Organometallics2007,26, 819-830 819
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A convenient route to polycyclic compounds incorporating a silicon atom at a ring junction has been
developed. Benzosilacyclobutenes tethered to alkynes or alkenes undergo intramolecular cycloadditions
in the presence of CpCo(C@)lhe incorporation of the CpCo(CO) moiety into the benzosilacyclobutene
framework occurs regioselectively at the-A8i bond of the silacycle to give 1-cobalta-2-silacyclopentenes.

On the basis of DFT/B3LYP calculations, a nonadiabatic mechanism involving changes in the spin state

is proposed.
Introduction M q\s{ o S »
Silacyclobutanes have a rich diversity of chemical applications C]:Si M 7
due to their ring strain and Lewis acidity. A variety of group e D “
10 transition-metal-catalyzed transformations of silacyclobutanes M

-

has been reported, including ring-opening dimerization and { /S{M,/} s
polymerization (ROP},coupling reactiong,and ring opening (/ d
and ring expansion with aldehyd&$-Metalla-2-silacyclopen-  Figure 1. Prototypical metal-mediated intramolecular cycloaddi-
tanes have been postulated as likely intermediates in both RORtions of silacyclobutanes to double or triple-C bonds via C-Si

and cycloadditions to silacyclobutane® In analogy with activation.

transition-metal-catalyzed cyclotrimerizations of alkyhes,

cocyclizations of alkynes with alkenésyhich usually proceed  to silacyclobutanes have already been successfully achieved
via five-membered metallacycles, one could think of trapping under palladium catalysfs!® However, this reaction is not
these intermediates with double or triple-C bonds (Figure regioselective and, at least in our hands, not compatible with
1). In an intramolecular version, this strategy would provide an alkenes. To address these critical issues, we have explored the
expedient access to (rdyeolycyclic compounds displaying a  reactivity of silacyclobutanes toward cobalt complexes. The
silicon atom at the ring junction. This seems particularly relevant scope and the limitations of the title reaction, as well as a
since the incorporation of a silicon atom into the framework of mechanistic study based on DFT computations, are reported
natural products can have a dramatic influence on the biological herein.

activities? Intermolecular cycloadditions of alkynes and allenes

. . Results and Discussion
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Reactions of Cobalt Complexes with Benzosilacyclobutenes.
We started our investigations using CpCgfig),,1* which has
been exploited previously as an active source of CpCo in
cooligomerizations of alkynes with alken®sThe reaction of
1,1-diphenylbenzosilacyclobutenga] with stoichiometric or
catalytic amounts of CpCogEl,), gave rise to dimerization and
higher oligomerization products (Scheme 1). The structure of
the dimer2 could be confirmed by its mass spectral character-
istics, including a molecular ion at'z= 562 (MNH,"). In the

(6) For general reviews of transition-metal-mediatedt22-2] cycload-
ditions of alkynes to alkenes, see: (a) Schore, NCEem. Re. 1988 88,
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Figure 2. ORTEP of4 (left) and9 (right) with hydrogen atoms omitted for clarity (30% thermal ellipsoids).

Scheme 1. Divergent Behaviors of Benzosilacyclobutenes
toward Cobalt Complexes

CpCo(CyHa4), I;hz cpCo Ph
©j\ (1 equiv or 10 mol%) Ib Ph \/
i +
SiPh2  hexane or THE si PR
1a Ph, Ph
(Ph—=—pn) 2,~30%
+ higher ROP products
@j\ CpCo(CO), (1 equiv) ©\/\
) SiR,
SRz hexane, hv, A, 2h ch
1a,R=Ph oc Cp
1b, R = p(MeO)CgH, 3a, 88%
1¢c, R=-Pr 3b, 46%
3c, 33%

presence of an alkyne such as diphenylacetylene, the{2]
cocyclization with a cobalt ethene ligand prevailed. To circum-

at room or lower temperatures, CpCo(G@quires light and/

or heat to be activéIn sharp contrast with CpCogy)2, the
reactions ofla—c with CpCo(CO)} in refluxing hexane under
visible light irradiation gave no ROP products. Instead, 1-co-
balta-2-silacyclobutene&a—c were isolated in 88, 48, and 33%
yield, respectively, as deep yellow solids showing unexpected
air stability for Cd" organometallic species. They were purified
by flash chromatography on silica gel without special precau-
tions. The carbonyl functionality was evident frofC NMR

(3a 6203.8 ppm) and IR3a: ¥co= 1972 cnTl) spectroscopy.
The formation of a Ce Si bond was suggested by the strong
downfield shift of the?°Si nucleus compared to the starting
material £°Si NMR (CDCh): ¢ (ppm)= 48.1 @a); —4.2 (1a)).
Since!H and3C chemical shifts of the Cigroup did not show
any significant alteration compared to the starting material, we
supposed that the Co insertion occurred regioselectively into
the Ar—Si bond?®®

vent this problem, we decided to carry out a stepwise approach, Although crystals of8a were not suitable for single-crystal
acting first on the benzosilacyclobutene. In order to avoid the X-ray analysis, its structure was unambiguously confirmed after
dimerization of the substrate, a cobalt complex with less labile CO/PPR exchange (Figure 2 and Table 1). An equimolar

ligands was chosen. Whereas CpCg{4). turns over already
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solution of3aand PPhin CH,CI, was allowed to stand at room
temperature for one week, and the slow evaporation produced
X-ray-quality crystals. The diffraction study of complek
showed that the insertion of cobalt occurred into the most
electrophilic C-Si bond of the four-membered ring, i.e., the
Csp—Si one. The metallacycle adopts an envelope conformation
with a fold angle of 136.2in which the cobalt and the three
carbon atoms are almost coplanar (€o7—C2—C1 3.7). The
Co—P bond length equals those reported for ((cyclopentadi-
enylalkyl)phosphane)cobalt(lll) chelate complexes with silyl
ligands (2.17 A}t4 The Co-Si bond is just slightly longer (2.27
vs 2.23-2.25 A). Interestingly, the quite small-SCo—C7 angle
of 79.6 is indicative of some strain in the five-membered rifig.
Bimolecular Reactions of the Cobaltasilacyclopentenes
with Alkynes or Alkenes. The site chosen for Co insertion into
benzosilacyclobutenes is the more sterically hindered, but
involves phenyl- rather than benzilicon cleavage. The same
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Table 1. Crystal Data and Structure Refinement for

Compounds 4 and 9

4 9
formula Gi2H3z6COPSI GeH26Si
M (g-mol?) 658.74 366.58
cryst class monoclinic triclinic
space group P2i/n P1
a(A) 17.742(5) 9.652(4)
b (A) 18.117(9) 10.6303(8)
c(A) 20.848(12) 11.3573(7)
o (deg) 90 100.878(5)
p (deg) 99.46(4) 96.738(5)
y (deg) 90 113.755(4)
volume (&) 6610(5) 1022.95(9)
8 2

u (mm1) 0.63 1.22
T(K) 295 250
diffractometer type Enraf-Nonius- KappaCCD-

Mach3 Enraf-Nonius
6 min, max 1,25 2,30
octants collected 0, 21;0, 21; —13,13;—14, 14;

—24,24 —15, 15
total and unique no. 12 435, 11 597, 0.03 18 799, 5897, 0.032

of data,Rint
no. of refins used 3791 3938
no. of reflns, no. 11597, 392 5897, 245
of params

R, Ry, GOF 0.0832,0.0795, 1.178 0.037, 0.043, 1.069

Scheme 2. Reactions of Complex 3a with Alkynes and

Alkenes
R1 e RZ

(5 equiv) ;
3a SIPh2 .
hexane, hv, A, 2 h Z Re

R1
R'=R?=CO,Me 5,51%
R'=RZ=Ph 6, 99%

R' = Me;Si, R? = CO,Me

ﬂbor/\R

(5 equiv)

3a
hexane, hv, A, 2 h

R =Ph
R = Me,Si
R = OEt

in CDCl, .
1415 —— EDQS'P"Z + EtOH
24h -

SiPh,
= R
RZ

7:8 = 3:1 (50%)

10:11 = 20:80 (66%)
12:13 = 27:73 (83%)
14:15 = 50:50 (99%)

16 (100% conversion, not isolated)

regioselectivity was reported with K€O); however the

resulting iron complexes proved unreactive toward alkynes and .
alkenedt® In contrast, under visible light irradiation, complex

3awas actually transformed into benzosilacyclohexBrog 6

when mixed with an excess of DMAD or diphenylacetylene in
refluxing hexane (Scheme 2). These products were obtained in
51 and 99% isolated yield, respectively. The incorporation of
m systems into the starting benzosilacyclobutenes resulted in

upfield shifts of the?*Si signals ¢ (ppm)= —4.2 (la), —18.7

(16) (a) Cundy, C. S.; Lappert, M. F.; Dubac, J.; Mazerolled, Ehem.
Soc., Dalton Trans1976 910-914. (b) Cundy, C. S.; Lappert, M. B.

Chem. Soc., Dalton Tran4978 665-673.

Organometallics, Vol. 26, No. 4,82107

Scheme 3. One-Pot Intramolecular Cycloadditions of
Four-Carbon AIkyne-Tethered Benzosilacyclobutenes

h
CpCo(CO), @(\& " i
toluene or hexane \
Ah

18:19,R= Me 20,R= Me 7% (hexane)
66% (toluene)
23, R = Ph, 20% (toluene)
R 25, R = Me3Si, 19% (toluene)
S, P ——%——
Ph 4
17, R=Me [4+2]
22,R=Ph
24, R = Me,Si

PdCIZ(PPha)z (2 mol%)
benzene, A, 2 h CC’\/O (:(5
R =Me, 20 : 21 = 37: 63 (33%)

(5), —21.5 ©)).1¢ Methyl 3-(trimethylsilyl)propiolate gave a 3:1
regioisomeric mixture of compoundsand 8 in favor of the
[-disilylated one, as indicated by NOE, DEPT, and 2D-NMR
analyses.

Good yields were also obtained from alkenes. For instance,
the reaction of3a with norbornene gave the polycyclic
compound9 in 88% vyield as a single diastereomer whose
stereochemical arrangement was unambiguously assigned after
single-crystal X-ray analysis (see Table 1 and Supporting
Information). Monosubstituted alkenes such as styrene or
vinyltrimethylsilane gave mixtures of regioisomers in favor of
the less crowded ones in good to excellent yields. Although
not regioselective, the incorporation of ethyl vinyl ether proved
very efficient (99% vyield). Compound44 and 15 slowly
eliminate ethyl alcohol after prolonged time in CR@ give
silacyclohexend 6. We suspect that this elimination is catalyzed
by adventitious acid.

Intramolecular Version. When applying the conditions
described above to alkyne-tethered benzosilacyclobutenes in-
cluding a 4-methylene spacer, yields and conversion to the
desired products were scarce. For instance, benzosilacyclobutene
17 afforded the linear tricyclic compound0 in a low 7%
isolated yield (Scheme 3). However, when boiling toluene was
used instead of hexane, the isolated yield was improved to 66%.
The regioselectivity observed during this cyclization rules out
a [4+2] cyclization via a transient ortho(sila)quinodimethane,
as described in the all-carbon sefféSuch a mechanism would
provide only the angular isom@d, which is not obtained here.
On the other hand, the intermediacy of 1-cobalta-2-silacy-
clobutenes could be confirmed by interrupting the irradiation
after 1 h. In this case, diastereoisomeric compled&and 19
could be isolated from the reaction mixture. Execution of the
previously described palladium-based protéedth 17 also led
to cycloaddition products, albeit less efficiently and regiose-
lectively, furnishing the two isome0 and21 (1:1.7), in 33%
combined yield.

Benzosilacyclobutene®? and24 were also rapidly converted
into the corresponding vinyl silan@8 and25. The transforma-
tion of the alkynyl-SiMg moiety of 24 into a vinylsilane
framework could be evidenced by the downfield shift of the
293i NMR signals ¢ (ppm)—19.4 @4); —8.6 (25)). On the other
hand, the resonance peak of the four-membered ring silicon was
shifted upfield after subsequent vinylatiod (ppm) 3.6 @4);
—28.4 5)). Disappointingly, the isolated yields corresponding
to these two transformations were low (20 and 19%, respec-
tively). However, reducing the tether length by one carbon as
in 26 provided the linear 6/6/5 fused heterocyd®& in an
improved 56% isolated yield (Scheme 4). Intramolecular cy-
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Table 2. Electronic Energies, Enthalpies, Free Energies, and Single-Point Energies

LACVP(d,p) 6-311-G(2d,2p)
Ezos (QUR Hags (QUY Goes (aUP imaginary frequency (cr) Eaos (QUF

CcoO —113.304423 —113.301118 —113.323561 —113.351680632
CoH, —77.302842 —77.299001 —77.321849 —77.3591391899
[CpCo(CO}] —565.199077 —565.189503 —565.233265 —1803.13359318
[CpCo(CO)] —451.814714 —451.807017 —451.846229 —1689.69812392
3[CpCo(CO)] —451.860227 —451.851449 —451.895024 —1689.73800388
3[CpCo] —338.483560 —338.477297 —338.512298 —1576.31379994
1A] —560.919437 —560.911648 —560.950494 —561.139267695
CPy —2250.86388551
1B] —1012.792175 —1012.776082 —1012.834751 —2250.90358583
3C] —899.450007 —899.435319 —899.492715 —2137.50656881
CP; —2214.85132367
D] —976.758312 —976.741586 —976.800792 —2214.87588468
TS, —976.754843 —976.739036 —976.795993 —168 —2214.87042808
1E] —976.776122 —976.759744 —976.819191 —2214.88914073
CP3 —2214.88913481
3[E] —976.801837 —976.785151 —976.846704 —2214.91325369
TS, —976.794620 —976.778553 —976.838495 —180 —2214.90136677
3[F] —976.861188 —976.845063 —976.906026 —2214.96734703
1G] —638.324558 —638.315123 —976.906026 —638.598563997

a|ncludes ZPE correctior’Includes thermal correction at 298 RUncorrected.

Scheme 4. One-Pot Intramolecular Cycloadditions of Scheme 5. Computed Pathway for the Formation of
Three-Carbon Alkene- and Alkyne-Tethered 1-Cobalta-2-silacyclopentene B at the DFT/B3LYP Level
Benzosilacyclobutenes (energies in kcal/mol)
Ph

SiMe; CpCo(CO), 1 CPy,,
Lz Si 1 +21.6 4 [ 3 —--SiH
Si,~Z CpCo(CO CpCo(CO)| +8.4, Nk

Ph’ +’3/ toluene, A, hv @3 [ Pl )2] -CO [ + ]_(’ '~. (}o\
26 SiMe, 00 \ oc ©p
27, 56% SiHZ .\.
eh TA] —

CpCo(CO 1
pCo(CO), Si“\x o6
/ i/
©jéi toluene, A, hv 1 @f}Sin
PN 29a, X = CH,, 29% co

- 29b, X = (CHy),, 26% £ Cp
28an=3 PdCIy(PPhs), (2 mol%) (CHz)z, 26% oc
n= N sl (£ moT)

no insertion
benzene, A, 2 h

No associative pathway between CpCo(g@nd benzosilacy-
cloaddition of C-C double bonds could also be accomplished, clobuteneA leading to B could be found. Therefore, we
albeit less efficiently. Compound®aand29b were obtained envisaged the dissociation of CpCo(G@)to CpCo(CO) and
as single diastereomers in 29 and 26% vyield, respectively. CO (Scheme 5). It is now well-established that unsaturated d
Comparatively, under palladium catalysis, the insertion of the CpML species usually exhibit a triplet ground state, whereas
C—C double bonds did not take place. Contrary to alkyne the 18-electron ones (CpML)exhibit a singlet ground staté.
insertion, the incorporation of an alkene into the-/8i bond A spin change is therefore required whéfCpCo(CO})]
of the benzosilacyclobutene framework resulted in a downfield eliminates CO (under irradiation or heat) to gif€pCo(CO)].
shift of the2°Si signals as a result of the partial deconjugation, Reactions that require a spin change are likely to occur if a
the silicon atom bearing two aryl groups in the starting material minimum energy crossing point (MECP) of the singlet and
and only one in the producd (ppm)= 3.7 (28a); 13.6 293)). triplet energy surfaces can be found close to the reagents (two-

Theoretical Calculations.We next attempted to answer some  state mechanisni}:1® This was actually the case for the
questions about the mechanism, e.g., (i) does the reactiondissociation ofl{CpCo(CO}] into 3[CpCo(CO)] and CO, as
between 1-cobalta-2-silacyclobutene and alkynes (alkenes)shown by Harvey and co-worket¥ In order to connect
proceed associatively or does it require dissociation of CO? (ii) 3{CpCo(C0O)] and benzosilacyclobuteewith complexB of
if CO is lost, does the next step correspond to aZJ# singlet ground state, we sought a nearby MECIP; was
cycloaddition between the unsaturated metallacycle and theactually located 8.4 kcal/mol above the reactants (Table 2). At
alkyne (alkene) or does it correspond to an insertion? (iii) if this point, the Ce-C and Ce-Si bonds are essentially formed
insertion prevails, does it occur into the €6 or the Co-Si (Figure 3,CPy: Co—C=12.04 A, Co-Si=2.37 A;B: Co—C
bond of the metallacycle? In order to gain deeper insight, we
studied the mechanism of the reaction of benzosilacyclobutene 1y see: (a) siegbahn, P. E. M. Am. Chem. S0d996 118 1487
A with CpCo(COj) and acetylene by means of DFT computa- 1496. (b) Su, M.-D.; Chu, S.-YChem—Eur. J. 1999 5, 198-207. (c)
tions at the B3LYP/LACVP(d,p) level (Schemes 4 and 5). The Smith, K. M.; Poli, R.; Harvey, J. NChem=Eur. J.2001, 7, 1679-1690.

; ; - (d) Carrém-Macedo, J.-L.; Harvey, J. Nl. Am. Chem. SoQ004 126,
choice of this level of theory was validated by a very good 5789-5797. (e) Petit, A.; Richard, P.; Cacelli, |.; Poli, Rhem=—Eur. J.
agreement between the §tructural parameters of cordpded 2006 12, 813-823. (f) Gandon, V.; Agenet, N.; Vollhardt, K. P. C.;
the computed ones for its parent compound (see SupportingMalacria, M.; Aubert, C.J. Am. Chem. So@006 128 8509-852Q and

i i - pertinent references therein.
Information). Energies were then reevaluated at the 6+%3-1 (19) (a) Yarkony, D. R. I'Modern Electronic Structure Thegryarkony,

(2d,2p) level for all atoms, as suggested by Poli and Shiith. R., Ed.; World Scientific: Singapord995; p 642. (b) Yarkony, D. R.

J. Phys. Chem1996 100, 18612-18628. (c) Schider, D.; Shaik, S.;
(17) Poli, R.; Smith, K. M.Eur. J. Inorg. Chem1999 877—-879. Schwartz, HAcc. Chem. Re®00Q 33, 139-145.
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Figure 3. Structures of various species depicted in Schemes 4 and 5, with selected bond distances (A).

= 1.97 A, Co-Si = 2.29 A). The distance corresponding to ring (CP1: 29.C°; B: 4.2°). This step is appreciably exothermic
the breaking Csp-Si bond is already long (C3pSiin A: = by 16.5 kcal/mol.

1.87 A;CPy: 2.29 A;B: 2.80 A). The main difference between Again, no favorable associative pathway could be modeled
CP; andB is the Ca-C—C—C fold angle of the five-membered  for the transformation oB into D (Scheme 6). The energy
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Scheme 6. Computed Pathway for the Formation of Silacyclohexene G at the DFT/B3LYP Level (energies in kcal/mol, relative
to the {3[CpCo(CO)] + A} system)
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required for the dissociation of CO was evaluated to be 28.4
kcal/mol. The triplet specie€ then reacts with acetylene to
give singlet complexD. The crossing point corresponding to
this reaction lies 9.0 kcal/mol abow& The geometry aCP,

is close to that oD except for the distance between Co and the
center of the &C triple bond CPy: 2.43 A;D: 1.90 A). This
transformation is exothermic by 6.3 kcal/mol. From complex
D, insertion of the complexed alkyne into the €8i bond is
found to be kinetically twice as easy as the insertion into the
Co—C bond (3.4 kcal/mol vs 7.5 kcal/mol). The formation of
the resulting 16-electron complek in the singlet state is
exothermic by 8.4 kcal/mol. The relaxation of this complex to
its triplet ground state AEs-t = 15.3 kcal/mol) is made
straightforward by the existence 6P, virtually superimposed
with singletE (AE < 0.1 kcal/mol, rmsd 0.0007). Finally, a
transition state connecting the two triplet spedieandF was
found 7.5 kcal/mol above tripleE. This transformation is
strongly exothermic by 33.9 kcal/mol. The dissociationFof
into the final productG and CpCo requires 34.6 kcal/mol. The
latter fragment has a triplet ground stafe=ginglet-Triplet = 38.0
kcal/mol, AEsingiet-quintet= 29.3 kcal/mol). Manifold effort failed

to locate a transition state connectifi@pCo] andA to 3[C].

Experimental Section

General Methods.Reactions were carried out under argon using
standard Schlenk techniques. Dichloromethane was distilled over
calcium hydriden-Hexane, benzene, and toluene were distilled from
NaK;s THF was distilled from sodium benzophenone ketyl. The
reactions were irradiated (visible light) using a quartz (non-Uv
block) 300 W ELW AX2275.GY5.3 120V halogen lamp (color
temperature 3350 K) at 50% of its power (using a potentiometer).
Thin-layer chromatography (TLC) was performed on Merck 60 F
silica gel. Merk Gerudan Sl 60 A silica gel (350 um) was used
for column chromatography. CpCo(COyvas purchased from
Aldrich and used as received. CpCeliz), was prepared according
to a known procedur8?2 H, 13C, and 3P NMR spectra were
recorded at 20C at 400, 100, and 162 MHz, respectively, on a
Bruker AVANCE400 spectromete?Si spectra were recorded at
20 °C at 60 MHz on a Bruker AVANCE300 spectrometer (SiH
INEPT). Chemical shiftsq) are given in ppm, referenced to the
residual proton resonance of the solvents (7.26 for GDTIL6
for CgDg), to the residual carbon resonance of the solvent (77.16
for CDCl;; 128.06 for GDg), or using a coaxial tube of 4#0,
80% in HO as a reference fG#P or external reference (TMS) for
29Sj. Coupling constants]) are given in hertz (Hz). The terms m,

This might explain why the reaction requires a stoichiometric s, d, t, g, and quint refer to multiplet, singlet, doublet, triplet, quartet,
amount of CpCo(CQ) One way to address this issue could be and quintet; br means that the signal is broad. When possible, NMR
the use of an external source of CO to regenerate CpCo(CO).signals were assigned on the basis of NOE, DEPT, and 2D-NMR
) (COSY, HMBC) experiments. Elemental analyses, low-resolution
_mass spectra (MS), and high-resolution mass spectra (HRMS) were
nperformed by the Service'Bmnal de Microanalyse de I'Universite
Pierre et Marie Curie or by the Service de Spectroimele Masse

Sde 'ICSN-CNRS, Gif-sur-Yvette. Infrared spectra (IR) were

In conclusion, we have found that the reaction of CpCo(CO
with benzosilacyclobutenes gives the corresponding unprec
edented 1-cobalta-2-silacylobutenes after regioselective insertio
of cobalt into the phenyitsilicon bond of the silacycle. Unlike

the('ir |r|c|)(n countelrparts, these corlnplexes are reac'uye V‘Sth alkyr|1e recorded on a Bruker Tensor 27 spectrometer. Melting points were
and alkenes (electron-rich or gectron-poor) to give benzoslia- ohiained on a Behi capillary apparatus and were not corrected.
cyclohexenes. The one-pot intramolecular version of this Copies of théH and3C NMR spectra of all new compounds have

reaction provides access to polycyclic compounds incorporating peen deposited with the Supporting Information as evidence of their
a silicon atom at the ring junction. A two-state mechanism is pyrity.

proposed on the basis of DFT computations. It shows that the
dissociation of CO opens a vacant site for the alkyne, which
inserts preferably into the CeSi o-bond. We are now applying
this new reaction to the synthesis of silicon containing bioisos-
ters of natural products.



Synthesis of 4:5-Benzo-1-cobalta-2-silacyclopentenes

(2-Bromobenzyl)dichloro(phenyl)silane?® The Grignard reagent
of 2-bromobenzyl bromide (25 g, 100 mmol) was prepared’a 0
in 100 mL of diethyl ether: the bromide, in 90 mL of diethyl ether,
was added owe2 h onmagnesium turnings (2.43 g, 100 mmol)
covered by 10 mL of diethyl ether. Then, the reaction mixture was
allowed to stir fo 1 h at rt. TheGrignard reagent was transferred
via cannula into a solution of phenyltrichlorosilane (40 mL, 250
mmol) in 80 mL of diethyl ether at 8C. The solution was refluxed
for 17 h, the salts were eliminated by filtration, and the solvent
removedin vacua Fraction distillation gave 25.9 g of excess
phenyltrichlorosilane (35C, 0.04 mmHg) and 24.7 g (71%) of
(2-bromobenzyl)dichloro(phenyl)silane (110, 0.04 mmHg) as a
colorless o0il*H NMR (CgDg): 0 7.54-7.52 (m, 2 H), 7.26 (dd)
=8.1Hz,J=1.2 Hz, 1 H), 7.16-7.06 (m, 1 H), 7.03-6.99 (m,
2 H), 6.95 (ddJ=7.7 Hz,J= 1.6 Hz, 1 H), 6.80 (tdJ = 7.6 Hz,
J=1.3Hz, 1H), 657 (td)=7.7Hz,J=1.7 Hz, 1 H), 2.89 (s,
2 H). 13C NMR (CsDg): 6 133.7 (Grom), 133.0 (2 CHrom), 132.2
(CHaI’O[T‘Dl 1308 (C"érom)r 1299 (C"Arom)r 1274 (2 CHrOﬂD! 1266
(CHarom), 126.6 (CHiom), 123.9 (Grom), 29.4 (CH), one Gom
overlapped with solvent residual pedkSi NMR (CsDg): 6 13.4.

By e

1-Chloro- and 1-Bromo-1-phenyl-2:3-benzo-1-silacyclobut-
2-ene?! (2-Bromobenzyl)dichloro(phenyl)silane (24.7 g, 71 mmol)
and 1,2-dibromoethane (0.6 mL, 7 mmol) in diethyl ether (80 mL)
were added within 6 h, maintaining a gentle reflux, over magnesium
turnings (3.45 g, 142 mmol). The reaction mixture was allowed to
stir for 1 h at rt. Thesolution was refluxed for 24 h, and then the
salts were removed by filtration and the solvent was remadmed
vacua Fraction distillation yielded 13.7 g of 1-chloro- and 1-bromo-
1-phenyl-2:3-benzo-1-silacyclobut-2-ene {683 °C, 0.04 mmHg)
as a 3:1 mixture (colorless oiljH NMR (CgDg): 0 7.63-7.60
(m, 2 H), 7.27.19 (m, 1 H), 7.176.97 (m, 6 H), 2.60 (dJas =
17.2 Hz, 1 H), 2.48 (dJag = 17.2 Hz, 1 H); SiBr compound:
2.67 (d,dag = 17.2 Hz, 1 H), 2.51 (dJag = 17.2 Hz, 1 H).13C
NMR (CsDg): 6 150.2 (Grom), 143.2 (Grom), 134.4 (CHyon), 134.3
(CHaron), 133.1 (CHyom), 132.9 (CHyon), 131.4 (CHyon), 130.9
(CHaron), 128.6 (CHyom), 128.0 (CHyron), 127.4 (CHion), 127.2
(CHarom), 26.4 (CH, Si—Br), 26.2 (CH, Si—Cl). 2°Si NMR
(CeDg): 0 2.6 (SHCI), —1.1 (Si—Br).

BenzosilacyclobutenesCompoundsla and 1c were prepared
according to a literature procedii®e.

Compound 1b. The Grignard reagent of 4-bromoanisole (1.75
M, 9 mL, 15.7 mmol, prepared as above at gentle reflux instead of
0 °C) was added to a solution of 1,1-dichloro-2:3-benzo-1-
silacyclobut-2-er® (1.49 g, 7.9 mmol) in 20 mL of diethyl ether
at—78°C. The solution was allowed to warm to rt overnight. The
reaction was quenched with saturatedJSH and the organic layer
was washed with brine and dried with MggOhe solvent was
removed by rotary evaporation. Flash chromatography over silica
gel using petroleum ether/diethyl ether (9:1) as eluent yielded
as a colorless oil (1.53 g, 58%).

(20) (a) Van den Winkel, Y.; Van Baar, B. L. M.; Bastiaans, H. M. M.;
Bickelhaupt, F.; Schenkel, M.; Stegmann, H. Betrahedron199Q 46,
1009-1024. (b) Oestreich, M.; Schmid, U. K.; Auer, G.; Keller, M.
Synthesi®003 2725-2739.

Organometallics, Vol. 26, No. 4,82507

CompoundLb: colorless oil*H NMR (CDCl): 6 7.57 (d,J =
7.6 Hz, 4 H), 7.47 (br s, 1 H), 7.387.35 (m, 1 H), 7.287.26 (m,
overlap with solvent residual peak, 2 H), 3.81 (s, 6 Hpy)H2.56
(d, 2 H, Hy). *3C NMR (CDCk): 0 161.9 (2 C, ), 152.2 (CV),
144.8 (¢V), 137.1 (2 C, ), 131.3 (C!"), 128.3 (C'"), 127.5 (C"),
127.2 (C"), 125.6 (2 C, @), 114.3 (2 C, @), 54.5 (2 C, Gy,
21.1 (G). 2°Si NMR (CDCh): 6 —4.6. IR (neat):¥max 3439, 3023,
2836, 1593, 1503, 1278, 1248, 1208, 1116, 1029'cm

The following compounds were prepared from 1-chloro- and
1-bromo-1-phenyl-2:3-benzo-1-silacyclobut-2-ene (using the pro-
cedure described in the literatud€jollowed by condensation of
the corresponding Grignard or lithium reagent (according to the

procedure reported in the literatufg).
PR

RMgBr

©j3i\q Et,0, -78°C

PH

R

R Yield
(CH,)4—C=C—CH;  33%
(CH,)4—C=C-SiMe; 30%
24 (CH,),~C=C-Ph  20%°
26 (CH,);~C=C-SiMe; 7%
28a (CH,);—CH=CH,  61%
28b (CH,),~CH=CH,  68%

17
22

2 Grignard reagent is unstable, 25 lithium
derivative was used instead.

Representative ProcedureThe Grignard reagent of 1-bromo-
pent-4-ene (1.18 mL, 10 mmol) was prepared at room temperature
in 15 mL of diethyl ether. The bromide was added o2eh on
magnesium turnings (272 mg, 11.2 mmol), then the reaction mixture
was allowed to stir fo 2 h at room temperature. It was then
canulated into a solution of 1-chloro- and 1-bromo-1-phenyl-2:3-
benzo-1-silacyclobut-2-ene (7.5 mmol) in 15 mL of diethyl ether
at—78°C. The solution was allowed to warm to room temperature
overnight. The reaction was quenched with saturated@iHand
the organic layer was washed with brine and dried with MgSO
The solvent was removed by rotary evaporation. Flash chromatog-
raphy over silica gel using petroleum ether as eluent yields
compound28aas a transparent oil (1.92 g, 61%).

Due to 4- and fexadig autocyclization of the Grignard reagént,
or the lithium derivative’® the yields corresponding to compounds
17, 22, 24, and 26 are irremediably low.

10

11 9 8

12 6 4
14

16

18 17

Compoundl7: colorless oil.!H NMR (CDCl): 6 7.61-7.58
(m, 2 H, Hyg), 7.42-7.35 (m, 5 H), 7.26-7.20 (m, 2 H), 2.39 (d,
Jas = 16.7 Hz, 1 H, H), 2.32 (d,Jag = 16.7 Hz, 1 H, H), 2.14—
2.09 (m, 2 H, H), 1.75 (t,J = 2.5 Hz, 3 H, H), 1.60-1.54 (m, 4
H, Hs—6), 1.30-1.20 (m, 2 H, H). 3C NMR (CDCk): 6 151.7
(Co), 143.7 (Gy), 135.7 (Gs), 134.2 (2 C, Gg), 131.0 (C!"), 130.7
(C'"), 129.8 (A1), 128.0 (2 C, @), 126.9 (C!"), 126.5 (C), 79.0
(Cs), 75.6 (G), 32.2 (T, 23.0 (), 19.3 (G), 18.2 (C), 13.3

(21) Horner, L.; Subramanian, P. V.; Eiben,l{ebigs Ann. Chenl968
714, 91—-111.

(22) Eaborn, C.; Walton, D. R. M.; Chan, NI. Organomet. Chen1967,
9, 251-257.

(23) Kang, K.-T.; Yoon, U. C.; Seo, H. C.; Kim, K. N.; Song, H. Y.;
Lee, J. CBull. Korean Chem. Sod.991, 12, 57—60.

(24) Gilman, H.; Atwell, W. H.J. Am. Chem. Sod964 89, 5589
5593.

(25) Hill, A. E. J. Organomet. Chen1975 91, 123-271.

(26) Bayley, W. F.; Ovaska, T. \d. Am. Chem. S0d993 115, 3080~
3090.
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(Cy), 3.4 (Q). °Si NMR (CDCh): 6 3.6. IR (neat)¥nax 3050, 2918, Compound28acolorless oil'H NMR (CDClk): 6 7.59-7.57
2855, 1959, 1584, 1428, 1100, 1041, 780, 734, 697'crnal. (m, 2 H, Hy), 7.41-7.34 (m, 5 H), 7.23-7.19 (m, 2 H), 5.76 (ddt,
Calcd for GiHosSi: C, 82.70; H, 7.63. Found: C, 82.51;H, 7.88. J=17.0 Hz,J = 10.2 Hz,J = 6.7 Hz, 1 H, B), 4.99-4.93 (m,
2 H, Hl), 2.38 (d,JAB = 16.8 Hz, 1 H, |'é), 2.31 (d,JAB = 16.8
o NE_T Hz, 1 H, H), 2.17-2.09 (m, 2 H, H), 1.65-1.53 (M, 2 H, H),
11@:\3 s 3, 1.33-1.20 (m, 2 H, H). 13C NMR (CDCk): 6 151.7 (G), 143.7
2 BTN (C12), 138.5 (G), 135.7 (G3), 134.1 (2 C, Gy), 131.0 (C"), 130.8
C}ww/\m@ (C'M), 129.8 (@"), 128.0 (2 C, Gy), 126.9 ("), 126.6 (C'"), 114.9
7 1 19N 21 (Cy), 37.1 (G), 23.3 (GQ), 19.3 (G), 13.4 (G). Si NMR
(CDCL): ¢ 3.7. IR (neat): #max 3052, 2923, 1640, 1585, 1429,
Compoundzz: colorless oil.1H NMR (CDC|3)Z 0 7.61-7.59 1111 cntl. Anal. Calcd for QgHZOSiZ C, 81.76; H, 7.62. Found:
(M, 2 H, H), 7.42-7.31 (M, 7 H), 7.267.19 (m, 5 H), 2.41 (t, ~ © 8133/ H, 7.89.
overlap, 2 H, H), 2..41 (d, overlap, 1 H, §), 2.33 (d,Jag = 16.9

20

Hz, 1 H, H), 1.70-1.67 (m, 4 H, Hg), 1.33-1.25 (m, 2 H, H). o NE_7
13C NMR (CDCh): 0 151.7 (G), 143.6 (G3), 135.6 (Gy), 134.2 11@?- s 3 ]
(2 C, Cis), 131.5 (2 C, Gy, 131.0 (), 130.8 (C"), 129.8 ("), R 3\6/\4/\2/
128.1 (2 @), 128.0 (2 "), 127.5 (Gy), 126.9 (C), 126.6 (¢, 15
124.0 (Gg), 90.0 (G), 80.8 (G), 31.8 (), 23.1 ('), 19.3 (G), 716
18.9 (C), 13.4 (G). IR (neat): max 3052, 2929, 2857, 2227, 1598,
1489, 1428, 1110, 1041 cth MS (CI): 388 (M(FO)NH,*, 100), Compound28b: colorless oil.*H NMR (CDCl): ¢ 7.60-7.58
370 (MNH,", 4), 335 (MH', 2), 279 (10), 230 (8). HRMS(ES: (m, 2 H, Hs), 7.42-7.34 (m, 5 H), 7.26:7.19 (m, 2 H), 5.78
calcd for GsHasSi (MHT) 353.1720; found 353.1725. (ddt,J=17.1 Hz,J = 10.1 Hz,J = 6.8 Hz, 1 H, H), 4.99-4.90
(M, 2 H, H), 2.38 (d,Jas = 16.7 Hz, 1 H, H), 2.34 (d,Jag =
- 16.7 Hz, 1 H, H), 2.06-2.01 (m, 2 H, H), 1.57-1.44 (m, 4 H,
11©jsi s s, Has), 1.29-1.24 (m, 2 H, H). 13C NMR (CDCk): 6 151.7 (G),
it M“\(N 143.8 (G3), 138.8 (G), 135.8 (G,), 134.1 (2 C, G, 131.0 ("),
@15 SiMes 130.7 (@), 129.8 (C"), 128.0 (2 C, Gy), 126.9 (C"), 126.5 (C),

114.3 (G), 33.4 (G), 32.3 (C), 23.3 (C), 19.3 (G), 13.7
(Co). IR (neat): ¥max 3052, 2922, 1640, 1585, 1428, 1111 ¢m

Compound24: colorless oil.*H NMR (CDCl): ¢ 7.59-7.57 Anal. Calcd for GgHeSi: C, 81.95; H, 7.96. Found: C, 81.95; H,
(m, 2 H, Hs), 7.42-7.33 (m, 7 H), 7.26:7.19 (m, 2 H), 2.38 (d, 7.96.

Jas = 16.7 Hz, 1 H, H), 2.31 (d,Jag = 16.7 Hz, 1 H, H), 2.20 Reaction of 1 with CpCo(CGH4),. CpCo(GHy)2 (181 mg, 1
(t, J=6.7Hz, 2 H, H), 1.60-1.57 (m, 4 H, Hg), 1.27—1.24 (m, mmol or 18 mg, 0.1 mmol) was added-a20 °C to a solution of
2 H, Hg), 0.11 (s, 9 H, SiMg. 3C NMR (CDCk): ¢ 151.7 (G), benzosilacyclobutent (274 mg, 1 mmol) im-hexane or THF (10
143.6 (G3), 135.6 (Gy), 134.1 (2 C, Gs), 131.0 (C"), 130.8 ("), mL). The solution was allowed to warm to room temperature and
129.8 (C'"), 128.0 (2 ', Cy6), 126.9 (C'"), 126.6 (C'), 107.2 (Q), to stir overnight. Silica was added and the solvent was removed
84.6 (G), 31.8 (C), 23.0 (C), 19.4 (G), 19.2 (), 13.4 (G), by rotary evaporation. The solid residue was submitted to flash

0.13 (3 C, SiMeg). °Si NMR (CsDg): 0 3.6, —19.4 (SiMe), due chromatography over silica gel using a pentane/diethyl ether (9:1)
to poor spin relaxation, the silicon atom of the silacycle is hardly mixture to afford~80 mg (~30%) of 2.
observed. IR (neat)?max 3053, 2930, 2173, 1429, 1111, 1041¢m

MS (Cl): 384 (M(HO)NH;", 100), 367 (M(HO)H", 12). 365 (16), P
349 (MH', 9), 324 (23), 307 (15), 230 (7), 90 (18). HRMS(BS P~
calcd for GoHasSio (MHY) 349.1802; found 349.1804. 5@()@

6 Si

7
8 7 \8 9
H‘
o™ at
10 123i\5/\3/
1 13 4 2 i
14

Compound2: white solid, mp 198-201°C. 'H NMR (CDCly):
0 7.57-7.55 (m, 4 H), 7.427.32 (m, 10 H), 7.237.12 (m, 4 H),
Compound26: colorless oil.'H NMR (CDCl): 6 7.60-7.58 7.16-7.14 (m, 4 H), 6.986.94 (m, 4 H), 6.5%£6.49 (m, 2 H),
(M, 2 H, H), 7.41-7.34 (m, 5 H), 7.237.19 (m, 2 H), 2.39 (d,  3.05 (d,Jag = 13.4 Hz, 2 H, H), 2.37 (d,Jas = 13.4 Hz, 2 H,
Jas = 17.8 Hz, 1 H, H), 2.32 (d,Jag = 17.8 Hz, 1 H, H), 2.28 Hj). 13C NMR (CDCk): 6 145.1 (2C, ), 137.3 (2C, @), 136.4
(t, J=6.9 Hz, 2 H, H), 1.77-1.66 (m, 2 H, H), 1.44-1.32 (m, (4C,G),135.9(2C, ), 135.3 (4 C, G), 133.6 (2 C, G), 133.5

16 15

2 H, Hs), 0.11 (s, 9 H, SiMg). 13C NMR (CDCk): 6 151.7 (G), (2 C, G), 130.3 (2 C, (), 129.5 (2 C, (), 129.3 (2 C, @),
143.4 (G), 135.4 (G3), 134.2 (2 C, Gs), 131.0 (C), 130.9 ("), 129.2 (2 C, ), 127.8 (4 C, Gy), 127.5 (4 C, Gy), 123.5 (2 C,
129.9 (), 128.0 (2 C, Gs), 126.9 (C), 126.6 (), 107.1 (G), C"), 22.0 (2 C, G). 2°Si NMR (CDCk): 6 —6.2. IR (neat): fmax

85.0 (G), 23.3 (@), 23.1 (C), 19.3 (G), 13.3 (G), 0.2 (3 C, 3048, 1584, 1407, 1197, 1107 ctaMS (CI): 562 (MNH,*, 100),
SiMes). IR (neat): max 3053, 2933, 2173, 1428, 1248, 1111, 1041, 545 (MH", 98), 467 (M— Ph)", 17).

841 cnrt. MS (ClI): 380 (M(HO)NH,*, 100), 353 (M(HO)H", Preparation of Cobalt Complexes.An n-hexane solution (10
20), 335 (MHf, 3). HRMS(ES): calcd for GiH»;Si; (MH™) mL) of benzosilacyclobutenga (274 mg, 1 mmol) and CpCo-
335.1646; found 335.1650. (CO), (140uL, 1 mmol) was refluxed fo2 h under irradition. The

mixture was concentrated under reduced pressure and purified over
silica gel using a pentane/diethyl ether (95:5) mixture to afford 373

©
N
o

, g A 2 mg (88%) of3a.
e g Complex3a yellow solid, mp 47°C dec.'H NMR (CDCly):
14 0 7.48-7.28 (m, 11 H), 7.20 (dJ = 7.1 Hz, 1 H), 6.95 (tdJ =

16 15 7.3 Hz,J =1.3Hz,1H),6.86 (td)=7.6 Hz,J’ = 1.8 Hz, 1 H),



Synthesis of 4:5-Benzo-1-cobalta-2-silacyclopentenes

12
ZOC;QJ

1.Co
45678

4.92 (s, 5 H, Cp), 2.89 (s, 2 H, 13C NMR (CDCk): 6 203.8
(C12), 152.7 (Q), 144.5 (A, 143.6 (CV), 143.4 (), 140.4 (CV),
1346 (2C, @), 133.9 (2 C, @), 128.9 (Gy), 128.7 (Gy), 127.8 (2
C, Cy), 127.7 (2 C, G), 127.2 (O"), 124.8 (C"), 124.2 (C),
89.5 (5 C, Cp), 32.2 (. IR (neat): ¥max 3043, 1987 (CO), 1426,
1098, 1006 cmt. 2°Si NMR (CDCE): 0 48.1. MS (Cl): 443 (18),
442 (MNH;*, 43), 425 (MH', 6), 399 (12), 398 (45), 397 ((MH
—CO)", 100), 396 (12), 290 (15). Anal. Calcd for4Ei,,CoOSi:
C, 70.74; H, 4.99. Found: C, 70.74; H, 5.16.

The same procedure was used to pre@arg&l06 mg, 46%) and
3c (52 mg, 33%) from benzosilacyclobuted® (183 mg, 0.55
mmol) and1lc (92 mg, 0.45 mmol) using 68L of CpCo(CO).

13
oC CpQ
2 =)
1Co
4 6 g

12

Compound3b: yellow solid, mp 45°C dec.’H NMR (C¢Dg):
0 7.53 (d,J=7.6 Hz, 1 H), 7.457.38 (m, 4 H), 7.23 (d) = 7.4
Hz, 1 H), 7.0+-6.88 (m, 6 H), 4.95 (s, 5 H, Cp), 3.83 (s, 6 H,
Hiz), 2.89 (s, 2 H, H). 13C NMR (C¢Dg): ¢ 203.9 (CO), 160.2
(CVv), 160.0 (C¥), 152.7 (C), 144.4 (@), 143.8 (CV), 136.0 (C!"),
135.3 (A, 134.4 (@), 131.6 (CV), 127.1 (@), 124.7 ("), 124.1
(€M, 113.4 (C"), 113.3 (A", 89.5 (5 C, Cp), 55.0 (2 C, ),
32.9 (G). 2°Si NMR (CDCk): 6 47.0. IR (neat):¥nax 2926, 1989,
1591, 1441, 1275, 1245, 1181, 1099, 1030 &nAnal. Calcd for
Cy7H25Co0sSi: C, 66.93; H, 5.20. Found: C, 66.96; H, 5.57.

10
L
s 67 :7/

Complex3c: yellow solid.*H NMR (CgDg): 6 7.36 (d,J = 6.6
Hz, 1 H), 7.19-7.16 (m, 1 H), 6.99 (td) = 7.3 Hz,J = 1.3 Hz,
1 H), 6.90 (tJ = 7.6 Hz, 1 H), 4.59 (s, 5 H, Cp), 2.53 (dag =
16.0 Hz, 1 H, H), 2.23 (d,Jas = 16.0 Hz, 1 H, H), 1.18-1.04
(m, 11 H), 0.78 (dJ = 7.3 Hz, 3 H, H). 13C NMR (CDCk): 6
203.7 (Go), 152.9 (G), 144.5 (), 127.8 (A1), 125.0 ("), 124.4
(€M, 87.9 (5 C, Cp), 28.0 (g, 20.1 (2 C, G), 19.9 (G), 19.8
(Cg), 19.6 (G), 19.4 (G). IR (neat): Pmayx 3054, 2942, 2863, 1972
(CO), 1460 cm™.

12Ph
/7

Complex4: red solid.'H NMR (CDCl): 6 8.02-8.00 (m, 1
H), 7.61-7.51 (m, 5 H), 7.3+6.74 (m, 23 H), 4.54 (s, 5 H, {9,
1.86 (d,Jag = 16.2 Hz, 1 H, H), 1.16 (d,Jag = 16.2 Hz, 1 H,
H,). 13C NMR (CDCh): ¢ 156.2 (G), 148.7 (CV), 147.2 (¢,
142.8 (¢V), 135.8 (C), 135.4 (CV), 135.3 (C"), 134.2 (2 C, @),
134.1 (2 C, G), 133.5 (C), 129.3 (&), 128.4 (C), 127.7 ("),
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127.3-127.2 (m, 13 C, @), 122.6 (C!"), 122.3 (C"), 87.6 (5 C,
Cie), 28.8 (G). 3P NMR (CDCE): ¢ 56.3.

Bimolecular Insertions of Alkynes or Alkenes. General
procedure: comple8 (1 mmol) and the desired alkyne or alkene
(5 mmol) were dissolved im-hexane (10 mL). The mixture was
refluxed under irradiation until completion (ca-2 h). Silica was
added, and the solvent was removed by rotary evaporation. The
solid residue was submitted to flash chromatography over silica
gel using a gradient mixture of pentane and diethyl ether.

15 14

5 COMe
1 a7
3, X 613
4 Si-Ph

Compound5: white solid, mp 113°C. 'H NMR (CDCl): ¢
7.58-7.55(m, 4 H, H), 7.41-7.37 (m, 2 H), 7.347.31 (m, 4 H),
7.23-7.14 (m, 4 H), 3.93 (s, 3 H, H), 3.51 (s, 3 H, Hy), 2.73 (s,
2H, H7). 13C NMR (CDCE) 0 169.6 (Qg‘ls), 169.2 (Q3‘15), 155.0
(Ci7), 136.7 (2 C, @), 135.2 (4 C, @), 131.9 (C"), 131.8 (CV),
131.4 (¢), 130.3 ("), 130.1 (2 C, Gy), 129.5 (C!"), 127.9 (4 C,
Ci), 127.8 (&), 126.3 (C"), 52.6 (G214), 51.7 (G214), 19.5 (G).
295i NMR (CDCk): ¢ —18.7. IR (neat): ¥max 1734, 1713, 1430,
1236 cntl. Anal. Calcd for GsH,,04Si: C, 72.44; H, 5.35.
Found: C, 72.10; H, 5.53.

Compounds: yellow solid, mp 58C.H NMR (CgDg): 6 7.59-
7.57 (m, 4 H, Hy), 7.13-6.70 (m, 20 H), 2.81 (s, 2 H, L 1°C
NMR (CDCl): 6 153.4 (G), 142.5 (Gaug), 141.7 (Gaus), 138.7
(CV), 137.3 (¢V), 135.4 (4 C, @), 135.3 (CV), 133.4 (2 C, Gy),
131.4 (C"), 130.6 (2 C, Gg), 130.4 (C"), 129.6 (2 C, Gs), 128.6
(2C, Gy), 127.7 (4 C, &), 127.6 (2 C, Gg), 127.5 (C"), 127.4 (2
C, Cy), 126.3 (C"), 125.4 (C"), 124.8 (C!'), 20.3 (G). 2°Si NMR
(CDCL): 6 —21.5. IR (neat): ¥max 1427, 1108, 764, 733 crh.
MS (FAB): 469 (38), 468 (MNH", 80), 452 (45), 451 (MH, 100).
HRMS(ES'): calcd for GsH2Si 450.1804; found 450.1795.

14 15

SiMes 15 CO,Me
2 .9 2 9 .
3 IS (13402Me 3 1 \8 SiMe;
A Si-Ph o~_-Si~Ph
5 710 5 710
11 1
237 233

7:8 mixture: colorless oil'H NMR (CgDg): 6 7.57—7.55 (m, 8
H, Hii, 7 and8), 7.35-7.33 (m, 2 H,7 and8), 7.10-7.07 (m, 12
H, 7 and8), 6.94-6.82 (m, 6 H,7 and8), 3.49 (s, 3 H, Hs, 8),
3.15(s,3H,Hs5,7),252(s,2H,H,7),2.41(s,2 H, H, 8),0.45
(s, 9 H, SiMg, 7), 0.16 (s, 9 H, SiMg 8).
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Compound9: white solid, mp 112°C. 'H NMR (CDCl): ¢
7.54-7.10 (m, 14 H), 3.36 (d) = 9.4 Hz, 1 H, H), 2.73 (d,Jas
=15.7 Hz, 1 H, H), 2.66 (d,J = 4.0 Hz, 1 H, H5), 2.50 (d,Jas
=157 Hz, 1 H, H), 2.42 (br s, 1 H, Hy), 1.90-1.59 (m, 5 H,
H15,16,9, 1.46 (br d,JAB = 9.8 Hz, 1 H, H_g), 1.11 (br d,JAB =
10.1 Hz, 1 H, Hg).23C NMR (CDCk): 6 142.6 (¢V), 136.3 (),
135.6 (¢V), 135.4 (2 C, @), 135.0 (CV), 134.8 (2 C, &), 132.6
(C19), 130.2 (Gg), 129.5 ("), 129.2 ("), 127.9 (2 C, Gy), 127.8
(2 C, Cip), 126.0 (), 125.8 ('), 51.4 (G), 47.2 (G7), 39.1 (Ga),
36.2 (Gg), 34.1 (Ge), 29.6 (Gs), 29.0 (G), 17.9 (G). 2°Si NMR

(CDCly): 6 —13.7. IR (neat):¥max 3047, 2943, 2857, 1482, 1425,

1260, 1104, 1025 cm. Anal. Calcd for GgH»6Si: C, 85.19; H,
7.15. Found: C, 84.95; H, 7.28.

1"

10:11 mixture: colorless oillH NMR (CDCl): 6 7.55-6.62
(m, 38 H,10and11), 4.98 (t,J = 3.6 Hz, 1 H, K, 11), 3.15-3.10
(m, 2 H, H, 10), 2.89-2.85 (m, 1 H, H, 10), 2.83 (d,J = 3.6 Hz,
2 H, Hg, 11), 2.80 (s, 2 H, H, 11), 2.69 (d,Jag = 17.4 Hz, 1 H,

H7, 10), 2.52 (d,Jag = 17.4 Hz, 1 H, H, 10). The aromatic region

Agenet et al.

Ho, 14), 1.54 (dd,Jag = 14.6 Hz,J = 3.5 Hz, 1 H, H, 14), 1.15
(t, J=7.1Hz, 3 H, He), 1.06 (t,J = 7.1 Hz, 3 H, Hy).

Compoundl6: the14:15 mixture decomposes in CD£to give
16 within 24 h (100% conversionfH NMR (CDCl): 6 7.66—

6.98 (m, 14 H), 6.33 (d) = 14.9 Hz, 1 H, H), 4.73 (d,J = 15.1
Hz, 1 H, H), 2.75 (s, 2 H, H).

Intramolecular Insertion of Alkynes or Alkenes. General
procedure: the benzosilacyclobutene (0.5 mmol) was dissolved in
toluene (5 mL). CpCo(CQ)(70 uL, 0.5 mmol) was added. The
mixture was refluxed under irradiation until completion-@ h).
Silica was added, and the solvent was removed by rotary evapora-
tion. The solid residue was submitted to flash chromatography over
silica gel using a gradient mixture of pentane and diethyl ether.

of the spectrum presents too many peaks to be unambiguously

assigned’3C NMR (CDCL): 6 37.5 (G, 11), 34.1 (G, 11), 31.2
(Cs, 10), 29.7 (G, 10), 23.8 (G, 11), 20.2 (G, 10). 2°Si NMR
(CDCl): 6 —15,1, —14.6. MS (Cl): 394 (MNH*, 100), 377
(MH*, 19), 316 (5), 302 (8), 290 (70). HRMS(ES calcd for
CarHasSi (MH) 377.1720; found 377.1728.

SiMey
9 9

2 . 2

N 1 8 SiMe; s 1 s

4 o~Si—Ph 4 A
5 719 5 719

1" 1"

12 2
13 12 12 43 13

12:13 mixture: colorless oillH NMR (CDCl): 6 7.65-7.00
(m, 28 H,12 and13), 2.91 (t,J = 6.7 Hz, 1 H, H, 13), 2.80 (d,
Jas = 16.9 Hz, 1 H, H, 13), 2.58 (s, 2 H, H, 12), 2.56-2.52 (m
of ABX, 1 H, Hg, 12), 2.53 (d,Jag = 17.2 Hz, 1 H, H, 13), 1.69
(dd, A of ABX, Jag = 15.3 Hz,Jpox = 7.6 Hz, 1 H, H, 12), 1.39
(dd, B of ABX, Jag = 15.3 Hz,Jax = 6.8 Hz, 1 H, K, 12), 1.17
(dd, Jag = 15.4 Hz,J’ = 7.6 Hz, 1 H, H, 13), 1.01 (dd,Jag =
15.3 Hz,J = 5.8 Hz, 1 H, K, 13), 0.13 (s, 9 H, SiMg 12), 0.00
(s, 9 H, SiMg, 13).

13 14 13 15

14:15 mixture: colorless oillH NMR (CDCl): 6 7.92-7.00
(m, 28 H,14and15), 4.75 (ddJ=6.1 Hz,J =3.5Hz, 1 H, H,
15), 3.93 (t,J = 7.8 Hz, 1 H), 3.55 (tJ = 8.5 Hz, 1 H), 3.3%
3.27 (m, 3 H, H, 14, Hi4), 3.22-3.18 (m, 1 H, Hy), 3.07—3.03
(m, 1 H, Hy), 2.94 (d,Jag = 14.4 Hz, 1 H, H), 2.75 (d,Jpg =
17.4 Hz, 1 H, H), 2.56 (d,Jag = 14.4 Hz, 1 H, H), 2.50 (d,Jas
=17.4 Hz, 1 H, H), 1.96 (dd,Jag = 14.6 Hz,J = 6.1 Hz, 1 H,

Compound20: colorless oil.XH NMR (CDCl): ¢ 7.38-7.35
(m, 1 H), 7.277.12 (m, 6 H), 7.06:6.99 (m, 2 H), 3.01 (dt) =
15.4Hz,J =3.8Hz, 1 H, Ha),2.26 (s, 2 H, K), 2.20 (d,J=1.2
Hz, 3 H, Hy), 2.10-2.03 (M, 2 H, H119, 1.95-1.92 (m, 1 H,
Hiy), 1.64-1.56 (m, 1 H, Hy), 1.49-1.37 (m, 2 H, Hg 1), 0.82
(td, J = 5.3 Hz,J = 12.9 Hz, 1 H, H). 1°C NMR (CDCk): ¢
141.9 (C), 140.3 (C), 135.6 (CV), 134.7 (CV), 134.6 (CV), 134.2
(2 C, Gy), 131.2 (A", 129.2 (@), 127.7 (2 C, Gy), 126.3 (C),
126.1 (C"), 125.5 (), 32.4 (Ga), 29.7 (Go), 23.7 (Gy), 20.7
(Co), 16.5 (G), 12.0 (Gp). IR (neat): 7,a 3066, 3013, 2923, 2851,
2360 (G=C), 2342 (G=C), 1587, 1479, 1427, 1113, 1080 cn

Compound21 (contaminated by 37% of compourd): this
compound was obtained under palladium catalysis (colorles$ oil).
IH NMR (CDCL): ¢ 7.54-7.50 (m, 3 H), 7.36-7.23 (m, 5 H),
7.21-712 (m, 1 H), 3.72 (dd, A of ABX)J = 20.1 Hz,Jpg = 3.1
Hz, 1 H, Hy), 3.44 (d,Jag = 20.1 Hz, 1 H, H), 2.88 (dt,J = 14.6
Hz,J=3.5Hz, 1 H, Hy), 2.16-2.05 (M, 2 H, H219, 1.94 (s, 3
H, His), 1.79-1.21 (m, 4 H, Hg111), 0.97-0.90 (m, 1 H, Hy).
13C NMR (CDCh): 0 145.9 (C), 143.5 (CV), 137.1 (¢V), 134.5
(2C, Gg), 133.1 (C"), 133.0 (¢), 129.2 (¢V), 129.0 (C"), 128.8
(C'), 128.1 (), 127.9 (2C, @), 125.5 (), 42.7(G), 31.6 (Ga),
29.9 (Go), 24.3 (Gy), 19.8 (G4), 11.6 (Go).




Synthesis of 4:5-Benzo-1-cobalta-2-silacyclopentenes

Compound23: colorless oil.'H NMR (CDCl): 6 7.41-7.37
(m, 4 H), 7.33-7.23 (m, 4 H), 7.16-7.14 (m, 2 H), 7.09 (dJag =
7.4 Hz, 1 H), 7.086-6.90 (m, 2 H), 6.66 (dJag = 7.6 Hz, 1 H),
2.52-2.44 (M, 2 H, K19, 2.38 (d,Jag = 15.4 Hz, 1 H, H), 2.13-
2.05 (m, 2 H, H119, 1.80-1.77 (m, 1 H, H,), 1.54-1.50 (m, 2
H, Hi019, 1.22-1.15 (m, 1 H, H5), 0.90-0.81 (m, 1 H, Hy). 13C
NMR (CDCl): ¢ 149.1 (¢), 141.4 (¢V), 139.2 (&), 135.6 (CV),
135.3 (@), 134.9 ((V), 134.2 (2 C, Gs), 131.4 ("), 129.9 (C),
129.4 ("), 128.1 (2 C, Gy), 127.9 (2 C, Gy), 126.5 (C), 126.3
(C'M), 125.2 ("), 34.3 (Gs), 30.0 (Go), 23.8 (Gy), 20.6 (G), 12.4
(C10). IR (neat): Pmax 3013, 2922, 2850, 2246 €€C), 1949, 1727,
1580, 1441, 1427, 1111, 1028, 906 Tm

SiMe;
4 .2 13
X 12

6 Si_11

8
7 9 g4 10
15
16

17

5

Compound25: colorless oil.*H NMR (CDCly): ¢ 7.16-6.94
(m, 9 H), 2.562-2.44 (m, 1 H, Hg), 2.22-2.14 (m, 4 H, H 1213,
2.00-1.96 (m, 1 H, Hj), 1.56-1.54 (m, 2 H, Ho 19, 1.39-1.35
(m, 1 H, Hy), 0.85-0.77 (m, 1 H, Hp), 0.3 (s, 9 H, SiMg). 13C
NMR (CDCly): 6 157.1 (GV), 152.2 (CV), 141.7 (CV), 134.5 (CV),
134.3 (2 C, Gs), 134.1 (CV), 130.5 (C"), 129.3 (C), 128.9 (A),
127.7 (2 C, G, 125.4 (@), 124.6 ("), 37.5 (Gs), 30.4 (Go),
24.1 (Gy), 21.2 (G), 12.7 (Go), 2.7 (3 C, SiMeg). 2°Si NMR
(CeéDe): 0 —8.6 (SiMe), —28.4. IR (neat):Pmax 3051, 2921, 2852,
1711, 1592, 1474, 1404, 1250, 1112 ¢MS (CI): 366 (MNH,",
17), 349 (MH", 100), 90 (34). HRMS(ES: calcd for GoH2eSi,
(MH™) 349.1802; found 349.1806.

SiMes
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Compound27: colorless oil.*H NMR (CDCly): ¢ 7.24-7.22
(m, 1 H), 7.17-7.05 (m, 7 H), 6.99-6.95 (m, 1 H), 2.76 (dtJas
=15.5Hz,J=6.2Hz, 1 H, Hy), 2.49 (dt,Jag = 15.5HzJ=7.5
Hz, 1 H, Hy), 2.31 (d,Jag = 14.3 Hz, 1 H, H), 2.23 (d,Jas =
14.3 Hz, 1 H, H), 2.11-189 (m, 2 H, Ha), 1.22 (dt,Jag = 14.9
Hz,J= 7.4 Hz, 1 H, Hy), 0.97 (dt,Jag = 14.9 Hz,J = 7.3 Hz,
1 H, Hy), 0.27 (s, 9 H, SiMg). 13C NMR (CDCk): ¢ 164.5 (CV),
149.5 (CV), 143.4 (¢V), 134.5 (CV), 134.3 (2 C, Gy), 133.4 (CV),
131.4 ("), 129.3 ("), 128.9 ("), 127.7 (2 C, G5), 125.7 ("),
125.1 (@), 35.1 (Gy), 26.8 (Ga), 20.5 (G), 9.8 (3 C, Gy), 2.0
(SiMey). IR (neat): ¥max 3051, 2925, 2856, 1469, 1447, 1248, 1142
cm L.

Compound29a colorless oil*H NMR (CDClg): 6 7.38-7.36
(m, 2 H), 7.29-7.23 (m, 3 H), 7.06:6.99 (m, 4 H), 2.89 (ddJas
=13.6 Hz,J=5.8 Hz, 1 H, H), 2.61 (dd Jag = 13.4 Hz,J = 8.4
Hz, 1 H, H), 2.29 (d,Jas = 14.7 Hz, 1 H, H), 2.19 (d,das =
14.7 Hz, 1 H, H), 1.82-1.73 (m, 1 H, H,), 1.70-1.63 (m, 1 H,
Hi1), 1.55-1.44 (m, 2 H, H1y), 1.40-1.33 (m, 1 H, Hy), 0.89-
0.81 (m, 1 H, Hy), 0.76-0.69 (m, 1 H, Hg). 13C NMR (CDCk):
6 140.7 (QV), 137.2 (QV), 136.4 (CV), 134.1 (2 C, Gy), 129.7
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(C), 129.4 (@), 129.1 (®), 127.9 (2 C, Gs), 126.5 (¢), 125.1
(C"), 36.4 (G), 33.7 (G2), 25.8 (Gy), 23.0 (Q), 18.2 (G), 11.7
(C10). 29Si NMR (CDCE): 6 13.6. IR (neat):7imax 3066, 3012, 2920,
2850, 1489, 1453, 1427, 1112, 1065¢mAnal. Calcd for GgHaor
Si: C, 81.76; H, 7.62. Found: C, 81.62; H, 7.82.

4 . 2Hg43
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Compound29b: colorless oil'H NMR (CDCl): 6 7.47-7.44
(m, 2 H), 7.34-7.30 (m, 3 H), 7.147.07 (m, 4 H), 2.86 (ddJas
=13.7 Hz,J=11.0 Hz, 1 H, H), 2.76 (dd,Jag = 13.7 Hz,J =
45Hz,1H, H),2.31(dJag = 15.4 Hz, 1 H, H), 2.13 (d,Jag =
15.4Hz, 1 H, H), 1.89-1.77 (m, 2 H), 1.76-:1.67 (m, 1 H), 1.52
1.50 (m, 2 H), 1.441.37 (m, 1 H), 1.241.18 (m, 2 H), 0.88
0.81 (m, 1 H, Hg), 0.76-0.69 (m, 1 H, Hp). 3C NMR (CDCk):

0 141.4 (¢V), 137.6 (CV), 137.1 (CV), 133.9 (2 C, &s), 130.0
(C'M), 129.2 ("), 128.8 ("), 127.8 (2 C, Gy), 126.4 (C!"), 125.0
(CM), 37.6 (G), 31.7 (C"), 25.7 (C"), 23.7 (C"), 20.7 (Q), 19.4
(Cy), 10.3 (@). IR (neat): ¥max 2915, 1693, 1402, 1113 crh Anal.
Calcd for GgH»0Si: C, 81.95; H, 7.96. Found: C, 82.08; H, 8.01.

Crystal Structure Determinations. X-ray intensity data were
recorded on a Enraf-Nonius Mach or Enraf-Nonius KappaCCD
diffractometer with monochromated Mookradiation § = 0.71073
A). Data collection strategies were assigned on the basis of the
apparent Laue symmetry obtained from a preliminary examination
of the unit cell (full sphere for a triclinic setting and an arbitrary
hemisphere for higher symmetries). Data were integrated with the
CRYSTALS software packagé and corrected for Lorentz
polarization effects, and an empirical absorption correction was
applied within DIFABS?8 The space group for each compound was
assigned on the basis of systematic absences observed within the
data. Structures were solved by direct metBdasd expanded using
Fourier methods and refined routinéf/Hydrogen atoms were
included in geometrically calculated positions with thermal param-
eters tied to the atom to which they are bonded. A summary of the
crystal and structure refinement data can be found in Table 1. CCDC
600 441 and 600 442 contain the supplementary data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

DFT Calculations. All geometries of intermediates and transition
states were optimized fully without symmetry constraints using the
Gaussian 03 prografi.The DFT computations were carried out
using the B3LYP functional as implemented in Gaussian. The
computations were done using the LACVP(d,p) basis set: the cobalt
atom was described by a doulildsasis set with the effective core
potential of Hay and Wadt (LANL2DZ3t and the 6-31G(d,p) basis
sef2was used for the other elements. Frequency calculations were
performed to confirm the nature of the stationary points and to
obtain zero-point energies (ZPE). The connectivity between station-
ary points was established by intrinsic reaction coordinate calcula-

(27) CRYSTALS: Betteridge, P. W.; Carruthers, J. R.; Cooper, R. |;
Prout, K.; Watkin, D. JJ. Appl. Crystallogr.2003 36, 1487.

(28) DIFABS: Walker, N.; Stuart, DActa Crystallogr.1983 39, 158—
166.

(29) SIR-92: Altomare, A.; Cascarano, M.; Giacovazzo, C.; Guagliardi,
A. J. Appl. Crystallogr.1993 26, 343.

(30) Frisch et alGaussian 03Revision B.02; Gaussian, Inc.: Walling-
ford, CT, 2004.

(31) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(32) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971
54, 724-728. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Phys.
1972 56, 2257-2261. (c) Hariharan, P. C.; Pople, J. Pheor. Chim. Acta
1973 28, 213. (d) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.
(e) Gordon, M. SChem. Phys. Lettl98Q 76, 163—-168.
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