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The isomerization between 2,5- and 2,6-disubstituted 1,4-disilacyclohexa-2,5-diene derivatives is studied
under photochemical conditions in the presence of Fe(CO);. Strong evidence is given for the process involving
two metal-assisted Si—C bond cleavages to form an alkyne complex as the intermediate. Other possible

mechanisms are discussed for comparison.

Recently we reported the novel cycloaddition reactions
between 1,1,2,2-tetrafluoro-1,2-disilacyclobutene (1) and
conjugated dienes mediated by metal carbonyls.!* All
these reactions involved the disilametallacycle interme-
diates which facilitated the migration of silyl groups to the
dienes via various routes, for example, in the case of bu-

tadiene,?* eq 1.
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During the course of our study of the iron-mediated
cycloaddition reaction of 1 with cis,trans-2,4-hexadiene,?
products from direct 1,2-addition reaction, namely, 1,4-
disilacyclohexa-2-enes 4a,b, were not obtained. Instead,
1,4-disilacyclohexa-2,5-dienes 5a,b were found to be the
major products (eq 2).

It is believed that 1,4-disilacyclohexa-2-enes 4a,b were
formed first but converted to 5a and 5b, respectively, by
the iron carbonyl species that existed in the reacting
system (eq 3).
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Fortunately, it was possible to obtaine 4a from the re-
action of trans,trans-2,4-hexadiene,® which provided an
opportunity to verify the idea described above (eq 4).

~
Ay, =30 *C
= Cr(COg

However, when 4a was treated with Fe(CO); photo-
chemically, not only 5a but also a mixture of 5a and 5b
(in a ratio of 2:3) were obtained (eq 5).°

Fe(CO);
4a 0 5a/5b (5)
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Scheme I
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It is obvious that the standard mechanisms of metal-
catalyzed olefin isomerization cannot account for the ob-
served isomerization between these isomers. This trans-
formation may involve cleavage and formation of Si-C
bonds, although the exact manner is unknown. It was
hoped that a more thorough understanding of these isom-
erizations should provide more insight into the mechanism
of the metal-mediated silyl migration to coordinated di-
enes.

~Fe(CO)a 5a/6b

Results and Discussion

There are two possible mechanisms that can in principle
be responsible for the isomerization between these isomers.
The first involves the insertion of the metal into a Si-C
bond of 4a or 4b (oxidative addition of the Si-C bond)5¢
which was followed by the formation of a Fe-bonded 1,4-
disilacycloocta-2,6-diene intermediate (6). This interme-
diate allows the reversed formation of 1,4-disilacyclohex-
2-enes via metal insertion in either one of the two Si-C
bonds; thus formation of the products of both isomers of
5a or 5b becomes possible (Scheme I).

To test the mechanism proposed above, 1,4-disila-
cycloocta-2,6-diene derivatives 7a and 7b were prepared
by thermally reacting 1 with 1,3-butadiene and 2,3-di-
methyl-1,3-butadiene, respectively (eq 6).

F
R! t-Bu s? R
~ 120 *C
1+ P —_— [ |
R2 Si Rz

7a: R!= R2 =H
b: R'= R?:=CHg
According to the mechanism in Scheme I, isomer pairs
5¢/5d and 4c/4d were expected when 7a and 7b were
irradiated with Fe(CO);, respectively. However, none of
these products were observed. Instead, compounds 2a/2b
and 3a/3b were obtained in the reaction of 7a, and the
compounds 2¢ and 2d were obtained in the reaction of 7b

(5) Seyferth, D.; Shannon, M. L.; Vick, 8. C.; Lim, T. F. O. Organo-
metallics 1985, 4, 47.

(8) (a) Pitt, C.; Skillern, K. R. J. Organomet. Chem. 1967, 7, 525. (b)
Cundy, C. 8.; Eaborn, C.; Lappert, M. F. Ibid. 1972, 44, 291. (c) Curtis,
M. D.; Epstein, P. S. Adv. Organomet. Chem. 1981, 19, 213.
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(eq 7 and 8). These are exactly the same products obtained
in the Fe-mediated 1,1-cycloaddition reactions of 1 with
1,3-butadiene and 2,3-dimethyl-1,3-butadiene, respec-
tively.?
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It is obvious that the mechanism described in Scheme
I cannot be responsible for the isomerization of 4a (or 4b).
What really happened can perhaps be best illustrated in
Scheme II.

It seems that the cycloaddition reaction of 1 with 1,3-
butadiene and the reaction of 7a with Fe(CO); proceeded
via a common intermediate X, which preferred hydrogen
migration to formation of the six-membered ring.?

The second possible mechanism involves the insertion
of Fe into two Si-C bond, leading to the formation of an
alkyne complex of the disilametallacycle (Y) as an inter-
mediate. The reversed reaction, namely, migration of silyl
groups back to the coordinated alkyne, would result in the
formation of both forms of isomers of the 1,4-disilacyclo-
hexa-2,5-dienes (Scheme III).

The intermediacy of an alkyne complex of a silametal-
lacycle, a close analogue of Y, was proposed by Seyferth
et al. to explain the observation of unusual products in the
Pd-catalyzed cycloaddition reactions between silacyclo-
propene and alkynes.’

For a test of the mechanism described in Scheme III,
a comparison was made between the isomerization of
1,4-disilacyclohexa-2,5-dienes and the reactions of the
disilametallacycle with the corresponding alkynes, for ex-
ample, the isomerization between 5e and 5f and the re-

action of (FySi(t-Bu)C=C(H)SiF,—)Fe(CO), with tert-bu-
tylacetylene (eq 9 and 10).

Indeed, the two reactions gave exactly the same results.
In the range of —55 to 65 °C both reactions resulted in the
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same ratio of 53e/5f for each particular temperature
(Scheme IV). Obviously in the presence of catalytic iron
carbonyl species, interconversion of 5e and 5f is reversible.
This observation strongly suggests that those two reactions

proceed via a common intermediate, namely, compound
Y.

In fact, a catalytic amount of either Fe(CO); or (FZSri—-

(t-Bu)C=C(H)SiFs;)Fe(CO), would catalyze the forma-
tion of 5e and 5f from a large amount of starting materials
(1 and tert-butylacetylene). All these observations are
summarized in Scheme V.

It is interesting to note that the isomerization of 1,4-
disilacyclohexa-2-ene derivatives can be completed in two
separate steps. For example, 4e could be converted to the
corresponding 1,4-disilacyclohexa-2,5-diene 5g by Mo(CO),.
Compound 5g was isolated and then isomerized to 5h by
treating with Fe(CO); (eq 11).
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Experimental Section

Vacuum distillation and chemical manipulations were carried
out on vacuum lines at 1073 torr. Photochemical preparations
employed a 450-W medium-pressure Hg lamp. Isoprene (Aldrich),
iron pentacarbonyl (Strem), and molybdenum hexacarbonyl
(Strem) were used as received. Solvents were dired and distilled
over calcium hydride. The following compounds were prepared
according to the published procedures respectively: 1,7 4a,% 4b 2

(F,Si(t-Bu)C=C(HSiF;~)Mo(CO)5,¢ (F,Si(¢-Bu)C=C(H)-

SiF,-)Fe(CO),,° t-Bu=CH.Y®

Spectra. All mass spectra were recorded on a JEOL JMS-100
mass spectrometer operating at 12 eV. The NMR spectra were
obtained from a JEOL JMS FX-100 spectrometer operating at
99.55, 93.65, and 25.0 MHz for 'H, 19F, and '°C spectra, respec-
tively, and a Bruker AM 400 spectrometer operating at 400.0,
376.5, and 100.0 MHz for 'H, '°F, and '3C spectra, respectively.
Chemical shifts of H and 3C NMR spectra were measured in

(7) Liy, C. S.; Margrave, J. L.; Thompson, J. C. Can. J. Chem. 1972,
50, 465.

(8) Hseu, T. H.; Chi, Y.; Liu, C. 8. Inorg. Chem. 1981, 20, 199.

(9) Chi, Y.; Liu, C. S. Inorg. Chem. 1981, 20, 3456.

(10) Bartlet, P. D.; Rosen, L. J. J. Am. Chem. Soc. 1942, 64, 543.

(11) The F NMR spectra of 5e and 5f were misinterpreted previ-
ously. The spectra reported previously were actually due to the two
isomers of (n%-C;;HySi,F,)Ni(CO), (so the four fluorines were different).
See; Liu, C. S.; Cheng, C. W. J. Am. Chem. Soc. 1975, 97, 67486.
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6 values. °F NMR chemical shifts were measured in parts per
million upfield from the internal standard CCL,F. In the 3C NMR
data, the spectral multiplicity is due to couplings with heteronuclei,
whereas the couping patterns in *C{!H}cw are included in the
parentheses,

Preparation and characterization of compounds 2a-2d, 3a, 3b,
5a, and 5b have been described previously.>*

Preparation of 7a and 7b. Compound 1 (0.43 g, 2 mmol) was
allowed to react with the respective butadiene (CH,=
CHRCHR=CH,, R = H, CHj;) in slightly excess amount in iso-
octane solution at 120 °C for 3 h. The reaction mixture was kept
under a dry nitrogen atmosphere. The products were purified
by distillation at 90 °C under vacuum. The yields of 7a and 7b
were 60% and 70%, respectively.

Anal. Calcd for 7a: C, 44.78; H, 6.00; F, 28.36. Found: C, 44.34;
H, 6.12; F, 28.07. Mass spectrum of 7a: m/e 268 (M",
CIOHISSi2F4+); 253 (CQH13Si2F4+); 215 (CSHuSiQF4+), 57 (C4Hg+);
54 (C,Hg"). 'H NMR of 7a: 6 11.16 (s), 9 H, t-Bu; 1.92 (br), 4
H, CH,; 5.52 (¢c), 2 H, -CH=CH-; 6.36 (t), 1 H, ==CHSI{F,. *F{'H}
NMR of 7a: 127.26 (t), =CHSiF,; 134.63 ppm (t), =C(¢-Bu)SiFy;
3 —ch-sir = 4.0, *Jopgr = 1.0 Hz. 13C NMR of 7a: § 167.66 m
(m), =C(¢-Bu)SiF,; 130.44 m (dm), =CHSIF,; 122.89 and 122.64
s (d), -CH=CH-; 39.55 s (s), (CHj)sC; 28.95 s (q), C(CH,)5; 15.07
and 14.63 t (tt), CH,.

Anal. Calcd for 7Th: C, 48.64; H, 6.76; F, 25.68. Found: C, 48.24;
H, 6.67; F, 25.70. Mass spectrum of 7b: m/e 296 (MY,
C1sHgoSiF ™), 281 (Cy Hi,Si,Fy ), 252 (CoH,Si,F,*), 240
(CeH1g8i,F *), 215 (CeHy SipF,*), 197 (CeHypSipFg*), 149
(CeH,,SiF,*), 82 (CgH oY), 57 (C,Hy*). 'H NMR of 7b: § 1.12
(s), 9 H, t-Bu; 1.68 (s), 6 H, CHg; 1.86 (c), 4 H, CH,; 6.32 (t), 1
H,=CHSiF,. °F NMR of 7h: 125.13 (t), =CHSiF,; 132.24 ppm
(t), =C(¢t-Bu)SiF,. 3C NMR of 7b: & 167.98 ¢ (c), =C(t-Bw)SiF,;
130.72 tt (dtt), =CHSIiFy; 121.87 s (s) and 121.64 s (s), CH3;C=;
and 20.86 s (q), =CCH,.

Isomerization of 7a and 7b. A 10-mL, n-pentane solution
containing 1.0 mmol of 7a and 3.0 mmol of Fe(CO); was degassed
and irradiated at 70 °C for 7 days. After filtration and removal
of solvent, the residue was distilled under vacuum. The colorless
distillate collected at 80-90 °C was found containing 0.6 mmol
of 3a/3b (3a:3b = 1:1). When 7b was irradiated under similar
conditions, about 15% of 7b isomerized to a mixture containing
equimoles of 2¢ and 2d.

Preparation of 5e. 1 (5.0 mmol), 10.0 mmol of 3,3-di-

methylbut-1-yne, and 1.0 mmol of Fe(CO); or (FySi(t-Bu)-

C==C(H)SiF;-)Fe(CO), were transferred into a quartz reaction
tube filled with dry nitrogen. Dried and degassed n-pentane (10
mL) was used as solvent. The reaction was carried out under
irradiation at ~55 °C. The reaction tube was subjected to de-
gassing every 4-5 h. Compound 1 was completely consumed after
24 h. After removal of the solvent and Fey(CO),3, compound 5e,
a pale yellow liquid, was obtained by distillation under vacuum
at 90 °C (3.5 mmol, yield 70%). If the irradiation temperature
was changed from -55 to 65 °C, both 5e and 5f were obtained.

Mass spectrum of 5e: m/e 296 (M*, CyHySi,F,*), 281
(C11Hi781,F, "), 239 (CgHy,SiF*), 225 (C,HgSi,F,*), 129
(CeH,(SiF*), 57 (C;Hg*). H NMR of 5e: 6 1.03 (s), 18 H, ¢-Bu;
6.5 (m), 2 H, F.SiCH=. “F{'H} NMR of 5e'l: 127.8 (t), F,SiCH=;
142.0 (t), =C(t-Bu)SiFy; *Jpp < 1.0 Hz. ®C NMR of 5e: § 29.3
s (q), (CHg)4C~; 40.0 s (s), (CH3),C—; 135.3 t (dt), FuSiCH=; 173.74
m (m), =C(t-Bu)SiF,.

Reaction of 5¢ with Fe(CO); or (F,Si(t-Bu)C=C(H)-

SiF,-)Fe(CO),. A n-pentane solution (10 mL) containing 5.0
mL of 5e and 1.0 mmol of Fe(CO); was irradiated under nitrogen
atmosphere at 65 °C for 72 h. The reaction mixture was degased
every 4-5 h. during the irradiation. After removal of solvent and
Fes(CO),5 a colorless liquid was obtained by distillation under
vacuum at 90 °C. It contained compound 5e and 5f (0.42 mmol,

5e:5f = 1:5). When (F,Si(¢-Bu)C=C(H)SiF,-)Fe(CO), instead
of Fe(CO); was used, the reaction gave the same result.

Mass spectrum of 5f: m/e 296 (M™*, C;pH,Si,F,*), 281
(C11H;81,F M), 225 (C,HgSiF, "), 129 (CeH,,SiFY), 57 (C.Hg™).
'H NMR of 5f: 6 1.0 (s), 18 H, ¢t-Bu; 6.5 (m), 2 H, SiF,CH=.
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5.0 mmol of (F5Si(¢-Bu)C=C(H)SiF,-)Mo(CO); and 10.0 mmol

o= o= of isoprene was irradiated under nitrogen atmosphere at -50 °C

FaSi Fe(COl, FoSi Fe(COls ___ sqa/80 for 72 h. The reaction mixture was degassed every 4-5 h during

™ SiF > SiF the irradiation. After removal of solvent and Mo(CO)g, compound

7-Bu Fa 7-8u Fe 4e, a colorless liquid (3.0 mmol, yield 60%), was obtained by
distillation under vacuum.

Anal. Caled for 4e: C, 46.81; H, 6.38; F, 26.95. Found: C, 46.78;

Scheme IV H, 6.59; F, 26.56. Mass spectrum of 4e: m/e 282 (M,

F2 Cy HyeSiF,Y), 267 (CyoHysSioF, "), 215 (CyoH, Si,F, ), 57 (C.Hg™).

\[S'\F o 'H NMR of 4e: 4 1.1 (s), 9 H, t-Bu; 1.2 (c), 2 H, F,SiCHy; 11.7

€ 4

t-Bu

(s), 3H,=CCH,; 2.0 (C), 1 H, F,SiCH; 4.75 (¢), 2 H,=CH,; 6.5
gl ¢-Bu S| {(m), 1 H, F,;SiCH=. “F{H} NMR of 4e: 136.24, 140.4 (d), =C-
2 hy hy {t-Bu)SiFy; 139.24, 139.74 (d), F;SiCH=. 3C NMR of 4e: §10.43
I t (tt), F,SiCH,—; 24.9 t (dt), F,SiCH—; 29.43 s (q), (CH,)5C; 30.4

Si +-Bu s (@), =CCHjg; 39.25 s (s), (CHy)3C; 115.4 s (t), =CHy; 128.0 s (s),

Fa =(CCHyjy; 134.85 tt (dtt), F,SiCH=, 180.4 m (m), F,SiC(¢-Bu)=.
65 °C 5:1 65 °C Isomerization of 4e. 4e (5.0 mmol), 2.0 mmol of Mo(CO)s,
25 9C 3:2 25 °C and 10 mL of n-pentane were transferred into a reaction tube
1:2

2

1

t-BuC==CH

0°C 1: 0 °C under vacuum. The reaction was carried out under irradiation

-27 °C 2:5 -27 °C ~ at 40-50 °C for 72 h. The solution was concentrated to a brown

-55°C 1:10 -55 °C liquid and then subjected to disillation under vacuum. Compound

5g, a colorless liquid, was obtained (yield 68%). Under the same

ISF{'H} NMR of 5f: 135.2 ppm (s), =C(¢-Bu)SiF,CH=. *C NMR conditions, 5g reacted with Fe(CO); to give equimoles of 5g and
of 5f'%: § 135.1 tt(dtt), FuSiCH=; 174.2 m (m), =C(¢t-Bu)SiFy; 5h (yield 95%).

39.1 s (s), (CH3)5C; 29.1 s (q), (CH,)4C. Mass spectrum of 5g: m/e 282 (M*, C;;H;sSi,F,Y), 267

Preparation of 4e. A n-pentane solution (10 mL) containing (C1oH15S1,F, 1), 252 (CoH,Si,F, 1), 215 (CgHy,SioF, 1), 57 (C,Hg?).
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H NMR of 5g: 6 1.1 (s), 9 H, t-Bu; 1.5 (d), 6 H, -CH(CH,),; 2.3
(m) 1 H, -CH(CHj),; 6.5 (m), 2 H, F,SiCH= F{'H} NMR of
5g: 130.6 (t), =C(t-Bu)SiFy; 141.65 ppm (t), =C(;-Pr)SiF, Mass
spectrum of 5g/5h: very similar to that of 5g. *'!H} NMR of
5h (obtained by comparing spectra): 139.5 (t), =C(i-Pr)SiF,; 126.1
ppm (t), =CHSIF,.
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The coupling of the anionic Mn(CO);™ and the cationic Mn(CO)g* occurs upon mixing to afford the dimeric
Mn,(CO),y in essentially quantitative yields. Dimanganese decacarbonyl is formed with equal facility from
the coupling of Mn(CO);~ with Mn(CO);(py)* and Mn(CQ);(NCMe)*. By way of contrast, the annihilation
of Mn(CO),PPh;” with Mn(CO)g* yields a pair of homo dimers Mny(CO);, and Mn,(CO)g(PPh,), together
with the cross dimer Mn,(CO)oPPh;. Extensive scrambling of the carbonylmanganese moieties also obtains
with Mn(CO),P(OPh);” and Mn{CO);PPh,*, as indicated by the production of Mny(CO)s[P(OPh),],,
Mn,(CO)s[P(OPh);](PPhy), and Mng(CO)s(PPh,), in more or less statistical amounts. These diverse Mn-Mn
couplings can be accounted for by a generalized formulation (Scheme VI), in which the carbonylmanganese
anions Mn(CO),P~ and the cations Mn(CO);L* undergo an initial electron transfer to produce Mn(CO)P*
and Mn(CO);L’, respectively. The behaviors of these 17- and 19-electron radicals coincide with those
independently generated in a previous study of the anodic oxidation of Mn(CO)P~ and the cathodic reduction
of Mn(CO);L.*, respectively. The facile associative ligand substitution of 17-electron carbonylmanganese
radicals by added phosphines provides compelling evidence for the interception of Mn(CO),P* and its
interconversion with 19-electron species in the course of ion-pair annihilation. The reactivity trend for
the various ion pairs qualitatively parallels the driving force for electron transfer based on the oxidation
and reduction potentials of Mn(CO)/P~ and Mn(CO);L*, respectively, in accord with the radical-pair

mechanism in Scheme VI.

Introduction

A wide variety of organometallic dimers are now
known.!? The formation of the metal-metal bonds in
dimeric metal carbonyls commonly derives from various
reductive procedures including the use of carbon monoxide,
metals, alkylmetals, etc. as reagents.® The oxidation of
carbonylmetalate anions is also known to lead to carbo-
nylmetal dimers.* Heterobimetallic carbonyls result from
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the interaction of carbonylmetalates with different types
of metal halides and homo dimers.>® The latter can be
generally classified as nucleophilic substitution processes,
although mechanistic studies of such metal-metal bond
formations are generally lacking.
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