICAL STUDIES 

The first study by Hegarty and co-workers [7] examined the singlet and triplet 
structural isomers of CH3P. For the singlets, the calculations predicted a number of 
stationary points on the potential energy surface including local minima for phosphi- 
nocarbene H2P-CH, phosphaethylene HP=CH2, and methylenephosphinidene 
CH3-P, plus saddle points connecting these isomers. At the MP4SDQ/6- 
31 + + G*//HF/3-3-21G* level plus zero point energy contributions, the most stable 
form is the phosphaethene HP=CH2, lying 43 and 60 kcal mo1-1 below singlet 
methylphosphinidene and phosphinocarbene respectively. Of particular interest for 
our purpose, this paper concluded that for H2PCH, the phosphorus vinyl ylide form 
II is the most stable structure. Its geometric parameters are given in Fig. 1. The 
phosphinocarbene with a pyramidal phosphorus centre I is neither a minimum nor 
a saddle point but the result of inversion of the phosphorus centre with an energy 
barrier of only 4 kcal mol- 1. The 25-phosphaacetylene structure III is the transition 
structure corresponding to the inversion at carbon with an energy barrier of 
10.3 kcal mol-1. 

H H H H 
.o / 

H H H 

I I I  I l l  

For the triplet states, the methylphosphinidene is the most stable isomer lying 
30 and 53 kcal mol-~ below phosphaethylene and phosphinocarbene respectively. 
The optimized geometry of triplet phosphinocarbene is summarized in Fig. 1. It can 
be noted that these calculations predicted a triplet-singlet separation in H/PCH of 
only 3 kcal mol-1 in favour of the singlet state. The recently formulated multiconfig- 
uration-based unitary coupled electron pair approximation (UCEPA) has been used 
to study the parent phosphinocarbene [8]. The singlet was predicted to be planar, 
while the triplet was calculated to be non-planar with Cs symmetry (Fig. 1). The 
results of this study corroborate Hegarty's prediction [7] that the singlet is more 
stable than the triplet, but favour a somewhat larger gap (10 kcal mol-1). 

A third study [9] examined the role of silicon substitution at carbon (Sill3) 
and of amino groups at phosphorus. Both singlet and triplet structures were consid- 
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ered. For the singlet state, the presence of an additional heteroelement at carbon 
with empty d-orbitals results in a larger angle at carbon with a slightly shortened 
C-Si bond. Replacement of the hydrogens by amino groups at phosphorus led to a 
shortening of the P - C  and C-Si bonds, and the P - C - S i  angle becomes almost 
linear. Thus, the structure of the singlet is essentially that expected for a 25-phos - 
phaacetylene (Fig. 1). At the PMP-4 level, the singlet states of H2PCSiH3 and 
(NH2)2PCSiH 3 are 5.6 and 13.9 kcal mol -~ respectively, below the triplet, which 
presents a long P - C  bond and a pyramidal phosphorus centre (Fig. 1). 

The most recent study by Ahlrichs and co-workers [ 10] deals with diphosphino 
and (phosphino)(phosphonio)carbenes with amino or even diisopropylamino groups 
at phosphorus. These SCF and MP2 calculations were performed with the program 
system Turbomole [ 11 ]. The symmetric bis [(diamino)phosphino] carbene with two 
short P - C  single bonds (1.719 ~,) and a P - C - P  bond angle of 131.4 °, which is in 
line with a singlet carbene, represents only a saddle point of the energy hypersurface. 
Removing the symmetry restrictions leads to a minimum structure of C1 symmetry, 
with a short (1.533 A) and a long (1.765 ,~,) P - C  bond, and a large P - C - P  angle 
160.5 ° (Fig. 1). The atomic charges indicate that the short bond is a strong double 
bond plus Coulomb attractions, while an inspection of the MOs revealed a slight 
delocalization of the carbon lone pair into the low-lying orbitals of the two phos- 
phorus atoms. The "distortion" from the symmetrical structure can be viewed as a 
second-order Jahn-Teller effect. 

The (phosphino)(phosphonio)carbene was studied for both the amino and the 
diisopropylamino derivatives with similar results. At the SCF level, one P - C  bond 
is short (1.531 A) with a planar phosphorus atom, the other P - C  bond is long 
( 1.674 ~,), and the P - C - P  angle is large (162°). However, at the MP2 level, structural 
optimization affords a much smaller bond angle of 135.7 °, while the bond lengths 
have not been significantly lengthened (0.02-0.04 A) (Fig. 1). As for the (phos- 
phino)(silyl)carbene and the bis(phosphino)carbene, there is a degree of "back 
donation" of the carbene lone pair into low lying phosphorus orbitals. 

In summary, all calculations done so far predict that phosphinocarbenes present 
a planar phosphorus atom and a short P - C  distance with high atomic charges, and 
thus are best regarded as phosphorus-vinyl ylides. 

3. SYNTHESIS 

Two types of precursor have been used for the generation of phosphinocarbenes, 
namely P-halogenomethylenephosphoranes and ~-diazophosphines. However, stable 
carbenes have only been obtained starting from diazo derivatives. 

3.1. c~,fl-Elimination from P-halogenomethylene phosphoranes 

In 1981, Appel postulated the transient formation of (diphenylphosphino)(tri- 
methylsilyl)carbene 2 to explain the formation of phosphaalkene 3, in the thermolysis 
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Fig. 1. Calculated geometric parameters for singlet and triplet phosphinocarbenes I-7 10]. 

of P-chloromethylenephosphorane 1 [-12]. Note that at that time, the authors did 
not recognize the carbene character of 2, and simply named the intermediate 2 s- 

Ph r Ph\ ] I /SiMe3 A /SiMe3 
Ph--P==C "~ L /p I IC - -S iMe  31 = Ph--P~--~C 

I " CI SiMe 3 -Me3SiCI Ph j xPh 

1 2 3 

phosphaalkyne. In 1985, Fluck and co-workers reported that treatment of methylene- 
bis(dimethylamino)fluorophosphorane 4 with two equivalents of butyllithium at 
-95°C gave 1,1,3,3-tetrakis(dimethylamino)-12s,32S-diphosphete 6 in 33.9% yield 
[ 13 ]. The formation of this four-membered ring could result from 2 + 2 head-to-tail 
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dimerization of transient 25-phosphaalkyne 5. However, an alternative mechanism, 
with intramolecular LiF elimination is also possible, and does not involve the 
transient formation of 5. 

NMe 2 
NMe2 I /H 
I /H Me2N--P C 

Me2N--P==C 4 I I 
I " F H 6 /C P--NMe 2 

H I 

BuLi ~ / P ~ C  - -H  

Me2N 

I •  Me2/H 

Me2N--P~ 
I " Li F I NMe2 H 

I / 
Me2N --P. ===C NMe 2 

F I /P~  

/ Me2N C--H 
L Li 

T 

3.2. Nitrogen-elimination f rom ~-diazophosphines 

In contrast to diazo 2S-phosphorus derivatives, which have been known for a 
long time [ 14-1, the synthesis of the first a-diazophosphine was reported in 1985 
[ 15-1. This compound, namely the [bis(diisopropylamino)phosphino](trimethylsilyl)- 
diazomethane 7, was obtained by treatment of the lithium salt of trimethylsilyldiazo- 
methane with a stoichiometric amount of bis(diisopropylamino)chlorophosphine. 

-LiCI 
Me3Si--C--Li + (ipr2N)2PCI ,~ (ipr2N)2P'--C --SiMea 

II II 
N2 7 N2 

We first recognized that photolysis of 7, in the presence of a variety of trapping 
agents, led to products resulting from the transient formation of phosphaacetylene 
8 [15]. It was only in 1988 that we discovered that flash thermolysis of 7 at 250°C 
under vacuum afforded the desired species 8 in 80% yield. Compound 8 is a red oily 
material, stable for several weeks at room temperature in benzene solution, which 
can be purified by quick distillation (bp 75-80°C under 10 -2 mmHg) 1-16]. It should 

A 
(ipr2N)2P--C --SiMe 3 ~ (ipr2N)2"l;--C'--Si Me 3 

II 
7 N2 8 
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be noted that the synthesis of 8 is not trivial. The experimental conditions used are 
drastic (250°C under vacuum), and the utilizable range for the thermolysis is very 
narrow. Below 240°C compound 7 is not decomposed, and above 260°C the carbene 
inserts into a CH bond of a diisopropylamino substituent. Under photolytic condi- 
tions, the diazo derivative 7 led to the carbene 8 in very poor yield (less than 10%), 
along with CH insertion products. 

Since that time, a number of transient 25-phosphaacetylenes bearing various 
substituents at phosphorus and carbon have been synthesized by thermolysis or 
photolysis of 7-diazophosphines. Their reactivity is presented in Section 5. However, 
only a few stable phosphanylcarbenes are known, and the influence of the substituents 
on their stability merits comment. All stable phosphinocarbenes feature two amino 
groups at phosphorus and a trimethylsilyl group at carbon with only two exceptions: 
(i) the [2,2,6,6-tetramethylpiperidino)(phenyl)phosphino](trimethylsilyl)carbene 9 
[171, which is stable for 1 day in solution at room temperature, but for weeks 
at -20°C; (ii) the [bis(diisopropylamino)phosphino][bis(diisopropylamino)- 
phosphonio]carbene 10 [181 which is stable for years in the solid state. 

~ N  35°C 
P'~C ~SiMe3 ~ "" 

Ph / II 1 h / P ~  ~ S i M e  3 

N 2 Ph 
9 

HCF3SO3 . . . . .  (~) . 
(ipr2N)2P'~ --p(Nipr2)2 ~ (IPr2N)2P--C --PH(Nt Pr2) 2 CF3SO3 (~ 

N2 -40°0 
10 

The stabilizing effects of amino groups at phosphorus and a silyl group at 
carbon can be rationalized taking into account the vinyl ylide structure predicted 
by calculations (Section 2). In other words, the positive charge at phosphorus and 
the negative charge at carbon are delocalized into the amino and silyl groups 
respectively. Since silyl and phosphonio groups are isoelectronic, the stability of 10 
is not surprising. Of course, bulky substituents also stabilize the carbenes, but 
interestingly, during the course of our study, we realized that the stability of the 
carbenes is often inversely proportional to the stability of the starting diazo com- 
pounds [17], as illustrated in Table 1. Lastly, it should be mentioned that the 
[bis(cyclohexylamino)phosphino](trimethyl-silyl)carbene [19] is the only stable 
phosphinocarbene cleanly accessible by photolysis. 
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TABLE 1 

Stability of the carbenes and of the diazo precursors 
R 1 R 1 

) P - - C - - R  3 and ) P - - ( ~ - - R  3 
R E II R 2 

N2 

R 1 R 2 R 3 Diazo stability Carbene stability 

Pr~N pri2N SiMe3 bp 85-90°C, 10 -2 mmHg 

Tmp pri2N SiMe3 Few minutes at 25°C 
Tmp Me2N SiPri3 Several days at 25°C, 

1 h at 35°C 
Tmp Me2N SiMe 3 Several days at 25°C, 

1 h at 35°C 
Tmp Ph SiMe3 Few minutes at 25°C 
c-Hex2N c-Hex2N SiMe3 Stable 24 h at 70°C 
Pr~N pri2 N PR2 H+a Not observed at 25°C 

bp 75-80°C, 10 -2 mmHg, 
stable several weeks at 25°C 
Several weeks at 25°C 
Several weeks at 25°C 

Several weeks at 25°C 

Few hours at 25°C 
Several weeks at 25°C 
Indefinitely at 25°C 

aR = Pr~2 N. 

4. SPECTROSCOPIC DATA AND X-RAY ANALYSIS 

In solution, multinuclear NMR spectroscopy is by far the most informative 
technique to analyse the structure and bonding of phosphinocarbenes. In fact, before 
the synthesis and single-crystal X-ray analysis of the (phosphino)(phosphonio)car- 
bene 10, NMR  spectroscopic data represented the only evidence for the formation 
of carbenes. 

4.1. N M R  spectroscopy 

Table 2 lists all of the pertinent chemical shifts and coupling constants for the 
(phosphino)(silyl)carbenes and their respective diazo precursors. These carbenes are 
all characterized by high field chemical shifts for phosphorus ( - 2 4  to - 4 0  ppm) 
and silicon ( - 3  to - 2 1  ppm), and low field chemical shifts for carbon (120 to 
143 ppm) with large couplings to phosphorus. What do these numbers mean? 
Classical shielding arguments would indicate an electron-rich phosphorus atom, or 
equally an increase in coordination number. The silicon atom would also be electron 
rich and the carbon has a chemical shift in the range expected for a multiply bonded 
species. This leads to a problem, as little is known about the effects of a carbene 
centre on chemical shifts. The cyclic imidazole carbenes of Arduengo have chemical 
shifts in the range of 210 ppm [2,3], but we still do not have a database for 
comparison. In addition, the coupling constant data are difficult to rationalize, as 
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TABLE 2 

Pertinent chemical shifts and coupling constants for the phosphanylcarbenes and their diazo 
precursors 

R 1 R t 

~ P - - C - - R  3 and  ~ / i S - - C - - R  3 
R 2 II R 2 

N2 

R 1 R 2 R 3 Diazo Carbene 

~31p 631p ~13 C 629Si 

(.]pc) a (JPsi) a 

Pr~N Pta2 N SiMe 3 + 56.1 - 40.0 142.7 - 19.7 
(159) (59) 

Tmp Pr~2N SiMe 3 + 88.0 - 49.7 145.5 - 21.3 
(203) (70) 

Tmp Me2N SiMe3 + 83.8 -24.1 133.5 - 13.2 
(147) (52) 

Trap Me/N SiPr~ + 88.7 - 27.8 120.7 - 2.8 
(181) (47) 

Tmp Ph SiMe3 +25.0 -38.1 136.9 -17.0  
(147) (27) 

c-HexzN c-Hex2N SiMe3 +58.0 -31.4 139.3 - 19.7 
(160) (59) 

Pri2N Pr~N PR2H+ b c +27.1 +98.9 a 
(157) 

a Coupling constants in hertz; b R = pri2N; ¢ not observed; a Jvp = 120.8 Hz. 

we cannot  predict the influence of orbital, spin~lipolar,  Fermi contact,  nor  higher 

order quan tum mechanical  contributions on the magni tude  of the coupling constants. 

Let us say that  from the N M R  data, classical interpretation indicates that these 

compounds  have multiple bond character. 

Replacement of  the trimethylsilyl g roup  by an isoelectronic phosphonio  substit- 

uent produces a carbene with similar N M R  spectroscopic characteristics (Table 2). 

Of  particular interest are the coupling constant  data. These values are almost identical 

and a quick compar ison of the reduced 2Kvp and 2 K p s  i coupling constants  indicate 

that these values are also similar. The isopropylamino groups are equivalent on the 

N M R  time-scale for the tr3-phosphorus centres of  both  compounds ,  which is unusual. 

Thus the similarity of  these two carbenes in solution is evident. 

4.2. Solid state structure 

The great advantage of  the (phosphino)(phosphonio)carbene  10 over the silyl 

derivatives is that  it can be crystallized, and since we have seen that these two types 
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01 

03 
F1 

C13 

N2 

0 
C5 Pla ~'; :" 

C ~ ~ 1  ~ ' F ' .  C3 . " " 

C 30 %,:..,.~" ~, 
c6 %j,- - '  c6o 

C7 

C14 

~ Cll 

.... C18 

C2 ~ 3 ^  

C17 ~ C 2 3  

- -  C22 
C25 

Fig. 2. Stick and ball view of 10. Selected bond distances (.~) and angles (deg) are as follows: P( l)---N(1) 
1.635(4), P(1)--N(2) 1.641(4), P(1A)-N(1) 1.622(5), P(1A)--N(2) 1.638(5), P(1)--C(2) 1.605(5), 
P(1A)-C(2) 1.616(5), P(2)-C(2) 1.548(4), P(2)--N(3) 1.632(3), P(2)-N(4) 1.635(3); P(1)--C(2)-P(2) 
165.1(4), P(1A)-C(2)--P(2) 164.1(4), C(2)-P(2)-N(3) 126.3(2), C(2)-P(2)-N(4) 126.7(2), 
N(3)-P(2)-N(4) 107.0(2). The minor parts of the disordered cation are shown by dotted atoms. 

of phosphinocarbene are very similar, the conclusions of the X-ray analysis of 1O 
[18] can probably be extended to the silylcarbenes. A ball and stick view of the 
molecule is shown in Fig. 2, and the pertinent geometric parameters are given in the 
legend. No interaction with the trifluoromethanesulphonate ion is observed, confirm- 
ing the ionic character of 10. The P(2)-C(2) bond length (1.548(4) .~) is in the range 
expected for a phosphorus-carbon triple bond [20], the P(2) atom is planar, and 
the value of the P(1)---C(2)---P(2) angle rather large (165.1(4)-164.1(4)°), thus a 
carbene structure can be ruled out [21]. Because of a disorder of the phosphonio 
moiety (sof= 0.62(1)), the values of the P(1)--C(2) and P(la)-C(2)  bond lengths 
(1.605(5) and 1.615(5) may not be accurate. A riding model [22] allowed us to 
estimate the lower and upper limits of these bond lengths, 1.607 and 1.709 A respec- 
tively. The computed bond distances [10] (Section 2) favour strongly the upper 
limit of the experimental result. In any case, the P(1)--C(2) bond length is much too 
short for a phosphorus-carbon single bond, and is more in the range observed for 
phosphorus ylids [23]. Thus, compound 10 is best described by structure lt)a. 

ipr2N\(~) e (~/H 
. 7 
tPr2N NtPr 2 

lOa 
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C26 ( ~  C23 

c,oq c7 

C8 ~ vN~4 C21 

i N1 N3 

3 

C5 C'~26 C17 

ao C ~ c 2 4  c23 

, ~  c ~  7 - c2s ( 3 L  C8 (, ~ ~ ' ~ '  f ' ~ l  022 

C17 
Fig. 3. Stick and ball view of the two units of 10. 

Although it is not clear whether this is a dynamic or static disorder, it is clear 
from Fig. 3 that the two units result from an inversion at the central carbon, followed 
by a 180 ° rotation around the P(1)--C(2) bond. The observation that this carbene 
has difficulty in maintaining one discrete form in the solid state could well be in line 
with the low value of the inversion barrier at carbon calculated by Hegarty and 
co-workers [7] (see Section 2). 

5. REACTIVITY 

Since the reactivity of (phosphino)(silyl)carbenes is somewhat different from 
that of the (phosphino)(phosphonio)carbene 10, they will be presented separately. 
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5.1. Reactivity of (phosphino)(silyl )carbenes 

5.I.1. Intramolecular reactivity 
Except for the CH insertion reaction involving the [bis(diisopropylamino)phos- 

phino](trimethylsilyl)carbene 8, all the reactions presented in this section involved 
transient carbenes. 

5.1.1.1. CH insertions. The first example of carbon-hydrogen bond insertion of a 
phosphinocarbene was observed in the thermolysis of P-[bis(diisopropylamino)]-C- 
(trimethylsilyl)phosphinocarbene 8, or of its diazo precursor 7, at 300°C under 
vacuum [-16]. Indeed, the four resulting five-membered ring diastereoisomers 11 
(90% total yield) clearly result from the insertion of the carbene into a primary CH 
bond of an isopropyl substituent. In a similar way, heterocycle 12 was obtained as 
a 70/30 mixture of two diastereoisomers in 60% yield, from the thermolysis of 
bis(diisopropylamino)phosphinodiazomethane 13 [ 16]. 

ipr2N\ . . . .  
• /P -.--C ~SiMe 3 
IPr2N 

8 

ipr2NNp-.--C --R 

ipr2 N/ INI 2 

A 

7, 13 R = SiMe 3 7, 11 

R = H 12, 13 

ipr2 N H 
\p...~ .....R 

ipr ~ N / ~  

Me 
11, 12 

In marked contrast, heating bis[bis(diisopropylamino)phosphino]diazometh- 
ane 14 [24] in refluxing toluene affords the four-membered ring 16 as a single 
diastereoisomer in 92% yield. The structure of 16 has been confirmed by an X-ray 
analysis of the product 17 obtained after treatment with elemental sulphur [25]. 
The difference in the regioselectivity and stereoselectivity observed in the case of 11, 
12 and 16 has not been explained so far. 

5.1.1.2. 1,2-Migrations of a phosphorus substituent. To date, only two examples of 
a 1,2 shift possibly involving a phosphinocarbene have been reported. This very 
usual behaviour for "normal" carbenes has been observed in the thermolysis of 
P-halogenomethylene phosphorane 1, as already mentioned (Section 3.1) [ 12], and 
in the photolysis of bis(phosphino)diazomethane 14 at 300 nm, affording phospha- 
alkene 18 [26]. Note, that ab initio calculations predict that the parent phosphinocar- 
bene H2PCH lies 60 kcal mol- 1 above the isomeric phosphaalkene, while the energy 
barrier for the 1,2 shift is only 18 kcal mol- 1 [7]. In the case of the bis(phosphino)car- 
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ipr2Nx /Nipr2 A ~ Pr2Nxp._~. p/Nipr21 
/ P ~ - - P \  LPr2 N NIpr2J ipr2N ~2 Nipr2 ~- / 1 :  N' 

14 

• S H S "i,~- . H . ~Pr2N\II I ~\/Nr, 2 IPr2N\p ~P/NIPr2 
P----C --P\ S a 
I . ~  Nipr2 ~ I__ L \Nipr 2 

ipr / ~M'Me ipr / \"MeMe 

17 16 

I r2] 'Pr2%=  __.f,N ipr2Nxp.~ C ~p/Nipr2 hv ~ Ipr2NNp..~. p/NIP ~- 

/ II " L'Pr2N N'Pr2_~ NI ipr2 N'Pr2 IPr2N N2 NIPr2 - / \ . 

1 4  1 5  1 8  

bene substituted by NH2 groups, the phosphaalkene would be 53 kcal mol-1 more 
stable [10]. 

5.1.1.3. Fragmentations. Two examples of fragmentation of 25-phosphaacetylenes 
20 into 23-phosphaalkynes 21 have been reported in the flash vacuum pyrolysis 
(300°C under 10 -4 mmHg) of (ditert-butylphosphino)(tert-butyl)- and (trimethyl- 
silyl)-diazomethanes 19; the two tert-butyl groups are eliminated in the form of 
2-methylpropene and hydrogen [-27]. 

tBUXp.__.C ~ R A ItBuNp~=C ~R 1 

I 1 tBu/ N2 
~- P'=C --R 

19 20  21 

R = tBu, 50% 
R = SiMe3, 30% 

5.1.1.4. Reactions with carbonyl groups. The formation of phosphoranyl alkyne 24, 
obtained by spontaneous decomposition at room temperature of phosphinodiazoket- 
one 22, or by heating [bis(diisopropylamino)phosphino](trimethylsilyl)diazometh- 
ane 7 with trimethylacetyl chloride, has been explained in terms of an intramolecular 
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Wittig-type reaction involving the phosphorus-vinyl-ylide form of phosphinocarbene 
23 1-26]. 

O 
IPr2Nxp ~ ~ICI ~tBu 25°C 
ipr N / II J 2 N2 -N 2 

22 

ipr2N \ 
/P--.C ~SiMe 3 

iPr N II 2 N2 
7 

tBuC(O)CI I 
-Me3SiCI 

- O 

ipr2N I 

• O tPr2N,,(~ e II 
ipr2N,~ P ~  ~C--tBu 

/tBu 

ipr2N,~pC ~C 

ipr2 N/ %0 
24 

ipr2N\~/~p~e ] 

ipr2N ~ . ~  
" t B u  

5.1.1.5. Reactions with nitroxides. An exchange reaction occurs when nitrosylchlor- 
ide is reacted with (phosphino)(trimethylsilyl)diazomethane 7, giving a transient ~- 
nitroso ~-phosphinodiazo derivative 25 and chlorotrimethylsilane. Spontaneous loss 
of N2 leads to C-nitroso phosphinocarbene (formulated as a zwitterion), which can 
also be considered as a 23-phosphinonitrile oxide 26. Rearrangement, via a formal 
1-3 oxygen shift, or a Wittig-type reaction, affords the corresponding phosphoranyl 
nitrile 27 in 75% isolated yield 1-28]. 

0,-,,,=o l 

25 

iP~/~//_~C ,,,,N 
~Pr~ 

27 

-N 2 ipr2N\(~) e 
• / P ~  ~ - - ~ - O  

tPr2N 

ipr2N \ 
• /P---C ~N ---~O 
IPr2N 

26 

5.1.1.6. Reactions with sulphoxides. Elimination of trimethylchlorosilane and nitro- 
gen also occurs when [bis(diisopropylamino)phosphino](trimethylsilyl)diazometh- 
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ane 7 is reacted with paratolylsulphinylchloride at low temperature, and the four- 
membered heterocycle 31 is obtained in 87% yield. A multiple-step mechanism 
involving a 2 + 2 cycloaddition of the phosphorus-carbon multiple bond of the 
(phosphino)(sulphinyl)carbene 28 with the sulphoxide, followed by ring opening of 
29, and insertion of the (phosphoryl)(sulphenyl)carbene 30 into a carbon-hydrogen 
bond of a diisopropylamino group, well rationalized the formation of 31 [29]. 

• 0 iPr2Nxp RS(O)CI [ ,Pr2Nxp._c __IsI__ R / "--C --SiMe3 
ipr2N INI 2 -Me3SiCI | ipr N / II 

L 2 N2 
R = p-tolyl 7 

F • O "N2 | Ipr2N\(~ e II 
/. 7 = c - s - "  
L IPr2N 

28 

l 
O II ,,SR 

ipr2N---P--C 

ipr2N Me 

31 

7 - c - s - R /  
ipr2N J 

30 

ipr2Nx(~-P---Ce 1 
ipr N/I II 2 O~Sx 

R 

29 

5.1.1.7. Reactions with diazo groups. The formation of diazaphospholes 34, in the 
thermolysis of bis(diazomethyl)phosphines 32, can be explained either by a diazo- 
carbene coupling reaction (route (a)) or by a 2 + 3 cycloaddition process involving 
the PC multiple-bond character of phosphinocarbene 33 (route (b)) [30]. 

Me3Si\ 
C~'~'N2 A / 

R--P 
\ .N2 

Me3Si?~-------"N2 

32 
R = Ph, tBu, Me 

M%Si\ 
C: / 

R--P \ 

MesSi ? ~ 1 2  

Me3Si\ 
R ~ #  c 

\ 

Me3Si?~---------"N2 

(a) 
34 
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Me3Si\ 
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Me3Si / 

M%Si\ 1 7 
MesSi / 
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5.1.2. Intermolecular reactivity 
It would be difficult to classify the reactions of phosphinocarbenes into 1,1- 

and 1,2-additions, or 1 +2-, 2+2-  and 2+ 3-cycloadditions, as several mechanisms 
can be postulated to explain the nature of the products, and also because very similar 
reagents can give totally different products. Thus, the results are presented 
systematically. 

5.1.2.1. Dimerization. No evidence for the dimerization of stable phosphinocarbenes 
has yet been reported. However, several examples of head to tail dimerization have 
been observed involving the multiple bond character of transient phosphinocarbenes, 

"\ [ "\" 
P--C--R"' / II /==c  

_ _ R  Im 

R" N2 R" 

R' R" R"' 

Me2N Me2N Me3Si 

Ph Ph Ph2(O)P 

Ph Ph (4-MeC6H4)2(O)P 

a + 
a m 

I / 
R " - - P = C  

I I  
C ~ P - - R  ,, 

R., / I 
N' 

3 5  

leading to the corresponding 125,325-diphosphetes 35 1-31,32]. 125,325-diphosphetes 
39 have also been obtained in the thermolysis of (phosphino)(phosphoranyl)diazo- 
methanes 36 [32]. However, 39 does not come from the dimerization of the primary 
generated phosphinocarbenes 37, but from the isomers 38, resulting from a 1-3 
oxygen shift from phosphorus to phosphorus. These results suggest a possible equilib- 
rium between the two isomeric (phosphino)(phosphoranyl)carbenes 37 and 38, di- 
merization occurring for the less sterically hindered isomer. Note that, in contrast 

R\p,O R 
/ 

R " /  ~'C--P 
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to the Seppelt compound (F3S-C-CF3) [6], no evidence for a carbene-carbene 
coupling reaction, leading to olefins, has been reported for phosphinocarbenes. 

5.1.2.2. Reactions with alkenes. The stable (phosphino)(silyl)carbene 8 is inert 
towards alkyl-substituted alkenes (nucleophilic carbenes such as dimethoxy carbene 
do not react with alkyl-substituted olefins) [33] but was found to react, at room 
temperature, with electron-poor olefins via a 1 +2 cycloaddition process clearly 
involving its nucleophilic carbene character [34]. Cyclopropanes 40 and 41 were 
obtained in near quantitative yields using methylacrylate and dimethylfumarate 
respectively. Only one diastereomer was observed in each case. The NMR spectro- 
scopic data for the cyclopropenes suggest a syn attack of the carbene [35] with 
retention of the stereochemistry of the double bond. However, this could not be 
proved since no reaction occurred with dimethylmaleate (the difference in reactivity 
between cis- and trans-olefins towards carbenes has already been noted by Moss 
et al. [36]). 

ipr2Nk." 
p~C'~SiMe 3 / 

ipr2N 
8 

H2C=CHCO2Me 

MeO2C\ 

\ 
CO2Me 

R2P, pSiMe3 % 

~'- ?\..,~CO2M e 40 

R2P,.,. D.SiMe3 
c 41 

m~,,=/ \.,~CO2M e 
E - 

Me02(~ = 

5.1.2.3. Reactions with carbonyl groups. Electrophilic carbenes are known to react 
with carbonyl groups through the oxygen lone pair to give carbonyl ylides (RzC= 
O-CX2) [37]. These 1,3-dipolar species are usually characterized by [3 + 2] cycload- 
dition or can even be isolated [38]. A small amount of the corresponding oxiranes 
is sometimes obtained [37a,39]. Although (phosphino)(silyl)carbene 8 does not react 
with simple ketones, quantitative and stereospecific 2+ 1 cycloaddition reactions 
occur at room temperature with benzaldehyde and trans-cinnamaldehyde giving rise 
to the corresponding epoxides 42 [34]. In marked contrast, when a very electron- 
poor carbonyl group such as in ethylcyanoformate is used, a 2+2 cycloaddition 
process takes place giving a mixture of Z and E phosphoranylalkenes 43 and no 
trace of the corresponding oxirane is detected. These results are in agreemetat with 
extended Htickel calculations which show that the HOMO(carbene)-LUMO(CO) 
separation is decreased by 1 eV on going from aldehyde to cyanoaldehyde, favouring 
a charge-controlled process rather than a fully concerted mechanism. 
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5.1.2.4. Reactions with sulphoxides. Dimethylsulphoxide reacts with phosphinocar- 
bene 8 affording the phosphorylated sulphur ylide 46 in 95% yield. This compound 
formally results from a 2 + 2 cycloaddition followed by ring opening of the resulting 
four-membered cyclic phosphorus ylide 44. However, a 1 + 1 addition of the carbene 
form to the sulphur giving 45, followed by an oxygen shift from sulphur to phos- 

ipr2N k . . . .  
P~C~SiMe 3 / 

ipr2N 

I 8 

ipr2N~ 
PBBC - -SiMe 3 / 

ipr2N 

Me2S=O 

• /SiMe 3 1 

('PraN'2i~i--M e /  

, ,  / 
or 

45  M e ~ ~'M e 

o 
II 

(ipr2N)2P,,,,. C/SiMe3 
II 

M e.,,"S'--M e 
46 

phorus, cannot be ruled out [16]. In a similar way, transient bis[bis(diisopropyl- 
amino)phosphino] carbene 15, generated by photolysis of the corresponding diazo 
derivative 14, reacts with dimethylsulphoxide leading to the (phosphino)(phos- 
phoranyl)sulphur ylide 47, which is readily oxidized to the corresponding bis(phos- 
phoranyl)sulphur ylide 48 by excess sulphoxide [26]. 

5.1.2.5. Reactions with nitriles. We have recently found that [bis(dicyclohexylamino)- 
phosphino](trimethylsilyl)carbene 49 reacts at 50°C via a 1 + 2 cycloaddition process 
with benzonitrile, affording the corresponding azirine 50 in high yield [40]. Note 
that the tert-butyl-23-phosphaalkyne (P-C-But)  [20], although usually much more 
reactive than nitriles, does not react with carbene 49 under the same experimental 
conditions. 

5.1.2.6. Reactions with 2S-phosphonitriles. A multi-step mechanism involving a 2 + 2 
cycloaddition of transient phosphinocarbenes 52 with phosphonitriles 53 [41], both 
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generated by photolysis of (phosphino)(trimethylsilyl)diazomethanes 51, has been 
5 5 5 postulated by Regitz [ 31 ] to rationalize the formation of 1,22,42,62 -azatriphosphi- 

nines 54 (29%-42% yield). 

5.1.2.7. Reactions with azides and nitrogen oxide. Trimethylsilylazide and nitrogen 
oxide react with phosphinocarbene 8 affording diazo derivatives 56 and 58 in 92% 
and 86% yield respectively. These results have been explained by 2 + 3 cycloaddition 
reactions followed by ring opening of the resulting five-membered rings 55 and 57. 
Indeed, the first formed 1,2,3,425-triazaphosphole 55 was characterized in solution 
at 4°C [ 16]. These reactions are strictly analogous to those often reported between 
azides, or nitrogen oxide, and alkynes [5]. 

5.1.2.8. Reactions with isocyanides. Tert-butyl isocyanide is one of the very rare 
reagents that react with almost all of the stable phosphinocarbenes reported so far 
[17]. For example, it reacts with the [bis(diisopropylamino)phosphino](trimethyl- 
silyl)carbene 8, even at -78°C, affording keteneimine 59 which was isolated after 
treatment with elemental sulphur as its thioxophosphoranyl analogue in 90% yield. 
The great reactivity of isonitriles towards phosphinocarbenes can easily be explained 
in terms of steric factors; the reactive site of RN=C: is not hindered. The reaction 
giving keteneimine can be considered as an example of carbene-carbene coupling. 

5.1.2.9. Reactions with germanediyls and stannanediyls. [(Dimethylamino)- 
(2,2,2,6-tetramethylpiperidino)phosphino](trimethylsilyl)carbene 60 reacts with 
germanium(II) and tin(II) compounds 61 [42], affording C-germylphosphaalkenes 
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and C-stannylphosphaalkenes 63, in 42% to 78% yields respectively [43]. By analogy 
with the reaction between carbenes and isonitriles, it is reasonable to postulate the 
primary formation of germaethenes and stannaethenes 62; a subsequent 1,3-shift of 
the dimethylamino group from phosphorus to germanium or tin producing deriva- 
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tives 63. These two reactions are highly chemioselective since we only observe the 
migration of the smallest phosphorus substituent. The driving force of this rearrange- 
ment is probably the reluctance of germanium and tin to be doubly bonded [44]. 
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\ . . . .  
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Tmp = 2,2,6,6-tetramethylpiperidino 

Mes* = 2,4,6-tri-tert-butylphenyl 

These results are good examples of the striking difference between the reactivity 
of 25-phosphaacetylenes (23-phosphinocarbenes) and 23-phosphaacetylenes [20,27]. 
Indeed, it has been demonstrated that tert-butyl-23-phosphaacetylene 64 undergoes 
2 + 1 cycloaddition with carbenes [45], silylenes [46], and germylenes [47], afford- 

E = C, Si, Ge RNE/R 
p.=,.,C--tBu + R2E-" ~ / \ 

64 tBu/C 

65 

ing three-membered tings 65 containing a phosphorus-carbon double bond. Note 
that imidazol-2-ylidenes react with germanium diiodide quantitatively affording a 
stable carbene-germylene adduct 66 [48]. NMR data and X-ray analysis indicate 
that the newly formed C-Ge  bond is not a classical double bond but is highly 
polarized. In the same way, the cryptocarbene 67 from Berndt and co-workers [49] 
reacts with germylenes [50a,b] and stannylenes [50b,c] leading to stable ger- 
maethenes and stannaethenes 68. 

5.1.2.10. Reactions with iminophosphanes. [(Dimethylamino)(2,2,2,6-tetramethyl- 
piperidino)phosphino](trimethylsilyl)carbene 60 reacts with iminophosphanes 69 
leading to phosphaalkenes 71 (23%-87% yield) [51]. By analogy with the results 
observed in the reaction between carbene 60 and germylenes and stannylenes, it is 
likely that a carbene-carbenoid coupling type reaction occurs, leading to transient 
(methylene)(imino)phosphoranes 70, which would undergo a subsequent migration 
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of a dimethylamino substituent from the 2a-phosphorus to the positively charged 2 s- 
phosphorus atom. Once again, these reactions are highly chemioselective since we 
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only observe the migration of the smallest phosphorus substituent. In the case of 
chloro- and bromo(imino)phosphanes 69, a competitive reaction occurred giving 
rise to another type of phosphaalkene 73. It seems likely that the first step is an 
insertion of the carbene into the phosphorus-halogen bond of 69 giving 72, which 
undergoes a 1,3-shift of the silyl group from carbon to nitrogen. 

5.1.2.11. Reactions with A - X  type reagents. Chlorotrimethylsilane [15,16], 
P-chlorophosphaalkene [52], or dimethylamine [15,16] react with [bis(diisopropyl- 
amino)phosphino](trimethylsilyl)carbene 8 (either directly or with 8 prepared in 
situ by photolysis of the corresponding diazo derivative 7), giving rise to 25-phos - 
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Tmp 
~=°  ° °  
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Me2N 

6O 
+ 
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[Me2N2-- i  -P=N'- 'Mes* 

72 

6 9  X = CI, Br 

Tmp SiMe 3 \.. / 
P~C=P---.N 

/ I \ Me2N X Mes*  

73 

phorus derivatives 74, in near quantitative yields. To rationalize the formation of 
these adducts, it is reasonable to postulate a 1-2 addition of the trapping agent to 
the phosphorus--carbon multiple bond of 8. However, one can argue that a 1-1 
addition of the trapping agents on the carbene form (in other words a carbene 
insertion into the AX bond) giving 75, followed by a subsequent rearrangement, 
might also explain the nature of the observed products; chloromethylenephosphine- 

ipr2N 
PB=C--SiM% / 

ipr2N 

I, 
ipr2N~ 

#'---~'--SiM% / 
ipr2N 

A-X 

ipr2 i #iMe 3 
ipr2N----P ~C 

I \ A X 74 

ipr2N ~ AI 
P ~ C ~ S i M e  3 

ipr2 N/ ] X 

75 

A-X: Cl-SiMe3, CI-P=C (SiMe3)2, Me2N-H 

methylenechlorophosphorane rearrangements have already been exemplified [53]. 
Formal 1-2 addition of methanol to bis[bis(diisopropylamino)phosphino]carbene 
15 has also been reported [26]. 

5.1.2.12. Reactions with alkylating agents. The addition of trimethylsilyl trifluoro- 
methanesulphonate to phosphinocarbene 8 proceeds cleanly to give a new type of 

ipr2Nk." 
p ~ c ' - - S i M e  3 / 

ipr2N 
8 

Me3SiOSO2CF 3 ipr2Nk ( ~ ?iMe3 
P~C CF3SO? 

ipr2N SiMe 3 

76 

phosphorus cation, namely the methylenephosphonium salt 76 [54]. This extremely 
air-sensitive compound, which is valence isoelectronic to olefins, has a 31p chemical 
shift of + 130 ppm, and the signal corresponding to the quaternary carbon appears 
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at + 76.5 ppm with a phosphorus-carbon coupling constant of 87.6 Hz. This unusual 
compound, characterized structurally by X-ray diffraction (Fig. 4), has a short 
carbon-phosphorus double bond (1.62 A), and trigonal planar phosphorus centre 
and carbon atoms with a dihedral angle of 60 °. This value is significantly larger than 
that reported for the most crowded olefin [55]. 

Formally, this compound can be viewed as the product of a carbene-carbenoid 
coupling between bis(trimethylsilyl)carbene and bis(diisopropylamino)phosphenium 
triflate. Theoretical calculations [56] also reveal a short polar P - C  bond. The 
electronegative amino groups at phosphorus and the electropositive silyl groups at 
carbon maintain the ionic character of the P--C double bond, thus avoiding a 
biradical as the n-bond is broken through rotation. This characteristic and the 
availability of an empty d-orbital orthogonal to the 3p orbital at phosphorus leads 
to facile rotation of the double bond (20 kcal mol- 1), shortening of the bond through 
Coulomb bond stabilization, and a large dihedral angle due to the bulky substituents. 
Note, that another route to methylenephosphonium salt has been reported by 
Gri~tzmacher and Pritzkow [57]. 

5.1.2.13. Reactions with Lewis acids. The formation of transient adducts of electro- 
philic carbenes with Lewis bases is well documented [58], but there is only one 
report of a stable Lewis acid-carbene complex [59]. Owing to its nucleophilic 
character, [bis(dicyclohexylamino)phosphino](trimethylsilyl)carbene 49 reacts with 
a variety of Lewis acids [19,60,61]. The fate of the reaction appears to be strongly 
dependent on the nature of the acids, but it seems likely that in all cases the first 
step is the formation of a carbene-Lewis acid adduct 77. In fact such compounds 
77a-c have been isolated using aluminium, gallium, and indium trichloride [61]. 
The deshielded 31p and xaC NMR chemical shifts observed for 77a-c (t$31p ,.~ + 130, 
613C,~ + 76, Jpc~85 Hz) are consistent with the presence of a double bond and 
positive charge development at phosphorus, and these spectroscopic data are in fact 
very similar to those observed for the methylenephosphonium salt 76. This similarity 
is confirmed by X-ray analysis of the gallium adduct 77b (Fig. 5): (i) the phosphorus 
and carbon atoms adopt a trigonal planar geometry; (ii) there is a twist angle 
between the two plans of 34.1°; (iii) the phosphorus-carbon bond distance is rather 
short (1.61 ,~). 

When triethylborane is used, the borane-carbene adduct 77d is stable in solu- 
tion for several weeks at -20°C, but only for a day at room temperature [19]. 
Elimination of diethyl(dicyclohexylamino)borane occurs, leading to phosphaalkene 
79 which was isolated in near quantitative yield. This fragmentation can be rational- 
ized by a classical migration of an ethyl group from the four-coordinated boron 
atom to the electron-deficient a-carbon [62] giving 78, followed by a 1,2-elimination 
of diethyl(dicyclohexylamino) borane. 

Lastly, when dimesitylfluoroborane [60], trimethoxyborane [60], trimethyl- 
aluminium, trimethylgallium or trimethylindium [61] were used, phosphorus ylides 
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N2 
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N1 

C2 

P1 Cl 

S£1 

Fig. 4. Thermal ellipsoid diagram (30% probability) of methylenephosphonium 76 showing the atom 
numbering scheme, and simplified view of the molecule showing the twist angle. Pertinent bond lengths 
(,~) and bond angles (deg) are as follows: P(1)-C(1) 1.620(3), C(1)--Si(1) 1.875(3), P(1)-N(1) 1.615(3), 
C(1)-Si(2) 1.913(3), P(1)-N(2) 1.610(3); N(1)-P(1)-C(1) 123A(1), C(2)--N(1)-P(1) 121.0(2), 
N(2)--P(1)-C(1) 124.4(1), C(3)--N(I)--P(1) 123.1(2), N(2)--P(1}-N(1) 112.2(1), C(2}-N(1)--C(3) 
115.6(2), Si(I)-C(1)-P(1) 121.7(1), C(4)--N(2)--P(1) 120.2(2), Si(2)--C(1)--P(1) 119.3(1), 
C(5)--N(2)-P(1) 124.4(2), Si(2)--C(1)-Si(1) 119.1(1), C(4)--N(2)-C(5) 115.1(2). 
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Fig. 5. ORTEP view of 77b showing the atom labelling scheme. Important bond distances (~,) and angles 
(deg) are as follows: P-C(1) 1.601(9), P-N(1) 1.622(7), P-N(2) 1.619(8), C(1)-Si 1.886(8), C(1)-Ga 
1.978(10), Ga-C(ll)  2.210(3), Ga--C(12) 2.179(3), Ga---C(13) 2.2.198(3); N(1)-P-N(2) 113.4(4), 
N(1)-P-C(I) 125.1(5), N(2)--P-C(1) 121.4(4), P-C(1)-Si 121.8(6), P-C(1)-Ga 122.6(5), Si---C(1)--Ga 
115.7(5), C(l)--Ga-C(ll) 111.4(3), C(X)---Ga--C(12) 113.9(3), C(1)--Ga-C(13) 112.8(3), 
C(ll)--Ga-C(12) 105.49(11), C(I1)---Ga-C(13) 104.35(12), C(12)-Ga-C(13) 108.19(12). 

c-Hex2N\~ ?iMe3 
P~---Cke 

c-Hex2N EX 3 

c'Hex2Nk . . . .  EX3 I 
~ C ~ S i M e 3  ~ 7 7  

c-Hex2N 
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P~C. 
7 

c_Hex2 N "~4kEX 3 

EX 3 = AICI 3 77a 

EX 3 = GaCI 3 77b 

EX 3 = InCI 3 77c 

80a-e were obtained in good yield, and no intermediates were detected spectroscopi- 
cally. Once again, it is reasonable to postulate the formation of a carbene adduct of 
type 77, followed by a 1,2-migration leading to a phosphine of type 78. Finally, 
instead of undergoing a 1,2-elimination, a classical methylenephosphane-phosphorus 
ylide conversion [53] would lead to 80. 
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Although numerous so-called stabilized phosphorus ylides have been studied, 
in which the negative charge is delocalized into an organic [63] or organometallic 
[64] framework, compounds 80a [60] and S0d [61] were the first examples studied 
by X-ray diffraction (Figs. 6 and 7) which involve C substituted by a group 13 
element. These compounds are of interest since they can also be considered as boron- 
carbon and gallium-carbon double-bonded compounds C-substituted by a phospho- 
nio group. Indeed, the boron-carbon bond length in 80a (1.52 A) is shorter than a 
usual boron-carbon single bond (1.58-1.62A), but a little longer than a boron- 
carbon double bond of, for example, Mes2B=CH2 (1.44 A) [65]. This boron-carbon 
n-type interaction was confirmed by NMR in solution. In the same way, the gallium- 
carbon bond length in 80d (1.93 A) is the shortest of such distances reported so far. 

5.2. Reactivity of the (phosphino )(phosphonio )carbene 10 

Compared with (phosphino)(silyl)carbenes, very little is known concerning the 
reactivity of the only known (phosphonio)carbene 10 [18,66]. In fact, no reaction 
typical of carbene behaviour has been reported. However, compound 10 appeared 
to be a powerful building block for new interesting species. First, it should be noted 
that (phosphino)(phosphonio)carbene 10 is stable with respect to possible migration 
of the hydrogen atom from phosphorus to the carbene centre, although calculations 
on the amino analogue (H2N instead of (Pr~N) predict 81 to be more stable than 
10 by 17 kcal mo1-1 at the MP2 level [10]. The energy barrier for the 1,2-shift is 
probably too high. 
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I 027 0£ 4 

o,o'  los _ "" LL3  

Fig. 6. Molecular structure of 80a showing the atom-numbering scheme. Pertinent bond lengths (pro), 
bond angles (deg), and dihedral angles (deg) are as follows: B-C(1) 152.5(4), P-C(1) 169.6(2), Si--C(1) 
187.2(3), B-C(14) 162.9(3), B-C(5) 161.5(4), P-F 158.5(1), P-N(1) 166.3(2), P-N(2) 165.5(2); 
P--C(1)-Si 123.3(1), P-C(1)---B 117.9(2), Si-C(1)--B 118.8(2), C(1}--B--C(5) 123.4(2), C(5)-B-C(14) 
114.6(2), C(1)--B-42(14) 122.0(2); C(14)--B-C(1)-P 147.9, C(14)-B-C(1)-Si 32.3, C(5)--B-C(1)-P 
30.6, C(5)--B-C(1)--Si 149.1, C(1)--B--C(5)-C(6) 72.4, C(1)-B-C(5)--C(10) 110.0, 
C( 1)-B-C( 14)-C(19) 63.7, C( 1)-B-C( 14)--C(15) 122.8. 

The addition of sodium tetrafluoroborate to 10 led to carbodiphosphorane 82 
possessing a P - H  bond, which was isolated in 70% yield. Although 82 is thermally 
quite stable as a solid (mp 116°C), it slowly rearranges in solution at room temper- 
ature (1 week) into its isomeric phosphorus ylide 83. This result was not surprising 
since calculations predicted 83 to be 70kJ  mo1-1 more stable than 82. 
Carbodiphosphoranes (R3P=C=PR3) are known [67],  but ylides with a P - H  bond 
are rare [68].  Therefore, the spectroscopic characterization of 82 was unexpected. 
Even more surprising was the characterization of carbodiphosphorane 84 featuring 
two P - H  bonds. This compound prepared by treatment of 10 with tert-butylli thium 

rearranged in solution at room temperature in the course of 16 h to give the 
phosphorus ylide with one remaining P - H  bond 85 which is also unstable and 
completely transforms overnight into the diphosphinomethane 86. Note that calcula- 
tions for model compounds (R=NH2) predicted 84 to be 28 kcal mo1-1 less stable 
than 85, which is also 34 kcal mol-1 above 86. The surprising stabilities of 84 and 
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Fig. 7. ORTEP view of 80d showing the atom labelling scheme. Important bond distances (,~) and angles 
(deg) are as follows: P--C(6) 1.658(7), P--C(7) 1.808(6), P-N(1) 1.693(5), P-N(2) 1.690(5), C(6)--Si(1) 
1.829(7), C(6)-Ga(1) 1.935(6), Ga(1)--C(1) 1.994(8), Ga(1)--C(2) 1.988(10), C(6)-P(1)--C(7) 113.4(3), 
C(6)--P(1)---N(1) 118.1(3), C(6)--P(1)--N(2) I12.6(3), C(7)--P(1)--N(1) 103.8(3), C(7)-P(1)-N(2) 
I05,3(3), N(1)--P(1)--N(2) 102.2(3), Ga(1)-C(6)--P(1) 120.0(4), Ga(1)--C(6)-Si(1) 110.3(3), 
Si(1)--C(6)-P(1) 129.1(4), C(1)--Ga(1)--C(2) 112.l(4), C(1)--Ga(1)--C(6) 125.4(3), C(2)--Ga(1)-C(6) 
122.5(3). 
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85 are probably due to the presence of bulky substituents, since tetracoordinate 
phosphorus atoms accommodate better the steric hindrance than do the tricoordi- 
nate centres. 

The addition of fluoride to 10, giving 82, demonstrates the strong Lewis acid 
character of the three-coordinate phosphorus centre, while the reaction with ter t -  

butyllithium, leading to 84, showed that 10 can be easily reduced. It is also possible 
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to abstract the proton using a strong base such as potassium tert-butoxide. In this 
case, phosphaalkene 18, obtained in 45% yield, clearly arises from the transient 
formation of bis(phosphino)carbene 15 which undergoes a 1,2-shift of an amino 
substituent from phosphorus to the carbene centre (we have already shown that 
phosphaalkene 18 can be obtained by photolysis of the corresponding diazo com- 
pound 14 [26]). Once again, the isomerization of 15 to 18 is in agreement with the 
calculations which found 18 to be 53 kcal mol-1 below 15. 

ipr2N \ . . . .  (~)/H 
• , ; P - C  

IPr2N NIPr2 

10  CF3SO3 ~ 

tBuOK ip r2N\  / NiPr21 P/NiPr2 

• ipr2N---p~___C~NNipr 2 
NIPr 2 IPr2N NIPr2 J 

15 18 

6. CONCLUSIONS 

From the reactivity patterns, we see the dual nature of the phosphinocarbenes. 
Products expected from classical carbene reactivity as well as adducts of phosphorus- 
carbon multiply bonded species are obtained, demonstrating the vast synthetic 
potential of these compounds in organic and inorganic chemistry. A simple descrip- 
tion of the bonding situation based on the observed reactivity leads quickly to non- 
classical valence bond structures. Spectroscopic studies suggest a multiply bonded 
formulation, which is confirmed by ab initio calculations. The triplet being close to 
the singlet state, it may well be involved in the reactivity patterns of this unique 
compound. Perhaps most important is the demonstration of the utility of heteroatoms 
in stabilizing highly reactive compounds. Using substituents with third and fourth 
row elements, several species, hitherto believed to be only transient intermediates, 
will probably be isolated at room temperature in the future. 
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