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A Novel CSiP Ring from the Reaction of a
Complexed Phosphinidene and a Silene**
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Frans J. J. de Kanter, Marius Schakel, Anthony L. Spek,
Martin Lutz, Nadejda Sigal, Yitzhak Apeloig, and
Koop Lammertsma*

Cyclopropanes and their three-membered heterocyclic
analogues have long-been recognized as important chemical
structures. Even three-membered rings containing the sec-
ond-row elements phosphorus and silicon are now well
established. Moreover, many phosphiranes and siliranes are
already known containing a second heteroatom such as O,
N, or S.Bl However, no phosphasilirane has yet been isolated.
So far, only *'P and ?Si NMR data have been reported by
DrieB and Pritzkow for a CPSi ring structure (1), which they
could not isolate from the
reaction mixture.!l Here we
report on a novel synthesis
Ph Is leading to a transition metal

1 Is = 2,4,6-PrsCH, .
complexed phosphasilirane,

number of methods that give transient silenes under the
reaction conditions used to generate 3 is even more limited.!”!
A welcome exception is silene 6, which is generated in situ
by retrocycloaddition from its dimer 5. Silene 6 has been
applied successfully as a building block in several high-yield
trapping reactions.® * The thermal equilibrium between the
silene and its dimer is most effective at around 100°C, the
temperature at which complexed phosphinidene 3 is gener-
ated. Therefore 6 appeared to us as a plausible candidate to
explore the reactivity of silenes toward complexed phosphin-
idenes.

To maximize the concentration of the two reactive inter-
mediates (phosphinidene complex 3 and silene 6), a mixture
of silene dimer 5 and a twofold excess (based on silene) of
phosphinidene precursor 2 was heated in toluene at 110°C.
After 90 min the reaction was stopped, and the reaction
mixture was purified by column chromatography at —15°C to
give after crystallization bright yellow crystals of phosphasi-
lirane complex 7 and light yellow crystals of 9 in remarkably
high yields of 25 and 30 %, respectively.

and present its spectroscopic (OC)5W\P,Ph
. . . . . B/ —
characterization and single-crystal structure determination as 2 MoC_ [3] 3 06 \Si(SiM ea)a
well as the results of G3(MP2) ab initio calculations on the Ho-c
strain energy of the parent CPSiH5 compound. 5—6 7
. . .. o
In situ generated terminal complexed phosphinidenes such 110°C
as 3P are convenient singlet carbene-like building blocks!® for
the synthesis of phosphirane complexes by addition to olefins. (OC)5W\P _Ph
Me 1 CO,Me (I?
(OCsW,_ Ph . + d
- Ve COMe Me OMe \le,Si” SiMes
Me COMe 1409 Ph
Ay ——~ |(0C)W=P +
Me CO,Me Me CO,Me
polymer
2 3 4 8 9
(Me3Si),Si—Si(SiMe3),
A [@kSi(SiMes)z Phosphasilirane 7 is a remarkably stable compound with
characteristic spectroscopic properties. Compared to the data
5 6 for the reported phosphasilirane 1, its 3P NMR resonance at

Hence, the addition of this phosphinidene to a silene seemed
to us an obvious path to a phosphasilirane complex. However,
only a few stable silenes have been synthesized and the
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0 =—116.9 is deshielded by 80.5 ppm, its Si NMR resonance
at 0=-979 is shielded by 43.4 ppm, and its +2J(PSi)
coupling constant of 22.9 Hz is smaller by 26.8 Hz. These
differences between 7 and 1 may be attributed to the presence
of the W(CO)s; and Si(CH;); substituents. The LJ(P,W)
coupling constant of 213.6 Hz for 7 is about 40 Hz smaller
than is generally observed for W(CO)s-complexed 1-phenyl-
phosphiranes. This is consistent with its rather long P—W bond
of 2.5509(9) A (Figure 1).1! Likewise, the P1—C1 bond of 7 of
1.880(3) A is slightly elongated and its endocyclic angle at P1
of 54.60(11)° is accordingly larger by 5°.' The Si1—C1 bond
length of 1.919(3) A and the endocyclic bond angle at Sil of
52.99(10)° are slightly larger than those typically observed in
siliranes.['?]

Silene 5 does not only react with the in situ generated
phosphinidene complex 3 but also with its precursor 2 to give
9. The 3P NMR resonance of 9 at 6 =184.4 is characteristic
for a 7-phosphanorbornadiene. Due to the absence of *Si
NMR chemical shifts and the complexity of both the 'H and
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Figure 1. Structure of 7 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 [°]: P1-W1 2.5510(9), P1-Sil
2.2436(13), P1-C1 1.880(3), Sil-C1 1.918(3), Sil-Si2 2.3699(14), Sil-Si3
2.3603(15), C1-C2 1.541(5), C1-C6 1.536(5); Sil-P1-C1 54.59(11), P1-Sil-C1
53.00(10), Si1-C1-P1 72.41(12), W1-P1-C11 110.17(11), C2-C1-C6 109.3(3),
Si2-Sil-Si3  114.12(6); WI1-P1-Sil-C1  —111.73(14), C11-P1-C1-Sil
—94.76(15).

BC NMR spectra, we resorted to a single-crystal X-ray
structure determination (Figure 2)[' to establish the structure
of 9. Its formation is readily rationalized by a [2+2] cyclo-
addition of the silene to an ester carbonyl group of 2, giving
the rather crowded compound 8, which undergoes a [2+2]
retroaddition to afford 9 and a silanone. The latter is not
observed as it polymerizes instantaneously. While we did not
observe intermediate 8 there is ample precedence for the
formation of 1,2-silaoxetanes from silenes and non-enolizable
ketones as well as for its dissociation into alkenes and
silanones.['3 Tt is relevant to note in this context that the [2+2]
cycloaddition of an ester and a silene is also a first; silene

Figure 2. Structure of 9 in the crystal (displacement ellipsoids drawn at the
50% probability level; hydrogen atoms are omitted for clarity). Selected
bond lengths [A], and angles [°]: P1-W1 2.4846(6), P1-C1 1.866(2), P1-C4
1.876(2), P1-C23 1.823(2), C1-C2 1.546(3), C3-C4 1.541(3), C2-C3 1.336(3),
C1-C7 1.523(3), C4-C8 1.529(3), C7-C8 1.356(3), C8-C11 1.479(3), C11-C12
1.334(3); C1-P1-C4 79.29(10), P1-C1-C2 97.00(15), P1-C4-C3 96.41(14), C1-
P1-W1 123.15(8), C4-P1-W1 123.76(7), P1-C1-C7 101.72(15), P1-C4-C8
102.40(15).
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additions to a,f-unsatured esters have been reported to occur
in a [4+2] fashion.'¥! The formation of 9 is all the more
remarkable, since 7-phosphanorbornadiene complexes usual-
ly decompose quite rapidly at 110°C (e.g. 2 —3) and the same
would be expected for 9. Because the crystal structures of 9
and the Cr(CO)s complex of 2 show very similar bond
lengths and angles for the 7-phosphanorbornadiene unit, we
speculate that the higher
thermal stability of 9 to-
ward cheletropic elimina-
tion of PhAPW(CO); is re-
lated to a reduced exother-
micity for formation of the
aromatic fragment.

We resorted to ab initio
MO theory to obtain the
strain energy for the parent
phosphasilirane 10, the
MP2 geometry of which is
given in Figure 3. Compar-
ison with the X-ray crystal
structure of 7 shows that the bond lengths within the CPSi ring
of 7 are 0.02 A (Si—P), 0.03 A (C—P), and 0.06 A (C-Si)
longer than in the parent 10, reflecting the effect of steric
congestion around the ring. From the AH; values calculated at
G3(MP2)[! for 10 (30.5 kcalmol ') and the other molecules
of the homodesmotic reaction shown in Equation (1), a strain

Figure 3. MP2-optimized structure
of phosphasilirane PSiH;.

H
/P\ + H,P—SiH; + H,P—CH; + H3Si—CHj3
Hzc_Sin
10 0]
H Hy Ho
_— P + C< + ~Si.

HiC™ “SiH; =~ HoP " SiHs ~ HoP”~ CHy

energy of 26.5 kcalmol~! is deduced. This strain energy is
similar in magnitude to that of cyclopropane and larger than
that of phosphirane (22.2 kcalmol™'),[!'”7 but substantially
smaller than the value of 42.3 kcalmol™' for silirane (all
G3(MP2)).'81  This reduction in strain energy of
16.9 kcalmol~! from the large value for silirane has been
related to the preference of Si for angles near 90°.11% The
elongated bond lengths of phosphasilirane (CPSiHs) as
compared to silirane (C,SiHg) enlarge the endocyclic angle
at Si from 49.0 to 52.7.

Experimental Section

The experiment was performed under an atmosphere of dry nitrogen.
NMR spectra were recorded on Bruker WM 250 (*'P) and MSL 400 ('H,
BC, ¥Si) spectrometers by using SiMe, ("H, 1*C, ’Si) and 85 % H;PO, (*'P)
as external standards. High-resolution mass spectra (HRMS) were
recorded on a Jeol HX-1010 and IR spectra on a Mattson 630 Galaxy
spectrophotometer.

7 and 9: Silene dimer 5 (0.17 g, 0.28 mmol) and complex 2 (0.73 g,
1.1 mmol) were heated in refluxing toluene (10 mL) for 90 min. Workup by
solvent evaporation, chromatography (—15°C, activated silica (pentane/
CH,Cl, (3/1); CH,Cl,)), and crystallization (hexane/CH,Cl,) yielded yellow
crystals of 7 (0.10 g, 25 %, bright) and 9 (0.12 g, 30 %, pale).
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7: m.p. 159-161°C; #Si NMR (C,D¢): 6=-9.0 (d, 2J(Si,P)=4.7 Hz;
Si(CH;)3), —10.3 (d, 2/(Si,P) =4.1 Hz; Si(CH;);), —97.9 (d, “*2J(Si,P) =
22.9 Hz; PSi); *'P NMR (C¢Dy): 6 = — 116.9 (J(P,W) = 213.6 Hz); ®*C NMR
(C¢Dg): 0=199.6 (d, 2J(C,P)=25.5Hz; trans-CO), 198.5 (d, J(C,P)=
6.8 Hz, 'J(C,W)=126.4 Hz; cis-CO), 138.8 (d, J(C,P)=15.2 Hz; ipso-
Ph), 129.4 (d, “/(C,P)=1.9 Hz; p-Ph), 128.8 (d, 2J(C,P) =8.6 Hz; o-Ph),
128.5 (m-Ph), 43.7 (d, 'J(C,P) =34.6 Hz; PCSi), 41.9 (d, J(C,P) = 6.4 Hz;
adamantyl(Ad)-CH,), 41.3 (d, J(C,P)=13.8 Hz; Ad-CH,), 38.8 (s; Ad-
CH,), 384 (s; Ad-CH,), 36.8 (d, J(C,P)=4.1 Hz; Ad-CH), 36.3 (d,
J(C,P)=2.4 Hz; Ad-CH,), 33.7 (d, J(C,P) = 6.2 Hz; Ad-CH), 28.6 (s; Ad-
CH), 28.1 (s; Ad-CH), 2.3 (d, *J(C,P) = 1.6 Hz; CHj3), 1.7 (s; CH;); 'H NMR
(CeDe): 0=76-77 (m, 2H; Ph), 70-7.1 (m, 3H; Ph), 1.8-2.9 (m, 14H;
Ad), 0.48 (s, 9H, CHj;), 0.00 (s, 9H, CH;); HRMS: calcd. for C,;H,Si;-
PO,W : 740.11963; found: 740.1212; IR (CH,CL): #=1933 (), 2066 (w)
(v(CO)) cm™.

9: m.p. 167-168°C; P NMR (CDCL): 6 =184.4 (\J(P,W)=235.1 Hz);
13C NMR (CDCly): 6 =199.4 (d, 2/(C,P) =25.0 Hz; trans-CO), 196.7 (d,
2J(C,P) = 6.7 Hz, 'J(C,W) = 125.4 Hz; cis-CO), 165.5 (d, 3(C,P) =3.0 Hz;
C=0), 153.7 (d, 3J(C,P)=4.9 Hz; O-C=C), 142.5 (d, 2J(C,P) = 12.5 Hz;
C=C-C=0), 139.3 (d, J(C,P)=176 Hz; ipso-Ph), 138.7 (d, 2J(C.P)=
11.6 Hz; C=CCHj;), 138.5 (s; C=C-CH;), 136.8 (d, %J(C,P)=2.7 Hz;
C=C-C=0), 1363 (5; O—C=C), 128.8-129.6 (m; Ph), 64.3 (d, J(C.P) =
19.0 Hz; PCH), 58.7 (s; C=C—OCHs), 57.0 (d, 'J(C,P) = 23.1 Hz; PCH), 51.9
(s, O=C-O-CH3), 39.3 (s, Ad-CH,), 39.2 (s, Ad-CH,), 38.6 (s, Ad-CH,), 37.3
(s, Ad-CH,), 32.7 (s, Ad-CH), 30.3 (s, Ad-CH), 28.6 (s, Ad-CH), 28.5 (s, Ad-
CH), 164 (d, 3J(CP)=22Hz; CH,), 162 (d, 3J(C,P)=2.1 Hz; CH,);
'H NMR (CDCL): 6 =72-74 (m, SH; Ph), 4.2 (d, 1 H, 4J(H,H) ~3.0 Hz;
PCH), 3.7 (pseudo-t, 1H, */(H,H) ~2/(H,P) ~ 3.0 Hz; PCH), 3.7 (s, 3H;
H,CO-C=0), 3.0 (m, 1 H; CH-Ad), 2.8 (s, 3H; H,C-0-C=0), 2.1 (s, 3H;
C=C-CHs;), 2.0 (s,3H; C=C-CH,), 1.3-1.9 (m, 13H; Ad); HRMS: calcd for
C,;H3,Si;POsW (% ): 772.14227; found: 772.1379; IR (CH,CL,): #=1939 (s),
2070 (w) (v(CO)) em™".
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Virtual Screening for Bioactive Molecules by
Evolutionary De Novo Design**

Gisbert Schneider,* Odile Clément-Chomienne,
Laurence Hilfiger, Petra Schneider, Stefan Kirsch,
Hans-Joachim Bohm, and Werner Neidhart

One of the goals of computational chemistry is to be able to
design novel molecular structures with biological activity
comparable to a defined known drug (the “template”) and
with a significantly different architecture. There is a need to
develop techniques that can be applied if a high-resolution
receptor model is unavailable, complementing more conven-
tional structure-based molecular modeling and design. Such
algorithms would be particularly helpful for combinatorial
library shaping and fast-follower strategies in drug develop-
ment. Two major problems must be solved to successfully
address this task. First, the tool must be able to systematically
navigate and efficiently search in a vast chemical space
containing billions of virtual compounds, as it is impossible to
exhaustively screen all possible molecules for a desired
biological activity. Second, the conceptual view of a molecule
must be defined in such a way that allows rapid comparison of
the template with novel compounds, yielding a measure of
functional rather than structural similarity.

For the sake of “backbone (scaffold)-switching” the various
pharmacophore concepts provide a straightforward ap-
proach.ll Adaptive stochastic searching, notably evolutionary
algorithms, represents a practicable solution to optimization
in a high-dimensional search space. This is especially true
when no or only little information is available about the
ruggedness of the associated “fitness landscape”.”! Here we
present an efficient computational molecular design strategy
that implements pharmacophore-guided evolutionary search-
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ing in chemical space. Experimental proof of the concepts is
demonstrated by the successful de novo design of a new
structural class of potent K*-channel inhibitors. The algorithm
is referred to as TOPAS (7O Pology-Assigning System) in this
report.?’l TOPAS provides a solution to template-based de
novo design, in which novel molecules are assembled taking a
given bioactive compound as the reference point (template
structure).

A challenging task in de novo design is the generation of
molecular structures with “druglike” properties. To reduce
the risk of generating molecular architectures with inadequate
features, or which are difficult to synthesize—a problem
encountered by many de novo design proceduresl—TOPAS
was equipped with a stock of building blocks obtained from
retrosynthetic fragmentation of compounds listed in the
Derwent World Drug Index (WDI).D) The idea is that
assembly of such building blocks by a limited set of chemical
reactions might lead to chemically feasible novel structures,
from both the medicinal chemistry and the synthesis planning
perspective. All structures contained in the WDI, which had
an entry related to “mechanism” or “activity”, were subjected
to retrosynthetic fragmentation. This approach is similar to
the RECAP procedure developed by Hann and co-workers.[®!
Eleven reaction schemes were applied to perform fragmenta-
tion (for details, see the original publication).l) We used the
Daylight tool kit for implementation of reaction schemes.”l A
total of 24563 unique building blocks was obtained from our
analysis.’l The same eleven reactions were used by TOPAS to
assemble novel molecules.

TOPAS is based on a special evolutionary algorithm, a (1,1)
evolution strategy. ® This type of evolutionary algorithm has
been successfully applied to peptide design experiments in
previous applications.’! The common feature of evolutionary
algorithms is a cyclic variation-selection process. “Parents”
breed “offspring”, and the fittest of each “generation”
becomes the parent of the subsequent optimization cycle.
Starting from an arbitrary point in search space (a randomly
selected chemical structure), TOPAS generates a set of 4
variant structures which satisfy a bell-shaped distribution
centered in the chemical space coordinates of the parent
structure. This means that most of the variants will be very
similar to their parent, and the number of offspring at a
certain distance point will be less as the distance-to-parent
increases.”l Distance in chemical space is defined by a
topological pharmacophore measure (see below).

Evolution strategies are often applied to real-valued
function optimization problems.?! Algorithms generally oper-
ate directly on the parameters to be optimized, in contrast to
genetic algorithms, which usually operate on a separately
coded transformation of the objective variables (the so-called
“chromosome”).['"] In addition, evolution strategies include a
second-level optimization of “strategy parameters”, that is,
tunable variables that in part determine how each parent will
generate offspring. This enables an adaptive stochastic search
to be performed and guarantees a finite probability of
breeding very dissimilar structures (“snoopers” in chemical
space).P’l The width of the variant distribution is determined
by the variance or standard deviation, o, of the bell-shaped
curve reflecting the distance-to-parent probability. The o
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