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Phosphorus Heterocycles diphosphetes of type C by isomerization or direct C—P

2-Phospha-4-silabicyclo[1.1.0]butane as a
Reactive Intermediate™*

J. Chris Slootweg, Frans J. J. de Kanter, Marius Schakel,
Andreas W. Ehlers, Barbara Gehrhus, Martin Lutz,
Allison M. Mills, Anthony L. Spek, and

Koop Lammertsma*

Bicyclo[1.1.0]butane remains a fascinating compound.
Stretching of its central C—C o-bond culminates in a planar
singlet diradical transition structure for inversion, whereas
stretching of the peripheral bonds leads to valence isomer-
ization.”! Bridging heteroatoms affect both processes. They
enable the coexistence of the puckered bicyclic and planar
diyl structures, and have thereby sparked intensive studies
dominated by recent discoveries of diphosphorus analogues.
Niecke et al. synthesized a crystalline 2,4-diphosphacyclobu-
tane-1,3-diyl A" that isomerizes photolytically to 2,4-diphos-
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phabicyclo[1.1.0]butane B* and thermally to 1,2-dihydro-1,2-
diphosphete C.P! A still more congested diyl A that does not
isomerize was reported by Yoshifuji and co-workers.! The
group of Bertrand obtained both stable planar diyl and
puckered forms for the isoelectronic 1,3-dibora-2,4-diphos-
phoniocyclobutanes.”! 2,4-Diphosphabicyclo[1.1.0]butane is
puckered when the phosphorus atoms are endo,endo sub-
stituted as in dihydro diphosphabenzvalene 1, which Mathey
and co-workers obtained by an intramolecular phosphinidene
addition to the C=C bond of a 1H-phosphirene.[’l Without
geometrical constraints, such additions invariably lead to 1,2-
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insertion.”

Data on 2 4-disilabicyclo[1.1.0]butanes!"" is limited to two
disilabenzvalenes!"!! and is absent for the corresponding
planar diyls. Only a single 2-silabenzvalene is known,
generated by photolysis of a silabenzene.!” For the synthesis
of the 24-disila derivatives Ando etal. applied valence
isomerization of bis(silirene) that involves an intramolecular
silylene addition to the C=C bond of a silirene.''l The use of
stable silylenes might simplify this approach to a broader
array of hetero derivatives, which we decided to explore for
the unknown 2-phospha-4-silabicyclo[1.1.0]butanes 4.
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Reaction of silylene Si{1,2-(NCH,Bu),C;H,} (Si(NN);
3)81 with 1H-phosphirene 2a' in n-hexane at room temper-
ature results in red crystalline 2,3-dihydro-1,3-phosphasilete
5a instead of the desired 4 (Scheme 1).*! Evidently, two
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Scheme 1. Synthesis of 2,3-dihydro-1,3-phosphasiletes 5.

silylenes are involved, one in forming the novel ring structure
and the other as a substituent after transfer of a phenyl group.
No intermediate was detected by *P NMR spectroscopy,
either at low temperatures or with different stoichiometries of
the reactants. The W(CO)s-complexed phosphaalkene part of
5a is characterized by the downfield absorptions at 6(*'P) =
2783 ppm  (J(PW)=2540Hz) and o("*C)=197.3 ppm
(*J(C,P)=3.5Hz). A single-crystal X-ray analysis confirmed
the structure of 5a (Figure 1).° Its four-membered ring
deviates from planarity owing to steric congestion, which is
reflected in the torsion angle of 11.6(2)° for C1-P1-C2-Sil.
The P1—C1 and P1—C2 bond lengths (1.689(4) and 1.835(4) A,
respectively) are normal, but the short Sil—Cl1 bond
(1.841(5) A) suggests some delocalization of charge.

To lower the migratory aptitude of the phosphorus
substituent, we replaced the phenyl for a methyl group and
used 1H-phosphirene 2b!'¥ instead of 2a for the addition of
silylene 3. This had the desired effect, giving the crystalline
zwitterion 6b (68 %), which only rearranged at elevated
temperatures (75°C, 2 h) to 2,3-dihydro-1,3-phosphasilete Sh
(Scheme 1). The molecular structure of 6b (Figure 2, the
crystal contains two independent molecules with similar
geometries) shows a unique fused tricyclic ring structure
which is retained in solution (6(*'P)=—6.8 ppm (J(P,W)=
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Figure 1. Structure of 5a in the crystal (displacement ellipsoids drawn
at the 50% probability level; hydrogen atoms and the hexane solvent
molecule are omitted for clarity). Selected bond lengths [A], angles [],
and torsion angles [°]: W1—P1 2.4492(11), P1—C1 1.689(4), P1—C2
1.835(4), Si1—C1 1.841(5), Si1—C2 1.908(4); C1-P1-C2 92.9(2), P1-C2-
Si1 86.13(17), C1-Si1-C2 85.96(18), P1-C1-Si1 92.7(2); C1-P1-C2-Si1
11.6(2).

Figure 2. Structure of 6b in the crystal, one of the two crystallographi-
cally independent molecules is shown (displacement ellipsoids drawn
at the 50% probability level; hydrogen atoms omitted for clarity).
Selected bond lengths [A], angles [°], and torsion angles [°]: W1—P1
2.5363(12), P1—C1 1.793(4), P1—C2 1.863(4), Sil—N1 1.725(4), Si1—N2
1.923(4), Si1—C1 1.750(4), Si1—C2 1.906(4), Si2—N2 1.933(4), Si2—N3
1.710(4), Si2—N4 1.705(4), Si2—C2 1.828(4), N1—C10 1.409(6), N1—
C16 1.471(6), N2—C11 1.471(5), N2-C21 1.510(5), C1—C4 1.455(6);
C1-P1-C2 90.79(19), P1-C2-Si1 85.70(18), C1-Si1-C2 90.70(19), P1-C1-
Si1 92.7(2); C2-P1-C1-Si1 —2.4(2), P1-C1-C4-C5 8.2(8).

240.0 Hz), 6(*¥Si)=-11.2 (¥J(Si,P)=17.2Hz, SiNN) and
—33.4ppm (%(Si,P)=18.4 Hz, SiNN'*). The negatively
charged Cl1 is in a planar environment and is surrounded by
shortened C1-P1 (1.793(4) A), C1—C4 (1.455(6) A), and C1—
Sil (1.750(4) A) bonds that can be attributed to negative
hyperconjugation, which is supported by the shielding of Sil
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(0(¥Si)=—33.4 ppm).'"  Furthermore, the cationic N2
lengthens the N2—Si and N2—C bonds.['")

We assume that the reaction starts by addition of the
silylene to the C=C bond of the phosphirene to give 2-
phospha-4-silabicyclo[1.1.0]butane 4b as a transient inter-
mediate, followed by attack of a second silylene to the
bridgehead carbon atom in a manner analogous to the
reaction of nucleophiles with  bicyclo[1.1.0]butane
(Scheme 2).""! The resulting 7b carries a silylium cation,

Ph
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Scheme 2. Mechanism for the formation of 6b.

which requires stabilization®”! by coordination with the lone
pair of electrons of a nearby nitrogen atom.*! This hypothesis
was tested with SCS-MP2/6-311 4+ G** energy calculations on
B3LYP6-31G* optimized model structures (labeled B),*
which are devoid of W(CO)s, carry H instead of Np
substituents, and have the nitrogen atoms linked by ethylene
instead of phenyl groups. This simplification is validated by
the similarity in optimized structures between 4B and that
containing the Np and W(CO); groups. Formation of 4B from
the reactants C,H,N,Si and C;H;P is exothermic by 17.5 kcal
mol~! with an additional 8.5 kcalmol ™" for the addition of a
second silylene to give 7B (Figure 3). Lewis base stabilization

Chemie

Figure 3. Relative SCS-MP2/6-311+ G**//B3YLP/6-31G* energies (in kcal-
mol™") for the rearrangement of 6B to the thermodynamically more stable
5B with selected bond lengths [A].

of the silylium cation gives the kinetically favored zwitterion
6B (AE=21.7, AE* =2.1 kcalmol '), whereas a 1,3-methyl
shift from phosphorus to silicon results in the thermodynami-
cally favored phosphasilete 5B (AE=49.6, AE™=6.3 kcal
mol ). Such 1,3-shifts to an electron-deficient silicon are very
rare for both the methyl and phenyl groups.[*:2¥

To reduce the attractiveness of the transient 2-phospha-4-
silabicyclo[1.1.0]butane for attack by a second silylene, a
methyl group was introduced at the bridgehead position by
treating 1H-phosphirene 2¢!" with 3. This had the desired
effect, but mainly valence isomerization occurred to the
isomeric  1,2-dihydro-1,2-phosphasiletes 8a and 8b,*
together with the formation of some 5¢ (5:2:2), because of
the elevated temperatures (80°C, 13 h) required for the
reaction to take place (Scheme 3). After fractional crystal-
lization, 8a could be obtained as a yellow solid for which only
single resonances were observed at OJ(*'P)=15.2 ppm
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Scheme 3. Isomerization of 4c.

(‘J(P,W)=205.0Hz) and &(*Si)=-17.1ppm ('J(Si,P)=
45.6 Hz) confirming the stoichiometry of the reaction. The
structure of 8a was established unequivocally by a single-
crystal X-ray structural analysis (Figure 4),') which shows

Figure 4. Structure of 8a in the crystal (displacement ellipsoids drawn
at the 50% probability level; hydrogen atoms are omitted for clarity).
Selected bond lengths [A], angles [°], and torsion angles [°]: W1—P1
2.5269(6), P1-Si1 2.3074(8), P1—C1 1.854(2), P1-C10 1.841(2), Sil—
N1 1.726(2), Si1—N2 1.7249(19), Si1—C2 1.863(2), C1—C2 1.360(3),
C1—C4 1.489(3), C2—C3 1.507(3); C1-P1-Si1 73.30(7), P1-Si1-C2
76.89(7); P1-C1-C2-Si1 7.46(17).

that the four-membered ring is nearly planar with a torsion
angle of 7.46(17)° for P1-C1—C2-Sil and that the P1-Sil
bond (2.3074(8) A) is slightly elongated owing to steric
congestion.

SCS-MP2/6-311 4+ G** calculations on B3LYP/6-31G*
model structures containing carbon substituents®®?! show that
intermediate 2-phospha-4-silabicyclo[1.1.0]butane 4C can
isomerize to the thermodynamically preferred 1,2-dihydro-
1,2-phosphasiletes 8 A and 8 B with barriers of only 21.3 and
21.6 kcalmol ™', respectively. This similarity in AE* values is
reflected in the two experimentally observed isomers. The
valence isomerization of 4C to 8 is symmetry-allowed and can
be described as a [02s4+02a] process.” Such a pathway is
unprecedented for the analogous isomerization of bicy-
clo[1.1.0]butane, for which s-frans-1,3-butadiene is the
favored product.

In conclusion, thermally stable silylene 3 reacts with 1H-
phosphirenes 2 to give the first isolated 2,3-dihydro-1,3-
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phosphasiletes 5, zwitterion 6b, and 1,2-dihydro-1,2-phospha-
siletes 8 with the novel 2-phospha-4-silabicyclo[1.1.0]butanes
4 being a reactive intermediate in the reaction, the course of
which can be tuned by changing the substituents.

Experimental Section
5a: Complex 2al' (38.6 mg, 72.3 umol) in n-hexane (5mL) was
added slowly to a solution of 3! (39.7 mg, 144.6 umol) in n-hexane
(2mL) at —50°C, warmed to ambient temperature, and stirred for
16 h. Filtration, concentration, and cooling at —20°C affording red
crystals of 5a (56 mg, 66%): m.p. 245°C (decomp.); *Si NMR
(795MHz, CDy): 6=-51 (d, 2(Si,P)=6.9Hz; Ph-SiNN),
—13.5 ppm (d, %J(Si,P) =31.8 Hz; SiNN); 'P{'"H} NMR (101.3 MHz,
CDCl,): 6 =278.3 ppm ('J(P,W) =254.0 Hz); HRMS (EI, 70 eV): m/z
(%): 1082 (2) [M*]; caled for C5;Hg;OsN,Si,PW: 1082.35840; found:
1082.35376.

5b: Complex 2bl'¥ (123 mg, 26.0 umol) and 3 (14.3 mg,
52.1 pmol) were heated at 75°C for 2 h in C;D; (0.5 mL). Evaporation
to dryness, extraction into n-hexane, and subsequent filtration and
cooling at —20°C gave red crystals of 5b (15 mg, 57 %): m.p. 150°C
(decomp.); ¥Si NMR (79.5 MHz, C;Dy): 6 =4.8 (d, %J(Si,P) =4.2 Hz;
Me-SiNN), —13.8 ppm (d, */(Si,P) =33.2 Hz; SiNN); *'P{'H} NMR
(101.3 MHz, C,Dy): 6 =276.6 ppm ("J(P,W) =246.1 Hz); HRMS (EI,
70eV): m/z (%): 1020 (5) [M*]; caled for C,Hg OsN,Si,PW:
1020.34277; found: 1020.3391.

6b: Complex 2b (20.4 mg, 43.2 umol) in n-hexane (5 mL) was
added to a solution of 3 (23.7 mg, 86.3 umol) in n-hexane (2 mL) at
ambient temperature and stirred for 2 h. Concentration and cooling at
0°C affording yellow crystals of 6b (30 mg, 68%): m.p. 149°C
(decomp.); ¥Si NMR (79.5 MHz, CD¢): 0=-33.4 (d, *J(Si,P)=
184Hz; SiNN¥), —112ppm (d, 2(SiP)=172Hz; SiNN);
3P{'H} NMR (101.3 MHz, C(D): 6 = —6.8 ppm ('J(P,W) = 240.0 Hz).

8: Complex 2c! (449mg, 819umol) and 3 (33.7mg,
122.8 umol) were heated at 80°C for 13h in CD¢ (0.5mL).
SIP{'H) NMR (101.3 MHz, CDy): 6 =12.0 ("J(P,W)=198.5Hz, 19%
yield of 8b by NMR spectroscopy), 15.2 (J(P,W) =205.6 Hz, 50%
yield of 8a by NMR spectroscopy), 308.1 ppm (br s, 19.5% yield of 5¢
by NMR spectroscopy). Evaporation to dryness, extraction into n-
hexane, and subsequent cooling at —80°C gave yellow crystals of 8a
(30 mg, 45%): m.p. 157°C (decomp.); ¥Si NMR (79.5 MHz, C¢Dy):
0=—171ppm (d, 'J(Si,P)=456Hz; SiNN); *'P{'H} NMR
(101.3 MHz, C;Dg): 6=15.2 ppm ("J(P,W)=205.0 Hz); HRMS (EI,
70 eV): m/z (% ): 822 (80) [M*]; calcd for C3sH3OsN,SiPW: 822.1876;
found: 822.1880. S¢: MS (EI, 70 eV): m/z (%): 1096 (30) [M*].
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