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The halogen atoms in the 1-chloro-1H-phosphirenes, 5a—c,
are easily substituted on reaction with organolithium and
Grignard reagents, 14a—p, with formation of the correspon-
ding O-, N-, C-, Si-, and Ge-substituted 1H-phosphirenes,
15a—t. CI/H exchange reactions also occur on reaction with
lithium metal hydrides (5a —» 17). Furthermore, substitution

reactions are also realized with the alkali metal borates,
18a—g (—19a—gq); the same is true for reactions with tri-
methylsilyl cyanide and azide (—22a—d). Some of the substi-
tution products have been characterized in the form of their
metal complexes, 16, 23, 24, and 25.

Introduction

Only a few years ago, unsaturated heterocyclic three-
membered ring systems containing A3c>-phosphorus atoms
(1H-phosphirenes) were considered as curiosities; however,
as a result of the pioneering work of F. Mathey, they have
now been recognized as easily accessible and versatile build-
ing blocks in organoelement chemistry!2>#.. In contrast, the
chemistry of unsaturated heterocyclic three-membered ring
systems containing A3c>-phosphorus atoms (2H-phosphir-
enes) has not yet been fully explored’®. By analogy with
the synthesis of cyclopropenes by [2 + 1] cycloaddition of
carbenes to alkynes, the application of the same cycload-
dition process to phosphaalkynes appeared to provide a
logical approach for the study of this class of compounds.
These expectations were further strengthened by the dis-
covery of the pronounced ability of phosphaalkynesto—191 to
participate in cycloaddition reactions!!'!],

When the chlorocarbenes, 1 are generated by thermal de-
composition of the diazirines, 4, in the presence of 2,2-di-
methylpropylidynephosphane  (2;  rers-butylphosphaace-
tylene)!!?], the expected 2 H-phosphirenes, 3, cannot be iso-
lated; instead, the corresponding 1H-isomers, 5, are ob-
tained314],

The isomerization, 3 — 5, proceeds through a [1,3] chlo-
rine shift from carbon to phosphorus and is powered by
elimination of the thermodynamically unfavorable C—P
double bond in the 2H-phosphirenes. 1 H-Phosphirenes,

[©1 Part 117: Ref.l,
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such as 5, do not exhibit any antiaromatic behavior because
the high barrier to inversion at phosphorus prevents the
intermediacy of an antiaromatic, planar transition-state.
1-Chloro-1 H-phosphirene (5a) exhibits a high reactivity
towards both electrophilic and nucleophilic reagents.
Compound 5 reacts with water to furnish the vinylphos-
phonous acid 6!'4l, The chlorine atom can be exchanged for
fluorine by reaction with silver tetrafluoroborate (— 7)114
and for brominel'¥, iodine!'¥l, or azide'¥! (—8) by treat-

0009—2940/97/0606—0711 § 17.50+.50/0 711



FULL PAPER

M. Regitz et al.

Hx0 Ph tBu

> - < LOH
H Pl
0
6
AgBF4 tBu Ph
=
~ AgCl P
- BFa ‘
F
7
tBu Ph tBu Ph
\—f_ TmsX V_
P T e P
i TmsCl 1
Cl X
S5a 8 (X = Br, l, Ng)
AGOSO,GF3 tBuV Ph
————
= AgCl T
OS0,CF,
9
B(OSO,CF3) / SOy,
- 78°C
tBu Ph
@
=/ ©B(0SOCF3)
10
tBu Ph
LiP(Tms)p :;;
L—-—-——D
1

Tms = Si(CHg3)3

ment with trimethylsilyl halides or azide. The exchange of
the chlorine atom in 5a for a trifluoromethanesulfonyloxy
group (—9) provides the starting point for an interesting
reaction sequence. On treatment of 9 with sulfur dioxide in
the super Lewis acid tris(trifluoromethylsulfonyloxy)bor-
ane, the trifluoromethanesulfonyloxy group is eliminated to
furnish the first ever phosphirenylium cation, 10, which can
then be spectroscopically investigated in solution!'’l. P—P
bond formation occurs when 5a is allowed to react with
lithium  bis(trimethylsilyl)phosphane!'3).  This reaction
(—11) gives rise to a functionally substituted 1 H-phosphir-
ene suitable for furhter transformations.
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In the present work we have examined the nucleophilic
substitution reactions of the chlorine atom in 1-chloro-1H-
phosphirene (5a) in detail by using a wide variety of nucleo-
philes. Furthermore, some subsequent reactions of the ob-
tained substitution products, 12, are included.

One interesting question, which will be the subject of a
separate report, is whether the 1H-phosphirenes, 12, will
react with electrophiles to furnish the phosphirenium salts,
131161 Theoretical calculations predict the presence of o*-
aromaticity for the latter species!!”.

Results
Reactions of 5 with Lithiom and Grignard Nucleophiles, 14a—p

When the |-chloro-1 H-phosphirenes, 5a—c, were allowed
to react with a variety of different nucleophiles, 14, smooth
nucleophilic replacement of the chlorine atom bonded to
phosphorus with formation of the novel 1H-phosphirenes,
15a—t, was observed in every case. Oxygen- (14a), nitrogen-
(14b--d), carbon- (14e—n), silicon- (140), and germanium-
nucleophiles (14p) could be employed in the form of the
corresponding lithium salts or Grignard reagents. Most im-
pressive, above all, is the wide range of carbon-nucleophiles
that could be used, ranging from alkyl- (14de—g), aryl- (14h),
vinyl- (14i), and alkynyl-substituted species (14j), through
to the functionally-substituted alkyl reagents (14k—n).

The 1H-phosphirenes, 15a—t, were obtained in moderate
to very good yields (35—90%), usually after bulb-to-bulb
distillation, as colorless to pale yellow liquids. Exceptions
are 15§, 15q, and 15r which were isolated as waxy crystals
which slowly deliquesced at room temperature. All products
were sensitive to moisture and a few also to temperature so
that satisfactory elemental analyses could not be recorded
for some of the products. However, the spectroscopic data
are unambiguous and fully support the given constitutions
for the three-membered ring heterocyclic products.

The *'P-NMR signals for the phosphorus atom in the
three-membered ring appeared at relatively high-field be-
tween 8 = —71.1 and —228. This is readily understandable
since the inherent ring strain and the geometry of the het-
erocyclic system implies a chemical shift range in the direc-
tion of that of white phosphorus (& = —488). Of course,
the nature of the substituent at phosphorus (EN = 2.19[18))
also has a decisive influence of the position of the signal.
Accordingly, signals for phosphorus atoms bonded to the
electronegative heteroatoms, oxygen (EN = 3.55) and nitro-
gen (EN = 3.04), of the substituted 1H-phosphirenes,
15a—e, appeared in the low-field part of the shift range
(8 = —71.1 to —127.2), while the 1 H-phosphirenes, 15q—t,
with the electropositive elements silicon (EN = 1.90) and
germanium (EN = 2.01) bonded to phosphorus occurred
in the high-field part (§ = —139.6 to —203.5). The carbon
(EN = 2.55) substituted 1 H-phosphirenes, 15f—p, exhibited
signals between & = —122.7 and —228.0; here it is conspicu-
ous that unsaturated groups affect a pronounced shift to
higher field. The chemical shift values determined for the
remaining 1H-phosphirenes were within this observed
range!!®l
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The 3C-NMR values for the carbon atoms of the phos-
phirene double bond are characteristic of their environ-
ment. The signals for both carbon atoms appeared as dou-
blets with 'J¢ p coupling constants of 40—70 Hz. It is wor-
thy of mention that for the nonsymmetrically substituted
1 H-phosphirenes, 15a, ¢—o, q, and t (R! = Ph), the signal
for carbon atom C-2 was shifted downfield by 17—23 ppm
in comparison to that of carbon atom C-31291. Furthermore,
the absolute value for the 'J-p = coupling constant for the
C-2 signal was up to 14 Hz larger than the corresponding
coupling constant for C-3, The 1H-phosphirene, 15s, with
an ethoxy substituent at C-3, constitutes an exception to
this trend. In this compound, the signal for C-3 was shifted
downfield by 48 ppm in comparison to that of C-2 and the
1Jc.sp coupling was 12 Hz larger than the corresponding
coupling for C-2; these observations confirm the existence
of an electron-rich enol ether double bond as a structural
increment of 15s. In the | H-phosphirenes, 15f—p, the signal
for the exocyclic carbon atom bonded to the phosphirene
phosphorus atom depended on the nature of the substitu-
ents, and, with the exception of 15h, appeared as a doublet
with 'Jcp couplings that were larger than the endocyclic
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1Jcp couplings. The largest coupling constants (>100 Hz)
were found for the derivatives 15k and 15n with the alkynyl
and tris(trimethylsilylymethyl substituents, respectively,
since the coupling constants increase with increasing s
character of the carbon atom bonded to phosphorus?!l
The remaining "YC-NMR chemical shifts for the investi-
gated 1 H-phosphirenes were directly comparable with those
of other 1-alkyl-*¥ and 1-aryl-14-phosphirenes!],

The 'H-NMR spectrum of 15§, in which the 1-vinyl sub-
stituent is bonded to phosphorus, also deserves mention.
Together with the phosphorus atom, the vinyl protons form
an ABCX spin system that can be completely solved and
simulated for the ABC parti**! (for details, see Experimental
Section). The data were in agreement with those of other vi-
nylphosphanes(®?.

With regard to the mechanism, we assume that substi-
tution of chlorine by the employed nucleophile proceeds in
two steps. Firstly, a phosphirenide anion is formed by ad-
dition of the nucleophile to the phosphirene phosphorus
atom; in the second step, cleavage of the metal chloride then
leads to the final product. Indirect support for this hypo-
thesis is provided by the detection of a corresponding inter-
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mediate in reactions of the phosphiranes with organoli-
thium reagentsi%?7). An Sy2-type substitution, which is
mechanistically preferred in nucleophilic substitution reac-
tions of other halophosphanes?®], or heterolytic cleavage of
5 to give a phosphirenylium cation with subsequent substi-
tution according to an Syl process, are highly improbable
under the chosen reaction conditions.

Interesting reactions are to be expected for the 1 H-phos-
phirenes, 150 and p, which possess a highly reactive di-
azomethyl group bonded to the phosphirene phosphorus
atom. By analogy with the formation of cyclobutadienes via
the well-known ring expansion reactions of (diazomethyl)-
cyclopropenest?®-3%, these compounds could provide an ac-
cess route to the previously unknown phosphacyclobutadi-
enes (phosphetes). However, to date, all attemplts to prepare
phosphetes by this route have been unsuccessfull®!l, An
interesting rearrangement is observed on photolysis of 2-
tris(trimethylsilyl)silyl-1 H-phosphirene (15q); this reaction
leads to the 1,2-dihydro-1,2-phosphasilete by way of ring
expansion and migration of a trimethylsilyl group from sili-
con to phosphorus!32-33],

As already mentioned, structural confirmation of the ex-
tremely hydrolysis-sensitive 1 H-phosphirenes, 15, has been
achieved in some cases by formation of metal complexes;
thus, the silyl derivative 15q was treated with enneacarbon-
yldiiron to furnish the crystalline, analytically pure, n'-iron
complex, 16, in 50% yield.

tBu Ph Fex(CO)g tBu Ph
- Fe(CO)s
Tmsagi Tms;$i7 “Fe(COM
159 16

These complexations were accompanied by paramagnetic
shifts of the signals of the ring atoms both in the *'-NMR
spectra (8 = —205.5 — —141.0) and in the '*C-NMR spec-
tra (C-2: 6 = 130.9 — 143.2; C-3: § = 115.5 — 127.8). At
the same time, both lJC,p coupling constants were reduced
by about 20 Hz. This behavior is typical for complexed 1 H-
phosphirenes and has been reported previously?+33),

Reactions of 5 with Complex Hydrides

The above-mentioned reactions of 5 with nucleophiles
pose the question of whether unsubstituted 1H-phosphir-
enes could be accessed by the corresponding reactions with
hydride ions. A P-unsubstituted 1H-phosphirene, com-
plexed with a pentacarbonyliungsten fragment, has been
described!?2. However, sodium borate (borohydride) in di-
ethyl ether does not react with 5a and when a mixture of
methanol/diethyl ether was used as the solvent for this reac-
tion, exchange of the chlorine atom for a methoxy group
occurred, furnishing the already described product, 15a
(vield: 85%)(%). We can therefore assume that a methoxybo-
rate is initially formed, which then transfers a methoxy
group to the phosphirene phosphorus atom (see also the
next section). Replacement of sodium borohydride by the

714

considerably more reactive lithium borohydride, however,
did enable the preparation of the first non-complexed, -
unsubstituted 1H-phosphirene, 17, in 76% yield. Com-
pound 17 could also be obtained from the reactions of Sa
with tributyltin hydride in chloroform¥ or lithium tri-
ethylborate (“superhydride”)® in THF/diethyl ether?®’l,
tBu

Ph LiAlH 4 or LIBEtaH tBu Ph

g Q—vi(
S I-—'u/\l(

Thermally, the phosphirene, 17, is rather unstable; the
compound even decomposed in solution to furnish 3,3-di-
methyl-1-phenylbut-1-yne (#Bu—C=C—Ph) and a phosphi-
nidene fragment [H—P]; the fate of the latter species is still
unknown. The alkyne was obtained specifically in 58% yield
by bulb-to-bulb distillation of 17. In spite of this thermol-
ability, the phosphirene, 17, has been unambiguously
characterized by its spectroscopic data and by its chemical
reactions. A conspicuous feature of the 3'P-NMR spectrum
was the extremely high-field position of the phosphorus sig-
nal at & = —247.1. The pronounced s-character of the free
electron pair at the phosphorus atom and the resultant
strong shielding is assumed to be the reason for this. The
accompanying high p-character of the P—H bond resulted
in an extremely small 'Jpy coupling constant of 107.0
Hz[**39, In the '3*C-NMR spectrum the ring carbon atoms
gave rise to doublet signals in the expected regions (C-2: &
= 126.8, C-3: § = 108.1) with 'Jp coupling constants of
39.2 and 45.6 Hz, respectively. In comparison to the 1H-
Phosphirenes, 15, both signals were shifted by about 20
ppm to higher field. Thus, both the *'P- and the '3C-NMR
data for 17 lay in the uppermost high-field range of all in-
vestigated 1H-phosphirencs. The bond parameters derived
from the spectroscopic data — high s-nature of the free elec-
tron pair at phosphorus and high p-proportion of the P—H
bond — indicate that the phosphorus atom exhibits a cer-
tain degree of phosphide anion character and that the hy-
drogen bonded to phosphorus will reflect protic properties.
Indeed, the former effect accounts for the instability of 17
by way of antiaromatic interactions in the ring, while the
latter effect can be exploited preparatively to convert 17 to
1-acyl-1H-phosphirenes by reaction with acyl chlorides in
the presence of a basel*7],

Reactions of 5 with Sodium and Lithium Borates, 18a~g

As mentioned in the preceding section, reaction of Sa
with sodium borohydride in methanol/diethyl ether resulted
in smooth replacement of the chlorine atom by a methoxy
group. This observation prompted us to investigate syste-
matically the behavior of 1-chloro-1H-phosphirenes
towards borates. In fact, 5a does readily react with the lith-
ium or sodium salts of alkyl-, aryl-, and alkoxyborates. In
the cases of the arylborates, 18b, and ¢, the substitution
reaction was directly followed by a Lewis acid/Lewis base
adduct formation in which the triarylborane added to the

Chem. Ber./Recueil 1997, 130, 711-723
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formed 1-aryl-1H-phosphirene 19 (— 20b, ¢)“%. However,
when the Lewis base pyridine was added directly to 5a and
18b, or to a chloroform solution of 20b, it released the
phosphirene moiety, and the free 1-aryl-phosphirenc, 19b,
was isolated without difficulty.

When sodium triethylborate (18a) was allowed to react
with the 1 H-phosphirene, 5a, 1-ethyl-1H-phosphirene (19a,
=15f) was isolated in 45% yield. The spectroscopic data for
this product were in complete agreement with those of the
compound already prepared by a different route. Alkali

tBu R! M[BRZ] (18) tBu R
~=~ =7~
7 - MCl, - BRS R
cl R?
ba,c 19
i 2
pyridine, 8R3
— pyridine«BPhg
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The fact that 20b and c¢ exist as triarylborane adducts
could be seen immediately from their 'H-NMR spectra
which revealed, in addition to a singlet at 8 = 1.3 for the
tert-butyl group at C-2, typical signals in the aromatic re-
gion (6 = 6.80—7.85) and the correct integration ratios be-
tween aliphatic and aromatic protons. The complexed ring
phosphorus atoms of 20b and ¢ gave 3'P-NMR signals at §
= —171.2 to —173.2 which were thus shifted by about 20
ppm to low-ficld in comparison to that of 19b (& =
—189.5). This is in agreement with the general trend that
an increase in the coordination of a phosphirene phos-
phorus atom is accompanied by a shift of the phosphorus
signal to lower field!*!). The signals of the ring carbon
atoms and for the ipso-carbon atom of the 1-aryl substitu-
ent were characteristic for 19b and 20b and ¢. All three sig-
nals appeared as doublets with 'Jcp coupling constants of
27.9—66.4 Hz in the olefinic region of the C-NMR spec-
tra. As already mentioned for the 1 H-phosphirenes, 15f—p,
the coupling to the exocyclic carbon atoms were in this case
again up to 25 Hz larger than the 'Jp couplings. In com-
parison with the complexed derivatives, the corresponding
couplings of the {ree 1 H-phosphirenes were, on average, 10
Hz larger. This also follows the general trend, that increases
in coordination at phosphorus atoms in a three-membered
ring are accompanied by, in some cases drastic, reductions
in size of the 'Jpc couplings™!l.

Chem. Ber./Recueil 1997, 130, 711—723

metal triethylborates are powerful ethylating agents'*?! that
undergo transmetallation reactions with metal halides®!,
Hence, the successful reaction with 5a was not surprising.
However, we cannot explain at present why the triethylbor-
ane liberated in the reaction did not form an adduct with
19a. The stability of Lewis base adducts depends on the
nature of the employed borane; tribromoborane forms the
most stable adducts and trialkoxyboranes the least
stablel**], However, the differences between triaryl- and tri-
alkylboranes are only slight so that other effects such as,
for example, steric factors, must provide the reason for the
nonformation of an adduct. On the basis of the above ob-
servations, it is understandable that the reactions of § with
the alkoxyborates, 18d—g, stopped at the stage of the 1-
alkoxy-1 H-phosphirenes, 19d—g, and that no adducts cor-
responding to 20 [(R?); = OR’] were observed. The yields
decreased with increasing size of the alkoxy group (77% —
33%). The 1 H-phosphirene, 19d, is identical in all respects
to the previously prepared compound, 15a, and the spectro-
scopic data for 19e—f differed only minimally from those
of 15a, so that a detailed discussion is not necessary. One
feature worthy of note, however, is that the methyl groups
of the isopropyl substituent in 19f are diastereotopic on ac-
count of the chiral phosphorus atom, and gave rise to sig-
nals with differing chemical shifts in the "H-NMR and *C-
NMR spectra (see Experimetnal Section). The mass spec-
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trum of 19f contained, in addition to the molecular ion
peak (71%), a fragment ion at m/z = 189 (21%) which was
assigned to a phosphirenylium cation. Thus, the generation
of the cation 101! at low temperature in liquid SO, has
also been demonstrated in a gas-phase reaction.

The 3'P-NMR spectrum of the 1H-phosphirene, 19g,
which bears two alkoxy substituents, revealed, in compari-
son to all other currently known 1 H-phosphirenes, the most
downfield-shifted signal (19d: § = —77.1; 19g: § = —40.0).
The polarization of the phosphirene double bond was easily
recognized by the widely differing '*C-NMR chemical shift
values for C-2 (8 = 120.6) and C-3 (6 = 153.9), demonstrat-
ing the enol ether nature of this bond.

Reactions of 5 with Trimethylsilyl Nucleophiles, 21a and b

Nucleophilic substitution reactions at 1-halo-1H-phos-
phirenes are also possible by condensation with trimethylsi-
Iyl nucleophiles®*%, It was found advantageous to employ
the trimethylsilyl nucleophiles 21a and b in a large excess
(i.e., practically as the solvent) in reactions with S. In this
way, the 1-cyano- and the surprisingly stable!*! 1-azido-1H-
phosphirenes, 22a—d, were obtained in analytically pure
form and in up to quantitative yields.

tBu R Tms-RZ (21) tBu R
§—7 e §"7
'i - Tms—Ci ':
cl R?
5 2
21 l a b 22 a b [ d
RZ| oN Ny R'| Ph OEt Ph tBu

RZ| SN ©oN Ny Ng

The C=N valency vibrations of 22a and b (2145 and
2150 cm ™!, respectively) and the azide valency vibrations
of 22¢ and d (2090 and 2100 cm™*, respectively) can be
easily recognized in the IR spectra of 22a—d. These bands
were shifted by about 20—70°C cm ™! to lower wavenumber
in comparison to those of other trivalent cyanophos-
phanes’#8 and other azides™; this is indicative of a
weakening of the triple bond character in the functional
group.

In the *'P-NMR spectra of 22a and b the phosphorus
signals appeared at very high-field (6 = -232.4 and
—182.0) and were comparable to those of the 1-alkynyl de-
rivative, 15k (& = —228.0). The probable reason for this
is the anisotropic effect of the triple bond, which effects a
shielding of the atoms in the a position®%. The signal of
22b was shifted by 30 ppm to lower field in comparison
with that of 22a. This reflected the influence of the ethoxy
group at the phosphirene double bond and is characteristic
for this particular structural element. The 3'P-NMR signals
for the 1-azido-1H-phosphirenes 22¢ and d appeared at
8 = —106.7 and —106.3, respectively. These values were
similar to those of the l-amino-substituted 1H-phosphir-
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enes, 15¢—e (6 = —127.2 to —113.9)0'31. The 3C-NMR
data for 22a—d are comparable in all respects with those of
the 1 H-phosphirenes, 15a—t, and, with the exception of the
large exocyclic Jc p coupling to the cyanide carbon atoms
in 22a and b (181.0 and 193.5 Hz, respectively), do not pre-
sent any features worthy of particular mention. In the 'H-
NMR spectrum of 22b, the methylenc protons of the ethoxy
group appear as the AB part of an ABX spin system as a
consequence of the diastereotopy (see also Experimental
Section).

Like Sa, the substituent bonded to phosphorus in the 1-
cyano-1 H-phosphirene 22a can also undergo nucleophilic
substitution. As an example, substitution with methyllith-
ium (14e) was investigated and found to produce the al-
ready known I-methyl-1H-phosphirene, 154, in a
smooth reaction.

When the 1H-phosphirenes, 22a and 22d, were allowed
to react with pentacarbonyltungsten - THF, complexation
occurred and the crystalline n'-tungsten complexes, 23 and
25, were obtained in yields of 13 and 11%. Complexation
of 22a furnished, in addition to 23, the complex, 24, con-
taining two pentacarbonyltungsten fragments. In addition
to the end-on coordination of the fragment at phosphorus,
this complex contains a second fragment in a similar end-
on coordination at the nitrogen atom of the cyanide group.
Complex 24 can also be prepared from 23 by reaction with
pentacarbonyltungsten - THE

tBu. ,Ph W(CO)s - tht tBu. _Ph
P — thf P,
| NeT “W(CO)s
CN
22a 23
W(CO)s - thi
— tht
2W(CO)s - tht Ph

tBu. .

- 2th P
©C)IW-N=C’ “W(CO)s

24

tBu tBu W(CO)s - thf tBu tBu
N o "
P — thi P,
i NS W(co)s
N3
22d 25

The structures of the novel complexes 23—25 were un-
equivocally determined from their analytical and spectro-
scopic data. The spectroscopic data for 23 agree very well
with those of a previously known complex with an anal-
ogous structure except for the replacement of the rerz-butyl
substituent at C-2 by a phenyl group®!l. The valency vi-
brations of the cyano, azido, and carbonyl groups in the IR
spectrum can be readily assigned. The fact that the value
for the C=N valency vibration hardly changes on trans-
formation of 23 into 24 (23: 2167 cm ™!, 24: 2149 cm™!)
can be taken as evidence for the frequently observed end-
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on coordination of the nitrile nitrogen atom331, The 3!'P-
and *C-NMR signals for the atoms of the three-membered
heterocyclic ring are, as expected, paramagnetically shifted
in comparison to those of the uncomplexed 1H-phosphir-
enes (see also the discussion of the iron tetracarbonyl com-
plex 16 and the references cited there). Furthermore, the
characteristic 'Jpw coupling constants of 312~317 Hz were
observed in the *'P-NMR spectra, confirming the end-on
coordination of the pentacarbonyltungsten fragment to the
phosphorus atom.

We thank the Deutsche Forschungsgemeinschaft (Graduierten-
kolleg “Phosphorchemie als Bindeglied verschiedener chemischer
Disziplinen™) for a postgraduate grant (A. G.) and for financial
support. J. H. and O. W. are grateful to the Fonds der Chemischen
Industrie, M. E., and S. H. to the Landesregierung von Rheinland-
Pfalz for postgraduate grants.

Experimental Section

General: All reactions were carried out under argon (purity
>99.998%) in previously baked-out and evacuated apparatus. —
Melting points (uncorrected, sealed capillary tubes): Mettler FP 61
(heating rate 3°C/min). — Microanalyses: Perkin-Elmer-Analyser
EA 240 and 2400 CHN. — Bulb-to-bulb distillations: Biichi GKR
50 apparatus (temperatures given refer to the heating mantle). —
MS: Finnigan MAT 90. — IR: Perkin-Elmer 710 B, Perkin-Elmer
IR 394. — 'H NMR: Varian EM 360, Varian EM 390, Bruker WP
200, and Bruker AM 400 spectrometers at 60, 90, 200, and 400
MHz, respectively. — '*C NMR and *'P NMR: Bruker WP 200
and Bruker AM 400 spectrometers at 50.32, 100.64 MHz (*3C),
80.8 and 161.6 MHz (*'P), respectively. — Chemical shifts for 'H
and "*C are reported in parts per million (8) relative to tetramethyl-
silane as the internal standard; the chemical shifts for 'P are rela-
tive to external 85% orthophosphoric acid. — The 1-chloro-1H-
phosphirenes, 5, were prepared as described recentlyl!. Trimethyl-
silylmethylmagnesium chloride (14k)*¥, bis(trimethylsilyl)methylli-
thium (141)*4, tris(trimethylsilyl)methyllithium (14m)4, tris(tri-
methylsilylsilyllithium  (140)%, tris(trimethylsilyl)germyllithium
(14p)©°%), and sodium tetrakis(4-chlorophenyl)borate {(18¢)*" were
prepared according to published procedures. Compounds 14§ and
n were prepared by lithiation of 3,3-dimethylbut-1-yne!S® (—14j)
or diazotrimethylsilylmethane!* (—14m) with n-butyllithium. All
other starting materials were purchased from commercial suppliers.

1 H-Phosphirenes 15a—t

General Procedure for the Synthesis of P-Substituted 1H-Phos-
phirenes 15a—t: A solution of 5 in a suitable solvent was added
dropwise at —78°C to the organolithium, or at 0°C to the Grignard
reagent, 14a—p, in diethyl ether or THF solution. The mixture was
stirred for 10—60 min at the temperature of the addition and then
allowed to warm slowly to room temperature. The mixture was then
treated using one of (wo processes. In method A, the lithium or
Grignard salts were removed using a centrifuge and the solvents
evaporated in vacuum; in method B, the solvents were evaporated
first, the residue taken up in hexane, and the mixture filtered or
centrifuged, and then concentrated in vacuum. The crude oils were
purified by bulb-to-bulb distillation and/or flash chromatography
and the 1 H-phosphirenes 15 were obtained as colorless or pale yel-
low liquids which were analytically pure but, in some cases, slowly
decomposed at room temperature.

2-tert-Butyl-1-methoxy-3-phenyi-1 H-phosphirene (15a): From 5a
(0.56 g, 2.49 mmol) in pentane (10 ml) and 14a (0.10 g, 2.63 mmol)
in diethyl ether (20 ml). Bulb-to-bulb distillation of the crude oil
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Table 1. Yields and selected spectroscopic data for 15a—t

15 Yield [%] ‘'p-NMR® PonmrEY Beanmr®® Bz

C-2 C-3 C-exo
@%@ @)
a 71 -71.1 155.6 138.6
(69.5) (56.9) -
b 55 -75.1 150.1 150.1
(60.6) 60.6) -
c 76 -115.9 1519 133.4
(59.3) 47.6) -
d 75 -127.2 149.5 130.8
(58.6) (48.2) -
e 72 -113.9 155.2 132.0
(66.2) (56.5) -
f 53 ~194.0 1383 119.4 17.7
(47.8) @1.9) (54.3)
g 77 -175.2 138.1 119.7 253
(49.2) (43.8) (52.1)
h 67 ~145.2 140.0 121.6 298
(50.3) (41.8) (32.9)
i 36 -1772 139.9 120.3 139.0
(50.4) @3.7) (80.8)
i 86 ~186.6 136.2 117.7 149.5
(47.3) (40.4) (65.5)
K 35 —228.0 135.5 116.2 838
(49.1) @3.1) (110.2)
1 49 -183.2 1403 121.7 27
(51.8) @5.8) (69.0)
m 90 -159.6 142.0 125.0 218
(52.0) (51.0) (88.7)
n 90 —122.7 147.6 129.2 12.4
(65.5) (51.1) (112.7)
o 100 ~178.8 138.4 120.6 3043
(56.2) (48.9) (63.5)
@ 100" -183.8 1322 132.2 31.0
(53.4) (53.9) (54.7)
q 90 -205.5 130.9 1115
(56.2) (45.2) -
r 90 -203.1 122.0 122.0
(51.8) (51.8) -
s 90 -139.6 85.8 1333
33.7 (55.4) -
t 80 ~189.0 1329 113.2
(57.9) (48.9) -
[41§ in ppm. — ® Jin Hz. — © IR (film): ¥ = 2160 cm ! (C=C).

— MR (film): ¥ = 2040 cm~! (C=N,). — ! Yield of the crude pro-
duct.

(method A) at 130°C/10~2 mbar yielded 15a (0.39 g, 71%) as a
colorless liquid. — 'H NMR (CDCl;): & = 1.44 (s, 9H, tBu), 3.03
(d, *Jup = 12.2 Hz, OMe), 7.61 (m, SH, aromatic H). — '*C NMR
(CDCly): & = 29.7 [s, [C(CH3)s], 34.0 [d, 2Jcp = 6.5 Hz, C(CH,)3],
50.1 (s, OCH3), 128.4 (d, 2Jcp = 6.7 Hz, i-C), 129.0, 129.3, 130.7
(each s, o-, m-, p-C), 138.6 (d, "Jop = 56.9 HZ, C-3), 155.6 (d,
Uep = 69.5 Hz, C-2). — 3P NMR (CDCly): § = —77.1. —
C;H7PO (220.2): caled. C 70.89, H 7.78; found C 70.5, H 7.62.
Compound 15a can also be obtained by reaction of 5a with lithium
tetramethoxyborate (18d) or with sodium tetrahydroborate in
methanol/diethyl ether®4,

2,3-Di-tert-butyl-1-methoxy-1 H-phosphirene (15b): From 5b (0.15
g, 0.73 mmol) in pentane (3 ml) and sodium methoxide (0.04 g,
0.74 mmol) (instead of 14a) in diethyl ether (3 ml). Bulb-to-bulb
distillation of the crude oil (method A) at 120°C/10™2 mbar yielded
15b (0.08 g, 55%) as a colorless liquid. — 'H NMR (CDCl;): § =
1.29 (s, 18H, rBu), 2.99 (d, 2Jup = 10.3 Hz, 3H, OMe). — *C
NMR (CDCL): 8 = 30.1 [s, C(CHa)s], 32.7 [d, 2/cpr = 7.0 Hz,
C(CHa)s], 49.6 (s, OCHa), 150.1 (d, YJcp = 60.6 Hz, C-2, C-3). —
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3P NMR (CDCL): § = —75.1. — MS (70 eV); m/z (%): 200 (3)
[M*], 169 (100) [M* — OCH,].

2-tert-Butyl-1-( N,N-diethylamino)-3-phenyl-1H-phosphirene
(15¢): From 5a (0.28 g, 1.25 mmol) in pentane (10 ml) and 14b (0.10
g, 1.26 mmol) in diethyl ether (10 ml). Bulb-to-bulb distillation
of the crude oil (method A) at 150°C/10~2 mbar yielded 15¢
(0.25 g, 76%) as a colorless liquid. — 'H NMR (CDCls): § = 0.90
(t, *Juu = 7.0 Hz, 6H, NCH,CH,), 1.36 (s, 9H, rBu), 2.73 (i, 4H,
NCH,CH,), 7.27, 7.38, 7.60 (each m, 5H, aromatic H). — 13C
NMR (CDCly): 8 = 14.3 (s, NCH,CH), 29.5 [s, C(CHa)4), 33.6 [d,
2Jcp = 5.5 Hz, C(CH;)3), 38.5 (d, 2Jcp = 13.8 Hz, NCH,CH,),
128.0, 128.4, 129.8 (each s, o-, m-, p-C), 131.5 (d, *Jcp = 6.7 Hz,
i-C), 133.4 (d, 'Jcp = 47.6 Hz, C-3), 151.9 (d, Jcp = 59.3 Hz, C-
2). = 3P NMR (CDCl): § = —115.9. — MS (70 eV); m/z (%a): 261
(38) [M*], 246 (3) [M*" — CHay], 204 (17) [M* — C,Hg], 189 (23)
M, — N(C,Hs),], 158 (7), 143 (28), 128 (17), 103 (100), 74 (72),
72 (16). — C;sHo4NP (261.4): caled. C 73.53, H 9.26, N 5.36; found
C735 H9.2,N5.2,

2-tert-Butyl-1-( N, N-disopropylamino )-3-phenyl-1 H-phosphirene
(15d): From 5a (0.34 g, 1.51 mmol) in pentane (10 ml) and 14¢ (0.16
g, 1.51 mmol) in diethyl ether (10 ml). Bulb-to-bulb distillation of
the crude oil (method A) at 130°C/1072 mbar yielded 15d (0.32 g,
75%) as a colorless lignid. — 'H NMR (CDCls): 6 = 1.13 (d,
3Juu = 7.5 Hz, 12H, NCHCH,), 1.38 (s, 9H, /Bu), 3.15 (m, 2H,
NCHCH,3), 7.55 (m, SH, aromatic H). — *C NMR (CDCl;): § =
23.9 (d, Yep = 7.3 Hz, NCHCHy), 24.0 (d, YJep = 6.2 Hz,
NCHCHS,), 29.9 [s, C(CHy)3], 34.1 [d, 2Jcp = 6.4 Hz, C(CHs)s),
43.2 (d, Jcp = 5.7 Hz, NCHCHj), 128.3, 128.9, 130.6 (cach s,
o0-, m-, p-C), 130.8 (d, Jcp = 48.2 Hz, C-3), 132 (d, 2Jcp = 7.1
Hz, i-C), 149.5 (d, 'Jep = 58.6 Hz, C-2). — 3'P NMR (CDCly):
8§ = —127.2. — C;gHxNP (289.4): caled. C 74.71, H 9.75, N 4.84;
found C 74.1, H 9.54, N 4.6.

2-tert-Butyl-1-[ N, N-bis{ trimethylsilyl )amino |-3-phenyl-1 H-phos-
phirene (15e): From 5a (0.36 g, 1.60 mmol) in pentane (10 ml)
and 14d (0.27 g, 1.60 mmol) in diethyl ether (10 ml). Bulb-to-bulb
distillation of the crude oil (mcthod A) at 200°C/10~2 mbar yielded
15¢ (0.40 g, 72%) as a colorless liquid. — "H NMR (CDCly): § =
0.14 (d, 4Jyp = 1.3 Hz, 18H, NSICH3), 1.36 (s, 9H, Bu), 7.30,
7.40, 7.64 (each m, 5H, aromatic H). — '*C NMR (CDCl): § =
4.1 (d, 3Jep = 6.7 Hz, NSiCH3), 29.5 [s, C(¢Hs)s), 34.5 [d, 2cp =
8.0 Hz, C{CHa,);], 128.2, 128.3, 130.1 (each s, o0-, m-, p-C), 131.0
(d, 2Jcp = 8.8 Hz, i-C), 132.0 (d, Wep = 56.5 Hz, C-3), 155.2 (d,
Vep = 66.2 Hz, C-2). — *'P NMR (CDCl;): 6 = —113.9. — MS
(70 eV); miz (%): 349 (35) [M*], 334 (27) [M™ — Me], 192 (100),
176 (92), 158 (65), 143 (94), 128 (80), 103 (46), 77 (17), 73 (97),
45 (12).

2-tert-Butyl-1-methyl-3-phenyl-1 H-phosphirene (15f): From 5a
(0.25 g, 1.11 mmol) in hexane (5 ml) and 14e (0.7 ml, 1.12 mol; 1.6
M solution in diethyl ether). Bulb-to-bulb distillation of the crude
oil after evaporation of the solvents under vacuum at 180°C/10~!
mbar yielded 15f (0.12 g, 53%) as a colorless liguid. — 'H NMR
(CDCLy): & = 070 (d, 2Jgp = 6.1 Hz, PCH3), 1.38 (s, 9H, tBu),
7.35, 7.65 (each m, 5SH, aromatic H). — '*C NMR (CDCly): § =
177 (d, YJep = 543 Hz, PCH;), 29.5 [s, C(CHa,)sl, 33.9 [d,
%Jep = 7.0 Hz, C(CHs)3), 119.4 (d, Jep = 41.9 Hz, C-3), 128.1,
128.5, 130.4 (each s, o-, m-, p-C), 129.8 (d, Y p = 8.5 Hz, i-C),
138.3(d, Wep = 47.8 Hz, C-2). — 3'P NMR (CDCl): § = —194.0.
— MS (70 eV); mfz (%): 204 (46) [M™], 189 (76) [M* — CH;), 147
(539 [M* — C4Hq), 143 (56), 133 (100), 128 (53), 77 (26), 57 (48).
Product 15f was also obtained by reaction of 2-ters-butyl-1-cyano-
3-phenyl-1 H-phosphirene (22a) with 14e; yield: 46%4,
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2-tert-Butyl-1-ethyl-3-phenyl-1 H-phosphirene {15g (=19a)]: From
5a (0.2 g, 1.07 mmol) in diethyl ether (3 ml) and 14f (0.91 ml, 1.07
mmol, 1.17 M solution in diethyl ether). Bulb-to-bulb distillation of
the crude oil (method B) at 200°C/10 ! mbar yielded 15g (0.18 g,
77%) as a colorless liquid. — IR (film): ¥ = 3060 cm ™', 2962, 2913,
1757, 1590, 1485, 1474, 1458, 1444, 1360, 1187, 1171, 1072, 1028,
761, 691 em~!. — 'H NMR (C¢Dy): 8 = 0.98 (m, 3H, CH,CH,),
1.10 (m, 2H, CH,CHy), 1.35 (s, 9H, /Bu), 7.16, 7.28, 7.78 (each m,
5H aromatic H). — '3C NMR (C¢Dg): & = 10.7 (d, 2Jcp = 9.2 Hz,
CH,CH,), 253 (d, Yep = 52.1 Hz, CH,CHjy), 28.3 [s, C(CH3)s],
33.7[d, 2J¢p = 8.2 Hz, ((CHa)s}, 119.7 (d, 'Jep = 43.8 Hz, C-3),
128.4, 128.8, 131.0 (each s, o-, m-, p-C), 130.9 (4, 2Jcp = 8.2 Hz,
i-C), 138.1 (d, Jep = 49.2 Hz, C-2). — *'P NMR (C¢Dg): § =
—175.2. — C4HoP (218.3): caled. C 77.04, H 8.77; found C 76.6,
H 8.7. Compound 15g (=19a) can also be obtained by reaction of
5a with sodium tetraethylborate (18a).

1,2-Di-tert-butyl-3-phenyl-1 H-phosphirene (15h): From 5a (0.56
g, 2.49 mmol) in pentane (10 ml) and 14g (0.16 g, 2.49 mmol) in
diethyl ether (20 ml). Bulb-to-bulb distillation of the crude oil
(method A) at 150°C/107% mbar yielded 15h (0.41 g, 67%) as a
colotless liquid. — "H NMR (CDCly): & = 0.91 (d, *Jup = 12.6
Hz, 9H, Bu-1), 1.39 (s, 9H, ¢Bu-2), 7.49 (m, 5H, aromatic H). -
I2C NMR (CDCL): & = 28.4 [d, 2Jcp = 15.7 Hz, PC(CH3);), 29.8
[d, "Jep = 32.9 Hz, PC(CH,)3], 29.9 [s. C(CHa,)3], 33.0 [d, 2Jcp =
9.2 Hz, C((CH3)3], 121.6 (d, 'Jop = 41.8 Hz, C-3), 128.2, 128.6,
130.7 (each s, o-, m-, p-C), 130.5 (d, *Jcp = 10.1 Hz, i-C), 140.0
(d, Jep = 50.3 Hz, C-2). — 3P NMR (CDCl,): § = —145.2. —
C¢H>3P (246.3): caled. C 78.01, H 9.41; found C 77.4, H 9.15.

2-tert-Butyl-1-mesityl-3-phenyl-1 H-phosphirene (151): From 5a
(0.30 g, 1.34 mmol) in diethyl ether (3 ml) and 14h (1.60 ml, 1.34
mmol, 0.84 M solution in diethyl ether). The crude product (method
B) was purified by flash chromatography on aluminum oxide (3.0
g) with 150 ml hexanefdiethyl ether (20:1) instead of bulb-to-bulb
distillation. Product 15i (0.15 g, 36%) was obtained as colorless
crystals from dichloromethane (—78°C) which decomposed slowly
at room temperature. — 'H NMR (CDCly): § = 1.32 (s, 9H, tBu),
2.17 (s, 3H, p-CH;-Mes), 2.41 (s, 6H, o-, 0'-CH;-Mes), 6.67 (s, 2H,
m, m’-H-Mes), 7.32, 7.42, 7.67 (each m, 5H, aromatic H). — 13C
NMR (CDClLy): § = 20.9 (s, p-CH3-Mes), 22.7 (d, *Jep = 13.2 Hz,
o0-, o'-CHs-Mes), 29.2 [s, C(CH,);], 34.2 [d, *Jcp = 8.5 Hz,
C(CHy)s], 120.3 (d, "Jep = 43.7 Hz, C-3), 128.1, 128.4, 128.8 (each
s, 0-, m-, p-C), 130.1 (s, m-, m’-C-Mes), 130.5 (d, 2Jcp = 8.1 Hz,
i-C), 136.7 (s, p-C-Mes), 139.0 (d, J¢p = 80.8 Hz, i-C-Mes), 139.9
(d, Wep = 50.4 Hz, C-2), 141.4 (d, 2Jcp = 11.4 Hz, 0-C-Mes). —
3P NMR (CDCly): § = —177.2.

2-tert-Butyl-1-ethenyl-3-phenyl-1 H-phosphirene (15f): From 5a
(0.24 g, 1.97 mmol) in toluene (3 ml) and 14i (2.14 ml, 1.07 mmol,
0.5 M solution in THF). Bulb-to-bulb distillation of the crude oil
(method B, pentane instead of hexane) at 200°C/10~2 mbar and
subsequent flash chromatography on silica gel (3 g, 15—40 pm)
with hexane yiclded 15§ (0.20 g, 86%) as a colorless liquid. — IR
(film): ¥ = 3045, 2960, 1768, 1599, 1582, 1485, 1474, 1458, 1443,
1384, 1360, 1259, 1185, 1170, 1070, 1025, 983, 928, 760, 690, 677
em~l. — 'H NMR (C¢D¢): 8 = 1.23 (s, 9H, (Bu), 5.45 (ddd,
2ae = 19 Hz, Yume = 116 Hz 3Jyp = 320 Hz, 1H,
CHg=CHHc), 5.83 (ddd, 2Jyp = 3.6 Hz, 3J pc = 11.6 Hz,
Vpansan = 18.9 Hz, 1H, CHy=CHAH), 5.89 (ddd 2Jzc = 1.9 Hz,
e = 15.0 Hz, *Jyuman = 18.9 Hz, 1H, CHa=CHHc), 7.09,
7.14, 7.65 (cach m, 5H, aromatic H). -- 1*C NMR (C¢Dg): § =
29.4 [s, C(CHs)s). 33.9 [d, 2Jcp = 7.8 Hz, C(CH5)), 117.7 (d,
WJep = 40.4 Hz, C-3), 126.5 (d, 2Jcp = 29.8 Hz, CHy=CH,Hc),
128.6, 128.9, 130.9 (each s, o-, m-, p-C), 130.0 (d, 2Jcp = 7.2 Hz,
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i-C), 136.2 (d, 'Jep = 47.3 Hz, C-2), 149.5 (d, 'Jcp = 65.5 Hz,
CHgz=CHzH¢). — *'P NMR (CDCly): § = —186.6. — C4,H,;P
(216.26): caled. C 77.75, H 7.92; found C 78.30, H 7.94.

2-tert-Butyl-1-( 3, 3-dimethyl-but-1-ynyl )-3-phenyl-1 H-phosphirene
(15k): From 5a (0.56 g, 2.5 mmol) in pentane (10 ml) and 14j [pre-
pared from 3,3-dimethylbut-1-yne (0.21 g, 2.5 mmol) and 2-methyl-
propyllithium (0.16 g, 2.5 mmol)]. Bulb-to-bulb distillation of the
crude oil (method A) at 120°C/1072 mbar yielded 15k (0.29 g, 35%)
as a colorless liquid. — IR (film): v = 2160 ecm™! (C=C). — 'H
NMR (CDCly): & = 1.08 (s, 9H, Bu-C=C), 1.42 (s, 9H, Bu), 7.6
(m, 5H, aromatic H). — **C NMR (CDCl;): § = 279 [s, C=C-
C(CH3);], 29.4, 30.9 [each s, C(CH3)3), 34.3 [d, cp = 6.9 Hz,
C(CH,;)3], 83.8 (d, YJep = 110.2 Hz, P—-C=C), 96.9 (d, Vcp =
20.6 Hz, P-C=0), 116.2 (d, "Jep = 43.1 Hz, C-3), 128.9, 128.5,
130.9 (each s, 0-, m-, p-C), 133.5 (d, Jcp = 49.1 Hz, C-2). — *'P
NMR (CDCly): 6 = —228.0.

2-tert-Butyl-3-phenyl-1-trimethylsilylmethyl-1 H-phosphirene
(15h): From 5a (0.67 g, 3.0 mmol) in diethyl ether (15 ml) and 14k
(0.49 g, 3.3 mmol) in diethyl ether. In contrast to the general pro-
cedure, the Grignard solution was added to the solution of Sa.
Bulb-to-bulb distillation of the crude oil (method B) at 125°C/1072
mbar yielded 151 (0.49 g, 60%) as a colorless liquid. — IR (film): ¥
= 3050, 2950, 1750, 1590, 1460, 1430, 1350, 1240, 1050, 850, 830,
760, 690 cm™'. — 'H NMR (Cy4Dg): § = 0.30 [s, 9H, Si(CH5)s],
0.60 (m, 2H, CHy;), 1.50 (s, 9H, :Bu), 7.3—8.0 (m, 5H, aromatic
H). — 13C NMR (C¢Dg): 8 = 0.10 [s, Si(CH.)], 22.7
[d, Yep = 69.0 Hz, CH,Si{CH3)s), 29.75 [s, C(CH,),], 34.1 [d,
cp = 7.4 Hz, C(CHy)), 121.7 (d, Uep = 45.8 Hz, C-3), 128.4,
128.8, 130.8, 131.9 (each s, o-, m-, p-, i-C), 140.3 (d, ZJC,p = 51.8
Hz, C-2). — 3P NMR (CgDg): § = —183.2. — MS (70 eV); miz
(%): 276 (29) [M*], 261 (6) [M' — CHa], 189 (100), 158 (22), 143
(739, 73 (32).

1-Bis( trimethylsilylmethyl)-2-tert-buryl-3-phenyl-1 H-phosphirene
(15m): From 5a (0.48 g, 2.0 mmol) in diethyl ether (10 ml) and 141
[prepared from bis(trimethylsilyl)bromomethane (0.42 g, 2.0 mmol)
and n-butyllithium (1.31 ml, 2.1 mmol, 1.6 M solution in hexane)]
in diethyl ether (10 ml). Bulb-to-bulb distillation of the crude oil
(method B) at 150°C/10" mbar yielded 15m (0.63 g, 90%) as a
pale yellow liquid. — IR (film): ¥ = 2950, 1590, 1430, 1350, 1250,
1000, 840, 750, 690 cm~!. — 'H NMR (CgDg): & = 0.10 [d, 2y p
= 2.0 Hz, CHSI(CHg),], 0.30 [s, 9H, Si(CHj;)5], 0.60 (s, 9H, Bu),
7.3—8.0 (m, 5H, aromatic H). — *C NMR (C¢Dg): 5 = 1.86 [d,
*Jep = 7.0 Hz, Si(CH3)s], 2.1 [s, Si(CHj)s], 21.8 [d, Yep = 88.7
Hz, CHSi(CHs)s], 29.6 [s, C(CH,)4], 43.5 [d, 2Jcp = 8.2 Hz,
C(CHs)s], 125.0 (d, 'J¢.p = 51.0 Hz, C-3), 128.2, 128.6, 128.9 (each
8, 0=, m-, p-C), 131.6 (d, *J.p = 7.6 Hz, i-C), 142.0 (d, 'Jcp = 52.0
Hz, C-2). — 3'P NMR (CDCL): § = —159.6. — MS (70 eV); miz
(%): 348 (7) [M™], 333 (2) [M™ — CHa], 189 (23), 185 (32), 143
(100), 77 (9), 73 (43).

2-tert-Butyl-3-phenyl-1-tris( trimethylsilyl ) methyl-1 H-phosphirene
(15n): From 5a (0.45 g, 2.0 mmol) in diethyl ether and 14m [pre-
pared from bromotris(trimethylsilylymethane (0.62 g, 2.0 mmol)
and n-butyllithium (1.31 ml, 2.1 mmol, 1.6 M soluton in hexane)]
in diethyl ether (10 ml). Bulb-to-bulb distillation of the crude oil
(method B) at 170°C/10 3 mbar yielded 15n (0.80 g, 90%) as a pale
yellow liquid, — IR (film): ¥ = 2950, 1590, 1350, 1250, 1060, 840,
760, 690 cm ™!, — 'H NMR (C¢Dg): § = 0.60 [s, 27H, Si(CH)s,
1.60 (s, 9H, ¢Bu), 7.3~-8.0 (m, 5H, aromatic H). — '3C NMR
(CeDe): 6 = 4.4[d, *Jcp = 6.2 Hz, Si(CH,),], 12.4[d, Yep = 1127
Hz, CSi(CHs)s], 304 [s, C(CH3)s], 35.7 [d, 2Jep = 8.4 Hz
C(CH;)3], 128.3, 128.6, 129.7 (each s, o-, m-, p-C), 1292 (d,
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Uep = 51.1 Hz, C-3), 131.0 (d, 2Jcp = 9.3 Hz, i-C), 147.6 (d,
Wep = 65.5 Hz, C-2). — 3P NMR (C,Dg): 8 = —122.7.

2-tert-Butyl-1-(diazo-trimethylsilylmethyl)-3-phenyl-1 H-phos-
phirene (150). From Sa (0.56 g, 2.5 mmol) in pentane (10 ml) and
14n (0.30 g, 2.5 mmol) in diethyl ether (20 ml). The yellow crude
150 (0.80 g, 100%) (method A) could not be further purified with-
out decomposition. — IR (film): ¥ = 2040 cm~! (C=N,). — 'H
NMR (CeDg): & = 0.29 [s, 9H, Si(CH3)s], 1.39 (s, 9H, Bu), 7.45
(m, 5H, aromatic H), — BC NMR (C¢Dg): 8 = —1.1 [d, }Jep =3
Hz, Si(CHj)4), 29.1 [s, C(CH3)s, 30.3 (d, Jep = 63.5 Hz, C=Ny),
32.8[d, Jep = 6.5 Hz, C(CH,)3), 120.6 (d, Jcp = 48.9 Hz, C-3),
138.4 (d, 'Jop = 56.2 Hz, C-2). — *'P NMR (C¢Dy): 8 = —178.8.

2,3-Di-tert-butyl-1-( diazo-trimethylsilylmethyl )-1 H-phosphirene
(15p): From 5b (0.52 g, 2.50 mmol) in pentane (10 ml) and 14n
(0.30 g, 2.50 mmol) in diethyl ether (20 ml). The yellow crude 15p
(0.70 g, 100%) (method A) could not be further purified without
decomposition. — IR (film): ¥ = 2040 cm™* (C=N,). — 'H NMR
(CsDg): 8 = 0.27 [s, 9H, Si(CH3)a], 1.27 (s, 18H, Bu). — *C NMR
(CeDg): 8 = —1.1 [d, ¥Jep = 3 Hz, Si(CH;)s], 29.7 [s, C{CH)],
31.0(d, WUep = 54.7 Hz, C=Ny>), 31.7[d, 2Jop = 7.6 Hz, C(CH;)5],
1322 (d, 'Jep = 534 Hz, C-2, C-3). — P NMR (CgDg): & =
—183.8.

2-tert-Butyl-3-phenyl-1-tris( trimethylsilvl) silyl-1 H-phosphirene
(15q): From 5a (2.24 g, 10.0 mmol) in pentane and 140 - 3 THF
(4.7 g, 10.0 mmol) in pentane. Bulb-to-bulb distillation of the crude
oil (method A) at 170°C/10~* mbar yielded 15q (3.9 g, 90%) as a
colorless, waxy solid. — IR (film); ¥ = 2960, 2900, 1760, 1590,
1470, 1440, 1360, 1250, 1050, 850, 760, 700, 630 cm™~!. — 'H NMR
(CeDg): 5 = 0.60 [s, 27H, Si(CHa)s], 1.60 (s, 9H, /Bu), 7.3-8.1 (m,
SH, armatic H). — 13C NMR (C¢Dg): § = 2.4 [s, Si(CH;)4], 29.8
[s, C(CHa3)s], 33.9 [d, 2Jcp = 6.7 Hz, C(CHy)s], 1115 (d, Uep =
452 Hz, C-3), 128.5, 128.6, 131.3 (each s, o-, m-, p-C), 130.3 (d,
2Jep = 6.3 Hz, i-C), 130.9 (d, 1Jep = 56.2 Hz, C-2). — P NMR
(CsDg): & = —205.5. — CyHy PSiy (436.9): caled. C 57.73, H 9.46:
found C 57.6, H 9.40.

2.3-Di-tert-butyl-1-tris( trimethylsilyl ) silyl-1 H-phosphirene (15r):
From 35b (0.40 g, 2.00 mmol) in pentane and 140 - 3 THF (0.94 g,
2.00 mmol) in pentane. Bulb-to-bulb distillation of the crude oil
(method A) at 160°C/1073 mbar yielded 15r (3.90 g, 90%) as color-
less solid which melts at room temperature. — IR (film): ¥ = 2960,
2900, 1480, 1400, 1360, 1250, 1050, 850, 750, 700, 630 cm™—!. — 'H
NMR (Ce¢Dg): & = 0.50 [s, 27H, Si(CH3)s], 1.40 (s, 9H, ¢Bu). —
BC NMR (C¢Dg): 8 = 2.7 [s, Si(CH3)s], 30.3 [s, C(CHa)s], 32.7 [d,
*Jep = 8.2 Hz, C(CHy)s], 122.0 (d, 'Jep = 51.8 Hz, C-2, C-3). —
3P NMR (CgDg): 8 = —203.1.

2-tert-Butyl-3-ethoxy-1-tris( trimethylsilyl) silyl-1 H-phosphirene
(15s): From 5¢ (0.38 g, 2.00 mmol) in pentane and 140 - 3 THF
(0.94 g, 2.00 mmol) in pentane. Bulb-to-bulb distillation of the
crude oil (method A) at 150°C/10~3 mbar yielded 15s (0.72 g, 90%)
as a pale yellow oil. — IR (film): ¥ = 2950, 2900, 1800, 1620, 1470,
1390, 1260, 1250, 1100, 1030, 840, 690, 630 cm~!. — 'H NMR
(C¢Dg): 8 = 0.50 [s, 27H, Si(CHs3)s]. 1.30 (t, *Jgu = 7.0 Hz, 3H,
OCH,CH,), 1.40 (s, 9H, /Bu), 4.10 (q, *Juu = 7.0 Hz, 2H,
OCH,CH3). — *C NMR (C4Dq): § = 2.3 [s, Si{(CHj)y], 15.5 (s,
OCH,CH3), 29.9 [s, C(CH3)s], 31.2 [d, 2Jep = 5.7 Hz, C(CHy),],
70.0 (s, OCH,CHs), 85.8 (d, "Jep = 33.7 Hz, C-2), 133.3 (d,
"Jep = 55.4 Hz, C-3). — 3'P NMR (CDCL): § = —139.6.

2-tert-Butyl-3-phenyl-1-tris( trimethylsilyl) germyl-1 H-phosphirene
(15t): From 5a (0.90 g, 4.0 mmol) in pentane and 14p - 3 THF

(2.05 g, 4.0 mmol) in pentane (20 ml). Bulb-to-bulb distillation of
the crudce oil (method A) at 180°C/10~3 mbar yielded 15t (1.54 g,
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80%) as a vellow liquid. — 'H NMR (C¢Dy): & = 0.60 [s, 27H,
Si(CH3);), 1.60 (s, 9H, ¢Bu), 7.3—8.1 (m, 5H, aromatic H). — 1*C
NMR (CsDg): & = 2.9 [s, Si(CHj)s], 29.6 [s, C(CH3),], 33.9 [d,
2Jep = 6.9 Hz, C(CH,)s), 113.2 (d, 'Jep = 48.9 Hz, C-3), 128.5,
128.6, 131.4 (each s, o-, m-, p-C), 130.4 (d, 2Jcp = 6.6 Hz, i-C),
132.9 (d, WJcp = 57.9 Hz, C-2). — P NMR (C¢Dg): 6 = —189.0.

Reaction of 15q with Enneacarbonyldiiron [2-tert-Butyl-3-phenyl-
1-tris( trimethylsilyl ) silyl-1 H-phosphirene [-tetracarbonyliron  (16):
Compound 15q (1.22 g, 2.80 mmol) was added at room tempcra-
ture to a suspension of enneacarbonyldiiron (1.00 g, 2.80 mmol) in
pentane (20 ml), Stirring was continued overnight while the iron
carbonyl dissolved. Filtration of the solution, evaporation of the
solvent in vacuum, and recrystallization twice from pentane at
—78°C yielded 16 (0.85 g, 50%) as a brown solid. — IR (KBr):
v = 2950, 2900, 2020, 1960, 1930, 1430, 1360, 1250, 1060, 830
cm™!. — 'H NMR (CgDy): 8 = 0.35 [s, 27H, Si(CH3)3], 1.60 (s,
9H, Bu), 7.4—7.9 (m, 5H, aromatic H). — 3C NMR (C¢Dg): § =
2.7 [s, Si(CHs)s], 30.1 [s, C(CH)s). 352 [d, 2Jep = 6.8 Hz,
C(CH;)3], 127.8 (d, 2Jcp = 20.8 Hz, C-3), 128.7 (d, ZJcp = 6.6
Hz, i-C), 125.0, 129.8, 130.2 (each s, o-, m-, p-C), 143.2 (d, Ucp =
27.4 Hz, C-2), 2159 (d, *Jep = 17.6 Hz, C=0). — 3P NMR
(CeDg): 8 = —141.0. — Cy5Hy4 FeO,PSiy (604.8): caled. C 49.65, H
6.83; found C 49.1, H 6.78.

Reduction of 5a with Complex Hydrides

2-tert-Butyl-3-phenyl-1 H-phosphirene (17): 2-tert-Butyl-1-chloro-
3-phenyl-1 H-phosphirene (5a) (0.48 g, 2.14 mmol) was dissolved in
diethyl ether (5 ml) and the solution was cooled at 0°C. A suspen-
sion of lithium aluminum hydride (0.04 g, 1.07 mmol) in diethyl
ether (3ml) was added dropwise, the reaction mixture was stirred
for 20 min at 0°C, then allowed to warm up to room temperature
and stirred for a further 1 h. The solvent was removed in vacuum,
the residue extracted with pentane, and the pentane solution was
filtered over Celite. After removal of the pentanc under vacuum,
product 17 was obtained as a colorless liquid (0.31 g, 76%) which
could not be purified without decomposition. Bulb-to-bulb distil-
lation of crude 17 at 200°C/10~3 mbar yielded 3,3-dimethyl-1-
phenyl-but-1-yne [fBu—C=C~Ph] (0.15 g, 58%). Thc alkyne was
identified by comparison of its IR- and 'H-NMR data with those
of an authentic sample®. — IR (film): ¥ = 2275 cm™! (P~H). —
'H NMR (CDCl;): & = 1.38 (s, 9H, /Bu), 1.54 (d, 'Jy p = 107.0 Hz,
PH), 7.38, 7.67 (each m, 5H, aromatic H). — 3*C NMR (CDCl):
§ = 29.2 [s, C(CHa)3}, 33.0 [d, *Jcp = 6.8 Hz, C(CH;[3], 108.1 (d,
Uep =39.2Hz, C-3), 126.8 (d, 'Jcp = 45.6 Hz, C-2), 128.6, 128.7,
131.4 (each s, o-, m-, p-C), 129.5 (d, 2Jcp = 6.8 Hz, i-C). ~ 3P
NMR (CDCl3): § = —247.1 (d, YJpy = 107 Hz). Compound 17
can also be obtained by reaction of 5a with tributylstannane?¥l or
with lithium triethylboratel®”],

Reactions of 5a with Sodium Borates 18a—c¢

2-tert-Butyl-1-ethyl-3-phenyi-1 H-phosphirene [19a (=15g)]: A
solution of 5a (0.16 g, 0.71 mmol) in diethyl ether (2 ml) was added
at —78°C to a suspension of 18a (0.11 g, 0.71 mmol) in dicthyl
ether (3 ml). After |5 min the reaction mixture was allowed to
warm slowly to room temperature, the sodium chloride was re-
moved by centrifugation, and the solvent removed by distillation
in vacuum. Bulb-to-bulb distillation at 170°C/1073 mbar yielded
19a (=15g) (0.07 g, 45%) as a colorless liquid. — Identification by
IR and NMR comparison with 15g which was obtained from Sa
and 141

(2-tert-Butyl-1,3-diphenyl-1 H-phosphirenium)  Triphenylborate
(20a): A mixture of thc chloro-1 H-phosphirene 5a (0.28 g, 1.25
mmol) and sodium tetraphenylborate (18b) (0.43 g, 1.25 mmol) in
deuteriotrichloromethane (3 ml) (reaction vessel: 10 mm NMR
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tube) was allowed to react at room temperature (*'P-NMR moni-
toring). When the starting material had disappeared, diethyl ether
(5 ml) was added and the precipitated sodium chloride was re-
moved by centrifugation. After removal of the solvent in vacuum
the residue was recrystallized from diethyl ether/dichloromethane
(1:1) at —20°C yielding 20a as a colorless powder with m.p. 105°C,
— 'H NMR (CDCly): 8 = 1.30 (s, 9H, (Bu), 7.0-7.9 (m, 25H,
aromatic H). — 3C NMR (CDCly): 8 = 29.9 [s, C(CHs)s), 34.4 [s,
C(CHs);], 115.1 (d, Wep = 35.5 Hz, C-3), 127.6-138.3 (m, aro-
matic C), 136.0 (d, *Jep = 43.1 Hz, C-2), 141.5 (d, YJcp = 65.2
Hz, i-C-Ph-2), 144.8 (s, br.,, i-C-Ph-B). — P NMR (CDCl;): 6 =
—171.2. — C3sH4,BP (508.5): caled. C 85.04, H 6.74; found C 84.7,
H 6.88.

2-tert-Butyl-1,3-diphenyl-1 H-phosphirene (19b): Sodium tetra-
phenylborate (18b) (0.17 g, 0.49 mmol) was added to a solution of
5a (0.11 g, 0.49 mmol) and pyridine (0.04 g, 0.49 mmol) in tri-
chloromethane (3 ml) at room temperature. The reaction mixture
was stirred for 90 min at the same tcmperature while the borate
dissolved and a voluminous precipitate of pyridinium hydrochlo-
ride formed. The reaction mixture was filtered over Celite, the sol-
vent was removed in vacuum, and the residue was extracted with
pentane (5 ml). The pentane solution was again filtered and evapo-
rated in vacuum. Bulb-to-bulb distillation at 190°C/10~% mbar
yielded 19b (0.10 g, 76%) as a colorless oil. — 'H NMR (CDCl,):
& =1.25(s, 9H, rBu), 7.0—7.7 (m, 10H, aromatic H). — 1*C NMR
(CDCly): & = 29.7 [s, C(CHa)3], 33.9 [d, *Jcp = 7.7 Hz, C(CHa)3].
114.3 (d, 'Jep = 41.2 Hz, C-3), 127.7—130.8 (m, aromatic C), 135.9
(d, Jep = 48.9 Hz, C-2), 1433 (d, 'Jop = 66.4 Hz, i-C-Ph-1). —
3P NMR (CDCl,): § = —189.5. — CgH P (266.3): calcd. C 81.18,
H 7.19; found C 81.0, H 7.2. Compound 19b could also be detected
in the reaction mixture by *'P-NMR spectroscopy on treatment of
the borane adduct, 20b, with an equimolar amount of pyridine in
deuteriotrichloromethane.

[2-tert-Butyl-1-(4-chlorophenyl)-3-phenyl-1 H-phosphirenium [1-
Tris(4-chlorophenyl)borate] (20b): A mixture of the chloro-1H-
phosphirene 5a (0.29 g, 1.30 mmol) and sodium tetrakis(4-chloro-
phenyl)borate (18¢) (0.62 g, 1.30 mmol) in deuterio-trichlorometh-
ane (3 ml) (reaction vessel: 10 mm NMR tube) was allowed to react
at room temperature (*'P-NMR monitoring). When the starting
material could no longer be detected, diethyl ether (5 ml) was added
and the precipitated sodium chloride was removed using a centri-
fuge. After removal of the solvent in vacuum 20b (0.27 g, 30%) was
isolated as a yellow powder. — "H NMR (CDCl3): 6 = 1.15 (s, 9H,
{Bu), 6.8—7.6 (m, 5H, aromatic H). — '3C NMR (CDCL): § =
29.8 [s, C(CH3)3], 34.5 [s, C(CHa)s], 115.5 (d, Jep = 27.9 Hz, C-
3), 126.7-137.9 (m, aromatic C), 135.6 (d, Jep = 37.4 Hz, C-2),
136.9 (d, 'Jep = 55.2 Hz, i-C-Ph-1), 145.0 (s, br., -C-Ph-B). —
3P.NMR (CDCl3): 8 = —173.2.

Reactions of Sa with Lithium Tetraalkoxyborates, 18d—1

General Procedure for the Synthesis of Lithium Tetraalkoxybor-
ates, 18d—M%: An equimolar amount of the trialkyl borate was
added dropwise to a solution of n-butyllithium (9 ml, 15.00 mmol,
1.6 M solution in hexane) in diethyl ether (50 ml) at ~78°C). The
reaction mixture was allowed to warm to room temperature, and
the precipitated crystals collected and washed several times with
diethyl ether. Drying in vacuum yielded 18d—1f as colorless pow-
ders.

Lithium Tetramethoxyborate (18d): From trimethyl borate (1.56
g, 15.00 mmol). Yield: 1.70 g (80%). — 'H NMR (CD-OD): § =
3.32 (s, OMe). — "B NMR (CD;0OD): 8 = —12.5. C,H,BLiO,
(141.9); caled. C 33.86, H 8.52; found C 33.7, H 8.4.
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Lithium Tetraethoxyborate (18¢)/%%: From triethyl borate (2.19 g,
15.00 mmol). Yield: 2.31 g (78%). — 'H NMR (CD;OD): 6 = 1.15
(d, Jyn = 7.0 Hz, 3H, OCH,CH:), 3.60 (q, *Jygnt = 7.0 Hz, 2H,
OCH,CH;). — ""B NMR (CD,0D): 5 = —12.7. — CgH,,BLiO,
(198.0): caled. C 48.53, H 10.18; found C 49.1, H 10.3.

Lithium Tetraisopropoxyborate (18f): From triisopropyl borate
(2.89 g, 15.00 mmol). Yield: 2.70 g (71%). — 'H NMR (CD,0D):
8 = 1.10 [d, 3Jg iy = 6.3 Hz, 6H, OCH(CH5>),], 3.88 [sept, 3Ju g =
6.3 Hz, 1H, OCH(CH,),]. — "B NMR (CD;0D): 8 = —12.5. —
C,2HBLIO, (245.1): caled. C 56.72, H 11.01; found C 56.6, H
10.9.

General Procedure for the Synthesis of 1-Alkoxy-1 H-phosphirenes
19d—f: An equimolar amount of lithium tetraalkoxyborate was ad-
ded to a solution of 5a in diethyl ether (5 ml) at room temperature.
The mixture was stirred for 1 h, the precipitated lithium chloride
was removed using a centrifuge, and the solvent evaporated under
vacuum. Bulb-to-bulb distillation of the residue yielded 19d—f as
colorless oils, which were analytically pure.

2-tert-Butyl-1-methoxy-3-phenyl-1 H-phosphirene [19d (=15a)):
From 5a (0.32 g, 1.42 mmol) and lithium tetramethoxyborate (18d)
(0.20 g, 1.42 mmol). Bulb-to-bulb distillation at 130°C/10~2 mbar
yielded 19d (0.24 g, 77%). ldentification by NMR and comparison
with 15a, which was obtained from 5a and 14a.

2-tert-Butyl-1-ethoxy-3-phenyl-1H-phosphirene (19¢): From Sa
(0.23 g, 1.02 mmol) and lithium tetracthoxyborate (18e) (0.21 g,
1.02 mmol). Bulb-to-bulb distillation at 150°C/10~2 mbar yielded
19¢ (0.10 g, 45%). — "H NMR (CDCly). 3 = 1.00 (t, *Jy g = 7.5
Hz, 3H, OCH,CHs>), 1.35 (s, 9H, 1Bu), 3.30 (m, 2H, OCH,CH,),
7.30—7.55 (m, 5H, aromatic H). — '*C NMR (CDCl;): § = 16.9
(s, OCH,CHs5), 29.6 [s, C(CH3)3), 33.8 [d, 2Jep = 6.4 Hz, C(CHj3)a),
58.4 (s, OCH,CHs5), 128.7, 128.9, 130.3, 130.5 (each s, o-, m-, p-, i-
), 1379 (d, Yep = 57.0 Hz, C-3), 154.8 (d, 'Jop = 63.9 Hz, C-
2). — 3P NMR (CDCly): 8 = —82.9. — C;4HoOP (234.3): caled.
C 71.77, H 8.17; found C 71.6, H 8.2.

2-tert-Butyl-1-isopropoxy-3-phenyl-1H-phosphirene (19f): From
Sa (0.25 g, 1.10 mmol) and lithium tetraisopropoxyborate (18f)
{0.28 g, 1.10 mmol). Bulb-to-bulb distillation at 145°C/107? mbar
yielded 19f (0.09 g, 33%). — 'H NMR (CDCly): 8 = 0.90, 1.00
[cach d, ¥ = 6.0 Hz, each 3H, OCH(CHj3),), 1.30 (s, 9H, tBu),
3.70 [m, 1H, OCH(CH,),], 7.2—7.7 (m, 5H, aromatic H). — 13C
NMR (CDCly): 8 = 24.3, 24.4 [each s, OCH(CH3)], 29.7 s,
C(CH,)3), 34.0 [d, 2/c.» = 6.8 Hz, C(CH3)s], 65.3 [s, OCH(CHS3),],
128.7, 128.9, 130.5 (each s, o-, m-, p-C), 129.9 (d, *Jcp = 6.9 Hz,
i-C), 137.5 (d, Uep = 57.0 Hz, C-3), 1542 (d, pe = 63.1 Hz, C-
2). — P NMR (CDCly): 8 = ~84.4. — MS (70 eV); mfz (%): 248
(71) [M*], 205 (35), 189 (21), 158 (11), 143 (73), 128 (42), 77 (13),
57 (58). — C,sHa OP (248.3): caled. C 72.56, H 8.52; found C 72.5,
H 8.50.

Reaction of 5¢ with Sodium Tetramethoxyborate

2-tert- Butyl-3-ethoxy-1-methoxy-1 H-phosphirene (19g): To the
solution of 5¢ (0.09 g, 0.47 mmol) in trichloromethane was added
sodium tetramethoxyborate (18g) (0.08 g, 0.47 mmol) at 0°C. The
mixture was allowed to warm to room temperature, the precipitate
was removed by [iltration, and the solvent distilled under vacuum.
Bulb-to-bulb distillation at 150°C/10~2 mbar yielded 19g (0.04 g,
45%) as a colorless oil. — 'H NMR (CDCly): 8 = 1.23 (s, 9H, Bu),
1.37 (t, 3Juu = 7.1 Hz, 3H, OCH,CH3), 3.07 (d, 3Jyp = 8.9 Hz,
3H, OCHjs), 4.20 (g, gy = 7.1 Hz, 2H, OCH,CH,). — **C NMR
(CDCly): 8 = 153 (s, OCH,CH,3), 29.5 [s, C(CHs)3], 31.6 [d,
2Jep = 5.1 Hz, C((CHy)s), 49.3 (d, ¥Ucp = 5.6 Hz, POCH;), 69.9
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(s, OCH,CH>), 120.6 (d, Jep = 48.5 Hz, C-2), 153.9 (d, Wep =
69.1 Hz, C-3). — P NMR (CDCly): & = —40.0.

Reaction of 5 with Trimethylsilyl Nucleophiles

2-tert-Butyl-1-cyano-3-phenyl-1 H-phosphirene (22a): A mixture
of 5a (0.48 g, 2.14 mmol) and trimethylsilyl cyanide (21a) (2.12
g, 21,37 mmol) was stirred at room temperature until the starting
material, 5a, could no longer by detected (*'P-NMR monitoring).
After removal of trimethylsilyl chloride and excess trimethylsilyl
cyanide in vacuum, the solid residue was recrystallized from dichlo-
romethane/hexane at —25°C yielding 22a (0.31 g, 67%) as colorless
crystals; m.p. 81°C. — IR (film): ¥ = 2145 cm™! (C=N). — 'H
NMR (CDCl;): & = 1.48 (s, 9H, tBu), 7.52, 7.78 (each m, 5H,
aromatic H). — 3C NMR (CDCly): § = 28.8 [s. C(CH3);), 33.7 [d,
2Jep = 6.1 Hz, C(CH3)4], 111.8 (d, Jpc = 44.6 Hz, C-3), 125.3
(d, 'Jpe = 181.0 Hz, C=N), 125.7 (d, 2Jpc = 6.5 Hz, i-C), 127.1
(d, 'Jcp = 51 Hz, C-2), 129.0, 130.2, 131.1 (each s, o-, m-, p-C). —
3P NMR (CDClL): & = —232.4. — C;3H4NP (215.2): caled. C
72.55, H 6.58, N 6.52; found C 72.0, H 6.59, N 6.40.

2-tert-Butyl-1-cyano-3-ethoxy-1 H-phosphirene (22b): A mixture
of 5¢ (0.11 g, 0.57 mmol) and trimethylsilyl cyanide (21a) (0.57 g,
5.75 mmol) was stirred at room temperature until the starting
material, 5¢, could no longer be detected (*!P-NMR monitoring).
Removal of trimethylsilyl chloride and excess trimethylsilyl cyanide
in vacuum yielded 22b (0.10 g, 100%) as a colorless oil. — IR (film):
¥ = 2150 cm™! (C=N). — 'H NMR (CDCly): 6 = 1.28 (s, 9H,
Bu), 1.43 {1, *Junca = Jamucy = 7.15 Hz, Xs-part of an
ABX;-spin system, 3H, OCH,CH3), 4.31 (m, AB-part of an ABXj3-
spin system, 2H, OCH,CH,). — *C NMR (CDCl,): § = 154 (s,
OCH,CH,), 28.6 [s, C(CH1);), 31.2 [d, *Jcp = 6.5 Hz, C(CH3)4],
71.7 (s, OCH,CH3), 89.0 (d, Jep = 35.2 Hz, C-2), 1252 (d,
ep = 193.5 Hz, C=N), 130.3 (d, Jcp = 52.5 Hz, C-3). — *'P
NMR (CDCL): § = —182.0. — MS (70 eV); m/z (%): 183 (4) [M*],
168 (3), 157 (14), 154 (22), 140 (4), 128 (21), 113 (3), 110 (13), 57
(100), 41 (21), 29 (19), 27 (8).

1-Azido-2-tert-buryl-3-phenyl-1 H-phosphirene (22¢): A mixture of
5a (0.56 g, 2.50 mmol) and trimethylsilyl azide (21b) (2.88 g, 5.75
mmol) was stirred at room temperature until the starting material,
5a, could no longer be detected (*'P-NMR monitoring). Removal
of trimethylsilyl chloride and excess trimethylsilyl azide in vacuum
yielded 22¢ (0.58 g, 100%) as a colorless oil. — IR (film): ¥ = 2090
cm~! (N=N=N). — 'H NMR (CDCl;): § = 1.45 (s, 9H, rBu), 7.60
(m, 5H, aromatic H). — *C NMR (CDCl;): & = 29.4 [s, C(CH3)4],
33.5 [d, 2Jcp = 6.2 Hz, C(CHy)y], 128.1 (d, 2Jcp = 6.8 Hz, i-C),
129.1, 130.1, 131.0 (each s, o-, m-, p-C), 130.5 (d,
Ucp = 66.3 Hz, C-3), 146.6 (d, 'Jcp = 62.8 Hz, C-2). — >'P NMR
(CDClLy): & = —106.7. — Cy,H4NsP (231.2): caled. C 62.33, H
6.10, N 18.17; found C 62.2, H 6.15, N 16.1.

1-Azido-2,3-di-tert-butyl-1 H-phosphirene (22d): A mixture of 5b
(0.52 g, 2.50 mmol) and trimethylsilyl azide (21b) (2.88 g, 5.75
mmol) was stirred at room temperature until the starting material,
5b, could no longer be detected (*!P-NMR monitoring). Removal
of trimethylsilyl chloride and excess trimethylsilyl azide in vacuum
yielded 22d (0.49 g, 100%) as a colorless oil. — IR (film): ¥ = 2100
cm™! (N=N=N). — '"H NMR (CDCl;): 6 = 1.28 (s, 18H, /Bu). —
BC NMR (CDCly): & = 300 [s, C(CHis), 32.6 [d,
2Jep = 6.3 Hz, C(CH;)), 1429 (4, WJcp = 61.3 Hz, C-2/C-3). —
3P NMR (CDCly): 8 = —106.3.

Reactions of 22a, d with Pentacarbonyltungsten - Tetrahydrofuran
— General Procedure: A solution of pentacarbonyltungsten - THF
was prepared by irradiation of a solution of hexacarbonyltungsten
in THF (HPK, 125 W, Philips) for 30 min. This solution was added
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to 22 in THF (5 ml) and the mixture was stirred for 3 h at room
temperature. The solvent and all volatile compounds were then re-
moved by distillation in vacuum. The residue was taken up in pen-
tane (about 50 ml), filtered, and the pentane evaporated in vacuum.
The work-up was continued as described below for the individual
compounds.

(n!-2-tert-Butyi-1-cyano-3-phenyl-1 H-phosphirene-P ) pentacar-
honyltungsten (23): From hexacarbonyltungsten (0.53 g, 1.51 mmol)
and 1l-cyano-1H-phosphirene 22a (0.28 g, 1.30 mmol). Medium-
pressure liquid chromatography (MPLC, Blichi 681, 46 X 3.6 c¢m,
pressure 40 bar, silica gel 60, Merck) with hexane/diethyl ether (2:1)
yielded two fractions. Further MPLC of the second fraction
yielded, after removal of the solvents in vacuum, 23 (0.09 g, 13%)
as a yellow solid which was recrystallized from pentane/diethyl
ether (1:2); m.p. 131°C (dec.). — IR (pentane solution): ¥ = 2167
(C=N), 2079, 1994, 1950 cm~! (C=0). — '"H NMR (CDCl;): & =
1.53 (s, 9H, rBu), 7.58, 7.76 (each m, SH, aromatic H). — *C NMR
(CDClLy): 8 = 283 [d, *Jcp = 3.3 Hz, C(CH,),), 34.0 [d,
YJop = 4.8 Hz, C(CH,)3], 120.5 (d, 'Jep = 71.2 Hz, C=N), 122.4
(d, Jop = 13.4 Hz, C-3), 1239 (d, Wcp = 5.2 Hz, i-C), 129.6,
131.6, (each s, o-, p-C), 130.9 (d, *J.p = 6.7 Hz, m-C), 135.2 (d,
ep = 19.1 Hz, C-2), 194.0 (d, 2Jcp = 8.5 Hz, Jew = 126.0 He,
C=Ouquuoria)> 195.7 (d, Zpc = 42.1 Hz, C=0,0). — *'P NMR
(CDCLy): & = —209.4 (WJpw = 3124 Hz). — CgH,NOsPW
(539.1): caled. C 40.10, H 2.62, N 2.60; found C 39.5, H 2.62, N
2.40. — Flash chromatography (20 X 3.5 cm, silica gel 60, Merck)
with hexane/toluene instead of medium-pressure chromatography
of the crude product yielded, afier removal of the solvent in vac-
uum and recrystallization from pentane/diethyl ether, 24 (0.10 g,
9% as yellow crystals with m.p. 115°C (dec.); on the basis of spec-
troscopic data, 24 corresponds in all respects to the substance ob-
tained by the reaction of 22a with pentacarbonyltungsten - THF
in a molar ratio of 1:2; see below.

(n!,n!-2-tert- Butyl-1-cyano-3-phenyl-1 H-phosphirene-N, P )-di( pen-
tacarbonyltungsten) (24). From hexacarbonyltungsten (1.06 g, 3.01
mmol) and cyano-1H-phosphirene 22a (0.31 g, 1.44 mmol). The
residue was taken up in pentane (20 ml) and cooled to —30°C yield-
ing 24 (041 g, 33%) as yellow crystals with m.p. 115°C (dec.}). —
IR (hexane solution): ¥ = 2149 (C=N), 2083, 2066, 1965, 1946,
1932 ¢m ™! (C=0). — 'H NMR (CDCl3): 3 = 1.56 (s, 9H, Bu),
7.63, 7.78 (m, 5H, aromatic H). — 13C NMR (CDCls): 8 = 28.7
[d, ¥ep = 3.0 Hz, C(CH,)4], 34.3 [d, 3Jcp = 4.8 Hz, C(CH3)],
122.5 (d, Jep = 15.1 Hz, C-3), 123.3 (d, WJ¢cp = 5.6 Hz, i-C),
128.6 (d. 'Jcp = 83.8 Hz, C=N), 129.8, 132.1 (each s, o-, p-C),
131.0 (d, “Jep = 6.6 Hz, m-C), 135.6 Hz, (d, 'Jop = 20.8 Hz,
C-2), 193.6 (d, 2Jep = 8.2 Hz, 'Jew = 126.0 Hz, C=O.quutoriat)s
195.0 (d, Zep = 43.7 Hz, C=0,44n), 195.6 (3, Jow = 130.5 Hz,
C=0quatoria)s 198.8 (3, Wew = 152.6 Hz, C=0,5.). — *'P NMR
(CDCly): 8 = —200.5 (\Jpw = 317.3 Hz).

(n!-1-Azido-2,3-di-tert-buryl-1 H-phosphirene- P )-pentacarbonyl-
tungsten (25): From hexacarbonyltungsten (0.86 g, 2.20 mmeol) and
22d (0.41 g, 2.00 mmol). Recrystallization of the crude product
from toluene at —78°C yielded 25 (0.12 g, 11%) as yellow-brown
crystals. — IR (film); ¥ = 2120 (N=N=N), 1985, 1954 cm™!
(C=0). — '"H NMR (CDCly): § = 135 (s, 18H, rBu). — *'P NMR
(CDChL): 8 = —106.0 (Jpw == 315.1 Hz). — C;sH;sN;OsPW
(535.1): caled. C 33.66, H 3.38, N 7.85; found C 33.8, H3.45, N 7.5.
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