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only ca. 10 h. This reaction is relatively clean (by 'H NMR
in benzene-dg), and pure 2 can be isolated in ca. 50% yield
as yellow crystals from pentane.!? In the absence of light
no product is formed after 5 days, indicating that insertion
requires photochemical activation of CpCp*Zr[Si-
(SiMeg)3]Cl.  The UV-vis spectrum of CpCp*Zr[Si-
(SiMe;);3]Cl exhibits an absorption at 461 nm (e = 500 LL
mol™ em™), and use of cutoff filters has determined that
the corresponding electronic transition gives rise to the
observed photochemistry. The quantum yield for this
reaction (A = 380-470 nm, benzene-d;) in the presence of
excess ethylene is 2.5, suggesting a radical chain mecha-
nism initiated by homolytic cleavage of a M~Si bond.!?

Compound 1 is remarkably stable for an alkyl complex
with 8-hydrogens, very little decomposition being observed
after 3 days at 80 °C (by 'H NMR in benzene-d;). Future
work will involve further development and study of this
insertion chemistry. Preliminary experiments show that
Cp*Cl,ZrSi(SiMey), is unreactive toward styrene, propene,
and MegSiCH=CH, and that Cp*CLHfSi(SiMe;,); is inert
toward diphenylacetylene and 1-hexene.
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la (21 pages). Ordering information is given on any current
masthead page.

(12) For 2: Anal. C, H. *H NMR (benzene-dg, 22 °C, 300 MHz): 6 0.34
(s, 27 H, SiMe;), 1.08 (m, 2 H, CH,Si), 1.40 (m, 2 H, ZrCH,), 1.71 (s, 15
H, Cp*), 5.90 (s, 5 H, CP)' UV-vis (pentane, nm): 225 (¢ = 6000 M!
cm™), 329 (e = 1000 M1 em™).

(13) (a) Lehnig, M.; Neumann, W. P. J. Organomet. Chem. 1975, 97,
375. (b) Kiihlein, K.; Neumann, W. P,; Becker, H. P. Angew. Chem., Int.
Ed. Engl. 1967, 6, 876. (c) Bennett, S. W.; Eaborn, C.; Jackson, R. A,;
Pearce, R. J. Organomet. Chem. 1968, 15, P17. (d) Fields, R.; Haszeldine,
R. N.; Hubbard, A. F. J. Chem. Soc. C 1971, 3838.
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Summary: The palladium-catalyzed reactions of diger-
mirane 1 with dimethyl acetylenedicarboxylate and acet-
ylene give the ring expansion products 2 and 3. Reaction
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with methyl acrylate gives the rearranged product 4. In
the stoichiometric reaction of 1 with Pd(PPh,),, pallada-
digermetane 8 is isolated as a stable compound. 6 reacts
with dimethyl acetylenedicarboxylate, acetylene, and
methyl acrylate to yield 2, 3, and 4, respectively. The
similar palladium-catalyzed reactions of thia- and selena-
digermiranes 9 and 10 with acetylene give the ring ex-
pansion products 11 and 12, respectively.

One of the most interesting reactions of the Si—Si bond
of the reactive disilanes is the transition-metal-catalyzed
insertion of unsaturated hydrocarbons, and numerous
papers have been published so far.”” In spite of these
studies, no interest has been shown in the transition-
metal-catalyzed insertion of unsaturated compounds into
the Ge~Ge bond.® Recently, we reported the preparation
and chemical properties of a digermirane and its hetero-
cyclic analogues.»® We report here the novel palladium-
catalyzed ring-expansion reactions of a digermirane and
thia- and selenadigermiranes. We also report the stoi-
chiometric reaction of the digermirane with Pd(PPh,), to
yield a palladadigermetane as stable red crystals.

When a benzene solution of digermirane 1,% dimethyl
acetylenedicarboxylate, and Pd(PPhg), (10 mol %) was
heated to reflux for 45 h under an argon atmosphere, a
crystalline product identified as digermacyclopentene 2,'!
a insertion product of the acetylene into the Ge-Ge bond,
was obtained in 51% yield (eq 1). It was also found that

+ R-CSC—R _cat. Ar,(}e/\el‘«r2

R

(1)
Ar,Ge——GeAr,

1

2 (R = CO,Me)
Ar = 3R=H)

Pd(II) complexes such as PdCly(PPhg), and PdCl,(PhCN),
and NiCl,(PPh;), catalyzed the insertion of the acetylene
into the Ge—Ge bond of the digermirane 1 equally, giving
the adduct 2. Unsubstituted acetylene also reacted with

(1) (a) Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. J. Am. Chem. Soc.
1975, 97, 931. (b) Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. Chem. Lett.
1975, 887. (c) Sakurai, H.; Kobayashi, T.; Nakadaira, Y. J. Organomet.
Chem. 1978, 162, C43.

(2) (a) Okinoshima, H.; Yamamoto, K.; Kumada, M. J. Am. Chem.
Soc. 1972, 94, 9263. (b) Tamao, K.; Hayashi, T.; Kumada, M. J. Orga-
nomet. Chem. 1976, 114, C19.

(3) (a) Watanabe, H.; Kobayashi, M.; Higuchi, K.; Nagai, Y. J. Orga-
nomet. Chem. 1980, 186, 51. (b) Watanabe, H.; Kobayashi, M.; Saito, M.;
Nagai, Y. J. Organomet. Chem. 1981, 216, 149. (c) Watanabe, H.; Saito,
M.; Sutou, N.; Kishimoto, K.; Inose, J.; Nagai, Y. J. Organomet. Chem.
1982, 225, 343.

(4) Carlson, C. W.; West, R. Organometallics 1983, 2, 1801.

(5) Seyferth, D.; Goldman, E. W.; Escudie, J. J. Organomet. Chem.
1984, 271, 337.

(6) Jzang, T. T.; Liu, C. S. Organometallics 1988, 7, 1271 and refer-
ences cited therein.

(7) (a) Ito, Y.; Nishimura, S.; Ishikawa, M. Tetrahedron Lett. 1987,
28, 1293. (b) Ito, Y.; Matsuura, T.; Murakami, M. J. Am. Chem. Soc.
1988, 110, 3692.

(8) Recently, Pd(0)-catalyzed insertion reactions of acetylenes into a
Ge-Sn bond have been reported, see: Piers, E.; Skerlj, R. T. J. Chem.
Soc., Chem. Commun. 1987, 1025.

(9) (a) Ando, W.; Tsumuraya, T. Tetrahedron Lett. 1986, 27, 3251. (b)
Tsumuraya, T.; Sato, S.; Ando, W. Organometallics 1988, 7, 2015. (c)
Ando, W.; Tsumuraya, T. Organometallics 1988, 7, 1882.

(10) (a) Batcheller, S. A.; Masamune, S. Tetrahedron Lett. 1988, 29,
3383. (b) Masamune, S.; Batcheller, S. A.; Park, J.; Davis, W. M,; Ya-
mashita, O.; Ohta, Y.; Kabe, Y. J. Am. Chem. Soc. 1989, 111, 1888.

(11) Compound 2: colorless crystals; mp 173-174 °C; ‘H NMR (60
MHz, CDCly) 6 0.87 (t, J = 7 Hz, 24 H, CH,), 1.30 (s, 2 H, GeCH,Ge),
2.50 (q, J =7 Hz, 16 H, CH,), 3.53 (s, 6 H, OMe), 6.9-7.4 (m, 12 H, Ar);
13C NMR (25 MHz, CDCl;) 6 11.5 (t, GeCH,Ge), 15.1 (q, CHj), 30.3 (t,
CH,), 51.8 (q, OMe), 125.9 (d, Ar), 128.8 (d, Ar), 141.2 (s, Ar), 147.8 (s,
Ar), 157.9 (s, Ar), 169.9 (s, C=C).
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1 to yield an adduct, 3,12 in 20-25% yield when acetylene
was bubbled into a toluene solution of 1 in the presence
of a Pd(0) or Pd(II) catalyst at 80 °C (eq 1). The reaction
of 1 with methyl acrylate under similar conditions (refluxed
in benzene for 18 h) gave a ring-opened type product, 4,13

in 20% yield (eq 2).
cat A'zG,e/\EA'Z

1 + Hy,C=CH-COMe ——— A (2)
H.

CO,Me
4

A reasonable pathway for the formation of the products
obtained is shown in Scheme I. We propose that a pal-
ladadigermetane intermediate 5 is involved in the forma-
tion of compounds 2 and 3. The formation of 4 may be
explained by the participation of the same intermediate
followed by $-elimination (Scheme II).

To confirm the mechanism, we next tried to isolate a
palladadigermetane in a stoichiometric reaction. When
a toluene solution of 1 and Pd(PPh;), was heated at 90 °C
for 20 h, palladadigermetane 6 was obtained as a red
crystalline solid in 45% vield (eq 3).1* The fact that the

(12) Compound 3: colorless crystals; mp 124-125 °C; 'H NMR (60
MHz, CDCl;) 6 0.80 (t, J = 7 Hz, 24 H, CHjy), 1.20 (s, 2 H, GeCH,Ge),
2.55 (g, J = 7 Hz, 16 H, CH,), 6.8-7.2 (m, 12 H, Ar), 7.63 (s, 2 H, CH=
CH); °C NMR (125 MHz, CDCl,) 3 8.6 (t, GeCH,Ge), 15.4 (q, CHy), 29.9
(t, CHy), 125.9 (d, Ar), 128.5 (d, Ar), 141.2 (s, Ar), 148.5 (s, Ar), 150.4 (d,
C=C0C).

(13) Only one of the two possible isomers was isolated and was iden-
tified as trans isomer. Compound 4: colorless crystals; mp 76-81 °C; 'H
NMR (100 MHz, CDCl;) 6 0.86 (t,J = 7 Hz, 12 H, CH,), 0.96 (t, J = 7
Hz, 12 H, CHy), 1.59 (d, J = 4 Hz, 2 H, GeCH,Ge), 2.53 (q, J = 7 Hz, 8
H, CH,), 2.60 (q, J = 7 Hz, 8 H, CH,), 3.61 (s, 3 H, OMe), 542 (t, J =
4 Hz, 1 H, GeH), 6.88 (AB, J,z = 18 Hz, Av,p = 189 Hz, 2 H, CH=CH),
6.9-7.3 (m, 12 H, Ar); 13C NMR (22.5 MHz, CDCl;) 6 11.0 (t, GeCH,Ge),
15.3 (q, CHy), 29.6 (t, CHy), 30.0 (t, CH,), 51.5 (g, OMe), 125.7 (d, Ar),
126.2 (d, Ar), 128.9 (d, Ar), 129.0 (d, Ar), 132.6 (d, C=C), 138.1 (s, Ar),
138.2 (s, Ar), 148.8 (s, Ar), 149.1 (s, Ar), 152.7 (d, C=C).

(14) Compound 6: 'H NMR (500 MHz, C,Dg) 4 0.93 (t, J = 7.4 Hz,
24 H, CHy), 2.68 (d, Jpy = 2.7 Hz, 2 H, GeCH,Ge), 3.11 (dq, J = 7.4, 14.8
Hz, 8 H, CH,), 3.21 (dq, J = 7.4, 14.8 Hz, 8 H, CH,), 7.0-7.4 (m, 27 H,
Ar); 3C NMR (125 MHz, CgDg, ‘H-decoupled) 8 15.6 (s, CHj), 30.0 (d,
Jp.c = 16.8 Hz, GeCH,Ge), 32.1 (s, CH,), 125.8-148.9 (aromatic C); 3'P
NMR (C¢Dg, 85% phosphoric acid as external standard) & 7.8 (s).
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Figure 1. (A) 'H NMR spectrum of compound 6 in C¢Dg (60
MHz). (B) After the addition of PPh; to a C¢Dg solution of
compound 6 (60 MHz). Asterisks indicate the resonances assigned
to methylene protons of the palladadigermetane.

1 + Pd(PPhy), —— ArzGe\ GeAr, (3)

i
PPh,

g

H-decoupled *C NMR spectrum of 6 shows a doublet at
6 30.0 ppm (Jop = 16.8 Hz) clearly indicates this resonance
can be assigned to the ring carbon atom of palladadiger-
metane 6 and that only one molecule of PPh; is coordi-
nated to palladium. In the 'TH NMR spectrum one doublet
was observed at & 2.68 ppm (Jp_y = 2.7 Hz) which was
assigned to methylene protons in the ring. The crystals
of palladadigermetane 6 are air-sensitive, but much less
than in solution, and can be handled in air for a short time
(mp 182-185 °C dec).!?

When PPh; was added to the benzene-dg solution of 6,
a doublet at 6 2.68 ppm in the 'H NMR spectrum was
changed to a singlet at § 2.68 ppm as shown in Figure 1.16
The changes can be interpreted in terms of the rapid
equilibrium between the mono(triphenylphosphine)palla-
dium complex and the bis(triphenylphosphine)palladium
complex (eq 4).

Al] - GeAn 4 ey,  IT—==  AnGe  Gear, )

P P
' AN
PPh, PhsP  PPhy

]

Compound 6 reacted with dimethyl acetylenedi-
carboxylate, acetylene, and methyl acrylate to form the
corresponding addition products 2, 3, and 4 in 100%, 96%,
and 45% yields, respectively (Scheme III).1” These results
indicate that the four-membered palladacycle is involved
in the catalytic reactions of 1.18

(15) We attempted an X-ray structure analysis of compound 6, but,
because of the decomposition in the X-ray beam, sufficient data could
not be obtained. Preliminary results indicate that the four-membered
ring system in compound 6 is almost planar.

(16) Also, in the 'H-decoupled *C NMR spectrum a doublet at 4 30.0
ppm was changed to a singlet, and in the *'P NMR spectrum a singlet
at & 7.8 ppm was shifted to § -4.2 ppm (br). The changes in the spectra
were observed even when 6 was treated with a small amount of PPh,.

(17) In the presence of PPhy 6 reacted with the unsaturated com-
pounds similarly.
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Under similar conditions azadigermiridine 8% did not
react with dimethyl acetylenedicarboxylate or acetylene
in the presence of Pd(PPhy), or PdCl,(PPhy),. But,

Ph
|

N
7
Ar,Ge——GeAr,

8

thiadigermirane 9%P reacted with acetylene in the presence
of a catalytic amount of Pd(PPhy), or PdCly(PPh;), at 80
°C cleanly to produce the adduct 11%° in 44-54% yield (eq
5). In contrast to the reactions of digermirane 1 the adduct
11 obtained is the insertion product of acetylene into the
Ge-S bond. No products of the insertion into the Ge-Ge
bond were obtained. The reaction of selenadigermirane
10°® with acetylene under similar conditions gave the
corresponding addition product 12 (eq 5).2° A simple

X 7
/ \ + HC=CH __CL> Mes,Ge H (5)
Mes,Ge — GeMes, Mes ée
2 H

9(x=5)
Mes = ‘Q.

10(X =Se)
catalytic scheme can be proposed for the formation of
adducts 11 and 12 (Scheme IV). We tried to proof the
intervention of an intermediate such as 13. However,
attempts to isolate Pd-containing intermediates in stoi-
chiometric reactions were not successful, so the chemistry
in Scheme IV is only a suggestion.

H(X=9)
12(X =Se)

(18) The mechanism of the palladium(II)-catalyzed insertions of ace-
tylenes into the Ge—~Ge bond of 1 is of some interest. As reported earlier
(see ref 5) there is the possibility that a Pd(II) compound is reduced to
a Pd(0) species. An experiment in which 1 was treated with a stoichio-
metric amount of PACl,(PPhy); confirmed that this was the case. The
reaction produced two products, palladadigermetane and ClAr,Ge-C-
Hy~GeAr,Cl (7), in about a 1:1 ratio. It would appear that an initial
reaction of 1 with PACly(PPhj), reduces the latter to Pd(PPhg); and forms
7. The coordinatively unsaturated Pd(PPhy), then inserts into the Ge-Ge
bond of 1. Compound 7: colorless crystals, mp 119-121 °C; '"H NMR (500
MHz, CDCly) 6 0.92 (t, J = 7.4 Hz, 24 H, CHj,), 2.51 (dq, J = 7.4, 14.8 Hz,
8 H, CHy), 2.56 (s, 2 H, GeCH,Ge), 2.77 (dq, J = 7.4, 14.8 Hz, 8 H, CH)),
6.97(d,J = 7.7Hz, 8 H, Ar), 7.22 (t, J = 7.7 Hz, 4 H, Ar); 1*C NMR (125
MHz, CDCly) 8 15.2 (q, CH,), 28.0 (t, GeCH,Ge), 29.1 (t, CHy), 126.7 (d,
Ar), 129.8 (d, Ar), 139.4 (s, Ar), 148.1 (s, Ar).

(18) Compound 11: colorless crystals; mp 174-175 °C; ‘H NMR (60
MHz, CDCly) 6 2.10 (s, 12 H, CH,), 2.21 (br s, 24 H, CH,), 6.62 (br s, 8
H, Mes), 6.95 (AB, Jaz = 8.4 Hz, Avsg = 30 Hz, 2 H, HC=CH); *C NMR
(125 MHz, CDCly) 6 20.8 (q, CHy), 25.1 (g, CHy), 25.2 (q, CHy), 128.8 (d,
Mes), 128.9 (d, Mes), 129.2 (d, C=C), 135.8 (s, Mes), 138.0 (s, Mes), 138.2
(s, Mes), 140.2 (d, C==C), 143.3 (s, Mes), 143.9 (s, Mes).

(20) Compound 12: colorless crystals, mp 114-120 °C; 'H NMR (60
MHz, CDCly) 6 2.13 (s, 12 H, CHy), 2.21 (s, 24 H, CHj), 6.63 (br s, 8 H,
Mes), 7.41 (AB, J,5 = 10.2 Hz, Avpp = 25.0 Hz, 2 H, CH=CH); *C NMR
(125 MHz, CDCly) 4 20.8 (g, CHy), 20.9 (q, CH,), 26.3 (q, CHj), 25.5 (q,
CH,), 128.8 (d, Mes), 128.9 (d, Mes), 134.3 (d, C=C), 136.1 (s, Mes), 136.2
(d, C=C), 137.9 (s, Mes), 138.2 (s, Mes), 143.2 (s, Mes), 143.8 (s, Mes).
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Summary: Upon heating at 65 °C, threo-CgH,-
(CO),FeCHDCHDCH,S(CH,)CeHsTCF,S0,™ is converted to
cis -1,2-dideuteriocyclopropane with inversion of stereo-
chemistry at the carbon bound to iron.

The reaction of electrophilic carbene complexes with
alkenes leads to the formation of cyclopropanes' with
complete retention of alkene stereochemistry.? Since
electron-rich alkenes have enhanced reactivity, electro-
philic addition of the carbene carbon to the least substi-
tuted alkene carbon has been proposed to lead to a tran-
sition state with substantial positive charge at the carbon
v to the metal center. Cyclopropane formation can then
be completed by carbon—carbon bond formation between
C, and C, by one of two stereochemically differentiated
modes of ring closure (Scheme I). Net retention of
stereochemistry at C, could occur by nucleophilic attack
of iron at the electrophilic y-carbon to produce a cationic
metallacyclobutane which then reductively eliminates cy-
clopropane.® Net inversion of stereochemistry at C, could
occur via a W-shaped transition state in which the elec-
trophilic v-carbon attacks the backside of the C,~Fe bond.

(1) Brookhart, M.; Studabaker, W. B. Chem. Rev. 1987, 87, 411.

(2) Alkene stereochemistry was partially lost in one case. Brookhart,
M.; Kegley, S. E.; Husk, G. R. Organometallics 1984, 3, 650.

(3) (a) Puddephatt, R. J. Coord. Chem. Rev. 1980, 33, 149. (b) Hanks,
T. W.; Jennings, P. W. J. Am. Chem. Soc. 1987, 109, 5023. (c) Al-Essa,
R. J.; Puddephatt, R. J.; Tipper, C. F. H.; Thompson, P. J. J. Organomet.
Chem, 1978, 157, C40. (d) Irwin, W. J.; McQuillin, F. J. Tetrahedron
Lett. 1968, 1937. (e) Powell, K. G.; McQuillin, F. J. Tetrahedron Lett.
1971, 3313. (f) Casey, C. P.; Scheck, D. M.; Shusterman, A. J. J. Am.
Chem. Soc. 1979, 101, 4233.
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