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Abstract: N-Phosphinonitrilimine 1 and phosphine azides 4 react with dimethyl acetylenedicarboxylate via formal [4
+ 2] cycloadditions affording 1,2,3A5-diazaphosphinine 2 (90% yield) and 1,2,3,4\5-triazaphosphinines § (63-75%
yield), respectively. Although 2 is reluctant toward dinitrogen extrusion, derivatives § afford 1,2A5-azaphosphetes 6
(80-90% yield) by heating in refluxing toluene. Four-w-electron four-membered rings 6 react via the ring nitrogen
atom with a variety of electrophiles. The four-membered ring structure is preserved by addition of boron trifluoride
or iodomethane, while ring-opening reactions are observed with water, pentafluorobenzonitrile, and carbon disulfide;
ring expansion reactions occurred with dimethyl acetylenedicarboxylate, methyl isothiocyanate, phenyl isocyanate,

trimethylsilyl isocyanate, and isothiocyanate.

Introduction

For more than a century, the synthesis and bonding description
of six-w-electron six-membered rings and four-r-electron four-
membered rings have attracted considerable attention.! The
former are often associated with aromaticity and stability, and
the latter with antiaromaticity and high reactivity. Whereas
benzene was dicovered in 1825 by Faraday,? for a long time all
efforts to obtain stable cyclobutadienes failed.> The crucial
breakthrough was achieved in 1965, when Petit stabilized the
parent cyclobutadiene with the organometallic fragment Fe-
(CO);.4 Since then, a very few substituted cyclobutadienes,
stabilized by push-pull effects or bulky substituents, have been
isolated.’

The aromatic and antiaromatic character of these systems is
perturbed when one or more second-row heteroatoms are present
in the ring.6 With a third-row element (or heavier), possessing
available p-orbitals to build the w-system, the comparison is even
morestriking:é for example, neither silabenzene’ or germabenzene®
isstable. When the heteroatom has no p-orbital available for the
w-system, the six-membered ring is no longer a Hiickel aromatic
systemand, of course, the four-membered ring is not antiaromatic.’?
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Our aim was to synthesize new non-antiaromatic four-x-
electron four-membered rings and to elucidate their reactivity
with a view to opening new pathways to further heterocycles.
Here we report our first attempts to prepare the prototype of
such compounds, namely the AS-phosphete, and the synthesis and
reactivity of related 1,2A5-azaphosphetes.10

Results and Discussion

The only two known four-w-electron four-membered hetero-
cycles featuring third-row elements, namely the 1A\5,3A\5-diphos-
phetes B!! and 1,3,2A%4\5-diazadiphosphetes (cyclodiphos-
phazenes) D,!2 have been prepared by dimerization of the
corresponding transient AS-phosphaalkynes A and AS-phospho-
nitriles C, respectively. Havingin hand thermodynamicallystable
but reactive AS-phosphaalkynes A!® and transient AS-phospho-
nitriles C,!2 we first tried to synthesize the desired 1AS-phosphetes
E and 1,2)%-azaphosphetes F by reacting A and C with various
alkynes. These attempts led to complex mixtures of products as
detected by 3P NMR spectroscopy, from which no product was
isolable (Scheme 1).

Sincethe thermal and photochemical elimination of dinitrogen
from cyclic azoalkanes is an efficient method for the preparation
of strained or even antiaromatic species,!¢ it was tempting to
study the thermal behavior of 1,2,3A%-diazaphosphinine 2, which
is easily available from N-phosphinonitrilimine 1 and dimethyl
acetylenedicarboxylate.!> However, all attempts to eliminate
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dinitrogen from the six-membered heterocycle 2 by photolysis or
thermolysis failed. We then tried to initiate the elimination of
N, by adding boron trifluoride etherate. In this case, compound
3 was obtained in 95% yield after recrystallization. It is
noteworthy that this Lewis acid adduct 3 is alsostable in refluxing
toluene or under photolytic conditions (Scheme 2).

The reluctance of 2 to loose N, is consistent with the high
stability of phosphazo derivatives. Indeed, 2 features the same
R;P=N—N=C< sequence as Staudinger—-Meyer adducts (phos-
phines + diazo derivatives), which are not precursors of phosphorus
ylides.!¢ Inmarked contrast, it is well known that the phosphazides
(the Staudinger adducts of phosphines with azido derivatives,
R,P=N—N=N—) easily decompose into dinitrogen and imi-
nophosphoranes.!” Therefore, it was of interest to prepare
1,2,3,4)\5-triazaphosphinines §, as potential precursors of 1,2A5-
azaphosphetes 6. As a synthetic route, we extended the formal
1,4-dipolar reactivity of phosphanyl-substituted 1,3-dipoles!512
to phosphanyl azides. Bis(diisopropylamino)- and bis(dicyclo-
hexylamino)phosphanyl azides (4a!® and 4b) cleanly reacted
with dimethyl acetylenedicarboxylate, affording the desired six-
membered rings 5a (75% yield) and 5b (63% yield), respectively.
The ORTEP view of 8a is shown in Figure 1, and the pertinent
metric parameters arecollectedin Table 1. Asexpected, extrusion
of dinitrogen occurred in refluxing toluene giving 1,2A5-aza-
phosphetes 6a and 6b in 80 and 90% yield, respectively (Scheme
3).

On comparison of the molecular structures of 2,15 8a, and 6a
(Figure 2), the first remarkable feature is the similarity between
the two six-membered rings 2 and Sa. Both exhibit a very flat
boat conformation with the phosphorus and the para-X atoms
lying outside the plane. Comparable bond lengths and angles
were observed; for instance a (P)N-N length for 2 of 1.316(5)
A and for $aof 1.296(4) A. Inother words, solid-state structural
parameters do not giveany information on the dramatic difference
in the behavior of these two heterocycles with respect to N,
elimination. For both the six-membered rings 2 and 5a and the
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Figure 1. ORTEP plot of 1,2,3,4\5-triazaphosphinine 5a showing the
numbering scheme used.

Table 1. Selected Bond Lengths (A), Bond Angles (deg), and
Torsion Angles (deg) for 5a

P-CI 1.7443)  P-N4 1.6382)
P-N3 1.666(2) P-N5 1.636(2)
C1-C2 1375(4)  NI-N2 1.335(3)
C2-N1 1.356(4) N2-N3 1.296(4)
C1-C3 1.478(4) C2-C5 1.508(4)
C3-01 1.197(4)  C5-03 1.197(4)
C3-02 1329(4)  C5-O4 1.319(4)
C1-P-N3 103.1(1) N3-P-N4 110.0(1)
C1-P-N4 113.8(1) N3-P-N5§ 106.1(1)
C1-P-NS§ 116.1(1) N4-P-N5 107.3(1)
P-C1-C2 115.4(2) C2-N1-N2 120.2(2)
C1-C2-N1 129.9(3) N1-N2-N3 124.0(2)
N2-N3-P 126.4(2) C7-N4-C10 115.0(2)
P-N4-C7 122.3(2) P-N5-C13 121.8(2)
P-N4-C10 117.2(2) P-N5-Cl16 122.1(2)
CI3-N5-C16  115.2(2) P-C1-C2-N1 2.3(4)
N1-N2-N3-P —4.5(4) C1-C2-N1-N2 5.6(5)
N2-N3-P-C1 10.3(3) C2-N1-N2-N3 —4.6(4)
N3-P-C1-C2 -8.6(2)
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four-membered ring 6a, it appears that the exocyclic P-N bond
lengths are slightly shorter than the endocyclic ones, especially
in the case of 6a, and are comparable to those observed in bis-
(diisopropylamino)phosphenium salts (1.61 A).2 This is an
indication of a positive charge delocalization on the exocyclic
N-P-N fragment, which is confirmed by the planarity of these
N atoms. Moreover, the endocyclic C-C, C-N, and N-N bond
lengths of 2, Sa, and 6a have values that lie halfway between
single and double bonds, indicating that in these compounds the
N-N-X-C-C and N-C—C parts of the ring can be regarded as
anionic pentadienyl and propenyl systems, respectively. Thus,
the six-w-electron six-membered rings 2 and $a are best described
by the “nonaromatic” structure G, while the four-r-electron four-
membered ring 6a is best illustrated by the “nonantiaromatic”
structure H. Note that the structure of type H is significantly
different from those of 1A%,3A5-diphosphetes B! and 1,3,2A5,4A5-
diazadiphosphetes (cyclodiphosphazenes) D,!2 where the =-sys-
tems basically follow the “island model”22 (Scheme 4). However,
there is a common feature toall these cyclic four-r-electron ylides
B, D, and H: the distance between the phosphorus atom and the
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opposite atom is short [B, P-P 2.410 A;!12 D, P-P 2.22 A;12: 6a,
P-C 2.109(4) A]; so far, this experimental fact has not been
rationalized.

It is also of interest to compare the NMR data for compounds
8 and 6. There is a deshielding of the 3!P chemical shift from
5t0 6 (Ad = 47), which seems to be a general phenomenon going
from six-w-electron six-membered to four-w-electron four-
membered rings (i.e. from cyclotriphosphazenes to cyclodiphos-
phazenes A§ = 20).!12b In the same way, the deshielding of the
CN 1BC chemical shift from 8 to 6 (Aé ~ 30) is comparable to
that observed in going from triazine?? to azete? (A§ ~ 40).

Although 1,2A%-azaphosphetes 6 are highly thermally stable
(they only start to decompose in solution at 170 °C, giving rise
to a complicated mixture of products), they are quite reactive.
Thesecyclic four-r-electron ylides 6 areinert toward nucleophiles
but readily react with inorganic and organic electrophiles. As
expected, the most reactive site is the nitrogen atom. Derivatives
6a and 6b being very similar, weonly studied in detail the reactivity
of 6a.

Addition of Lewis acids, such as boron trifluoride, gave rise
to a new type of phosphorus heterocycle, the unsdturated four-
membered phosphonium ring 7 (80% yield), already demonstrat-
ing the synthetic potential of 6. Addition of an excess of
triethylamine to 7 gave back the starting azaphosphete 6a (50%
yield). This route is reminiscent of the preparation of the first
stable cyclobutadiene by deprotonation of cyclobutenium salts.5e
Interestingly, addition of boron trifluoride etherate at 0 °C to
1,2,3,4\5-triazaphosphinine $a directly led to the zwitterionic
heterocycle 7in quantitative yield; it is therefore possible to prepare
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the azaphosphete 6a under very mild experimental conditions
(Scheme 5).

In the same way, addition of a stoichiometric amount of
iodomethane to 6a afforded cyclic phosphonium salt 8 (77% yield),
which surprisingly did not rearrange into the ylidic opened form
9. In contrast, compound 6a was readily hydrolyzed into (Z)-
1-amino-2-phosphoranylalkene 10 (82% yield), when exposed to
air. This can be rationalized by the formation of the strong
covalent phosphorus—oxygen bond, converting the phosphonium
center into a pentacoordinated phosphorus atom, which favors a
ring opening reaction. A similar mechanism also explains the
formation of 11 (90% yield), in the reaction of 1,2A%-azaphosphete
6a with pentafluorobenzonitrileat 100°C. A classical aza-Wittig
reaction was observed by adding carbon disulfide to 6a, in refluxing
toluene, giving (Z)-1-(isothiocyanato)-2-(thiophosphoranyl)-
alkene 12 (35% yield) (Scheme 6). The ORTEP view of 12 is
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Figure 3. ORTEP plot of (Z)-1-(isothiocyanato)-2-(thiophosphoranyl)-
alkene 12 showing the numbering scheme used.

Table 2. Selected Bond Lengths (A) and Angles (deg) for 12
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Figure 4. ORTEDP plot of six-w-electron phosphorus ylide 13 showing the
numbering scheme used.

Table 3. Selected Bond Lengths (A), Bond Angles (deg), and
Torsion Angles (deg) for 13

P-S1 1.942(2) P-N2 1.660(3)
P-Cl 1.844(4) P-N3 1.642(4)
C1-C2 1.489(6) C4-C5 1.504(6)
C2-01 1.197(6) C5-03 1.196(5)
C2-02 1.335(5) C5-04 1.301(5)
02-C3 1.442(6) 04-C6 1.450(6)
C1-C4 1.342(6) C4-N1 1.360(5)
N1-C7 1.183(5) C7-S2 1.561(4)
P-C1-C4 128.3(3) C1-C4-N1 123.4(4)

C4-N1-C7 145.4(4) N1-C7-S2 173.3(4)

shown in Figure 3, and the pertinent metric parameters are
collected in Table 2. Note that the molecule is arranged in a
propeller fashion to minimize the steric interaction; all the bond
lengths as well as the angles are usual.

All these reactions show that 6a behaves as a classical aza-
Wittig reagent, and since dimethyl acetylenedicarboxylate is
known toinsert into a P=N bond,17¢ it was tempting to extrapolate
this reaction to 6a as a new route to 1,4A\5-azaphosphinines.2’
According to 3P NMR spectroscopy, the reaction performed at
100 °C required 2 equivalents of alkyne and afforded two main
products in a 1/1 ratio (broad singlets at +42.62 and +37.85);
all attempts to separate these two products by fractional
crystallization or column chromatography failed. Mass spec-
troscopy confirmed that these adducts arrose from the addition
of twomolecules of dimethyl acetylenedicarboxylateto 6a. Single
crystals were grown from a toluene solution and subjected to an
X-raydiffractionstudy. Thethermalellipsoid plot of the molecule
is shown in Figure 4, and pertinent structural parameters are
listed in Table 3. Indeed, compound 13isa 1,4A%-azaphosphinine
but not the expected one (Scheme 7). It is clear that the
mechanism leading to 13 is very complicated, and all hypotheses
would be pure speculation. The initial diisopropylamino phos-
phorus substituents have migrated, whereas the phosphorus atom
now bears substituents coming from dimethyl acetylenedicar-
boxylate. The ring is almost planar, and the values of intracyclic
bond lengths are halfway between those for single and double
bonds. The cyclic skeleton is almost symmetrical [P-C 1.729-
(4), 1.723(4) A; C-C 1.406(5), 1.397(5) A] with a small dis-
crepancy between the two CN bonds [1.371(5), 1.311(5) A]. It
isimportant to note that the melting points of severalsingle crystals
were identical (180 °C) and that the 3'P NMR spectrum of a
toluene solution of these crystals exhibits the same broad signals
as the crude reaction mixture, demonstrating that in solution 13
exists as two isomers.

(25) Markl, G. In Methoden der Organischen Chimie (Houben- Weyl);
Regitz, M., Ed.; Thieme: Stuttgart, Germany, 1982; Vol. E1, pp 96.

P-Cl 1.729(4)  P-C22 1.829(4)
P-C4 1.723(4)  P-O12 1.587(3)
C1-C2 1.406(5)  C2-Nl1 1.371(5)
C3-C4 1.397(5)  N1-C3 1.311(4)
C1-Cs 1.522(5)  C5-O1 1.218(5)
C5-N2 1.361(5)  C2-N3 1.363(4)
C3-C18 1.513(6)  C4-C20 1.460(5)
C18-02 1.198(5)  C20-04 1.197(5)
C22-C23 1.331(6)  C22-C28 1.526(6)
C23-C24 1.496(6)  C23-C26 1.514(6)
C24-06 1.180(6)  C26-08 1.187(5)
C24-07 1.301(6)  C26-09 1.317(5)
C28-010 1.188(5)  C28-Ol1 1.310(6)
C1-P-C4 105.8(2) C4-P-C22 111.8(2)
C1-P-C22 113.5(2) C4-P-012 115.9(2)
C1-P-012 113.8(2) C22-P-012 96.1(2)
P-C1-C2 118.9(3) N1-C3-C4 129.6(3)
C1-C2-N1 123.5(3) C3-C4-P 116.9(3)
C2-N1-C3 122.2(3) P-C1-C2-N1 21.7(5)
N1-C3-C4-P 6.6(6) CI-C2-N1-C3  -12.3(6)
C3-C4-P-C1 2.9(3) C2-N1-C3-C4 -3.4(6)
C4-P-C1-C2  -156(3)

This unexpected reactivity of 6a led us to study in greater

'depth its behavior toward electrophiles. Isocyanates and isothio-

cyanates have been widely employed in aza-Wittig reactions,
giving unsymmetrical carbodiimides and the corresponding
phosphine oxides and sulfides, respectively.!’226 In marked
contrast, methyl isothiocyanate reacted with 6a, giving heterocycle
14 in 90% yield. The presence of the P-N(CHj3)-C(S)-N
sequence is supported by the presence of a doublet for the NCH;,
group in 'H (3.21, Jpy = 6.2 Hz) and 13C NMR (38.53, Jpc =
4.4 Hz), the CS group giving a doublet at 188.88 (Jpc = 3.6 Hz);
the P=C(R)—C(R)=N skeleton is indicated by the 12*C NMR
data [81.51, Jpc = 153.6 Hz, P=C; 158.90, Jpc = 7.4 Hz, C=N;
165.61, Jpc = 12.9 Hz, CO; 166.49, Jpc = 18.8 Hz, CO). Inthe
same way, phenyl isocyanate added to 6a affords the analogous
oxo compound 15 (66% yield). These results are reminiscent of
the Dimroth rearrangement!’s26b and demonstrate the ap-
plicability of four-w-electron four-membered rings in heterocyclic
synthesis (Scheme 7).

Clean reactions also occurred with trimethylsilyl isocyanate,
and isothiocyanate leading, after hydrolysis, to heterocycles 16
and 17, which were isolated in 50 and 40% yield, respectively
(Scheme 7). Thespectroscopic data for these two compounds 16

(26) (a) Williams, A.; Ibrahim,I. T. Chem. Rev. 1981, 81, 589, (b) Molina,
P.; Arques, A.; Vinader, M. V. J. Org. Chem. 1988, 53, 4654. (c) Murahashi,
S. L; Tanogushi, Y.; Imada, Y.; Tanigawa, Y. J. Org. Chem. 1989, 54, 3292.
(d) Tsuge, O.; Kanemasa, S.; Matsuda, K. J. Org. Chem. 1984, 49, 2688. (¢)
Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297.
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Figure 5. ORTEP plot of heterocycle 16 showing the numbering scheme
used. Hydrogen atoms are not shown for clarity, except the NH involved
in the hydrogen bond illustrated by dotted lines.
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and 17 were very similar but did not fit with the expected structure
of type 14-15. In particular, no coupling was observed between
the phosphorus and the NH hydrogen (16, 10.68; 17, 10.07;
singlets), indicating the absence of a PN H sequence; the presence
of the NH bonds was confirmed by the observation of a classical
absoption in the IR spectrum (16, 3387 cm-1; 17, 3362 cm™!).
The proposed structures have been clearly established by a single-
crystal X-ray diffraction study performed on'16. The thermal
ellipsoid plot of the molecule is shown in Figure 5, with the
pertinent metric parameters listed in Table 4. The hydrogen
atom is located on the N(2) atom, and as usually observed for
2-pyridone type compounds,?? 16 exists as a hydrogen-bonded
dimer in the solid state [H(N2)-N2, 0.97(2) A; N2--01’, 2.784-
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Table 4. Selected Bond Lengths (A), Bond Angles (deg), and
Torsion Angles (deg) for 16

P-C3 1.780(2) P-N3 1.643(2)
P-N1 1.602(2) P-N4 1.648(2)
N1-C1 1.320(3) Cl1-01 1.236(3)
C1-N2 1427(3)  N2-C2 1.357(3)
C2-C3 1.368(4)  C2-C4 1.525(4)
C3-Cé6 1.482(4) C4-02 1.185(3)
C6-04 1.196(3) C3-P-N1 105.8(1)
N1-P-N3 108.3(1) C3-P-N3 113.3(1)
N1-P-N4 112.5(1) C3-P-N4 110.6(1)
N3-P-N4 106.5(1) P-N1-C1 127.4(2)
N1-C1-01 124.8(2) N1-C1-N2 119.2(2)
N2-C1-01 116.0(2) C1-N2-C2 124.9(2)
N2-C2-C3 125.2(2) P-C3-C2 116.5(2)
P-N3-C8 121.3(2) P-N4-C14 117.6(2)
P-N3-Cl1 122.6(2) P-N4-C17 121.3(2)
C8-N3-Cl11 114.4(2) C14-N4-C17 114.7(3)
P-N1-C1-N2 5.5(4) N2-C2-C3-P 9.003)
N1-C1-N2-C2 -1.1(4) C2-C3-P-N1 -8.8(2)
CI-N2-C2-C3  -1.0(4) C3-P-N1-Cl 1.9(3)
Scheme 8
Me SMe
“N—c”
X (£PraN), GG
CHCla, RT 22 > _ <
A R
Me: —_ 18 {95%)
Ph, O
15 N_C\/
Ri=COMe —— > (iPEN)P N—Me
CHCl RT —
R
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(3) A; H(N2)-~01’, 1.83(2) A; N2-H(N2)--0OV’, 169(2)°]. It
is of interest to note that 16 has a structure comparable to that
of cytosine,2® the C(NH,) being replaced by a P(NiPr,), group;
both rings are planar, and the bond lenghts in the NC(O)NH
skeleton lie in the same range [N1-Cl1, 1.320(3) vs 1.364 A;
C1-N2, 1.427(3) vs 1.368 A; C1-01, 1.236(3) vs 1.241 A].

The readily available heterocycles 14 and 18 are highly
functionalized and have a high synthetic potential, as shown by
the reaction with iodomethane giving the corresponding cationic
heterocycles 18 (95% yield) and 19 (90% yield) (Scheme 8). As
indicated by NMR spectroscopy, the methylation of 14 occurs
at the sulfur atom of the thiocarbonyl function (H NMR 2.52;
13C NMR 16.49), whereas with 15 the methylation takes place
at the nitrogen atom of the imine moiety ({H NMR: 3.22; 13C
NMR 36.31).

These results show that the 1,2A%-azaphosphetes are not
laboratory curiosities only demonstrating that the presence of
one o#-phosphorus atom is sufficient to stabilize four-w-electron
four-membered rings but also versatile precursors for highly
functionalized neutral and cationic heterocycles. Synthetic routes
to other “heterocyclobutadienes” merit investigation.

Experimental Section

All experiments were performed in an atmosphere of dry argon.
Melting points are uncorrected. 'H, 13C, 1B, 19F, and 3!P NMR spectra
were recorded on Brucker AC80, AC200, or WM250 spectrometers. H
and 13C chemical shifts are reported in ppm relative to Me,Si as external
standard. 11B, 19F,and 3!P NMR downfield chemicalshifts are expressed
with a positive sign, in ppm, relative to external BF3.Et;0, CF;CO:H,
and 85% H3POy, respectively. Infraredspectra wererecorded ona Perkin-

(27) (a) Nethaji, M.; Pattabhi, V. Acta Crystallogr.. Sect. C 1989, C45,
509. (b) Ohms, U.; Guth, H. E.; Dannéhl, H.; Schweig, A. Z. Kristallogr.
1984, 1 689, 185. (c) Low, J. N.; Wilson, C. C. Acta Crystallogr. Sect. C 1983,
C39, 1688.

(28) McClure, R. J.; Craven, B. M. Acta Crystallogr. Sect. B 1973, B29,
1234.
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Elmer FT-IR spectrometer 1725 X. Mass spectra were obtained on a
Ribermag R10 10E instrument. Liquid chromatography was done on
silica gel or neutral alumina. Conventional glassware was used.

Six-Membered Heterocycle 3. Neat boron trifluoride etherate (0.31
mlL, 2.52 mmol) was added dropwise, at -80 °C, to a THF solution (8
mL) of 215 (1.62 g, 2.40 mmol). The solution was allowed to warm to
room temperature, and the solvent and excess BF;-Et2O were removed
under vacuum. After crystallization in chloroformat room temperature,
3 was obtained as a yellow solid (1.70 g, 95% yield): mp 154 °C dec;
'HNMR (CDCl3, 200 MHz) 6 1.18 (d, Juu = 6.9 Hz, 12 H, CH;CHN),
1.26 (d, Jyu = 6.9 Hz, 12 H, CH;CHN), 1.31 (d, Jyu = 6.9 Hz, 12 H,
CH;CHN), 1.37 (d, Jun = 6.9 Hz, 12 H, CH;CHN), 3.77 (s, 3 H,
CH;0), 3.83 (s, 3 H, CH;0), 3.86 (m, Juu = 6.9 Hz, 8 H, CH;CHN);
13C NMR (CDCl3, 50.323 MHz) 6 22.54 (d, Jpc = 2.7 Hz, CH;CHN),
23.71 (d, Jec = 4.2 Hz, CH;CHN), 23.98 (s, CH;CHN), 47.80 (d, Jpc
= 5.8 Hz, CH3CHN), 49.11 (d, Jpc = 5.7 Hz, CH3CHN), 53.18 (s,
CH;0), 54.02 (s, CH30), 118.27 (dd, Jpc = 135.9 Hz, Jpc = 9.9 Hz,
PCCO), 145.24 (dd, Jpc = 145.2 Hz, Jpc = 25.5 Hz, P(S)CN), 145.38
(d, Jpc = 28.4 Hz, PCC(), 162.60 (d, Jec = 9.6 Hz, CO), 162.88 (d, Jpc
=13.9 Hz, CO); 3'P NMR (CDCl;, 32.438 MHz) 6 +11.25, +64.81 (Jpp
= 2.4 Hz); UB NMR (CDCl,, 25.709 MHz) § -0.68; IR (THF) 1745,
1723 em™! (CO). Anal. Caled for C3;Hg:BF3NgO4P2S: C, 50.00; H,
8.39; N, 11.29. Found: C, 50.12; H, 8.48; N, 11.35.

Synthesis of 1,2,3,4\%-Triazaphosphinine 5a. Dimethyl acetylenedi-
carboxylate (0.85 mL, 6.92 mmol) was added dropwise to a pentane
solution (125 mL) of bis(diisopropylamino)phosphanyl azide 4a!® (1.89
g, 6.92 mmol) at room temperature. The solution was stirred for 12 h,
and 8a precipitated as a pale-yellow solid which was washed several times
with pentane and dried in vacuo. 5a was recrystallized from an ether
solutionat-20°C (2.16 g,75%yield): mp 122-123 °C;'HNMR (CDCl;,
200 MHz) § 1.08 (d, Jyg = 6.9 Hz, 12 H, CH3;CHN), 1.27 (d, Juu =
6.9 Hz, 12 H, CH;CHN), 3.71 (s, 3 H, CH;0), 3.85 (septd, Jpu = 16.9
Hz, Juu = 6.9 Hz, 4 H, CH;CHN), 3.87 (s, 3 H, CH;0); 13C NMR
(CDCl3, 50.323 MHz) 6 22,93, 23.62 (s, CH;CHN), 47.62 (d, Jpc = 4.7
Hz, CH3CHN), 51.70, 52.62 (s, CH;0), 81.77 (d, Jpc = 113.2 Hz, PC),
150.44 (d, Jpc = 2.4 Hz, CN), 166.23 (d, Jpc = 11.6 Hz, CO), 166.81
(d, Jpc = 2.7 Hz, CO); 3'P NMR (THF, 32.438 MHz) § +5.74; IR
(THF) 1748,1716 cm~1 (CO). Anal. Calcd for C;sH34NsO4P: C,52.04;
H, 8.25; N, 16.86. Found: C, 52.34; H, 8.27; N, 17.03.

Synthesis of 1,2,3,4)\5-Triazaphosphinine 8b. The procedure described
for 8a was used starting from 4b2° (0.69 g, 1.59 mmol), and 5b was
obtained as a pale-yellow solid (2.5 g, 63% yield): mp 139-140 °C; 'H
NMR (CDCl;, 200 MHz) 6 1.01-1.85 (m, 40 H, CH3), 3.30-3.37 (m,
4 H, NCH), 3.67 (s, 3 H, CH;0), 3.84 (s, 3 H, CH;0); 13C NMR
(CDCls, 50.323 MHz) 6 25.09, 26.72 (s, CH3), 33.70 (d, Jpc = 2.0 Hz,
CH3), 34.76 (s, CH>), 51.98 (s, CH30), 52.77 (s, CH30), 57.65 (d, Jec
= 4.5 Hz, NCH), 82.58 (d, Jpc = 114.0 Hz, PC), 150.29 (d, Jpc = 2.4
Hz, CN), 166.49 (d, Jec = 11.4 Hz, CO), 166.97 (d, Jpc = 3.0 Hz, CO);
31P NMR (CH,Cl,, 32.438 MHz) § +6.01; IR (CH:Cl,) 1743, 1708
em-! (CO); CIMS mfe 548 (M* + 1 - N3). Anal. Caled for
C3oHsoNsO4P: C, 62.59; H, 8.75; N, 12.16. Found: C, 62.51; H, 8.78;
N, 12.08.

Synthesis of 1,2A5-Azaphosphete 6a. A toluene solution (20 mL) of
8a (1.44 g, 3.48 mmol) was heated at 110 °C for 12 h. The solvent was
removed under vacuum, and the residue was washed three times with
ether (3 X 10 mL). Compound 6a crystallized at -80 °C from a pentane
solution as pale-yellow crystals (1.08 g, 80% yield): mp 109-110 °C;H
NMR (CDCl,, 200 MHz) 6 1.24 (d, Juu = 6.8 Hz, 12 H, CH;CHN),
1.26 (d, Juu = 6.8 Hz, 12 H, CH3;CHN), 3.52 (s, 3 H, CH30), 3.68 (sept
d, Jpy = 18.4 Hz, Jyy = 6.8 Hz, 4 H, CH3;CHN), 3.82 (s, 3 H, CH;0);
13C NMR (CDCl;, 50.323 MHz) § 21.83, 22.12 (s, CH;CHN), 47.50
(d, Jec = 4.9 Hz, CH;CHN), 49.63 (d, Jpc = 2.1 Hz, CH30), 52.16 (s,
CH;0), 91.88 (d, Jpc = 81.6 Hz, PC), 158.30 (s, CO), 164.05 (d, Jrc
= 64.3 Hz, CO), 182.37 (d, Jpc = 28.0 Hz, CN); 3P NMR (THF,
32.438 MHz) § +52.46; IR (THF) 1743, 1660 cm™! (CO). CIMS (M*
+ 1) 388. Anal. Caled for Ci3sH34N3O4P: C, 55.80; H, 8.85; N, 10.85.
Found: C, 55.79; H, 8.79; N, 10.82.

Synthesis of 1,2A\%-Azaphosphete 6b. The procedure described for 6a
wasused starting from 5b (0.58 g, 1.0 mmol). Compound 6b wasobtained
as a very viscous oil (0.49 g, 90% yield): 'H NMR (CDCl;, 200 MHz)
6 0.97-1.72 (m, 40 H, CH3), 3.23-3.30 (m, 4 H, NCH), 3.51 (s, 3 H,
CH;0), 3.86 (s, 3 H, CH;0); 13C NMR (CDCl;, 50.323 MHz) é 25.21
(s, CHy), 26.52 (d, Jpc = 2.9 Hz, CH3), 32.52, 32.83 (s, CH3), 49.85 (d,
Jpc = 2.0 Hz, CH;0), 52.98 (s, CH30), 57.31 (d, Jpc = 4.5 Hz, NCH),
92.44 (d, Jpc = 82.0 Hz, PC), 158.16 (s, CO), 163.90 (d, Jpc = 64.5 Hz,
CO), 181.66 (d, Jpc = 23.7 Hz, CN); 3P NMR (CH.Cl,, 32.438 MHz)
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6 +52.60; IR (CHCl,) 1756, 1672 cm™! (CO); CIMS m/e 548 (M* +
1). Anal. Caled for C30HsoN:O4P: C,65.79; H, 9.20; N, 7.67. Found:
C, 65.82; H, 9.18; N, 7.59.

Four-Membered Heterocycle 7. Neat boron trifluoride etherate (0.20
mL, 1.60 mmol) was added dropwise, at room temperature, to an ethereal
solution (8 mL) of 6a (0.58 g, 1.50 mmol). The solution was stirred for
30 min at room temperature, and 7 precipitated as a pale yellow solid,
which was washed two times with ether (2 X 8 mL). 7 was recrystallized
from a toluene solution at -80 °C (0.54 g, 80% yield): mp 175 °C dec;
IHNMR (CDCl;, 200 MHz) § 1.33 (d, Jun = 6.9 Hz, 12 H, CH;CHN),
1.39 (d, Jun = 6.9 Hz, 12 H, CH3;CHN), 3.68 (s, 3 H, CH;0), 3.83 (sept
d, Jeu = 19.4 Hz, Jyu = 6.9 Hz, 4 H, CH;CHN), 3.94 (s, 3 H, CH;0);
13C NMR (CDCl3, 50.323 MHz) & 21.58 (d, Jpc = 1.8 Hz, CH;CHN),
49.08 (d, Jpc = 5.0 Hz, CH;CHN), 52.28 (d, Jpc = 1.7 Hz, CH;0),
53.13 (s, CH;0), 100.00 (d, Jpc = 108.8 Hz, PC), 159.43 (d, Jpc = 7.5
Hz, CO), 160.01 (d, Jec = 44.5 Hz, CO), 169.77 (d, Jec = 15.5 Hz, Jpc
= 1.5 Hz, CN); 3P NMR (CDCl;, 32.438 MHz) § +45.66; !B NMR
(CDCl;, 25.709 MHz) 6 -0.51 (qua, Jpr = 14.4 Hz); F NMR (CDCl;,
188.296) —66.05 (qua, Jer = 14.4 Hz); IR (THF) 1758, 1703 cm™! (CO);
CIMS m/e 408 (M* + 2-BF2). Anal. Caled for Ci3sH34BF3N3;O4P: C,
47.49; H, 7.53; N, 9.23. Found: C, 47.51; H, 7.58; N, 9.18.

Four-Membered Heterocycle 8. Neat iodomethane (0.2 mL, 3.20
mmol) was added dropwise, at room temperature, to a dichloromethane
solution (5 mL) of 6a (1.00 g, 2.58 mmol). The solution was stirred
overnight at room temperature, and after the solvent and excess
iodomethane were removed under vacuum, the residue was washed three
times with ether (3 X 10mL). 8 was purified by recrystallization at room
temperature from a CH,Cl;/ THF solution as pale brown crystals (1.05
8, 77% yield): mp 135 °C dec; 'H NMR (CDCl;, 200 MHz) § 0.94 (d,
Jun = 6.8 Hz, 12 H, CH3;CHN), 0.99 (d, Jyu = 6.8 Hz, 12 H, CH;-
CHN), 2.82 (d, Jpy = 14.1 Hz, 3 H, NCHj), 3.35 (s, 3 H, CH;0), 3.54
(sept d, Jpu = 20.8 Hz, Jyy = 6.8 Hz, 4 H, CH;CHN), 3.63 (s, 3 H,
CH;0); 13C NMR (CDCl3, 50.323 MHz) 8 21.66 (d, Jpc = 1.6 Hz,CH3-
CHN), 23.10 (d, Jpc = 1.1 Hz,CH;CHN), 32.76 (d, Jpc = 3.7 Hz,
NCH3), 49.90 (d, Jpc = 4.2 Hz, CH3;CHN), 52.47 (s, CH;30), 54.74 (d,
Jpc = 2.5 Hz, CH;0), 104.41 (d, Jpc = 104.1 Hz, PC), 157.15 (d, Jpc
= 40.6 Hz, CO), 158.01 (d, Jpc = 8.2 Hz, CO), 163.33 (d, Jpc = 7.2
Hz, CN); 1P NMR (CH:Cl,, 32.438 MHz) § +49.51; IR (CH.Cl,)
1751, 1715 cm™! (CO). Anal. Caled for C19H37104N3P: C, 43.11; H,
7.04; N, 7.94, Found: C, 43.44; H, 7.40; N, 7.97.

(Z)-1-Amino-2-phosphoranylalkene 10. A THF solution (8 mL) of
6a (0.97 g, 2.5 mmol) was exposed to air for 3 h at room temperature.
The solvent was removed under vacuum, and 10 was isolated by
crystallization from ether/pentane at —-10 °C as a colorless solid (0.83
8, 82% yield): mp 128 °C; 'H NMR (CDCl;, 200 MHz) § 1.17 (d, Jun
= 6.8 Hz, 12 H, CH;CHN), 1.25 (d, Jyu = 6.8 Hz, 12 H, CH;CHN),
3.58 (s, 3 H, CH30), 3.80 (s, 3 H, CH30), 3.74 (sept d, Jpy = 15.7 Hz,
Jun = 6.8 Hz, 4 H, CH;CHN), 7.33 (s, 2 H, NH,); 13C NMR (CDCls,
50.323 MHz) 6 23.00 (d, Jpc = 2.5 Hz, CH3;CHN), 23.18 (d, Jpc = 2.9
Hz, CH3CHN), 46.05 (d, Jpc = 5.8 Hz, CH;CHN), 50.37 (s, CH;0),
52.23 (s, CH30), 91.86 (d, Jpc = 151.0 Hz, PC), 157.33 (d, Jpc = 7.3
Hz, CNH3), 166.48 (d, Jpc = 19.0 Hz, CO), 167.35 (d, Jpc = 10.4 Hz,
CO); 3'PNMR (CDCl3,32.438 MHz) & +31.18, IR (C;H;) 3474 (NH,),
1740, 1701 ecm™! (CO); CIMS m/e 406 (M* + 1). Anal. Caled for
CisH3OsN3P: C, 53.33; H, 8.95; N, 10.36. Found: C, 53.43; H, 8.98;
N, 10.23.

P-Fluorinated Phosphorus Ylide 11. A toluene solution of 6a (1.00 g,
2.58 mmol) and pentafluorobenzonitrile (0.340 mL, 2.70 mmol) was
heated at 110 °C for 2 h. After the solvent was removed under vacuum,
the residue was dissolved in pentane (10 mL) and 11 crystallized at -20
°C as a light brown solid (1.35 g, 90% yield): mp 107 °C; 'H NMR
(CDCl3, 200 MHz) 6 1.29 (d, Juu = 6.9 Hz, 24 H, CH3CHN), 3.59 (s,
6 H, CH;0), 3.83 (sept d, Jpy = 16.9 Hz, Jyy = 6.9 Hz, 4 H, CH;CHN);
13C NMR (CDCl3, 50.323 MHz) § 22.07 (s, CH;CHN), 23.78 (s, CH3-
CHN), 48.63 (d, Jpc = 4.6 Hz, CH3CHN), 50.39 (s, CH3;0), 51.85 (s,
CH;0), 72.48 (dd, Jpc = 191.9 Hz, Jrc = 24.6 Hz, PC), 84.90 (t-like,
Jrc = 15.3 Hz, CCN), 108.43 (s, C=N), 137.92 (t, Jrc = 34.3 Hz,
C=N—C), 139.04 (m d, Jec = 239.5 Hz, CF), 147.06 (m d, Jpc = 249.3
Hz, CF), 164.73 (d, Jec = 19.0 Hz, CO), 167.45 (d, Jpc = 16.6 Hz, CO),
the C=N was not observed, probably hidden by one of the CF signals;
3IP NMR (CDCl3, 32.438 MHz) § +64.90 (d, Jrp = 1535.4 Hz); IR
(neat) 2238 (C=N), 1740, 1684 cm~! (CO); FABMS (MNBA) m/e 581
(Nf+ + 1) . Anal. Calcd for C25H3404N4F5P: C, 51.72', H, 5.90; N,
9.65. Found: C, 51.33; H, 6.17; N, 9.66.

(Z)-1-(Isothiocyanato)-2-(thiophosphoranyl)alkene 12. A toluene
solution of 6a (1.00 g, 2.58 mmol) and carbon disulfide (0.31 mL, 5.16
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Table 5. Crystallographic Data® for 1,2,3,4\5-Triazaphosphinine 5a, 1-(Isothiocyanato)-2-(thiophosphoranyl)alkene 12, Six-w-Electron

Phosphorus Ylide 13, and Heterocycle 16

5a 12 13 16
chem formula C13H34N504P C19H34N 304PSz C;oH“NgolzP C19H35N¢05P
fw 415.47 463.6 671.68 430.48
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2,/n(no. 14) P2,/c(no. 14) P2,/c (no. 14) P2,/n (no. 14)
a, 9.475(1) 16.570(3). 11.443(1) 9.814(1)

b A 15.018(2) 12,520(2) 8.180(1) 15.208(2)
A 16.226(2) 11.697(1) 37.334(3) 16.186(2)
B, deg 98.53(1) 92.27(2) 90.69(1) 90.55(1)
v, A3 2283.3(5) 2425(1) 3494(1) 2415.7(5)
F(000) 896 992 1432 928

z 4 4 4 4

Desic, g cm™3 1.209 1.270 1.277 1.184
w(Mo Ka), mm™! 0.15 0.30 0.13 0.14
Trmin=Tmax’ 0.952-1.000 0.937-0.999 0.971-0.999 0.968-1.000
26 range, deg 3-52 348 346 3-56

no. of data collected 4739 3987 4835 6115

no. of observed data® 2917 2539 2986 3651

no. of params varied 253 262 415 266

R4 0.039 0.028 0.042 0.040
Ry 0.043 0.032 0.041 0.046

@ All data collected at T = 293 K on an Enraf-Nonius CAD4 diffractometer with graphite monochromatized Mo Ka radiation (A = 0.71073 A)
using w—26 scans. ® From empirical absorption corrections: North, A. C. T.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr. 1968, A21, 351. ¢ F 2
> 30(F,?) for Sa and 16, F > 20(F,2) for 12 and 13. ¢ R = L||Fy| - |[FJ/LIFs. ¢ Ry = [L(WFd — Fd)?/TwiF 112,

mmol) was heated at 90 °C for 12 h in a sealed tube. After the solvent
and excess carbon disulfide were removed under vacuum, the residue was
extracted with ether (10 mL). 12 was obtained as yellow crystals from
a Et;0/THF mixture at room temperature (0.418 g, 35% yield): mp 141
°C; TH NMR (CDCls, 200 MHz) § 1.34 (d, Jyg = 6.8 Hz, 12 H, CH;-
CHN), 1.37 (d, Jun = 6.8 Hz, 12 H, CH;CHN), 3.75 (s, 3 H, CH30),
3.83 (s, 3 H, CH30), 3.94 (sept d, Jpy = 15.4 Hz, Jyy = 6.8 Hz, 4 H,
CH;CHN); 13C NMR (CDCl;, 50.323 MHz) § 23.94 (s,CH;CHN),
24.43 (s, CH;CHN), 48.17 (d, Jpc = 4.0 Hz, CH3CHN), 52.87 (s, CH30),
53.93 (s, CH30), 126.34 (s, NCS), 139.26 (d, Jec = 96.4 Hz, PC),
145.43 (s, CNCS), 160.76 (d, Jpc = 8.6 Hz, CO), 165.28 (d, Jpc = 5.5
Hz, CO); 3P NMR (CH:Cl,, 32.438 MHz) § +62.75; IR (neat) 2029
(NCS), 1739, 1693 ¢cm! (CO); EIMS m/e 463 (M*). Anal. Calcd for
Ci19oH34O4N3PS,: C,49.22; H, 7.39; N, 9.06. Found: C, 49.20; H, 7.43;
N, 9.03.

Six-x-Electron Phosphorus Ylide 13. A toluene solution of 6a (1.00
8, 2.58 mmol) and dimethyl acetylenedicarboxylate (1 mL, 8.13 mmol)
was heated at 110 °C for 12 h. After the solvent and excess dimethyl
acetylenedicarboxylate were removed under vacuum, the oily residue
was treated with ether (10 mL). 13 was obtained as an orange powder
which was recrystallized from a toluene solution at room temperature
(1.48 g, 85% yield): mp 180 °Cdec; 'H NMR (CDCl3, 250 MHz) § 2.12
(d, Juu = 6.5 Hz, CH3;CHN), 2.22 (d, Jyg = 6.6 Hz, CH;CHN), 2,37
(d, Jug = 6.5 Hz, CH3CHN), 2.43 (d, Jun = 6.5 Hz, CH3;CHN), 2.59
(d, JHH =6.5 Hz, CH;CHN), 2.70 (d, JHH =6.6 HZ, CH;CHN), 2.85
(d, Juu = 6.6 Hz, CH;CHN), 2.98 (d, Jyu = 6.6 Hz, CH;CHN), 4.39,
4.42 (s, CH30), 4.66 (d, Jpg = 9.8 Hz, CH;0P), 4.78 (d, Jyx = 10.0
Hz, CH;0P), 4.88, 4.90, 5.00, 5.22 (s, CH;0), the CH;CHN cannot be
described because of the CH30; 13C NMR (CDCl;, 50.323 MHz) é
19.18,20.02,20.34,20.97,21.16,21.18,21.50, 21.63, 22.44,23.23,23.31,
25.5(s, CH;CHN),46.56,49.47,49.80, 50.28, 50.94, 51.15 (s, CH;CHN),
51.52 (d, Jpc = 4.8 Hz, CH3OP), 53.53, 52.06, 52.20, 52.30, 52.43,
52.54, 52,75, 52.94, 53.27, 53.53 (s, CH;30), 70.95 (d, Jpc = 86.0 Hz),
73.61 (d, Jpc = 108.9 Hz), 138.34 (d, Jpc = 10.6 Hz), 140.67 (d, Jpc
= 134.2 Hz), 157.29 (d, Jpc = 11.5 Hz), 161.32 (d, Jpc = 13.5 Hz),
161.66 (d, Jpc = 24.0 Hz), 161.97 (d, Jpc = 10.8 Hz), 162.17 (d, Jpc
= 4,5 Hz), 163.81 (d, Jpc = 6.2 Hz), 165.15 (d, Jpc = 7.4 Hz), 165.86
(d, Jpc = 3.3 Hz), 167.38 (d, Jpc = 17.2 Hz), 167.56 (d, Joc = 16.2 Hz);
31P NMR (CDCls, 32.438 MHz) § +42.62, +37.85; IR (CDCl;) 1751,
1735, 1694 cm-! (CO); EIMS m/z 671 (M*). Anal. Calcd for
CioH4sN3012P: C, 53.64; H, 6.90; N, 6.25. Found: C, 53.54; H, 6.91;
N, 6.30.

Heterocycle 14. A toluene solution of 6a (0.90 g, 2.32 mmol) and
methyl isothiocyanate (0.5 g, 6.8 mmol) was heated at 110 °C for 1 h.
The solution was concentrated until a yellow solid precipitated (1-2mL).
After addition of ether (15 mL), the mixture was filtered and the residue
was washed four times with ether (4 X 10 mL). 14 was obtained as a
yellow powder (0.96 g, 90% yield): mp 157 °C; 'H NMR (CDCl;, 250
MHz) 6 1.12 (d, Jyu = 7.0 Hz, 24 H, CH3;CHN), 3.21 (d, Jpy = 6.2

Hz, 3 H,NCH3;), 3.53 (s, 3 H, CH;0), 3.63 (sept d, Jpu = 15.7 Hz, Jyu
= 7.0 Hz, 4 H, CH;CHN), 3.64 (s, 3 H, CH;0); 13C NMR (CDCl;,
50.323 MHz) 6 23.04 (d, Jec = 3.0 Hz, CH;CHN), 23.17 (d, Joc = 3.4
Hz, CH;CHN), 38.53 (d, Jpc = 4.4 Hz, NCH3), 49.11 (d, Jpc = 5.3 Hz,
CH;CHN), 51.13 (s, CH;0), 52.10 (s, CH30), 81.51 (d, Jpc = 153.6
Hz, PC), 158.90 (d, Jpc = 7.4 Hz, CN), 165.61 (d, Jpc = 12.9 Hz, CO),
166.49 (d, Jpc = 18.8 Hz, CO), 188.88 (d, Jpc = 3.6 Hz, CS); 3'P NMR
(CsHj, 32.438 MHz) 6 +38.06; IR (neat) 1745, 1707 cm™! (CO); EIMS
mfe 460 (M*). Anal. Caled for C;0H37N4O4PS: C, 52.16; H, 8.10; N,
12.16. Found: C, 52.10; H, 8.02; N, 12.10.

Heterocycle 15, A toluene solution of 6a (1.15 g, 2.97 mmol) and
phenyl isocyanate (0.5 mL, 4.6 mmol) was heated at 110 °C for 15 h.
After the solvent was removed under vacuum, the residue was washed
four times with ether (4 X 10 mL). 15 was obtained as colorless crystals
from a toluene-THF solution (0.99 g, 66% yield): mp 206-207 °C (dec);
'HNMR (CDCl;, 200 MHz) 6 0.98 (d, Jyn = 6.8 Hz, 12 H, CH;CHN),
1.21 (d, Jyu = 6.8 Hz, 12 H, CH,CHN), 3.59 (d, Jpy = 0.3 Hz, 3 H,
CH;0), 3.74 (s, 3 H, CH30), 3.82 (sept d, Jpy = 13.2 Hz, Jyu = 6.8
Hz, 4 H, CH3;CHN), 7.15-7.32 (m, 5 H, C¢Hs); 13C NMR (CDCl,,
50.323 MHz) § 23.18 (d, Jpc = 3.4 Hz, CH3;CHN), 23.97 (d, Jpc = 4.4
Hz, CH;CHN), 49.80 (d, Jpc = 5.9 Hz, CH;CHN), 50.85 (s, CH30),
52.14 (s, CH;0), 79.90 (d, Jec = 153.1 Hz, PC), 127.61 (s, p-CH),
128.12 (d, Jpc = 2.4 Hz, m-CH), 129.09 (s, o-CH), 137.25 (s, i-C),
158.76 (d, Jpc = 1.8 Hz, CCN), 165.31 (d, Jpc = 14.1 Hz, CO), 165.75
(d, Jpc = 10.6 Hz, CO), 167.08 (d, Jpc = 21.7 Hz, NCO); 3P NMR
(CH;Cl,, 32.438 MHz) 5 +43.80; IR (neat) 1739, 1693 (CO), 1660 cm™!
(NCO). EIMS m/e 507 (M*+1). Anal. Caled for C3sH39NLOsP: C,
59.27; H, 7.75; N, 11.05. Found: C, 5§9.26; H, 7.79; N, 11.10.

Heterocycle 16. A toluene solution of 6a (1.00 g, 2.58 mmol) and
trimethylsilyl isocyanate (0.380 mL, 2.80 mmol) was heated at 110 °C
for 15h. After exposure to air at room temperature for 24 h, the solvent
was removed under vacuum. 16 was obtained as colorless crystals from
a toluene/THF solution (0.55 g, 50% yield): mp 197 °C dec; 'H NMR
(CDCl3, 250 MHz) 6 1.05 (d, Juu = 6.8 Hz, 12 H, CH;CHN), 1.22 (d,
Juu = 6.8 Hz, 12 H, CH;CHN), 3.57 (s, 3 H, CH;0), 3.79 (s, 3 H,
CH30), 3.63 (sept d, Jeu = 16.9 Hz, Jyg = 6.9 Hz, 4 H, CH;CHN),
10.68 (s, 1 H, NH); 13C NMR (CDCl;, 50.323 MHz) ¢ 23.60 (d, Jpc
= 2.0 Hz, CH3;CHN), 23.80 (d, Jpc = 2.0 Hz, CH3;CHN), 47.47 (d, Jpc
= 5.6 Hz, CH3;CHN), 51.73 (s, CH30), 53.75 (s, CH;0), 89.03 (d, Jpc
=118.8 Hz, PC), 153.69 (d, Jpc = 4.7 Hz, CN), 154.73 (d, Jpc = 11.3
Hz, NCO), 163.86 (d, Jpc = 16.9 Hz, CO), 165.83 (d, Jpc = 5.8 Hz,
CO); 3P NMR (CDCl3, 32.438 MHz) § +23.88; IR (CH,Cl,) 3387
(NH), 1751, 1702 (CO), 1649 cm™! (NCO); FABMS (gly) m/e 431 (M
+ 1). Anal. Caled for CioH3sN4OsP: C, 53.01; H, 8.20; N, 13.02.
Found: C, 52.91; H, 8.26; N, 12.91.

Heterocycle 17. A toluene solution of 6a (1.00 g, 2.58 mmol) and
trimethylsilyl isothiocyanate (0.395 mL, 2.80 mmol) was allowed toreact
atroomtemperature for 15 h. After exposure to air at room temperature
for 24 h, the solvent was removed under vacuum. 17 was obtained as
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pale-yellow crystals from a CH,Cl,/Et,0O solution (0.54 g, 40% yield):
mp 154 °C dec; 'H NMR (CDCl;, 250 MHz) 6 1.05 (d, Jun = 6.8 Hz,
12 H, CH3;CHN), 1.22 (d, Jun = 6.8 Hz, 12 H, CH;CHN), 3.67 (s, 3
H, CH30), 3.77 (sept d, Jpu = 17.3 Hz, Juu = 6.9 Hz, 4 H, CH;CHN),
3.87 (s, 3 H, CH;0), 10.07 (s, 1 H, NH); 1*C NMR (CDCl;, 50.323
MHz) § 23.06 (d, Jpc = 2.7 Hz, CH3;CHN), 23.53 (d, Jpc = 2.4 Hz,
CH3;CHN), 47.40 (d, Jpc = 5.7 Hz, CH3CHN), 51.72 (s, CH30), 53.66
(s, CH;30), 90.55 (d, Jpc = 116.7 Hz, PC), 150,06 (d, Joc = 7.5 Hz, CN),
162.31 (d, Jpc = 14.9 Hz, CO), 165.15 (d, Jpc = 4.9 Hz, CO), 176.60
(broad s, CS); 3'P NMR (CDCl;, 32.438 MHz) § +13.30; IR (CH;Cly)
3362 (NH), 1750, 1707 cm~! (CO). Anal. Calcd for CyoH3sN,OPS:
C, 51.10; H, 7.90; N, 12.55. Found: C, 51.02; H, 7.82; N, 12.49.

Cyclic Phosphonium Salt 18. A dichloromethane solution of 14 (0.55
g, 1.20 mmol) and iodomethane (0.10 mL, 1.08 mmol) was allowed to
react for 5 min at room temperature. After the solvent and excess
iodomethane were removed under vacuum, the residue was washed three
times with ether (3 X 10 mL). After crystallization in CH,Cl; at -20
°C, 18 was obtained as a yellow solid (0.69 g, 95% yield): mp 119 °C
dec; TH NMR (CDCl;, 250 MHz) 6 1.21 (d, Juu = 7.4 Hz, 12 H, CH3-
CHN), 1.25 (d, Juu = 7.3 Hz, 12 H, CH;CHN), 2.52 (s, 3 H, CH;S),
3.48 (d, Jpy = 7.2 Hz, 3 H, CH;3N), 3.68 (sept d, Jpu = 16.6 Hz, Juu
= 7.3 Hz, 4 H, CH;CHN), 3.72 (s, 3 H, CH;30), 3.78 (s, 3 H, CH30);
13C NMR (CDCl;, 50.323 MHz) § 16.49 (s, CH3S), 23.13 (d, Jpc = 3.1
Hz, CH3;CHN), 23.36 (d, Jpc = 2.2 Hz, CH;CHN), 37.00 (s, NCH3),
50.30 (d, Jpc = 5.0 Hz, CH3CHN), 53.04 (s, CH30), 53.16 (s, CH;0),
93.36 (d, Jpc = 145.3 Hz, PC), 159.14 (d, Jpc = 3.1 Hz, CN), 163.16
(d, Jpc = 11.7 Hz, CO), 164.60 (d, Jpc = 17.0 Hz, CO), 173.78 (s,
CSCH;); 3P NMR (CH,Cl;, 32.438 MHz) 6 +33.67; IR (CDCl3) 1752,
1726, 1709 cm-! (CO). Anal. Caled for CyHyol N4OPS: C, 41.86;
H, 6.69; N, 9.29. Found: C, 41.78; H, 6.74; N, 9.14.

Cyclic Phosphonium Salt 19. A dichloromethane solution of 15 (0.50
g, 0.99 mmol) and iodomethane (0.10 mL, 1.08 mmol) was allowed to
react for 2 h at room temperature. After the solvent and excess
iodomethane were removed under vacuum, 19 was obtained in pure form,
according to NMR spectroscopy, as a yellow oil (0.58 g, 90% yield): 'H
NMR (CDCl;, 250 MHz) 6 1.00 (d, Juu = 6.9 Hz, 12 H, CH;CHN),
1.11 (d, Juu = 6.9 Hz, 12 H, CH3;CHN), 3.22 (s, 3H, CH;3N), 3.63 (sept
d, Jpu = 13.1 Hz, Jyy = 6.9 Hz, 4 H, CH3CHN), 3.67 (s, 3 H, CH;0),
3.80 (s, 3 H, CH30), 7.20 (m, 5 H, CsHs); 13C NMR (CDCl;, 50.323
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MHz) § 23.55 (d, Jec = 3.7 Hz, CH;CHN), 24.05 (d, Jpc = 3.8 Hz,
CH3;CHN), 36.31 (s, NCH3), 50.97 (d, Jpc = 5.7 Hz, CH3CHN), 53.95
(s, CH30), 54.97 (s, CH30), 96.12 (d, Jpc = 155.0 Hz, PC), 127.68 (s,
m-CH), 129.81 (s, i-CH), 130.45 (s, o-CH), 133.90 (s, p-CH), 151.39
(d, Jec = 3.9 Hz, CN), 153.65 (d, Jpc = 1.1 Hz, NCO), 160.63 (d, Jpc
= 18.8 Hz, CO), 161.72 (d, Jpc = 10.3 Hz, CO); 3P NMR (CH.Cl,,
32.438 MHz) é§ +35.84.

Solution and Refinement of Structures 5a, 12, 13, and 16. Atomic
scattering factors (f, f/) were taken from a standard source.?® The initial
structural solutions were obtained by the SHELXS-86 direct method
analysis. Atomsnot located from the initial structure solution were found
by successive difference Fourier maps with intervening cycles of least-
squares refinement (SHELX-76). Crystallographic data are providedin
Table 5. All non-hydrogen atoms were treated anisotropically. Full-
matrix least-squares refinements were used in all cases. All hydrogen
atoms were located by difference Fourier maps, and their positions were
idealized in the subsequent cycles of refinement, except for the H atom
bonded to N2 in 16, which is involved in hydrogen bond donation to O1
of the centrosymmetric molecule. Final R values are provided in Table
S.
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