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ABSTRACT

Thermolysis  of [bis(diisopropylamino)phospha-
nylY(trimethylsilyl)diazomethane 1 affords the cor-
responding carbene 2, which is stable enough to
be spectroscopically characterized. This species pos-
sesses a phosphorus—carbon multiple-bond character
as shown by the 2 + 3 and 2 + 2 cycloaddition reac-
tions observed with trimethylsilyl azide or N,O and
ethyl cyanoformate, respectively. On the other hand,
2 undergoes all the classical reactions of a carbene:
cyclopropanation reaction with electron-poor alkenes,
carbon-hydrogen bond insertion, and car-
bene—carbene coupling with isonitriles. Compound 2
reacts with trimethylsilyl triflate affording a stable
methylenephosphonium salt 15. Treatment of the lith-
ium salt of the [bis(diisopropylamino)thiophosphor-
anylldiazomethane 18 with the bis{diisopropyl-
amino)phosphanyl chloride leads to a stable nitrili-
mine 3. Thermolysis of 3 affords the isomeric diazo
derivative 20, while photolysis gives rise to thiopho-
phoranylnitrile 21 and cyclodiphosphazene 23. Re-
gioselective 2 + 3 cycloadditions are observed with
electron-poor dipolarophiles. Addition of trimethyl-
silyl triflate to 3 leads to a stable electrophilic nitri-
limine 29.

RESULTS AND DISCUSSION

The ability of transition metals to stabilize elec-
tron-deficient species such as carbenes, nitrenes,
phosphinidenes [1], or other types of highly reactive
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organic or inorganic species is now well estab-
lished. Less often, it has been shown that a similar
role could be played by heavier main group ele-
ments. For example, sulfenylnitrenes [2] or phos-
phanylnitrenes [3] can be relatively stable. Here,
we report that the [bis(diisopropylamino)-
phosphanyl](trimethylsilyl)carbene 2 is an isolable
compound possessing the characteristics of a nor-
mal carbene and of a polarized AS-phosphaacety-
lene. We also show that the precursor of this com-
pound, namely the [bis(diisopropylamino)phos-
phanyl](trimethylsilyl)diazomethane 1, is an ex-
cellent building block for the synthesis of the first
stable nitrilimine 3.

Synthesis of [Bis(diisopropylamino)phosphanyl]-
(trimethylsilyl)diazomethane 1

Diazo compounds are classical precursors of car-
benes. Although diazo-A>-phosphorus derivatives are
well documented [4], as far as we know, no ex-
amples of molecules possessing a diazo group bonded
to a A*>-phosphorus atom have been reported before
our work [5, 6]. This class of compounds, like phos-
phane azides, could have been very unstable due to
possible intermolecular reactions of the diazo moiety
with the phosphorus lone pair [7]. Taking into ac-
count the observed stability of the bis(di-
isopropylamino)phosphane azide [3, 8] we chose
to prepare the (trimethylsilyl){bis(diisopro-
pylamino)phosphanylldiazomethane 1. Treatment
of the lithium salt of (trimethylsilyl)diazomethane
[9] with a stoichiometric amount of bis(diiso-
propylamino)chlorophosphane [10] led to the de-
sired product 1 in 85% isolated yield (Scheme 1).
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The red oily diazo derivative 1 was stable enough
to be purified by distillation at 85-90°C (10 "2 mm
Hg) without noticeable decomposition.

[Bis(diisopropylamino)phosphanyl]-
(trimethylsilyl)carbene 2

Having in hand the precursor, we first attempted
to generate the carbene by photolysis. According to
31P NMR spectroscopy, a major product (8 *'P: —40)
was formed when the irradiation of 1 was per-
formed in the absence of trapping agents. However,
all attempts to isolate the derivative corresponding
to this signal failed. Interestingly, flash thermolysis
of 1, at 250°C, under vacuum, produced the same
species in 80% yield as a red oily material identified
as the desired phosphanylcarbene 2: bp 75-80°C
(1072 mm Hg); UV Ap. = 300.4 nm (Scheme 2).
This compound is stable for several weeks at
room temperature, in benzene solution. The high
field chemical shift in 3'P NMR and the large 'J(PC)
and 2J(PSi) coupling constants observed for 2, com-
pared with those of 1 or trimethylsilyl A*-phos-
phaalkyne [11] (Table 1), suggest an increase of the
number of valence bonds of the phosphorus atom.

A

The low field signal in !3C NMR is in the range
expected for a multiply-bonded carbon. In marked
contrast with 'H and '3C NMR data available for
other bis(diisopropylamino)phosphanes, the four
isopropyl groups are equivalent in the case of 2,
arguing for an increase of the N—P~N angle (allow-
ing free rotation of the substituents) and perhaps
for a symmetrical molecule. Theoretical calcula-
tions performed on H,PCH predicted [12] that there
are three minima on the total potential energy sur-
face: in 2a the phosphorus atom would be pyra-
midal, 2b would be a planar molecule but bent at
the carbon, while 2¢ would be planar and linear.
Thus, on the basis of NMR spectroscopy, it is clear
that 2 possesses a multiple-bond character and is
most probably a A3-phosphaacetylene 2c¢.

Although 2 is thermally stable, it is quite re-
active. Both multiple-bond and carbene reactivity
have been observed.

The multiple bond character of 2 was demon-
strated by its reaction with trimethylsilyl azide.
The final product, diazo derivative 5, was isolated
in 92% yield. The initially formed 2 + 3 cycloadduct
4 was characterized by NMR spectroscopy, at 4°C.
This reaction is strictly analogous to that often re-
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TABLE 1 NMR Data for 1, 2 and P=CSiMe,. (Chemical shifts are expressed in
ppm; coupling constants with phosphorus, reported in hertz, are in brackets.)

1 2 P=CSiMe;

p +56 —-40 +96
13C SiCH; -0.8 (5.3 3.9 (10.6)

CHCH, 23.8, 23.9, 25.0, 25.1 22.6

CHCH;, 48.0 (12.0) 48.6 (2.3)

C 28.3 (90.9) 142.7 (159.3) 201.4 (13.9)
29Gj +1.7 (43.1) —19.7 (59.3)
'"H SiCH, -0.23 +0.46 (1.1)

CHCH; 1.17, 1.20 1.22

CHCH; 3.32 (12.2) 3.38 (18.3)




ported between azides and alkynes [13]. A similar
2 + 3 cycloaddition pathway was observed for the
reaction of 2 with N,O. In this case, the initially
formed S-membered ring 6 could not be spectro-
scopically observed, but the resulting diazo com-
pound 7 was isolated in 86% yield. Lastly, when a
very electron-poor carbonyl group, such as in ethyl
cyanoformate, is used, a mixture of Z and E phos-
phorylalkene 8 is obtained, suggesting a 2 + 2
cycloaddition process, followed by ring opening
(Scheme 3).

The pyrolysis of 2, at 300°C under vacuum, af-
forded the four 5-membered ring diastereoisomers
9 in 90% total yield; the two major isomers were
isolated in pure form after treatment with elemen-
tal sulfur. This results can be explained in terms of
insertion of singlet carbene 2a into a methyl C—H
bond of an isopropyl substituent, although the total
regioselectivity of this ring closure—no trace of 4-
membered ring—is surprising. Taking into account
the drastic experimental conditions used, one could
argue that the formation of heterocycles 9 involves
an excited state of 2. More convincing evidence for
the carbene character of 2, in the ground state, arises
from the results observed with alkenes, aldehydes,
and isonitriles. Compound 2 does not react with
alkyl substituted alkenes or conjugated dienes [14],
but readily adds to electron-poor olefins such as
methyl acrylate and dimethyl fumarate, affording
the corresponding cyclopropanes 10 and 11. Sur-
prisingly, only one isomer is obtained; their struc-
tures suggest a syn specificity of the carbene attack
[15], and that the stereochemistry about the double
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bond is maintained. Compound 2 does not react
with dimethyl ketone but readily adds to benzalde-
hyde and trans-cinnamaldehyde, affording oxiranes
12 and 13, respectively, as only one diastereo-
isomer. Lastly, carbene 2 reacts with tert-butyl is-
ocyanide affording the corresponding keteneimine
14 in 90% yield. This can be considered as a car-
bene-carbene coupling reaction (Scheme 4).
These results, as a whole, clearly establish that
2 is a nucleophilic carbene. Due to the phosphorus
lone pair conjugation, the p,LUMO is expected to
lie significantly higher in energy, preventing any
electrophilic character. According to simple ex-
tended Hiickel calculations, 2 should be located be-
tween dimethoxycarbene and methoxy(dimeth-
ylamino)carbene on the Moss carbene selectivity
spectrum [16]: In the model H,PCH the p,LUMO
is calculated at —9.2 eV while it lies at —9.6 and
—8.9 eV in (MeO),C and MeOCNMe,, respectively.
On the other hand, the n, > p, separation is cal-
culated at 2.7 eV for H,PCH, 2.5 eV for (MeO),C,
and 3.1 eV for MeOCNMe,. The sterecospecificity
of the cyclopropane formation as well as the cou-
pling reaction with the isonitrile suggest that 2 has
a singlet ground state, although ab initio calcula-
tion [12] found a singlet-triplet energy separation
of only 3 Kcal/mole in favor of the singlet state.
Taking into account its stability and reactiv-
ity, phosphanyl carbene 2 is certainly a very power-
ful building block in organic and in inorganic
chemistry. For example, 2 can be used as a start-
ing material for the synthesis of a new type of
low coordinated phosphorus compound, namely a
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methylenephosphonium salt 15. Two types of phos-
phorus cations (A [17], B) have previously been
structurally characterized. In contrast, no X-ray data
are available concerning tricoordinated phospho-
rus cation C [18]. Methylenephosphonium ions (D)
have only been postulated as transient intermedi-
ates [19] but never isolated [20] (Scheme 5). This
new class of phosphorus cation is of special interest
since they are valence isoelectronic to olefins and
have been computed to be planar with a short phos-
phorus-carbon bond length [21].

Addition of trimethylchlorosilane to 2 led to
phosphorus ylide 16 suggesting that the use of a
silyl derivative containing a nonnucleophilic anion
would afford the desired cation 15. Indeed, reaction
of [bis(diisopropylamino)phosphanyl](trimethyl-
silyl)carbene 2 with trlmethy151lyl triflate at room
temperature gave clean conversion to methylene-
phosphonium ion 15 (yellow crystals, extremely air
sensitive, mp 80°C dec., 70% yield) (Scheme 6).

In contrast to P-halogenated ylide 16, derivative
15 is poorly soluble in non-polar solvents. The *'P

+
>P
B

+
>P:

chemical shift (+ 130.8) and the 13C chemical shift
of the tricoordinated carbon (+76.51, Jpc = 87.6
Hz) are significantly deshielded compared with those
of related phosphorus ylides, as expected for a cat-
ionic species. The ionic structure of 15 was unam-
biguously determined by an X-ray crystal structure
analysis [5d].

Several aspects of the structure merit discus-
sion. The positive charge at phosphorus is delocal-
ized onto the adjacent nitrogen atoms, as shown by
their planar geometry [22] and the short P-N bond
lengths (1.61 vs. 1.68 A in H,PNH,) [23]. The struc-
tural parameters for the framework atoms (P! and
C1) are as expected for a valence 1soelectron1c ole-
fin: 1) the P-C distance of 1.62 A is short, even
compared to that in phosphaalkenes (1.64—1.69 A)
[24], and in good agreement with that from a the-
oretical study on the parent compound (1.624 A)
[21]; 2) the geometry at both P1 and Cl1 is strictly
planar (+0.01 A). However, the dihedral angle be-
tween these two planes (Figure 1) corresponds to a
twist of the double bond by 60°. This value is sign-

+
>P=C
D

+
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ficantly larger than that reported by Sakurai (50.2°)
for the most crowded olefin {25].

In order to rationalize the simultaneous exis-
tence of the short P—C bond and the large twist
angle, a model developed by Trinquier [26] to de-
scribe the bonding in phosphorus ylides can be em-
ployed. This involves the interaction of a phos-
phenium ion with a p,? closed-shell singlet excited
carbene. The energy required for reaching the p.?
configuruation from a n,? conhguration is largely
compensated by the building of the ylidic bond,
which is basically a dative bond (phosphenium lone

pair — carbene empty n,) plus a partial back-
donation (carbene occupied p, — phosphenium
empty d,).

In summary, we have shown that the
bis(diisopropylamino)phosphanyl group is able to
stabilize a carbene in the a-position. The resulting
species undergoes all the classical reactions of usual
carbenes: cyclopropanation, CH insertion, and
carbene—carbene coupling reactions. However, this
compound also presents a phosphorus—carbon
multiple-bonded character as shown by their 2 +
2 and 2 + 3 cycloaddition reactions.

FIGURE 1 View of methylenephosphonium salt 15 looking through the phosphorus-carbon bond.
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C-[bis(diisopropylamino)thiophosphoranyl]
Nitrilimine 3

Among the classical isomers of diazo derivatives A,
diazirines B, cyanamides C, isocynamides D, and
carbodiimides E have been reported. In contrast,
no example of isodiazirine F is known. Concerning
the last isomer, namely nitrilimine (G), transient
derivatives were first prepared by Huisgen et al. in
1959 [27] (Scheme 7). They have been widely used
in organic synthesis, in regioselective 1,3 dipolar
cycloadditions [28]. Up to now, they have only been
observed by IR and UV spectroscopy in 85K matrix
[29a—c], by mass [29¢] or real time photoelectron
spectroscopy [30] in the gas phase. Nitrilimines are
commonly prepared, as transient species, by de-
hydrohalogenation of hydrazonoyl halides, dehy-
drogenation of aldehyde hydrazones, and thermo-
lysis or photolysis of tetrazoles or related heterocycles
such as oxadiazolinones, oxathiadiazolinones, and
sydnones [28]. Our approach is totally different and
relies on the attack of an electrophile at the ter-
minal nitrogen atom of diazo lithium salts H. In-
deed, although it is generally admitted that elec-
trophiles react with salts of type H giving the

to explain the nature of the products obtained in
the thermolysis of potential nitrilimine precursors
(Scheme 8).

Starting from diazo derivative 1, we have pre-
pared two phosphorus-substituted diazolithium salts
17 and 18 as indicated in Scheme 9. We have stud-
ied the reactivity of lithium salts 17 and 18 with
various phosphorus electrophiles. Although the
phosphino diazo lithium salt 17 reacts with the
bis(diisopropylamino)chlorophosphane to give the
bis(phosphanyl)diazomethane 19 (orange crystals,
85% yield, characterized by a single X-ray diffrac-
tion study [32]), the thiophosphino analog 18, under
the same experimental conditions, gives rise to the
stable nitrilimine 3 (mp 100°C), as white crystals,
in 85% isolated yield [33]. The isomeric (thiophos-
phoranyl)(phosphanyl)diazomethane structure 20
was readily ruled out by comparing spectral data
of 3 with those of an authentic sample of 20 (Table
2), prepared by the action of a stoichiometric amount
of elemental sulfur on 19 (Scheme 10). Theoretical
calculations [34] predicted that two geometries are
possible for nitrilimines: a bent allenyl type and a
planar propargyl anion type.

corresponding substituted diazo derivative I, one N
can imagine that the first step of this reaction is in H\C 7 N & N y Y H=C—-N 7\ v
fact the formation of nitrilimine J, which subse-
quently rearranges into I. The nitrilimine J—diazo
I rearrangement has already been postulated [31] "Bent" "Planar"
N - -
-¢- >c<“ >N-CEN >N-NEC -N=C=N-
N2
A B C D E
N +
-4 | -CEN=-N-
N
F 6
SCHEME 7
— R'E- E
2 I
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In the solid state, nitrilimine 3 has a structure half-
way between the planar and the bent. Of special
interest, the CNN skeleton is almost linear (173.6°)
with rather short C-N (1.18 A) and N-N (1.24 A)
bond lengths. In other words, the most important

- +
resonance form seems to be —C=N=N—. The
planar structure would imply a negative charge on

the terminal nitrogen atom (—CEKI——N———), which
is strongly unfavored in the case of 3 because of the
presence of the phosphorus lone pair. The compar-
ison between P(2)N(20) bond length (1.777 A) and
the other phosphorus-nitrogen bond lengths of the
molecule (1.646-1.683 A) strongly suggest that even

in this geometry, there is a repulsion between the
phosphorus and nitrogen lone pairs of 3.
Although 3 is thermally stable in the solid state,
it rearranged into the isomeric diazo derivative 20
by heating, in chloroform solution, at 55°C during
6 hours. This result, as well as some new findings
[35] from our laboratory strongly suggest that ni-
trilimines are the kinetic products of electrophilic
attack at a diazolithium salt, while the diazo iso-
mers are the thermodynamic products (Scheme 11).
It has been shown by matrix spectroscopy that
under irradiation, nitrilimines rearrange into car-
bodiimides or undergo cleavage of the nitrogen—
nitrogen bond [29]. In the case of nitrilimine 3, we

TABLE 2 Selected Spectral Data for 3 and 20. (Coupling constants with
phosphorus, reported in hertz, are in parentheses.)

3 20
. +354 +74.5
P NMR +99.9 (5:25) + 7.5 (140.10)
CH 22,53, 22.55, 23.01, 23.03 23.97, 24.05, 24.80, 24.82
3 24.03, 24.11, 24.46, 24.58 25.82, 25.85
13C NMR
CH 46.00(12.10), 46.46(5.58) 47.34(5.28), 48.52(14.82)
C 61.04(99.00) 42.61(36.71 and 74.03)

IR

2040 cm~?

2028 cm™!
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only observed the cleavage of the N—N bond lead-
ing to thiophosphoranyl nitrile 21 and to
[bis(diisopropylamino)lphosphanyl nitrene 22,
which dimerized into the cyclodiphosphazene 23.
We have already shown [3] that 22, generated by
photolysis of the corresponding azide 24, behaved

hv 1 HZF-N:
3 — RoHP-CEN + I
21 (86%) RoP=N
22
R = iPr,N
2 !
Rzi;—N3 —’hv RZF-T
24 -N2 N=PR;
23 (25%)
SCHEME 12

HoC=CHCO2;Me

2

HC:=CCO,Me

H>C=C<COZMC

L 4

MecO5 C=C<H
R : (iPr)oN
H, o H
Mec03 ©=C<co,Me

as a phosphonitrile, a compound possessing a for-
mal phosphorus-nitrogen triple-bond, and led to
23 (Scheme 12).

Nitrilimine 3 only reacts with electron-poor di-
polarophiles. Concerning the orientation of the ad-
dition of unsymmetrically bonded olefins (methyl
acrylate) or alkynes (methyl acetylenecarboxylate),
a good regioselectivity, yielding the 5-substituted
pyrazolines 25 or pyrazoles 26 was observed. An
adequate rationalization for the observed regiose-
lectivity was given by Houk [34] using FMO theory.
Nitrilimine 3 reacted with dimethyl fumarate, at
room temperature, affording the trans adduct 27,
while with dimethyl maleate the reaction occurred
only at 55°C giving a mixture of cis (28) and trans
adducts (27) (Scheme 13).

Surprisingly, it is also possible to use the tri-
coordinated trivalent phosphorus as a second cen-
ter of functionality of 3. Indeed, when 3 was treated
with a stoichiometric amount of methyl triflate, a
clean reaction occurred leading to a new nitrilimine
29, which was obtained as white crystals (mp
100-102°C) after recrystallization from a THF/ether
solution [36] (Scheme 14).

The structure of 29 was confirmed by an X-ray
diffraction study. Concerning the angles, the most
dramatic change compared to 3 is observed for PCN,
which tends toward linearity (164°). In 29, the CNNP
skeleton is almost planar (178°), and the carbon-
nitrogen and nitrogen—nitrogen bond lengths are
shorter and longer, respectively, than in 3. All these
results are in perfect agreement with the theoretical

SCHEME 13
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calculations that predicted an increasing stability
of the planar geometry, relative to the bent, when
the negative charge is shifted to the nitrogen ter-
minus. Note that the nitrogen-phosphorus bond
length is considerably shorter (1.62 A) than in 3
(1.78 A), confirming the stabilization of the negative
charge on nitrogen by the phosphorus cation. In
terms of valence bond terminology, a

—C=N—N— propargylic structure represents the
electronic structure of 29 fairly well, while as men-

tioned before, a ——6=N=N—— cumulenic struc-
ture best illustrates 3.

In contrast to 3, nitrilimine 29 is strongly elec-
trophilic. It reacts with an electron-rich olefin such
as ethyl vinyl ether at room temperature, while sty-
rene requires 14 h at 60°C, and 20 h at 80°C are
necessary for the electron-poor olefin, methyl ac-
rylate. Reaction with phenylacetylene is finished
after 10 h at 55°C (Scheme 15). The dipolarophilic
activity series of 29 was confirmed by competition
experiments. All these reactions occurred with
complete regiospecificity (according to NMR spec-
troscopy), yielding the 5-substituted pyrazolines
30-32 or pyrazole 33 in good yield.

The electrophilic substitution of diazolithium
salts is a new and effective synthetic method for
nitrilimines. Thirty years after the discovery by
Huisgen of transient derivatives of this type, we
have shown that they can be isolated at room tem-

perature. Depending on the nature of the substi-
tuents, regioselective 2 + 3 cycloaddition is ob-
served with electron-poor or electron-rich olefins or
alkynes.

CONCLUSION

The bis(diisopropylamino)phosphanyl group al-
lowed the stabilization of a carbene in the a-posi-
tion and of nitrilimines. These compounds are both
prepared from the easily available [bis(diisopro-
pylamino) phosphanyl ](trimethylsilyl)diazometh-
ane. Recent studies in our group demonstrate that
the replacement of only one diisopropylamino group
by a dimethylamino substituent has a dramatic
change on the stability of the resulting products.
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