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Research concerning frustrated Lewis pairs (FLPs) is cur-
rently of great interest. The groups of Stephan and Erker have
recently published many articles about the activation of small
molecules using inter- or intramolecular boron–phosphorus-
based FLPs.[1] The perfluorinated arylborane [B(C6F5)3] and
derivatives thereof act as the Lewis acid, whereas trialkyl- or
triarylphosphines are very often the Lewis bases.[1c,e, 2] Apart
from B/P, combinations of C/B, N/B, and P/Al pairs were
investigated as FLPs.[2,3] Reversible CO2 coordination was
found in reaction with a P,P-chelated stannylene
[(iPr2P)2N]2Sn.[4]

The focus of our current research is the chemistry of tin,[5]

and especially the coordination chemistry of tin ligands.[6] We
have characterized the first tripodal tin ligand[7] and reported
recently on the coordination chemistry of a cyclic distan-
nene.[8] This xanthene-based distannene shows as a twisted
distannene side-on coordination of the Sn�Sn bond at Ni. To
synthesize a bipodal tin ligand with two different donor sites,
we started to investigate the chemistry of phosphino-substi-
tuted stannylenes. Herein we present the synthesis of
a benzylphosphine-substituted stannylene. This molecule
exhibits formation of the first three-membered Sn�C�P ring
comprising a phosphorus–tin donor–acceptor interaction and
a small angle at tin. Furthermore we found an interesting
room-temperature reaction of the cyclic molecule 3 with
terminal alkynes and 1-pentene, showing the SnII/P molecule
acting like a FLP.

Benzyldiphenylphosphine (1) was lithiated and then
reacted with isopropyl substituted m-terphenyltinchloride
(2) to give the stannylene 3 in high yield (Scheme 1).[9] Orange

crystals of the stannylene were obtained after several days of
crystallization from a hexane solution of 3 at �20 8C. The
stannylene 3 is very sensitive towards moisture and air and
was characterized by elemental analysis, NMR spectroscopy
in solution and the solid state, and single-crystal structure
analysis.[10] In Figure 1a,b the structure of the stannylene in
the solid state is presented together with selected interatomic
distances and angles.

The benzylphosphine-substituted stannylene forms
a three membered Sn�C�P ring in the solid state that exhibits

Scheme 1. Formation of the cyclic Sn�C�P molecule 3. Trip =2,4,6-
iPr3C6H2.

Figure 1. a) Molecular structure of stannylene 3 (ellipsoids set at 50%
probability) in the solid state; the major contributor to the disordered
structure is shown.[11] b) Detailed molecular structure of stannylene 3
(ellipsoids set at 50 % probability) in the solid state without isopropyl
groups, hydrogen atoms (except at the ring carbon), and phenyl
groups at ring atoms. Selected bond lengths [�] and angles [8]: Sn–C1
2.312(3), Sn–C3 2.217(2), Sn–P 2.663(1), P–C1 1.816(3); P-C1-Sn
79.3(1), Sn-P-C1 58.6(1), P-Sn-C1 42.1(1), P-Sn-C3 99.5(1), C1-Sn-C3
100.8(1), C2-C1-Sn 123.6(2), C5-P-C4 105.3(2).
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a Sn�P donor–acceptor bond. A three-membered ring with
these elements is to the best of our knowledge unknown.
Because of their interesting chemical properties, three-
membered rings containing tin atoms have been an attractive
synthetic goal.[12] The reason for the ring formation might be
the steric shielding of the m-terphenyl substituent together
with a combination of the Lewis acidity of the stannylene and
the Lewis basicity of the phosphine substituent. Geminal
donor–acceptor bonds between N and Si were studied
extensively by Mitzel.[13] Obviously the phosphine reacts as
a donor and forms an intramolecular bond with the tin atom,
which is 2.663(1) � long. The Sn�P distance in 3 lies in the
range of published Sn�P bond lengths and belongs to the
group of longer distances.[6a, 14] The Sn�C1 bond (2.312(3) �)
is longer than Sn�C bond lengths in the Sn2C ring (2.209(12),
2.196(12) �) and comparable with bonds in benzyltin com-
pounds.[12d, 15] The P�C1 bond length inside the ring can be
compared with P�C distances inside a phosphasilirane,[16]

a phosphirane,[17] or known benzylphoshines.[18] The angles
inside the ring (at C 79.3(1)8, P 58.6(1), Sn 42.1(1)8) are larger
for carbon and phosphorus than comparable values in three-
membered rings.[12d] The angle at tin however is the smallest
angle at tin found in three-membered rings (Sn2C 50.7, 51.1;
Sn3 60.0; Sn2N 49.4, 49.2).[12a–d] The bond length of the
substituent at tin (Sn�C3 2.2217(2) �) can be compared with
the published example, namely 2,6-Trip2(H3C6)Sn-
SnMe2C6H3-2,6-Trip2 (2.201(2 �).[19]

The 31P NMR spectrum recorded in the solid state exhibits
a signal for the cyclic molecule 3 at�50.3 ppm with a coupling
constant with the tin atom JSn-P of 364 Hz. In solution at room
temperature, the molecule shows a resonance in the 31P NMR
spectrum at �38.6 ppm with a coupling constant of JSn-P

82.7 Hz. This coupling constant is small in comparison to
a variety of 1JSn-P coupling constants (1682, 1628 Hz for
Sn[P(SiiPr3)(SiFtBuTrip)]2,

[20] 1274 Hz for Sn[PPh-2,6-C6H3-
(CH2NMe2)2]2,

[14h] 1050 Hz for Sn[P(CH-
(SiMe3)2C6H4NMe2]2,

[14d] 767 Hz for Ph3Sn[h2-P,P-
MeP3C3tBu3]).[14e] We have studied the temperature depend-
ence of the 31P NMR resonance (80 8C, �36.8 ppm; �90 8C,
�37.6 ppm) and the tin–phosphorus coupling in solution:
cooling the sample from 80 8C to �90 8C results in an increase
of the coupling constant from 14.5 Hz to 220� 20 Hz. The
119Sn NMR resonance in solution at room temperature at
716 ppm lies between signals typical for triply coordinated
SnII ([SnPh3]

� �98.4 ppm)[21] and signals for dialkylstanny-
lenes with tin having a coordination number of two ([Sn-
(tBu)(C6H3-2,6-Trip2)] 1904 ppm).[19] Owing to a half width of
290 Hz of the 119Sn NMR signal, the coupling with the
phosphorus atom was not detected. Attempts to obtain
a 119Sn NMR spectrum of compound 3 in the solid state
were not successful. By evaluation of the spin–lattice
relaxation time in 119Sn solution NMR spectroscopy at
variable temperature, we are able to estimate the chemical
shift anisotropy to be � 2000 ppm.[10, 22] This probably
accounts for the difficulties in observing the resonance in
the solid state. The ring formation reaction (Scheme 1) is
stereoselective, as we detect only one signal in solution in the
1H NMR spectrum (3.67 ppm) for the CH unit of the ring and
also only one signal in the 31P NMR spectrum (�38.6 ppm).

The tin and carbon atoms of the ring are centers of chirality,
but we found formation of only one pair of enantiomers (R,R
configuration shown in Figure 1). The reason for this diaste-
reoselectivity might be due to the sterical requirements of the
m-terphenyl ligand, which exhibits trans position to the
phenyl group at the ring carbon atom.

To better understand the bonding situation in the ring, we
studied the molecule by DFT calculations on revPBE-
D3(BJ)/TZP(all electrons) level of theory using the ADF
program.[23] Full computational details are given in the
Supporting Information. A geometry optimization starting
from the crystal structure and subsequently a natural bond
analysis (NBO) and an atoms-in-molecules analysis (AIM)
were calculated. The NBO analysis indicates a donor–
acceptor interaction of the phosphorus lone pair donating
into a tin p orbital. Additionally, in the topological analysis of
the electron density (AIM), a bond path and a bond critical
point between the phosphorus and the tin is found, confirming
a bonding interaction.

We started to investigate the chemistry of the cyclic
stannylene in reactions of the small ring with unsaturated
organic molecules. The addition of element–element bonds to
alkynes has previously been carried out by using radical
reaction conditions[24] or palladium catalysis.[25] Stannylene 3
reacts in a straightforward manner at room temperature with
phenylacetylene or trimethylsilylacetylene under addition of
the Sn�P bond to the triple bond to give phosphastannacy-
clopentenes 4 and 5, respectively (Scheme 2).[26] In the case of

1-pentene, the reaction with an excess of the olefin takes one
day at room temperature to reach completion (Scheme 3).
After dissolving crystals of 6 in benzene, the formation of an
equilibrium mixture between the trinuclear cycle 3, olefin,
and cyclopentane 6 was detected. The new five-membered
ring molecules 4–6 were characterized by elemental analyses,
NMR spectroscopy, and in the case of 4 and 6 by X-ray crystal
structure analysis. The reaction of the P�Sn bond with the

Scheme 2. Formation of the phosphastannacyclopentenes 4 and 5.
Ar* = 2,6-Trip2C6H3.

Scheme 3. Formation of the phosphastannacyclopentane 6. Ar* =2,6-
Trip2C6H3.
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acetylenes and 1-pentene can be monitored by a shift to low
field for the 31P NMR signal and shift to high field for the
119Sn NMR signal for 4–6 in comparison to the starting
material. In the case of the olefinic proton of molecule 4
coupling with all three heteroatoms, 3JP-H 73.8 Hz, 3JSi-H

10.3 Hz, and 2JSn-H 54.8 Hz was observed. Coupling between
the tin and phosphorus atoms was only detected in the case of
molecule 6 in the 31P NMR spectrum. The signal in the
119Sn NMR is too broad (Dn1=2

= (135� 10) Hz) to allow
detection of the coupling (2JSn-P = 30.5 Hz). As only the
isomer in which the terminal carbon atom of the alkynes or
olefin has formed a bond to the tin atom, the formations of the
five-membered rings are regioselective reactions. Further-
more, the reaction with the olefin is also diastereoselective, as
we form a new center of chirality and detect only one signal in
the 31P NMR spectrum, and therefore only one pair of
enantiomers out of four possible pairs was formed.

The structure of the cyclic molecules 4 (Figure 2) and 6
(Figure 3) can be compared with a bicyclic distannide
published by Veith et al.[26b] In the addition products 4 and

6, a three-coordinate stannide anion and a four-coordinate
phosphonium cation are formed. The sum of the C-Sn-C
angles of molecules 4 (280.88) and 6 (282.98) are smaller than
the sum of angles in [Ph3Sn]� (290.38). This might be an effect
of the small C-Sn-C angle inside the ring of 4 (79.68(1)) and 6
(84.5(1)8). In the unsaturated molecule 4, a large C1-Sn-C37
angle of 108.4(1)8 was found, which is due to steric require-
ments of the phenyl and terphenyl substituent. The angles at
the tetrahedrally coordinated phosphorus atom can be
compared with angles found in a bicyclic distannide or
other cyclic FLP addition products.[1b,26b] As expected, the C�
C distances inside the rings 4 and 6 are elongated towards
a double and single bond.[1b, 3f] The angle at the carbon inside
the three-membered ring 3 (79.3(1)8) shows an enlargement
of more than 208 upon addition of the unsaturated organic
molecules (4 102.5(1)8, 6 105.1(1)8). The terphenyl substituent

exhibits a longer bond with the tin atoms (3 2.217(2), 4
2.261(3), 6 2.278(2) �), which is probably due to steric
requirements of the larger rings 4 and 6. These observed Sn�C
bond lengths can be compared with interatomic Sn�C
distances of this substituent from Power et al.[19]

In conclusion, the observed Sn�P addition at a triple or
double bond can be compared with the reaction of B/P and
Al/P frustrated Lewis pairs with terminal acetylenes and
olefins.[1b,d, 3e–g] This formation shows the same regioselectivity,
but in the case of the Al/P pair, higher temperatures (70 8C)
are necessary for completion of the reaction. Furthermore,
Toshimitsu and Tamao described a phosphine-coordinated
silylene as an intermediate, which reacts at 110 8C with
diphenylacetylene to result in the addition of a Si�P bond.
However at the end they found transfer of an aryl group from
the phosphorus to silicon.[27] In comparison to those examples,
the three-membered ring 3 shows high reactivity with respect
to addition of unsaturated organic molecules.
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