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Abstract: While P 1,2-oxaphosphetanes are well known from
the Wittig reaction, their P analogues are still unexplored.
Herein, the synthesis and reactions of the first 1,2-oxaphos-
phetane complexes are presented, which were achieved by
reaction of the phosphinidenoid complex [Li(12-crown-4)-
(solv)][(OC)sW{(Me;Si),HCPCI}] with different epoxides.
The title compounds appeared to be stable in toluene up to
100°C, before unselective decomposition started. Acid-induced
ring expansion with benzonitrile resulted in selective formation
of the first complex bearing a 1,3,4-oxazaphosphacyclohex-2-
ene ligand.

A fundamental breakthrough in the use of strained phos-
phorus heterocycles in organic synthesis was achieved by
Wittig et al., who described the reaction between phospho-
nium ylides I and aldehydes (or ketones) II to achieve alkene
formation IV; the transient PV 1,2-oxaphosphetanes III play
a key role here (Scheme1).! Due to the fundamental
importance of this C=C bond-forming reaction, great efforts
were undertaken to elucidate the mechanism:'®! several
stable derivatives of such PY 1,2-oxaphosphetanes™ were
not only established by NMR spectroscopy, but also structur-
ally characterized.®

Surprisingly, P™ 1,2-oxaphosphetanes and/or their metal
complexes are still unknown. In 1987, Mathey and Marinetti
reported on the reaction of a transient electrophilic terminal
phosphinidene complex!*! with styrene oxide at 110°C, which
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Scheme 1. The Wittig reaction based on the cleavage of a P' 1,2-
oxaphosphetane ring.

[*] A.W. Kyri, Dr. V. Nesterov, Dr. G. Schnakenburg, Prof. Dr. R. Streubel
Institut fiir Anorganische Chemie
der Rheinischen Friedrich-Wilhelms-Universitat Bonn
Gerhardt-Domagk-Strasse 1, 53121 Bonn (Germany)
E-mail: r.streubel@uni-bonn.de
Homepage: http://anorganik.chemie.uni-bonn.de/akstreubel/

[**] Financial support by the Deutsche Forschungsgemeinschaft (STR
411/25-3), the SFB 813, and the EU (Cost Action CM 1302 “Smart
Inorganic Polymers”) is gratefully acknowledged; G.S. thanks Prof.
A. C. Filippou for support.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201404877.

Angew. Chem. Int. Ed. 2014, 53, 10809 -10812

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

led to a mixture of a dioxaphospholane and a phosphirane
complex.”! The proposed reaction mechanism assumed the
primary formation and subsequent decomposition of a 1,2-
oxaphosphetane complex as the key intermediate. Another
approach by Stephan et al. using nucleophilic phosphinidene
complexes and epoxides was also not successful in yielding
1,2-oxaphosphetane complexes; instead a formal O/PR group
exchange resulted in phosphirane formation.®

Early studies on the reactions of alkali metal phospha-
nides with epoxides revealed ring-opening to yield 1,2-
phosphanyl alcohols as final products”! and a preference for
nucleophilic attack at the least hindered side of the epoxide
ring was observed. In this context, we contemplated what the
outcome would be if Li/Cl phosphinidenoid complexes!®
would be employed. Further encouraged by the observation
that the latter can be efficiently used as synthetic equivalents
of electrophilic terminal phosphinidene complexes under
mild conditions, for example, to synthesize small-ring hetero-
cyclic®” and acyclic!'” P ligands, we were stimulated to renew
the quest for 1,2-oxaphosphetane complexes.

Li/Cl phosphinidenoid complex 2, formed from dichloro-
(organo)phosphane complex 1™ by chlorine/lithium
exchange with /BuLi in the presence of 12-crown-4, reacted
readily with different epoxide derivatives 3-5 to yield
selectively 1,2-oxaphosphetane complexes 6-8. Each of
these products were obtained as a mixture of four regio-
and stereoisomers (Scheme 2), of which two isomers were
predominant (Table 1). Workup by column chromatography
at low temperatures led to the isolation of stable solids, and
some isomers could be enriched (up to 98 % ) using fractional
crystallization and spectroscopically characterized (for details
see the Supporting Information). The '"H NMR spectra of 6-8
revealed signals of protons bound to the a-P ring carbon
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Scheme 2. Synthesis of 1,2-oxaphosphetane complexes 6-8 by reaction
of the in situ formed phosphinidenoid complex 2 with epoxides 3-5.
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Table 1: *'P{'"H} NMR data (CDCl;) for 1,2-oxaphosphetane complexes
6-8.

OC"P) [ppm] (s [H2]) [a/b/c/d]
a b c d

6 220.2 210.7 195.1 179.7 40:4:53:3
(275.4) — (273.1) (281.1)

7 176.4 169.2 164.5 164.4) 30:4:19:47
(273.4) —H (267.8) (268.7)

8 182.4 174.8 171.0 170.1 44:7:19:30
(278.6) (281.0) (274.4) (271.3)

atoms at about 5 ppm, which are apparently significantly
deshielded. In the same regard it is noteworthy that all 1,2-
oxaphosphetane complexes display *'P{'"H} NMR resonances
in a surprising low-field range of 6 =160 to 220 ppm.

Single crystals suitable for X-ray diffraction were
obtained from each mixture having one enriched isomer
and, therefore, molecular structures of complexes 6-8 could
be established (Figure 1-3). For example, the complex
assigned as 6a was obtained in almost pure form (ca. 98 %
with a small amount of of 6 ¢) by removing other isomers with
n-pentane and recrystallizing from diethyl ether. Surprisingly,
the regioisomeric 1,2-oxaphosphetane rings having the C-
substituent in 3- (6, Figure 1) and 4-position (7 and 8,
Figures 2 and 3) can adopt a cis (Figure 1) and trans arrange-
ment, (Figures 2 and 3), respectively, relative to the M(CO);
unit.

Comparison of the molecular parameters of complexes 6—
8 with those of known P 1,2-oxaphosphetanes like 9% and
105" (Figure 4) reveals comparable bond lengths but some
differences in the endocyclic angles; that is, on going from the
PY to the P™ heterocycles an increase of the O-P-C angles by
about 2-5° was found.

A preliminary study on the thermal stability and ring-
expansion reactivity of the 1,2-oxaphosphetane complexes
was performed using a mixture of 7a/b/c/d (30:4:19:47).
Under these conditions, decomposition was observed to occur

Figure 1. Structure of complex 6a (ellipsoids set at 50% probability
level; hydrogen atoms are omitted for clarity). Selected bond lengths
[A] and angles [7]: W—P 2.4749(11), P-O1 1.677(3), P-C1 1.894(5), P—
C2 1.820(4); C1-P-O1 79.20(18), C2-P-O1 107.28(18), C2-P-C1
109.76(19), O1-P-W 111.47(11), C1-P-W 124.78(14), C2-P-W
116.91(15).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Structure of complex 7 (ellipsoids set at 50% probability
level; hydrogen atoms are omitted for clarity). Selected bond lengths
[A] and angles [°]: W—P 2.4846(14), P-O1 1.672(4), P-C1 1.827(5), P-
€2 1.800(5); C1-P-O1 79.7(2), C2-P-O1 108.4(2), C2-P-C1 111.5(3), O1-
P-W 113.73(16), C1-P-W 118.9(2), C2-P-W 118.00(17).

Figure 3. Structure of complex 8 (ellipsoids set at 50% probability
level; hydrogen atoms are omitted for clarity). Selected bond lengths
[A] and angles [°]: W—P 2.4726(10), P-O1 1.693(3), P-C1 1.835(4), P—
C2 1.813(4); C1-P-O1 80.35(18), C2-P-O1 108.25(17), C2-P-C1
111.42(19), O1-P-W 112.31(11), C1-P-W 120.31(16), C2-P-W
117.65(13).
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Figure 4. Examples of structurally characterized P¥ 1,2-oxaphosphe-
tanes.

in toluene at about 100°C (5 h) leading to a product mixture,
yet to be identified. When a methylene chloride solution of
complexes 7a-d (same ratio) was treated with CF;SO;H
(TfOH) at ambient temperature in the presence of benzoni-
trile followed by addition of triethylamine, a P—O bond-
selective ring expansion took place, giving the 1,3,4-oxaza-
phosphacyclohex-2-ene complex 12 as a mixture of isomers
(ratio 93:7; Scheme 3). While the major product (12a) was

Angew. Chem. Int. Ed. 2014, 53, 10809 -10812


http://www.angewandte.org

1.TfOH M] R ™ R
2.PhCN \PH M \PH
3.NEty Y e N
7a-d . | + |
CH,Cly, RT
HNEIOTE e 0 Ph 0 Ph

R = CH(SiMe3), 12a 12b
[M] = W(CO)s

Scheme 3. Acid-induced ring-expansion reaction of 1,2-oxaphosphetane
complexes 7a—d.

isolated in pure form by column chromatography, the minor
product could not be obtained. Complex 12a displays
a *'P{'H} NMR resonance at 6 =40.0 (/yp=258.8 Hz); the
minor product was observed at d =31.0 ppm; here, we assume
that the latter is the regioisomer 12b. Subsequent recrystal-
lization afforded yellow single crystals of 12a and, hence, it
was possible to establish the regiochemistry of the ring-
expansion product (Figure 5) by X-ray diffraction studies.

Figure 5. Structure of complex 12a (ellipsoids set at 50% probability
level; hydrogen atoms are omitted for clarity). Selected bond lengths
[A] and angles [°]: W—P 2.4989(10), P-N 1.703(3), P-C1 1.828(4), P-C2
1.821(4); C1-P-N 99.80(16), C2-P-N 104.83(17), C2-P-C1 105.63(18), N-
P-W 107.06(11), C1-P-W 118.70(13), C2-P-W 118.40(15).

In conclusion, facile access to the first 1,2-oxaphosphetane
complexes was achieved using low-temperature ring expan-
sion of epoxides with a Li/Cl phosphinidenoid complex. Two
aspects of this (formal) insertion of a P, building block
deserve particular attention: 1) The formation of regioiso-
meric four-membered rings is very rare in epoxide ring-
expansion chemistry as the least hindered side of epoxides is
usually preferred. 2) The high functional group tolerance of
the Li/Cl phosphinidenoid complex 2 (in the case of epoxide
5) provides interesting perspectives for the follow-up chemis-
try of 1,2-oxaphosphetane complexes. The reactivity of the
title compounds was illustrated by an acid-induced ring-
expansion reaction using 7a-d, thus yielding a novel six-
membered heterocyclic ligand (in 12).

Experimental Section

6-8: A solution of 292.5 mg (0.5 mmol) of complex 1 and 80 uL
(0.5 mmol, 1.0 equiv) of 12-crown-4 in 10 mL of diethyl ether was
cooled to —78°C and 03 mL (0.51 mmol, 1.7M in n-pentane,
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1.02 equiv) of rBuLi was added dropwise. Subsequently, 0.06 mL of
styrene oxide (0.52 mmol, 1.04 equiv), 0.04 mL of propylene oxide
(0.57 mmol, 1.14 equiv), or 0.04 mL of epichlorohydrin (0.51 mmol,
1.02 equiv) was added with a syringe and the solution allowed to
warm to ambient temperature. All volatiles were removed in vacuo
(ca. 2x 107> mbar) and the products were extracted with n-pentane
(3x15mL). Products 6-8 were purified by low-temperature column
chromatography (SiO,, —20°C, eluent: petroleum ether, petroleum
ether/diethyl ether 10:0.1).The products were obtained as solids after
all volatiles had been removed in vacuo (ca. 2 x 10> mbar) from the
second fractions. The products were recrystallized by slow evapo-
ration of saturated n-pentane solutions at 4 °C to yield colorless solid
compounds as mixtures of isomers (Table 1) Yield: 6:40%,7:58 %, 8:
61 %. For analytical data see the Supporting Information.!'”

12a,b: First 572 mg (1.0 mmol) 7a-d was dissolved in 20 mL of
CH,Cl,. Then 0.11 mL (1.1 mmol) of PhCN and, subsequently,
0.13 mL (1.5 mmol) of triflic acid was added. The mixture was stirred
for 30 min at ambient temperature and cooled to 0°C and 0.21 mL
(1.5 mmol) of Et;N was added. After 20 min the solvent was removed
under reduced pressure (ca. 2 x 1072 mbar). The residue was purified
by column chromatography (SiO,, —20°C, eluent: petroleum ether,
petroleum ether/diethyl ether 10:0.1). After evaporation of the
second fraction and recrystallized by slow evaporation of a saturated
diethyl ether solution, the product 12a was obtained as a yellow solid
in 56 % yield. For analytical data see the Supporting Information.!'’
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