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The synthesis of a series of 15 (n®-cyclophane)(n%-arene)ruthenium complexes is described where the
arene component varies among benzene, p-cymene, mesitylene, and hexamethylbenzene, and the cyclophane
component varies among [2.2]paracyclophane, anti-[2.2]metacyclophane, [25](1,3,5)cyclophane, [25]-
(1,2,4)(1,2,5)cyclophane, [2,](1,2,3,4)cyclophane, [2,](1,2,3,5)cyclophane, [2,](1,2,4,5)cyclophane, [2;]-
(1,2,3,4,5)cyclophane, and [2](1,2,3,4,5,6)cyclophane (superphane). Also, four triple-layered analogues,
(78, n-cyclophane)bis(n®-arene)diruthenium(II) complexes, have been prepared where the arene component
varies among p-cymene, mesitylene, and hexamethylbenzene, and the cyclophane component is either
[2.2]paracylophane or [2,](1,2,4,5)cyclophane The cyclic voltammetry and spectral properties of these
compounds are described and discussed, particularly in relation to the molecular geometry of the individual

complexes.

The development of new synthetic methods has recently
made possible the preparation of all of the symmetrical
[2,]cyclophanes.? It is of interest, therefore, to examine
how changes in geometry and changes in distance between
decks affects the properties of these molecules. Of par-
ticular interect are the transition-metal complexes of the
[2,]cyclophanes. In this paper we report on the prepara-
tion and properties of a series of ruthenium complexes of
[2,]cyclophanes.

The w-electron interaction between decks of [2,]-
cyclophanes is sufficiently strong that these molecules
behave as one w-electron systems with respect to their
physical and chemical properties.*® Also, Misumi and
Otsubo have prepared multilayered cyclophanes with as
many as six decks, and these likewise behave as one =-
electron systems.? Thus, a polymer molecule consisting
of a huge pillar of a multilayered cyclophane should have
a m-electron system delocalized over the whole of the
molecule. Such molecules could be expected to have in-
teresting properties of potential practical value.

However, to prepare such a polymer by the stepwise
procedures of Misumi and Otsubo would be an exceedingly

(1) (a) University of Oregon. (b) Technische Universitat Braun-
schweig.

(2) Boekelheide, V. Acc. Chem. Res. 1980, 13, 65.

(3) Kovac, B.; Mohraz, M.; Heilbronner, E.; Boekelheide, V.; Hopf, H.
J. Am. Chem. Soc. 1980, 102, 4314.

(4) Misumi, S.; Otsubo, T. Acc. Chem. Res. 1978, 11, 251.
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difficult task. The synthesis of a polymer in which the
monomer unit is a transition-metal complex of a cyclo-
phane is a much more feasible undertaking. Furthermore,
if the molecule were designed so that the transition-metal
atoms along the polymer chain differed in their formal
oxidation states, as shown for structure I, this would
provide the electron holes necessary for a conduction band
and the polymer shhould be a unidimensional, electrical
conductor.

For preparing a polymer such as I, the traditional
methods for forming transitional-metal complexes of cy-
clophanes and arenes have severe limitations. In an early
study, Cram and Wilkinson® showed that [2.2]para-
cyclophane reacts with hexacarbonylchromium to give a
tricarbonylchromium complex, and, later, Misumi et al.®
extended this to form the bis(tricarbonylchromium) com-
plex of [2.2]paracyclophane(II) as well as tricarbonyl-

(5) Cram, D. J.; Wilkinson, D. I. J. Am. Chem. Soc. 1960, 82, 5721.
(6) Ohno, H.; Horita, H.; Otsubo, T.; Sakata, Y.; Misumi, 8. Tetra-
hedron Lett. 1977, 265.
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chromium complexes of various multilayered cyclophanes.
As yet, though, no useful method for removing carbonyls
from such complexes to make multilayered oligomers has
ever evolved. Similarly, the metal atom technique”® has
been employed to prepare (5'%-[2.2]paracyclophane)chro-
mium(0), structure III, as well as bis(n®-[2.2]para-
cyclophane)chromium(0), structure IV. But, again the
metal atom technique is not useful for preparing oligomers
or polymers of transition-metal complexes of cyclophanes.

03

Recently, Bennett and his colleagues reported a con-
venient method for preparing bis(n%-arene)ruthenium(II)
complexes.>!® This procedure offered the potential of
preparing oligomer and polymer ruthenium complexes of
cyclophanes, and, in a preliminary communication,*! we
reported using this method for preparing ruthenium(II)
complexes of [2.2]paracyclophane. The procedure is
outlined below. Treatment of a bis(arene)dichlorobis(u-
chloro)diruthenium(Il), V, with silver tetrafluoroborate in

[(7,6-arene)RuC|2]2 + AgBF, acetone

v

(n® ~arenelRuZ (CHC——CHy)y 2(BF ;")

Vi
/g

arene arene

Ru2* Re2*
@ 2(8F 47 @ (BF ")

VII Tu2+

arene

VIII

acetone gives the solvated (n®-arene)ruthenium(II) bis-
(tetrafluoroborate), VI. Treatment of VI with 1 equiv of
cyclophane in the presence of trifluoroacetic acid as cat-

(7) Elschenbroich, Ch.; Mdkel, R.; Zenneck, U. Angew, Chem. 1978,
90, 560; Angew. Chem., Int. Ed. Engl. 1978, 17, 531.

(8) Koray, A. R.; Ziegler, M. L., Blank, N. E.; Haenel, M. W. Tetra-
hedron Lett. 1979, 2465

(9) Bennett, M. A.; Matheson, T. W. J. Organomet. Chem. 1979, 175,
87.

(10) Bennett, M. A.; Matheson, T. W.; Robertson, G. B.; Smith, A. K,;
Tucker, P. A. Inorg Chem 1980, 19, 1014

(11) Laganis, E. D.; Finke, R. G.; Boekelheide, V. Tetrahedron Lett.
1980, 21 4405.
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alyst gives the double-layered (n®-arene)(n%-cyclophane)-
ruthenium(II) bis(tetrafluoroborate), VII, in good to ex-
cellent yields. When VI is used in excess, the corre-
sponding triple-layered (n®n®-cyclophane)bis(n%-arene)di-
ruthenium(II) tetrakis(tetrafluoroborate), VIII, is formed.

Table I summarizes the 'H NMR spectral properties,
elemental analyses, and yields for the preparation of 19
ruthenium complexes of [2,]cyclophanes, including a range
of arenes and a broad range of [2,]cyclophanes. The
method is indeed a general one, and the compilation of H
NMR spectra in Table I provides an interesting insight
into the nature of the ruthenium bond and how it affects
the magnetic environment of the cyclophane moiety. The
ruthenium complexes of the [2,]cyclophanes are generally
isolated as microcrystalline powders that are difficult to
crystallize. They are stable to air and to storage at room
temperature. Although of limited solubility in most or-
ganic solvents, they are soluble in dimethyl sulfoxide and
in nitromethane.

Previous studies of the 'H NMR spectra of transition-
metal complexes of [2,]cyclophanes have been limited to
tricarbonylchromium complexes®!? and the iron complexes
of [2.2]metacyclophanes.!® In trying to interpret the 'H
NMR spectra of metal complexes of cyclophanes, one has
first to understand the spectra of the free cyclophanes
themselves. The magnetic environment of all the [2,]-
cyclophanes, where one deck is directly over the opposite
deck, is somewhat complex and the chemical shifts of the
aromatic protons of the cyclophanes cannot be accurately
approximated by reference to the simple arene analogues.
For example, the aromatic protons of [2.2]paracyclophane,
IX, appear at § 6.47, whereas the aromatic protons of
Dp-xylene are at 6 7.05. This upfield shift of ~0.58 ppm is
due to shielding from the opposite aromatic ring and is
common to all of the symmetrical {2,]cyclophanes with the
exception of anti-[2.2]metacyclophane, X. The absolute
value of the upfield shift varies for the individual cyclo-
phanes depending on their geometry and substitution
pattern, but the overall behavior pattern is the same.

When the individual cyclophanes are converted to
(n8-arene) (n®-cyclophane)ruthenium(II) complexes, com-
pounds 3-6 and 8-19 in Table I, the aromatic protons of
the complexed cyclophane deck are shifted upfield in the
range usually of -0.51 to —0.73 ppm. This is very similar
to the upfield shifts of aromatic protons on ruthenium
complexation of simple arenes, as observed by Bennett and
Matheson.! The upfield shift of these aromatic protons
during complexation is undoubtedly a combination of
effects—rehybridization of the bound aromatic ring car-
bons, loss of ring current, and the direct effect of the
magnetic anisotropy of the metal atom.

However, the aromatic protons of the unbound deck of
these same ruthenium complexes, compounds 3—6 and 8-19
in Table I, all show a downfield shift in the range of +0.46
to +0.65 ppm. The distance of these protons from the
metal is sufficiently great that direct magnetic anisotropy
effects from the metal are probably negligible. The two
obvious effects causing this downfield shift are (1) a loss
of ring current in the bound aromatic ring causing a de-
crease in shielding from the opposite deck and (2) loss of
electron density in the free aromatic ring due to electron
withdrawal by the positively charged metal atom bound
to the opposite deck. Unfortunately, there is no simple
way of dissecting the relative importance of these two

(12) Langer, E.; Lehner, H. J. Organomet, Chem. 1979, 173, 47. Cf.
Mourad, A. F.; Hopf, H. Tetrahedron Lett. 1979, 1209.

(18) Swann, R. T.; Boekelheide, V. J. Organomet. Chem. 1982, 231,
143.





Ruthenium Complexes of [2,]Cyclophanes

effects for [2,]cyclophanes where the decks are directly
over each other.

However, in the case of anti-[2.2]metacyclophane, X,
such a dissection is possible. The X-ray crystallographic
analysis of X shows the benzene rings to be asymmetrically
boat-shaped with the internal carbons (C(4) and C(12))
being 0.143 A out of the basal plane and the end carbons
(C(7) and C(15)) being out of the plane by 0.042 A 1415
There is only partial overlap of the two benzene rings, but
the distance between decks at C(4) and C(12) is only 2.633
A. The 'H NMR spectrum of X shows the aromatic pro-
tons at C(6), C(7), ann C(8), as well as those at C(14), C(15),
and C(16), as an AB,X pattern in the range of 8 7.08-7.28.
This is shifted only slightly from the AB,X pattern of
m-xylene (6 6.92~7.22) and shows that the ring current
effect from the opposite deck is negligibly small. On the
other hand, the internal aromatic protons at C(4) and
C(12) are directly centered over the face of the opposite
benzene ring and experience a very strong shielding effect,
their signal appearing at & 4.24. Thus, for anti-[2.2]-
metacyclophane, the chemical shifts of the internal protons
at C(4) and C(12) are strongly influenced by the ring
current in the opposite deck and to a lesser extent by other
factors such as electron density, whereas the end aromatic
protons at C(6), C(7), C(8), C(14), C(15), and C(18) are
primarily influenced by electron density and little affected
by changes in the ring current of the opposite deck.

Me Me

Ruthenium complexation of anti-[2.2]metacyclophane,
as shown by 7 (compound 7 of Table I), leads to an upfield
shift of the AB,X pattern of the C(6), C(7), and C(8)
protons of the metal-complexed ring of about ~0.70 ppm,
a normal upfield shift for ruthenium complexation of an
arene. As expected, the AB,X pattern of the C(14), C(15),
and C(16) protons of the free benzene deck move downfield
about +0.19 ppm. However, the internal proton at C(12)
of the free benzene deck appears at 4 5.05, a downfield shift
of +0.81 ppm. The additional downfield shift of +0.62
ppm of the internal proton at C(12), as compared to the
protons at C(14), C(15), and C(16), must be due to a de-
creased ring current in the ruthenium-complexed benzene
deck. Thus, it is evident that for [2,]cyclophanes the
magnetic effects on the unbound ring due to ruthenium
complexation at the opposite deck are largely from electron
withdrawal and loss of ring current in the metal-bound
deck with other effects such as the direct magnetic an-
isotropy of the metal atom or changes in geometry being
relatively small.

One of the interesting features of the previous work on
(n8-arene)(n%-arene’)ruthenium(II) complexes has been
their reduction to the corresponding ruthenium(0) com-

(14) Brown, C. J. J. Chem. Soc. 1958, 3278.
(15) Kai, Y.; Yasuoka, N.; Kasai, N. Acta Crystallogr., Sect. B B 1977,
B33, 754.
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plexes. Fischer and Elschenbroich prepared bis(nf-hexa-
methylbenzene)ruthenium(0), XII, by the sodium-am-
monia reduction of bis(n8-hexamethylbenzene)ruthenium-
(IT) bis(hexafluorophosphate), X1, and showed by varia-
ble-temperature 'H NMR studies that it was a fluxional
molecule.® Later, Muetterties!” measured the kinetics
of this valence tautomerization (activation energy = 16.1
kcal/mol) and explored the catalytic activity of the ru-
thenium(0) complex for hydrogenation of aromatic hy-
drocarbons.'® An X-ray crystallographic analysis of XII
shows that in the crystalline state one of the hexa-
methylbenzene rings is bent away from planarity by 45°.1°
Thus, the reduced complex has been assigned the (x®-
hexamethylbenzene) (n*-hexamethylbenzene)ruthenium(0)
structure shown by XII. The corresponding (n%-
benzene)(n-benzene)ruthenium(0) complex apparently
decomposes to benzene and ruthenium metal too quickly
for comparable studies to be made.!®

Me Me
MeMe

Me Me

2+ Na
Ru RA;

Me Me Me Me
Me Me Me Me

Me Me Me Me

X1 XII

It occurred to us that an electrochemical study of the
two-electron reduction of (arene)ruthenium(II) complexes
would both be useful in its own right and would help
provide an insight into the nature of the metal-arene
bonding of ruthenium(II) cyclophane complexes. In an
another paper,? the theory and mechanism of the elec-
trochemical, two-electron reduction of the double-layered
ruthenium(II) complexes of the principal [2,]cyclophanes
are discussed in detail together with the influential role
played by the rigid cyclophane geometry. In Table II, the
cyclic voltammetric and coulometric results are summa-
rized for a number of the ruthenium(II) complexes, whose
preparation is presently being described.

The electrochemical reduction of bis(hexamethyl-
benzene)ruthenium(II) has apparently not been reported
previously and it is listed first in Table II for comparison.
The i,/i, ratio is a measure of the chemical reversibility
of the electrochemical oxidation-reduction process (bis-
(arene)Ru®* + 2e = bis(arene)Ru®, and the value for
bis(hexamethylbenzene)Ru?* is only 36 %, appreciably less
than for most of the {2,]cyclophane complexes. The sta-
bilizing effect of arene-methyl groups, as previously noted
by Fischer and Elschenbroich,!® is also evident from the
electrochemical data. The electrochemical reduction of
(n%-hexamethylbenzene)(n%-durene)ruthenuim(II) is only
22% reversible (i,/i, = 0.22 at 100 mV/s), and for (45
hexamethylbenzene)(n-p-xylene)ruthenium(II) the re-
duction is completely irreversible. There is also a con-
sistent pattern that the presence of arene-methyl groups

(16) Fischer, E. O.; Elschenbroich, Ch. Chem. Ber, 1970, 103, 162.

(17) Darensbourg, M. Y.; Muetterties. E. L. J. Am. Chem. Soc. 1978,
100, 7425.

(18) Muetterties, E. L.; Bleeke, J. R. Acc. Chem. Res, 1979, 12, 324.

(19) Huttner, G.; Lange, S. Acta Crystallogr., Sect. B 1972, B28, 2049.

(20) Finke, R. G.; Voegeli, R. H,; Laganis, E. D.; Boekelheide, V. J.
Am. Chem. Soc., in press.
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Table I
(n®-Arene!)(nS-arene®)ruthenium(II) Bis(tetrafluoroborate)
yield, anal, found (caled)
compd arene! arene? % C H 'H NMR¢

1  hexamethylbenzene p-xylene 93  44.20(44.23) 5.28(5.20) 2.26 (6 H, s, Me), 2. 42(18 H, s, Me),
6.73 (4 H s, ArH)?

2  hexamethylbenzene durene 94  46.00(46.26) b5.84 (5.65) 2.50(12 H, s, Me), 2 31 (18 H, s, Me),
6.67 (2 H s, ArH)®

anal, found (caled)

yield,
compd arene cyclophane % C H 'H NMR¢
Double-Layered (n°-Arene)(n®-cyclophane)ruthenium(II) Bis(tetrafluoroborate)
3 benzene [2.2]para- 97  47.03 (47.09) 3.58(8.95) 2.99-3.49 (8 H, m, CH,),
cyclophane 6.08 (4 H, s, ArH),
6.56 (6 H, s, ArH),
7.00 (4 H, s, ArH)¢
4 mesitylene [2.2]para- 99  49.56 (49.78) 4.91 (4.68) 2.25 (9 H, s, Me, 2.96-3.48
cyclophane (8 H,m, CH,),
5.99 (4 H s, ArH),
6.49 (3 H, s, Ar H),
6.94 (4 H, s, ArH)¢
5 p-cymene [2.2]para- 86 50.18(50.60) 4.79(4.90) 1.18(6 H, d, /= 4.2 Hz, CHMe,),
cyclophane 2.27 (3 H, s, Me),
2.73 (sp, J = 4.2 Hz, CHMe, ),
2.95-3.63 (8 H, m, CH R
6.10 (4 H, s, ArH),
6.54 (4 H, s, ArH),
6.98 (4 H, s, ArH)¢
6 hexamethyl- [2,2]para- 92 50.49 (50.70) 5.20(5.47)%¢ 2.34 (18 H, 5, Me),
benzene cyclophane 2.93-3.44 (8 H, m, CH,),
5.82 (4 H, s, ArH),
6.88 (4 H, s, ArH)¢
7 hexamethyl- [2.2]meta- 71 50.78 (50.71) 4.97 (5.43)7 1.63-2.52 (4 H, m, CH,),
benzene cyclophane 2.33 (18 H, s, Me),
2.57 (1 H, AB, X),
2.84-3.54 (4 H, m, CH,),
5.05 (1 H, AB,X), 6.34 (2 H,
AB,X), 6.61 (1 H, AB,X),
7.24 (2 H, AB,X), 7.5
(1 H, AB,X)°
8 hexamethyl- [2,](1,3,5) 85 53.58 (53.68) 5.37(5.41)f 2.40 (18 H, s, Me),
benzene cyclophane 2.69-3.33 (12 H, m, CH,),
5,09 (3 H, s, ArH),
6.24 (3 H, s, ArH)¢
9 hexamethyl- [2,](1,2,4)(1,2,6)- 70 49.68(50.30) 4.61 (5.00)7 2.52 (18 H, s, Me),
benzene cyclophane 3.0-3.6 (12 H, m, CH,),
5.06 (1 H, s, ArH),
5.89 (1 H, s, ArH),
6.35 (2 H, 5, ArH),
7.34 (2 H, s, ArH)
10 hexamethyl- [2,](1,2,3,4) 91  54.20(53.73) 5.59 (5.59)" 2.29 (18 H, s),
benzene cyclophane 2.44-3.65 (16 H, m, CH,),
5.74 (2 H, s, ArH),
6.70 (2 H, s, ArH)
11 hexamethyl- [2,](1,2,3,5) 93 52.44 (52.41) 5.72(5.58) 2.34 (18 H, s, Me),
benzene cyclophane 2.45-3.65 (16 H, m, CH,),
5.23 (2 H, s, ArH),
) 6.42 (2 H, s, ArH)¢
12 benzene [2.]1(1,2,4,5)- 92  50.56 (50.93) 4.21 (4.27)} 2.55-3.73 (16 H, s, CH,),
cyclophane 5.69 (2 H, s, ArH),
6.46 (6 H, s, ArH),
. 6.71 (2 H, s, ArH)*¢
13 hexamethyl- [2,]1(1,2,4,5)- 95 52,11 (52.41) 5.78(5.568) 2.32 (18 H, s, Me),
benzene cyclophane 2.50~3.68 (16 H, m, CH,),
5.45 (2 H, s, ArH),
6.61 (2 H, s, ArH)¢
14 hexamethyl- [2,](1,2,3,4,5)- 94  55.00 (54.98) 5.43(5.66)% 2.23 (18 H, s, Me),
benzene cyclophane 2.49-3.61 (20 H, m, CH,),
5.40 (1 H, s, ArH),
6.59 (1 H, s, ArH)¢
15 hexamethyl- [2,1(1,2,3,4,5,6)- 91  55.36 (55.05) 5.72(5.90)} 2.25 (18 H, s, Me),
benzene cyclophane 2,72-3.39 (24 H, m, CH,)¢

(superphane)
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Table I (Continued)
anal. found (caled)

yield,
compd arene cyclophane % C H 'H NMR¢
Triple-Layered (n¢,n°%-Cyclophane)bis(n®-arene)diruthenium(Il) Tetrakis(tetrafluoroborate)
16 mesitylene [2.2]para- 18 40.82(40.92) 3.86 (4.03) 2.23 (18 H, s, Me),
cyclophane 3.48 (8 H, s, CH,),
647(8H,s,AH,
6.70 (6 H, s, ArH)®
17 p-cymene [2.2]para- 53 41.89(42.14) 4.17 (4.32) 1.21 (12 H, d, J = 4.2 Hz, CHMe,),
cyclophane . 2.33 (6 H, s, Me),
2.81 (2 H,s , CHMe,),
3.44 (8 H, s, CH,),
6.54 (8 H, s, ArH),
6.69 (8 H, s, ArH)¢
18 hexamethyl- [2.2]para- 87 42.40(42.96) 4.64(5.05) 2.38 (36 H, s, Me),
benzene cyclophane 3.36 (8 H, s, CH,),
6.20 (8 H, s, ArH)¢
19 hexamethyl- [2,1(1,2,4,5) 72  44.24 (44.47) 4.77(5.26)™ 2.57 (36 H, s, Me),
benzene cyclophane 3.07-3.70 (16 H, m, CH,),
6.25 (4 H, s, ArH)

@ Values in 6 with Me,Si as internal reference. ° In Me,SO-d,. ¢ InD,CCN. ¢ Caled for C,,H,B,F,Ru-H0.

¢ C,H,Ru* ion observed at m/e 472 (field desorption mass spectrum (FDMS)) with the appropriate 1sotope dlstnbutlon
T CyoHyy “Ru* ion at 498 (FDMS). # Caled for C,;H,B,F ,Ru-2H,0. " Caled for C_H,B,F Ru- H 0. {C, H, Ru*ion at
448 (FDMS) i Caled for C,,H,.B,F ,Ru-2H,0. C H,BRu ion at 524 (FDMS). # Caled for Cc,H,B,F Ru 5 0. ! Caled
for C,H,,B,F ,Ru-2H 0. c. H“Ru ion at 576 (FDMS) ™ Caled for C, H,B,F Ru, 3H0.

Table II. Electrochemical Measurements of the Double-Layered Ruthenium(II) Complexes

(nS-Arene')(n-arene?)ruthenium(Il) Bis(tetrafluoroborate)

ialic,

compd arene! arene? E,,, vs. SCE 100 mV/s coulometry
hexamethylbenzene hexamethylbenzene -1.02 0.36 2.04
1 hexamethylbenzene p-xylene -0.85 irrev
2 hexamethylbenzene durene -0.93 0.22 1.97
Double-Layered (néArene)(n‘-cyclophane)ruthenium(II) Bis(tetrafluoroborate)
lafic,
compd arene cyclophane E,,, vs. SCE 100 mV/s coulometry
3 benzene 2.2]}paracyclophane —-0.50 0.81 1.84
6 hexamethylbenzene 2.2]paracyclophane -0.69 0.94 1.96
ki hexamethylbenzene 2.2)metacyclophane -0.71 0.81 2.03
8 hexamethylbenzene 2,](1,3,5)cyclophane -0.91 0.27 1.49¢
9 hexamethylbenzene 2,1(1,2,4)(1,2,5)cyclophane -0.87 0.83 1.98
10 hexamethylbenzene 2,1(1,2,3,4)cyclophane —0.82 and -0.93 0.79 1.96
11 hexamethylbenzene 2,1(1,2,3,5)cyclophan . —-0.83 and -0.95 0.38 2.04
12 benzene 2,1(1,2,4,5)cyclophane -0.31 0.85 1.96
13 hexamethylbenzene 2,)(1,2,4,5)cyclophane -0.50 0.96 2.02
14 hexamethylbenzene [2:)(1,2,3,4,5)cyclophane -0.74 and —0.83 0.80 2.01
156 hexamethylbenzene [2,,](1 2,3,4,5,6)cyclophane -0.95 0.27 1.49¢

¢ The explanation for these abnormal values is given in ref 20.

increases the half-wave potential by about —0.04 V/methyl
group.

All of the (n-hexamethylbenzene)(n8-cyclophane)ru-
thenium(II) complexes are reduced at lower potential than
bis(hexamethylbenzene)ruthenium(II) itself. The pre-
dominant factor influencing the reduction potential ap-
pears to be the geometry of the cyclophane decks. The
cyclophanes having boat-shaped decks (presumably well
suited for n* complexation), particularly [2.2]para-
cyclophane and [2,](1,2,4,5)cyclophane, are most readily
reduced. (n°-Benzene)(n®-[2,](1,2,4,5)cyclophane)ruthe-
nium(II), compound 12 in Table II, has a half-wave po-
tential of only —0.31 V, and, even though benzene is the
attached arene, the reduction is 85% reversible. Com-
pound 15 in Table II, containing the superphane moiety,
is not readily reduced (E,; = —0.95 V), presumably because
the extremely rigid cyclophane cannot distort to a suitable

n* Geometry. For compounds 11 and 14, containing the
[24](1,2,3,5)cyclophane and [25](1,2,3,4,5)cyclophane
moieties, the cyclic voltammogram shows the reduction as

two distinct one-electron steps.

It is of interest that the (%-hexamethylbenzene)(n®-
[2:](1,2,4)(1,2,5)cyclophane)Ru?*, compound 9 of Table II,
shows about the same reduction potential and reversibility
as the corresponding {2.2]paracyclophane analogue, com-
pound 6. Although the geometry of [25](1,2,4)(1,2,5)-
cyclophane?! has not yet been determined by X-ray
analysis, this result suggests that the aromatic decks of
[251(1,2,4)(1,2,56)cyclophane have a boat-shaped distortion
similar to that of [2.2]paracyclophane and are equally well
suited to form n*-metal complexes.

Experimental Section
General Comments. Microanalyses are by Dr. Richard
Wielesek of the University of Oregon Microanalytical Laboratory.
'H NMR spectra were recorded on a Varian XL-100 spectrometer.
Field desorption mass spectra are by courtesy of the University

(21) Hopf, H.; Kleinschroth, J.; Mourad, A. E. Isr. J. Chem. 1980, 20,
291.
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of Illinois mass spectrometry laboratory. The solid ruthenium
complexes melt with decomposition giving a melting behavior that
is not useful for characterization and so is not reported.
Preparation of the Double-Layered Ruthenium(II) Com-
plexes. The following procedure describes the preparation of
(n®-hexamethylbenzene)(7f-[2,](1,2,4,5)cyclophane)ruthenium(II)
bis(tetrafluoroborate), but the same general procedure was em-
ployed for all of the other double-layered complexes, compounds
1-15 described in Table I. A solution of 65 mg (0.097 mmol) of
bis(n®-hexamethylbenzene)dichlorobis(u-chloro)diruthenium (II)1°
and 76 mg (0.39 mmol) of silver tetrafluoroborate in 2 mL of
acetone was stirred at room temperature for 20 min. The pre-
cipitate of silver chloride was removed by filtration before adding
50 mg (0.19 mmol) of [2,](1,2,4,5)cyclophane?? and 2 mL of tri-
fluoroacetic acid to the yellow-orange solution. The mixture was
then boiled vigorously under reflux for 30 min. The cold reaction
mixture was poured into 50 mL of anhydrous ether. The crude
solid, which separated, was collected and redissolved in nitro-
methane. After filtration, the nitromethane solution was carefully
diluted with anhydrous ether. This gave 127 mg (95%) of a
powdery solid. Recrystallization of this from acetonitrile by slow
diffusion of anhydrous ether vapor gave pale yellow crystals.
Preparation of the Triple-Layered Ruthenium(II) Com-
plexes. The following procedure describes the preparation of
{(n®,18-[2,](1,2,4,5)cyclophane)bis(n®-hexamethylbenzene)diru-
thenium)II) tetrakis(tetrafluoroborate), but the same general
procedure was employed for all four of the triple-layered com-
plexes, compounds 16-19 described in Table I. A solution of 321
mg (0.480 mmol) of bis{x#5-hexamethylbenzene)dichlorobis(u-
chloro)diruthenium(II) and 375 mg (1.93 mmol) of silver tetra-
fluoroborate in 8 mL of acetone was stirred at room temperature
for 20 min. After removal of the precipitate of silver chloride,
25 mg (0.096 mmol) of [2,](1,2,4,5)cyclophane and 8 mL of tri-
fluoroacetic acid were added and the mixture was boiled vigorously
under reflux for 1.25 h. The precipitate, which had formed, was
collected by filtration and washed with anhydrous ether. This
gave 78 mg (72%) of a white, pure microcrystalline powder.

(22) Gray, R.; Boekelheide, V. J. Am. Chem. Soc. 1979, 101, 2128.
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Electrochemical Measurements. The cyclic voltammograms
were measured as a function of scan rate and are reported at
100-mV /s scan rates in acetonitrile containing 0.1 M tetra-n-
butylammonium hexafluorophosphate in a three-electrode cell
containing a spherical platinum working microelectrode, a plat-
inum wire counterelectrode placed coaxial to the working elec-
trode, and a silver chloride coated silver wire quasi-reference
electrode isolated from the bulk solution by a single-fritted
compartment. Ferrocene was added to the solution after the initial
experiment as an internal standard.?® Acetonitrile was predried
over molecular sieves and then twice distilled from calcium hy-
dride. PAR (Princeton Applied Research) equipment consisted
of a PAR Model 173 potentiostat/galvanostat driven by a PAR
Model 175 universal programmer and a PAR Model 179 digital
coulometer. Coulometry was carried out by using a PAR Model
377 cell with a platinum mesh (22.8 cm?) electrode.
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The complex ion [PtyH,(u-H)(u-dppm),]* (1), dppm = Ph,PCH,PPh,, reacts reversibly with carbon
monoxide to give dihydrogen and a new hydridodiplatinum(I) complex cation, [Pt,H(CO)(u-dppm),1* (II),
which is structurally characterized by its IR and !H and 3'P{'H} NMR spectra. II reacts with PMe,Ph
to give [PtoH(PMe,Ph)(u-dppm),]* and CO and with MeSH to give [Pt,Ho(u-SMe)(u-dppm),]* and CO.
I is formed by reaction of [Pto(CO).(u-dppm),]2* with excess H,, and reaction of [Pt;H,(u-Cl)(u-dppm),]*
with CO gives [Pt,C1(CO)(u-dppm),]*, thus establishing the generality of H, for CO displacement reactions
in diplatinum complexes. Complex I acts as a homogeneous catalyst for the water gas shift reaction at
100 °C in aqueous methanol, and model reactions indicate that a mechanism involving some of the binuclear
intermediates and reactions described above is reasonable. The crystal structure of [Pty(CO)qo(u-
dppm),][PF4]; was determined by the heavy-atom method and refined by full-matrix least squares to R
= 0.061 and R,, = 0.079, using 5525 diffractometric X-ray intensities with I > 34(I). Crystals are monoclinic
of space group P2;/c with a = 17.298 (5) A, b = 18.913 (7) A, c = 18.884 (4) A, 8 = 98.63 (2)°, and Z =
4. The structure of the cation contains two Pt—CO fragments bridged by two dppm ligands and linked
directly by a Pt-Pt ¢ bond of 2.642 (1) A. The metal-ligand bond lengths are Pt-C = 1.92 (2) and 1.95
(2) A and Pt-P = 2.302 (4)-2.340 (4) A. Variations in the Pt-P distances are likely to arise from steric
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effects.

Introduction

Reactions in which dihydrogen reversibly displaces co-
ordinated carbon monoxide in transition-metal complexes
are rare. 'Two examples are shown in eq 1 and 2.28

{Ir(CO)3(PPhy),] + Hy = [IrH,(CO),(PPhg),] + CO (1)
[053(00)12] + H2 = [053H2(Co)lo] + QCO (2)

In this paper we report binuclear platinum(I) carbonyl
complexes in which a carbonyl ligand can be displaced
reversibly by dihydrogen. To the best of our knowledge,
no binuclear complex having this property was known prior
to our preliminary communication on this topic. We also
report other reactions in which dihydrogen or carbon
monoxide is displaced from diplatinum complexes, some
preliminary observations involving catalysis of the water
gas shift reaction by a binuclear hydridoplatinum complex
and the structure of the dication [Pt,(CO)y(u-dppm),}?*.

Results and Discussion

Some of the new chemical reactions are summarized in
Scheme I. Reaction between carbon monoxide and the
binuclear complex® [Pt,Hy(u-H) (u-dppm),]*X-, dppm =
Ph,PCH,PPh, (Ia, X = PFg Ib, X = BPh,), gives the
hydridocarbonyldiplatinum(I) complex [Pt,H(CO)(u-
dppm),]*X~ (Ila, X = PFg; ITb, X = BPh,) together with
1 M proportion of dihydrogen. This is an example of a

(1) (a) University of Liverpool. (b) University of Western Ontario. (c)
University of Glasgow.

(2) Church, M. J.; Mays, M. J.; Simpson, R. N. F.; Stefanini, F. P. J.
Chem. Soc. A 1970, 2909. Mays, M. J.; Simpson, R. N. F.; Stefanini, F.
P. Ibid. 1970, 3000.

(3) Knoxz, S. A. R.; Koepke, J. W.; Andrews, M. A,; Kaesz, H. D. J. Am.
Chem. Soc. 1975, 97, 3942. Deeming, A. J.; Hasso, S. J. Organomet.
Chem. 1979, 179, C13.

(4) Brown, M. P,; Fisher, J. R.; Mills, A. J.; Puddephatt, R. J.; Thom-
son, M. A. Inorg. Chim. Acta 1980, 44, L271.

(5) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Seddon, K. R. J.
Chem. Soc., Dalton Trans. 1978, 516.

binuclear reductive elimination reaction in which di-
hydrogen is eliminated, and the formal oxidation state of
each platinum center decreases from +II to +1.6 The
reaction proceeds smoothly in dichloromethane solution
at room temperature and, in the presence of excess carbon
monoxide at 1 atm pressure, is complete in 48 h. The
complex Ila is a yellow, air-stable solid that is very soluble
in dichloromethane, acetone, and tetrahydrofuran and
slightly soluble in methanol and hot benzene. These so-
lutions, which are initially yellow-orange, darken to red and
then to brown-gray unless kept under an atmosphere of
carbon monoxide.

Of particular interest is the observation that the dis-
placement of H, from Ia by CO is easily reversible. Thus
treatment of Ila with excess hydrogen gave Ia in good yield,
although slight decomposition giving a dark-colored im-
purity occurred. This is an example of a binuclear oxi-
dative addition reaction, in the sense that the oxidation
states of two platinum atoms are increased by one in the
overall reaction. The primary oxidative addition may well
occur at a single metal center, however. The reaction of
IIa with hydrogen occurred at about the same rate as the
reaction of Ia with carbon monoxide.

The carbonyl ligand in I1a is labile and is easily displaced
by a tertiary phosphine ligand to give [Pt,H(PMe,Ph)(u-
dppm),][PF¢] (complex III, Scheme I). Complex III has
been characterized previously®’ and differs from Ila in
being unreactive toward dihydrogen. The reaction of Ila
with methanethiol to give IV, Scheme I, is another example
of a binuclear oxidative addition reaction, and it is possible
that tlr;e first step involves displacement of CO by MeSH
in Ila.

(6) Brown, M. P.; Fisher, J. R.; Manojlovié-Muir, Lj.; Muir, K. W;
Puddephatt, R. J.; Thomson, M. A.; Seddon, K. R. J. Chem. Soc., Chem.
Commun. 1979, 931.

(7) Brown, M. P,; Fisher, J. R.; Hill, R. H.; Puddephatt, R. J.; Seddon,
K. R. Inorg. Chem. 1981, 20, 3516.
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Although only one truly reversible reaction has been
discovered, it appears that displacement of H, by CO and
the reverse may be general reactions in these diplatinum
complexes and at least one further example of each has
been established. Thus reaction of the diplatinum(I) di-
cation® [Pty(CO)y(u-dppm),]?* (V) with H, occurs as shown
ineq 3.

N
p P
[0C—Pt—Pt—CO][PFglz + 2Hp —=

PP
N—

Ia + 2CO0 + HIPFgl (3)

It is likely that Ila is an intermediate in this reaction
but it was not identified. Although Ila reacts readily with
dihydrogen, the similar chloro carbonyl complex!®
[Pt,CI{CO)(u-dppm),]{PF,] (VI) failed to react with di-
hydrogen at room temperature. This difference in re-
activity may be due to the strong s-donor hydrido ligand
in IIa increasing the electron density in the Pt-Pt bond
and so enhancing reactivity to oxidative addition compared
to VI. Complex VI can be formed by reaction of
[PtoH,(u-Cl){(u-dppm),)[PF¢]® with carbon monoxide ac-
cording to eq 4. The mechanism here is clearly complex

N
N
PN
H/T PIY\H [PFe] + CO —=
P__F
Vil
—

T P
C\-—P’r——Pr—co [PFe] + Hz (4)
PP
VI

since the u-Cl ligand in VII becomes a terminal ligand in
VI, while the hydride ligands in VII are well separated and
presumably must move into close proximity before re-

(8) Brown, M. P.; Fisher, J. R.; Puddephatt, R. J.; Seddon, K. R. Inorg.
Chem. 1979, 18, 2808.

(9) Brown, M. P.; Franklin, S. J.; Puddephatt, R. J.; Thomson, M. A,;
Seddon, K. R. J. Organomet. Chem. 1979, 178, 281.

(10) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Seddon, K. R. J.
Chem. Soc., Dalton Trans. 1978, 1540.
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Scheme II. A Possible Mechanism for Catalysis of the
Water Gas Shift Reaction
+
PtaHalu-H){u-d
co, [PtaHa(u=H){x-dppm)a] Cco
I
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(P12H(COzH) (i -dppm)y] =22 [P12H(CO) (u-dppmz]”
VII II

ductive elimination of H, is possible. _

The ease with which the reaction of Ia with CO occurred
suggested that I or II might act as catalysts for the water
gas shift reaction.!’ Thus it is well-known that cationic
carbonyl complexes can react with water to give a metal
hydride and carbon dioxide (e.g., eq 5)1%1°

PEts PEts

Ci—P1~—CO| + OH —= |Cl——Pt—COzH| —

PEts PEts

PEts
Cl—Pt—H| + COp (B)
PEts

By analogy with this known chemistry, the water gas
shift could be expected to occur as shown in Scheme II.
Our attempts to demonstrate this mechanism using model
reactions have been unsuccessful. Thus reaction of Ila with
water does not occur at room temperature even in the
presence of base, and at higher temperatures general de-
composition of IT occurred. The carbonyl ligand in II is
thus less susceptible to nucleophilic attack than that in
trans-[PtC1(CO)(PEty),]*, possibly because the positive
charge in II is dispersed over a larger molecule leaving less
positive charge on the carbonyl carbon. However, the
dication V does react with OH~ (Scheme I), and the cat-
alytic reaction does occur readily. Thus at 100 °C under
pressure of carbon monoxide (50 psi) in aqueous methanol,
catalysis using Ia gave equal amounts of H,; and CO, with

(11) Yoshida, T.; Ueda, Y.; Otsuka, S. J. Am. Chem. Soc. 1978, 100,
3941. Baker, E. C.; Hendrikson, D. E.; Eisenberg, R. J. Am. Chem. Soc.
1980, 102, 1020. King, A. D., Jr.,; King, R. B.; Yang, D. B. Ibid. 1980, 102,
1028, Laine, R. M.; Rinker, R. G.; Ford, P. C. Ibid. 1977, 99, 252.

(12) Clark, H. C.; Jacobs, W. J. Inorg. Chem. 1970, 9, 1229.

(13) Catellani, M.; Halpern, J. Inorg. Chem. 1980, 19, 566.
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Figure 1. The 3'P{!H} NMR spectrum (40.5 MHz) of complex Ila in CH,Cl,. The peak marked asterisk is the reference (Meo),;PO.

a turnover rate of ca. 3.5 (mol of H, or CO,)/(mol of
catalyst) (h). Probably, the excess carbon monoxide pre-
vents general decomposition of Ila initiated by dissociation
of the labile carbonyl ligand. A detailed study of this
process is being carried out, and it is hoped to consider the
mechanism in greater detail at a later date. Kubiak and
Eisenberg have recently reported a somewhat analogous
catalysis of the water gas shift reaction by using [Rhy(u-
H)(u-CO)(CO),(u-dppm),]* as catalyst.'t

Characterization of the Cation [Pt,H(CO)(u-
dppm),]*. The molecular formula of the complex is es-
tablished from the analytical data and particularly from
the stoichiometry of the formation of ITa from I and carbon
monoxide and the reverse reaction. The problem is
therefore to distinguish between the possible structures,
of which A and B are most probable, a priori (FP=
diphosphine).

+

—_—
pAT p8 -
| PA\ /H\ /PA
H— Pt2i—P1®—co ( Pt Py )
l g~ \C/ B!
a g P P
G 0
SN—
B

A

A complex ion of structure B has been discovered re-
cently, with P P = 1 2-bis(diphenylphosphino)ethane,
dppe, and was characterized by X-ray crystallography.!®
The infrared spectrum of [Pty(u-H){(u-CO)(dppe),}[BF,]
contained a band at 1730 em™ due to the u-CO group. In
contrast complex Ila has »(CO) 2040 em™, clearly indi-
cating a terminal carbonyl group as expected for structure
A.

The presence of a terminal hydride ligand in Ila is
demonstrated by the 1H NMR spectrum in the platinum
hydride region. The resonance appears as a multiplet due
to coupling with 3'P atoms [6(PtH) -6.73 (3J(PH) = 11 Hz,
3J(PH) = 6 Hz)] with two sets of one-fourth intensity
satellites due to coupling with the near and far %Pt atoms
[*J(PtH) = 990 Hz, 2J(PtH) = 61 Hz]. A complex with
structure B would show only a 'J(PtH) coupling, and the
resonance would appear as a 1:8:18:8:1 quintet with lines
separated by one-half 1J(PtH).> The coupling constants
involving the platinum hydride are very similar to corre-
sponding values for complexes [Pt,H(L)(u-dppm),]*, L =
tertiary phosphine, one of which has been structurally
characterized by X-ray methods, and this further supports
the structure A.%" The infrared spectrum of complex Ila

(14) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. Soc. 1980, 102, 3637.
(15) Minghetti, G.; Bandini, A. L.; Banditelli, G.; Bonati, F. J. Orga-
nomet. Chem. 1979, 179, C13.

contains no resolved band due to »(Pt-H) presumably
because it is obscured by the relatively broad and intense
v(CO) band at 2040 cm™.. The spectrum of complex IIB
is more clearly resolved and shows two bands in this region,
an intense band at 2054 em™, assigned to »(CO), and a
weaker band at 2024 cm™. It seems probable that this
weaker band is due to »(Pt-H).

The presence of u-dppm groups is indicated by both the
'H and 3'P{'H} NMR spectra. In the 'H NMR spectrum
the CH,P, protons gave a singlet at  5.28 with two sets
of one-fourth intensity satellites due to coupling with
nonequivalent %Pt atoms (Pt* and PtB) with 3J(PtH) =
75 and 38 Hz. Similar features have been observed in
analogous complexes such as I11.67 The 3!'P{*H} NMR
spectrum of I1a is shown in Figure 1. The spectrum was
similar to that found for the complex ion [Pt,CI{(CO)(u-
dppm),]*, whose 3!P NMR spectrum has been discussed
previously and whose structure, deduced from the spec-
troscopic data,! has been confirmed by an X-ray structure
determination.’® The central resonance is analyzed as an
AA’BB’ spin system (see structure A for labeling scheme),
and there are satellites about (P P#¥) and §(PB,PP) due
to isotopmers in which Pt* or PtB is a %Pt atom (I = !/,,
natural abundance 33.8%). The one-bond couplings !J-
(PtAPA) = 3355 Hz and 'J(PtBPB) = 2805 Hz are easily
identified (Figure 1), and the midpoints between the
satellites give accurate values of (P2 PA) 3.60 and 6(PB,P¥)
6.81. From the satellites, a doublet splitting N = J(PAPE)
+ J(PAP®) = 86 Hz is easily identified, but a second ex-
pected splitting L = J(PAPB) - J(PAP®) is not observed
and is clearly too small to be resolved. Hence J(PAPE) ~
J(PAPP) ~ 43 Hz. The central AA’'BB’ resonance was then
simulated by using the computer program LAOCNS and gave
accurate values of J(PAPB) = 46 Hz and J(PAP®) = 40 Hz.
In the simulation J(PAPX) was necessarily large, and a
value of 500 Hz was found satisfactory, although the
calculated spectrum was insensitive to small changes in
this coupling and it could not be refined. Such a value is
expected for structure A with u-dppm groups but not for
structure B in which a low value of J(PAP%) would be
expected. Finally the long-range couplings 2J(PtAPB) =
62 Hz and 2J(PtBPA) = 82 Hz were identified (these sat-
ellites overlap with the main AA’BB’ spectrum and are not
easily found). Resonances due to isotopomers in which
both Pt* and PtB are %Pt centers could not be found and
so the coupling !J(PtAPtB) was not identified.

The Structure of [Pt,(CO),(u-dppm),]J[PF¢)s. In the
crystal structure the asymmetric unit contains one cation,

(16) Manojlovié-Muir, Lj.; Muir, K. W.; Solomun, T. J. Organomet.
Chem. 1979, 179, 479.
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Figure 2. The structure of the [Pty(CO)o(u-dppm),]** cation.
The vibrational ellipsoids of Pt, P, O, and C(1)-C(4) atoms display
50% probability. For clarity, the phenyl ring carbon atoms are
represented by spheres of arbitrary size; in each phenyl ring only
three C atoms are labeled and they indicate the direction of the
progressive sequence C(n), C(n + 1), ..., C(n + 5).

two anions, and a highly disordered solvent molecule whose
identity was not established by the diffraction analysis
described here. The cations and anions are well separated
from each other, except for two short F--H contacts which
could be indicative of weak hydrogen bonding [F(10)--H(3")
= 2.13 A and F(10)--H(46") = 2.22 A, where the superscript
I refers to hydrogen atoms'” at 1 - x, !/, + ¥, 1/, — 2].

The structure of the [P(6)Fg]™ anion is unexceptional.
The P(6)-F bond lengths, which range from 1.55 (1) to 1.58
(1) A, agree to within experimental error and the F~P(6)-F
bond angles are all within 4° from 90 or 180° (Table I).
In contrast, the [P(5)F;]™ anion is likely to be disordered,
as suggested by the exceptionally large vibrational pa-
rameters of its atoms (Table IV) and by the appearance
of the final difference synthesis. Consequently, the ge-
ometry of the [P(5)F;] ion is determined poorly compared
with the rest of the structure (Table I), the P(5)-F(3) bond
length [1.40 (3) A] being particularly anomalous.

The structure of the cation, shown in Figure 2, comprises
two PtCO fragments bridged by two dppm ligands and
linked directly by a covalent Pt—Pt bond. The coordina-
tion geometry around each metal atom is square planar
with small tetrahedral distortions. These distortions are
evident from the bond angles subtended at Pt(1) and Pt(2)
(Table I) and from the displacements of the atoms from
the Pt,P,C coordination planes, which do not exceed +0.06
A. The two dppm ligands exhibit similar conformations,
and the structure of the cation approximates to C, sym-
metry, the diad axis coinciding with the roughly linear
OC-Pt-Pt-CO fragment.

Hence, the [Pty(CO),(u-dppm),]** cation adopts a sol-
id-state structure that is in agreement with that deduced
from its IR and solution 'H and *P NMR spectra.® Similar
structures have previously been found in the complexes
[Pt,Cly(u-dppm),], [Pt,CI(CO)(u-dppm),]*, and [Pt,H-
(dppm)(u-dppm),).*&181% This structural type can thus
be considered characteristic of the binuclear platinum(I)

(17) The atoms H(1) and H(2) are bonded to C(3) and H(3) and H(4)
to C(4); the phenyl group hydrogens are labeled by the same numbers as
the carbon atoms to which they are attached.

(18) Manqjlovié-Muir, Lj.; Muir, K. W.; Solomun, T. Acta Crystallogr.
1979, B35, 1237.
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complexes [Pt,XY(dppm),]**, where n =0, 1, or 2 and X
and Y are one- or two-electron-donor ligands.

The conformations of the dppm ligands around the P-C
(sp%), P-Pt, and Pt-Pt bonds are described by the torsion
angles listed in Table I. The Pt,P,C metallocycles show
similar conformations which can be described as inter-
mediate between half-chair and envelope: the atoms C(3)
and P(3) are displaced by 0.64 (1) and 1.457 (4) A, re-
spectively, from the Pt,P(1) plane and the atoms C(4) and
P(4) are 0.50 (1) and 1.499 (4) A away from the Pt,P(2)
plane. The cation therefore adopts the usual twisted
configuration,®'%18 in which the metal atom coordination
planes are mutually rotated about the Pt—Pt bond to give
a dihedral angle of 40.0°. Such a configuration leads to
sterically different environments of the two axial carbonyl
ligands and also of the two coordinatively unsaturated
metal centers, as is evident from Figure 2. The C(1) atom
is surrounded by four phenyl groups with which its shortest
contacts are the following: C(1)--H(10) = 2.77 A, C(1)~
-H(18) = 2.59 A, and C(1)--H(28) = 2.61 A. In the prox-
imity of C(2) there are only two phenyl groups and none
of the C(2)~H separations is shorter than the van der
Waals distance of 2.90 A. The Pt(1) atom is shielded by
a cage of six phenyl rings, while the Pt(2) atom is in a much
more exposed environment. Thus, if the solid-state con-
figuration of the [Pty(CO)y(u-dppm),]?* is retained in so-
lution, it is possible that one metal atom of this binuclear
species is more easily attacked in the reactions with small
molecules described earlier.

The CO group attached to the Pt(1) atom can be con-
sidered linear [Pt(1)-C(1)-0(1) = 177.8 (15)°] and that
attached to Pt(2) slightly bent [Pt(2)-C(2)-0(2) = 172.2
(18)°]. The Pt-C [1.92 (2) and 1.95 (2) A] and C-O [1.14
(2) and 1.08 (2) A] distances are in agreement with those
[1.89 (2) and 1.15 (3) A] previously found in [Pt,Cl-
(CO)(u-dppm),] [PFg].16

In the dppm ligands, the Pt(2)-P-C(sp®) angles [101.6
(5) and 106.6 (5)°] are unusually small compared with the
Pt(1)-P-C(sp?) angles [113.7 (5) and 114.8 (4)°], while the
P-C(sp?)-P angles [106.6 (7) and 108.9 (7)°] remain close
to the tetrahedral value. The bond lengths and the other
bond angles are the following: P-C(sp®) = 1.818 (14)-1.829
(14) A, P-C(sp?) = 1.793 (10)-1.823 (10) A, C-P-C = 102.8
(6)-108.2 (6)°, and Pt-P-C(sp?) = 109.5 (4)-119.3 (4)°
(Table I). The Pt(2)-P distances [2.302 (4) and 2.303 (4)
A} are equal to the Pt~P (cis to CO) distances [2.303 (5)
and 2.308 (5) A] in the closely related complex [Pt,Cl-
(CO)(u-dppm),]*, where the carbonyl ligand is attached
to the platinum atom in the sterically more open envi-
ronment.1® The Pt(1)-P bonds [2.334 (4) and 2.340 (4) A],
however, are ca. 0.035 A longer than the Pt(2)-P bonds,
and their lengthening can be attributed to steric effects.
A contraction of these bonds would result in steric
crowding around the Pt(1)-CO fragment more severe than
that described above.

The Pt(1)-Pt(2) separation [2.642 (1) &], ca. 0.3 A
shorter than the P-P distances in the dppm ligands [2.916
(8) and 2.969 (6) A}, indicates a bonding interaction and
lies within the range of Pt—-Pt bond lengths observed in
other platinum(I) binuclear species [2.531 (1)-2.769 (1)
A]8161819  [n the complexes [Pt,C1(CO)(u-dppm),]*,
[Pty(CO),(u-dppm),)?*, [PtyCly(u-dppm),], and [Pt H-
(dppm) (u-dppm),]* the Pt-Pt distances are 2.620 (1), 2.642
(1), 2.651 (1), and 2.769 (1) A, respectively. This sequence
appears to reflect mainly the trans-influencing capabilities

(19) Boag, N. M.; Browning, J.; Crocker, C.; Goggin, P. L.; Goodfellow,
R. J.; Murray, M.; Spencer, J. L. J. Chem. Res., Synop. 1978, 228; J.
Chem. Res., Miniprint 1978, 2962.
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Table I. Selected Interatomic Distances (A) and Angles (Deg) in {Pt,(CO),(x-dppm),][PF 1,
Bond Distances
Cation
Pt(1)-Pt(2) 2.642 (1) P(2)-C(23) 1.816 (9)
Pt(1)-P(1) 2.334 (4) P(3)-C(29) 1.796 (11)
Pt(1)-P(2) 2.340 (4) P(3)-C(35) 1.823 (10)
Pt(2)-P(3) 2.303 (4) P(4)-C(41) 1.809 (9)
Pt(2)-P(4) 2.302 (4) P(4)-C(47) 1.793 (10)
Pt(1)-C(1) 1.92 (2) .
PU2)-C(2) 195 (2 P2y B 2916 (6)
O(1)-C(1) 1.14 (2) C(1)- - -P(1) 2.97
0(2)-C(2) 1.08(2) c(1) - -P(2) 3.14
P(2)-C(4) 1 818 (14) C(2)- - -P(4) 3.08
P(3)-C(3) 1.821 (14) C(1)- - -H(10)@ 2717
P(4)-C(4) 1.820(14) C(1)- - -H(18) 2.59
iecl i ciy i3
P(2)-C(17) 1.810 (11) Pt(1)- - -H(52) 2.94
Anions
P(5)-F(1) 1.53 (2) P(6)-F(7) 1.58 (2)
P(5)~-F(2) 1.56 (2) P(6)-F(8) 1.57 (2)
P(5)-F(3) 1.40(3) P(6)-F(9) 1.55 (2)
P(5)-F(4) 1.51 (3) P(6)-F(10) 1.55(2)
P(5)-F(5) 1.56 (2) P(6)-F(11) 1.57(2)
P(5)-F(6) 1.52(3) P(6)-F(12) 1.567(2)
Bond Angles
Cation
Pt(2)-Pt(1)-P(1) 89.1 (1) Pt(1)-Pt(2)~P(3) 88.0 (1)
Pt(2)-Pt(1)-P(2) 88.3 (1) Pt(1)~Pt(2)~-P(4) 86.4 (1)
Pt(2)~Pt(1)-C(1) 177.2 (5) Pt(1)-Pt(2)-C(2) 178.5(6)
P(1)-Pt(1)-P(2) 174.6 (1) P(3)-Pt(2)-P(4) 173.5(1)
P(1)-Pt(1)~-C(1) 88.1 (5) P(3)-Pt(2)-C(2) 93.4 (6)
P(2)-Pt(1)-C(1) 94.5 (5) P(4)-Pt(2)-C(2) 92.2 (6)
Pt(1)-C(1)-0O(1) 177.8 (15) Pt(2)~C(2)~-0(2) 172.2(18)
P(1)-C(3)-P(3) 108.9 (7) P(2)-C(4)-P(4) 106.6 (7)
Pt(1)-P(1)~C(3) 114.8 (4) Pt(2)-P(3)-C(3) 106.6 (5)
Pt(1)-P(1)-C(5) 116.6 (4) Pt(2)-P(3)-C(29) 115.5 (4)
Pt(1)-P(1)-C(11) 109.5 (4) Pt(2)-P(3)-C(35) 117.5 (4)
Pt(1)-P(2)-C(4) 113.7 (5) Pt(2)-P(4)~C(4) 101.6 (5)
Py(1)-P(2)-C(17) 110.9 (4) Pt(2)-P(4)-C(41) 114.0 (4)
Pt(1)-P(2)-C(23) 115.9 (4) Pt(2)-P(4)-C(47) 119.3 (4)
C(3)-P(1)~C(5) 105.2 (5) C(3)-P(3)-C(29) 105.6 (6)
C(3)-P(1)- C(11) 104.3 (6) C(3)-P(3)-C(35) 107.1 (6)
C(5)-P(1)-C(11) 105.4 (5) C(29)~P(3)-C(35) 103.7 (5)
C(4)-P(2)-C(17) 107.2(6) C(4)~-P(4)-C(41) 106.6 (6)
C(4)-P(2)-C(23) 102.8 (6) C(4)~P(4)-C(47) 108.2 (6)
C(17)-P(2)-C(23) 105.6 (5) C(41)-P(4)-C(47) 106.3 (5)
Anions
cis-F-P-F 84.1(14)-95.9 (18)
trans-F-P-F 174.2(17)~179.8 (12)
Torsion Angles (Deg) in the Cation
P(1)-Pt(1)-Pt(2)-P(3) 39.3 (1) P(2)-Pt(1)-Pt(2)-P(4) 40.7 (1)
Pt(1)-Pt(2)-P(3)-C(3) -56.4 (5) Pt(1)-Pt(2)-P(4)-C(4) -63.4 (5)
Pt(2)-P(3)-C(3)-P(1) 48.7(7) Pt(2)-P(4)-C(4)-P(2) 60.4 (7)
P(3)-C(3)-P(1)~-Pt(1) -12.3(8) P(4)-C(4)-P(2)~Pt(1) —-23.6 (8)
C(3)-P(1)-Pt(1)-Pt(2) -22.7 (5) C(4)-P(2)-Pt(1)~Pt(2) -17.4 (5)
P(1)-Pt(1)-Pt(2)-P(4) -144.0(1) P(2)-Pi(1)-Pt(2)-P(3) -135.9 (1)
C(1)-Pt(1)-P(1)~-C(5) —79.5 (6) C(2)-Pt(2)-P(3)-C(29) 7.3 (7)
C(1)~Pt(1)-P(1)-C(11) 40.0 (6) C(2)-Pt(2)-P(3)-C(35) -115.7(7)
C(1)~Pt(1)-P(2)-C(17) ~75.9 (7) C(2)-Pt(2)-P(4)-C(41) 1.8 (7)
C(1)-Pt(1)-P(2)-C(23) 44.4 (6) C(2)-Pt(2)~P(4)-C(47) -125.2 (7)
P(3)-C(3)-P(1)-C(5) ~141.8 (6) P(4)-C(4)-P(2)-C(17) ~146.5 (6)
P(3)-C(3)-P(1)-C(11) 107.6 (7) P(4)-C(4)~P(2)-C(23) 102.4 (7)
P(1)-C(3)-P(3)-C(29) 172.0 (6) P(2)-C(4)-P(4)-C(41) 180.0 (8)
P(1)-C(3)-P(3)-C(35) -77.9(7) P(2)-C(4)-P(4)~C(47) -66.0 (8)

¢ The numbering scheme of hydrogen atoms is shown in ref 1.

of the axial CO, CI", dppm, and H" ligands.

Experimental Section
General techniques and the synthesis of starting materials have
been discussed elsewhere.?”1® NMR spectra were recorded by

using Perkin-Elmer R12B or Varian XL100 spectrometers. 3'P
chemical shifts are given with respect to trimethylphosphate
reference, positive values indicating downfield shifts.
Investigation of the Stoichiometry of Carbon Monoxide
and Hydrogen Production from the Interconversion of
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[PtyH,(u-H) (u-dppm),][PF¢] and [Pt,H(CO)(u-dppm),][PF].
(a) Experimental Method. The reaction vessel consisted of a
glass tube fitted with a PTFE vacuum stopcock (4-mm bore) and
a standard socket (10/19) had an inlet (11-mm i.d.) on the side
to receive a serum cap and had a total volume of 37.8 mL. Solid
reactant and solvent were conveniently admitted by removing the
stopcock plunger and adding them through the stopcock aperture.
Carbon monoxide or hydrogen was then admitted by using con-
ventional vacuum line technique, to a total pressure of approx-
imately 1 atm inclusive of the vapor pressure of solvent (di-
chloromethane). The quantity of reactant gas (approximately
a 20-fold excess) was determined at the end of the reaction, due
allowance being made for the (small) quantity consumed in the
reaction.

The gases were analyzed on a VG Micromass 12 mass spec-
trometer with the slits set wide (1.016 mm) to give flat-topped
peaks. At the end of the reaction period, helium (1.00 mL at a
known temperature and pressure) was admitted through the serum
cap and used as an internal standard. The gas phase was made
homogeneous by shaking the contents of the vessel. A standard
volume of the gas was admitted to the mass spectrometer via the
PTFE stopcock, a sampling device and a batch inlet system fitted
with a porous disk leak. A pressure of 7 X 1077 torr was produced
in the source chamber. For calibration, standard mixtures were
made up in a vessel identical with the reaction vessel. A known
amount of reactant gas was introduced via the vacuum line.
Solvent (1.5 mL) was then added. Standard amounts of the
appropriate product gas (0.1-1.0 mL as necessary) and helium
(1.00 cm®) were then introduced via the serum cap. The analyses
were based on ratios of peak heights of hydrogen (m/e 2) or carbon
monoxide (m/e 28) to that of helium (m/e 4) and a knowledge
of the amount of helium added. A linear relationship between
peak height and concentration ratios was assumed only over a
narrow range. Correction was made for background intensities.
Reproducibility was generally better than £2%, and accuracy was
estimated to be £4%.

(b) Yield of Hydrogen from Reaction of [Pt,H,(u-H) (-
dppm),][PF,] with Carbon Monoxide. A solution of [Pt,H,-
(u-H) (u-dppm),] [PF¢] (0.0514 g, 0.0393 mmol) in dichloromethane
(1.5 mL) was thus treated with carbon monoxide (17.2 mL at STP,
0.769 mmol) for a 24-h period at 20 °C with gentle agitation. This
produced 0.0359 mmol of hydrogen (91.3% yield). The permanent
gases were then completely pumped away at —196 °C, and the
solution was degassed. A second similar treatment with carbon
monoxide (18.9 mL at STP, 0.842 mmol) for 24 h gave a further
0.0033 mmol of hydrogen (8.4% yield). The total yield of hydrogen
(0.0392 mmol) was therefore 99.7% of 1 M proportion. The IR
spectrum of the residual solid product, after removal of solvent,
was identical with that of [Pt;H(CO)(u-dppm),]{PFg] products
in other experiments (see below).

(¢) Yield of Carbon Monoxide from Reaction of [Pt,H-
(CO)(u-dppm),}[PF,] with Hydrogen. In a similar manner,
[Pt,H(CO)(u-dppm),][PF¢] (0.0507 g, 0.0380 mmol) in dichloro-
methane (1.5 mL) was treated with hydrogen (20.5 mL at STP,
0.916 mmol) for 24 h at 20 °C with gentle agitation. This produced
0.0236 mmol of carbon monoxide (62.1% yield). Two further
similar treatments with hydrogen (22.8 mL at STP, 1.02 mmol,
and 25.1 mL at STP, 1.12 mmol) were carried out and gave further
quantities of carbon monoxide (0.0110 mmol 29.1%, and 0.0014
mmol, 3.8%, respectively). The total yield of carbon monoxide
(0.0360 mmol) was therefore 95.0% of 1 M proportion. The solid
product from this experiment obtained by complete evaporation
of the solvent consisted of white crystals of [Pt,Hy(u-H)(u-
dppm),][PF;] contaminated by a small amount of dark brown
oily material.

Preparation of [Pt,H(CO)(u-dppm),)[PF;]. (a) In a typical
experiment, [Pt;H,(u-H)(u-dppm),][{PF¢] (0.4 g) in dichloro-
methane (5 mL) was placed in a flask (50 mL) fitted with a serum
cap. The air was completely displaced by bubbling carbon
monoxide through the flask for ~10 min, and it was then kept
in the dark at room temperature for ~24 h. During this time,
the almost colourless solution became yellow-orange. Carbon
monoxide was then again bubbled through for ~10 min and the
reaction allowed to continue for a further 24 h. The product was
obtained in essentially quantitative yield as an amorphous yellow
powder by completely evaporating the solvent in a stream of
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carbon monoxide. In other experiments it was recovered in
crystalline form (in yields of 75%) by partial evaporation of the
solvent followed by careful addition of methanol. Once crys-
tallized, the yellow complex could be filtered off in the air without
decomposition. Anal. Caled for [Pt,H(CO){(u-dppm),][PFg): C,
46.0; H, 3.4, F,86; P, 11.6. Found: C, 45.8; H, 3.5; F, 8.7; P, 11.5.
Infrared spectra of the amorphous and crystalline products were
similar except that the spectrum of the latter was better resolved.
A strong band at 2040 cm™ is assigned to »(CO), and this band
presumably obscures the weaker »(Pt-H) band at about the same
frequency.

When solutions of the complex are handled in the air, some
decomposition occurs as evidenced by the color changing from
yellow-orange to red and then to brown. This also occurs under
nitrogen but not under carbon monozide, and thus it appears that
decomposition occurs via loss of CO. The solid is much more
stable in the air although, if it is to be kept for some weeks, it
is necessary to store it under carbon monoxide.

(b) A solution of sodium hydroxide (0.056 g, 0.14 mmol) in
methanol (0.5 mL) was added to a stirred solution of [Pt,-
(CO)g(u-dppm),] [PF¢l, 0.078 g, 0.05 mmol) in methanol (10 mL).
The solution immediately darkened in color. After 0.5 h, the
solvent was removed in a stream of N, and the orange residue
was washed with water to yield Ila (0.064 g, 94%), identified by
comparison of the IR spectrum with that an authentic sample
prepared as in a above. Carbon dioxide was detected qualitatively
by GC as a product of reaction.

Preparation of [Pt,H,(u-H)(u-dppm),][BPh,]. Crude
[PtyHy(u-H)(u-dppm),]Cl (0.52 g, 0.43 mmol), prepared as pre-
viously described, was dissolved in boiling methanol (55 mL) and
the hot solution filtered. The filtrate was allowed to collect in
a methanolic solution of sodium tetraphenylborate (0.30 g, 0.88
mmol in 5 mL) when the desired product (0.38 g, 59%) crystallized
immediately as a white solid.

Preparation of [Pt,;H(CO)(u-dppm),)[BPh,]. This complex
was prepared in a similar way by treating the tetraphenylborate
[Pt,Ho(u-H)(u-dppm),][BPh,] (0.62 g, 0.42 mmol) in dichloro-
methane (7 mL) with carbon monoxide over a 48-h period. At
intervals of ~12 h the flask was flushed with fresh carbon
monoxide. The solvent was completely removed to give initially
a sticky solid that dried to a powder in vacuo. This was then
crystallized from dichloromethane/methanol to yield the pure
product (0.58 g, 0.38 mmol, 92%) as yellow crystals. Anal. Caled
for [Pt,H(CO)(u-dppm),][BPh,): C, 59.8; H, 4.4; P, 8.2. Found:
C, 59.5; H, 4.4; P, 8.1. This salt gives a better resolved IR spectrum
than the PF;~ salt, and bands at 2056 and 2024 cm™ are clearly
resolved and assigned to »(CO) and »(Pt-H), respectively.

Reaction of [Pt H(CO)(u-dppm),]J[PF;] with Hydrogen.
A sample of [Pt,;H(CO)(u-dppm);]{PFg] (0.298 g) was placed in
a flask (50 mL), a serum cap fitted, and hydrogen passed through
for ~10 min. Dichloromethane (4 mL) was then injected into
the flask, and reaction was allowed to proceed for 72 h at room
temperature. The flask was flushed with hydrogen at 24-h in-
tervals. The solution, initially yellow-orange, gradually became
brown-gray as the starting material disappeared and a trace of
intensely colored impurity was formed. The solvent was partially
evaporated in a stream of nitrogen, and methanol was added to
afford [PtoH,(u-H)(u-dppm)s][PFg] (0.216 g, 74%) as a white
microcrystalline solid identified by its infrared spectrum.

Reaction of [Pt,H(CO)(u-dppm),][PF;] with Dimethyl-
phenylphosphine. A solution of [Pt,H(CO){(u-dppm),][PFq]
(0.052 g, 0.039 mmol) in dichloromethane (0.5 mL) was prepared,
under an atmosphere of carbon monoxide, in a vessel fitted with
a serum cap. The carbon monoxide was replaced by helium, and
complete replacement was confirmed by GLC. Dimethyl-
phenylphosphine (0.0080 g, 0.058 mmol) in dichloromethane (0.5
mL) was added, the yellow solution darkened immediately, and
effervescence occurred. Carbon monoxide was detected by GLC
examination. The solution was concentrated, methanol was added,
and yellow crystals of [Pt,H(Me,PhP)(u-dppm),][PFs] (0.036 g,
64%) were recovered by filtration and identified by their IR
spectrum.’

Reaction of [Pt,H(CO)(u-dppm),][PFg] with Methanethiol.
Methanethiol was bubbled through a solution of [Pt,H(CO)(u-
dppm),][PF;] (0.050 g, 0.038 mmol) in dichloromethane (2 mL)
for 15 min during which time the color changed from yellow-orange
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to yellow. The solution was left to stand for 2 h and then was
worked up by evaporation to ~0.5 mL and addition of methanol
when a pale yellow precipitate of {PtyHy(u-SMe)(u-dppm),][PFg]
{~0.033 g, 72%) was obtained and was identified by its infrared
spectrum.®

Reaction of [Pty(CO)y(u-dppm),][PF,], with Hydrogen. A
solution of [Pt;(CO),(n-dppm),][PFg), (0.049 g, 0.033 mmol) in
a mixture of dichloromethane (2 mL) and methanol (1 mL) was
placed in a flask (60 mL), and the air was displaced by hydrogen
at atmospheric pressure. Reaction was allowed to proceed in the
dark for 5 days when carbon monozide was shown to be present
(GLC). The residue left when the solvent was completely evap-
orated in a stream of nitrogen and was identified as pure
[PtoH,(u-H) (u-dppm),] [PFg] (0.044 g, 0.034 mmol) by its IR
spectrum. The HPFy, or its decomposition products, displaced
in this reaction was thus shown to have volatilized with the solvent.
All volatile material was therefore collected in a trap at 78 °C
and was extracted with several portions of water. The aqueous
extract was neutralized with alkali (0.052 mmol). Any fluoro-
phosphate complex was hydrolyzed?® by making the solution 1
M in HCI and heating it on a steam bath for 30 min. A PTFE
vessel with a lid was used for this treatment. Finally, fluoride
ion (0.063 mmol) was determined by using an “Activion” selective
fluoride-sensitive electrode calibrated with samples of potassium
hexafluorophosphate successfully hydrolyzed in the same way.
The result shows that only approximately 32% of the expected
fluoride was then recovered. The fate of the remainder is un-
known. A repeat experiment gave a similar result. The fluorine
content of the starting material was checked by microanalysis and
found to be within 1% of the calculated value.

As a control experiment an identical solution of starting ma-
terial was kept under an atmosphere of nitrogen under the same
conditions. Some carbon monoxide was evolved. Examination
of the IR spectrum of the residue indicated that about 25% of
the dicarbonyl complex had decomposed to unidentified material.

Reaction of [Pt,H;(u-Cl)(u-dppm),}[PF;] with Carbon
Monoxide. A solution of [PtyH,(u-Cl)(u-dppm),j[PFg) (0.107 g,
0.080 mmol) in dichloromethane (1.5 mL) was kept in a flask (60
mL) under an atmosphere of carbon monoxide at 20 °C for 48
h. At the end of this period the presence of hydrogen was shown
by GLC. Evaporation of the solvent left an orange solid identified
as [Pt,CHCO)(u-dppm),][PFy] (0.110 g, 0.080 mmol) by its IR and
'H NMR (60-MHz) spectra. i

Attempted Reaction of [Pt,CI{CO)(u-dppm),}[PF,] with
Hydrogen. Samples of this complex dissolved in dichloromethane
were recovered unchanged (infrared) after being kept under an
atmosphere of hydrogen for up to 72 h,

Catalysis of the Water Gas Shift Reaction. A Parr pressure
reactor (300 mL) was charged with [Pt,Hy(u-H)(u-dppm),) [PF)
{(0.177 g), methanol (100 mL), and water (25 mL). The vessel was
then flushed with carbon monoxide, charged to a pressure of 50
psi, and then heated to 100 °C. Aliquots of gas were removed
periodically for analysis for hydrogen by GC, using a 6-ft molecular
sieve, 5A column. Hydrogen was formed at a constant rate [3.5
mol/{mol of catalyst)(h)] for 5 h. At the end of this period GC
analysis for CO, was made by using a 6-ft Porapak Q column.

X-ray Structure Analysis of [Pt,(CO);(u-dppm),}[PF;),.
Pale yellow crystals of [Pty(CO)o(dppm),][PFg}, were obtained
from a mixture of acetone and n-propanol. They crack rapidly
when removed from solution. Hence, the crystal selected for the
diffraction measurements, of approximate dimensions 0.6 X 0.5
X 0.2 mm, was sealed in a Lindemann glass capillary together with
some mother liquor.

(a) Data Collection and Reduction. The X-ray measure-
ments were made with molybdenum radiation by using an En-
raf-Nonius CAD-4F difractometer.

The unit-cell dimensions (Table II) and the orientation of the
crystal mounted on diffractometer were determined by a least-
squares treatment of 25 automatically centered reflections for
which 12° < § (Mo K,) <19°. A preliminary investigation of the
diffraction pattern showed that the Laue group is 20/m, and the
crystal lattice is primitive. The observed systematic absences of

(20) Van Wazer, J. R. “Phosphorus and Its Compounds”; Interscience:
New York, 1958; Vol. 1, p 803.
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Table IL. Crystal Data for [Pt,(CO),(x-dppm),][PF ],

a, A 17.298 (5)¢  empirical C,H,F, 0O,PPt,
formula

b, A 18.913 (7) fw 1504.92

¢, A 18.884 (4) space group P2,/c

8, deg 98.63 (2) ~ temp, °C 20+ 1

V, A3 6108 radiatn Mo Ka (A =

0.71069 &)

VA 4 monochro- mosaic graphite

mator crystal

d,gem™ 1.636 (caled) (Mo Ka), 45.9
em™?

%Throughout this paper standard deviations are given in
parentheses after the quantity to which they refer and are
in units of the least significant digit.

reflections established that the space group is P2;/c.

The intensities of 7653 hkl and hkl reflections with 3° < 6 (Mo
K,) =22° were measured by taking continuous 6/26 scans of 1.13°
in 8. For each reflection, the integrated intensity, I, and the
standard deviation, o,(I), were determined from the relationships
I=C- 2(31 + Bz) and 0'1(I)A= [C + 4(31 + Bz)]l/z, where Bl and
B, are the counts accumulated in the first and last sixths of the
scan range and C is the count accumulated in the remaining
portion of the scan range. . Reflections for which a preliminary
scan, taken at a speed of 7°/min, gave oy(I)/I > 1.0 were con-
sidered weak and not examined further. Each of the other re-
flections was scanned either until o,(I)/] < 0.02 or for 75 s,
whichever required less time; the scan was then repeated and the
two results checked for consistency. For 46 reflections consistent
results were not obtained even after two further scans. However,
an examination of these reflections at the end of the structure
analysis revealed none for which disagreement between |F,| and
|F| would warrant rejection from the calculations. The crystal
crientation, monitored throughout the experiment, showed no
change in a setting angle larger than 0.1°, The intensities of two
strong reflections, remeasured every 2 h, showed no systematic
variation.

The integrated intensities, I, and their standard deviations,
o(D), where o*(I) = o,%(I) + (gI)? and q = 0.04, were corrected for
Lorentz and polarization effects but not for absorption. Rejection
of 2128 reflections for which I < 34(J) yielded 5525 independent
structure amplitudes which were used in further calculations.

(b) Structure Solution and Refinement. The positions of
the platinum atoms were deduced from a Patterson function and
those of the remaining non-hydrogen atoms from subsequent
difference syntheses. The positional and thermal atomic pa-
rameters, the scale factor, and an empirical isotropic extinction
parameter were refined by full-matrix least-squares minimization
of the function Yw(|F| - |F.])?, where w = 1/02 ({F,|). The phenyl
rings were constrained to 6/mmm symmetry and a C-C bond
length of 1.395 A. The ring carbon atoms were assigned individual
isotropic and the remaining non-hydrogen atoms anisotropic
thermal parameters. The contribution of the hydrogen atoms
to the structure factors was accounted for but not allowed to vary;
the hydrogen atoms?’ were assigned isotropic thermal parameters
equal to those of the carbon atoms to which the hydrogen atoms
were bonded, and their positions were calculated by assuming
trigonal and tetrahedral geometries of the carbon atoms to which
they are attached and a C-H bond length of 1.08 A. The atomic
scattering factors, and also the dispersion corrections for Pt and
P, were taken from ref 21. At a later stage of the analysis, a
difference synthesis revealed a broad region of significant electron
density, well-separated from the cation and anions, that is likely
to represent a highly disordered solvent molecule. The attempts
to determine the geometry of this molecule were not successful.

The refinement of the structure converged at R = 0.061 and

w = 0.079, with no parameter changing by more than 0.16¢ (R
= Z(lFol - chl)/z‘Fol and Rw = [Zw(lFol - ch|)2/ pro2]l/2- An
analysis of Lw(|{F,| - |F|)? as & function of |F, sin 6, or Miller
indices revealed no obvious trends other than somewhat larger
errors at lower sin 4 values. In the final difference synthesis, the

(21) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, U.K., 1974; Vol. IV, Tables 2.2B and 2.3.1.
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Table III. Atomic Coordinates® and Isotropic Thermal Parameters®

atom x y z U, A? atom x y z U, A?

Pt(1) 30319 (3) 3596 (3) 34080 (3) C(186) 5326 (5) -486 (5) 2768 (5) 70 (5)
Pt(2) 17308 (3) 81 (3) 25616 (3) C(17) 2312 (7) 30(86) 4972 (6) 50 (4)
P(1) 3750 (2) -80(2) 2552 (2) C(18) 3050 (7) -210 (6) 5275 (6) 77 (6)
P(2) 2266 (2) 692 (2) 4274 (2) C(19) 3120 (7) —-741 (86) 5794 (6) 93 (8)
P(3) 2353 (2) -1007 (2) 2279 (2) C(20) 2451 (7) -1031(6) 6010 (6) 81 (6)
P(4) 1196 (2) 1017 (2) 2969 (2) C(21) 1713 (7) -790(6) 5707 (6) 90 (6)
P(5) 5314 (3) 2784 (3) 3904 (3) C(22) 1643 (7) -260(6) 5188 (6) 78 (6)
P(6) 10126 (3) 3677 (3) 1211 (3) C(23) 2530 (6) 1521 (4) 4733 (5) 41 (4)
F1) 4523 (9) 2446 (11) 3615 (8) C(24) 2127 (6) 1710 (4) 5291 (5) 57 (4)
F(2) 5339 (8) 3102 (8) 3144 (7) C(25) 2265 (6) 2364 (4) 5627 (5) 62 (5)
F(3) 5713 (18) 2184 (15) 3725 (15) C(26) 2805 (6) 2830 (4) 5403 (5) 70 (5)
F(4) 6092 (14) 3117 (19) 4185 (9) C(27) 3208 (6) 2642 (4) 4844 (5) 59 (4)
F(5) 5264 (11) 2485 (12) 4663 (7) C(28) 3070 (6) 1987 (4) 4509 (5) 52 (4)
F(6) 4823 (20) 3424 (13) 4028 (14) C(29) 1818 (6) —1540(86) 1585 (6) 46 (4)
F(7) 10033 (8) 3510 (10) 2011 (7) C(30) 1246 (6) -1992(6) 1776 (8) 71 (5)
¥(8) 10627 (8) 2990 (7) 1190 (9) C(31) 785(6) —-2391(6) 1253 (6) 94 (7)
F(9) 10215 (8) 3812 (9) 416 (7) C(32) 396 (6) —2339(6) 538 (6) 102 (7)
F(10) 9621 (8) 4347 (7) 1259 (9) C(33) 1469 (6) —1887 (6) 347(6) 108(8)
F(11) 9344 (7) 3274 (7) 944 (7) C(34) 1930(6) -—1488(8) 871 (6) 89 (6)
F(12) 10910 (7) 4087 (8) 1454 (7) C(35) 2653 (6) -—-1636(5) 3000 (5) 46 (4)
O(1) 4576 (7) 722 (8) 4358 (7) C(36) 3112 (6) -2214 (5) 2867 (5) 63 (5)
0(2) 260 (8) —-366 (10) 1555 (10) C(37) 3357(6) —2699(5) 3411 (5) 96 (7)
C(1) 4007 (11) 592 (9) 3992 (9) C(38) 3144 (6) —2605(5) 4089 (5) 79 (6)
C(2) 754 (11) -237(10) 1951 (10) C(39) 2685 (6) —2027(5) 4222 (5) 84 (6)
C(3) 3234 (7) ~729 (8) 1937 (7) C(40) 2440 (6) —1543(5) 3677(5) 64 (5)
C(4) 1240 (8) 821 (8) 3918 (7) C(41) 175 (4) 1145 (6) 2615 (5) 44 (4)
C(5) 4128 (6) 564 (5) 1985 (5) 44 (4) C(42) ~44 (4) 1669 (6) 2104 (5) 67 (5)
C(86) 4270 (6) 394 (5) 1298 (5) 65 (5) C(43) —826 (4) 1740 (6) 1798 (5) 83 (6)
C(7) 4577 (6) 901 (5) 882 (5) 69 (5) C(44) —-1389(4) 1288 (6) 2003 (5) 89 (6)
C(8) 4743 (6) 1579 (5) 1153 (5) 70 (5) C(45) —-1170(4) 763 (6) 2514 (5) 80 (6)
C(9) 4601 (6) 1750 (5) 1841 (5) 75 (5) C(46) -388 (4) 692 (6) 2820 (5) 72 (5)
C(10) 4293 (6) 1243 (5) 2257 (5) 57 (4) C(47) 1667 (6) 1851 (5) 2886 (6) 43 (4)
C(11) 4598 (5) —551 (5) 2994 (5B) 44 (4) C(48) 1387 (6) 2448 (5) 3198 (6) 69 (5)
C(12) 4512 (5) —988 (5) 3572 (5) 57 (4) C(49) 1770 (6) 3095 (5) 3175 (8) 93 (6)
C(13) 5154 (5) -1359 (5) 3924 (5) 74 (5) C(50) 2434 (6) 3144 (5) 2840 (6) 91 (6)
C(14) 5882 (5) -1294 (5) 3697 (5) 80 (6) C(51) 2714 (6) 2547 (5) 2528 (6) 87 (86)
C(15) 5968 (5) —857 (5) 3119 (5) 101 (7) C(62) 2331 (8) 1900 (5) 2551 (6) 54 (4)

@ Fractional coordinates have been multiplied by 107, n = 5 for Pt and 4 for other atoms. ¢ The form of the isotropic
temperature factor is exp[(—8 X 10~ *)n2U((sin 6 )/A)?].

Table IV. Anisotropic Thermal Parameters¢

atom Uy U U, Ux U, Ui,
Pt(1) 462 (4) 387 (4) 311 (4) -34(3) 84 (3) 2(3)
Pt(2) 484 (4) 426 (4) 345 (4) -54 (3) 42 (3) 41 (3)
P(1) 48 (2) 44 (3) 35(2) -2(2) 11(2) 0(2)
P(2) 50 (2) 41 (2) 34 (2) 0(2) 9(2) -3(2)
P(3) 54 (2) 42 (3) 34 (2) -11(2) 10(2) -1(2)
P(4) 50 (2) 39(2) 40 (2) 0(2) 7(2) 4(2)
P(5) 83 (4) 84 (4) 55(3) 11 (3) 22 (3) -22(3)
P(6) 76 (3) 60 (3) 83 (4) 1(3) 22 (3) 8(3)
F(1) 149 (13) 257 (22) 103 (11) -16(12) 33(9) -111(14)
F(2) 159 (12) 164 (14) 82 (9) 56 (9) 19 (8) -54 (10)
F(3) 350 (35) 264 (30) 315(33) 129 (26) 157 (29) 223 (29)
F(4) 221 (20) 510 (46) 109 (13) 77 (20) -6(13) —244 (27)
F(5) 228 (17) 305 (26) 57 (8) 58 (12) 15(10) -114(17)
F(6) 495 (46) 172(22) 261 (28) ~24 (20) 175 (30) 110 (28)
F(7) 146 (12) 223 (19) 81 (9) 0(10) 35(8) 22(12)
F(8) 143 (12) 87 (10) 200 (16) 25 (10) 81 (11) 41 (9)
F(9) 133 (11) 184 (16) 89 (9) 36 (10) 20 (8) -27(10)
F(10) 139 (11) 68 (9) 202 (15) -33 (10) -10(10) 49 (8)
F(11) 100 (9) 129(12) 141 (12) -47(9) 44 (8) ~23(8)
F(12) 104 (9) 123 (12) 138 (11) ~12(9) ~9(8) -21(8)
O(1) 59 (8) 106 (11) 80 (9) -29 (8) -18(7) -8(7)
0(2) 72 (10) 171 (18) 155 (16) _88 (14) —64 (11) 28 (10)
c(1) 82 (13) 47 (11) 50 (11) 13 (9) 22 (10) 14 (9)
C(2) 68 (12) 78 (15) 54 (11) ~20 (10) Z5(10) 12 (10)
(3) 44 (8) 40 (9) 36 (8) 1(7) 10 (6) -10(7)
c4) 58 (9) 40 (10) 37 (8) 9 (7) 16 (7) 0(7)

@ The form of the anisotropic temperature factor is exp[(—2 X 10™™)n?% ;= 3% ;- *Ujhhja;*a;*], with n= 4 for Pt and 3
for other atoms,

highest peaks (1.1-3.7 e A%) were close to the positions of the The final positional and thermal parameters of non-hydrogen
Pt and C(carbonyl) atoms or were associated with the unidentified atoms are presented in Tables III-IV. Coordinates of the hy-
solvent molecule. drogen atoms are shown in Table V,? and the observed structure
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amplitudes and calculated structure factors in Table
OM11M100##fnt The computer programs used in this analysis
are listed in ref 23.

Acknowledgment. We thank NSERC (Canada) for
financial support (R.J.P.), NATO for a travel grant (R.J.P.

(22) Supplementary material.

(23) The Enraf-Nonius Software Package for the CAD-4F diffractom-
eter: CAD4 Data Processing Program (M. B. Hursthouse), a local version
of G. M. Sheldrick’s SHELX system, GEOM molecular functions program
(P. R. Mallinson), and orRTEP (C. K. Johnson), adapted for the local ICL
2976 computer by P. R. Mallinson and K. W. Muir.

and M.P.B.), and the University of Glasgow for a stu-
dentship (A.A.F.).

Registry No. Ia, 63911-00-2; Ib, 82864-97-9; I1a, 74587-82-9; IIb,
82864-99-1; III, 78064-41-2; IV, 69215-82-3; V, 68851-46-7; VI,
64387-54-8; VII, 81533-22-4; [Pt,Hy(u-H)(x-dppm),]Cl, 63910-98-5;
Pt, 7440-06-4; carbon monozide, 630-08-0; hydrogen, 1333-74-0; di-
methylphenylphosphine, 1486-28-8; methanethiol, 74-93-1.

Supplementary Material Available: Listings of observed
and calculated structure factors (Table VI) and H atom fractional
coordinates (Table V; 32 pages). Ordering information is given
on any current masthead page.

Comparative Reactivities of the Cyclopolyarsines (C¢H;As)s and
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The bis metal-substituted diarsine species [CpFe(CO),],(C¢H;As), (3), synthesized from [CpFe(CO),],
and c-(C¢H;As),, crystallizes in the centrosymmetric monoclinic space group P2,/c [C3,, No. 14] with a
=6.534 (2 A, b=11191 (2 A, c=17.5290 (5) A, 8 =99.60 (2) A, V =1263.9 (6) A3, and p = 1.73 g cm™
for Z = 2 (mol wt 657.98). Diffraction data were collected with a Nicolet R3 diffractometer, and the structure
was refined to Rp = 6.60% for 1579 reflections with 3° < 26 < 45° (Mo Ka radiation). The molecule is
the tetrasubstituted diarsine trans-1,2-(1,2-diphenyldiarsino)bis{(r®-cyclopentadienyl)dicarbonyliron]; as
such it represents the first example of a new class of bridged dinuclear metal complexes. The As—Fe bond
distance, 2.450 (2) A, is long in keeping with the formal one-electron As donation to Fe. The As-As’ bond
distance, 2.456 (2) A, is within the range of “normal” As-As single bonds. In comparison, replacement
of (C¢HAs)g for (CH3As); in reactions with [CpFe(CO),], produces as the primary Fe—As-containing product
a four-membered, diiron-bridging chain [Fe(CO)Cpl,[u-catena-(CHzAs),] (4), identified by its spectroscopic
properties. Accompanying the formation of 4 under open system conditions in refluxing hexane with UV
irradiation is a substantial yield of [CpFe(CO)], (~55%).

Introduction

Understanding how main-group elements bridge tran-
sition-metal centers is a major goal in inorganic chemistry.
Such bridges often possess desirable structural charac-
teristics for the design of binuclear and cluster catalysts.
The extraordinary structural diversity of transition-metal
carbonyl derivatives of catenated organophosphinidene
and arsinidene groups (RP or RAs) makes them particu-
larly rewarding subjects for study. Our studies of the
products of the reactions of cyclopentadienylmetal car-
bonyls with polyorganocyclopolyarsines have shown that
a characteristic feature of these reactions is ring cleavage
and reformation of the resulting chain into a variety of
lengths (from two to nine atoms) and configurations.!-

We have also been interested in determining what effects
the organic substitution on the cycloarsine precursor has
in controlling the course of these reactions. West has
studied the reactions of Fe(CO); with three cyclopoly-
arsines: (CHj3As);, (CgHsAs)q, and (CoFsAs),.25 In the first
two cases, the rings were cleaved and shortened to form

(1) Rheingold, A. L.; Churchill, M. R. J. Organomet. Chem., in press.
. (2) Rheingold, A. L.; Foley, M. J.; Sullivan, P. J. J. Am. Chem. Soc.,
in press.

(3) Elmes, P. S.; West, B. O. J. Organomet. Chem. 1971, 32, 365.

(4) Gatehouse, B. M. J. Chem. Soc., Chem. Commun. 1969, 948.

(5) Elmes, P. S.; Leverett, P.; West, B. O. J. Chem. Soc., Chem. Com-
mun. 1971, 747,

[Fe(CO)s)y{u-(RAs),] (1); with (CgF;As),, [Fe(CO)][n*
(AsCgF5),] (2) was obtained.

In the study we now report, we compare the reactions
of (CgH;As)g and (CHyAs); with [CpFe(CO),),. In the
former case we obtain a diarsine derivative, trans-1,2-
(1,2-diphenyldiarsino)bis(cyclopentadienyldicarbonyliron),
[CpFe(CO),)o(AsCeH;), (8), which is the first example of
a new class of arsenic-bridged dinuclear complexes. An
X-ray crystallographic structure is included. In the latter
case, an analogue of 1 containing a four-membered, RAs
chain bridged complex is obtained: [CpFe(CO)][u-
(CH;As,)] (4) along with up to 55% yield of [CpFe(CO)],.

Structurally confirmed examples of complexes contain-
ing two linked RAs units are surprisingly few and are
limited to three-membered heterocycles, e.g., the As,Fe
ring in 24 and an As,Cr ring in {{Cr(CO);)5(AsCeHs) s} [ 1-
Cr(CO);] (5).6

CeFs_ (CosCr _CeHs
As\ As
| SFe(cOls | Scricoxs
as”” /A5<
CeFs” CeHs Cr(cOs
2 5

As-As= 2,388 (7) A As-As= 2.371 A

(6) Huttner, G.; Schmid, H.-G.; Frank, A.; Orama, O. Angew. Chem.
1976, 88, 255.

0276-7333/82/2301-1429$01.25/0 © 1982 American Chemical Society
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Table I. Crystal and Refinement Data

formula C,H,As,Fe,O,

cryst system monoclinic

space group P2,/c [C5p, No. 14]

a A 6.534 (2)=

b, A 11.191 (2)

¢ A 17.529 (5)

g, deg 99.60 (2)

V, A? 1263.9 (6)

VA 2

mol wt 657.98

p(caled), g cm™? 1.729

temp, °C 25

crystal dimens, mm; color 0.20 x 0.25 X 0.32;
dark red

radiation graphite-monochro-
mated Mo Ka«
(A=0.71073 A)

diffractometer Nicolet R3

abs coeff, cm™! 37.70

scan speed, deg/min
26 scan range, deg
scan technique

data collected .

scan width, deg
Welghtmg factor (g)°
unique data

unique data with
(Fo)! > Ba(Fy)?

variable, 3.0-15.0

3.0< 20 < 45.0

26/6

th, tk, +1

2.0+ Aa, —a,)

0.0001

1880 reflctns
(3923 collected)

1579

std reflctns 3/97
Rp 6.60%
RyF 5.75%

Rheingold, Foley, and Sullivan

Table II. Atomic Fractional Coordinates for

¢ Unit-cell parameters were obtained from the angular
settings of 25 reflections with 2¢ = 25-30°. ® W™=

o F) + g(F o).

Experimental Section

A. Preparation of [CpFe(CO),As(CgH;)]; (3). [CpFe-
(CO),ly (0.50 g, 1.41 mmol) and c-(C¢HsAs)g® (0.50 g, 0.55 mmol)
were combined in a heavy-wall Pyrex tube with 25.0 mL of dried
toluene. The contents were thoroughly degassed, and the tube
was sealed under vacuum and heated at 90 °C for 24 h in a dark
oven. The oven was then switched off and the reaction tube left
in the oven undisturbed for 24 h while being cooled to room
temperature. Examination of the tube revealed the presence of
crystallographic grade crystals that were removed by filtration
and washed with cold hexane. Compound 3 was obtained as a
dark red, air-stable solid (mp 195 °C) that is only slightly soluble
in common organic solvents: 'H NMR Cp 4.50 (5), CgHj, 7.23
ppm (5); IR (KBr) carbonyl 2020 (s), 1945 em™ (s). Column
chromatography on deactivated alumina failed to reveal any other
products present in significant quantities.

B. Reactions of [CpFe(CO),]; and c-(AsCHj;)s. 1. Thermal
Reaction. Equimolar quantities (2.0 mmol) of [CpFe(CO),]; and
(CH;As)s® were combined with 20 mL of toluene in a heavy-wall
Pyrex tube, the contents were degassed, and the tube was flame
sealed under vacuum and heated to 90 °C for 36 h. (Below 95°
no apparent reaction occurred; above 95° extensive decomposition
occurred.) The progress of the reaction was monitored by H
NMR by observing changes in an identically prepared and ma-
nipulated sample in a medium wall, 5-mm NMR tube. After the
reaction tube was cooled and opened, the contents were chro-
matographed by using a low-pressure column on alumina (highly
deactivated) and eluted with a 90/10 (v/v) CgHg—CHCl; mixture.
In addition to starting material (<10%), a dark red band (~70%;
[CpFe(CO)],(CH3As), (4) and a dark green band (~1%;
[CpFe(CO)],) were identified. Additional bands were observed
but decomposed on the column. Evaporation of the eluting solvent

(7) King, R. B. “Organometallic Synthesis”; Academic Press: New
York, 1965; Vol. 1.

(8) Reesor, J. W. B.; Wright, G. F. J. Org. Chem. 1957, 22, 382.

(9) Scott, A. B.; Palmer, C. S. J. Am. Chem. Soc. 1928, 59, 536. Final
purification by distillation was replaced by extraction with benzene.

[CpFe(CO),],(C, H,As),

atom . x y z

As 0.8249 (1) -0.0178 (1) 0.4639 (1)
Fe 0.8814 (2) —-0.1465 (1) 0.3563 (1)
O(1) 0.6592 (10) 0.0229 (7) 0.2481 (4)
0(2) 1.2782(10) -—0.0392(8) 0.3451 (4)
C(1) 0.7452(16) -0.0424 (9) 0.2941 (6)
C(2) 1.1176 (17) -—0.0813(9) 0.3532 (6)
Cbh(1) 0.7883 (14) 0.1449 (8) 0.4228 (5)
Ch(2) 0.9329 (16) 0.2096 (9) 0.3914 (6)

Cb(3)  0.9027 (18)
Cb(4)  0.7205 (18)

0.3253 (10) 0.3649 (7)
0.3814 (10) 0.3735 (7)
Cb(5)  0.5718(20)  0.3184 (11) 0.4028 (8)
Ch(6)  0.6056 (15)  0.2036 (9)  0.4281 ()
Cp(1)  0.9873(23) -0.3133(11) 0.4008 (8)
Cp(2)  0.9562(21) -0.3164 (10) 0.3201 (8)
Cp(3)  0.7555(24) -0.2949 (10) 0.2959 (8)

0)
Cp(4)  0.6547 (20) —0.2749(10) 0.3572(9)
Cp(5)  0.8025(31) —0.2913(10) 0.4239 (9)
Hb(2)  1.0631 0.1719 0.3881
Hb(3)  1.0067 0.3669 0.3425
Hb(4)  0.6943 0.4622 0.3562
Hb(5)  0.4416 0.3561 0.4061
Hb(6)  0.5016 0.1633 0.4512
HCp(1) 1.1141 ~0.3265 0.4361
HCp(2) 1.0626 ~0.3279 0.2890
HCp(3) 0.6917 ~0.2946 0.2424
HCp(4) 0.5100 -0.2564 0.3539
HCp(5) 0.7739 ~0.2854 0.4758

from 4 produced a moderately viscous dark red oil, mp 10 °C.
[CpFe(CO)]4 was identified by its characteristic NMR and IR
spectra and melting point.'® [CpFe(C0O)],(CHzAs): 'H NMR
CH; 1.60 (3), 1.68 (3), Cp 4.46 ppm (5); IR carbonyl 1904 (vs),
1870 (vs), 1843 (w) cm™, Anal. Caled: C, 29.21; H, 3.37; Fe, 16.98;
As, 45.59. Found: C, 29.99, H, 3.01; Fe, 16.11; As, 46.32.

2. Photolytic Reaction. Using otherwise identical reaction
conditions to those used in the previous thermal reactions, we
irradiated samples with a high-intensity source (336 nm). At 90
°C, very nearly identical product ratios were obtained as observed
in the thermal reactions. If, however, photolysis occurred in an
open system in refluxing hexane (4 mmol of each reactant, 50 mL
of hexane), the yield of 4 dropped to ~10% while that for the
iron tetramer increased to ~55% after 72 h. Products were
separated and identified as given in the previous section.

C. Data Collection. The crystal parameters and collection
data are provided in Table I. An irregular crystalline fragment
cleaved from a larger crystal was cemented to the end of a glass
fiber. Two forms of the data (+h,k,l; £h,~k,l) were collected and
averaged due to low diffraction intensities. The intensities were
corrected for Lp effects as well as for absorption by using empirical
¥ scan data; I, /I i values were in the range 1.15-1.19. Data
averaging, as well as all subsequent calculations, utilized the
Nicolet SHELXTL program package (version 3.0).

D. Solution and Refinement of the Structure. An E map
produced from the direct methods routine SOLV with the highest
combined figures of merit provided the As and Fe positions. The
remaining non-hydrogen atoms were located from subsequent
difference Fourier syntheses. The asymmetric unit contains one
As, one Fe, one Cp ring, one pheny! ring, and two carbonyl groups.
The molecule, which is composed of two asymmetric units, is
situated on an inversion center midway along the As—As’ bond.
The final cycles of refinement were performed with anisotropic
thermal parameters for all non-hydrogen atoms and hydrogen
atoms in idealized positions (C-H = 0.96 A and U = 1.2 times
the isotropic equivalent for the atom to which it was attached).
A final difference map revealed a peak, 1.05 ¢ A%, 1.17 A from
the As atom; otherwise only a featureless background (<0.5 e A7)
remained. Final positional parameters are provided in Table II.
Selected bond distances and angles are given in Table IIL
Thermal parameters and a listing of observed and calculated
structure factor amplitudes are available as Tables IV and V.

(10) King, R. B. Inorg. Chem. 1966, 5, 2227.





Comparative Reactivities of the Cyclopolyarsines

Table III. Selected Bond Distances (A) and Angles (Deg)
with Esd’s for [CpFe(CO),},(AsCH,),

(a) Bond Distances

As-As’' 2.456 (2) Fe-C(2) 1.716 (11)

As-Fe 2.450 (2) C(1)-0(1) 1.163(12)

Fe-CENT? 1.732(9) C(2)-0(2) 1.180(13)

Fe-C(1) 1.735 (10)

(b) Bond Angles

Fe-As-As' 104.2 (1) C(2)-Fe-As 91.5 (4)
Fe~-As-Cb(1) 106.8(3) C(1)-Fe-C(2) 93.7 (5)
Fe-C(1)-O(1) 175.0(10) CENT-Fe-As 119.8 (5)
Fe-C(2)-0(2) 174.8(9) CENT-Fe-C(1) 126.8(5)
Cb(1)-As-As' 94.9 (3) CENT-Fe-C(2) 126.4 (5)
C(1)-Fe-As' 87.8 (4)

¢ Center of gravity of the Cp ring.

Figure 1. Thermal! elipsoid diagram and numbering scheme for
[CpFe(CO),)o(CeHsAs), (3). Primed atom designations are sym-
metry related to the equivalent unprimed atom.

Crystal and Molecular Structure of
[CpFe(CO).);(AsCeHj), (3)

The crystal structure of 3 consists of discrete well-sep-
arated molecules of [CpFe(CO),]5(AsC¢Hj;),. The structure
and numbering scheme are shown in Figure 1. The com-
plex may best be described as a tetrasubstituted diarsine:
trans-1,2-(1,2-diphenyldiarsino)bis[ (n5-cyclopentadienyl)-
dicarbonyliron]. This product is conveniently viewed as
the addition of [CpFe(CO),], to the hypothetical molecule,
CeH;As=AsC¢H;. The Fe-As distance, 2.450 (2) A, is
considerably longer than that found in complexes in which
As functions as a two-electron donor, e.g., (CO),FeAs(C-
H3)3, 2.30 A’ll CGH4[AS(CH3)2]2FG(CO)3, 2.31 and 2.36 A.IZ
The Fe-As distance supports the view that each As atom
functions as a one-electron donor fulfilling the one-electron
deficiency of the CpFe(CO), group.'®

We have been unable to locate any previous structures
of diarsines for comparison. The bond angles about As in
3 (Fe-As-As’ = 104.2 (1)°, Fe~As-Cb(1) = 106.8 (3)°, and
Cb(1)-As-As’ = 94.9 (3)°; average 102.0°) are predictably
larger than the corresponding angles in tetraphenyldi-
stibine (average 94.9°)!* in keeping with the increased s
character of bonding orbitals as the pnictogen family is
ascended. The crystallography imposed symmetry con-
strains the torsion angles Fe—As-As’-Fe’ and Cb(1)-As—

(11) Legendre, J.-J.; Girard, C.; Huber, M. Bull. Soc. Chim. Fr. 1971,
1998.

(12) Brown, D. S.; Bushnell, G. W. Acta Crystallogr. 1967, 22, 296.

(13) Malisch et al. have reported several mononuclear complexes of
apparent one-electron arsenic donor complexes. Panster, P.; Malisch, W.
Chem. Ber. 1976, 109, 3842. Malisch, W.; Kuhn, M.; Albert, W.; Rossner,
H. Ibid. 1980, 113, 3318. Malisch, W.; Blau, H.; Réssner, H.; Jath, G. Ibid.
1980, 113, 1180.

(14) von Deuten, K.; Rehder, D. Cryst. Struc. Commun. 1980, 9, 167.
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As’-Cb(1)’ to 180°; the Fe-As-As’-Cb(1) torsion angle is
72.3 (2)°. A projection along the As—As’ is shown in A.

cb(1). Fe'
\
T72.3°
@z
Fe chb(n)

A

The As—As’ bond distance, 2.456 (2) A, is within the
range accepted as normal for As—As single bonds,!> and
the parameters of the CpFe(CO), group all conform to
expectations on the basis of structural studies of a large
variety of CpFe(CO), complexes.'6

Comparative Reactivities of (CH;As); and
(CeH;As)g

A primary goal of this study was to compare the re-
activities of differently substituted cyclopolyarsines in
reactions with [CpFe(CO),],. Both of the cyclopolyarsines,
(CcH;As)s and (CHj3As);, undergo ring-opening and
chain-shortening reactions, presumably the result of attack
of CpFe(CO), radicals. Curiously, UV irradiation did not,
in the case of (CH3As);, accelerate product formation under
closed-system conditions. In both cases, twofold changes
in initial molar ratios of reactants failed to produce dif-
ferent Fe-As bonded products. The ratios given in the
Experimental Section represent the ratios found to max-
imize product formation. The approximately 3:1 [CpFe-
(C0),)g:(CsHAS)e molar ratio of starting materials would
ultimately lead to the observed product as the end result
of stepwise shortening of the initially formed Asg chain.

3[CpFe(CO),] + (CcHsAs)g — [CpFe(CO)é]Z(AsC6H5)2

On the basis of the spectroscopic evidence and by com-
parison to known structures,*17 we assign the structure

CH3 CH3
\As——As/
CHaz—As__As—CHs
(o]} 3 co
>Fe/ \Fe/
Cp Cp
4

to the major product derived from (CHyAs)s. (The sub-
ambient-temperature melting point for 5 prevented ob-
taining a crystal structure for this complex.) The proposed
structure is similar to the product obtained from reactions
of [CpMo(CO0),], and (CHjAs),.!

[CpFe(CO),], + (4/5) (CHzAs); —
[CpFe(COL]g(AsCH3)4

An essential difference between the two new Fe-As
complexes obtained in this study is the donor properties
of phenyl- vs. methyl-substituted polyarsinidene chains.
In 4, the CH;As chain termini act as three-electron donors,
whereas in 3, the C;H;As groups act as one-electron donors.
In effect, the “nonbonding” electron pair on As is in com-
petition with CO; CH,As displaces CO, and C¢HzAs does
not. This result is in keeping with the expected trend in
donor properties of alkyl- vs. arylarsines.'8

(15) Donohue, J. Acta Crystallogr. 1962, 15, 708.

(16) Kriger, C.; Barnett, B. L; Braner, D. “The Organic Chemistry of
Iron”; Koerner, von Gustorf, E. A.; Grevels, F.-W.; Fischler, 1., Eds,;
Academic Press: New York, 1978; Vol. 1, p 1.

(17) West, B. O. In “Homoatomic Rings Chains and Macromolecules
of the Main-Group Elements”; Rheingold, A. L., Ed.; Elsevier: Amster-
dam, 1977; p 409.
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That substantial quantities of the tetrameric iron cluster
[CpFe(CO)], can only be obtained in reactions of the
methyl-substituted cyclopolyarsine also supports the ap-
parent large differences in donor properties. Previous
studies indicate that the mechanism for the catalyzed
formation of the tetrameric cluster most likely involves an
initial displacement of CO from [CpFe(CO),], by a group
5 donor molecule.’®* In an open system in which CO is
irreversibly removed following dissociation, the primary
iron-containing product is the tetrameric cluster. In closed
systems, formation of [CpFe(CO)], is inhibited allowing,
instead, for eventual formation of 4. The conditions under

(18) McAuliffe, C. A.; Levason, W. “Phosphine, Arsine and Stibine
Complexes of Transition Metals”; Elsevier: Amsterdam, 1978.
(19) Landon, 8. J.; Rheingold, A. L. Inorg. Chim. Acta 1981, 47, 187.

which the iron tetramer is prepared in this study are
considerably milder than those previously reported (re-
fluxing hexane vs. toluene),101%:20
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New Fe(n%-arene)L, complexes (where L. = phosphorus ligands) have been prepared by cocondensing
iron atoms simultaneously with arene and L or by cocondensing iron atoms with the arene followed by
low-temperature reaction of the cocondensate with L. Fe(n®-arene)(n*-diene) complexes have been prepared
similarly, but in some cases, alternative techniques must be used to avoid hydrogen-transfer reactions.

Introduction

The chemistry of zerovalent iron arene complexes was
slow to develop but has recently begun to blossom. The
first report of an Fe(rf-arene)(n*-diene) complex! preceded
reports®® of Fe(n®-arene)L, complexes (where L = phos-
phorus ligand) by over 10 years. There were few reports
of new compounds in either of these classes until a recent
renaissance of interest in these* and related® compounds.

Our continuing interest in the chemistry of zerovalent
iron complexes and the activation of aromatic C-H bonds®
prompted us to investigate the reactions of iron atoms with
aromatic substrates. While we expected n°-coordination
to be the most commonly observed mode of coordination,
we were also eager to discover 7* and 7% species as well as
divalent aryl complexes. Reductive techniques allow the
synthesis of certain special classes of zerovalent species
such as 78-hexamethylbenzene complexes,’ but they are
not generally applicable. Reductions of [Fe(arene),]?* in
the presence of phosphorus ligands to obtain Fe(n%-ar-
ene)L, complexes are complicated by nucleophilic addition
of the phosphorus ligands to the arene rings.? The results
of a systematic study of iron atom-arene cocondensation
reactions are reported here.® In a subsequent paper we
will detail the stepwise stoichiometric hydrogenation of
these n%-arenes through n*-dienes to cyclohexene.

Experimental Section

All manipulations other than the cocondensation reactions were
carried out in the dry nitrogen atmosphere of a Vacuum Atmo-
spheres drybox or on a standard vacuum line. Melting points were

t Contribution No. 2798.

measured under nitrogen and are uncorrected. The 3'P{{H} NMR
spectra were recorded on a Bruker HFX-90 spectrometer at 36.43
MHz. Proton spectra were recorded by using Varian HR-220 and
XL-100 spectrometers. 13C NMR spectra were recorded on a
Bruker WH-90 spectrometer. See Table I for NMR results, all
of which were recorded in toluene-ds. High-resolution mass spectra
were recorded on a CEC-110B spectrometer. Analyses were
carried out at our analytical facilities (see Table II for results).

The arenes and olefins are commercially available and were
used after filtration through neutral-grade alumina and degassing.
The phosphorus ligands are commercially available and were used
after purification and degassing. Solvents were dried by standard
techniques.

Most of the metal vapor syntheses were carried out in an
apparatus of a modified Skell design'® described previously,® using

(1) Fischer, E. O.; Muller, J. Z. Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem., Biophys., Biol. 1962, 17B, 776.

(2) William-Smith, D. L.; Wolf, L. R.; Skell, P. S. J. Am. Chem. Soc.
1972, 94, 4042,

(3) Middleton, R.; Hull, J. R,; Simpson, S. R.; Tomlinson, C. H,;
Timms, P. L. J. Chem. Soc., Dalton Trans. 1978, 120.

(4) (a) von Gustorf, E. A. K.; Fischler, I.; Leitich, J.; Dreeskamp, H.
Angew. Chem., Int. Ed., Engl. 1972, 11, 1088. (b) Fischler, L; von Gustorf,
E. A. K. Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1975, 30B, 291.

(5) (a) Muetterties, E. L.; Bleeke, J. R.; Sievert, A. C. J. Organomet.
Chem. 1979, 178, 197. (b) Bennett, M. A.; Huang, T.-N.; Smith, A. K,;
Turney, T. W. J. Chem. Soc., Chem. Commun. 1978, 582. (c) Zelonka,
R. A; Baird, M. C. Can. J. Chem. 1972, 50, 3063. (d) Werner, H.; Werner,
R. Angew. Chem., Int. Ed. Engl. 1978, 17, 683. (e) Werner, H.; Kletzin,
H. J. Organomet. Chem. 1982, 228, 289. (f) Schmid, H.; Ziegler, M. L.
Chem. Ber. 1976, 109, 132.

(6) (a) Ittel, S. D.; van Catledge, F. A.; Jesson, J. P. J. Am. Chem. Soc.
1979, 101, 3874. (b) Tolman, C. A.; Ittel, S. D.; English, A. D.; Jesson,
J. P. Ibid. 1979, 101, 1742.

(7) Weber, S. R.; Brintzinger, H. H. J. Organomet. Chem. 1977, 127,

45,
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nomet. Chem. 1980, 202, 191.
(9) Ittel, S. D.; Tolman, C. A. J. Organomet. Chem. 1979, 172, C47.
(10) Skell, P. S.; Wescott, L. D. J. Am. Chem. Soc. 1963, 85, 1023.
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[CpFe(CO)], can only be obtained in reactions of the
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Introduction

The chemistry of zerovalent iron arene complexes was
slow to develop but has recently begun to blossom. The
first report of an Fe(rf-arene)(n*-diene) complex! preceded
reports®® of Fe(n®-arene)L, complexes (where L = phos-
phorus ligand) by over 10 years. There were few reports
of new compounds in either of these classes until a recent
renaissance of interest in these* and related® compounds.

Our continuing interest in the chemistry of zerovalent
iron complexes and the activation of aromatic C-H bonds®
prompted us to investigate the reactions of iron atoms with
aromatic substrates. While we expected n°-coordination
to be the most commonly observed mode of coordination,
we were also eager to discover 7* and 7% species as well as
divalent aryl complexes. Reductive techniques allow the
synthesis of certain special classes of zerovalent species
such as 78-hexamethylbenzene complexes,’ but they are
not generally applicable. Reductions of [Fe(arene),]?* in
the presence of phosphorus ligands to obtain Fe(n%-ar-
ene)L, complexes are complicated by nucleophilic addition
of the phosphorus ligands to the arene rings.? The results
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reactions are reported here.® In a subsequent paper we
will detail the stepwise stoichiometric hydrogenation of
these n%-arenes through n*-dienes to cyclohexene.
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All manipulations other than the cocondensation reactions were
carried out in the dry nitrogen atmosphere of a Vacuum Atmo-
spheres drybox or on a standard vacuum line. Melting points were
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measured under nitrogen and are uncorrected. The 3'P{{H} NMR
spectra were recorded on a Bruker HFX-90 spectrometer at 36.43
MHz. Proton spectra were recorded by using Varian HR-220 and
XL-100 spectrometers. 13C NMR spectra were recorded on a
Bruker WH-90 spectrometer. See Table I for NMR results, all
of which were recorded in toluene-ds. High-resolution mass spectra
were recorded on a CEC-110B spectrometer. Analyses were
carried out at our analytical facilities (see Table II for results).

The arenes and olefins are commercially available and were
used after filtration through neutral-grade alumina and degassing.
The phosphorus ligands are commercially available and were used
after purification and degassing. Solvents were dried by standard
techniques.

Most of the metal vapor syntheses were carried out in an
apparatus of a modified Skell design'® described previously,® using
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Table I. NMR Parameters?® of (n°-Arene)iron Complexes

Fe(toluene)(P(OMe),), 'H
ap{*H} 179.7
Fe(toluene)(P(OEt),), 'H

5.34, ortho (2, m), 4.80 meta, para (3, m), 3.55 OMe (18, s), 2.25 Me (3, s)
5.35 para (1, m), 4.83 meta (2, m,J = 3), 4.73 ortho (2, d, J= 3), 3.93

CH, (12, tq, J = 7, Jpy = 3.5), 2.80 Me (3, s), 1.17 CCH, (18,t,J = 17)

’3CFH} 93.7 «, 81.2 ortho, 79.9 para, 77.8 meta, 58.7 OCH,, 22.0 Me, 16.6 CCH,
ap{tH} 173.9
Fe(toluene)(1,5-COD) 'H 5.06 para (1, t,J = 6), 4.37 meta (2, t,J = 6), 4.27 ortho (2, d, /= 6), 2.81
CH (4, m), 2.46 endo-CH, (4, m), 1.93 Me (3, s), 1.89 exo-CH,
4,d,J =
BC{'H} 99.4 «, 88.1 para, 87.1 meta, 85.4 ortho, 65.1 CH, 33.1 CH,, 19.3 Me
Fe(benzene)(1,5-COD) 'H 4.56 C,H, (6, s), 2.93 CH (4, m); 2.45 endo-CH, (4, m), 1.86 exo-CH,
(4, m)
Fe(toluene)(1,3-COD) 'H 4,92 para (1, t), 4.86 meta (2, m), 4.72 ortho (2, m), 4.60 2,3-CH (2, b),
2.681,4-CH (2, b), 2.17 5,8-CH, (4, M), 1.95 Me (3, s),16067CH
(4, m
BC{'H} 94.7 a, 84.4 meta, 83.7 2,3-CH, 82.6 ortho, 82.1 para, 52.7 1,4-CH, 28.5
5,8 CH2 5367CH2, 20.0 Me
Fe(toluene)(CHT) 'H 5.87 6-CH (1, ddd, J =10, 3, 1), 5.09 5-CH (1, dd, J= 10, 7), 4.90 para
(1, t,J = 6), 4. 84meta(2 t J=6), 4. 760rtho(2 d,J=6), 4.63 2-CH
(1, m), 4.36 3-CH (1,dd, J= 17, 4), 2.57 1-CH (1, m),2334CH(1 t,
J=17), 2.09 endo-CH, (1, ddd, J= 4, 5, 2), 1.95 Me (3,.5), 1.20 exo-CH2
(1,ddd, J= 21, 3,1)
BC{'H} 130.8t- CH 121.3 6- CH, 95.2 «, 84.8 2-CH, 84.5 meta, 83.0 ortho, 81.6
3-CH, 780para 5174CH 48010H 3230H2,203Me
Fe(toluene)(COT) 'H 5.2 COT (8, s), 5.0 para (1, t) 4.9 meta (2 m), 4.7 ortho (2, m), 1.9 Me
(3,s
Fe(benzene)(CHT) 'H 5.88 6-CH (1, t,J = 8), 5.10 5-CH (1, d, J = 10), 4.85 C,H, (6, s), 4.70 2-CH
(1, m), 44230H(1 m),27510H(1 m), 2454CH(1 t,J=17), 2.08
endo-CH, (1, dm, J = 22), 1.25 exo-CH, (1, dm, J = 22)
Fe(benzene)(1,3-CHD) 'H 4.82 C,H, (86, s), 4. 50 2,3-CH (2, dd, J = 2, 4), 2.45 1,4-CH (2, dtd, J = 4,
2,1 ) 1. ‘15 endo-CH, (2, dd, J = 8, 2), 1.20 exo-CH, (2,dd,J = 8, 1)
13C 82.0 C.H, (d, Jou = 168), 75.1 2,3-CH (d, Jcy = 158), 54.1 1,4-CH (d,
Jeu = 152), 27.1 5,6-CH,, (t,Jeyg = 127)
Fe(toluene)(butadiene) 'H 4.87 para (1, t), 4.81 meta (2, m), 4.66 ortho (2, m), 4.58 2,3-CH (2, b),
2.05 syn-1,4-CH (2, m), 1.45, anti-1,4-CH (2, m)
Fe(benzene)(COT) 'H 5.2 COT (8, s), 4.8 C,H, (6, s)
Fe(p-xylene)(P(OMe),), 'H 4,67 CH (4, t, Jpy = 3) 3.41 OMe (18, t, Jpy = 5.5), 2.30 Me (6, s)
up{rH} 179.9
Fe(toluene)(PMe,), 'H 5.02, ortho (2, m), 4.68 meta, para (3, m), 2.21 Me (3, s), 1.33 PMe,
(18, dm)
3p{iH} 22.8
Fe(mesitylene)(P(OMe),), 'H 4,61 CH (3, t,J = 2), 3.34 OMe (18, t, Jpg = 6), 2.14 Me (9, s)
MpiH} 180.8
Fe(benzene)(P(OMe),), 'H 4.94 C,H, (6, t, Jpyg = 2.5), 3.36 OMe (18, t, Jpyg = 6)
B3C 80.0 C,H, (d, Jcu = 171), 50.2 OMe (d, Jcg = 144)
#p{iH} 178.9
Fe(cumene)(P(OMe),), H 5.74 para (1, m), 4.60 meta and ortho (4, m), 3.41 OMe (18, t, J = 8),

2.84 CH (1, septet, J = 7), 1.39 CMe, (6, d,J = T)

sP{IH}  180.3

¢ Given in parentheses are (in order): the relative intensity, the multiplicity (abbreviated s, singlet; d, doublet; t, triplet;
m, multiplet; b, broad, dd, double doublet, etc.), and if measured, the coupling constant in hertz. Chemical shifts are posi-
tive downfield for internal Me,Si for 'H and **C and from external H,PO, for 3'P,

the general conditions described. Reactions done in a rotating
flask evaporator were carried out in a Planer VSP-302 vapor
synthesis plant using a single crucible in the resistance heated
mode of operation or in an apparatus of a modified Timms de-
sign.1112

Design of the Rotary Metal Atom Evaporator. The small
rotary, metal atom evaporator described by Timms!»!? is of a
convenient size for many applications. Two of its most serious
limitations are low pumping capacity and poor dissipation of
radiant heat. Both of these problems can be overcome, to some
degree, by a minor change in design. Pumping capacity is limited
by the narrow vapor duct of the Biichi evaporator used, so
pumping efficiency is improved by using smaller diameter
water-cooled electrodes to the heater. This can be done by using
one electrode for water in and the other for water out. To keep
the electrodes from short circuiting, the water circulation is
completed through a small block of heat resistant Vespel engi-
neering plastic. The same cooling water is used to cool a metal
heat shield under and around the crucible so that much of the

(11) Timms, P. L. “Cryochemistry”; Moskovitz, M., Ozin, G. A., Eds.;
Wiley-Interscience: New York, 1976.
(12) Timms, P. L. J. Chem. Educ. 1972, 49, 782.

radiant heat is carried away by the cooling water and not absorbed
by the cocondensate on the walls of the flask where it contributes
greatly to the increased vapor pressures in the system. For more
detail on the radiant energy problem, see ref 11.

A Caution on Cooling Baths. One solvent commonly used
as a slush bath for cooling rotary metal atom evaporators is
pentane. We feel such a bath presents an unacceptable hazard.
While the pentane is cooled well below its flash point, it is sep-
arated from a crucible heated to >1500 °C by a very short distance.
If the flask breaks, this high heat will contact the pentane with
serious potential for explosion and fire. As a much safer alter-
native, we have used a cooling bath of Freon-114B2 fluorocarbon.
Rapidly heated solvent may still cause an explosion if the flask
breaks, but the danger of an ensuing fire is greatly diminished.

Preparation of Fe(n’-toluene)(P(OMe),),. Iron (11 g) was
cocondensed with toluene (150 mL) on a liquid-nitrogen-cooled
surface. The resultant mixture was reacted with P(OMe); (50
mL) in methylcyclohexane (100 mL) at -120 °C. The stirred
mixture was slowly warmed to room temperature and then filtered
through Celite. Volatile components were removed under vacuum
to give a dark oil. The oil was taken up in pentane and chro-
matographed on alumina (neutral grade, P(OMe); deactivated).
The complex was eluted with pentane, leaving a dark band on
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Table II. Analytical Results for the (n% Arene)iron Complexes

anal.® mass spectra®
C H P parent loss ion loss ion
Fe(toluene)(P(OMe),), 394 6.6
39.1 6.7
Fe(toluene)(P(OEt),), 47.5 80 12,9 480.1493 toluene 388.0867 P(OEt), 314.0709
48,0 7.7 11.8 480.1522 388.0805 314.0749
Fe(toluene)(1,5-COD) b c
Fe(benzene)(1,5-COD) b c
Fe(toluene)(1,3-COD) b c
Fe(toluene)(CHT) 70.0 6.7 240.0600 C.H, 147.9973
69.6 6.4 240.0617 147.9975
Fe(toluene)(COT) 71.5 6.4 2562.0800 toluene 159.99756 COT 147.9975
714 6.4 252.0621 159,9992 147.9987
Fe(toluene)(NBD) e 240.0600°
240.0664
Fe(benzene){CHT) 69.1 6.2
68.8 6.0
Fe(benzene)(1,3-CHD) 67.3 6.6 214.0444 CHD 133.9819
67.4 6.8 214.0463 133.9833
Fe(benzene)(COT) 70.6 5.9
70.3 6.0
Fe(p-xylene)(P(OMe),), 41.0 6.9 151  410.0709 P(OMe), 285.0342
40.8 6.7 14.6 410.0670 285.0366
Fe(toluene)(PMe,), 52.0 8.7 20.7
52,1 86 19.9
Fe(mesitylene)(P(OMe),), 42,5 7.1 14,6  424.0865 P(OMe), 304.0889
42,2 7.2 14.0 424.0848 304.0894
Fe(benzene)(P(OMe),), 377 6.3 162 d P(OMe), 258.0148
376 6.3 16.1 2568.0127
Fe(toluene)(butadiene) 65.4 7.0 202.0445 BD 147.9975
56.9 7.1 202.0410 147.9967

a Calculated values are above found values. ? Not analyzed due to instability. ¢ Decomposing at inlet temperature;

parent ion observed at low resolution,

the column. Pentane was removed, leaving the desired product
as a dark red liquid; yield 7.5 g.

Preparation of Fe(r°-benzene)(P(OMe);),. Iron (14 g) was
cocondensed simultaneously with benzene (100 mL) and P(OMe);
(150 mL) onto a liquid-nitrogen-cooled surface that had been
previously coated with a layer of methylcyclohexane. After the
cocondensation was complete, the flask was allowed to warm to
-120 °C. Additional methylcyclohexane was then condensed into
the flask, washing the contents to the bottom. The mixture was
stirred as it warmed to room temperature. The workup of the
mixture was similar to that for Fe(n®-toluene)(P(OMe);),. The
final product is a low melting, dark red, crystalline solid; yield
6.8 g.

Preparation of Fe(rf-toluene)(n*-cycloheptatriene). Iron
atoms (18 g) were cocondensed with toluene (180 mL) onto a
liquid-nitrogen-cooled surface over a period of 3.5 h. The resultant
mixture was reacted with cycloheptatriene in ether at -120 °C
and warmed slowly to 0 °C. The mixture was filtered at 0 °C and
the volatile components were removed under vacuum. The residue
was chromatographed on an alumina column (neutral grade,
activity 1) using pentane. A brown band remained on the column.
The red band, which eluted with pentane, was collected. Removal
of pentane under vacuum at —20 °C gave deep red crystals that
were collected and dried under vacuum. These crystals were of
analytical purity. A second crop of product could be obtained
by taking the filtrate to dryness; total yield 9 g. Both samples
melted to red liquids as they warmed to room temperature; the
melting point was not determined. The compound is not stable
at room temperature for prolonged periods and should be stored
at —40 °C.

Preparation of Fe(n%-toluene)(y*-1,5-cyclooctadiene). Iron
atoms (14 g) were cocondensed with toluene (210 mL) onto a
liquid-nitrogen-cooled surface over 3.5 h. The resultant mixture
was reacted with 1,5-cyclooctadiene in ether at -120 °C. The
mixture was stirred as it slowly warmed to 0 °C. The mixture
was then filtered through Celite, and the volatile component was
removed under vacuum. The dark solids were taken up in pentane
and chromatographed on alumina (neutral grade, activity 1). The
column was eluted with pentane and then pentane-ether (4/1).
The eluents were combined, and solvent was removed under
vacuum, giving bright orange crystals that were collected by

Not observed. € Not isolated. Mass spectrum from crude mixture.

vacuum filtration and dried under vacuum; yield 7 g. The com-
pound is thermodynamically unstable, decomposing to metal and
ligands, and must be stored at —40 °C. The compound is rapidly
catalytically decomposed to free ligands and iron metal by pentane
containing several parts per million of chlorinated solvent. (The
stability of this complex and others in hexane and ether but not
in pentane led us to do a careful chromatographic analysis of this
particular solvent. The discovery of several parts per million of
chlorinated species prompted our switch to pesticide grade
pentane. Since that switch, we have had no further problems.)

Reaction of Iron, Toluene, and Norbornadiene. Nor-
bornadiene (30 mL) was condensed onto the walls of the flask.
On top of this layer, iron (14 g) and toluene (180 mL) were
cocondensed over 3 h. Then a second (30 mL) layer of nor-
bornadiene and a layer (50 mL) of pentane were condensed into
the flask. Still under vacuum the reaction flask was warmed slowly
to 0 °C with stirring. At this temperature, an exothermic reaction
began. Though the flask was immersed in ice water, the tem-
perature of the contents quickly rose to greater than the at-
mospheric boiling point of pentane, as evidenced by the refluxing
pentane and ultimate separation of the 6 in. glass-to-metal flange
at the top of the reactor to vent pentane vapors. This venting
(viewed from outside the laboratory) lasted only a few seconds
and then the pressure inside the flask dropped back below at-
mospheric as the rate of cooling became sufficient. The mixture
was taken into the drybox and filtered. After filtration, flocculent
solids continued to precipitate for 1 h. The mixture was refiltered,
and the readily volatile components were removed under vacuum,
giving a dark viscous oil. Chromatography on alumina gave a
yellow-orange solution that was reduced to an orange oil under
vacuum. The major components of the mixture were nor-
bornadiene oligimers (dimers, trimers, and higher)!? though the
parent ion of the desired product, Fe(n®-toluene)(n*-nor-
bornadiene), was observed by high-resolution mass spectrum:
caled for FeCH;q, 240.0600; obsd, 240.0664. No attempt was
made to isolate the organometallic product or to further char-
acterize the oligimers.

(13) Skell, P. S.; Havel, J. J.; Williams-Smith, D. L.; McGlinchey, M.
J. J. Chem. Soc., Chem. Commun. 1972, 1098. Ballivet, D.; Billard, C,;
Tkatchenko, I. B.; Young, D. Proc. Int. Conf. Coord. Chem., 19th 1978.





Synthesis of Iron n°-Arene Complexes

Preparation of Fe(n®-benzene)(r*1,5-cyclooctadiene). The
liquid nitrogen cooled walls of the metal atom reactor were
precoated with methylcyclohexane (60 mL). Then iron (12 g) was
cocondensed with 1,5-cyclooctadiene (160 mL) and benzene (100
mL). An additional 60 mL of methylcyclohexane was added as
the flask was allowed to warm to -120 °C. The contents of the
flask slid to the bottom where they were stirred as they warmed
to 0 °C. The mixture was filtered through Celite to remove
suspended solids. Then volatile components were removed under
vacuum to give a dark orange crystalline residue. The residue
was dissolved in pentane at —10 °C and refiltered through Celite,
removing additional iron metal. Removal of pentane under
vacuum gave an orange, crystalline product. One final recrys-
tallization from ether gave bright orange crystals, yield 3.5 g. This
complex is thermodynamically unstable and must be stored at
-40 °C.

Cocondensation of Iron, Benzene, and Cycloheptatriene.
The concondensation and workup was carried out as in the
preceding synthesis. Proton NMR indicated the final product
was a mixture of at least two compounds. The first was Fe-
(n*-cycloheptadienyl)(n°-cycloheptatrienyl), a known compound
formed in the cocondensation of iron and cycloheptatriene. The
second was the desired Fe(nf-benzene)(n*-cycloheptatriene),
identified by comparison with the pure material synthesized in
the following procedure. These two compounds could not be
separated by crystallization or chromatography except with great
loss in yield.

Preparation of Fe(1°-benzene)(n*-cycloheptatriene). Iron
(10 g) was cocondensed with benzene (120 mL) and methyl-
cyclohexane (120 mL) onto a liquid-nitrogen-cooled surface over
2.5 h. Cycloheptatriene (50 mL) was condensed into the reactor
followed by more methylcyclohexane (50 mL). The mixture was
allowed to melt and run to the bottom of the reactor where it was
stirred as it warmed to 0 °C. The mixture was filtered through
Celite, and volatile components were removed under vacuum. The
red, solid residue was extracted with ether, and the solution was
filtered to remove suspended iron metal. Cooling by removal of
ether under vacuum precipitated red crystals that were collected
by vacuum filtration and dried under vacuum; yield 3.3 g.

Preparation of Fe(cumene)(P(OMe););. A solution of P-
(OMe); (50 mL) and cumene (25 mL) in methylcyclohexane (150
mL) was cooled with a dry-ice bath in the rotary metal atom
evaporator. Iron (~5 g) was condensed into the mixture over 1.5
h. The resultant suspension was filtered through Celite and
stripped to a thick brown oil under high vacuum. The oil was
taken up in pentane and filtered through a plug of alumina
(neutral grade, activity 1). Removal of the pentane under vacuum
gave a red oil. Further drying under vacuum removed residual
cumene. A final chromatographic separation using pentane
through a plug of alumina gave a product that crystallized at low
temperature but melted on warming to room temperature; yield
6.5 g.

Results and Discussion

The cocondensation of iron atoms with aromatic mole-
cules gives an unstable mixture of “solvated” iron atoms
which can be reacted at low temperature to give a wide
variety of Fe(n®-arene)L, complexes (where L = phos-
phorus ligands or L, = n*-diene). The solvated iron atoms
have been described both as Fe(arene),'® and as Fe(arene)'
species. Previous studies have indicated that the stability
of the metastable solvated iron species increases with in-
creasing methylation of the arene ring to the point that
the permethylated species Fe(n5-CsMeg)(n*-CMeg) is an
isolable complex.”

When iron atoms are cocondensed with toluene on a
liquid-nitrogen-cooled surface, an unstable red-brown

(14) Blackborow, J. R.; Grubbs, R. H.; Hildenbrand, K.; von Gustorf,
E. A. K,; Miyashita, A.; Scrivanti, A. J. Chem. Soc., Dalton Trans. 1977,
2205.

(15) Beard, L. K.; Silvon, M. P,; Skell, P. S. J. Organomet. Chem. 1981,
209, 245.

(16) Efner, H. F.; Tevault, D. E.; Fox, W. B.; Smardzewski, R. R. J.
Organomet. Chem. 1978, 146, 132.
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mixture results. If the mixture warms to room tempera-
ture, the color darkens as bulk iron metal separates. If
kept in suspension, these iron particles oxidize quickly
upon exposure to air. If they are filtered and dried, they
are pyrophoric, so care must be exercised when removing
any fritted filters from the drybox or otherwise exposing
material to the atmosphere.

If the iron-toluene cocondensate is reacted with phos-
phorus ligands at its melting point before decomposition
to metal occurs, Fe(n®-toluene)L, complexes are formed.
These complexes are readily isolated dark red liquids
which are stable at room temperature. Spectroscopic
properties are listed in Table I and are discussed later in
this paper.

If the iron—toluene cocondensate is treated with dienes,
thermally unstable Fe(n?-toluene)(*-diene) complexes can
be isolated at reduced temperatures. In most cases,
isomerization of the reacting olefin does not occur. Thus,
1,5-cyclooctadiene (COD) gives Fe(nS-toluene)(r*-1,5-COD).
When given the choice of 1,3- or 1,5-coordination, the arene
iron complexes assume the normally preferred 1,3 geom-
etry; thus, Fe(n®-toluene)(5*-1,3,5-cycloheptatriene) is co-
ordinated through C,-C, with no exchange of the coor-
dinated and uncoordinated olefinic groups. We assume
that Fe(n®-toluene)(1,3,5,7-cyclooctatetraene) is also C,—C,
coordinated but the olefin undergoes an exchange process
like that of its ruthenium analogue,!” and we have not
obtained NMR spectra at the slow-exchange limit to define
the mode of coordination.

In two other recent papers, we have noted facile hy-
drogen transfer by iron atoms under metal atom reactor
conditions. Reaction of iron-benzene cocondensate with
cyclopentadiene gives Fe(n®-cyclopentadienyl)(4°-cyclo-
hexadienyl).1518 Cocondensation of iron atoms with either
1,3- or 1,4-cyclohexadiene gives complexes with both 1,3-
and 1,4-cyclohexadienes as well as benzene.5 Thus, it is
not surprising that Fe(r5-toluene)(5*-1,3-cyclohexadiene)
is obtained upon starting from 1,4-cyclohexadiene as well
as from 1,3-cyclohexadiene. This complex is unusual in
that it is much more stable than any of the other arene
diene complexes, not decomposing when stored at room
temperature for several years.

The cocondensation of iron atoms with aromatic mole-
cules other than toluene is more complicated because in
most cases, these reactants/solvents melt above the de-
composition points of their respective solvates. Several
alternate techniques are available, so the desired com-
pounds can normally be prepared. The first and most
obvious technique is to cocondensate the iron atoms with
the arene and the desired ligand simultaneously. For ex-
ample, Fe(n®-benzene)(P(OMe);); and Fe(n®-mesityl-
ene)(n*-1,3-cyclooctadiene) can be prepared by this tech-
nique.

On the other hand, pure Fe(n®-benzene)(n*-cyclo-
heptatriene) cannot be prepared by the simultaneous
condensation of benzene and cycloheptatriene. Such a
technique gives a difficulty separated mixture of the de-
sired product and Fe(n®-cycloheptadienyl)(n3-cyclo-
heptatrienyl).!* This second compound is the product
obtained by the cocondensation of iron atoms with cy-
cloheptatriene alone, and in the matrix the probability of
an iron atom reacting with two cycloheptatriene molecules
would be about the same as reacting with one cyclo-
heptatriene and one benzene. As an alternative technique,

(17) Bennett, M. A.; Matheson, T. W.; Robertson, G. B.; Smith, A. K,;
Tucker, P. A. J. Organomet. Chem. 1976, 121, C18; Inorg. Chem. 1980,
19, 1014.

(18) Ittel, S. D. J. Organomet. Chem. 1980, 195, 331.
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a solution of the cycloheptatriene in a low melting diluent
such as methyleyclohexane is frozen in the bottom of the
reactor flask. The walls of the reactor flask are then coated
with a layer of the diluent. Finally, iron atoms are co-
condensed with benzene and the diluent, giving the
(benzene)iron complex. After the cocondensation is com-
plete, the walls of the flask are allowed to warm slowly to
the melting point of the diluent and the cocondensate
slides to the bottom of the flask. The iron benzene com-
plex then reacts with cycloheptatriene giving the desired
product with little contamination. The technique is ap-
plicable to the preparation of Fe(arene)(cycloheptatriene)
complexes. More importantly, it generally applies to the
preparation of Fe(arene)L, complexes when the ligands,
L, are nonvolatile or not readily cocondensed simultane-
ously with the desired arene.

A final technique used for nonvolatile or solid arene
ligands involves the use of a rotary-type metal vaporization
apparatus such as those described by Green!® or
Timms.!1*2 The desired ligands are dissolved in an inert,
low-melting diluent such as methyl- or ethylcyclohexane,
which has low vapor pressure under normal reactor con-
ditions. The solution can be sprayed onto a liquid-nitro-
gen-cooled surface during the cocondensation, or a solution
can be placed in the rotary flask and cooled in a slush bath
to maintain fluidity while the vapor pressure is kept low.
The advantages of our modifications of the standard ap-
paratus are discussed in the Experimental Section. We
have also included a warning on the hazards of a pentane
cooling bath for this technique.

An example of a compound prepared by this technique
is Fe(n®-cumene)(P(OMe);),. Evaporation of iron atoms
into a rotating solution of the reactants in methylcyclo-
hexane gave a good yield of the desired product. The
fluidity of the matrix may improve the relative yields by
allowing the initial metal-stable products to find additional
ligands and achieve coordinative saturation.

Spectroscopic Results
The 'H NMR spectra of these zerovalent complexes
(listed in Table I) display large upfield shifts of the co-
ordinated arene resonances in keeping with their elec-
tron-rich nature. As typical examples, the benzene proton

(19) Young, D.; Green, M. L. H. J. Appl. Chem. Biotechnol. 1975, 25,
641.
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resonances in Fe(benzene)(P(OMe);), and Fe(benzene)-
(1,3-cyclohexadiene) are observed at 4.94 and 4.82 ppm.
For comparison, the benzene resonance for the Fe(II)
species [Fe(benzene),]** is observed at 7.00 ppm?® while free
benzene is found at 7.14 ppm.

Upfield shifts of the w-arene resonances are also noted
in the 1®C{!H} NMR spectra of these zerovalent complexes.
Thus the *C{{H} resonances of Fe(benzene)(P(OMe);), and
Fe(benzene)(1,3-cyclohexadiene) are observed at 80.0 and
82.0 ppm, respectively, compared to free benzene at 128.7
ppm.2® The 'H-coupled spectra of the same benzene
complexes show 'Jcy of 171 and 168 Hz, respectively, for
the coordinated benzene. This value is increased from that
of free benzene (157.5 Hz,?! indicating some increase in the
s character of the C-H bonds as = bonding to the metal
center occurs.

The long-range coupling constants of 2-4 Hz between
the protons of the w-bonded arene molecules and the
phosphorus atoms of ligands attached to the iron center
are similar in magnitude to those observed in other car-
bocyclic systems. For example, in Co(n®-CzH;)(S,C,-
(CN)o(P(OMe)s), Jpy = 5.4 Hz,2 and in Mo(n"-C;H;)-
(CO)I(P(OMe),), Jp.y = 3.0 Hz.2
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(21) Weigert, F. J.; Roberts, J. D. J. Am. Chem. Soc. 1967, 89, 2967.

(22) Henderson, S. D.; Stephenson, T. A.; Wharton, E. J. J. Organo-
met. Chem. 1979, 179, 43.

(23) Beall, T. W.; Houk, L. W. Inorg. Chem. 1972, 11, 915.
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Synthesis and Characterization of Phosphido-Bridged Fe,Rh
Clusters. Crystal and Molecular Structure of
Fe,Rh(u-PPh,);(CO)¢(PPh;)
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Recesived July 19, 1982

The reaction of Li[Fe,(u-PPh,),(CO)sPPh,] with trans-RhCI(CO)(PR;), (R = Et, Ph) yields the new
phosphido-bridged clusters Fe,Rh(u-PPhy)s(CO)s(PR;). These compounds have been characterized
spectroscopically, and Fe,Rh(u-PPh,)3(CO)s(PPh;) has been characterized by a complete single-crystal
X-ray diffraction study. It crystallizes in the monoclinic space group P2;/c with a = 14.062 (9) &, b =
21.212 (8) A, ¢ = 19.164 (6) A, 8 = 109.22 (4)°, V = 5397 (9) A3, and Z = 4. Diffraction data (3.0° < 24
< 50°) were collected with an Enraf-Nonius CAD4 automated diffractometer, using graphite-mono-
chromatized Mo K« radiation, and the structure was refined to R = 0.051 and R, = 0.057 for the 6818
independent reflections with I = 3.0 o(I). The cluster has a closed triangular arrangement of metal atoms
with each metal-metal bond bridged by a u-PPh, ligand. One Fe-Rh bond is additionally bridged by a
carbonyl ligand, and the Fe is further coordinated by two terminal CO’s. The other Fe is ligated by three
CO’s and the Rh by PPh;. Both Fe,Rh complexes react with CO to displace the PR; ligand and add two
CO’s to form Fe,Rh(u-PPhy)3(CO)s. Upon heating under vacuum this species loses CO to generate

Fe,Rh(u-PPhy)5(CO)s.

Although numerous metal carbonyl clusters have been
prepared and studied, nearly all are coordinatively-satu-
rated and without readily dissociable ligands.! Also, many
show a marked tendency to fragment and rearrange under
reaction conditions, in some cases destroying their poly-
nuclear character.’? Both properties are particularly
undesirable if such polynuclear compounds are to be used
as catalysts.® To properly assess the true potential for
polynuclear catalysis a need exists for the preparation of
new compounds which are either coordinatively unsatu-
rated or which possess easily dissociable ligands and which
have bridging ligands to retard fragmentation reactions.*

We have set out to prepare a series of such compounds
which contain low-valent Rh(I) and Ir(I) centers linked to
other metals via bridging phosphido ligands (u-PRy).}
These metals appear ideal because of their demonstrated
facility for addition and oxidative addition chemistry and
the known utility of Rh(I) complexes in homogeneous
catalysis.® Phosphido ligands are attractive because they
resemble the ubiquitous PR, ligands found in many mo-
nonuclear catalysts, and they have been demonstrated to
retard fragmentation reactions in many of their complex-
es.” Herein we report the synthesis and characterization

(1) (a) Johnson, B. F. G., Ed. “Metal Clusters”; Wiley: New York,
1980. (b) Roberts, D. A.; Geoffroy, G. L. In “Comprehensive Organo-
metallic Chemistry”; Wilkinson, G., Stone, F. G. A., Abels, E., Eds,;
Pergamon Press: London, 1982; Chapter 40. (c) Gladfelter, W. L.;
Geoffroy, G. L. Adv. Organomet. Chem. 1980, 18, 207, (d) Chini, P;
Heaton, B. T. Top. Curr. Chem. 1977, 71, 1. (e) Chini, P.; Longoni, G.;
Albano, V. G. Adv. Organomet. Chem. 1976, 14, 285.

(2) Foz, J. R.; Gladfelter, W. L.; Geoffroy, G. L. Inorg. Chem. 1980,
19, 2574.

(3) Wyman, R. Chapter 8 in ref la.

(4) Progress has been made in this area. See: (a) Sivak, A. J;
Muetterties, E. L. J. Am. Chem. Soc. 1979, 101, 4878. (b) Fryzuk, M. D.
Organometallics 1982, 1, 408.

(5) Breen, M. J.; Duttera, M. R.; Geoffroy, G. L.; Novotnak, G. C.;
Roberts, D. A.; Shulman, P. M.; Steinmetz, G. R. Organometallics 1982,
1, 1008

(6) Parshall, G. W. “Homogeneous Catalysis”;: Wiley: New York, 1980.

(7) (a) Carty, A. J.; Hartstock, F.; Taylor, N. J. Inorg. Chem. 1982, 21,
1349. (b) Carty, A. J. Adv. Chem. Ser. 1982, No. 196, 163. (c) Finke, R.
G.; Gaughan, G.; Pierpont, C.; Cass, M. E. J. Am. Chem. Soc. 1981, 103,
1394 and references cited therein. (d) Huttner, G.; Schneider, J.; Muller,
H. D.; Mohr, G.; von Seyerl, J.; Wolfahrt, L. Angew. Chem., Int. Ed. Engl.
1979, 18, 76. (e) Werner, H.; Hofmann, W. Ibid. 1979, 18, 158. (f)
Beurich, H.; Madach, T; Richter, F.; Vahrenkamp, H. Ibid. 1979, 18, 690.
(g) Vahrenkamp, H. Ibid. 1978, 17, 379.

of a series of phosphido-bridged trinuclear clusters which
contain Rh(I) linked to two Fe centers.

Experimental Section

Fez(u'Pth)z(co)s,a Naz[Fe2(“'PPh2)2(CO)6],8 trans-RhCl-
(CO)(PPhy),,° and trans-RhCl{(CO)(PEt;),!° were prepared by
literature procedures. PPhyH and PPh,Cl were obtained from
Strem Chemicals Co. and used without further purification. All
operations were carried out under an atmosphere of dry N,, and
all solvents were rigorously dried and deoxygenated prior to use.
NMR spectra were recorded on a Bruker WP-200 FT NMR
spectrometer, All reported '°C NMR chemical shifts are relative
to Me,Si. Cr(acac); (0.01 mol/mol of cluster) was added to each
13C NMR sample as a shiftless relaxation agent.'* 3P NMR
chemical shifts are relative to external 85% HzPO, with downfield
chemical shifts reported as positive. Electron-impact mass spectra
were recorded on an AEI-MS9 mass spectrometer operated in the
electron-impact mode with a source voltage of 70 eV and probe
temperatures in the 100-200 °C range.

Preparation of Fey(u-PPh,),(CO);(PPh,H), 1. Method A.
A tetrahydrofuran (THF, 15 mL) solution of PPh,Cl (0.18 mL,
0.22 g, 1.0 mmol) was added dropwise to a THF (50 mL) solution
of Nay[Fe,(u-PPhy),(CO)g] maintained at 78 °C by a dry ice/
acetone slush bath. The latter was prepared in situ by the re-
duction of Fey(u-PPhy),(CO)q (0.325 g, 0.5 mmol) with sodium.?
The reaction mixture was slowly warmed to room temperature
and stirred for several hours. THF was removed in vacuo and
hexane (150 mL) added. After the mixture was filtered, the
hexane-soluble material was chromatographed on silica gel with
1:4 CH,Cl,/hexane as eluant. Yellow, orange, and orange fractions
of Feg([l'Pth)z(CO)s, Fe2(#'PPh2)2(CO)5(PPh2H), 1, and FEZ(H,'
PPh,),(CO),(PPhyH),, 2, eluted in that order. The latter two
compounds were obtained in 8.1% (0.033 g, 0.041 mmol) and 2.1%
(0.010 g, 0.010 mmol) yields, respectively. The PPhyH derivatives
apparently form via the reaction of anionic PPhy-substituted
complexes with adventitious Hy0. Anal. Caled for C Hg Fe,O5P;,
1: C, 60.89%; H, 3.84; Fe, 13.86. Found: C, 60.62; H, 4.18; Fe, 13,23.

1: IR yoo(hexane) 2028 (s), 1988 (s), 1965 (m), 1950 (s), 1925
(m) em™%; 3IP{*H} NMR (25 °C, benzene-dg) § 145.9 (s), 51.3 (s);
mass spectrum, m/e 808 (M*), 780 (M* - CO), 752 (M* - 2C0),
724 (M* - 3CO), 696 (M* ~ 4C0), and 668 (M - 5CO).

(8) Collman, J. P.; Rothrock, R. K.; Finke, R. G.; Rose-Munch, F. J.
Am. Chem. Soc. 1977, 99, 7381.

(9) Evans, D.; Osborn, J. A.; Wilkinson, G. Inorg. Synth. 1968, 11, 99.

(10) The procedure in ref 9 was utilized employing PEt; to prepare
RhCL(CO)(PEty),.

(11) Gansow, O. A,; Burke, A. R.; La Mar, G. N. J. Chem. Soc., Chem.
Commun. 1972, 456.
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2: IR vcop(hexane) 2029 (s), 1975 (s), 1958 (s), 1946 (m), 1903
(m) cmL; 3TP{'H} NMR (25 °C, benzene-dg) 3 135.7 (t, Jup_sip =
13.7 Hz), 54.3 (t, Jap_ap = 13.7 Hz).

Method B. PhLi (1.85 M, 0.090 mL, 0.166 mmol) was added
via syringe to a THF solution (20 mL) of Fey(u-PPhy),(CO)g (0.100
g, 0.153 mmol) at 25 °C. After the resultant red solution had been
stirred for 30 min, PPh,H (0.027 mL, 0.029 g, 0.155 mmol) was
added via syringe. Stirring was continued for 30 min, and glacial
acetic acid (0.020 mL, 0.348 mmol) was added via syringe. The
orange solution was stirred for 15 min and the THF removed in
vacuo. Chromatography as above gave 1 in 92.8% yield (0.115
g, 0.142 mmol).

Method C. A hexane solution (50 mL) of Fey(u-PPhy),(CO)q
(1.03 g, 1.59 mmol) and PPh,H (0.55 mL, 0.59 g, 3.16 mmol) was
irradiated at 366 nm for 2 h. The solution was filtered and
chromatographed as above, yielding 1 in 19.5% yield (0.25 g, 0.31
mmol).

Preparation of Solutions of Li[Fe,(u-PPh,),(CO)s(PPh,)],
3. n-Buli was added via syringe to a rigorously dried and de-
oxygenated THF solution of 1. The initially orange solution
immediately turned deep red as 3 was formed. 3 could not be
isolated as a solid and was therefore utilized in situ: IR roo(THF)
1995 (s), 1940 (vs, br), 1910 (s), 1883 (m), 1855 (sh) cm™; 3P{'Hj}
NMR (25 °C, THF-dg) 6 138.2 (d, Jap.sip = 8.7 Hz), 66.5 (t, Jarp_sip
= 8.7 Hz).

Preparation of Fe;Rh(u-PPh,),(CO):(PEt;), 4a. n-BuLi
(0.51 mL of a 1.7 M solution, 0.867 mmol) in hexane was added
to a THF solution (50 mL) of 1 (0.700 g, 0.866 mmol) to generate
3 in situ. This solution was slowly added with stirring to a THF
solution of trans-RhCl(CO)(PEt;), (0.314 g, 0.78 mmol). After
the solution was stirred at 25 °C for 18 h, the solvent was removed
in vacuo and the product extracted with hexane. Hexane was
removed in vacuo and the product washed with small aliquots
of hexane to remove excess 1. The green solid (0.50 g) which
remained was largely 4a but contained a small amount of 1 (<-
10%). It was recrystallized from petroleum ether by cooling to
0 °C to give a pure sample of 4a: IR voo(KBr) 2022 (s), 1984 (s),
1965 (m), 1942 (s), 1932 (s), 1781 (m) cm™L; 3P{'H} NMR (-40 °C,
toluene-dg) § 212.7 (dd, Jaip_sip = 19.8 and 42.7 Hz), 141.5 (ddd,
JSlp_lOGRh = 120.5 HZ, JSIP_SIP = 207.5 and 15.2 HZ), 114.7 (dddd,
Japawgy, = 99.2 Hz, Jap.aip = 14.5, 42.7, and 207.5 Hz), 26.5 (dddd,
Jup_ioepy, = 213.6 Hz, Jap aip = 19.8, 15.2, and 14.5 Hz). Anal. Caled
for C,gH sFe,04P,Rh: C, 54.57; H, 4.29; Fe, 10.57. Found: C,
54.86; H, 4.91; Fe, 10.26.

Preparation of Fe,Rh(u-PPh,),(CO)¢(PPhy), 4b. n-BuLi
in hexane (0.177 mL, 1.7 M) was added via syringe to a THF
solution (50 mL) containing 1 (0.244 g, 0.301 mmol) and trans-
RhCI(CO)(PPh;) (0.160 g, 0.232 mmol). The solution was stirred
for 2.5 h and the solvent removed in vacuo. The solids were
extracted with three 10-mL aliquots of benzene and filtered
through Celite 545. The benzene extracts were combined, and
the solvent was removed in vacuo. The solid was washed three
times with 10-mL aliquots of hexane to remove excess 1. The
remaining dark green solid (0.211 g) is primarily 4b with a small
amount of 1 impurity. Crystallization can be affected by slow
diffusion of petroleum ether into a CH,Cl, solution of 4b: IR
vcol{KBr) 2022 (s), 1973 (s), 1942 (s), 1930 (m), 1797 (m) cm};
S1P{'H} NMR (25 °C, benzene-dg) 6 211.6 (dd, Jsp_ap = 15.8 and
44.4 Hz), 134.9 (ddd, Jup_wegy, = 120.6 Hz, Jap_aip = 206.7 and 18.9
Hz), 115.0 (dddd, Jsip.tesgy, = 103.7 Hz, Jup_ap = 14,3, 206.7, and
44.4 Hz), 37.8 (dddd, Jap_tesgy, = 227.7 Hz, Jup.sip = 15.8, 18.9,
and 14.3 Hz).

Preparation of Fe,Rh(u-PPh,);(CO)g, 5, and Fe,Rh(u-
PPh,);(CO)g, 6. Carbon monoxide was purged through an Et,0
solution (20 mL) of 4b (0.203 g, 0.169 mmol) for 16 h at 25 °C.
The microcrystalline red-purple solid which precipitated during
the reaction was filtered under a CO atmosphere and washed with
hexane under a CO atmosphere to yield 5 in 79% yield (0.133 g,
0.134 mmol). A CH,Cl; (20 mL) solution of 5 was degassed by
five freeze-pump-thaw cycles and the solvent removed in vacuo.
The product was extracted into hexane and filtered, and the
solvent was evaporated to yield 6 as a green solid.

5: IR vgo(KBr) 2023 (m), 2008 (vs), 1987 (m), 1975 (s), 1968
(sh, m), 1952 () cm™; #P{*H} NMR (-40 °C, toluene-dg) 5 110.5
(dd, Japamgy, = 91.5 Hz, Jap_ap = 15.3 Hz), 102.6 (t, Jup_sp = 15.3
Hz).

Breen and Geoffroy

Table I. Data for the X-ray Diffraction Study of
Fe,Rh(u-PPh,)(CO),(PPh,) (2a)

Crystal Parameters

cryst system: monoclinic space group: P2, /c
a=14.062(9) A temp = 23 °C
b=21.212(8) A mol wt= 1200.52

=19.164 (6) A d(caled) = 1.477
£=109.22 (4)° u=10.888 em™!, not corrected
V=5397(9)A
Z=4

Measurement of Intensity Data
radiation: Mo Ko (A= 0.71073 A™?)
monochromator: graphite crystal
reflections measured: +h,+k,t!]
data limits: 3° < 26 < 50°
unique data: 10144
nonzero data: 6818 (I = 3¢([))
std reflections: three measured every 3 h; no significant

variation
p=0.02
R=0.051; Ry, = 0.057

6: IR yoo(hexane) 2027 (s), 2012 (s), 1997 (s), 1966 (s) cm™;
SP{IH} NMR (-40 °C, toluene-dg) 5 146.9 (dd, Jup gy, = 94.6 Hz,
Jup_ap = 28.0 Hz), 65.2 (t, Jap_sp = 23.0 Hz); mass spectrum, m/e
938 (M*), 919 (M* - CO), 882 (M* - 2C0), 854 (M* - 3CO), 826
(M* - 4C0), 798 (M* - 5CO), and 770 (M* - 6CO).

X-ray Structural Analysis of Fe;Rh(u-PPh,);(CO):(PPh;),
4b. Red crystals of 4b were grown by slow diffusion of petroleum
ether into a saturated CH,Cl, solution of the complex. A crystal
measuring 0.25 X 0.35 X 0.35 mm was mounted in an arbitrary
orientation on 4 glass fiber which was then fixed into an aluminum
pin and mounted onto a eucentric gonimeter. Diffraction data
were collected on a Enraf-Nonius four-circle CAD4 automated
diffractometer controlled by a PDP 8a computer. The Enraf-
Nonius program SEARCH was employed to obtain 25 accurately
centered reflections which were then used in the program INDEX
to obtain an orientation matrix for data collection and to provide
cell dimensions.!?® Details of the data collection and reduction
procedures have been described previously.!?® Pertinent crystal
and intensity data are listed in Table L.

The Rh, two Fe atoms, four P atoms, 15 C atoms, and three
O atoms were located by direct methods using the program
MULTAN 78.'% The coordinates of the remaining 48 non-hydrogen
atoms were determined by successive least-squares refinements
and difference Fourier maps. Phenyl hydrogens were fixed with
C-H bond lengths of 0.95 A, C-C-H bond angles of 120°, and
isotropic temperature factors of 5.0. The phenyl carbons were
refined isotropically, but all other non-hydrogen atoms were
refined by using anisotropic temperature factors. After several
cycles of least-squares refinement the structure converged with
R =0.051 and R, = 0.057. The residuals are defined as R = Y (||F}
—Fdl)/ ZIF,l and Ry, = [Zw(|Fo| - |F)?/ Zw|F,*]/%. An ORTEP
drawing which shows the atom numbering scheme is shown in
Figure 2. Final positional and thermal parameters are listed in
Tables IT and ITII. Relevant bond distances and bond angles are
set out in Tables IV and V. A listing of the observed and
calculated structure factors and a table of the derived positions
of the phenyl hydrogen atoms are given as supplementary material.

Results

Preparation and Characterization of Fe,(u-
PPh,),(CO), .(PPh,H),, 1 (x = 1) and 2 (x = 2), and
[Fey(u-PPh,),(CO)s;(PPh,)], 3. We have previously
demonstrated the preparation of phosphido-bridged bi-
nuclear Fe~-Rh compounds by the reaction of a phosphi-

(12) (a) All programs used in this study are part of the Enraf-Nonius
Structure Determination Package (SDP), Enraf-Nonius, Delft, Holland,
1975, revised 1977. (b) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A.
D.; Fox, J. R.; Geoffroy, G. L. Inorg. Chem. 1980, 19, 332. (c¢) Main, P.
“Multan 78, A System of Computer Programs for the Automatic Solution
of Crystal Structures”, Department of Physics, University of York: York,
England, 1978; obtained from Dr. Graham J. G. Williams, Brookhaven
National Laboratories, Upton, N.Y.





Synthesis of Phosphido-Bridged Fe;Rh Clusters

dometallate complex with a metal halide, e.g., eq 1.> To
LiFe(COL{PPhy)] + trans-RhCICONPPhs), —=

Ph Ph
\P/

(COPPhy)Fe=—Rh(CONPPhy) + LiCI} (1)

prepare an Fe,Rh species with bridging phosphido ligands,
we needed the binuclear phosphidometallate [Fe,(u-
PPh,),(CO)s(PPh,)], 8. This anion was found to derive
by reaction 2, by the sequence of reactions 3 and 4, or by
reaction 5 followed by (4). Of these the latter two routes

Nay[Feo(u-PPhy),(CO)g] + PPhyCl — =
Na[Fey(u-PPhy)y(CO)s(PPh,)] (2)

Fey(u-PPhy),(CO)g + PPhyH ——»
Fey(u-PPh,),(CO)s(PPh,H) (3)
1 (8-20%)

1 + nBuLi ~—— Li[Fey(u-PPhy),(CO)5(PPhy)] (4)
-] \IH 3

[Fey(u-PPhy),(CO)s(PhCO)]- + H* + PPh,H —
PhCHO + Fez(u-PPtiz)(z(CO;E,(PthH) )
92%

are preferred since the intermediate complex 1 can be
purified by chromatography before use. A much better
yield of 1 is obtained from reaction 5 as compared to re-
action 3. Protonation of the dinuclear acyl complex
[Fey(u-PPh,)4(CO)5(PhCO)]™ has been reported to yield
benzaldehyde,!? a reaction which also apparently generates
the coordinatively unsaturated complex Feg(u-PPhy),(CO);.
This latter species must then scavenge PPh,H to yield 1.
Reaction 4 generates anion 3 in near quantitative yield.

Complex 1 has been characterized spectroscopically and
by a satisfactory C, H, and Fe analysis. Its 3'/P{{H} NMR
spectrum shows two singlets at 6 145.9 and 51.3 in a 2:1
intensity ratio, consistent with the structure 1. The

Phy Phz
Q p_P
N
Fe Fe — PPhsH
-7
§ c C %
0 0
1

downfield ®'P{!H} NMR resonance is assigned to two
equivalent bridging u-PPh, ligands and the upfield reso-
nance to the terminal PPh,H ligand. Upon 'H coupling
the latter resonance splits into a broad doublet with Jap_iy
a~ 360 Hz. Coupling was not observed between the
phosphorus nuclei. The downfield position of the u-PPh,
resonance implies the presence of a metal-metal bond in
1. Numerous correlations have shown that the u-PR,
ligands in compounds with metal-metal bonds generally
display downfield (5 50 — 300) P NMR resonances
whereas upfield (6 50 — —200) resonances are observed for
compounds in which the u-PR, ligand bridges two metals
not joined by a metal-metal bond.”™4 The mass spectrum
of 1 showed a parent ion at m/e 808 with the expected
isotropic distribution and fragment ions corresponding to
the stepwise loss of the five carbonyl ligands. Compound
1 has been recently described by Collman and co-workers!?

(13) Collman, J. P.; Rothrock, R. K.; Finke, R. G.; Moore, E. J.;
Ruse-Munch, F. Inorg. Chem. 1982, 21, 146.

(14) (a) Petersen, J. L.; Stewart, R. P., Jr. Inorg. Chem. 1980, 19, 186.
(b) Carty, A. J.; MacLaughlin, S. A.; Taylor, N. J. J. Organomet. Chem.
1981, 204, C27. (c) Garrou, P. E. Chem. Rev. 1981, 81, 229. (d) Jo-
hannsen, G.; Stelzer, O. Chem. Ber. 1977, 110, 3438.
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Figure 1. A comparison of the (a) experimental and (b) com-
puter-simulated *P{H] NMR spectrum of Fe,Rh(u-PPh,)s-
(CO)¢(PPhy) (4b). The spectrum was recorded at 25 °C in
benzene-dg solution.

and our IR data for 1 agree with that reported (see Ex-
perimental Section).

Also isolated from the reaction of Fey(u-PPhy),(CO),q
with excess PPh,H was a small amount (2%) of the di-
substituted derivative, Fe,(u-PPh,),(CO)(PPh,H),, 2. The
31P{'H} NMR spectrum of this species shows two triplets
at 6 135.7 (t) and 54.8 (t) with Jup_sup = 13.7 Hz. The &
135.7 resonance is assigned to two equivalent u-PPh, lig-
ands bridging a metal-metal bond and the 4 54.3 resonance
to two equivalent terminal PPh,H ligands. Structure 2 is
implied.

Pha Phs
BP
PN
(COF Fe(COl,
PhoHF PPhoH
2

The anion 3 is extremely reactive and readily abstracts
hydrogen from H,0 to give 1. All solvents and glassware
must be rigorously dried before it can be handled. The
IR spectrum of 3 shows the usual shift of the vgq vibrations
to lower energy as compared to 1 (see Experimental Sec-
tion). The 3'P{*H} NMR spectrum of 3 shows a triplet at
3 66.5 assignable to the terminal PPh, ligand and a doublet
at 6 138.1 due to the two equivalent u-PPh, ligands with
Js1p_31p = 8.7 Hz.

Synthesis and Spectroscopic Characterization of
Fe,Rh(u-PPh,);(CO)s(PR;), 4. The reaction of 3 with
trans-RhClH(CO)(PRy),; (R = Et, Ph) yields the new com-
plexes Fe,Rh(u-PPh,);(CO)s(PR3), 4a (R = Et) and 4b (R
= Ph), in good yield (eq 6). These new compounds have
3 + trans-RhCl(CO)(PRj), ey

Fe;Rh(u-PPhy)3(CO)g(PR3) (6)
4a, R = Et (60%)
b, R = Ph (86%)

been characterized spectroscopically, and 4b has been
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Table II. Positional and Thermal Parameters and Their Estimated Standard Deviations for the
Non-Phenyl Atoms of Fe,Rh(u-PPh,),(CO),(PPh,) (4b)¢

atom x y z U,

U22 U33 U12 U13 Uﬂ

Rhl 0.32193 (3) 0.47535(2) 0.23038 (2) 0.0274 (2)
Fel 0.15269 (5) 0.48445 (4) 0.26597 (4) 0.0350 (4)
Fe2 0.31982 (6) 0.42037 (4) 0.37331 (4) 0.0348 (4)
P1  0.4040 (1) 0.49543 (7) 0.14711(7) 0.0349 (6)
P2 0.3805(1) 0.37942(7) 0.28305(7) 0.0318 (7)
P3  0.1538(1) 0.39470(8) 0.32426 (7) 0.0337(7)
P4  0.2318(1) 0.56564 (7) 0.22928 (7) 0.0349 (7)
01  0.1476(3) 0.4084 (2) 0.1340(2) 0.044(2)
02  0.2738(4) 0.4833(3) 0.4954(3) 0.090(3)
03  0.3950(4) 0.3077(2) 0.4610(2) 0.101 (4)

04 -0.0543 (4) 0.4986(3) 0.1726 (3) 0.038(3)
O5  0.4885(3) 0.5112(2) 0.4135(2) 0.061(2)
06  0.1242(4) 0.5680(3) 0.3781(3) 0.247(4)
Cl1  0.1818(4) 0.4396(3) 0.1865(3) 0.030(3)
C2  0.2858(5) 0.4596 (3) 0.4454 (3) 0.044 (3)
C3  0.3669(4) 0.3519(3) 0.4263(3) 0.047(3)
C4  0.0276(5) 0.4930 (4) 0.2098 (4) 0.049 (3)
C5  0.4244(4) 0.4755(3) 0.3940(3) 0.046 (3)

Cé 0.1365(5) 0.5341(3) 0.3363(3) 0.110(4)

0.0315(2) 0.0247 (2) 0.0012(2) 0.0091 (1) 0.0008(2)
0.0502 (5) 0.0385(4) 0.0072(4) 0.0185(3) 0.0104 (4)
0.0444 (5) 0.0278 (3) —0.0008 (4) 0.0085(3) 0.0013 (4)
0.0338 (7) 0.0298 (6) 0.0014 (8) 0.0136(5) 0.0009 (6)
0.0346 (8) 0.0309 (6) 0.0011 () 0.0086 (5) 0.0031 (6)
0.0508 (9) 0.0316 (6) —0.0012 (7) 0.0122(5) 0.0062 (7)
0.0366 (8) 0.0275(6) 0.0048 (6) 0.0104 (5) —0.0002 (6)
0.060 (3) 0.036 (2) —-0.012(2) 0.002(2) -0.000(2)
0.159 (5) 0.080(3) -0.016(4) 0.043(2) -0.065(3)

0.062(3) 0.059(2) 0.001(3) 0.012(2) 0.032(2)
0.215(6) 0.122(4) 0.026 (3) 0.017(3) 0.069 (4)
0.070(3) 0.049(2) -0.023 (2) 0.012(2) -0.009(2)
0.076 (4) 0.143(3) 0.0832(3) 0.162(2) 0.003 (3)
0.048(3) 0.032(2) -0.001(3) 0.006(2) 0.012(3)
0.081 (5) 0.059(3) -0.011(3) 0.016(3) -0.023 (3)
0.062 (4) 0.035(3) -0.006(3) 0.008(2) 0.002 (3)
0.098 (5) 0.072(4) 0.014 (4) 0.033 (2) 0.032(4)
0.049(3) 0.032(3) 0.007(3) 0.009(2) 0.002 (3)

0.056 (4) 0.087(3) 0.021 (3) 0.077(2) 0.021 (3)

@ The form of the anisotropic thermal parameter is exp[~2n?(U,, h%a*? + U, k*b*? + U, I?c** + 2U,,hka*b* +

QU hla*c* + 2U ,kib*c*)].

Table III. Positional and Isotropic Thermal Parameters and Their Standard Deviations for the
Phenyl Carbon Atoms of Fe ,Rh(u-PPh,)(CO),(PPh,) (4b)

atom x y F4 B, A?

o
x

atom x y 2

C110 0.3797(4) 0.4362(3) 0.0733 (3) 2.9(1)
C111 0.4551(4) 0.4010(3)  0.0591 (3) (1)
C112 0.4279(5) 0.3562(3)  0.0019 (4)
C113 0.3309(5) 0.3465(3) -0.0387 (4)
Cl14 0.2537(5) 0.3809 (3) —0.0249 (3)
C115 0.2790 (4) 0.4266(3)  0.0315(3)
C120 0.5412(4) 0.5038(3)  0.1865(3)
Cl21 0.5860(4) 0.5011(3) 0.2632(3)
C122 0.6894 (4) 0.5101(3)  0.2963 (3)
Cl23 0.7492(5) 0.5199(3)  0.2519 (3)
Cl24 0.7064 (5) 0.5227(3)  0.1764 (4)
C125 0.6030 (4) 0.5156(3)  0.1437 (3)
C130 0.3725(4) 0.5707(3)  0.0966 (3)
C181 0.4063(4) 0.6253(3)  0.1871(3)
C132 0.3785(5) 0.6844 (3)  0.1050 (3)
C133 0.3195(5) 0.6889(3)  0.0885 (4)
C134 0.2883(5) 0.6368 (3) —0.0087 (4)
C135 0.3150(5) 0.5761(3)  0.0229 (3)
C210 0.5173 (4) 0.3633(3)  0.3154 (3)
C211 0.5813 (4) 0.3704 (3)  0.3877 (3)
C212 0.6859 (5) 0.3587(3)  0.4066 (4)
C213 0.7227(8) 0.3399 (4)  0.3543 (4)
C214 0.6625(5) 0.3312(3)  0.2826 (4)
C215 0.5592(5) 0.3429(3)  0.2623 (3)
C220 0.3407 (4) 0.3027(3)  0.2398 (3)
C221 0.2995(5) 0.2983 (3)  0.1631(3)
C222 0.2822(5) 0.2394 (3)  0.1283 (4)
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characterized by a complete single-crystal X-ray diffraction
study (vide infra) which showed the triangular structure
sketched below. The 3'P{'H} NMR spectra of both 4a and

Pha
P

~
(CO)2Fe FelCOa

co
PhzP \| / PPhe
\ /
Rh

PPhs
4b

4b are consistent with the solid-state structure. A com-
parison of the experimental and computer-simulated 3!P-
{'H} NMR spectrum of 4b is shown in Figure 1. It shows
resonances at 6 211.6 (dd), 134.9 (ddd), 115.0 (dddd), and
37.8 (dddd). The resonance at § 37.8 is assigned to the

C223 0.3032 (5) 0.1852(3) 0.1703 (4)
Cc224 0.3436 (5) 0.1889(3) 0.2454 (4)
C225 0.3628 (5) 0.2470(3) 0.2808(3)
C310 0.1104 (4) 0.3198(3) 0.2779(3)
C311 0.1434 (6) 0.2638(4) 0.3100 (4)
C312 0.1078 (7) 0.2056 (4) 0.2746 (5)
C313 0.0418(6) 0.2062 (4) 0.2080(5)
C314 0.0055(6) 0.2585(4) 0.1743 (4)
C3156 0.0378 (6) 0.3181(4) 0.2075 (4)
C320 0.0856 (4) 0.3924 (3) 0.3921(3)
C321 -0.0008(5) 0.4278(3) 0.3816(4)
C322 -0.0501(6) 0.4282(4) 0.4335(4)
C323 -0.0164 (5) 0.3929(3) 0.49562(4)
C324 0.0667 (6) 0.3669(4) 0.5064 (4)
C325 0.1193 (6) 0.3569(3) 0.4547 (4)
C410 0.1536 (4) 0.6057(3) 0.1459 (3)
C411 0.1000 (5) 0.5699(3) 0.0850(3)
C412 0.0358 (5) 0.5966(3) 0.0209 (4)
C413 0.0207 (5) 0.6609(3) 0.0167(4)
C414 0.0737(6) 0.6975(4) 0.0746 (4)
C415 0.1430 (5) 0.86704 (3) 0.1387(4)
C420 0.2890 (4) 0.6289(3) 0.2935(3)
C421 0.2304 (5) 0.6734(3) 0.3149(3)
C422 0.2773 (6) 0.7221(4) 0.3632(4)
C423 0.3803 (6) 0.7246(4) 0.3893 (4)
C424 0.4384 (6) 0.6830(4) 0.3693(4)
C425 0.3931 (5) 0.6333(3) 0.3207(3)
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terminal PPh; ligand attached to Rh. It shows large %P-
193Rh coupling (227.7 Hz) and is in the region normally
observed for PPhy ligands attached to Rh(I) (e.g., trans-
RhCI(CO)(PPhy),, 6 28.8 (d)). This phosphorus also cou-
ples to the three u-PPh, ligands, with the specific coupling
constants given in the Experimental Section. The reso-
nances at § 134.9 and 115.0 also show strong 3'P-1%Rh
coupling of 120.6 and 103.7 Hz, respectively. These res-
onances are thus assigned to the two inequivalent u-PPh,
ligands which bridge the FeRh bonds. The & 115.0 reso-
nance shows coupling to all the other 3'P nuclei present,
but the § 134.9 resonance exhibits coupling only to the
other FeRh(u-PPh,) bridge and to the PPh; on Rh. The
8 211.6 resonance does not show 1%¥R-31P coupling and is
assigned to the u-PPh, ligand which bridges the Fe-Fe
bond. Surprisingly, this phosphorus weakly couples to the
PPh; bound to Rh (Jap_ap = 15.8 Hz) even though it does
not couple to the Rh nucleus itself. It also couples to one





Synthesis of Phosphido-Bridged Fe,Rh Clusters

Table IV. Selected Bond Distances (A) in
Fe,Rh(u-PPh,),(CO),(PPh,)

Metal-Metal
Fel-Fe2  2.901 (1) Fe2-Rhl  2.986 (1)
Fel-Rh1l 2.690 (1)

Metal-Phosphorus

Fel-P3 2.205(1) Rh1-P1 2.296 (1)
Fel-P4 2.283 (1) Rh1-P2 2.300 (1)
Fe2-P2 2.334 (1)  Rh1-P4 2.293 (1)
Fe2-P3 2.277 (1)

Metal-Carbon
Fel-Cl 1.940 (4) Fe2-C3 1.770 (4)
Fel-C4 1.743 (5) Fe2-C5 1.817 (4)
Fel-Cs 1.784 (5) Rh1-C1 2.018 (3)
Fe2-C2 1.808 (4)

Carbon-Oxygen

C1-01 1.169 (4) C4-04 1.143 (5)
C2-02 1.142 (5) C5-05 1.143 (4)
C3-03 1.141 (4) Ce-08 1.130 (5)

Table V. Selected Bond Angles (Deg) in
Fe,Rh(u-PPh,),(CO),(PPh,) (4b)

M-M-M
Fel-Rh1-Fe2 61.22(1) Rh1-Fel-Fe2 64.43 (2)
Fel-Fe2-Rh1  54.35 (1)

M-P-M
Rh1-P2-Fel  80.24 (3) Fel-P3-Fe2  80.67 (4)
Rh1-P4-Fel  72.00 (3)

P-M-P
P1-Rh1-P2  106.24 (3) P3-Fel-P4  152.19 (4)
P1-Rh1-P4 103,98 (3) P2-Fe2-P3  100.39 (4)
P2-Rh1-P4  149.31 (8)

M-M-P
Fe2-Fel-P3  50.75(3) Fel-Fe2-P3  48.58 (3)
Fe2-Fel-P4  102.05(3) Fel-Rh1-P1 148.44 (3)
Rh1-Fel-P3 101.96 (3) Fel-Rh1-P2  99.85(3)
Rh1-Fel-P4  54.18(2) Fel-Rh1-P4  53.82(3)
Rh1-Fe2-P2  49.39(2) Fe2-Rh1-P1  150.33 (3)
Rh1-Fe2-P3  91.90 (3) Fe2-Rh1-P2  50.37 (2)
Fel-Fe2-P2  93.29(3) Fe2-Rh1-P4  99.33 (2)

P-M-C
P1-Rh1-C1 115,19 (10) P4-Fel-C6 89.08 (14)
P2-Rh1-C1  90.58 (10) P2-Fe2-C2  172.53 (18)
P4-Rh1-C1 81,29 (10) P2-Fe2-C3 87.78 (13)
P3-Fel-Cl 90.37 (10) P2-Fe2-C5 86.19 (11)
P3-Fel-C4  103.91 (15) P3-Fe2-C2 86.11(13)
P3-Fel-C6 96.20 (13) P3-Fe2-C3  100.34 (13)
P4-Fel-Cl 83.01(10) P3-Fe2-C5  152.87 (12)
P4-Fel-C4  103.05 (15)

M-M-C
Fe2-Fel-C1  £9.76 (9) Rh1-Fe2-C3 137.04 (13)
Fe2-Fel-C4 154.65(15) Rh1-Fe2-C5  72.35(11)
Fe2-Fel-C6  90.90 (16) Fel-Fe2-C2  88.25(14)
Rh1-Fel-C1  48.39 (10) Fel-Fe2-C3  148.58 (12)
Rhi-Fel-C4 130.41(14) Fel-Fe2-C5  105.17 (11)
Rh1-Fel-C6 125.30 (16) Fel-Rh1-C1  46.25 (10)
Rh1-Fe2-C2 127.32(15) Fe2-Rh1-C1  86.11(9)

M-C-0
Rh1-C1-O1  129.81(28) Fe2-C2-02  173.18 (40)
Fel-C1-O1  144.76 (28) Fe2-C3-03  178.21 (38)
Fel-C4-O4  179.51 (48) Fe2-C5-05  173.11 (1)
Fel-C6-06  176.28 (43)

of the u-PPh, ligands which bridges an Fe-Rh bond. The
SIP{'H} NMR spectrum of 4a (see Experimental Section)
is similar to that of 4b, and analogous assignments are
appropriate.

The IR spectra of 4a and 4b show bands at 1781 and
1797 em™;, respectively, which are attributed to the
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Figure 2. An ORTEP plot of the molecular structure of Fe,Rh-
(u-PPh,)3(CO)g(PPhg) (4b). Thermal ellipsoids are drawn at the
50% probability level. Only the carbon atoms directly bonded
to phosphorus from the phenyl groups are shown.

bridging carbonyl shown by the X-ray structure of 4b. The
overall similarity of the IR spectra of 4a and 4b (see the
Experimental Section) strongly argues for similar struc-
tures for the two complexes.

Both 4a and 4b are air-stable in the solid state but slowly
decompose in solutions exposed to air. Solutions of 4b
maintained at 25 °C under N, appear to be stable for
prolonged periods but the complex decomposes over a
several hour period when heated to 60 °C. Complex 4a
decomposes even at 25 °C in solutions under N,, and *'P
NMR spectra indicate complete decomposition within 24
h. The 3P NMR changes are quite complex for the de-
composition of both 4a and 4b, indicating the formation
of multiple products, but these have not been identified.

Crystal and Molecular Structure of Fe,Rh(u-
PPh,)3(CO)s(PPhy), 4b. An ORTEP plot of the structure
of Fe;Rh(u-PPh,)3(CO)g(PPhy) is shown in Figure 2. It
consists of a triangular arrangement of the metal atoms
with a single u-PPh, ligand bridging each of the metal
pairs. Fe2 is further ligated by three CO’s, Fel by two
CO's, and Rh by the PPh, ligand. In addition, one car-
bonyl bridges the Fel-Rh bond. The u-PPh, ligands are
arranged such that P1(PPh;) is only 0.018 i above the
Fe,Rh plane, P2 and P3 lie 1.248 and 1.239 A, respectively,
above the Fe,Rh plane, and P4 lies 1.438 A below the
plane. This arrangement of u-PPh, ligands differs from
that commonly observed in My(u-PR,;)4 structures where
one phosphorus generally lies in the M; plane, one above,
and one below.!®

The Fel-Rh bond length of 2.690 (1) A compares well
with the u-PPh,-bridged FeRh bond lengths in [Rh{Fe(u-
PPh,)(CO),(n’-CHaCsH )] (2.659 (2), 2.675 (2) A6 and
RhyFe,(u-PPh,)(CO)s (2.623 A).17 However, it is sub-
stantially longer than the unbridged FeRh bonds in
FeyRhy(n%-C5sHy)o(CO)q (2.570 (5), 2.598 (5), 2.598 (5) A)8
and FegRh(7%-C5Hy)(CO),; (2.568 (3), 2.615 (3), 2.607 (3)
R).® The Fel-Fe2 and Fe2-Rh bond lengths of 2.901 (1)

(15) (a) Huntsman, J. R. Ph.D. Thesis, University of Wisconsin,
Madison, 1973. (b) Keller, E.; Vahrenkamp, H. J. Organomet. Chem.
1978, 155, C41. (c) Billing, E.; Jamerson, J. D.; Pruett, R. T.. Ibid. 1980,
192, C49,

(16) Mason, R.; Zubieta, J. A. J. Organomet. Chem. 1974, 66, 279.

(17) Haines, R. J.; Steen, N. D. C. T.; English, R. B. J. Chem. Soc.,
Chem. Commun. 1981, 587. :

(18) Churchill, M. R.; Veidis, M. V. J. Chem. Soc. A 1971, 2170.

(19) Churchill, M. R.; Veidis, M. V. J. Chem. Soc., Chem. Commun.
1970, 1470.
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A and 2.986 (1) A, respectively, are much longer than
expected for direct single metal-metal bonds but do imply
some degree of metal-metal interaction. All metal-
phosphorus bond lengths and M-P-M bond angles fall
within the ranges found in other Fe~Rh phosphido-bridged
compounds. 1661617.20-28

Reactivity of Fe,Rh(u-PPh,);(CO)¢(PR;). When so-
lutions of either 4a or 4b are stirred at 25 °C under 1 atm
of carbon monoxide, a rapid (~5 min) color change from
green to red occurs and a red-purple precipitate deposits.
This latter material can be isolated in >70% yield. The
complex has proven too unstable to obtain a satisfactory
elemental analysis, but its spectroscopic properties imply
the formulation Fe,Rh(u-PPhy)3(CO)g, 5. The reaction
shown in eq 7, in which two CO’s add with concomitant
displacement of the PRy ligand, is thus indicated. When

Fe,Rh(u-PPh,)5(CO)s(PRy) + 2CO =
4
Fe,Rh(u-PPhy)s(CO)g + PR, (7)
5

the reaction is monitored by 3P NMR spectroscopy, the
characteristic signals of PEt; (6 ~17.7) and PPh; (6 -6.0)
respectively appear as 4a and 4b react. As indicated in
eq 6, these CO addition/PR; displacement reactions are
reversible. When PPh; and PEt; are added to solutions
of 5, complexes 4a and 4b respectively reform, as long as
the released CO is removed by an N, purge or the solvent
evaporated under reduced pressure.

The -40 °C 3P{{H} NMR spectrum of 5 shows two
resonarnces at 6 110.5 (dd, Jup_ sy, = 91.5 Hz, Jup.sip = 15.3
Hz) and 102.6 (t, Jup_sip = 15.3 Hz) in a 2:1 intensity ratio,
indicating a structure with two equivalent u-PPh, ligands
which are attached to Rh and one inequivalent u-PPh,
ligand not bound to Rh. Its IR spectrum shows only
terminal vog bands (see Experimental Section). The -80
°C natural abundance *C NMR spectrum of 5 shows
resonances at & 217.0 (dd, Jupasc = 4.9 and 2.9 Hz), 202.2
(t, Jup.asc = 10.8 Hz), 201.8 (t, Jap_sg = 10.0 Hz), and 196.0
(d of t, Jiusgpasg = 79.8 Hz, Japisg = 10.8 Hz). These
integrate in an approximate 1:1:1:1 intensity ratio with only
the & 196.0 resonance showing *C-'%Rh coupling. This
data thus imply that two CO’s are attached to Rh and six
are terminally bound to the Fe atoms, and the structure
sketched below is suggested.

Ph Ph
~ P -
(CO)gFe/ recors

Ph— P—Rh—P—FPh
P/ c/ \c \Ph
"o %

5

Complex 5 has 50 valence electrons and thus a triangular
structure such as that shown requires only 2 metal-metal
bonds. A conversion similar to 4 — 5 has been observed
by Carty and co-workers'*>2¢ in which addition of CO to
Ru;(CO)(C==C-i-Pr)(u-PPh,) causes rupture of the
phosphido-bridged Ru-Ru bond but leaves the triangular
structure intact. Complex 5 is also isoelectronic with

(20) Kreter, P. E.; Meek, D. W.; Christoph, G. G. J. Organomet. Chem.
1980, 188, C27.

(21) Haines, R. J.; Steen, N. D. C. T.; Laing, M.; Sommerville, P. J.
Organomet. Chem. 1980, 198, C72.

(22) Jamerson, J. C,; Pruett, R. L; Billig, E.; Fiato, F. A. J. Organomet.
Chem. 1980, 193, C43.

(23) (a) Haines, R. J.; Steen, N. D. C. T.; English, R. B. J. Chem. Soc.,
Chem. Commun. 1981, 407. (b) Haines, R. J.; Steen, N. D. C. T.; English,
R. B. J. Organomet. Chem. 1981, 209, C34.

(24) Carty, A. J. Pure Appl. Chem. 1982, 54, 113.

Breen and Geoffroy

Fe,Co(u-PMey)(u-SMe)4(CO); which has been shown by
X-ray diffraction to adopt a structure similar to that drawn
with the PMe, ligand bridging two nonbonded Fe atoms
and with two CO’s bound to Co and three to each of the
two Fe’s,?

In the absence of excess PR; ligand, freeze—-pump-thaw
cycles of solutions of 5 removes CO and the new complex
Fe,Rh(p-PPhy);(CO), forms. Quantitative analysis of the
gas removed in the 5 — 6 conversion shows an average of
2.1 equiv of gas obtained/mol of 5, implying the loss of two
CO’s (eq 8). This CO elimination reaction is reversible

Feth(u-P5Ph2)3(CO)s =

1 atm of CO
2CO + Fe;Rh(u-PPh,)4(CO), (8)
6

since complex 5 immediately reforms when solutions of 6
are exposed to 1 atm of CO at 25 °C. The mass spectrum
of 6 shows the expected parent ion at m/e 938 and frag-
ment ions corresponding to the loss of six CO’s. Its 3IP{*H}
NMR spectrum shows two resonances in an approximate
2:1 intensity ratio at 6 146.9 (dd, Jup_mgy, = 94.6 Hz, Jup_ap
23.0 Hz) and 65.2 (t, Jap_sip = 23.0 Hz), implying two
u-PPh, ligands bridging Fe-Rh bonds and one u-PPh,
ligand bridging an Fe-Fe bond. The natural abundance
13C NMR spectrum of 6 at -80 °C shows three resonances
at § 215.8 (d, Jup_ig = 5.9 Hz), 204.5 (t, Jup_sc = 13.3 Hz),
and 204.1 (t, Japsc = 13.3 Hz). None of these resonances
show 13C-1%Rh coupling. The spectroscopic data thus
imply the structure sketched below for 6, in which three
carbonyls are attached to each Fe atom but with none
bound to Rh.

Phz
P
(CO)zFe F]‘_E(CO)3
PhaP PPhs
Rh
6

Fe,Rh{u-PPhy)3(CO)g, 5, shows no noticable decompo-
sition when stirred under 1 atm of CO at 40 °C for several
days, although it does slowly decompose to several un-
identified products when left in solution under N, at 25
°C. The hexacarbonyl cluster Fe,Rh(u-PPh,)3(CO),, 6, is
the least stable of all the complexes reported herein, de-
composing in solutions at 25 °C under N, with a half-life
of about 30 min.

Discussion

The new cluster complexes Fe;Rh(u-PPh,)3(CO)s(PR,)
(4a (R = Et) and 4b (R = Ph)), Fe,Rh(u-PPh,)s(CO)g, and
Fe,Rh(u-PPh,)3(CO), have been prepared and character-
ized spectroscopically, and 4b has been characterized by
a complete single-crystal X-ray diffraction study. The
latter showed the cluster to have the closed triangular
structure depicted in Figure 2. However, the open struc-
ture drawn below is also consistent with the 31P{{H} NMR

Ph Ph Ph P
~.~ ~.~ " -
COFe e e g,
3
Soc” \/P/ Ser,
S

c
o}
and IR spectra of 4b in that it possesses a bridging CO and

has two u-PPh, ligands bridging an Fe-Rh bond and one
u-PPh, ligand bridging two Fe atoms. 1t is, of course, not

(25) Keller, E.; Vahrenkamp, H. Chem. Ber. 1981, 114, 1111.
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the structure of 4b determined by X-ray diffraction, but
an equilibrium between the closed and open forms with
the open form existing in solution but rearranging to the
closed form upon crystallization cannot be excluded by the
present data. In the closed form the cluster is electron
sufficient with 48 electrons, whereas the open form is
deficient by two electrons. However it contains Rh, a metal
which forms a large number of 16-valence-electron com-
plexes. Open structures have been determined for the
48-electron complex [Fe,Rh(u-PPhy)y(CO)y(1*-CHZC:H,),*
and its derivatives, but in these complexes Rh lies between
the Fe atoms.’6% Analogous Fe-Rh—Fe arrangements for
4a and 4b would not be consistent with their spectroscopic
data since each clearly possesses a u-PPh, ligand that is
not bound to Rh and consequently bridges two Fe atoms.
An equilibrium between open and closed forms of 4a and
4b would require rearrangement of the bridging u-PPh,
ligands, but such rearrangement obviously occurs during
the synthesis of the compounds and is also known to occur
with other phosphido-bridged compounds.’!720:21.23,27
Likewise, an open structure such as that sketched in 7
could be considered for Fe,Rh(u-PPh,);(CO)s.  This
Phy Pho
P P
Fe ———Rh(CO)2
Phy

(CO)4Fe

7

(26) Burckett-St. Laurent, J. C. T. R.; Haines, R. J.; Nolte, C. R.;
Steen, N. D. C. T. Inorg. Chem. 1980, 19, 577.
(27) Harley, A. D.; Geoffroy, G. L. Organometallics, in press.

structure has two u-PPh, ligands attached to Rh and one
which is not, consistent with the 3'P NMR data. However,
if structure 7 did exist in solution, two of the CO’s should
appear as a doublet of triplets in the 13C NMR spectrum
of Fe;Rh(u-PPh,)3(CO)s. However, no such pattern was
observed, and thus structure 7 is not indicated.

Although this research did lead to the preparation of
phosphido-bridged clusters containing a Rh(]I) center, these
particular compounds are not suitable for detailed re-
activity studies because of their relative instability. None
of the Fe,Rh species reported herein are stable in solution
above 65 °C, and 4a, 5, and 6 slowly decompose in solutions
maintained at 25 °C. Clearly, the bridging phosphido
ligands are not sufficient to maintain structural integrity
in these particular Fe,Rh complexes and other metal-lig-
and combinations will have to be sought.
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The cyclic phosphazenes N3P3(OPh);OCH,CF3, [NP(OPh)(OCH,CF3)]5, and [NP(OCH,CF;),]; undergo
dehydrofluorination and deprotonation when treated with n-butyllithium at ~78 °C to form metalated
intermediates of formula N3P3(OPh)sOC(Li)=CFy, [NP(OPh)(OC(Ll)-—CF2)]3, and [NP(OC(Li)==CF5),]s,
respectively. These species are stable in solution at ~78 °C but react with electrophiles such as 2-propanol,
2-propanol-d, methyl iodide, or triphenyltin chloride to yield the cyclophosphazenes with -OC(H)=CF,,
-0C(D)=CF,, —-OC(CH;)=CF,, or -OC(SnPh;)=CF, side groups. The reactions were monitored by the
use of 1°F NMR spectroscopy. A reaction mechanism is proposed. Comparisons are made with the reactions
between n-butyllithium and trifluoroethoxy-substituted cyclic tetrameric and high polymeric phosphazenes.

The synthesis and properties of many (fluoroalkoxy)-
phosphazene compounds have been described in recent
years.!® The simplest species of this type (such as 1, 2,

(1) See, for example: Allcock, H. R. “Phosphorus-Nitrogen
Compounds”; Academic Press: New York, 1972; Chapter 6, p 16.
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(3) Ratz, R.; Schroeder, H.; U1r1ch H,; Kober E.; Grundmann, C. J.
Am. Chem. Soc 1962, 84, 551

(4) Allcock, H. R.; Schmutz, d. L.; Kosydar, K. M. Macromolecules
1978, 11, 179.

or 3) can be obtained by the reaction of sodium tri-
fluoroethoxide with hexachlorocyclotriphosphazene, (NP-
Cly);.* Moreover, high polymeric analogues are accessible
via the interaction of sodium trifluoroethoxide with
poly(dichlorophosphazene), (NPCl;),.”® High polymers

(5) Heatley, F.; Todd, S. M. J. Chem. Soc. A 1966, 1152,

(6) Gol'din, G. S.; Federov, S. G.; Zapuskalova, S. F.; Naumov, A. D.
Zh. Obsch. Khim. 1976, 46, 688.
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1709.
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the structure of 4b determined by X-ray diffraction, but
an equilibrium between the closed and open forms with
the open form existing in solution but rearranging to the
closed form upon crystallization cannot be excluded by the
present data. In the closed form the cluster is electron
sufficient with 48 electrons, whereas the open form is
deficient by two electrons. However it contains Rh, a metal
which forms a large number of 16-valence-electron com-
plexes. Open structures have been determined for the
48-electron complex [Fe,Rh(u-PPhy)y(CO)y(1*-CHZC:H,),*
and its derivatives, but in these complexes Rh lies between
the Fe atoms.’6% Analogous Fe-Rh—Fe arrangements for
4a and 4b would not be consistent with their spectroscopic
data since each clearly possesses a u-PPh, ligand that is
not bound to Rh and consequently bridges two Fe atoms.
An equilibrium between open and closed forms of 4a and
4b would require rearrangement of the bridging u-PPh,
ligands, but such rearrangement obviously occurs during
the synthesis of the compounds and is also known to occur
with other phosphido-bridged compounds.’!720:21.23,27
Likewise, an open structure such as that sketched in 7
could be considered for Fe,Rh(u-PPh,);(CO)s.  This
Phy Pho
P P
Fe ———Rh(CO)2
Phy

(CO)4Fe

7

(26) Burckett-St. Laurent, J. C. T. R.; Haines, R. J.; Nolte, C. R.;
Steen, N. D. C. T. Inorg. Chem. 1980, 19, 577.
(27) Harley, A. D.; Geoffroy, G. L. Organometallics, in press.

structure has two u-PPh, ligands attached to Rh and one
which is not, consistent with the 3'P NMR data. However,
if structure 7 did exist in solution, two of the CO’s should
appear as a doublet of triplets in the 13C NMR spectrum
of Fe;Rh(u-PPh,)3(CO)s. However, no such pattern was
observed, and thus structure 7 is not indicated.

Although this research did lead to the preparation of
phosphido-bridged clusters containing a Rh(]I) center, these
particular compounds are not suitable for detailed re-
activity studies because of their relative instability. None
of the Fe,Rh species reported herein are stable in solution
above 65 °C, and 4a, 5, and 6 slowly decompose in solutions
maintained at 25 °C. Clearly, the bridging phosphido
ligands are not sufficient to maintain structural integrity
in these particular Fe,Rh complexes and other metal-lig-
and combinations will have to be sought.
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Scheme I
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Scheme II rectly. For the purposes of this study, compounds 1 and
; - 2 were each treated with an excess of sodium phenoxide
H F H F N o " .
| | in order to replace the remaining chlorine atoms with
0—C—C—F 284 O—C—C—F | —= phenoxy groups, yielding 4 and 5, respectively. The
o -~ S s
| . | l phenoxy groups were introduced to reduce the possibility
RoF coF of subsequent side reactions that might be expected with
11 1 and 2. The structures of compounds 1-3 were confirmed
H F L F H F
\ _c/ n—BuL.i \C—C/ 2-propanol \ p— CI\ /OCHZCFZ, Ci\ /OCH2CF3
SN N /A - ‘ -
d F J F 4 F C‘\J:, g/m uF3CHZO.\[P g/,cw
N
s - J o SN g c1? N7 ocicrs
12a 13 12b 1 2
can also be prepared by the copolymerization of (fluoro- CF3CHZO\/ ~0CH2CFs Pho\/ - OCH2CFs
. . 4 N AN
alkoxy)cyclotnphosphazgnes with (NPCly);. . CF3CH20\"|‘ W/OCHZC% N N/oph
The ease of preparation of fluoroalkoxy-substituted Pl P
phosphazenes prompted us to explore the possibility that CF3CH0 N OCHaCF3  PhO N7 oen
such compounds might themselves be substrates for fur- 3 4
ther structural modification via reactions of the fluoro- eho OCHACF
. < ~. 2CFs
alkoxy side groups. The objective was to develop a new >p<
technique for the synthesis of hitherto inaccessible cyclic CF3CHA0, ’? E‘f _.OPh
and high polymeric phosphazenes, especially those that PhO;P%N/P’\OCHch
3

contain olefinic and metallo side groups.

The reactions examined here make use of the interaction
between an organometallic reagent and an -OCH,CF; side
group to generate an ~OC(M)=CF, unit. Subsequent
treatment with an electrophile was designed to yield an
—-0OC(R)=CF, side group. Metallic units could be intro-
duced as components of the group, R.

Results and Discussion

Synthesis of Fluoroalkoxy Derivatives. The (fluo-
roalkoxy)phosphazene precursors used in this study were
prepared in the following way. Hexachlorocyclo-
triphosphazene, (NPCly);, was allowed to react with sodium
trifluoroethoxide to yield products with various degrees
of substitution that depended on the mole ratio of the
reactants.* Thus, mono(trifluoroethoxy)pentachloro-
cyclotriphosphazene, 1, trans-tris(trifluoroethoxy)tri-
chlorocyclotriphosphazene (non-gem), 2, and hexakis(tri-
fluoroethoxy)cyclotriphosphazene, 3, were obtained di-

5

by comparisons of the 3'P NMR spectral data with pub-
lished values.* The 3P NMR spectrum of the new species
4 consisted of a second-order AB, pattern with 6, 13.5 and
op 9.8 (Jap = 87.5 Hz).® Compound 5 showed an AB,
spectrum with 6, 13.3 and 65 12.9 (the spectrum was a
near-limiting AB, system: thus, J,g was not determined).
The F NMR spectral® of 1, 3, and 4 similarly revealed
a triplet at ~38 ppm downfield from fluorobenzene (Table
I). The °F NMR resonances for the fluorine atoms in 2

(9) *'P NMR spectra were for solutions in CDCl, referenced to HsPO,.
Positive shifts represent deshielding.

(10) *F NMR spectra (94 MHz) were for solutions in freshly distilled
THF (with benzene-dg lock) or in THF-dg. Fluorobenzene was used as
an external reference.

(11) The F, and F, chemical shift assignments for 6, 14, 19, 10, and
18 are tentative.
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Table I. F NMR Data @
§ Jpu, Hz

1, N,P,Cl,(OCH,CF,) 38.1 (t) 8

2, N,P,Cl,(OCH,CF,), 37.6 (m) 8

3, N,P,(OCH,CF,), 37.5 (t) 8

4, N,P,(OPh),(OCH,CF,) 37.8 (t) 8 (Figure 1a)

5, N,P,(OPh),(OCH,CF,), 37.6 (m) 8 (Figure 2a)

s(F.") 8(F,") Jr F,, Hz

6, N,P,(OPh),(OC(Li)=CF,) [23.7 (d)] [-18.2 (d)] 104 (Figure 1c)
7. N,P,(OPh),(OCH=CF,) 16.4 (dd) -3.6 (d) 66 (Figure le)
8, N,P,(OPh),(OCD=CF,) 16.2 (d) -3.4 (d) 66 (Figure 3a)
9. N,P,(OPh),(OC(CH,)=CF,) 13.5 (d) -2.2(d) 65 (Figure 3b)
10, N,P,(OPh),(OC(SnPh,)=CF,) [85.7 (d)] 19.0 (d)] 44 (Figure 3¢)
14, N,P,(OPh),(OC(Li)=CF,), [23.9 (m)] [-18.0 (m)] 104 (Figure 2b)
15, N,P,(OPh),(OCH=CF,), 16.6 (m) -4.1 (m) 65
16, N,P,(OPh),(OCD=CF,), 16.3 (m) ~3.7 (m) 66
17, N,P,(OPh),(OC(CH,)=CF,), 13.3 (m) -2.3 (m) 65 (Figure 2c)
18, N,P,(OPh),(OC(SnPh,)=CF,), [85.6 (m)] (8.9 (m)] 45
19, N,P,(OC(Li)=CF,), [24.2 (m)] [-11.6 (m)] u
20, N,P,(OCH=CF,), 16.5 (dd) -3.8 (d) 61
21, N,P,(OCD=CF,), 16.3 (d) -3.5(d) 66
22, N,P,(OC(CH,)=CF,), 12.6 (d) -3.7 (d) 65

% u = unresolved; multiplicities do not include coupling to ring phosphorus; additional coupling constants (Hz) for the fol-
lowing compounds were also obtained: 6, Jr,p =5;7,Jp, 5 = 15,J5 p = 2;10,Jp p = 9; 15 and 20, Jr,ou =14;21,Jp,p

=6,

and 5 appeared as multiplets due to the slight differences
in chemical shift between the cis- and trans-trifluoroethoxy
groups.

General Reaction Pathway. The metalation and
subsequent substitution sequence for 4 is outlined in
Scheme I. Similar transformations were also carried out
with species 5 and 3, as discussed in a later section.

Specifically, 4 reacted with 2 molar equiv of n-butyl-
lithium (in THF at —78 °C), via total deprotonation of the
trifluoroethoxy group, to form the lithiated vinyl ether 6.
This carbanion was then allowed to react with 2-propanol,
2-propanol-d, methyl iodide, or triphenyltin chloride to
yield the substituted olefinic products 7, 8, 9, or 10. In
principle, a wide variety of electrophilic reagents could be
used in this reaction. The lithiated olefin was stable at
~78 °C but reacted readily following addition of an elec-
trophile. The resultant olefin-substituted phosphazenes
(7-10) represent a new series of derivatives that cannot
be prepared by alternative routes.

Phosphazene compounds of this type are of interest for
several reasons. First, they represent potential
“monomers” that could be incorporated into organic
polymers via copolymerization through the vinyl group.1?
Second, the cyclic phosphazenes that contain more than
one olefinic side group could function as cross-linking
agents for organic or inorganic polymers that contain the
appropriate side groups. Third, the fluoro-olefin function
is a potential ligand for the incorporation of transition-
metal complexes.

Reaction Mechanism. The proton abstraction process
at different temperatures was monitored by F NMR
spectroscopy. °F NMR spectroscopy was an exceptionally
useful technique for following the course of this reaction,
whereas 3'P NMR spectroscopy provided little useable
information.!® The sequence of °F NMR spectral changes
was compatible with the generalized mechanism shown in
Scheme II.

(12) For example: DuPont, J. G.; Allen, C. W, Macromolecules 1979,
12, 169.

(13) Attempts to monitor these reactions by 3'P NMR spectroscopy
were complicated by the similarities between the spectra of starting
materials and products and because of the complexity of the second-order
splitting pattern.

[ T T T T T |
40 20 ppy O -20

Figure 1. !°F NMR spectra of (a) 4, (b) 4 plus n-BuLi, (c) 6
formed after reaction of 4 with 2 equiv of n-BulLi, (d) 6 plus
2-propanol, and (e) 7 formed after reaction of 6 with 1 equiv of
2-propanol.

Thus, n-butyllithium abstracts a proton from 11 to form
a transient carbanion, which eliminates a fluoride ion to
form 12a. The dehydrofluorinated product 12a is then
deprotonated rapidly by additional n-butyllithium to give
13, which remains stable at —78 °C until quenched. The
metalated vinylic side group, 13, can also be generated by
treatment of the independently isolated product 12b with
n-butyllithium at 78 °C.

The specific experimental evidence for the conversion
of 4 to 7 was as follows. The *F NMR spectrum of 4
consisted of a triplet centered at 37.8 ppm (Figure 1a).
Addition of less than 0.2 equiv of n-butyllithium (at -78
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°C) resulted in the appearance of two new resonances: (1)
a doublet of doublets centered at 16.4 ppm and (2) a
doublet centered at —3.6 ppm. These resonances corre-
spond to the olefinic compound 7.}* On further addition
of n-butyllithium, these peaks disappeared and were re-
placed by a doublet centered at 23.7 ppm and a doublet
centered at -13.2 ppm (Figure 1b). These resonances
correspond to the nonequivalent fluorine atoms in 6. As
more n-butyllithium was added, these peaks continued to
grow at the expense of the triplet at 37.8 ppm from the
starting material. A quantitative conversion of 4 to 6 had
taken place (Figure 1c) after 2 molar equiv had reacted.
The olefinic compound 7 possesses a more acidic proton
than the starting material 4 and is, therefore, preferentially
deprotonated during the addition of successive aliquots
of n-butyllithium. Addition of 2-propanol to 6 at =78 °C
resulted in the disappearance of 6 and the formation of
7, which showed °F NMR spectra identical with the one
generated earlier (Figure 1d and e). ‘When 6 was allowed
to warm slowly to room temperature, the associated °F
NMR spectrum disappeared. Compound 6 decomposed
rapidly above —20 °C, most likely with loss of volatile
fluorocarbon byproducts. The reactions of 6 with the
various reagents were virtually instantaneous at -78 °C.
This is true even for reactions with the bulky electrophile
PhySnCL

Olefinic Derivatives of 5. The techniques described
in the foregoing sections were also applied to compound
5, with similar results. Six molar equivalents of n-butyl-
lithium were required to fully deprotonate 5 to form the
intermediate trilithio carbanion 14. This species reacted
readily with the electrophiles mentioned previously to yield
the substituted cyclotriphosphazenes 15-18.

R
bcr
PRO o E
R \P/
FzC-——C 4 ~
\o\ {TJ ’;\;‘ _.OPh
SPa P
pro? N Y
\C:CFZ
R/
14, R = Li
15, R=H
16,R=D
17, R = CH,
18, R = SnPh,

The *F NMR spectra associated with the formation of
the methyl-substituted triolefinic product 17 are shown
in Figure 2. The °F NMR spectrum of 5 is not a clean
triplet (by contrast with the spectrum of 4). Rather, it has
a quartet-type multiplicity. This slight difference in
chemical shift between the cis- and trans-fluoroalkoxy
groups is more clearly manifest in the '°F NMR spectra
associated with 14 and 17 (Figure 2b and c¢). The super-
imposed *F NMR resonances from the cis- and trans-
fluoroalkenoxy groups in these compounds have suffi-
ciently different chemical shifts to result in a distinct
separation. Presumably, the doublet of lesser intensity in
each fluorine resonance corresponds to the trans group.

Metalation and Substitution of 3. All six trifluoro-
ethoxy groups in 3 could aiso be converted to lithiated
vinylic ether-groups by reaction with an excess of n-bu-
tyllithium. Although, in principle, 12 molar equiv should

(14) The new resonances in the ¥F NMR spectrum appeared as very
small peaks relative to the starting material; therefore, this spectrum is
not shown in Figure 1.
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Figure 2. F NMR spectra of (a) 5, (b) 14 formed after reaction
of 5 with 6 equiv of n-BuLi, and (c) 17 formed after reaction of
14 with 3 equiv of methyl iodide.

be required to effect complete deprotonation, in practice,
an excess of n-butyllithium is required to drive the equi-
librium toward formation of the product. The hexalithio
carbanionic intermediate, 19, showed an °F NMR spec-
trum that consisted of two broadened multiplets centered
at roughly the same positions as observed for each fluorine
in 6. The complex resonances are a result of the none-
quivalence of the fluorine atoms caused by proximal charge
repulsions in the hexalithio species. Quenching of this
intermediate with 2-propanol, 2-propanol-d, or methyl
iodide yielded 20, 21, or 22, which gave °F NMR spectra
similar to those of 7, 8, or 9, respectively.

Although ¥F NMR resonances were detected for —OC-
(SnPhy)=CF, groups when 19 was treated with Ph;SnCl,
a hexasubstituted derivative was not isolated, probably
because of the unfavorable steric interactions that would
exist in the product. The yields of the olefinic products
were lower for the hexasubstituted compounds than for
the mono- or trisubstituted derivatives following consid-
erable decomposition during the isolation steps. Thus, the
hexaolefinic compounds were not as stable as the mono-
or triolefinic derivatives. In the latter species, the phenoxy
groups presumably serve as stabilizing components by
providing a steric shield around the molecule.

Species 20-22 appeared to undergo hydrolysis when
exposed to atmospheric moisture for prolonged periods of
time. Mass spectral analysis of the d=composition products
indicated the presence of lower molecular weight species
in addition to products that could arise from the addition
of water across the carbon—carbon double bond.

[N=P(OC(R)=CF)];
1 =Lj

13

20R=H
21,R=D
22, R = CH,

Characterization of Products. The phosphazene
compounds described in the foregoing sections were col-
orless oils, with the exception of 3 and 5, which were white
crystalline materials (mp 49 and 55 °C, respectively). The
identity of each compound was confirmed by a combina-
tion of NMR spectroscopy, infrared spectroscopy, and
mass spectrometry. The °F NMR spectroscopic data are
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Figure 3. *F NMR spectra of (a) 8, (b) 9, and (c) 10.

listed in Table I. “Cis” and “trans” fluorine atoms are
distinguished by the numbering system shown in A. In
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general, trans coupling constants are larger than the cor-
responding cis coupling constants in fluoro-olefinic com-
pounds. This is reflected, for example, in the °F NMR
spectrum of 7. Here, the value of Jg i was 15 Hz, whereas
Jp,u was of the same order as Jp,p (ca. 6 Hz) and was not
well resolved (Figure le). Jpp was resolved in the spectrum
of 8, where hydrogen was replaced by deuterium, and has
a value of 6 Hz (Figure 3a). The F, atom in 8 shows no
observable cis coupling to the ring phosphorus atom. The
1P NMR spectra of 8-10 are shown in Figure 3.

The 3P NMR spectra of the compounds 4, 7, 8, 9, and
10 were all complex second-order AB, spin systems ap-
pearing in the range 8-14 ppm.’ The corresponding com-
pounds 5, 15-18, and 3, 20-22, showed singlets in the 3P
NMR spectra in the range 11-17 ppm.

Representative 1*C NMR spectra were obtained for the
products 2 and 15. For compound 2, the following data
were collected:® ~-POCH,CF4, & 63.7, Jcr = 39, Joy = 152,
Jcp =5 HZ; —POCHcha, & 122.0, JCF = 278, JCH = 8, Jcp
= 13 Hz. For compound 15, the data were as follows:!®
—POCH=CF2! é 100.3, JCF = 14, JCF = 60, JCH = 200 HZ;
—POCH=CF,, 5 156.3, Jcp = 283 Hz; ~POPh, Ci,, 6 149.7;
Cortno 6 120.5, Joy = 163 Hz; C,y, 6 129.4, Joy = 162 Hz;
Cpara 8 125.2, Jcy = 162 Hz. The proton-decoupled and
proton-undecoupled *C NMR spectra of 15 are shown in
Figure 4.

(15) 13C NMR (25-MHz) spectra were obtained with the use of CDCl,
solvent and were referenced to Me Si. Chemical shifts are in parts per
million, and coupling constants are in hertz.

(18) The CH carbon atom showed different coupling constants with
F, and F;. The correlation between the listed Jcy values and the proper
fluorine atoms was not ascertained.
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Figure 4. 3C NMR spectra of (a) 15, proton decoupled, and (b)

15, proton undecoupled. The triplet centered at 156.3 ppm is weak
in spectrum a because no nuclear Overhauser enhancement exists
for this carbon atom.

All the fluoro-olefinic compounds showed prominent
absorptions in the regions 1600-1800 ¢cm™! (C=CF, vi-
bration) and 1100-1300 cm™! (P=N vibrations).

Comparisons with Cyclic Tetrameric and High
Polymeric Phosphazenes. The trifluoroethoxy groups
in [NP(OCHzCFs)gL (23) or [NP(OCHgCFa)z]n (24) did not
react with n-butyllithium in the straightforward manner
found for the cyclic trimer. Instead, complex mixtures of
products were formed that showed broad, diffuse 3'P or
18 NMR peaks. No resonances corresponding to olefin-
ic-type atoms were detected.

A number of alternative reaction pathways are possible
when the cyclic tetrametric or polymeric derivatives react
with n-butyllithium. For example, nucleophilic displace-
ment of trifluoroethoxide groups from phosphorus could
occur. Alternatively, proton abstraction from a trifluoro-
ethoxy group could be followed by coupling to another
molecule or elimination of trifluoroacetaldehyde. The
latter product could then presumably react further with
n-butyllithium. Skeletal cleavage could also take place.

Mass spectral analysis of the reaction products derived
from the interaction of [NP(OCH,CF3),], with n-butyl-
lithium revealed the presence of peaks from N,P,(OC-
H,CF;),(CH,), together with fragments from ring-coupled
products. The detailed reaction pathways involved are not
clear.

The reasons for the striking differences between the
reactions of the cyclic trimers 3, 4, or 5 and [NP-
(OCH,CF3)ql40r n can probably be traced to two sources.
First, the cyclic tetrameric, and linear polymeric skeletal
structures are inherently more flexible than that of the
cyclic trimer. Hence, nucleophilic displacement or skeletal
cleavage reactions may proceed with greater ease. Second,
the phenoxy shielding groups in 4 and 5 appear to tip the
balance between reactions involving the -OCH,CF; groups
and attack on the skeleton. Cyclic tetrameric or polymeric
analogues of 4 or 5 would most likely exhibit borderline
reactivities. Even so, the discrepancy between the reac-
tions of 8 and those of the tetramer and polymer indicate
that skeletal flexibility plays a key role.

The reactions of phosphazene cyclic trimers have proved
to be indispensible models for the development of syn-
thetic routes to a wide range of phosphazene high poly-
mers.!” However, it is now becoming clear that this

(17) Allcock, H. R. Acc. Chem. Res. 1979, 12, 351.
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principle has limits. Cyclic tetramers may be the preferred
models in circumstances where attack on the skeleton is
a facile process.

Experimental Section

Materials. A mixture of (NPClL,); and (NPCl,), was kindly
provided by Ethyl Corp. The compounds were separated and
purified by fractional sublimation followed by recrystallization
from hexane. Trifluoroethanol was used as received from Hal-
ocarbon Products. Sodium spheres were obtained from MCB
Corp. The n-butyllithium (Aldrich) was a 1.6 M solution in
hexane. The electrophiles used were commercial products ob-
tained from Aldrich or Alfa Ventron. Tetrahydrofuran (THF)
(Fisher) was distilled from a potassium benzophenone ketyl drying
agent before use. THF-dg was obtained from Aldrich. Phenol
(Baker) was sublimed before use. All manipulations were carried
out under a dry nitrogen atmosphere.

Analytical Techniques. NMR spectra were obtained with
the use of a JEOL PS-100 FT NMR spectrometer in the FT mode,
equipped with a variable-temperature device. Electron-impact
mass spectral results were obtained with the use of an AEI MS
902 mass spectrometer. Chemical ionization mass spectral data
were obtained for compounds with molecular weights below 800,
with the use of a Finnegan 3200 instrument.

Synthesis of 1-3. NyP;Cl;(OCH,CF;), trans-[NPCl-
(OCH,CF3)]3 (non-gem), and [NP(OCH,CF}),]; were prepared
by the reaction of (NPCl,)3 with sodium trifluoroethoxide in THF,
as reported previously.! The structures were confirmed by a
comparison of the 3P NMR? values with those reported: 1, AB,,
3a 16.9, 05 22.9 (Jap = 65 Hz); 2, lim. AB,, 6 22.1; 3, A, 16.8. Mass
spectral data: 1, m/e(caled) 409, m/e(found) 409; 2, m/e(caled)
537, m/e(found) 537; 3, m/e(calcd) 728.9651, m /e(found) 728.9606.

Preparation of 4. N,;P;Cl;(OCH,CF,) (1; 2.0 g, 4.86 mmol)
was distilled under reduced pressure into a three-necked flask
(250 mL) fitted with an addition funnel, condenser, nitrogen inlet,
and a magnetic stirrer bar. Freshly distilled THF (150 mL) was
added, followed by sodium phenoxide (29.2 mmol, prepared from
2.7 g of phenol and 0.67 g of sodium spheres) in THF (75 mL).
This mixture was boiled at reflux for 24 h and was then cooled
to room temperature. The solvent was removed by rotary
evaporation, and the residue was dissolved in diethyl ether. The
ethereal solution was extracted with H,0/K;CO;3 to remove
water-soluble impurities. After evaporation of the ether, the crude
product was dissolved in methylene chloride and was filtered down
a neutral alumina column. Removal of the solvent from the eluate
yielded a colorless oil, 4 (2.5 g, 76% theoretical): mass spectrum,
m/e(caled) 699.1085, m/e(found) 699.1053. Anal. Caled for
P3F306N3032H275 C, 54.94; H, 3.86. Found: C, 55.23; H, 3.78."8

Preparation of 5. [NPCI(OCH,CF;)]; (2; 2.0 g, 3.71 mmol)
was distilled under reduced pressure into a flask in the manner
described for the preparation of 4. Sodium phenoxide (22.3 mmol,
prepared from 2.1 g of phenol and 0.51 g of sodium spheres) in
THF (75 mL) was added, and the mixture was boiled at reflux
for 24 h. After isolation (as above) and recrystallization from
hexane, a white crystalline product was obtained, 5 (2.4 g, 91%
theoretical): mp 55 °C; mass spectrum, m/e(caled) 711.0499,
m/e(found) 711.0435. Anal. Caled for PyFgONyCoH,y: C, 40.51;
H, 2.95. Found: C, 40.44; H, 3.04.

1%F NMR Probe Reactions. The °)F NMR monitored reac-
tions were carried out in the following manner: 4, 5, or 3 (10 mg
each) was dissolved in THF-d; (0.75 mL) in a 5-mm NMR tube
which was closed with a serum cap. This solution was cooled to
—78 °C in the °F NMR probe. Aliquots of n-butyllithium (1.6
M in hexane) were introduced via syringe, and the contents were
mixed quickly by inverting the tube. A F NMR spectrum was
recorded after each addition. When complete conversion to 6,
14, or 19 had taken place, an electrophile was added as a solution
in THF. (In the reactions of 19 with CH,I or PhySnCl, a more
dilute mixture was used to avoid insolubility problems.) Spectra
were then obtained for the substituted products. The NMR tube

(18) Compounds were further purified for elemental analyses by
preparative thin-layer chromatography using silica gel (250 um) plates
and hexane/methylene chloride solvent mixtures.

Allcock, Suszko, and Evans

was removed from the probe, and the contents were allowed to
warm to room temperature and were concentrated on a vacuum
line. Mass spectral analysis confirmed the identity of the products.

Preparation of 7, 8, 9, or 10. The following procedure is
representative. Compound 4 (0.5 g, 0.72 mmol) was dissolved in
freshly distilled THF (100 mL) in a flask fitted with a serum cap
and a nitrogen inlet. The flask was cooled to -78 °C with a dry
ice/acetone bath. n-Butyllithium (1.14 mL of a 1.6 M solution
in hexane, 1.8 mmol) was added dropwise to the stirred solution
via syringe. An excess of 2-propanol (0.5 mL) was then added,
and the solution was allowed to warm to room temperature. The
solvent was removed by rotary evaporation, and the residue was
redissolved in chloroform. The chloroform solution was filtered
through a neutral alumina column, and the solvent was then
removed from the filtrate under vacuum. Compound 7 (0.41 g,
89% theoretical) was isolated as a colorless oil: mass spectrum,
m/e(caled) 679.1002, m/e(found) 679.0992. Anal. Caled for
P3F206N3032H26: C, 5655; H, 3.83. Found: C, 5674; H, 3.90.

Compounds 8-10 were prepared similarly. In the case of
compound 10, the final product was separated from Ph;SnCl or
Ph,Sn(n-Bu) by chromatography on silica gel using hexane eluent
followed by elution with increasing amounts of chloroform relative
to hexane. Mass spectral data: 8, m/e(caled) 680, m/e(found)
680; 9, m/e(caled) 693, m/e(found) 693; 10, m/e(caled) 1028,
m/e(found) 1028.

Preparation of 15-18. The procedure for the synthesis of the
triolefinic phosphazene compounds is essentially the same as
indicated above for the monoolefinic derivatives. These species
were prepared in highest yield by monitoring the addition of
n-butyllithium to the starting material 5 by means of 9F NMR
spectroscopy. When complete conversion to the lithiated in-
termediate 14 was achieved, the reaction mixture was quenched
with the electrophile. Alternatively, a large excess of n-butyl-
lithium (3-fold) was used, and the reaction mixture was stirred
at —78 °C for 5 min to ensure complete conversion. The products
were isolated as described above for the monoolefinic compounds.
Typical yields were in the range of 55-70% (theoretical) . Mass
spectral data: 15, m/e(caled) 651.0312, m/e(found) 651.0323; 16,
m/e(calcd) 654, m/e(found) 654; 17, m/e(caled) 693, m/e(found)
693. (No mass spectrum was obtained for 18 due to the high
molecular weight.) Anal. Caled for 15, PsFs0sNyCo H s C, 44.24;
H, 2.76. Found: C, 44.38; H, 2.82.

Preparation of 20-22, The procedure used for the synthesis
of the hexaolefinic phosphazenes was similar to that used for the
triolefinic compounds. An excess of n-butyllithium (4-5-fold) was
required to fully deprotonate 3 under the same conditions.
Products 20-22 were isolated as described above; however, lower
yields were obtained (35-50% theoretical). The vinylic side groups
in 20~22 are more reactive in these compounds, and some product
decomposition occurs during the isolation procedure. Mass
spectral data: 20, m/e(caled) 609, m/e(found) 609; 21, m/e(caled)
615, m/e{found) 615; 22, m/e(caled) 693, m/e(found) 693. Anal.
Caled f0f920, P.F1,06N:CisHe: C, 28.65; H, 0.99. Found: C, 25.40;
H, 1.41.

Preparation of [NP(OCH,CF;),], (23) and [NP-
(OCH,CF3;)], (24). These compounds were prepared by allowing
the corresponding chlorophosphazenes to react with an excess
of sodium trifluoroethoxide, as described in previous publica-
tions.'* The products were identified by comparison of the 3P
NMR spectra with published values: 23, A,, 6§ -2.3; 24, § -9.8.
(The polymer spectrum was obtained in THF solvent using a
D,0-containing capillary as lock, and referenced to H,PO,). Mass
spectrum of 23: m/e(caled) 972, m/e(found) 972.

Reactions of 23 or 24 with n-Butyllithium. These reactions
were carried out in the same manner as described above. The
progress of each reaction was monitored by °F NMR and 3'P
NMR spectroscopy as aliquots of n-butyllithium were added. In
both cases, the °F peaks associated with the bound trifluoroethoxy
groups (ca. 38 ppm) were replaced by a broad '°F resonance at
ca. 35 ppm. Similarly, the *'P NMR spectra changed as follows:
for 23, the singlet at —2.3 ppm was replaced by broad resonances
in the range +13 to —10 ppm; for 24, the singlet at 9.8 ppm was

(19) Microanalyses obtained for this compound varied according to the
method of isolation. Strong indications were obtained that the hexa-
olefinic compounds are highly reactive in the pure state.





Organometallics 1982, 1, 1449-1453 1449

broadened considerably, indicating the formation of a nondiscrete
mixture of products.

A separate reaction was carried out in which n-butyllithium
(0.64 mL of a 1.6 M solution in hexane, 1.03 mmol) was added
dropwise to a THF (100 mL) solution of 23 (0.5 g, 0.51 mmol),
which had been cooled to ~78 °C with a dry ice/acetone bath.
After the addition was complete, a molar excess of 2-propanol
was added and the mixture was allowed to warm to room tem-
perature. Removal of the solvent on a rotary evaporator left a
semisolid material. Mass spectral analysis of the product mixture
showed the following peaks of interest: m/e 972 - 23; 930 ~
N4P4(OCH2CF3)7(CH20H20H20H3), in addition to peaks above

m/e 1600 that could correspond to fragments of coupled products.
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The ((2,4,6-triisopropylphenyl)sulfonyl)hydrazones of four saturated and one a,5-unsaturated ketone
have been transformed via the Shapiro reaction to the corresponding optically active vinyl- and dienylsilanes
by condensation with (+)-1-naphthylphenylmethylchlorosilane. Inversion of configuration at asymmetric
silicon is assumed on the basis of extensive literature analogy with other organolithium reagents. As a
result of the silicon-bound aryl substituents, the double bonds are seen to be more electron deficient than
those in the trimethylsilyl analogues. Greater steric crowding is also present. Consequently, the chemical
reactivity of these systems is greatly attenuated. In addition, low levels of asymmetric induction were
observed in two different reactions of these compounds, the implication being that chirality transfer from
silicon to carbon may be generally inefficient in the absence of template effects.

In recent years, vinylsilanes (1) have gained increasing
popularity as valued synthetic intermediates.? Some of
the many tactical advantages offered by 1 have been sought
with silyl-substituted 1,3-butadienes 2a, 2b, and their
homologues.#®  The utilitarian nature of 2-silyl-1,3-
cyclohexadienes, e.g., 3,% has been virtually unexplored.’

AN SiMeg
S PP (Y
R

b, R =SiMes, Ry=H

L

Oddly enough, there can be found no report of attempts
to prepare optically active derivatives of 1-3 with the
ultimate aim of transferring chirality from asymmetric
silicon to carbon. Our interest in this question, coupled
with the intriguing possibility of developing a recyclable
chiral silicon pool, has prompted an examination of
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methods for preparing optically active vinyl- and dienyl-
silanes.?

Not long ago, we®®® and others®™!0 reported that vi-
nyllithium reagents, generated regiospecifically from ke-
tone (phenylsulfonyl)hydrazones Shapiro reaction!! with
n-butyllithium in TMEDA or TMEDA-hexane solvent
systems, condense readily with chlorotrimethylsilane to
provide unsaturated silanes. This efficient enesilylation!?
methodology encouraged us to examine comparable con-
densation reactions with (+)-1-naphthylphenylmethyl-
chlorosilane (4).1* More relevantly, Sommer, Korte, and

CgHs
W Si—C!
= —CioHy"

CH 3

(-)- 4
Rodewald had previously demonstrated that reaction of
4 with organolithiums proceeds with clean inversion of
stereochemistry at asymmetric silicon.!* Corriu has gen-
eralized on these findings by establishing that analogous

stereochemical results materialize upon condensation of
lithium and Grignard reagents with (-)-1-naphthyl-
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G. F.; Leclercq, D.; Samate, D. J. Organomet. Chem. 1978, 144, 155.

(9) Paquette, L. A,; Fristad, W. E.; Dime, D. S.; Bailey, T. R. J. Org.
Chem. 1980, 45, 3017.
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broadened considerably, indicating the formation of a nondiscrete
mixture of products.

A separate reaction was carried out in which n-butyllithium
(0.64 mL of a 1.6 M solution in hexane, 1.03 mmol) was added
dropwise to a THF (100 mL) solution of 23 (0.5 g, 0.51 mmol),
which had been cooled to ~78 °C with a dry ice/acetone bath.
After the addition was complete, a molar excess of 2-propanol
was added and the mixture was allowed to warm to room tem-
perature. Removal of the solvent on a rotary evaporator left a
semisolid material. Mass spectral analysis of the product mixture
showed the following peaks of interest: m/e 972 - 23; 930 ~
N4P4(OCH2CF3)7(CH20H20H20H3), in addition to peaks above

m/e 1600 that could correspond to fragments of coupled products.
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Table I. Preparation of Optically Active Vinylsilanes

Daniels and Paquette

Table II. 'H NMR Shifts of the Vinyl Proton in 9-12

yield, yield,
ketone trishydrazone % vinylsilane %
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phenyl-(-)-menthoxysilane,'®!¢ (-)-1-naphthylphenyi-
chloro-(-)-menthoxysilane,'®!” and (-)-1-naphthyl-
phenylmethoxy-(-)-menthoxysilane.167

Synthetic Considerations. For the present purposes,
use was made of Bond’s ((2,4,6-triisopropylphenyl)-
sulfonyl)hydrazone (trishydrazone) modification of the
Shapiro procedure® because these conditions lend them-
selves most suitably to quenching of the organometallic
with a stoichiometric quantity of the valued electrophile.
Owing to the established absolute configuration of (-)-4'3
and the precedent for clean inversion of configuration, it
was considered that assignments of absolute configuration
to our products could be made with a reasonable level of
confidence.

Beginning with the saturated ketones given in Table I,
each of the optically active vinylsilanes (9-12) was isolated
as a clear colorless levorotatory oil. In three of the exam-
ples, comparison of the olefinic proton chemical shift was
made relative to that in the corresponding trimethylsilyl
analogue (Table IT). Substantial deshielding is clearly
evident in the chiral systems due to the presence of the
silicon-bound aromatic substituents.

In the case of 4,4-dimethylcyclohexenone (13), direct
condensation with ((2,4,6-triisopropylphenyl)sulfonyl)-
hydrazine proceeded without serious complication from
side reactions to give trishydrazone 14 in 49% yield.
Subsequent sequential treatment with sec-butyllithium
(TMEDA-hexane, ~78 °C) and 4 yielded 15 (57%), shown
to be homogeneous by *C NMR analysis.

x-CioH?

CeHs _._-. CH

. N 5773
N—-NHTris Si

———p ——————
“y C ", “
CHz CHz 3 3 CHz

13 14 1)

(15) Corriu, R. J. P.; Lanneau, G. F.; Leard, M. J. Chem. Soc D 1971,
365

(16) Corriu, R. J. P.; Lanneau, G. F.; Leard, M. J. Organomet. Chem.
1974, 64, 79.

(17) (a) Corriu, R. J. P.; Lanneau, G. F.; Guirand, G. J. Organomet.
Chem. 1974, 64, 63. (b) Corriu, R. J. P.; Guerin, C. Ibid. 1982, 225, 141.
(c) Corriu, R. J. P.; Guerin, C. Tetrahedron 1981, 37, 2467.
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chem shifts (s, CDCI,)

()-o-
R Me,Si-R  NpPhMeSi-R asé
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H
e
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9 A% = §(a-NpPhMeSi-R) - & (Me,Si-R). b The value
cited is for the Z isomer.

As expected,'® comparable attempts to prepare 18 di-
rectly from 2-cyclohexenone were frustrated by facile
competing Michael addition of the (phenylsulfonyl)-
hydrazine. Recourse was therefore made to the procedure

* of Dondoni!'® as modified by Lightner and co-workers.?
Upon treatment of 2-bromocyclohexanone with tris-
hydrazine, 16 was obtained. When this intermediate was
allowed to react with triethylamine in benzene at 0 °C, the
usual precipitate of triethylammonium bromide was ob-
served. However, 2,4,6-triisopropylbenzenesulfinic acid
and not 18 was isolated in striking contrast to the “normal”
behavior of the benzenesulfonylhydrazone.”

NNHTris N=NTris NNHTris
B EnzN
CzH
6''6
0o°c
16 17 8

A possible clue to this dichotomy has been provided by
Cusack et al., who investigated the relative stabilities of
selected (phenylsulfonyl)hydrazines.2 They found that
the p-toluenesulfonyl derivative reacts with triethylamine
in methanol-d, under pseudo-first-order conditions to
liberate p-toluenesulfinic acid with a half-life of 120 h. For
the 2,4,6-triisopropyl example, decomposition occurred
with ¢, = 19 min or approximately 380 times faster.
Therefore, the probable fate of 17 upon deprotonation is
loss of the sulfinic acid in preference to prototropic shift.
Alternatively, 18 may be subject to accelerated 1,1-elim-
ination.

Reactivity. Previously, vinyltrimethylsilanes were
shown to undergo regiospecific singlet oxygenation,'%22

(18) (a) Kirmse, W.; Ruetz, L. Justus Liebigs Ann. Chem. 1969, 726,
30, 36. (b) Kirmse, W.; Munscher, G. Ibid. 1969, 726, 42.

(19) Dondoni, A.; Rossini, G.; Mossa, G.; Caglioti, L. J. Chem Soc. B
1968, 404.

(20) Lightner, D. A.; Bouman, T. D.; Gawronski, J. K.; Gawronski, K.;
Chappuis, J. L.; Crist, B. V.; Hansen, A. E. J. Am. Chem. Soc. 1981, 103,
5314.

(21) Cusack, N. J.; Reese, C. B.; Risius, A. C.; Roozpeikar, B, Tetra-
hedron 1976, 32, 2157.





Silanes in Organic Synthesis

Sodium borohydride reduction of the hydroperoxide
product gives the 8-silylated alcohol resulting from ene
reaction, e.g., 19, which is in turn convertible to the
transposed allylic alcohol 20 on treatment with tetra-n-
butylammonium fluoride in dry acetonitrile.

SiMe g SiMe3
R 1., R OH ByyN'F™ R O
. ——
2. NaBHg4 CHCN
A
19 20

~ ~

In order to learn more about the reactivity of the bulkier
optically active vinylsilanes 9-12 and concomitantly probe
the feasibility of chirality transfer from silicon to carbon
during such oxidations, varied photooxygenation condi-
tions were investigated. The substrates were carefully
chosen so as to provide end products relatable to known
allylic alcohols or their derivatives, i.e., 21,2 22,2324 23 25
and 24/25,% whose absolute configurations are well es-

Q’OH

CH3
o

—

~

NN ol
xI
w

tablished. Unfortunately, all attempts at photo-
oxygenation proved fruitless. Although several minor
components were seen to develop over long periods of
irradiation, the chiral vinylsilanes were recovered largely
intact.

In a possible alternative approach, the epoxidation of
9 was examined. With buffered m-chloroperbenzoic acid,
a 43:57 mixture of the diastereomeric «,8-epoxysilanes 26
and 27 was obtained in 97% yield. While a variety of

Cs“s
- é "°‘ C|0H7 ;O:Q
rd
Si/ce“s
N7 - CoHy
26 27 CH3

procedures have been developed to effect the conversion
of epoxides to allylic alcohols, attempts to extend them
to these systems proved unsuccessful. Thus, treatment
with ethanolic sodium phenylselenide followed by hydro-
gen peroxide oxidation,?” with lithium diisopropylamide,?

(22) Fristad, W. E.; Bailey, T. R.; Paquette, L. A.; Gleiter, R.; Béhm,
M. C. J. Am. Chem. Soc. 1979, 101, 4420.

(23) (a) Noyce, D. S.; Denney, D. B. J. Am. Chem. Soc. 1954, 76, 768.
(b) Denney, D. B.: Napier, R.; Cammarata, A, J. Org. Chem. 1965, 30,
3151. (c) Wiberg, K. B.; Nakahira, T. Tetrahedron Lett. 1974, 1773.

(24) (a) Bach, R. D.; Mazur, U.; Brummel, R. N.; Lin, L.-H. J. Am.
Chem. Soc. 1971, 93, 7120. (b) Luche, J.-L.; Damlano,J -C.; Crabbs, P.
J. Chem. Res., Synop 1977, 32" (c) Damlano,J -C.; Luche,J -L.; Crabbé
P. Tetrahedron 1978, 34, 3137

(25) (a) Lemieux, R U Giguerre, J. Can. J. Chem. 1951, 29, 678. (b)
Doering, W. von E.; Young, R.W.J. Am. Chem. Soc. 1952, 74, 2997. (c)
Novak, E. R.; Tarbell, D. 8. J. Am. Chem. Soc. 1967, 89, 73.

(26) (a) Goering, H. L.; Blanchard, J. P. J. Am. Chem. Soc. 1954, 76,
5405. (b) Goering, H. L.; Nev1tt T. D Silversmith, E. F. Ibid. 1955, 77,
4042.
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with trimethylsilyl triflate,” and with iodotrimethylsilane
as generated from hexamethyldisilane-iodine® or from
chlorotrimethylsilane—sodium iodide® all failed to effect
the desired transformation.

While the unwillingness of the epoxide to undergo ring
opening is unclear in its origins, the unreactivity of the
vinylsilanes toward singlet oxygen may be attributable to
several factors. Some possibilities include reduced electron
density within the vinylsilane double bond (note downfield
shifting of vinyl protons in Table I) as the result of -
electron donation through the silicon d orbitals into the
aromatic rings, quenching of singlet oxygen by the same
aromatic substituents, and/or the steric bulk of the 1-
naphthylphenylmethylsilyl substituent.

In another context, it is interesting to note that reaction
of 15 with diiron enneacarbonyl in refluxing petroleum
ether afforded the diastereomeric tricarbonyliron com-
plexes 28 and 29 as an approximately 50:50 mixture of

(OC)4Fe
3 CgH
CH3 /C6H5 CH3 s-/ 615
Si R lv;,”'
R I\l“'”q_c\OH? CHé\\\ I \CHV - CIOH'(
CH3 CHz (0CKFe 3
28 2

diastereomers (\H NMR analysis). The lack of stereo-
control in the complexation step parallels the poor ste-
reoselectivity realized in formation of epoxides 26 and 27.
Taken together, these results bode ill for attempts to effect
chirality transfer from asymmetric silicon to carbon, at
least in the absence of template effects. Investigations
aimed at the utilization of such auxiliary agents have been
initiated.

Experimental Section

Proton magnetic resonance spectra were recorded with Varian
EM-390 and Bruker HX-90 spectrometers. Apparent splittings
are given in all cases. Carbon-13 magnetic resonance spectra were
recorded on a Bruker HP-90 instrument. Infrared and mass
spectra (70 eV) were determined with Perkin-Elmer Model 457
and AEI-MS9 spectrometers, respectively. Optical rotations were
taken on a Perkin-Elmer 241 polarimeter. Elemental analyses
were performed at the Scandinavian Microanalytical Laboratory,
Herlev, Denmark.

Cyclohexanone ((2,4,6-Triisopropylphenyl)sulfonyl)-
hydrazone (5). A rapidly stirred suspension of 14.93 g (50.0
mmol} of ((2,4,6-triisopropylphenyl)sulfonyl)hydrazine (tris-
hydrazine)®! in 50 mL of methanol was treated with 4.91 g (50.0
mmol) of freshly distilled cyclohexanone. Addition of 0.5 mL of
concentrated hydrochloric acid induced rapid clearing of the
reaction mixture which subsequently was chilled (-20 °C) over-
night. The crystalline product was collected by suction filtration,
washed with a little cold methanol, and dried in vacuo to give
16.25 g (85.8%) of 5 as fine white crystals: mp 124-124.5 °C dec
(lit.%> mp 123-124 °C dec); 'H NMR (CDCl) & 7.16 (s, 2 H), 4.22
(sept, J = 7 Hz, 2 H), 2.88 (sept, J = 7 Hz, 1 H), 2.38-1.98 (br
s, 4 H), 1.71-1.42 (br s, 6 H), 1.27 (d, J = 7 Hz, 18 H); m/e(calcd)
378.2341, m/e(obsd) 378.2336.

(-)-1-(1-Naphthylphenylmethylsilyl)cyclohexene (9). To
a cold (-75 °C) suspension of 2.00 g (5.28 mmol) of 5 in 20 mL
of 50% tetramethylethylenediamine (TMEDA)-hexane was added
dropwise under nitrogen 11.4 mL (10.6 mmol) of a freshly titrated
0.93 M solution of sec-butyllithium in cyclohexane (Foote Mineral
Co.). The reaction mixture was stirred at =78 °C for 2 h and at

(27) Sharpless, K. B.; Lauer, R. F. J. Am. Chem. Soc. 1973, 95, 2697.

(28) Kissel, C. L.; Rickborn, B. J. Org. Chem. 1972, 37, 2060.

(29) Murata, S.; Suzuki, M.; Noyori, R. J. Am. Chem. Soc. 1979, 101,
2738.

(30) Sakurai, H.; Sasaki, K. Hosomi, A. Tetrahedron Lett. 1980, 2329.

(31) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; Malhotra, R. J. Org.
Chem. 1979, 44, 1247,
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0 °C for 30 min (vigorous evolution of nitrogen). Subsequently,
a solution of 1.50 g (5.30 mmol) of (~)-1-naphthylphenyl-
methylchlorosilane (4) in 10 mL of dry hexane was added drop-
wise, and the reaction mixture was allowed to warm to room
temperature and stir for 8 h prior to addition to 25 mL of water.
The layers were séparated, the aqueous layer was extracted with
3 X 25 mL of pentane, and the combined organic layers were
washed with 3 X 25 mL of saturated copper(Il) sulfate solution
and 25 mL of brine, dried, and evaporated to yield 2.04 g of a clear
yellow oil. Chromatography on silica gel (50 g, elution with
hexane) afforded 1.188 g (68.5%) of 9 as a viscous, clear colorless
oil: [a]p —23.4° (¢ 4.13, cyclohexane); 'H NMR (CDCly) § 8.57-7.55
(m, 12 H), 6.62 (br t, 1 H), 2.85-2.35 (br m, 4 H), 2.14-1.94 (br
m, 4 H), 1.29 (s, 3 H); IR (CCl,, cm™) 3050, 2920, 2850, 2825, 1615,
1500, 1445, 1425, 1315, 1245, 1215, 1140, 1100, 1055, 1015, 975,
930, 815, 595, 575; m/e(caled) 328.1647, m/e(obsd) 328.1639.

Cyclooctanone ((2,4,6-Triisopropylphenyl)sulfonyl)-
hydrazone (6). Reaction of 6.51 g (50.0 mmol) of 97% cyclo-
octanone with 14.93 g (50.0 mmol) of trishydrazine as described
above gave 17.11 g (84.2%) of 6 as a white crystalline solid: mp
116-117 °C dec; 'H NMR (CDCly) 6 7.15 (s, 2 H), 4.20 (sept, J
=7 Hz, 2 H), 2.83 (sept, J = 7 Hz, 1 H), 2.43-2.30 (m, 4 H), 1.28
(d, J = 7 Hz, 18 H), 2.00-1.00 (m, 10 H).

(-)-1-(1-Naphthylphenylmethylsilyl)cyclooctene (10).
Reaction of 2.00 g (4.92 mmol) of 6 with 10.6 mL (9.86 mmol) of
a 0.93 M solution of sec-butyllithium in cyclohexane with
quenching by 1.40 g (4.95 mmol) of 4 as previously described
afforded 809 mg (46.1%) of 10 as a viscous, clear colorless oil: [a]p
-4.04° (c 4.63, cyclohexane); 'H NMR (CDCl;) ¢ 8.34-7.31 (m,
12 H), 6.28 (t, J = 8 Hz, 1 H), 2.80-2.15 (br m, 4 H), 1.85~-1.30
(br m, 8 H), 1.03 (s, 3 H); IR (CCl,, em™) 3050, 2990, 2920, 2845,
1610, 1585, 1500, 1465, 1445, 1425, 1355, 1315, 1245, 1210, 1140,
1100, 1015, 990, 975, 895, 700, 695; m/e(caled) 356.1960, m/e(obsd)
356.1952.

3-Pentanone ((2,4,6-Triisopropylphenyl)sulfonyl)-
hydrazone (7). Reaction of 4.31 g (50.0 mmol) of freshly distilled
3-pentanone with 14.93 g (50.0 mmol) of trishydrazine as described
above gave 14.42 g (78.7%) of 7 as a white crystalline solid: mp
116-117 °C dec (lit.%® mp 115-116 °C dec); 'H NMR (CDCl,) &
7.01 (s, 2 H), 4.18 (sept, J = 7 Hz, 2 H), 2.90 (sept, J = 7 Hz, 1
H), 2.15 (qrt, J = 7 Hz, 4 H), 1.27 (d, J = 7 Hz, 18 H), 0.93 (¢,
J =7 Hz, 6 H); m/e(caled) 366.2341, m/e(obsd) 366.2333.

(-)-3-(1-Naphthylphenylmethylsilyl)-(Z)-2-pentene (11).
Reaction of 2.00 g (5.46 mmol) of 7 with 11.8 mL (11.0 mmol) of
a 0.93 M solution of sec-butyllithium in cyclohexane with
quenching by 1.55 g (5.48 mmol) of 4 as previously described
afforded 591 mg (34.2%) of 11 as a viscous, clear colorless oil: [a]p
-12.7° (c 5.48, cyclohexane); 'H NMR (CDCl,) 6 8.22-7.21 (m,
12 H), 5.97 (qrt, J = 6 Hz, 1 H), 2.41 (qrt, J = 7 Hz, 2 H), 1.87
(d,J =6 Hz, 3 H), 0.99 (t,J = 7 Hz, 3 H), 0.94 (s, 3 H); IR (CCl,,
cm™) 3050, 2960, 2925, 2850, 1615, 1585, 1500, 1445, 1425, 1365,
1315, 1245, 1215, 1135, 1100, 1015, 975, 905, 705, 695; m /e(caled)
316.1647, m/e(obsd) 316.1639.

4-Methylcyclohexanone ((2,4,6-Triisopropylphenyl)-
sulfonyl)hydrazone (8). Reaction of 5.61 g (50.0 mmol) of
freshly distilled 4-methylcyclohexanone with 14.93 g (50.0 mmol)
of trishydrazine as described above gave 15.17 g (77.3%) of 8 as
a white crystalline solid: mp 115-116 °C dec; 'H NMR (CDCl,)
8 17.15 (s, 2 H), 4.19 (sept, J = 7 Hz, 2 H), 2.88 (sept, J = 7 Hz,
1H), 252-1.48 (m,9H), 1.25(d,J =7 Hz, 18 H),0.87 (d, J =
5 Hz, 3 H).

(-)-1-(1-Naphthylphenylmethylsilyl)-4-methylcyclohexene
(12). Reaction of 2.00 g (5.09 mmol) of 8 with 11.0 mL (10.2 mmol)
of a 0.93 M solution of sec-butyllithium in cyclohexane with
quenching by 1.45 (5.13 mmol) of 4 as previously described af-
forded 930 mg (53.4%) of 12 as a viscous, cllear colorless oil: [a]p
-22.9° (¢ 6.29, cyclohexane); 'H NMR (CDCl,) é 8.02-7.20 (m,
12 H), 6.29 (br s, 1 H), 2.59-1.33 (m, 7 H), 1.27-1.22 (br d, 3 H),
0.98 (s, 3 H); IR (CCl,, em™) 3050, 3000, 2950, 2900, 2865, 2840,
1615, 1585, 1400, 1480, 1445, 1425, 1370, 1315, 1245, 1215, 1140,
1100, 1055, 1015, 975, 925, 895, 700, 695; m/e(caled) 342.1805,
m/e(obsd) 342.1811.

Daniels and Paquette

4,4-Dimethyl-2-cyclohexenone ((2,4,6-Triisopropyl-
phenyl)sulfonyl)hydrazone (14). A rapidly stirred suspension
of 7.46 g (25.0 mmol) of trishydrazine in 50 mL of methanol was
treated with 3.10 g (25.0 mmol) of 4,4-dimethyl-2-cyclohexenone
(13)3 and 5 drops of concentrated hydrochloric acid. The clear
pale yellow reaction mixture was chilled (-20 °C) overnight and
the crystalline product was collected by suction filtration, washed
with a little cold methanol, and dried in vacuo to yield 5.01 g
(49.5%) of 14 as a white crystalline solid: mp 145-147 °C dec;
‘H NMR (CDCly) 4 7.05 (s, 1 H), 5.81 (s, 1 H), 4.21 (sept, J = 7
Hz, 2 H), 2.86 (sept, J = 7 Hz, 1 H), 2.42-2.10 (m, 2 H), 1.74-1.38
(m, 2 H), 1.26 (d, J = 7 Hz, 18 H), 1.00 (s, 6 H).

(~)-2-(1-Naphthylphenylmethylsilyl)-5,5-dimethyl-1,3-
cyclohexadiene (15). Reaction of 2.00 g (4.97 mmol) of 14 with
11.0 mL (10.0 mmol) of a 0.91 M solution of sec-butyllithium in
cyclohexane with quenching by 1.41 g (4.98 mmol) of 4 as pre-
viously described afforded 998 mg (56.6%) of 15 as a viscous, clear
colorless oil; [a]p —6.41° (¢ 5.13, cyclohexane). Analytical puri-
fication was achieved by MPLC (Lobar Li-Chroprep Si-60, elution
with light petroleum ether) to give a clear colorless oil: [a]p —6.35°
(¢ 0.096, cyclohexane); 'H NMR (CDCl,) 6 8.27-7.40 (m, 12 H),
6.26 (d, J = 5 Hz, 1 H), 6.05{d, J = 10 Hz, 1 H), 5.65 (d, J = 10
Hz, 1 H), 2.32 (d, J = 5 Hz, 2 H), 1.19 (s, 6 H), 0.97 (s, 3 H); 13C
NMR (ppm, CDCl3) 138.71, 136.96, 136.67, 136.13, 135.21, 130.26,
129.19, 129.00, 128.85, 127.83, 125.55, 125.35, 125.11, 124.19, 39.18,
30.30, 27.72, -3.01; IR (CCl,, cm™) 3045, 3010, 2950, 2860, 1585,
1555, 1535, 1500, 1460, 1425, 1370, 1355, 1315, 1300, 1245, 1210,
1190, 1140, 1100, 1055, 1015, 920, 812, 700, 690; m/e(calcd)
354.1804, m/e(obsd) 354.1812.

Anal. Caled for CosHygSi: C, 84.69; H, 7.39. Found: C, 84.21;
H, 7.46.

3-Bromocyclohexanone ((2,4,6-Triisopropylphenyl)-
sulfonyl)hydrazone (16). A solution of 8.50 g (52.8 mmol) of
2-bromocyclohexanone® in 50 mL of diethyl ether was added to
a cold (0 °C) rapidly stirred suspension of 14.92 g (50.0 mmol)
of trishydrazine in 200 mL of diethyl ether. The reaction mixture
was stirred at 0 °C for 2 h, chilled (=20 °C, no crystallization of
product observed), and evaporated, giving 20.20 g (84.0%) of crude
16 as a yellow-brown oil having a compatible 'H NMR spectrum.

Treatment of a solution of this oil (20.20 g, 44.4 mmol) in 400
mL of benzene with a solution of 6.2 mL (45 mmol) of triethyl-
amine in 40 mL of benzene at 0 °C gave the usual precipitate of
triethylammonium bromide. Treatment of the filtrate with 62
mL (450 mL) of triethylamine at room temperature for 42 h
vielded a yellow-brown oil which on filtration through silica gel
(30 g, elution with ethyl acetate~hexane, 1:1) afforded g of impure
2,4,6-triisopropylbenzenesulfinic acid as a brown semisolid.
Recrystallization from hot methanol furnished 7.72 g of pure acid
as white needles:®® mp 111.5-112 °C; 'H NMR (CDCl;) 4 7.03
(d, J = 5 Hz, 2 H), 4.09-3.32 (m, 2 H), 2.86 (sept, J = 7 Hz, 1 H),
1.26 (d, J = 7 Hz, 6 H), 0.99 (d, J = 7 Hz, 6 H).

1-(1-Naphthylphenylmethylsilyl)-7-oxabicyclo[4.1.0]Thep-
tane (26/27). A cold (0 °C) solution of 93 mg (0.28 mmol) of 9
in 5 mL of dry dichloromethane containing 25 mg (3.0 mmol) of
sodium bicarbonate was treated portionwise with 50 mg (2.9 mmol)
of m-chloroperoxybenzoic acid (MCPBA). The reaction mixture
was stirred at 0 °C for 1 h, second equimolar portions of bi-
carbonate and peracid were added, and the reaction mixture was
stirred at room temperature for 5 h. The reaction mixture was
diluted with 20 mL of diethyl ether, washed with 10 mL of sat-
urated sodium sulfite solution, 3 X 10 mL of saturated sodium
bicarbonate solution, and 10 mL of brine, and the organic phase
was dried and evaporated. Chromatography of the residual yellow
oil (130 mg) on silica gel (10 g, elution with ethyl acetate-hexane,
1:9) yielded 95 mg (87%) of a clear, colorless, oily 43:75 mixture
of diastereomers 26,/27 which crystallized on standing to give fine
white needles: mp 118-121 °C; 'H NMR (CDCly) 6 8.19-7.15 (m,
12 H), 3.20-3.02 (br t, 1 H), 2.22~1.66 (m, 4 H), 1.59-1.00 (m, 4
H); m/e(calcd) 344.1596, m/e(obsd) 344.1605.

(-)-Tricarbonyl[1-4-n-2-(1-naphthylphenylmethylsilyl)-
5,5-dimethyl-1,3-cyclohexadienyl]iron (28/29). Reaction of
962 mg (2.71 mmol) of 15 and 4.00 g (11.0 mmol) of diiron no-

(32) Flaugh, M. E.; Crowell, T. A; Farlow, D. S. J. Org. Chem. 1980,
45, 5399.
(33) Kharasch, M. S.; Sosnovsky, G. J. Org. Chem. 1958, 23, 1332.
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nacarbonyl in the usual manner” provided 633 mg (47.2%) of an
ca. 50:50 (by 'H NMR) mixture of diastereomers 28/29 as a golden
oil: [a]p-3.93° (c 3.41, cyclohexane); 'H NMR (CDCl,) § 8.05-7.80
(m, 12 H), 5.07 (dt, J = 8 and 2 Hz, 1 H), 3.10 (t, J = 6 Hz, 2 H),
2.75 (t, J = 3 Hz, 2 H), 1.10 (s, 3 H), 0.87 (2s, 3 H), 0.78 (25, 3
H); IR (CHCl,, cm™) 3045, 3030, 2945, 2910, 2840, 2030, 1940,

1585, 1500, 1455, 1445, 1422, 1365, 1315, 1280, 1260, 1250, 1180,
1135, 1115, 1100, 1010, 952, 945, 860, 815, 740, 660, 605, 590, 585,
575; m/e(calcd) 494.1000, m /e(obsd) 494.1020.
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Pyrolysis of the title compound, which is known to give a ring expansion isomer at atmospheric préssure,
proceeds differently at low pressure, the main product being 1,1,3,3-tetramethyl-1,3-disilacyclobutane formed
in a first-order reaction with log;y A/s! = 16.1 £ 0.6 and E/kJ mol™? = 316 % 11. A mechanism is suggested

to rationalize the results at high and low pressure.

Introduction
Pyrolysis of 1,1,3,3,4,4-hexamethyl-1,3,4-trisilacyclo-
pentane (HTSP) at 773 K and ca. 1 atm of pressure is
known! to give the ring expansion isomer, 1,1,3,3,5-
pentamethyl-1,3,5-trisilacyclohexane (PTSH), thus

Me,
Si Me,

<2 r
Me,S—EMe, MeZSi\/Il}:Ae

Although reasonable suggestions as to mechanism have
been made,! no detailed kinetic work had been done; we
have now undertaken a gas kinetic investigation by low-
pressure pyrolysis (LPP) with analysis by mass spectrom-
etry,? to elucidate the mechanism of this interesting py-
rolysis.

Results

HTSP was pyrolyzed at initial pressures of 0.1-0.2
mmHg (1 mmHg = 133.3 N m™?) between 879 and 1036
K. The decomposition of HT'SP was first order with the
following Arrhenius parameters: log;y A/s! = 16.1 £+ 0.6
and E/kJ mol™? = 316 = 11. These parameters were de-
rived from measurements between 939 and 992 K, the
range within which the rate constants had optimum values
for reliable measurement by LPP.2

In contrast to the original experiments at higher pres-
sure! the ring expansion product PTSH was not observed,
the main product being 1,1,3,3-tetramethyl-1,3-disilacy-
clobutane (TDSB) instead. TDSB accounted for 77% of
the HTSP decomposed at 889 K, diminishing to ca. 16%
at 924 K, partly because of secondary decomposition of
TDSB (vide infra) and partly because of the tendency for
loss of silicon from the gas phase, which is a feature of the
pyrolysis of organosilicon compounds,? especially by LPP.?

(1) Fritz, G.; Grunert, B. Z. Anorg. Allg. Chem. 1976, 419, 249.
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Other products were methane (ca. 17% at 924 K) and some
hydrogen. Both of these products arose from decompo-
sition of polymer at the surface of the reaction vessel; but
in separate experiments it was established that they also
came from secondary decomposition of TDSB.* In
keeping with this explanation the yields of methane and
hydrogen increased with increasing temperature relative
to the yield of TDSB.

It is not unusual in silicon chemistry for the product
composition of a pyrolysis to be drastically affected by
variation in pressure. For example, pyrolysis of hexa-
methyldisilane gives an isomer, Me;SiCH,Si(H)Me,, as a
principal product at relatively high pressure® but gives
TDSB instead at low pressure.®” Vinyltrimethylsilane is
a major product of the pyrolysis of allyltrimethylsilane at
high pressure,® but not at low.® In both cases the dif-
ferences arise because of the effect of pressure on the rate
of a bimolecular radical-molecule reaction relative to a
competing unimolecular reaction. The likelihood that a
similar explanation was responsible for the formation of
TDSB at low pressure and PTSH at high pressure in the
pyrolysis of HT'SP was investigated in a LPP experiment
at 689 K (well below the pyrolysis temperature for HTSP)
in which methyl radicals were generated by pyrolysis of
dimethylmercury in the presence of HT'SP, thus giving a
high concentration of radicals, even at low pressure. PTSH
was indeed formed, with no TDSB.
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nacarbonyl in the usual manner” provided 633 mg (47.2%) of an
ca. 50:50 (by 'H NMR) mixture of diastereomers 28/29 as a golden
oil: [a]p-3.93° (c 3.41, cyclohexane); 'H NMR (CDCl,) § 8.05-7.80
(m, 12 H), 5.07 (dt, J = 8 and 2 Hz, 1 H), 3.10 (t, J = 6 Hz, 2 H),
2.75 (t, J = 3 Hz, 2 H), 1.10 (s, 3 H), 0.87 (2s, 3 H), 0.78 (25, 3
H); IR (CHCl,, cm™) 3045, 3030, 2945, 2910, 2840, 2030, 1940,

1585, 1500, 1455, 1445, 1422, 1365, 1315, 1280, 1260, 1250, 1180,
1135, 1115, 1100, 1010, 952, 945, 860, 815, 740, 660, 605, 590, 585,
575; m/e(calcd) 494.1000, m /e(obsd) 494.1020.
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Pyrolysis of the title compound, which is known to give a ring expansion isomer at atmospheric préssure,
proceeds differently at low pressure, the main product being 1,1,3,3-tetramethyl-1,3-disilacyclobutane formed
in a first-order reaction with log;y A/s! = 16.1 £ 0.6 and E/kJ mol™? = 316 % 11. A mechanism is suggested

to rationalize the results at high and low pressure.

Introduction
Pyrolysis of 1,1,3,3,4,4-hexamethyl-1,3,4-trisilacyclo-
pentane (HTSP) at 773 K and ca. 1 atm of pressure is
known! to give the ring expansion isomer, 1,1,3,3,5-
pentamethyl-1,3,5-trisilacyclohexane (PTSH), thus

Me,
Si Me,

<2 r
Me,S—EMe, MeZSi\/Il}:Ae

Although reasonable suggestions as to mechanism have
been made,! no detailed kinetic work had been done; we
have now undertaken a gas kinetic investigation by low-
pressure pyrolysis (LPP) with analysis by mass spectrom-
etry,? to elucidate the mechanism of this interesting py-
rolysis.

Results

HTSP was pyrolyzed at initial pressures of 0.1-0.2
mmHg (1 mmHg = 133.3 N m™?) between 879 and 1036
K. The decomposition of HT'SP was first order with the
following Arrhenius parameters: log;y A/s! = 16.1 £+ 0.6
and E/kJ mol™? = 316 = 11. These parameters were de-
rived from measurements between 939 and 992 K, the
range within which the rate constants had optimum values
for reliable measurement by LPP.2

In contrast to the original experiments at higher pres-
sure! the ring expansion product PTSH was not observed,
the main product being 1,1,3,3-tetramethyl-1,3-disilacy-
clobutane (TDSB) instead. TDSB accounted for 77% of
the HTSP decomposed at 889 K, diminishing to ca. 16%
at 924 K, partly because of secondary decomposition of
TDSB (vide infra) and partly because of the tendency for
loss of silicon from the gas phase, which is a feature of the
pyrolysis of organosilicon compounds,? especially by LPP.?
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Other products were methane (ca. 17% at 924 K) and some
hydrogen. Both of these products arose from decompo-
sition of polymer at the surface of the reaction vessel; but
in separate experiments it was established that they also
came from secondary decomposition of TDSB.* In
keeping with this explanation the yields of methane and
hydrogen increased with increasing temperature relative
to the yield of TDSB.

It is not unusual in silicon chemistry for the product
composition of a pyrolysis to be drastically affected by
variation in pressure. For example, pyrolysis of hexa-
methyldisilane gives an isomer, Me;SiCH,Si(H)Me,, as a
principal product at relatively high pressure® but gives
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a major product of the pyrolysis of allyltrimethylsilane at
high pressure,® but not at low.® In both cases the dif-
ferences arise because of the effect of pressure on the rate
of a bimolecular radical-molecule reaction relative to a
competing unimolecular reaction. The likelihood that a
similar explanation was responsible for the formation of
TDSB at low pressure and PTSH at high pressure in the
pyrolysis of HT'SP was investigated in a LPP experiment
at 689 K (well below the pyrolysis temperature for HTSP)
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In the pyrolysis of HT'SP, likely intermediates in the
initial stages would be dimethylsilylene, Me,Si, and 2-
methyl-2-silapropene, Me,Si==CH,. The involvement of
these intermediates was investigated in experiments with
two trapping agents, each capable of giving distinctive
products.

(i) Methyl Trimethylsilyl Ether. Expected trapping
reactions were as follows: Me;SiOMe + Me,Si —
Me;SiSi(Me,)OMe!® and Me;SiOMe + Me,Si=CH, —
Me,SiCH,Si(Me;)OMe.!! To test this trapping agent in
the LPP apparatus, Me,Si was generated by pyrolysis of
pentamethylchlorodisilane? and Me,Si=CH, by pyrolysis
of 1,1-dimethyl-1-silacyclobutane.!® Pyrolysis of these
precursors in the presence of methyl trimethylsilyl ether
at 908 K gave the expected products, identified mass
spectrometrically by their (M ~ Me)* ions. In the reaction
with Me,Si==CH,, Me;SiOMe did not completely suppress
the formation of TDSB.

In a trapping experiment with a 1.5:1 mixture of me-
thyltrimethyl silyl ether and HT'SP at 908 K both pro'ducts
were observed. .

(ii) Hydrogen Chloride. Hydrogen chloride is known
to react as follows in the LPP apparatus: HCI + Me,Si
— Me,SiHC1* and HCl + Me,Si=CH, — Me,SiClL.}
Both of these products were observed when a 4:1 mixture
of hydrogen chloride and HTSP was pyrolyzed at 898 K.
Unlike MeySiOMe, hydrogen chloride traps Me,Si=CH,
quantitatively under LPP conditions,'® completely sup-
pressing the formation of TDSB from Me,Si=CH,.

Hence, both trapping agents give evidence for the
presence of Me,Si and Me,Si=CH,. Another mechanis-
tically significant point was that the formation of TDSB
was still observed in the presence of hydrogen chloride;
Me,Si==CH, could not, therefore, have been the main
precursor to TDSB.

There is evidence!® that the pyrolysis of TDSB involves
formation of Me,Si=CH,. TDSB was therefore pyrolyzed
in the LPP apparatus. Over the same temperature range,
it decomposed at ca. 10% of the rate of decomposition of
HTSP, giving methane and hydrogen. Evidence for the
presence of Me,Si==CH, came from trapping experiments
with hydrogen chloride,'s which gave Me,SiCl. A detailed
account of the kinetics and mechanism of pyrolysis of
TDSB will be published separately.*

Finally, as the original pyrolysis! of HTSP had been at
lower temperature as well as higher pressure than the
present work, a few experiments were done on the thermal
stability of PTSH in the LPP apparatus between 847 and
1020 K. PTSH was not more thermally unstable than
HTSP and gave no TDSB on pyrolysis,

Discussion

In the low-pressure pyrolysis of HTSP trapping exper-
iments showed that Me,Si and Me,Si=CH, were both
present as intermediates. However, the Me,Si=CH, can
be accounted for by secondary decomposition of the main
product TDSB. The simplest conclusion from the trapping
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Scheme 1
Me Me
Si.c Si 2

— (7 (1)

Me,Si—SiMe, Me,Sie *SiMe,
1
— Meﬁ@iMez + Me,Si (2)
Me,3i  SiMe, ‘
polymer
Table I
reactn log,, A® E/kd mol™* ref

1 16.1 316 this work
3 10.4 75 7
4 12.3 90 7
5 10.4 75 7
6 8.8 0 7

@ First-order A factors are in s™! and second-order A
factors in dm® mol™! s7!.

experiments is that only Me,Si is directly produced in the
LPP of HTSP and that the formation of TDSB is unaf-
fected by trapping agents.

The silicon-methyl bond dissociation energy is at least®7
355 kJ mol™, whereas the silicon—silicon bond dissociation
energy in hexamethyldisilane® is only 337 kJ mol™. Hence
the initial step in the pyrolysis of HTSP is rupture of the
silicon-silicon bond.

In the light of the foregoing comments, the simplest
mechanism to account for the formation of TDSB in the
low-pressure pyrolysis of HTSP is shown in Scheme I
[Reaction 2 is not only the simplest route to TDSB, but
the most energetically feasible, with a small endothermicity
equal to the ring strain energy in TDSB (ca. 103 kJ
mol™?).'* Such alternatives as the intermediacy of a 1,4
biradical would be endothermic by ca. 355 kJ mol™.] This
sequence would be rate determined by reaction 1 with
which the observed Arrhenius parameters can be identi-
fied. This is entirely plausible; the A factor of 1016106 -1
is reasonable for this type of reaction,® while the activation
energy of 316 = 11 kJ mol™ implies a realistic ring strain
energy of 21 + 16 kJ mol™, since the silicon-silicon bond
dissolciation energy in hexamethyldisilane® is 337 + 5 kJ
mol™,

Our experiments with dimethylmercury that showed
that PTSH was formed instead of TDSB in the presence
of a radical source provide the key to understanding the
different results of pyrolysis at low and high! pressure. The
essential precursor to PTSH is evidently the radical

Me
s 2

MEZS\—-ae—éHZ
produced from HTSP by hydrogen abstraction (eq 3). A
5 e
Re + < — eH o+ < (3)
Me, Si—SiMe, MeZSi—ae—éHz

similar radical containing the Si-Si-CH, skeleton is
Me,;SiSi(Me,)CH,, which is known’ to rearrange unimo-

(17) Walsh, R. Acc. Chem. Res. 1981, 14, 248.

(18) O’'Neal, H. E,; Ring, M. A. J. Organomet. Chem. 1981, 213, 419.

(19) Benson, S. W. “Thermochemical Kinetics”, 2nd ed.; Wiley: New
York, 1976; p 117.
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lecularly to Me;SiCH,SiMe,. The corresponding reaction
in this case, followed by hydrogen abstraction, would give
PTSH (eq 4 and 5). Reactions 4 and 5 constitute the
propagation steps of a chain reaction converting HT'SP to
PTSH.

Me2
i Me.
Si Si 2
Me, Si—Gi—CH M s( SiM (4)
| o 8531 |lVie
2 Me 2 2 N0
Me
Me, 312 Me,
N L <>
Me,Si  SMe T Me Si—SiMe Me,Si ﬁsMe +
I==31 1
AN g 2 2 BH
Me
5 2

Me,Si—Si—CH, (5)

In the pyrolysis of HTSP at higher pressure,! the radical
formed in reaction 1 would react mainly by reaction 3
instead of by reaction 2, thus initiating the chain leading
to PTSH. Termination of the chain would probably be
by self-comhination of

Me,
|

MeZSi\/l.iMe

reaction 6, giving three-halves-order kinetics,? with ky ), =
(kyks?/2ke)%. From the present work and by analogy with
the isomerization of hexamethyldisilane,” Arrhenius pa-
rameters may be estimated for these reactions, as shown
in the Table I. Hence, for k39, log;o A = 13.9 and E/kJ
mol™ = 233, :

For the isomerization of HTSP to PTSH, the chain
length X is given by X = kg, (HTSP)Y/2/k;. Under the

original conditions,! the pressure was at least 1 atm and
a typical temperature was 773 K. These conditions give
a chain length of ca. 400, thus explaining the preponderant
formation of PTSH. In contrast, the chain length under
LPP conditions is only 0.4 at 939 K, diminishing to 0.2 at
1036 K. In fact, termination in the LPP apparatus is
unlikely to be by the bimolecular reaction (6) but is more
likely to be by unimolecular loss of the same radical to the
walls of the reaction vessel. The formation of PTSH would
then be second order, with even shorter chain lengths than
those calculated above, resulting in the formation of TDSB
by reaction 2 instead. Reactions 1-6 thus provide a sat-
isfactory explanation for the different course of the py-
rolysis of HT'SP at high and low pressure.

The radical rearrangement (4) is exothermic by at least!’
30 kJ mol!; from this work and from that on hexa-
methyldisilane® it appears to be rather a general reaction
of alkyl silanes containing silicon-silicon bonds and is
probably important in the pyrolytic formation of silicon—
carbon fibers.

Experimental Section

HTSP and PTSH were prepared as previously described,! and
TDSB was prepared by pyrolysis of 1,1-dimethyl-1-silacyclobu-
tane!® followed by purification by preparative GLC.

The LPP apparatus? was modified by addition of a dedicated
microcomputer with real-time clock (RML 380Z), which received
peak height measurements and times from an eight-channel peak
selector, and was used for processing the kinetic results directly.
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Flash vacuum pyrolysis of a 2-allyl-2-methyl-2-silaindan affords three products: a 3-silaindene, indene,
and 2-sila-1,2-dihydronaphthalene. It is proposed that these arise from rearrangement of an initially formed
2-silaindene. Chemical trapping established the intermediacy of the 2-silaindene and an isobenzosilole.

Since 1942 when Alder! reported that isoindene (2) was
trapped in a [4 + 2] cycloaddition when indene (1) was
heated with maleic anhydride, the thermochemistry of
indenes has been extensively investigated.? It is now
firmly established that indene equilibrates with isoindene
via 1,5-hydrogen shifts although the presence of pseudo-
indene (3) in this equilibrium mixture has never been
demonstrated. Pseudoindenes have been prepared and
thermally isomerized to isoindenes and indenes. One other

(1) Alder, K.; Pascher, F.; Vagt, H. Ber. Dtsch. Chem. Ges. 1942, 75,
1501.

(2) For a current review see: Gajewski, J. J. “Hydrocarbon Thermal
Isomerizations”; Academic Press: New York, 1981; pp 290-294.

fact of interest is that in addition to hydrogen migrations,
1,5 shifts of phenyl and methyl have also been docu-
mented.

Our recent discovery® that 1-methylsilole (5) is conven-
iently produced from the flash vacuum pyrolysis (FVP)
of 4-allyl-4-methyl-4-silacyclopentene (4) suggested that
we might be able to use this route to gain entry to sila-
indene-silaisoindene energy surface. Thus, we synthesized
the desired precursor, 2-allyl-2-methyl-2-silaindan (8) in
three steps in an overall yield of 28%. Coupling of ben-
zylmagnesium chloride with (chloromethyl)methyldi-

(3) Burns, G. T.; Barton, T. J. J. Organomet. Chem. 1981, 209, C25.
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lecularly to Me;SiCH,SiMe,. The corresponding reaction
in this case, followed by hydrogen abstraction, would give
PTSH (eq 4 and 5). Reactions 4 and 5 constitute the
propagation steps of a chain reaction converting HT'SP to
PTSH.

Me2
i Me.
Si Si 2
Me, Si—Gi—CH M s( SiM (4)
| o 8531 |lVie
2 Me 2 2 N0
Me
Me, 312 Me,
N L <>
Me,Si  SMe T Me Si—SiMe Me,Si ﬁsMe +
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Me,Si—Si—CH, (5)

In the pyrolysis of HTSP at higher pressure,! the radical
formed in reaction 1 would react mainly by reaction 3
instead of by reaction 2, thus initiating the chain leading
to PTSH. Termination of the chain would probably be
by self-comhination of

Me,
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reaction 6, giving three-halves-order kinetics,? with ky ), =
(kyks?/2ke)%. From the present work and by analogy with
the isomerization of hexamethyldisilane,” Arrhenius pa-
rameters may be estimated for these reactions, as shown
in the Table I. Hence, for k39, log;o A = 13.9 and E/kJ
mol™ = 233, :

For the isomerization of HTSP to PTSH, the chain
length X is given by X = kg, (HTSP)Y/2/k;. Under the

original conditions,! the pressure was at least 1 atm and
a typical temperature was 773 K. These conditions give
a chain length of ca. 400, thus explaining the preponderant
formation of PTSH. In contrast, the chain length under
LPP conditions is only 0.4 at 939 K, diminishing to 0.2 at
1036 K. In fact, termination in the LPP apparatus is
unlikely to be by the bimolecular reaction (6) but is more
likely to be by unimolecular loss of the same radical to the
walls of the reaction vessel. The formation of PTSH would
then be second order, with even shorter chain lengths than
those calculated above, resulting in the formation of TDSB
by reaction 2 instead. Reactions 1-6 thus provide a sat-
isfactory explanation for the different course of the py-
rolysis of HT'SP at high and low pressure.

The radical rearrangement (4) is exothermic by at least!’
30 kJ mol!; from this work and from that on hexa-
methyldisilane® it appears to be rather a general reaction
of alkyl silanes containing silicon-silicon bonds and is
probably important in the pyrolytic formation of silicon—
carbon fibers.

Experimental Section

HTSP and PTSH were prepared as previously described,! and
TDSB was prepared by pyrolysis of 1,1-dimethyl-1-silacyclobu-
tane!® followed by purification by preparative GLC.

The LPP apparatus? was modified by addition of a dedicated
microcomputer with real-time clock (RML 380Z), which received
peak height measurements and times from an eight-channel peak
selector, and was used for processing the kinetic results directly.
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trapped in a [4 + 2] cycloaddition when indene (1) was
heated with maleic anhydride, the thermochemistry of
indenes has been extensively investigated.? It is now
firmly established that indene equilibrates with isoindene
via 1,5-hydrogen shifts although the presence of pseudo-
indene (3) in this equilibrium mixture has never been
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fact of interest is that in addition to hydrogen migrations,
1,5 shifts of phenyl and methyl have also been docu-
mented.

Our recent discovery® that 1-methylsilole (5) is conven-
iently produced from the flash vacuum pyrolysis (FVP)
of 4-allyl-4-methyl-4-silacyclopentene (4) suggested that
we might be able to use this route to gain entry to sila-
indene-silaisoindene energy surface. Thus, we synthesized
the desired precursor, 2-allyl-2-methyl-2-silaindan (8) in
three steps in an overall yield of 28%. Coupling of ben-
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chlorosilane afforded chlorosilane 6 in 70% yield. Intra-
molecular Friedel-Crafts alkylation of 6 gave 2-chloro-2-
methyl-2-silaindan (7) that was coupled with allyl-
magnesium bromide to produce 8.
_Fve_ { \ e / }
O‘H TR /)
S _J S
W e

e/bu

Me
5
4
CH,CI
AiCI3
CICH2SiM
PhCH,Cl MeLE120 CICHaSIMECR ooy Simect —22
6

3
g/g)\Q
i
/ \_/

7 8

FVP (900 °C (107 torr), 1-ft horizontal quartz chip
packed tube) of 8 produced a light yellow oil in 40% mass
recovery. Analysis of the pyrolysate by GC (9 ft, 3% SE
30) revealed, in addition to unreacted 8, three major
products. These were isolated by preparative GC and
assigned structures 9, 10, and 11 on the basis of their 'H
NMR, IR, and mass spectra. Although the respective
absolute yields of 9%, 11%, and 16% were low, the py-
rolysate was quite clean as these three products plus re-
sidual 8 totaled 79% of the pyrolysate.
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Thus, like 4, 8 also produces a silole, 9, upon pyrolysis
although a novel reorganization of the ring skeleton was
required. We propose that 9 is formed from 8 through a
sequence of propene elimination? to form silaindene 12,
1,5-hydrogen migration to form isobenzosilole 13, ring
closure to pseudosilaindene 14, Si—C bond homolysis, and
1,2-aryl migration as shown in-Scheme I.

The intermediacy of 12 was confirmed by methanol
trapping. Copyrolysis of 8 and MeOH (640 °C, vertical
tube, N, flow, 5 mL/7 s) afforded the expected product
of silene trapping, 2-methyl-2-methoxy-2-silaindan (15) in
36% yield (based on reacted 8) as the sole volatile product.
That 15 did not arise from methanolysis of the allyl-silicon
bond was established by copyrolysis of 8 and MeOD to
obtain only 1-deuterio-2-methoxy-2-silaindan (15d). Ev-
idence for the intermediacy of isobenzosilole 13 was less
direct and was derived from copyrolysis of 8 and per-
fluoro-2-butyne (640 °C, vertical tube, F;CC=CCF; as

(4) Propene elimination may occur either via a concerted retroene
process or by homolysis and cross disproportionation.
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carrier gas). Analysis of the pyrolysate by GC/MS revealed
the formation of 2,3-bis(trifluoromethyl)naphthalene (17),
the expected product from Diels—Alder trapping of 13
followed by the well-precedented extrusion of methyl-
silylene from 16.> The formation of 9, 10, and 11 was
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completely inhibited in both of these copyrolyses, further
implying the intermediacy of 12 and 13 in their formation.
The origin of products 10 and 11 from the pyrolysis of

8 is far less certain, but one common feature is that the-

carbon from the silyl methyl has been incorporated into
the ring. This is most easily accomplished by initial 1,5-
CH; migration in 13 and thus adds another analogy with
the known thermochemistry of the carbon analogues. The
actual pathways from isobenzosilole (18) to 9 and 10 cannot
be deduced from the present data. The schemes herewith
(Scheme II) displayed are purely speculative but should
serve as stimuli for further work on this intriguing system.
Indeed we have recently found that the dimethyl derivative
of 19, 24, undergoes FVP (900 °C (107 torr)) to afford
indene (10) in 21% yield (Scheme III). It should be noted
that while we synthesized o-methylacetophenone (21) from
o-bromotoluene as illustrated in Scheme III, 21 is com-
mercially available from Aldrich.

Experimental Section

General Data. Proton NMR spectra were recorded on a
Varian Model EM-360 spectrometer. GC mass spectral data were
collected at 70 eV on a Finnegan Model 4023 mass spectrometer.
Exact mass measurements were obtained on an AE] MS-902 mass
spectrometer. Gas chromatographic separations were performed
on a Varian-Aerograph Series 1700 gas chromatograph. Unless
otherwise specified, all yields are GC yields calculated from
predetermined response factors and are absolute.

Synthesis of 2-Allyl-2-methyl-2-silaindan (8). To a stirring
suspension of 5.76 g (0.237 mol) of magnesium in 250 mL of ether
was added 26.78 g (0.212 mol) of benzyl chloride over a 4-h interval.
This Grignard solution was transferred via a double-tipped needle
to a stirring solution of 34.62 g (0.211 mol) of (chloromethyl)-
methyldichlorosilane in 500 mL of ether. The solution was stirred
for 3 h at room temperature. The solvent was then stripped via
rotary evaporation and the residue taken up in hexane. Filtration
of the exane followed by concentration of the filtrate afforded
~45 mL of a light brown oil. Distillation of the oil at 110-113
°C (0.1 torr) afforded 32.5 g (70%) of 6 [NMR (CCl,) § 0.10 (s,
3 H), 2.13 (s, 2 H), 2.50 (s, 2 H), 7.0 (s, 5 H)], which was used
without further purification. To a stirring solution of 32.5 g (0.148
mol) of 6 in 200 mL of CS, was added 4.40 g (0.033 mol) of
aluminum trichloride. After being refluxed for 12 hours, the
solution was filtered through celite. The filtrate was concentrated
by rotary evaporation. Distillation of the residue at 87-89 °C (0.1
torr) afforded 20.0 g (74% yield) of 2-chloro-2-methyl-2-silaindan
(7) [INMR (CCly) 8 0.58 (s, 3 H), 2.23 (s, 4 H), 7.0 (m, 4 H)], which
was used without further purification. To a stirring solution of
14.07 g (0.077 mol) of 2-chloro-2-methyl-2-silaindan in 100 mL
of ether at ~70 °C was added 120 mL (0.096 mol) of a 0.80 M
allylmagnesium bromide in ether solution. After the addition was
complete, the solution was allowed to warm to room temperature.
The organic solution was stirred for several hours, quenched with
10% ammonium chloride, washed with water, and dried with
sodium sulfate. After removal of solvent, distillation gave 7.85
g of 8 (bp 100-102 °C (0.01 torr)): NMR (CCl,) 6 0.22 (s, 3 H),
1.67 (d, 2 H, J = 8 Hz), 2.02 (s, 4 H), 4.63-5.04 (m, CH;CH=CH,,
2 H), 5.38-6.12 (m, CH,CHCH,, 1 H), 7.0 (m, 4 H); mass spectrum
(70 eV), m/e (% relative intensity) 188 (5), 147 (100), 146 (96),
145 (39), 119 (13), 105 (10), calculated for C;,H,Si m/e 188.10213,
measured m/e 188.10239.

Vacuum Pyrolysis of 2-Allyl-2-methyl-2-silaindan (8). The
pyrolysis of 8 was carried out by evaporating it (25 °C (1 x 10~
torr)) through a horizontal quartz tube packed with quartz chips
and heated to 860 ®C. The pyrolysate was collected in a trap
cooled with liquid nitrogen and represented a 36% mass recovery.
Three products in addition to unreacted 8 were obtained and were
isolated by preparative gas chromatography on a 9 ft X 1/, in.
SE-30 on Chromosorb W column using a temperature program
of 140-210 °C at 2 °C/min. The major product 11 (16%) was

(5) Barton, T. J.; Goure, W. F.; Witiak, J. L.; Wulff, W. D. J. Orga-
nomet. Chem. 1982, 225, 87 and references therein.
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identified on the basis of its spectra: NMR (CCL,) § 2.24 (t, 2 H),
4.08 (t, 2 H), 6.59 (center of AB quartet, 2 H, v, = 5.93, vg = 7.25),
7.01 (br s, 4 H); IR (neat) 3060, 3020, 2140 (Si-H), 1600, 1585,
1550, 950, 860 cm™'; mass spectrum (70 eV), m/e (% relative
intensity) 146 (100), 145 (67), 143 (27), 131 (39), 119 (14), 118 (16),
117 (15), 116 (12), 115 (36), 105 (24), 53 (30), calculated for CoH,,Si
m/e 146.055 18, measured m /e 146.05503. The coupling constant
of 14 Hz is consistent with that expected for a cis-vinylsilane.®
The lack of coupling between the vinyl hydrogen and the silyl
hydride is also observed in 1-methyl-1-silacyclohexa-2,4-diene.

The second major product was identified as indene (11%) on
the basis of its spectra: NMR (CCl,) 6 3.62 (t, 2 H, J = 2 Hz),
6.62-7.73 (m, 6 H); mass spectrum (70 eV), m/e (% relative
intensity) 116 (100), 115 (89), 89 (16), 63 (16), 57 (16). All spectra
fit with those of an authentic sample. The third major product
was identified as 1-methylbenzosilole (9; 9.2%) on the basis of
its spectra: NMR (CCl,) §0.38(d,J =4 Hz,3H), 459 (q, J =
4 Hz, 1 H), 6.84 (center of AB quartet, J = 10 Hz, 2 H, », = 6.16,
vg = 7.32), 7.09-7.63 (aromatic m, 4 H); mass spectrum (70 eV),
m/e (% relative intensity) 146 (100), 145 (76), 143 (11), 131 (63),
119 (12), 105 (57), 103 (10), 77 (13), 53 (39), calculated for CoH,,Si
m/e 146,055 18, measured 146.054 77.

Copyrolysis of 8 and Methanol. A solution consisting of
0.2649 g (1.41 mmol) of 8 and 0.8166 g (0.0255 mol) of methanol
was slowly dripped into a vertical quartz tube packed with quartz
chips and heated to 640 °C. A continuous nitrogen stream of 5
mL/7 was used to sweep the pyrolysate into a trap cooled with
liquid nitrogen. The major product, 2-methyl-2-methoxy-2-si-
laindan (15; 36%), was isolated by preparative gas chromatography
ona6ft X!/, in. SE-30 column at 190 °C and was identified
on the basis of its spectra: NMR (CCly) 6 0.30 (s, 3 H), 2.01 (center
of AB quartet, 4 H, J = 18 Hz, v, = 2.14, vg = 1.88), 3.38 (s, OMe,
3 H), 7.0 (m, 4 H); mass spectrum (70 eV), m/e (% relative
intensity) 178 (46), 163 (23), 146 (100), 133 (37), 131 (16), 59 (65),
calculated for C;oH;,Si0 m/e 178.081 40, measured m /e 178.081 12,
Compound 15 was independently prepared by adding an equi-
molar mixture of pyridine and methanol to a stirring solution of
2-chloro-2-methyl-2-silaindan in pentane. After filtration to re-
move the precipitated pyridinium hydrochloride, the filtrate was
distilled at 93-96 °C to afford a 46% yield of 15. The spectra
obtained from the independently prepared 15 were identical with
those reported above. '

Copyrolysis of 8 and Methanol-d,. A solution consisting
of 0.228 g (1.21 mmol) of 8 and 0.6603 g (0.020 mol) of methanol-d,
was slowly dripped into a vertical quartz tube packed with quartz
chips and heated to 660 °C. A continuous nitrogen stream of 5
mL/7 s was used to sweep the pyrolysate into a trap cooled with

" liquid nitrogen. The major product, 1-deuterio-2-methyl-2-

methoxy-2-silaindan (15d; 17%), was identified on the basis of
its spectra: NMR (CCl,) 6 0.30 (s, SiMe, 3 H), 2.01 (center of AB
quartet with multiplet underneath, total of 3 H, J,g = 18 Hz, v,
= 2.14, vg = 1.88), 3.38 (s, OMe, 3 H), 7.0 (m, 4 H); mass spectrum
(70 eV), m/e (% relative intensity) 179 (48), 164 (26), 147 (82),
146 (46), 134 (38), 132 (14), 59 (100). )

Copyrolysis of 8 and Perfluoro-2-butyne. Compound 8
(0.381 g, 2.03 mmol) was slowly dripped into a vertical quartz tube
packed with quartz chips and heated to 640 °C. Perfluoro-2-
butyne (10 mL/15 s) was used as both the carrier gas and the trap.
2,3-Bis(triflucromethyl)naphthalene (17) was isolated by prepa-
rative gas chromatography and identified on the basis of its
spectra: NMR (CDCly) 6 7.33-8.43 (m); mass spectrum (70 eV),
m/e (% relative intensity) 264 (100), 245 (32), 214 (41) 195 (47),
175 (26), 159 (29), 145 (13), 126 (15), 125 (19), 99 (14), 98 (386),
75 (23), 74 (25), 69 (31), 63 (18), 62 (13).

Synthesis of 20. A 1-L three-necked round-bottom flask was
fitted with a reflux condensor with drying tube, a pressure-
equilized addition funnel with a nitrogen inlet, and a stirring bar.
The apparatus was flame dried under a stream of nitrogen and
then charged with 5.61 g (0.231 mol) of magnesium turnings and
100 mL of ether. To this stirring solution was added 34.2 g (0.200
mol) of o-bromotoluene over a 2.5-h interval. After the Grignard
formation had begun, the solution was further diluted with 400
mL of ether. To the stirring Grignard solution was added 11.82

(6) Eisch, J.; Foxton, M. W. J. Organomet. Chem. 1968, 11, 24.
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g (0.268 mol) of acetaldehyde at a rate to maintain a steady reflux.
Stirring was continued for 1.5 h after the addition was complete.
The organic solution was then quenched with 125 mL of 0.1 N
HCI, washed with water, and dried over sodium sulfate. After
filtration, distillation of the filtrate at 99-101 °C (1.0 torr) afforded
17.80 g (64%) of 20 (lit.” bp 120~130 °C (29.0 torr)).

PCC Oxidation of 20 to 21. To a stirring suspension of 105
g (0.486 mol) of pyridinium chlorochromate (PCC) in 500 mL of
methylene chloride was added 33.0 g (0.243 mol) of 20 over a
15-min period. The solution immediately turned black. After
being stirred for 2.5 h at room temperature, the solution was
filtered through celite and the filtrate concentrated by rotary
evaporation. The residue was taken up in hexane and filtered
through celite and the hexane removed to afford 27.84 g (85%)
of 21 as a light orange liquid: NMR (CCl,) é 2.33 (s, 3 H), 2.37
(s, 3 H), 6.95-7.60 (m, 4 H). This ketone is available from Aldrich
Chemical Co., and their NMR spectrum of 20 in the “Aldrich
Library of NMR Spectra” shows both methyls as a single peak
at ca. 6 2.5 in DCClg solution. The IR spectrum of 20 matched
that given in the “Aldrich Library of Infrared Spectra™.

Synthesis of 22.8 To a stirring solution of 40.0 g (0.192 mol)
of phosphorus pentachloride in 200 mL of CCl, at 65 °C was added
24.55 g (0.183 mol) of 21. After being stirred for approximately
3 h at 65 °C, the reaction was stopped and the solvent removed
by rotary evaporation. The residue was eluted through silica gel
with hexane to afford 24.0 g (87%) of compound 22: NMR (CCl,)
62.39 (s, 3 H), 5.27 (brs, 1 H), 5.57 (brs, 1 H), 7.12 (br s, 4 H).

Synthesis of 23. A solution of 4.599 g (0.030 mol) of 22, 5.46
g (0.0307 mol) of N-bromosuccinimide, and 80 mL of CCl, was
refluxed for several hours and then filtered through celite. The
filtrate was concentrated by rotary evaporation. Elution of the
residue through silica gel with hexane afforded 5.244 g (76 %) of
23: NMR (CCl,) 6 4.59 (s, 2 H), 5.60 (d,J = 1 Hz, 1 H), 5.73 (d,

(7) Hirschberg, V. J. Am. Chem. Soc. 1949, 71, 3241.

(8) This is a sli§ht modification of the synthetic procedure for 22
reported by Yates.

(9) Yates, K.; Mandrapilias, G. J. Org. Chem. 1980, 45, 3892,

J =1Hz, 1 H), 7.32 (m, 4 H); mass spectrum (70 eV), m/e (%
relative intensity) 232 (11), 230 (14), 152 (90), 144 (80), 116 (100),
114 (95), 89 (65), 55 (95), 53 (75), calculated for CoHgBrCl m/e
229.949 79, measured m/e 229.94897.

Ring Closure of 23 to 24. To a stirring solution of 2.66 g
(0.0266 mol) of dimethyldichlorosilane, 1.217 g (0.050 mol) of
magnesium powder, and 80 mL of dry THF was added 4.522 g
(0.0195 mol) of 23 over a 45-min period at a rate sufficient to
maintain a slow reflux. After being stirred for 11 h at room
temperature, the organic solution was poured into hexane and
filtered. The filtrate was carefully concentrated by rotary-
evaporation. Distillation of the residue at 79-81 °C (0.1 torr)
afforded 0.559 g (16%) of 24: NMR (CCl,) § 0.26 (s, 6 H), 2.00
(s,2H),5.38(d,1H,J=2Hz),6.12 (d, 1 H, J = 2 Hz), 6.90-7.55
(m, 4 H); mass spectrum (70 eV), m/e (% relative intensity) 174
(78), 159 (100), 143 (11), 133 (23), 131 (48), 115 (22), 105 (18), 77
(10), 59 (44), 53 (17), calculated for C;;Hy,Si m/e 174.086 48,
measured m/e 174.08541.

Vacuum Pyrolysis of 24, The pyrolysis of 24 was carried out
by evaporating (25 °C (1 X 107 torr)) 0.7254 g (4.17 mmol) through
a quartz tube packed with quartz chips and heated to 920 °C.
The pyrolysate was collected in a trap cooled with liquid nitrogen
and represented a 79% (0.571 g) mass recovery. Indene (21%)
was identified by comparison of its GC retention time and GC
mass spectrum with those of an authentic sample. The other
major volatile material was identified as unreacted 24 on the basis
of its GC mass spectrum and GC retention time.
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Coupling of t-BuMeSiCl, with Li provides the four-silicon ring compound 1,2,3,4-tetra-tert-butyl-
tetramethylcyclotetrasilane (¢.-BuMeSi), (1) in an 85% yield, as a mixture of the four possible isomers.
The isomers have been separated, identified, and characterized by UV, 'H, *C, and 2Si NMR spectroscopy.
The four isomers of the five-membered ring (¢-BuMeSi); (2) have also been identified. The isomeric
distribution of 1 is substantially altered by photolysis or reaction with Na/K. The radical anions of both
1 and 2 have been studied by ESR, with 1~ showing remarkable stability and a well-resolved spectrum

of more than 30 lines.

Introduction

Earlier papers from this laboratory'™ described the
synthesis of 1,2,3,4-tetra-tert-butyltetramethylcyclotetra-

(1) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 179.

(2) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 189.

(8) Hurt, C. J.; Calabrese, J. C.; West, R. J. Organomet. Chem. 1975,
91, 273.

(4) Block, T. R.; Biernbaum, M.; West, R. J. Organomet. Chem. 1977,
131, 199.

silane, (t-BuMeSi), (1), by reductive coupling of ¢-Bu-
MeSiCl, with Na/K alloy in refluxing tetrahydrofuran
(THF). Two of the four isomers, 1a and 1b, were iden-
tified, and evidence was also found for a third isomer.!
Isomer la was shown to be the all-trans structure by means
of an X-ray diffraction study,® and 1b was uniquely
identified from its 1:2:1 'H NMR spectrum. The electronic
and photoelectron spectra of la were investigated.* In
spite of the obvious strain in the silicon ring, 1a and 1b
were found to be remarkably inert chemically, evidently
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g (0.268 mol) of acetaldehyde at a rate to maintain a steady reflux.
Stirring was continued for 1.5 h after the addition was complete.
The organic solution was then quenched with 125 mL of 0.1 N
HCI, washed with water, and dried over sodium sulfate. After
filtration, distillation of the filtrate at 99-101 °C (1.0 torr) afforded
17.80 g (64%) of 20 (lit.” bp 120~130 °C (29.0 torr)).

PCC Oxidation of 20 to 21. To a stirring suspension of 105
g (0.486 mol) of pyridinium chlorochromate (PCC) in 500 mL of
methylene chloride was added 33.0 g (0.243 mol) of 20 over a
15-min period. The solution immediately turned black. After
being stirred for 2.5 h at room temperature, the solution was
filtered through celite and the filtrate concentrated by rotary
evaporation. The residue was taken up in hexane and filtered
through celite and the hexane removed to afford 27.84 g (85%)
of 21 as a light orange liquid: NMR (CCl,) é 2.33 (s, 3 H), 2.37
(s, 3 H), 6.95-7.60 (m, 4 H). This ketone is available from Aldrich
Chemical Co., and their NMR spectrum of 20 in the “Aldrich
Library of NMR Spectra” shows both methyls as a single peak
at ca. 6 2.5 in DCClg solution. The IR spectrum of 20 matched
that given in the “Aldrich Library of Infrared Spectra™.

Synthesis of 22.8 To a stirring solution of 40.0 g (0.192 mol)
of phosphorus pentachloride in 200 mL of CCl, at 65 °C was added
24.55 g (0.183 mol) of 21. After being stirred for approximately
3 h at 65 °C, the reaction was stopped and the solvent removed
by rotary evaporation. The residue was eluted through silica gel
with hexane to afford 24.0 g (87%) of compound 22: NMR (CCl,)
62.39 (s, 3 H), 5.27 (brs, 1 H), 5.57 (brs, 1 H), 7.12 (br s, 4 H).

Synthesis of 23. A solution of 4.599 g (0.030 mol) of 22, 5.46
g (0.0307 mol) of N-bromosuccinimide, and 80 mL of CCl, was
refluxed for several hours and then filtered through celite. The
filtrate was concentrated by rotary evaporation. Elution of the
residue through silica gel with hexane afforded 5.244 g (76 %) of
23: NMR (CCl,) 6 4.59 (s, 2 H), 5.60 (d,J = 1 Hz, 1 H), 5.73 (d,

(7) Hirschberg, V. J. Am. Chem. Soc. 1949, 71, 3241.

(8) This is a sli§ht modification of the synthetic procedure for 22
reported by Yates.

(9) Yates, K.; Mandrapilias, G. J. Org. Chem. 1980, 45, 3892,

J =1Hz, 1 H), 7.32 (m, 4 H); mass spectrum (70 eV), m/e (%
relative intensity) 232 (11), 230 (14), 152 (90), 144 (80), 116 (100),
114 (95), 89 (65), 55 (95), 53 (75), calculated for CoHgBrCl m/e
229.949 79, measured m/e 229.94897.

Ring Closure of 23 to 24. To a stirring solution of 2.66 g
(0.0266 mol) of dimethyldichlorosilane, 1.217 g (0.050 mol) of
magnesium powder, and 80 mL of dry THF was added 4.522 g
(0.0195 mol) of 23 over a 45-min period at a rate sufficient to
maintain a slow reflux. After being stirred for 11 h at room
temperature, the organic solution was poured into hexane and
filtered. The filtrate was carefully concentrated by rotary-
evaporation. Distillation of the residue at 79-81 °C (0.1 torr)
afforded 0.559 g (16%) of 24: NMR (CCl,) § 0.26 (s, 6 H), 2.00
(s,2H),5.38(d,1H,J=2Hz),6.12 (d, 1 H, J = 2 Hz), 6.90-7.55
(m, 4 H); mass spectrum (70 eV), m/e (% relative intensity) 174
(78), 159 (100), 143 (11), 133 (23), 131 (48), 115 (22), 105 (18), 77
(10), 59 (44), 53 (17), calculated for C;;Hy,Si m/e 174.086 48,
measured m/e 174.08541.

Vacuum Pyrolysis of 24, The pyrolysis of 24 was carried out
by evaporating (25 °C (1 X 107 torr)) 0.7254 g (4.17 mmol) through
a quartz tube packed with quartz chips and heated to 920 °C.
The pyrolysate was collected in a trap cooled with liquid nitrogen
and represented a 79% (0.571 g) mass recovery. Indene (21%)
was identified by comparison of its GC retention time and GC
mass spectrum with those of an authentic sample. The other
major volatile material was identified as unreacted 24 on the basis
of its GC mass spectrum and GC retention time.
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Introduction

Earlier papers from this laboratory'™ described the
synthesis of 1,2,3,4-tetra-tert-butyltetramethylcyclotetra-

(1) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 179.

(2) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 189.

(8) Hurt, C. J.; Calabrese, J. C.; West, R. J. Organomet. Chem. 1975,
91, 273.

(4) Block, T. R.; Biernbaum, M.; West, R. J. Organomet. Chem. 1977,
131, 199.

silane, (t-BuMeSi), (1), by reductive coupling of ¢-Bu-
MeSiCl, with Na/K alloy in refluxing tetrahydrofuran
(THF). Two of the four isomers, 1a and 1b, were iden-
tified, and evidence was also found for a third isomer.!
Isomer la was shown to be the all-trans structure by means
of an X-ray diffraction study,® and 1b was uniquely
identified from its 1:2:1 'H NMR spectrum. The electronic
and photoelectron spectra of la were investigated.* In
spite of the obvious strain in the silicon ring, 1a and 1b
were found to be remarkably inert chemically, evidently

0276-7333/82/2301-1458801.25/0 © 1982 American Chemical Society
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Figure 1. The geometncal isomers of (t-BuMeSi)4 in planar
conformations.

Table I. Isomeric Distribution of (-BuMeSi), -
la 1b 1c 1d

synthesis with Li 9 49 29 13
statistical distribution 12.5 50 25 12.5
synthesis with Na/K ¢ 65 30 5 0
equilibration with Na/K 97 3 trace 0
photolytic steady state 44 37 19 0

¢ Reference 1.

because of steric protection by the tert-butyl substituents.

In this paper we report a reinvestigation of this system
and present the following new information: (1) a new,
improved synthesis of 1; (2) isolation of isomeric 1¢ and
partlal isolation of 1d; (3) synthesis of the five-membered
ring isomers (t-BuMeSi); (2); (4) partial separation of the
isomers 2a—d and assignment of their structures by a newly
developed method based on 'H NMR spectroscopy; (5) the
equilibration of the isomeric mixture of 1 and 2, leading
to a much improved synthesis of 1a; (6) formation of anion
radicals of 1 and 2, and their study by ESR spectroscopy;
(7) studies of the photolysis and photoequilibrium of 1; and
(8) the characterization of 1a—d by 'H, 13C, and #2Si NMR
spectroscopy and by UV spectroscopy. The following
paper reports a study of the reactivity of these cyclosilanes
toward oxidation.®

Results and Discussion

Preparation and Isolation of tert-Butylated Cy-
clotetrasilanes. Reductive coupling of tert-butyl-
methyldichlorosilane, t-BuMeSiCl,, with a 10% excess of
lithium metal in tetrahydrofuran (THF) at 0 °C gave an
85% yield of 1,2,3,4-tetra-tert-butyltetramethylcyclo-
tetrasilane (1). This represents a substantial improvement
over the 25% yield previously reported.! These conditions
were previously shown to be effective for the coupling of
Me,SiCl,.  The ratio of isomers (la-d) (Figure 2) was
found to be unchanging throughout the reaction, corre-
sponding to the final 9:49:29:13 mixture (Table I). The
five-membered ring, (¢t-BuMeSi); (2), was present in a 3%
yield and was shown to be a 33:30:28:9 mixture of isomers
(2a-d) (Figure 2). A third product isolated was 1,2,3-
tri-tert-butyltrimethyltrisilane (3), in 5% yield.

HF
t-BuMeSiCl, + Li W

(¢-BuMeSi), + (¢-BuMeSi); + H(t-BuMeSi);H
1 2 3

Kugelrohr distillation of the mixture provided pure 1,
from which 1b could be isolated by recrystallization. From

. (5) Helmer, B. J.; West, R. Organometallics, following paper in this
issue.

(6) Laguerre, M.; Dunogues, J.; Calas, R. J. Chem. Soc., Chem. Com-
mun. 1978, 272,
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Figure 2. The geometrlcal isomers of (t-BuMe81)5 in planar
conformations.

the supernatant liquid, which was enriched in 1¢ and 1d,
le could be isolated by further recrystallization. 1d ap-
peared to be the least crystalline of the isomers and was
only isolated as a 3:2 mixture of 1d/1c. Both 2 and 3 were
isolated as isomeric mixtures by preparative GLC, while
the isomers of 2 were partially separated by preparative
HPLC.

Distribution of Isomers. The isomeric mixture of 1
found in the above synthesis is very nearly the statistical
distribution expected from random ring formation. For
example, if isomer 1a is seen as resulting from one unique
combination of four t-BuMeSi units, there are four such
combinations to give 1b, two for l¢, and one unique com-
bination for- 1d. From this one would expect a
12.5:50:25:12.5 (1:4:2:1) mixture. The distribution found
experimentally shows a slight deviation from this ratio,
with an apparent kinetic preference for lc and against 1a
(Table I)

The isomeric dlstnbutlon of the five-membered ring
(2a-d) is also nearly statistical. In this case a 31:31:31:6
(5:5:5:1) ratio is predicted, while that found experimentally
is 33:30:28:9. These results indicate that there is very little
steric effect on oligomerization or ring closure in this series,
despite the bulky tert-butyl substituents.

NMR Spectra of 1 and 2. The structures of 1la~d and
2a-d were determined by their !H NMR spectra (Tables
II and III).. The spectra of la—c had been previously
assigned.! Analysis of the 'H chemical shifts of 1a-d re-
veals a clear dependence of the shifts on the nearest cis
nelghbors with protons being deshielded by steric com-
pression. In ofpher words, a tert-butyl between two methyls
is found at highest field (1.09-1.10 ppm) and a tert-butyl
between a tert-butyl and a methyl is shifted downfield
(1.14-1.15 ppm), while a tert-butyl between two tert-butyls
is found at lowest field (1.24-1.25 ppm). A similar trend
is seen for the methyls, with those between two methyls
(0.32-0.34 ppm) at a higher field than those between a
tert-butyl and a methyl (0.41~0.44 ppm) or between two
tert-butyls (0.49-0.55 ppm). This trend allows the as-
signment of the four isomers of (t-BuMeSi); (2a-d) as
shown in Table IIL

The 13C NMR spectra of la-d are less informative,
showing no clear trend based on neighboring substituents.
258 NMR spectroscopy shows a large (12 ppm) range of
shifts but again is not easily interpreted from steric con-
siderations (Table II).

Equilibration of 1. When a drop of Na/K alloy was
added to a degassed solution of (¢-BuMeSi), (1) in dry
THF under argon, a deep green-brown color (A, 410,
tailing far into visible) was generated (Figure 3). The
color, attributable to the radical anion of 1 (see ESR be-
low), dissipated immediately upon exposure to air.
Heating to 50 °C for 3 h resulted in an 85% yield of a new
isomeric mixture of 1la—d (97:3:trace:0). Extended exposure
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Table II. 'H, ¥C, and *Si NMR Spectra of (¢-BuMeSi), (Ppm)
1b

la 1 2 3 1c 1d
C(CH,), 1.096 1.104 1.145 1.255 1.152 1.237
CH, 0.490 0.553 0.414 0.327 0.441 0.334
C(CH,), 30.492 30.638¢ 30.5694 30.565°¢ 30.348 30.616
C(CH,), 21.938 21.800¢ 21.617 20.0269 20.843 21.296
CH, —4.590 ~6.605¢ -4.583 -8.794¢ -6.093 -5.667
Si -13.41 ~-1,79¢ -11.91 —-4,86¢ -5.36 -4.11

¢ The 1- and 3-positions cannot be distinguished.

Table III. 'H NMR Spectra of (¢-BuMeSi), (2a-d) (Ppm)
mz Q @
2a 2b 2¢ @
1 2 3 1 2 3 1 2 3 2d
C(CH,), 1.153 1.166 1.211 1.256 1.205 1.192 1.135 1.200 1.256 1.272
CH, 0.495 0.551 0.432 0.304 0.428 0.437 0.555 0.443 0.319 0.315
O e e e LA M Photolysis of 1. When 1 was dissolved in dry, degassed

(t-BuMeSi);
06

0.4
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I i L i

0 I 1
400

1 1 1
600 700 800
Alnm)
Figure 3. Visible absorption spectrum of (¢-BuMeSi),™.
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to Na/K resulted in decomposition of 1, with no further
change in isomeric distribution.

Reaction of 1 with a catalytic amount of Na/K, then,
causes equilibration of the isomers. These conditions are
the same as those used to equilibrate the five-, six-, and
seven-membered permethylcyclopolysilanes.” As is ex-
pected, isomer 1a that has no crowding from cis-tert-bu-
tyl-tert-butyl interactions and can form a folded ring with
all tert-butyls pseudoequatorial is greatly favored. Isomer
1d that has the maximum steric crowding is not observed
in the equilbrium mixture.

A more efficient method was developed for large scale
synthesis of la in a single step. A catalytic amount of
Ph,SiSiMe; was added to the reaction of t-BuMeSiCl, with
1.1 equiv of lithium. After 8 h at 0 °C, the initial reaction
was complete to give a statistical distribution of the four
isomers 1a—d. Continued stirring at room temperature for
4 days allowed rearrangement of the isomers, catalyzed by
Ph;Si™ generated in the reaction vessel. This provided la
in 92% purity and a 68% yield.

(7) Brough, L.; West, R. J. Organomet. Chemn. 1980, 194, 139.

cyclohexane and photolyzed at 300 nm for 30 min, yet
another isomeric distribution was obtained (44:37:19:0).
This distribution was independent of the composition of
the starting material (100% 1a, 100% 1b, or a mixture of
la—d). This process represents a photolytic steady state,
in which 1 is photolyzed to some intermediate, probably
1,2,3,4-tetra-tert-butyltetramethyltetrasily! 1,4-diradical,
which then shows kinetic selectivity in regeneration of 1.
The distribution therefore differs from both the statistical
and equilibrium mixtures (Table I).

Prolonged photolysis at 300 or 254 nm resulted in de-
composition of 1 and formation of a low yield (10-15%)
of 3. Trisilane 3 may arise from photolytic extrusion of
tert-butylmethylsilylene (¢-BuMeSi:) to form the cyclo-
trisilane (t-BuMeSi),, followed by ring opening and ab-
straction of hydrogen from solvent. An analogous process
is known whereby photolysis of (Me,Si); generates H-
(Me,Si),H.2 Alternatively, loss of the silylene may give
the linear trisilane diradical directly, which subsequently
forms 3.

The silylene (t-BuMeSi:) was trapped by photolysis of
1 in the presence of Et;SiH to give Et;Si-t-BuMeSiH
(26%). The production of silylene was substantially slowed
when 1 was photolyzed in a 3-methylpentane glass at 77
K, giving no change in 1 after 16 h. A better source of
tert-butylmethylsilene in both solution and matrix was
obtained by oxidation of 1 to the siloxane (¢-BuMeSi),0
and photolysis of the resulting five-membered ring.’

Electronic Spectra. Isomer la was previously shown
to have an unusually low-energy ultraviolet transition at
300 nm (e 290). Furthermore its photoelectron spectrum
shows three Si-Si o-bonding levels at 8.13, 7.85, and 7.43
eV, the final being the lowest first ionization potential ever
reported for a polysilane. Both of these effects are asso-
ciated with destabilization of the Si—Si bonds by strain in
the ¢-bonding silicon framework.? The other isomers of

(8) Ishikawa, M.; Kumada, M. J. Organomet. Chem. 1972, 42, 325.

(9) In addition, the low energy of ionization of la is reflected in the
fact that it can be oxidized by AlCl; to an unusually stable (20 °C) radical
cation. See: Bock, H.; Kaim, W.; Kira, M.; West, R. J. Am. Chem. Soc.
1979, 101, 7667.
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Figure 4. ESR spectrum of (t-BuMeSﬂ., anion radical (top), at
high gain showing 13C sideband multiplets (middle), and com-
puter-simulated spectrum assuming agyy, = 0.56 G and ag;.,.p, =
0.28 G (bottom).

Table IV. ESR Parameters for
Cyclopolysilane Anion Radicals

temp,
compd °C g color ag,G avg, G
(t-BuMeSi), 20 2.0034 brown- 0.56, 20.8, 12.9
green 0.28
(t-BuMeSi);, -50 2.0022 blue  0.259 17.8,14.9
(Me,Si),  -100 2.0039 blue  0.67 21.0
(Me,Si), ~50 2.0032 blue 0.49 14.6

@ Partially resolved Si-C(CH,), splitting.

1 show very similar ultraviolet spectra to that of 1a, with
the long wavelength absorption near 300 nm (see Exper-
imental Section). Perhaps the arrangement of tert-butyl
groups does not greatly alter the energy levels in the 1
isomers.

Electron Spin Resonance (ESR) of Anion Radicals.
The anion radical of 1a was generated as described above
by exposing 1a to Na/K alloy in THF. When the reaction
was carried out in a sealed ESR cell, the green-brown color,
which was generated, persisted for several days at room
temperature and for several weeks at 0 °C. This re-
markable stability is unprecedented for cyclopolysilane
radical anions, most of which are only stable to —50 °C.

At 20 °C the radical gave a symmetrical, well-resolved
spectrum with at least thirty observable lines (Figure 4).
Since this is far too many lines to result from splitting of
a delocalized anion radical by the methyls alone (13 lines),
some splitting by the tert-butyl protons must occur. The
resulting spectrum would be expected to be complex, with
13 X 37 or 481 closely spaced lines. Fortunately, however,
the methyl splitting is almost exactly twice the tert-butyl
splitting, resulting in a simplified resolved spectrum (Table
IV). The 13C sidebands of the central carbons of the
tert-butyl groups and the methyl carbons are readily ob-
served (Figure 4), but the two signals cannot be distin-
guished. The expected *Si sidebands and '3C sidebands
of the methyl groups of the tert-butyl moieties are con-
cealed within the central portion of the spectrum.
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Figure 5. ESR spectrum of (t-BuMeSi); anion radical.

When the anion radical of la was generated at low
temperature (-50 to —70 °C), a poorly resolved spectrum
was obtained. Interestingly, when the anion radical of 1b
or a mixture of la—d was generated at low temperature,
an unresolved spectrum was obtained that changed to the
sharply resolved spectrum of 1la™ upon warming to 20 °C.
This may indicate that at 20 °C the anion radicals of 1b—d
rearrange quickly to la™ and that the rate-limiting step
of equilibration of 1 with Na/K is the formation of the
anion radical.

When (t-BuMeSi); (2a-d) was exposed to Na/K in
THF, a blue anion radical was generated and found to be
stable at —50 °C. The resulting spectrum is only partially
resolved (Figure 5) but shows overall shape and splitting
similar to (t-BuMeSi),~. The poor resolution could be the
result of a mixture of (t-BuMeSi)_{- isomers, the presence
of a single unsymmetrical isomer, or hyperfine splitting
where acy, # 2a, ., As with la™ two *C sidebands of
equal intensity are observable (Table IV). When warmed
to 20 °C, the solution became brown-green and the well-
resolved spectrum of la™ was observed.

In Table IV, the properties of radical anions of 1 and
2 are summarized along with those for the permethyl rings,
(Me,Si), and (Me,Si);.'° The hyperfine splitting constants
for the a-carbons in 1™ and 2~ are similar in order of
magnitude to those for the permethyl anion radicals, as
expected. However the significant differences between the
splitting constants for the methyl and tert-butyl a-carbons
indicate that conformational effects influence aug, expe-
cially in 1. It is interesting that the tert-butyl protons
are also coupled to the unpaired electron, perhaps by a
through-space effect. Other studies from this laboratory
show that proton coupling constants in different cyclo-
silane anion radicals do not necessarily reflect spin density
at the silicon atom.!!

Experimental Section

Tetrahydrofuran used for reactions was predried over KOH
and then distilled from sodium naphthalide, while that used for
ESR was stored over LiAlH, and vacuum transferred into the cell.
Cyclohexane and 3-methylpentane for photolysis were deolefinated
and distilled from LiAlH, prior to use. All reactions were carried
out under an atmosphere of dried nitrogen, except those involving
anion radicals which were run under argon.

Mass spectra were recorded on a Varian AEI MS 902 spec-
trometer at 70 eV. Ultraviolet spectra were run in spectrograde
cyclohexane and were recorded by using a Varian Cary 118
spectrometer. Analytical GLC analyses were carried out by using
a Hewlett-Packard 5720A gas chromatograph equipped with a
/g in. X 3 ft Dexsil 500 column (5% on Chromosorb W).

(10) West, R.; Carberry, E. Science (Washington, D.C.) 1975, 189, 179.
(11) Wadsworth, C.; West, R., unpublished results.
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Preparative GLC was carried out by using a Varian Aerograph
Model 90-P chromatograph equipped with a 3/4 in. X 6 ft SE30
column (20% on Chromosorb W) or a 3/4 in. X 6 ft Dexsil 500
column (5% on Chromosorb W). Preparative HPLC spearations
were accomplished by using a Waters Associated liquid chro-
matograph equipped with an Altex Model 153 UV detector and
a Whatman M-9 column containing Partisil-10 ODS-2 with a 90%
MeOH:10% THF mobile phase.

All NMR spectra were run by using benzene-dg as solvent and
Me,Si as an internal standard. 'H NMR spectra were recorded
on a Bricker WH 270-MHz spectrometer. 3C and #Si NMR
spectra were obtained by using a JEOL FX-200 NMR spec-
trometer (50.1 and 39.6 MHz, respectively). 2Si NMR spectra
were obtained by using proton polarization transfer.!?!® which
provided a 3-5-fold signal enhancement and a time saving factor
of approximately 20-40.

ESR spectra were obtained on a Varian E-15 spectrometer with
a Varian V-4343 variable-temperature controller. The g values
were determined by measuring the microwave frequency using
a Hewlett-Packard 2545L electronic counter.

Unless otherwise indicated, all yields were determined by
analytical GLC with Cy,H,, as internal standard. The isomeric
distributions were calculated from the peak heights of the tert-
butyl groups from 'H NMR spectroscopy.

Synthesis of 1,2,3,4-Tetra-tert-butyltetramethylcyclo-
tetrasilane (1). The reaction was carried out under an atmo-
sphere of dry nitrogen in a 1000-mL three-necked round-bottom
flask equipped with a mechanical stirrer, a pressure-equalized
addition funnel, and a nitrogen inlet. To the flask was added 500
mL of freshly distilled THF and 1.1 equiv of lithium wire (3.05
g, 0.44 mol). The flask was cooled to below 0 °C in an ice-salt
bath, and t-BuMeSiCl, (34.3 g, 0.20 mol) in THF (100 mL) was
added dropwise. Addition was complete in 1.5 h, and the solution
changed from colorless to orange after 4 h and to black after 6
h. Small aliquots were removed every 2 h so that the extent of
reaction and isomeric distribution could be monitored. The
isomeric distribution remained unchanged (9:49:29:13) while the
reaction progressed (2h, 7%; 4 h, 66%; 6.h, 86%; 10 h, 100%).

After 12 h at 0 °C, 250 ml. of hexane was added and the solution
was washed three times with H,0O and dried over MgSO,. No
insoluble polymer was present. The solution was concentrated
to give 20.7 g of a white solid. Kugelrohr distillation (1 torr) gave
1.6 g of volatile material (80-120 °C) which included 3, 15.8 g of
1 (170-190 °C), and 3.0 g of residue (mostly 1 and 2). The total
yield of (¢-BuMeSi), was 17.0 g (85%). This mixture of isomers
1a—d was a white crystalline solid: mp 218-223 °C; mass spectrum,
selected m/e (relative intensity) 402 (3.1), 401 (7.5), 400 (24.2,
M), 344 (3.7, M - C,H,), 287 (1.9, M - C,Hg - C H,), 231 (9.9,
M- 2C4H8 - C4HQ), 171 (81), 127 (56), 73 (100, Me38i+); exact
mass measd 400.2834, caled 400.2820, deviation 3.5 ppm.

Recrystallization of the mixture gave 10.9 g of a 1:8:1 mixture
of la/1b/1lc. Repeated recrystallization of this mixture from
THF/EtOH (3:1) gave 6.3 g of crystals containing 95% 1b. Slow
partial evaporation of a THF solution of 1b gave large needle
shaped crystals: mp 224-226 °C; UV A, (¢, cyclohexane) 194
nm (38000), 244 (3300), 257 (sh, 3000), 302 (310); NMR, see Table
II; IR (KBr) 2948, 2923, 2887, 2875, 2850, 1467, 1458, 1412, 1360,
1351, 1247, 1191, 1005, 930, 815, 761, 672, 666 cm™.. (The mass
spectra of the isomers la—d are indistinguishable and are reported
as a mixture above.) )

The supernatant liquid of the first recrystallization of la~d
above contained mostly a 2:1 mixture of 1¢/1d (6.0 g). Further
recrystallization of this solution provided lc¢ as white crystals:
mp 196-198 °C; UV A, (¢, cyclohexane) 195 nm (39 500), 239
(4100), 255 (2800), 302 (300); NMR, see Table II. Anal. Caled
for CooHSiy: C, 59.91; H, 12.07. Found for la: C, 60.13; H, 12.31.
For 1b: C, 59.98; H, 11.95. For le: C, 59.65; H, 11.99.

The supernatant liquid from the above recrystallization con-
tained a 2:3 mixture of 1¢/1d (2.8 g). Further recrystallization
from THF /EtOH, or acetone did not alter this mixture, which
was a white solid: mp 154-158 °C; NMR, see Table IL

Preparative GLC of the distillation residue gave the isomeric

(12) Doddrell, D. M.; Pegg, D. T.; Brooks, W.; Bendall, M. R. J. Am.
Chem. Soc. 1981, 102, 727.
(13) Helmer, B.; West, R. Organometallics 1982, 1, 877.
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mixture 2a—d as a waxy white solid: mp 45-54 °C; mass spectrum,
selected m /e (relative intensity) 500 (1.0, M%), 444 (2.2), 443 (3.7,
M - C,H,), 388 (2.2), 387 (5.9, M - C,H, -~ C,Hy), 331 (4.9, M -
C,Hy - 2CHy), 171 (4.0), 115 (3.2), 73 (100, Me;Si%); exact mass
measd 500.3543, calcd 500.3525, deviation 3.6 ppm. The isomers
of 2 were partially resolved by HPLC which allowed assignment
of the 'H NMR spectra (Table III).

Preparative GLC of the first distillation fraction above allowed
isolation of 3 as an qil: IR (CHCly) 2950, 2923, 2887, 2876, 2849,
2075 (Si~H), 1467, 1459, 1360, 1260, 1249, 1005 cm™!; 'H NMR
(benzene-dg) mixture of three isomers § 3.91 (q, J = 5 Hz, Si-H),
1.14 (s), 1.11 (8), 1.09 (s), 1.08 (s), 1.07 (s), 0.36 (s), 0.33 (s}, 0.32
(d, J = 5 Hz), 0.28 (d, J = 5 Hz), 0.26 (d, J = 5 Hz); mass spectrum,
selected m/e (relative intensity) 303 (0.2), 302 (2.0, M*), 246 (1.2),
245 (8.5, M - C,H,), 201 (5.4), 200 (42.2, M - ¢t-BuMeSiH,), 189
(2.6, M-C,H, - C,Hy), 117 (7.8), 85 (12.0), 73 (100, Me;Si*); exact
mass measd 302.2281, caled 302.2271, deviation 3.3 ppm.

Equilibration of 1 with Na/K. A 100-mg sample of 1
(isomeric mixture) was dissolved in 5 mL of THF in a Schlenk
tube. The solution was degassed by several cycles of freeze-
pump-thaw and then placed under argon. One drop of Na/K
alloy was added, and the mixture was magnetically stirred. The
solution was warmed to 50 °C in an oil bath and developed a dark
green-brown color within 15 min. Aliquots were removed peri-
odically for analysis by GLC and NMR. After 3 h the equilibrium
ratio (97:3:trace:0) was reached and 85% (by GLC) of 1 remained.
After 16 h the ratio was unchanged, but only 20% of the original
(t-BuMeSi), remained.

Pure 1a was obtained by quenching a similar reaction with
2-propanol after 4 h, then washing with water, and extracting the
organic material into hexane. Removal of solvent provided a white
semisolid which was recrystallized from THF /EtOH (3:1) to give
62 mg (62%) of 1a. As with 1b, large needle shaped crystals were
obtained by slow partial evaporation of a THF solution. 1la: mp
229-231 °C; UV A, (¢, cyclohexane) 192 nm (42 000), 243 (3500),
256 (3200), 300 (300); NMR, see Table II.

Synthesis of 1la. The reaction was carried out under an
atmosphere of dry nitrogen in a 250-mL round-bottom flask
equipped with a magnetic stirrer, a pressure-equalized addition
funnel, and a nitrogen inlet. To the flask was added 125 mL
freshly distilled THF, 1.1 equiv of lithium wire (0.76 g, 0.11 mol),
and 25 mg of Ph;SiSiMe;. The flask was cooled to below 0 °C
in an ice-salt bath, and ¢-BuMeSiCl, (8.6 g, 0.05 mol) in 25 mL
of THF was added dropwise. After 8 h the solution was black
and was found to contain a statistical distribution of the four
(t-BuMeSi), isomers by NMR.

The reaction was then allowed to warm to room temperature,
and aliquots were removed periodically to monitor the rear-
rangement of 1b, le, and 1d to 1a. After the solution was stirred
for 4 days, 100 mL of hexane was added and the solution was
washed three times with H;O and dried over Na,SO,. No insoluble
polymer was present. The solution was concentrated to give 5.9
g of a white solid. Collection of the Kugelrohr distillate at 170-190
°C (1 torr) gave 3.4 g (68%) of a white solid found to be 92% 1a
by NMR. Recrystallization of this material from THF/EtOH
(8:1) gave 2.8 g of white crystals of la.

Photolysis of 1. A 25-mg sample of 1 was dissolved in 15 mL
of cyclohexane in a quartz photolysis tube. The solution was
degassed and placed under argon. The solution was then mag-
netically stirred and photolyzed at 300 nm in a Rayonet photo-
chemical reactor. Aliquots were removed periodically to monitor
the reaction. After 30 min, 80% of the (¢-BuMeSi), remained
with an isomeric ratio of 44:37:19:0. Further photolysis did not
change the ratio but caused decomposition of 1, which was com-
plete after 6 h. At this point a low yield (15%) of trisilane 3 was
observed. Photolysis at 254 nm caused a more rapid decompo-
sition of 1, with no apparent isomerization. Similar photolyses
were performed starting with 95% la, 95% 1b, and a 9:49:29:13
mixture (la-d), and the results were found to be independent
of the isomeric distribution of the starting material.

A 50-mg sample of 1 and 1 mL of Et;SiH were placed in 4 mL
of 3-methylpentane in a quartz photolysis tube. The solution was
degassed and then photolyzed at 254 nm. The reaction was
complete in 6 h to give 7.0 mg of Et;Si-t-BuMeSiH (26%) as the
only volatile product: 'H NMR (benzene-dg) 6 3.78 (q, J = 4.8
Hz, 1 H),1.04 (5,9 H), 097 (t,J =7.9Hz,9H), 067 (q,J = 7.9
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Hz, 6 H), 0.16 (d, J = 4.8 Hz, 3 H); mass spectrum, selected m/e
(relative intensity) 217 (2.4), 216 (11.8, M*), 159 (6.7, M - C,H,),
133 (9.7), 131 (13.5), 116 (7.2), 115 (100, Et,Si*), 87 (90.8,
EtMe,Si*), 73 (60.0, Me;Si*); exact mass measd 216.1730, caled
216.1722, deviation 3.7 ppm.

A 1-mg sample of 1 was placed in 2 mL of 3-methylpentane
in a quartz photolysis tube. The solution was degassed and then
cooled to 77 K with liquid nitrogen in a quartz Dewar flask to
form a glass matrix. Photolysis at 254 nm for 16 h at 77 K
produced no change in the starting material.

Electron Spin Resonance (ESR). The anion radicals of 1
and 2 were generated by sealing a degassed solution of the ap-
propriate material in dry THF in a narrow tube with a drop of
Na/K alloy in an attached side arm. Immediately before the
spectrum was to be obtained, the solution was cooled to =77 °C
and allowed to react with the Na/K alloy. Within 5 min a deep

color had formed, and the solution was run back into the tube,
away from the Na/K alloy. The tube was then placed in the ESR
cavity at the appropriate temperature.
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The four isomers of (t-BuMeSi), (1a—d) are unreactive to air and to concentrated H,SO, but react with
m-chloroperbenzoic acid to give oxygen insertion products (¢-BuMeSi)0,, n = 1, 2, and 4. The absolute
rate constants of the first and second oxidations (k;, 4 and k,,-3) have been determined, and each of the
products has been identified. The reactions are stereospecific and regioselective, giving only one of the
many possible isomeric products from each oxidation. The structural effects favoring oxidation include
ring strain (k; > k, > kj3), neighboring oxygen substitution, and cis-methyl (cis-tert-butyl) configuration.
The monooxidation product (¢-BuMeSi),O (2) is an excellent photolytic source of tert-butylmethylsilylene
(t-BuMeSi:) both in solution and in a hydrocarbon glass matrix.

Introduction

The four-silicon ring 1,2,3,4-tetra-tert-butyltetra-
methylcyclotetrasilane, (t-BuMeSi), (1), is unique among
cyclopolysilanes. It shows electronic properties arising
from a strained four-silicon s-bonding framework.1? This
strain was not expressed in the reactivity of 1a which was
found to be inert to oxygen and to concentrated H,SO,.}
In sharp contrast the.permethyl four-membered ring
(Me,Si), reacts rapidly with atmospheric oxygen and is
difficult to isolate.* The kinetic stability of la arises from
the steric shielding of the bulky alkyl groups, which can
be seen from the crystal structure® or molecular models
to provide a nearly spherical hydrocarbon covering for the
silicon ring.

Chlorination and chlorodemethylation reactions of 1
have been successfully performed.® They were, however,
slow and gave complex mixtures of ring-cleaved and
methyl-cleaved products, which could only be isolated by
preparative GLC. However, these reactions showed some
interesting characteristics. = Reaction of 1 with
CH,;COCIl/AICl; gave mostly ring cleavage and showed
selectivity for 1b over la, while reaction of la with

(1) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 179.

(2) Biernbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 199.
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(5) Hurt, C. J.; Calabrese, J. C.; West, R. J. Organomet. Chem. 1975,
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HCI/AIC]; gave stereospecific chlorodemethylation with
retention of configuration.

In the preceding paper® a high yield synthesis of (¢-
BuMeSi), (1) was described and all four of its possible
isomers (1a—d) were identified and characterized by 'H,
13C, and #Si NMR spectroscopy. The effects of photolysis
and of treatment with Na/K on the isomeric ratio were
also reported. Although the four isomers have similar
physical properties, they may be expected to have differing
chemical reactivity due to differences in both steric pro-
tection and structural strain,

In this paper a study of the reactivity of the geometrical
isomers of (t-BuMeSi), (1la—d) is reported. All were found
to be inert to concentrated H,SO, and atmospheric oxygen.
All isomers showed similar but distinct rates of reaction
with m-chloroperbenzoic acid (MCPBA) to give mono- and
dioxidation products 2 and 8. Two isomers of 3 reacted
with excess MCPBA to give tetrasiloxanes (¢t-BuMeSiO),,
while two others were inert. These oxygen insertions were
found to be stereo- and regiospecific.

Results and Discussion

Stability. Like the all-trans-(t-BuMeSi), isomer la,
the remaining three isomers 1b-d are all stable to at-
mospheric oxygen as solids but show a small amount of

. (6) Helmer, B. J.; West, R. Organometallics, preceding paper in this
issue.
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silicon ring.
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retention of configuration.
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BuMeSi), (1) was described and all four of its possible
isomers (1a—d) were identified and characterized by 'H,
13C, and #Si NMR spectroscopy. The effects of photolysis
and of treatment with Na/K on the isomeric ratio were
also reported. Although the four isomers have similar
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All isomers showed similar but distinct rates of reaction
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with excess MCPBA to give tetrasiloxanes (¢t-BuMeSiO),,
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Table I. 'H NMR Data for (+-BuMeSi),0 Isomers (Ppm)
. o f o 4 1 o f o
2a 2b 2¢ 2d
1 2 1 2 4 1 2 1 2
t-Bu 1.036 1.082 1.070 1.100 1.133 1.129 1.054 1.162 1.128 1.208
Me 0.290 0.436 0.301 0.459 0.419 0.246 0.339 0.343 0.237 0.307
Table II. 'H NMR Data for (f-BuMeSi),0, Isomers (Ppm)
o) 2
o 04 3 Lo,
M<C$is ‘<O:{>5 ‘KO:? kO§
3a 3b 3c 3d
1 2 3 1 2 3 1 2 3 4 1 2 3
t-Bu 1.006 1.027 1.052 1.058 1.059 1.065 1.033 1.102 1.112 1.068 1.059 1.129 1.134
Me 0.158 0.376 0.429 0.103 0.376 0.459 0.181 0.309 0.432 0.403 0.157 0.301 0.375
ring expanded cyclic siloxane (t-BuMeSi),0 (2) after re- > );—) > < %
peated recrystallization from undeoxygenated solvents. All 0 "
four isomers are unreactive toward concentrated H,SO, 1a 2a 3a (3a)
when dissolved in benzene, conditions which are reported
to cleave strained disilanes.” Those conditions are, how- c—;k )\——/L s 0
o . S —» — o kI
ever, effective in removing oxidation product 2 frequently 0 o = Fot %
present in solutions of 1. These experiments show that 1 2b (2b) 3b (3b) {3p")
geometrical isomers 1b—d are quite unreactive, similar to
the remarkably inert 1a. . }\——/L }\—j o o
MCPBA Oxidation of 1. Reaction of an isomeric t? 0 0 = =
mixture of (¢.-BuMeSi), (1a—d) with 1 equiv of MCPBA 1c 2 {2¢) 3¢ {3c)
in CCl, gave a high yield (89%) of the oxygen insertion
product 2 in 4 h. A low yield of the dioxidation product U . )\—/L . P
(t-BuMeSi),0, (3) was also observed. The low yield of 3 0 ° °
indicates that k, is significantly faster than &, (eq 1). When 1d 2d 3d {3d")

1 was reacted with 2 equiv of MCPBA, it was converted
first to 2 and then to 3 (86%) after 3 days.

MCPBA
ccy,
(t-BuMeSi), (t-BuMeSi) 0 —
Ry 2 ky

1
(¢-BuMeSi),0, — (t-BuMeSi),0; — (¢-BuMeSiO), (1)
3 4 5

When 1 was reacted with excess MCPBA, it was con-
verted to a 1:1 mixture of 3 and tetrasiloxane 5, along with
trace amounts of other products which probably include
the trioxidation product 4. Longer reaction times or more
forcing conditions (refluxing CCl,) failed to convert the
remaining 3 to 5, causing only slow decomposition of both.
This indicates that some isomer(s) of 3 reacts to give 5
while others do not (see below).

The four isomers of 1 were separated and purified as
described in the preceding paper.® Each isomer® was re-
acted with 1 equiv of MCPBA to give the corresponding
siloxane 2. The oxygen insertion was found to be stereo-
-specific’ with la—d each maintaining its unique geometric
arrangement in going to products 2a—d. The products from
la and 1d were unambiguous, while 1b and l¢ each had
the potential of reaction at two different Si—Si bonds to
give two different oxidation products (Figure 1—2b, 2b’
and 2¢, 2¢’). The reaction was found to be regiospecific
with only a single product resulting from oxidation of
either 1b or lec.

The 'H NMR data for each monooxidation product 2
are shown in Table I. As discussed in the preceding paper

(7) Tamao, K.; Kumada, M.; Ishikawa, M. J. Organomet. Chem. 1971,
31, 17.

(8) Since 1d was not isolated as a pure isomer,® all studies of 2d and
3d are as 1:1 mixtures with 2¢ and 3c, respectively.

Figure 1. Possible products from stereospecific oxidation of
(t-BuMeSi),.

the isomers of (¢-BuMeSi), (n = 4, 5) were identified on
the basis of steric effects in the 'H NMR spectra. The
same approach can be used to asign the structures of the
oxidation products from 1b,c. For example, if 2¢’ is the
correct structure, one would expect a tert-butyl cis to a
tert-butyl and next to an oxygen (1.13 ppm from 2d) and
a methyl cis to a methyl and next to an oxygen (0.24 ppm
from 2d). If 2¢ is the correct structure, one would expect
a tert-butyl cis to a methyl and next to an oxygen (1.04
ppm from 2a) and a methyl cis to a tert-butyl and next
to an oxygen (0.29 ppm from 2a). The latter values are
close to those found experimentally (1.05, 0.34 ppm),
identifying the structure as 2¢. In the same manner the
oxygen insertion product of 1b was found to be 2b rather
than 2b’. Both le¢ and 1d, then, show regioselective oxi-
dation between cis substituents (cis-methyls and cis-
tert-butyls}, with undetectable amounts of the alternative
products (2b’,¢’) being formed. This high selectivity could
arise either from minimal steric demand between cis-
methyl groups or from added reactivity between cis-tert-
butyl groups due to steric strain and a lengthened Si-Si
bond.

Each of the products 2a—d® was also reacted with 1 equiv
of MCPBA, giving regio- and stereospecific products 3a—d.
In this case 2a,c,d each have two possible products (1,3-
or 1,4-dioxa six-membered rings), while 2b has three
possible products (Figure 1). For 2a,c,d the 1,4-dioxa
products (3a’,¢’,d’) should each have only one tert-butyl
resonance and one methyl resonance, while the 1,3-dioxa
products (3a,c¢,d) should be less symmetrical. The un-
symmetrical 1,3-dioxygenated compounds were found in
each case (Table II). The symmetrical 1,3-dioxa isomer





Geometrical Isomers of (t-BuMeSi),

Table III. Second-Order Rate Constants for MCPBA
Oxidation of 1a-d and 2a~d in CCl, (L/(mol s5)

isomer 10%, (1-2) 10%, (2~ 3)
a 8.3 1.5
b 14.3 6.2
c 16.3 2.7
d 13¢ 20¢

¢ Rates determined relative to 1¢ and 2c.?

3b was identified as the product from 2b. These products
indicate that oxygen substitution activates the neighboring
Si-Si bond towards oxidation. This activation could arise
from either the steric effect of moving one set of bulky
substituents further away from the reaction site or the
electronic effect of = donation from the oxygen to the
reacting Si-Si bond.

Interestingly, the effects of cis substituents and oxygen
substitution work together to yield 3b as the only product
from 2b. However when the two effects are opposed (2¢),
the oxygen substitution effect dominates to give 3¢, with
none of the 1,4-dioxa product (3¢’) from oxidation between
cis substituents being formed. __—

Finally, each of the isomers 3a—d was reacted with excess
MCPBA. Isomers 3a and 3b were unreactive showing no
5 after 1 week; isomers 3¢ and 3d reacted slowly (4 days)
with MCPBA to give the resulting tetrasiloxanes 5¢ and
5d. Reaction of a statistical mixture of la—d with 5 equiv
of MCPBA gave a 58% yield of a 1:1 mixture of 3 and 5.
Further analysis showed the 3 to include only isomers 3a
and 3b (1:6) while 5 contained only 5¢ and 5d (55:45).
These results indicate that not only is the oxidation of 3
stereospecific (for example 3¢ — 5¢), but it is also ex-
tremely selective. The oxidation of 3 to 4 is the limiting
step and only takes place in cases where oxidation is be-
tween cis substituents. 3a and 3b have no such favored
cis positions available and hence are unreactive.

Throughout the conversion of 3¢ and 3d to 5¢ and 5d,
no significant amounts of the trioxidation products 4 are
observed. This indicates that the fourth oxidation is sig-
nificantly faster than the third, preventing the accumu-
lation of 4. The rapid oxidation in the final step probably
results from the presence of two “activating” oxygens ad-
jacent to the remaining Si-Si bond in 4.

Absolute Rates of Reaction. The reactions of 1a-d
with MCPBA in CCl, were monitored by GLC and were
found to be second order. The rate constants for the first
and second oxidations (B, and k,) of each of the isomers
are shown in Table III. Typical second-order kinetics
plots are shown in Figure 2. As expected, in all cases k;
is much greater than k,. This indicates that although the
first oxygen activates the neighboring positions toward a
second oxidation, the overwhelming factor in determining
the rate of reaction is ring size.

Since the regioselectivity of the oxidation is seen to favor
reaction with Si-Si bonds having cis substituents, the
measured rates of reaction should also reflect this pref-
erence. As expected k,, is the slowest first oxidation since
1a has no such favorable position for attack. The rates
of reaction of 1b and l¢ are similar and faster than for 1a,
because they each have two favorable sites of attack.
Surprisingly, 1d reacts more slowly than 1b or 1e, despite
the fact that the ring has one completely unhindered face
and has added strain from four cis-tert-butyl groups. This
reduced reactivity is perhaps due to a conformational
change in going from la—c to 1d.

The rate constants for the second oxidation (k,) are more
easily understood. Again the all-trans isomer 2a reacts the
slowest. 2¢ that may be less hindered than 2a but reacts
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Figure 3. Visible absorption spectrum of tert-butylmethylsilylene,
t-BuMeSi:.

only between trans substituents is somewhat faster. 2b
that has one reaction site available between cis substituents
reacts much faster than 2a or 2¢. Finally, 2d that has two
equivalent favorable oxidation positions, as well as in-
creased strain and reduced steric hindrance, shows still
greater reactivity.

The rates of oxidation of 1 and 2 can be compared to
those for epoxidation of olefins with MCPBA. Epoxidation
of trans-stilbene has a second-order rate constant k = 14.6
X 10 L/(mol s) (in CCl,)? similar to k,. The stereospecific
nature of the Si-Si bond oxidation suggests a concerted,
electrophilic 1,1-oxygen insertion’ similar to the mecha-
nism for epoxidation of alkenes.!®

Photolysis of (t-BuMeSi),0 (2). (¢t-BuMeSi),0 (2)
and (t-BuMeSi),0; (3) show strong absorptions in the
ultraviolet, at 253 and 233 nm, respectively. When 2 was
photolyzed at 254 nm in the presence of EtySiH, the
product from tert-butylmethylsilylene (t-BuMeSi:) inser-
tion into the Si-H bond, Et,Si-t-BuMeSiH (55%) was
isolated as the only volatile product. This photolysis was
significantly faster and cleaner than the photolysis of 1.
Furthermore, when 2 was photolyzed in a 3-methylpentane
glass at 77 K, a persistent, deep yellow-orange color de-
veloped (Ape 470 nm) (Figure 3), which disappeared im-
mediately upon melting of the matrix. This broad elec-
tronic absorption band was assigned to the tert-butyl-
methylsilylene (¢-BuMeSi:). Its stability and absorption

(9) Schwartz, N.; Blumbers, J. /. Org. Chem. 1964, 29, 1976.
(10) Azman, A ; Borstnik, B.; Plesnicar, B. J. Org. Chem. 1969, 34, 971.
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parallel those of photolytically generated dimethylsilylene
(Amax 453 nm)!! with the observed red shift possibly arising
from an increased C-Si~C angle. (¢-BuMeSi) O, then,
provides a convenient and efficient source of tert-butyl-
methylsilylene for both matrix and solution studies.

Experimental Section

m-Chloroperbenzoic acid (MCPBA, 85%) was obtained from
Aldrich Chemical Co. and used without further purification. The
(t-BuMeSi), isomers {la—d) were prepared and separated as
described in the preceding paper. Gas chromatographic analyses
were carried out on a Hewlett-Packard 5720A gas chromatograph
using a flame ionization detector and a 8 ft X /g in. 5% Dexsil
column. Spectra were recorded by means of the following in-
struments: infrared, Beckman IR4230 spectrophotometer; 'H
NMR Briicker WH270 spectrometer; UV, Varian Cary 118; mass
spectra, Varian AEI MS902 at 70 eV.

Syntheses of 2 and 3. To 1.0 g (2.5 mmol) of an isomeric
mixture of 1 in 20 mL of CCl, was added 0.5 g (2.5 mmol) of 85%
MCPBA. The mixture was magnetically stirred, and m-chloro-
benzoic acid precipitated as the reaction proceeded. After 4 h
the reaction mixture was washed three times with aqueous sodium
bicarbonate and dried over anhydrous sodium sulfate. After
removal of the solvent, sublimation (110 °C (1 torr)) gave 1.01
g (97%) of 2 (92% purity by GLC) as a white solid (mp 144152
°C). Anal. Caled for CyoHgSi0: C, 57.61; H, 11.60; Si, 26.94.
Found: C, 57.19, H, 11.46; Si, 26.48. Analysis by GLC showed
the presence of small amounts (approximately 4% each) of 1 and
3. For physical characterization of the isomers of 2, see below.

The dioxidation product (¢-BuMeSi),0, (3) was obtained sim-
ilarly. To 1.0 g (2.5 mmol) of an isomeric mixture of 1 in 20 mL
of 1:1 CCl,/CHC]; (to increase MCPBA solubility) was added 1.0
g of 85% MCPBA (5.0 mmol). The mixture was magnetically
stirred and after 3 days was worked up as above. Sublimation
(105 °C (1 torr)) gave 1.0 g (92%) of a white solid (mp 151-158
°C) shown to be 98% 3 by GLC. Anal. Caled for CpHsSi0y:
C, 55.49; H, 11.17; Si, 25.95. Found: C, 55.55; H, 11.17; Si, 25.95.
For physical characterization of the isomers of 3, see below.

The tetraoxidation product (t-BuMeSi0), (5) was obtained by
reacting 500 mg (1.25 mmol) of an isomeric mixture of 1
(9:49:29:13) in 10 mL of CHCI, with 1.25 g (6.25 mmol) of 85%
MCPBA. The mixture was magnetically stirred and after 1 week
was worked up as above. Sublimation (100 °C (1 torr)) gave 325
mg (58%) of a white solid shown to be 1:1 3/5 by GLC. Prep-
arative GLC provided pure 3 and §. The 3 was shown by TH NMR
spectroscopy to be a mixture of 8a and 3b (1:6) with no 3c or 3d
present.

The siloxane 5 was a 55:45 mixture of only two isomers (by
NMR), shown to be 5¢ and 5d by comparison 1o the products of
lc and 1d with excess MCPBA. The isolated 5 was a white solid:
mp 159-163 °C; mass spectrum (30 eV), selected m/e (relative
intensity) 449 (M - CH,, 1.2), 410 (5.1), 409 (29.2), 408 (M — C,H,,
55.8), 407 (M - C, H,, 100), 367 (4.4), 366 (7.6), 365 (M - C;H,
~ C4Hsg, 28.6), 325 (2.0), 324 (3.8), 323 (M ~ C,Hy - 2C;Hg, 17.3),
309 (M - C,H, - C,H, - C3H,, 1.7), 283 (3.9), 282 (7.6), 281 (M
- C4H9 - 3C3H6’ 37-7), 267 (M - C4Hg - C4Hg - 2C3H6, 2.9), 73
(Me3Si*, 3.9); IR (KBr) 2950, 2928, 2887, 2854, 1469, 1456, 1385,
1368, 1258, 1068 (br), 1000, 934, 829, 779, 762, 737 cm™}; 'H NMR
(benzene-dg) 5¢ 6 1.069 (s, 9 H), 0.166 (s, 3 H), 5d 6 1.035 (s, 9
H), 0.126 (s, 3 H). :

The individual isomers 2a—d and 3a-d were prepared by re-
action of 20 mg of 1a, 1b, lc, or 1d® with 1 and 2 equiv, respec-
tively, of MCPBA in CCl, as above. Following the aqueous
NaHCO; wash and removal of solvent, products were isolated by
slow partial evaporation of THF to give colorless, needle-shaped
crystals. 'H NMR data for 2a-d and 3a-d are shown in Tables
I and 2. Mass spectra of 2a—d and 3a—d were essentially inde-

(11) Drahnak, T.; Michl, J.; West, R J. Am. Chem. Soc. 1979, 101,
5427.

Helmer and West

pendent of the isomer studied and are given below along with other
selected data on the individual isomers:

2: mass spectrum, selected m/e (relative intensity) 418 (3.3),
417 (8.2), 416 (M*, 23.3), 361 (8.6), 360 (15.9), 359 (M ~ C,H,, 60.1),
304 (3.0), 303 (M - C,H, - C,H,, 14.6), 247 (M - C;H,y - 2C H,,
2.0, 147 (12.5), 143 (5.8), 133 (15.8), 117 (5.2), 85 (6.2), 73(Me,Si*,
100).

2a: mp 193-195 °C; exact mass 416.2783, calcd 416.2769,
deviation 3.4 ppm.

2b: mp 187.5-191 °C; exact mass 416.2780, calcd 416.2769,
deviation 2.6 ppm; IR (KBr) 2950, 2926, 2889, 2852, 1468, 1458,
1411, 1386, 1358, 1258, 1247, 1188, 1180, 1092, 1030, 1004, 962
(Si-0), 938, 817, 795, 786, 762, 755, 714, 790, 667, 628 cm™!; UV
Amaz (€6 cyclohexane) 195 nm (32 500), 212 (18900), 236 (9080),
253 (3860).

2¢: mp 112-118 °C; exact mass 418.2775, calcd 416.2769, de-
viation 1.4 ppm.

3: mass spectrum, selected m/e (relative intensity) 434 (0.4),
433 (1.5), 432 (M*, 4.3), 377 (7.5), 376 (15.5), 375 (M - C H,, 48.8),
320 (2.9), 319 (M - C,Hy - C,Hj, 9.0), 191 (4.1), 147 (7.9), 133 (3.4),
99 (5.4), 85 (7.7), 73 (Me,ySi*, 100).

3a: mp 169-173 °C, exact mass 432.2731, calcd 432.2718,
deviation 3.2 ppm.

3b: mp 195-197 °C, exact mass 432.2732, caled 432.2718,
deviation 3.2 ppm; IR (KBr) 2956, 2927, 2891, 2853, 1469, 1459,
1412, 1387, 1361, 1259, 1093 (br), 1027 (br), 986, 962, 936, 804 (br),
757, 741 em™; UV Apx (6, cyclohexane) 193 nm (29100), 233
(14 600).

3c: mp 103-109 °C; exact mass 432.2727, caled 432.2718, de-
viation 2.1 ppm.

Kinetics. The rates of MCPBA oxidation of 1a—c and 2a-c
were determined by monitoring the rate of disappearance of a
pure isomer relative to a hydrocarbon standard in the presence
of 1 equiv of MCPBA in CCl, at 22 °C. In each case at least six
determinations were made before 50% conversion. Least-squares
fit of the appropriate plot provided a straight line with slope equal
to the second-order rate constant and linear correlations of
0.997-1.000. The rates of oxidation of 1d and 2d were determined
relative to 1e and 2¢ by monitoring the reaction of 1:1 mixtures
of 1e,d or 2¢,d with excess MCPBA at low conversion by H NMR
spectroscopy.

Photolysis of (t-BuMeSi),0 (2). A 50-mg sample of 2 and
1 mL of Et;SiH were placed in 4 mL of 3-methylpentane in a
quartz photolysis tube. The solution was degassed then photolyzed
at 254 nm. The reaction was complete in 30 min to give 15 mg
of Et;Si-t-BuMeSiH® (55%) as the only volatile product: *H NMR
(benzene-dg) 4 3.78 (q, J = 4.8 Hz, 1 H), 1.04 (s, 9 H), 0.97 (t, J
= 7.9 Hz, 9 H), 0.67 (g, J = 7.9 Hz, 6 H), 0.16 (d, J = 4.8 Hz, 3
H).

A 1-mg sample of 2 was placed in 2 mL of 3-methylpentane
in a quartz ultraviolet cell with a vacuum stopcock. The solution
was degassed and then tooled to 77 K with liquid nitrogen in a
Dewar flask equipped with flat quartz windows. Photolysis of
the resulting hydrocarbon glass at 254 nm for 30 min generated
a yellow-orange color (Ap,, 470 nm (br)). The color persisted at
77 K but faded immediately upon melting of the matrix.
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The reaction of (CO);MnSi(CH,); (1; 1.0-2.4 equiv, 2-4 h, 50 °C, acetonitrile) with ten different methyl
ketals (Table I) gives methyl enol ethers in 56% to >95% yields. Easily removed byproducts CH;0Si(CH,),
and (CO);MnH (or Mny(CO)g(CH;CN)/Mny(CO),,) also form. When regio- and/or geometric isomers are
possible, thermodynamic mixtures are obtained. The reaction of 1 with acetals is more complex, but when
conducted under 200 psi of CO, manganese acyls (CO);MnCOCH(OR)R’ (derived from alkyl intermediates)
can be isolated. A general mechanism is proposed in which a ketal or acetal oxygen is initially silylated

by 1. Also, 1 rapidly converts cyclohexanone ethylene glycol ketal to (CHj);SiOCH,CH,0C=CHCH,-

CH,CH,CH, (7) and slowly transforms cyclohexanone diallyl ketal to 1-cyclohexenyl allyl ether. Ortho
ester CH3C(OCHj); and 1 react to give principally CH;CO,CH; and CH30Si(CHj),.

Introduction

Reactions of transition-metal trialkylsilanes such as
(CO);MnSi(CHy); (1)? and cis-(CO),Fe[Si(CHy);]5® with
oxygen-containing organic molecules have been the subject
of intensive study in our laboratory.*” Two broad classes
of useful transformations have been found: (1) new
metal-carbon bond forming reactions which give isolable
organometallic products*® and (2) organic functional group
transformations.67

Previously, we noted that (CO)sMnSi(CHg); (1) cleanly
converts ketones with a-hydrogens to their trimethylsilyl
enol ethers.? In contrast to conventional silyl enol ether
syntheses, no acid or base was required. The byproduct
was the mildly acidic (CO);MnH (pK, ~ 7).2 Mechanistic
considerations led us to predict that 1 might similarly
transform ketals to enol ethers according to eq 1. Enol
ethers are conventionally synthesized by the reaction of
ketals and acetals with protic acids at temperatures in the
100-200 °C range.*!! Since such conditions are not

(1) Address correspondence to this author at the Department of
Chemistry, University of Utah, Salt Lake City, Utah 84112. Fellow of
the Alfred P. Sloan Foundation (1980-1984) and Camille and Henry
Dreyfus Teacher-Scholar Grant Recipient (1980-1985).

(2) (a) Berry, A. D.; MacDiarmid, A. G. Inorg. Nucl. Chem. Lett. 1969,
5,601. (b) Malisch, W.; Kuhn, M. Chem. Ber. 1974, 107, 979. (c) Gladysz,
J. Al; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, D. W.; Selover,
d. C. Inorg. Chem. 1979, 18, 553.

(3) (a) Jetz, W.; Graham, W. A. G. J. Organomet. Chem. 1974, 69, 383.
(b) Vancea, L.; Bennett, M. J.; Jones, C. E.; Smith, R. A.; Graham, W.
A. G. Inorg. Chem. 1977, 16, 897. (c) Blakeney, A. J.; Johnson, D. L,;
Donovan, P. W.; Gladysz, J. A. Ibid. 1981, 20, 4415.

(4) (a) Johnson, D. L.; Gladysz, J. A. J. Am. Chem. Soc. 1979, 101,
6433. (b) Johnson, D. L.; Gladysz, J. A. Inorg. Chem. 1981, 20, 2508.

(5) (a) Brinkman, K. C.; Gladysz, J. A. J. Chem. Soc., Chem. Commun.
1980, 1260. (b) Brinkman, K. C.; Gladysz, J. A., manuscript in prepara-
tion.

(6) Blakeney, A. J.; Gladysz, J. A. J. Organomet. Chem. 1981, 210, 303.

(7) Marsi, M.; Gladysz, J. A. Tetrahedron Lett. 1982, 23, 631.

(8) Shriver, D. F. Acc. Chem. Res. 1970, 3, 231.

(9) For some representative syntheses, see: (a) Meerwein, H. In
Houben-Weyl “Methoden der Organischen Chemie™; Miiller, E., Ed.;
Georg Thieme Verlag: Stuttgart, Vol. 6/3, p 97, p 199 ff. (b) Taskinen,
E. Acta Chem. Scand., Ser. B 1974, B28, 357. (c) Newman, M. S.; Vander
Zwan, M. C. J. Org. Chem. 1978, 38, 2910. (d) Wohl, R. A. Synthesis
1974, 38. (e) House, H. O.; Kramer, V. J. Org, Chem. 1963, 28, 3362. (f)
Norris, R. O.; Verbanc, J. J.; Hennion, G. F. J. Am. Chem. Soc. 1938, 60,
1159,

(10) There are many specialized procedures for vinyl ether synthesis
such as: (a) Kluge, A. F.; Cloudsdale, 1. S. J. Org. Chem. 1979, 44, 4847.
(b) Pine, S: H.; Zahler, R.; Evans, D. A,; Grubbs, R. H. J. Am. Chem. Soc.
1980, 102, 3270. (c) Gilbert, J. C.; Weerasooriya, U.; Wiechman, B.; Ho,
L. Tetrahedron Lett. 1980, 21, 5003. (d) Barbot, F.; Miginiac, P. Helv.
Chim. Acta 1979, 62, 1451.

(11) Miler, R. D,; McKean, D. R. Tetrahedron Lett. 1982, 23, 323.

compatible with thermally labile and acid sensitive groups,
eq 1 appeared to offer distinct advantages over existing
methodology. In this paper, we report (a) reactions of 1
with a variety of dimethy! ketals which give methyl vinyl
ethers in good to excellent yields, (b) the high yield con-
version of cyclohexanone ethylene glycol ketal to a ring-
opened, silylated vinyl ether, (c) related, more complex
reactions of 1 with acetals, cyclohexanone dially! ketal, and
ortho esters, and (d) mechanistic data on these transfor-
mations, including the use of CO to trap manganese alkyl
intermediates. A portion of this study has been commu-
nicated.”

RO OR

CH3zCN
+ (COIMRSI(CHy)3 3
1

3 50 °C
2-4h

OR

/k + (COJsMnH + ROSI(CH3)s (1)
‘e

Results

The methyl ketals listed in Table I were treated with
1.0-2.4 equiv of 1 in CH;CN (or CD4CN) for 2—-4 h at 50
£ 2 °C (eq 1). Methyl enol ethers formed in 56 to >95%
yields, as determined by GLC and 'H NMR spectroscopy.
In three representative cases (entries 6-8), yields of iso-
lated, distilled products were obtained. Identities of the
enol ethers in Table I were confirmed by comparison with
independently prepared authentic samples. Volatile by-
product CH308i(CHj3); formed in all reactions.

Hydride (CO);MnH was the initial inorganic product of
eq 1, as evidenced by a § -7.9 'H NMR resonance.?
However, (CO)sMnH decomposed during the reaction to
Mn,(CO)o(CH4CN) (IR (cm™, hexane) 2094 (w), 2026 (s),
2005 (s), 1996 (vs), 1974 (m), 1954 (m))!® and small
amounts of Mny(CO);,. Side reactions of some products
with (CO);MnH were observed, so an excess of 1 was
utilized with the less reactive dimethyl ketals to increase
the rate of initial reaction (Experimental Section). The
GLC yield of a-methoxystyrene (entry 8) reached a max-
imum (93%) at 21.6:1.0 l:acetophenone dimethyl ketal
ratios.

The trapping of byproduct (CO);MnH was attempted.
Reactions conducted in the presence of 1.0 equiv of PPh,
or Ph,PCH,CH,PPh, gave phosphine-substituted man-

(12) Whitesides, G. M.; Maglio, G. J. Am. Chem. Soc. 1969, 91, 4980.
(13) Ziegler, M. L.; Haas, H.; Sheline, R. K. Chem. Ber. 1965, 98, 2454.
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Table I. Vinyl Ethers Synthesized from Dimethyl Ketals and 1°
yield data® %
entry starting ketal product GLC NMR isol
1 CH3O OCH3 OCH3 97 95
s
2 CHyQ OCHs3 OCH3 OCH3 98 98
38 62
3 cm,oéows %3 93 98
4 oCHs 56 60
5 cu30)<ocw ﬁa 78 77
pen 85 95 79
6 OC3H3 OCHs
7 CHQ OCH3 0CH; 88 95 74
2
25(E):75(Z)¢
) cwf OCHs OCHs 93 97 81
9 cw;@ /OCKHBV 78 84
10 BCHs 0ocHs 97 93

CHaQ OCHs
{

:

PPN

2 (71) 3 (4(Z):25(E)¢

@ See Experimental Section for reaction conditions and geometric isomer assignments. © Yields are based upon ketal and

are estimated to be accurate within +5%.

ganese hydrides, as evidenced by 3'P-coupled 'H NMR
resonances (6 7.4 (d, Jig_sip = 33 Hz) and -7.9 (t, Jiy.sp
= 46 Hz)). These hydrides were more stable than (C-
0);MnH to the reaction conditions, but higher yields of
enol ether products were not obtained. Base additives
(n-C,Hy)sN, 2,6-di-tert-butylpyridine, DBU, 4-(di-
methylamino)pyridine, and 2,2,6,6-tetramethylpiperidine
either reacted with starting 12 or failed to deprotonate
(CO);MnH.

The disappearance of (CO);MnH during the course of
eq 1 was probed. No reaction occurred when equivalent
amounts of 1 and (CO);MnH were heated at 50 °C in
CD4CN for 24 h. Similarly, (CO);MnH was unreactive
toward 5-nonanone dimethyl ketal and acetophenone di-
methyl ketal (2 h, 50 °C, CD;CN). However, (CO);MnH
slowly converted a-methoxystyrene and 5-methoxy-4-
nonene to the corresponding saturated ethers (GLC
identified); Mny(CO)o(CH;CN) formed concurrently.

The regio- and stereoselectivity of eq 1 was investigated.
Reaction of 1 with 2-methylcyclohexanone gave regioi-
someric enol ethers 1-methoxy-2-methylcyclohexene and
2-methoxy-3-methylcyclohexene (Table I, entry 2). At
50% conversion (30 min), the product ratio was (40 £
2):(60 = 2). At completion of the reaction, the product
ratio was a (38 £ 2):(62 + 2) thermodynamic mixture.¢
Treatment of 4-methyl-2-pentanone dimethyl ketal with

(14) (a) Taskinen, E. J. Chem. Thermodyn. 1974, 6, 345. (b) Rhoads,
S. J.; Chattopadhyay, J. K.; Waali, E. E. J. Org. Chem. 1970, 35, 3352.

1 gave regioisomeric enol ethers (Table I, entry 10) 2 and
3 (mixture of Z/E isomers). After 1 hr, the ratio of 2:3 was
(81 £ 2):(19 + 2). After 24 h, the ratio of 2:3 was (71 £
2):(29 * 2) thermodynamic mixture.!* A thermodynamic
mixture of geometric isomers was obtained from 1 and
5-nonanone dimethyl ketal (Table I, entry 7).

The possible influence of (CO);MnH upon reaction re-
giochemistry was examined. A (17 % 2):(86 % 2) mixture
of 1-methoxy-2-methylcyclohexene and 2-methoxy-3-
methylcyclohexene was' treated with (CO);MnH (0.32
equiv) at 50 °C in CHsCN. After 0.4 h, the regioisomer
ratio was (24 + 2):(76 £ 2). At 1.5 and 3.5 h, ratios were
(29 + 2):(71 = 2) and (35 + 2):(65 + 2), respectively.

Reactions of 1 with certain functionalized dimethyl
ketals were not as clean as those in Table I. Ketal ether
1,3,3-trimethoxybutane and 1 (1.86 equiv) gave only ca.
25% of 2,4-dimethoxybutene, as determined by 'H NMR
and GLC coinjection. Traces of 3,3-dimethoxy-1-butene
were present, but 2-methoxy-1,3-butadiene was absent.
Similarly, ketal olefin 3,3-dimethoxy-1-butene and 1 (1.90
equiv) gave only a ca. 30% yield of 2-methoxy-1,3-buta-
diene. After 0.75 h, all of 1 had been consumed, but half
of the starting material remained.

Reactions of 1 with acetals were complex and gave poor
yields of enol ethers. Cyclic acetal 2-methoxytetrahydro-
pyran and 1 reacted (eq 2) to give, among other products,
olefins 4 (1(2):1(E) mixture) and 5 and dihydropyran. The
major product, 4, formed in 10% yield. However, when
this reaction was conducted under 200 psi of CO, manga-
nese acyl 6 (eq 2) was isolated in 65% yield. Reaction of





Reactions of Ketals and Acetals with (CO)sMnSi(CH;);

1 with hydrocinnamaldehyde dimethyl acetal gave only a
1-5% yield of vinyl ether 1-methoxy-3-phenylpropene, as
assayed by (partial) preparative GLC purification and
observation of characteristic RHC—=CHOCH; 'H NMR
resonances. However, under 200 psi of CO, the labile acyl
(CO);MnCOCH(OCH;)CH,CH,C¢H; was obtained.
Manganese acyls did not form when dimethyl ketals and
1 were reacted under CO.

!\/j\ + (CO)sMnSi(CHz)3
07 ™S0cH; 1 200 psi of €O

(CO)5MnCCHCH2CH2CHZCHZOSi(CH3)3
no CO

CHz
6 (65%)
(CH3)3SI0CHCHaCHCH=CHOCH3 +

4(Z,E)

(CH3)3SIOCHCHCHaCH==CH, + @ =+ other products (2)
5 0

Since glycol-derived ketals are a common class of com-
pounds, the reaction of 1 (1.16 equiv) with cyclohexanone
ethylene glycol ketal was examined. As shown in eq 3,
rapid conversion to functionalized enol ether 7 occurred
(94% by 'H NMR; 92% by GLC). Solvent removal and
distillation gave pure 7 in 87% isolated yield.

5N OSi

/‘1
0
(CO)5MnS|(CH3)3
ij T cogeN (3)
50°C, 1 h

(87% isolated)

The diallyl ketal of cyclohexa.none was treated with 3.55
equiv of 1 at 25 °C (eq 4). Slow conversion to 1-cyclo-
hexenyl allyl ether (and H,C=CHCH,08i(CH,);) occur-
red. After 3 days, product and starting material were
present in 42% and 58% yields, respectively; starting 1
had been consumed. No Claisen rearrangement product,
2-allylcyclohexanone, formed, but in reactions at 50 °C it
became a significant byproduct.

P
0
0 0 /m
(CO)gMnSi(CHa)3
ij CDaCN (4)
25 °C, 3 days

42%
(100% conversion yield)

Reaction of the ortho ester CH;C(OCHj); with 1 (1.35
equiv, 50 °C) gave, after 1.5 h, CH;CO,CH; (30%) and
CH;08Si(CHjy); (60%) as the major organic products (eq
5). At this point, starting 1 had been consumed and 35%
of the ortho ester remained. Traces of (CO);MnCHj, were
detected by IR, 'H NMR, and TLC, but the major man-
ganese-containing product was Mny(CO)(CH;CN). A
similar reaction of 1 with CH;C(OCH,CHj,), gave CH,C-
020H20H3 (32%) and cHacHzosi(CH3)3 (40%) as the
major organic products; 8% of the starting ortho ester
remained.

OCH3

(COIgMRSi(CH3 )3

CDaCN
50 °C, 15 h
OCH3 30%

(46% conversion yield)

CH3— C—OCH; CHy—C—0CH3  (B)
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Scheme I. Proposed Mechanism of
Methyl Enol Ether Formation

CHxz

+
CH30. OCH3 CH=0, 0——Si{CH3)3

>< + {CO)sMnSi(CHa)z <=

1 (COIsMn

v/

- + CH30Si(CH3)3

{CO)lsMn~  H
CHz0 9
+ {CO)sMnH __, “\?

CH30

{COIsMn H
10

Discussion

The yields of methyl enol ethers from the simple mo-
nofunctional dimethyl ketals in Table I are uniformly geod.
However, entries 2, 7, and 10 show that when regioisomers
and/or geometric isomers are possible, equilibrium mix-
tures can be expected. Only in the case of the cyclopropyl
ketal (entry 9) was a mechanistically accessible,!! ther-
modynamically more favored product (ring opened
H,C=CHCH==C(OCH;)CHj;) not observed.

Since we had previously shown that (CO);MnH slowly
catalyzes the interconversion of trimethylsilyl enol ether
regioisomers,*® we were not surprised to observe a similar
(CO)sMnH-promoted equillibrium of 2-methoxy-3-
methylcyclohexene and 1-methoxy-2-methylcyclohexene.
However, since the product ratios in entries 2 and 10 of
Table I do not vary substantially with % conversion, we
conclude that the kinetic isomer distribution is close to the
thermodynamic one.

Conditions in Table I have been optimized for certain
substrates to avoid C=C hydrogenation by (CO);MnH.
Halpern has observed that (CO);MnH converts «-me-
thylstyrene to isopropylbenzene at conveniently measured
rates at 40-75 °C (AH* = 21.4 £ 0.3 kcal/mol; AS* = -12
+ 1 eu).!58 This reaction has been shown to proceed via
the geminate radical pair (CO);Mn: CgH;(CH,),C-. Vinyl
ether a-methoxystyrene should be more reactive than
a-methylstyrene toward (CO)sMnH, since the more highly
stabilized C4H;(CH,)(CH;0)C: radical would result.
Current estimates for D((CO)sMn - H) are only ca. 60
keal/mol,’” so (CO);MnH is expected to be a good hy-
drogen atom donor.!518

When 1 and (CHj);N are reacted, trimethylsilyl group
transfer to give the isolable ion pair (CH;);sN*Si(CH;),
(CO)sMn™ occurs.2 Hence we propose that the initial step
of eq 1 is the silylation of a ketal oxygen to give the ion
pair 8, as shown in Scheme I. As would be expected of
a transformation involving neutral reactants and charged
intermediates, the substitution of less polar solvents such
as CH,Cl, and benzene for acetonitrile slows eq 1 dra-
matically.

(15) Sweany, R. L.; Halpern, J. J. Am. Chem. Soc. 1977, 99, 8335.

(16) Halpern, J. Pure Appl. Chem. 1979, 51, 2171.

(17) Rathke, J. W.; Feder, H. M. J. Am. Chem. Soc. 1978, 100, 3623.

(18) Nappa, M. J.; Santi, R.; Diefenbach, S. P.; Halpern, J. J. Am.
Chem. Soc. 1982, 104, 619.
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We suggest that 8 subsequently extrudes the observed
byproduct CH;08i(CHjy); to give the new ion pair 9. The
most direct pathway to enol ether would then involve H*
transfer from carbon to (CO);Mn~. However, 9 might also
collapse to the organometallic intermediate 10 (Scheme
I), which could go on to products via a classical 3-hydride
elimination mechanism. These possibilities, and variants
involving electron transfer steps, are not easily distin-
guished by experiment. Qur ability to isolate manganese
acyls from the reaction of 1 with acetals under CO indicates
that manganese alkyls do form under the conditions of
Scheme 1.7  Unfortunately, this trapping does not provide
any information on the identity of the immediate precursor
to the enol ether product. Our inability to isolate man-
ganese acyls from the reaction of 1 with ketals under CO
may be due in part to the fact that the Mn-C ¢ bond in
10 would be weaker and hence less likely to form. This
parallels our previous observations with carbonyl com-
pounds: aldehydes and 1 react under CO to give acyls
(CO)sMnCOCHROSI(CHj);, but ketones (with o hydro-
gens) yield only silyl enol ethers.#®5b

Reactions of ketals with several (CH;)35i-X reagents
have been studied, resulting in interesting variations on
the chemistry in Scheme 1. Jung has found that (CH,)3Sil
and dimethyl ketals react to give ketones, CH;OSi(CHj)s,
and CH;I in high yields.?® Oxonium ions analogous to 8
and 9 likely form but with I” as the anion. Internal attack
of I" upon the methyl group of 9 would then afford the
observed products. If (CO);Mn~ (a strong nucleophile)?
behaved similarly, two mutually inert products, (CO);-
MnCHj and ketone, would result. These species were not
detected in any of the reactions in Table 1.

An important article by Miller and McKean appeared
while this study was in progress.}! These authors found
that methyl enol ethers could be isolated in high yield by
treating dimethyl ketals with (CH3)4Sil in the presence of
[(CH,);S1],NH base. This reaction also likely involves the
oxonium ion 9 (I” anion), but now added base plays the
role of (CO);Mn~ and enol ether forms. The Miller/
McKean procedure is distinctly better than ours at con-
verting acetals to enol ethers. Otherwise, comparable
yields are obtained for the substrates in entries 2, 6, 7, and
8 of Table I. However, the (CH,);Sil/[(CH3)3Si],NH
recipe converts cyclopropyl ketals to ring-opened products,
whereas with 1 the cyclopropane remains intact (entry 9,
Table I).

In the presence of a catalytic amount of SnCl,, dimethyl
ketals and (CHy);SiCN react to give a-methoxy cyanides
and CH;0Si(CH,)5.%2 Since "CN is a poor base but makes
a very strong (~120 kcal/mol)?® bond to carbon, the re-
placement of (CO);Mn~ by "CN in oxonium ion 9 would
be expected to give C-CN bonded products. Noyori has
found numerous reactions in which a catalytic amount of
(CHj,);Si0S0,CF; promotes nucleophilic attack upon di-
methyl ketal carbon.?* Oxonium ions analogous to 9 are
presumed to be intermediates.

Reactions of (CHj);Si~X reagents with ethylene glycol
ketals have not to our knowledge been previously reported.
Equation 3 provides a facile means of differentiating the

(19) Calderazzo. F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299.

(20) Jung, M. E.; Andrus, W. A.; Ornstein, P. L. Tetrahedron Lett.
1977, 4175.

(21) Pearson, R. G.; Figdore, P. E. J. Am. Chem. Soc. 1980, 102, 1541.

(22) Utimoto, K.; Wakabayashi, Y.; Shishiyama, Y.; Inoue, M.; Nozaki,
H. Tetrahedron Lett. 1981, 22, 4279,

(23) Streitweiser, A.; Heathcock, C. H. “Introduction to Organic
Chemistry”; Macmillan: New York, 1976, pp 133-136 and 1186.

(24) (a) Murata, S.; Suzuki, M.; Noyori, R. J. Am. Chem. Soc. 1980,
102, 3248. (b) Noyori, R.; Murata, S.; Suzuki, M. Tetrahedron 1981, 37,
3899.
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two ends of the glycol moiety. The rate acceleration rel-
ative to entry 1 of Table I may be due to diminished steric
hinderance in the initial oxonium ion forming step
(Scheme I).

Allyl vinyl ethers are an important and often difficultly
accessible class of compounds.10¢42526 Hence we hoped
that they might be generally available from 1 and diallyl
ketal precursors. However, diallyl ketals are distinctly less
reactive than dimethyl ketals toward 1, and (as shown in
eq 4) long reaction times are required when temperatures
are kept low enough to avoid Claisen rearrangement by-
products. This problem might be circumvented by using
transition-metal silanes L,MSi(CHj); in which the L, M~
moiety is a better leaving group and poorer nucleophile
than (CO);Mn™ (e.g., (CO)5(L)CoSi(CHj)s, L. = phosphine,
CO). These should be “hotter” silylating agents than 1 and
will be utilized in future reactivity studies in our labora-
tory.

Another potential application for a more relative sily-
lating agent than 1 would be in eq 5. Ortho esters are
easily synthesized from nitriles,?” and we had hoped for
their ready conversion to difficultly accessible (but syn-
thetically very useful)® ketene acetals. This would entail
a mechanism similar to Scheme I. However, presumed
intermediate CH,;C*(OCH,),(CO);Mn" apparently un-
dergoes methyl transfer to give CH;CO,CHj in preference
to H* transfer to give H,C=C(OCHy),. Since (CO);Mn-
CHj, is detected only in trace quantities in eq 5, we suspect
that it undergoes decomposition, perhaps via an acyl.’® In
both eq 4 and 5, 1 was consumed at a significantly greater
rate than the organic substrate. We are at present unable
to account for this observation.

Reactions of 1 with acetals are seemingly complicated
by several side reactions (homolysis, hydrogenation, hy-
drogenolysis). With 2-methoxytetrahydropyran (Eq 2),
organic products derived from the silylation of both oxy-
gens are obtained. Under CO, the manganese acyl derived
from ring-oxygen silylation predominates. While the low
yields of enol ethers from these substrates, as well as from
functionalized ketals 1,3,3-trimethoxybutane and 3,3-di-
methoxy-1-butene, apparently represent intrinsic limita-
tions in the reagent 1, some improvement may yet be
possible by careful optimization of reaction conditions.

In summary, this study has resulted in a practical, low-
temperature synthesis of methyl enol ethers from dimethyl
ketals. Reagent 1 does not noticeably deteriorate over
several hours in dry air, and functional groups which can
be tolerated include arenes, nitriles, unactivated halides
and olefins, and to some extent ethers® and esters. This
investigation has also provided new fundamental data on
transition-metal trialkylsilane/organic molecule reactivity.
Additional applications of metal silane reagents in organic
and organometallic chemistry will be the subject of future
reports from our laboratory.

Experimental Section

Starting Chemicals. 5-Nonanone, 4-methyl-2-pentanone,
cyclopentanone, cyclohexanone, 2-methylcyclohexanone, cyclo-
octanone, 2-norboranone, acetophenone, methyl vinyl ketone,
hydrocinnamaldehyde, 2,2-dimethoxypropane, cyclopropyl methyl

(25) Burrows, C. J.; Carpenter, B. K. J. Am. Chem. Soc. 1981, 103,
6983.
(26) Daub, G. W.; Sanchez, M. G.; Cromer, R. A.; Gibson, L. G. J. Org.
Chem. 1982, 47, 743.

(27) Dewolfe, R. H. Synthesis 1974, 153.

(28) (a) Brassard, P. In “The Chemistry of Ketenes, Allenes, and Re-
lated Compounds”; Patai, S., Ed.; Wiley: New York, 1980; p 487. (b)
Beyerstedt, F.; McElvain, S. M. J. Am. Chem. Soc. 1936, 58, 529.
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ketone, trimethyl orthoacetate, and triethyl orthoacetate were
obtained from Aldrich or Eastman and were distilled prior to use.
2-Methoxypropene, HC(OCHj);, PPhg, and Ph,PCH,CH,PPh,
were obtained from Aldrich and used without purification. Other
starting reagents were obtained from common commercial sources
and used without purification.

Solvents CH;CN and CD;CN were distilled over P05 and
freeze-pump-thaw degassed before use. Hexane was distilled from
potassium under N,. CO was obtained from Air Products and
used without purification. (CO);MnSi(CH,); was synthesized by
Malisch’s route?* using K*(CO);Mn- and stored under N,.#

Instruments. 'H and C NMR spectra were recorded on
Varian T-60, JEOL FX90Q, and Bruker WP-200 spectrometers.
IR and mass spectra were obtained on Perkin-Elmer 521 and
AEI-MS89 spectrometers, respectively. GLC analyses were per-
formed on Varian Aerograph 90P (preparative) and Hewlett-
Packard 5720A flame ionization (analytical) chromatographs.

Syntheses of Organic Substrates and Product Authentic
Samples. Methyl ketals and acetals were synthesized by a method
similar to that of House.* To CHZOH solvent was added 1.0 equiv
of ketone or aldehyde, 1.3 equiv of HC(OCHj,),, and a catalytic
amount of p-CH4C¢H;SO;H-H,0. This solution was allowed to
sit for 48 h and was then neutralized with an excess of Na,CO,
and filtered. Solvent was removed from the filtrate by rotary
evaporation, and the residue was vacuum distilled to give 60~70%
of pure ketal or acetal.

Cyclohexanone diallyl ketal,® 1,3,3-trimethoxybutane,® 2-
methoxybutadiene, 3,3-dimethoxy-1-butene,” a-methoxy-
styrene,’ 2 and 3,4 (CH,),SiOCH,CH,CH,CH=CH,,* 2-meth-
oxytetrahydropyran,3* and cyclohexanone ethylene glycol ketal®®
were prepared by literature methods.

Authentic samples of methyl enol ethers other than those noted
above were prepared by heating the neat dimethyl ketal precursor
to 100-200 °C in the presence of p-CH3C;H,SO;H-H,0 and
subsequent distillation through a Vigreaux column.®* The dis-
tillate was washed with H,0, dried over Nay,COj;, and redistilled
or preparatively gas chromatographed to give pure methyl enol
ether. Product identities were verified by the comparison of
spectral and physical properties with published data.®®

Organic Product Analysis. GLC yields of NMR tube re-
actions were obtained as follows: 1.0 uL aliquots of the reaction
mixture (containing a standard) were chromatographed on /4
in. diameter columns packed with UCW98 on Chrom W-HP (20
in. or 6 ft) or 15% Carbowax on Chromosorb W (6 ft). Peak areas
were measured with a Hewlett-Packard 3380A integrator. Yields
were corrected for detector response factors and were the average
of at least three injections. Accuracy was estimated to be £5%.
All yields were based upon the limiting reactant. Methyl vinyl
ether NMR yields were (unless noted) calculated by comparing
the integral of the product -OCH; (5 3.4-3.6) with that for the
entire ~Si(CHj); (6 0.0-0.5) region.

Reaction of Cyclohexanone Dimethyl Ketal with 1. To
a 5-mm NMR tube was added 71 mg (0.265 mmol, 0.98 equiv)
of 1. The tube was taken into a drybox, and 0.40 mL of CD;CN
was syringed in. The tube was capped with a latex septum,
removed from the box, and weighed. Ketal (32 uL, 39.0 mg, 0.271
mmol) was then added, and the tube was reweighed and placed
in a 50 £ 2 °C oil bath for 2 h. NMR analysis as described above
gave the datum in entry 1, Table I.

A similar experiment was conducted with 60 mg (0.224 mmol,
1.24 equiv) of 1, 26.1 mg (27 uL, 0.181 mmol) of ketal, and 20.5
mg of CegH;CH,CN (20 uL, 0.175 mmol) standard in CH;CN. GLC
analysis as described above gave the datum in entry 1, Table L.

Reaction of 2-Methyleyclohexanone Dimethyl Ketal with
1. A reaction was conducted at 50 °C in a 5-mm NMR tube with
92 mg (0.343 mmol, 1.93 equiv) of 1, 28.1 mg of ketal (31 uL, 0.178

(29) Ellis, J. E.; Flom, E. A. J. Organomet. Chem. 1975, 99, 263.

(30) Lorette, N. B.; Howard, W. L. J. Org. Chem. 1961, 26, 3112.

(31) Killian, D. B.; Hennion, G. F.; Nieuland, J. A. J. Am. Chem. Soc.
1936, 58, 892,

(32) Loudon, G. M.; Smith, K. S.; Zimmerman, S. E. J. Am. Chem.
Soc. 1974, 96, 465.

(33) Kozlikov, V. L.; Fedotov, N. S.; Mironov, V. F. Zh. Obshch. Khim.
1969, 39, 2284.

(34) Woods, G. F.; Kramer, D. N. J. Am. Chem. Soc. 1947, 69, 2246.
(b) Salmi, E. J. Chem. Ber. 1938, 71B, 1803.
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mmol), and 0.40 mL of CD4sCN as described above for cyclo-
hexanone dimethyl ketal. After NMR analysis (2 h), 16.6 mg
(0.157 mmol) of ethylbenzene was added as a standard for GLC
analysis, Data: entry 2, Table I. A second experiment was run
on an identical scale in CH3CN but with the ethylbenzene added
at to; the regioisomer ratios were GLC monitored from 0.5 to 24
h

Reaction of Cyclopentanone Dimethyl Ketal with 1. A
reaction was conducted at 50 °C in a 5-mm NMR tube with 65
mg (0.245 mmol, 1.19 equiv) of 1, 26.8 mg (23 xL, 0.206 mmol)
of ketal, and 0.40 mL of CD4CN for 2 h as described above for
cyclohexanone dimethyl ketal. A GLC yield experiment (3 h) was
similarly conducted on a 0.270-mmol scale with 19.4 mg (0.166
mmol) of CgHsCH,CN standard. Data: entry 3, Table I.

Reaction of 2-Norbornanone Dimethyl Ketal with 1. A
reaction was conducted at 50 °C in a 5-mm NMR tube with 62
mg (0.231 mmol, 1.00 equiv) of 1, 36.0 mg of ketal (37 uL, 0.231
mmol), and 0.30 mL of CDsCN as described above for cyclo-
hexanone dimethyl ketal. Subsequent NMR analysis (2.5 h)
showed 1 to be consumed and a 60% yield of enol ether.

A similar experiment was conducted with 74 mg (0.276 mmol,
1.93 equiv) of 1, 22.3 mg (22 uL, 0.143 mmol) of ketal, and 12.0
mg of CegHzCH,Si(CHj)s (0.073 mmol) standard in CH;CN. GLC
analysis after 3.5 h at 50 °C gave the datum in entry 4, Table L.

Reaction of Acetone Dimethyl Ketal with 1. A reaction
was conducted at 50 °C in a 5-mm NMR tube with 115 mg (0.429
mmol, 2.11 equiv) of 1 and 21.1 mg (25 ul,, 0.203 mmol) of ketal,
and 0.40 mL of CD3CN as described above for cyclohexanone
dimethyl ketal. After NMR analysis (1.1 h), 19.1 mg (0.116 mmol)
of C¢HsCH,Si(CHj); was added as a standard for GLC analysis.
Data: entry 5, Table L.

Reaction of Cyclooctanone Dimethyl Ketal with 1. A
reaction was conducted at 50 °C in a 5-mm NMR tube with 97
mg (0.362 mmol, 1.29 equiv) of 1, 48.2 mg (50 uL, 0.280 mmol)
of ketal, and 0.30 mL of CD;CN as described above for cyclo-
hexanone dimethyl ketal. After 3 h, NMR analysis as described
above gave the datum in entry 6, Table I.

A similar experiment was conducted with 89 mg (0.332 mmol,
1.27 equiv) of 1, 45 mg (44 uL, 0.262 mmol) of ketal, and 15.1 mg
(0.142 mmol) of ethylbenzene in CHsCN. After 2 h at 50 °C GLC
analysis as described above gave the datum in entry 6, Table L.

A preparative reaction was conducted with 750 mg (2.79 mmol,
1.31 equiv) of 1 and 368 mg (2.13 mmol) of ketal in 2 mL of
CH,CN at 50 °C. After 2 h the volatiles were removed by rotary
evaporation, and the residue was distilled on a molecular still to
give 235 mg (1.68 mmol, 79%) of 1-methoxy-1-cyclooctene which
was >97% pure by GLC analysis.

Reaction of 5-Nonanone Dimethyl Ketal with 1. A reaction
was conducted at 50 °C in a 5-mm NMR tube with 98 mg (0.366
mmol, 2.04 equiv) of 1, 33.6 mg (87 uL, 0.179 mmol) of ketal, and
(t, mL of CD4CN, as described above for cyclohexanone dimethyl
ketal. After 2.5 h, NMR analysis indicated a 95% yield of a
25(E):75(Z) mixture (E, 6 4.47 (t,J = 7 Hz, 1 H), 3.49 (s, 3 H);
Z,84.31 (t,J = 7 Hz, 1 H), 3.44 (s, 3 H)) of 5-methoxy-4-nonene.®

An experiment identical with the previous one was conducted
in CH4CN with C;H,CH,Si(CHjy)s (16.3 mg, 0.099 mmol) standard.
GLC analysis indicated an 88% combined yield of enol ether Z/E
isomers.

A preparative reaction was conducted with 680 mg (2.54 mmol,
2.01 equiv) of 1 and 237 mg (1.26 mmol) of ketal in 2 mL of
CH,CN at 50 °C. After 3 h the volatiles were removed by rotary
evaporation, and the residue was distilled on a molecular still to

(35) There is some disagreement amongst the references cited in this
paper on enol ether Z/E assignments. Isomers of 5-methoxy-4-nonene
are assigned on the basis of vinyl proton :H NMR shielding constants®
which have proven to be applicable to sterically unexceptional trisub-
stituted alkyl enol ethers.®” Similar trends have been noted in trisub-
stituted trimethylsilyl enol ethers.3® The isomer ratio in entry 7 of Table
I was accidentially reversed in our communication.”

(36) Pascual, C.; Meier, J.; Simon, W. Helv. Chim. Acta 1966, 49, 164.

(37) Johnson, R. A,; Lincoln, F. H,; Nidy, E. G.; Schneider, W. P.;
Thompson, J. L.; Axen, U. J. Am. Chem. Soc. 1978, 100, 7690 and ref-
erences cited in their Table II.

(38) Heathcock, C. H.; Buse, C. T.; Kleschick, W. A,; Pirrung, M. C,;
Sohn, J. E.; Lampe, J. J. Org. Chem. 1980, 45, 1066 and references
therein.
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give 145 mg (0.93 mmol, 74%) of 5-methoxy-4-nonene which was
>97% pure by GLC analysis.

Reaction of Acetophenone Dimethyl Ketal with 1. A re-
action was conducted at 50 °C in a 5-mm NMR tube with 111
mg (0.414 mmol, 1.75 equiv) of 1, 39.2 mg (40 pL, 0.236 mmol)
of ketal, and 0.30 mL of CD;CN, as described above for cyclo-
hexanone dimethyl ketal. After NMR analysis (2.5 h), 16.8 mg
(0.102 mmol) of CgH;CH,Si(CHj); was added as a standard for
GLC analysis. Data: entry 8, Table I.

A preparative reaction was conducted with 811 mg (3.08 mmol,
2.07 equiv) of 1 and 242 mg (1.46 mmol) of ketal in 3 mL of
CH,CN at 50 °C. After 4.5 h, the volatiles were removed by rotary
evaporation, and the residue was distilled on a molecular still to
give 158 mg (1.19 mmol, 81%) of a-methoxystyrene which was
>97% pure by GLC analysis.

Reaction of Cyclopropyl Methyl Ketone Dimethyl Ketal
with 1. A reaction was conducted at 50 °C in a 5-mm NMR tube
with 99 mg (0.369 mmol, 1.69 equiv) of 1, 28.4 mg (29 uL, 0.218
mmol) of ketal, and 0.35 mL of CD;CN as described above for
cyclohexanone dimethyl ketal. After 1 h, NMR analysis was
conducted by comparing the =CH, integral (5 3.74 (d) and 3.80
(d, J = 2.2 Hz)) with that of the ~OSi(CHj,); region (6 0.0-0.3).
No RCH=CROR resonances (§ ~4.4) were present., Then 15.3
mg (15 uL, 0.093 mmol) of CgHzCH,Si(CHj)3 was added for GLC
analysis. Data: entry 9, Table 1.

Reaction of 4-Methyl-2-pentanone Dimethyl Ketal with
1. A reaction was conducted at 50 °C in a 5-mm NMR tube with
60 mg (0.225 mmol, 1.24 equiv) of 1, 26.0 mg (24 uL, 0.178 mmol)
of ketal, and 0.40 mL of CD;CN as described above for cyclo-
hexanone dimethyl ketal. The 2:3 ratio was obtained by NMR
analysis (2 h). Then 16.9 mg (0.103 mmol) of CgH;CH,Si(CHj;);
standard was added, and the 2:(Z)-3:(E)-3 ratio was determined
by GLC analysis. Data: entry 10, Table 1.2 Isomer ratios were
also determined by GLC after 1 and 24 h.

a-Methoxystyrene Yield Optimization Experiments. The
reaction of 1 (69 mg, 0.258 mmol, 1.02 equiv) and acetophenone
dimethyl ketal (42.1 mg, 43 uL, 0.254 mmol) was conducted as
described above in 0.40 mL of CD3CN. Under these conditions,
only a 63% NMR yield of a-methoxystyrene was obtained (3.5
h). Identical experiments in the presence of PPh; (1.06 equiv,
0.238-mmol scale) and Ph,PCH,CH,PPh, (1.03 equiv, 0.239-mmol
scale) gave 69% and 44% yields of a-methoxystyrene, respectively.

Reaction of 1,3,3-Trimethoxybutane with 1. A reaction was
conducted at 50 °C in a 5-mm NMR tube with 98 mg (0.366 mmol,
1.84 equiv) of 1, 29.4 mg (30 uL, 0.199 mmol) of ketal, and 0.40
mL of CD4CN, as described above for cyclohexanone dimethyl
ketal. After 3 h, NMR and qualitative GLC analyses were con-
ducted. Data: see text.

Reaction of 3,3-Dimethoxy-1-butene with 1. A reaction was
conducted at 50 °C in a 5-mm NMR tube with 83 mg (0.310 mmol,
1.90 equiv) of 1, 18.9 mg (20 uL, 0.163 mmol) of ketal, and 0.40
mL of CD4CN, as described above for cyclohexanone dimethyl
ketal. After 3 h, NMR and qualitative GLC analyses were con-
ducted. Data: see text.

Reaction of 2-Methoxytetrahydropyran with 1. In a dry-
bozx, 1 (600 mg, 2.24 mmol, 1.10 equiv) and CHCN (3.0 mL) were
added to a 5-mL round-bottom flask. The flask was sealed with
a rubber septum, removed from the box, and 236 mg (2.03 mmol)
of 2-methoxytetrahydropyran was syringed in. The reaction was
heated at 50 °C for 1 h, after which the solvent and organic
products were vacuum distilled away from the manganese-con-
taining products, Starting material, dihydropyran, and (CHj),-
SiOCH,CH,CH,CH=CH, (5, eq 2) were identified by GLC co-
injection with authentic samples. The major product (10% GLC
yield), (CH,)3SiOCH,CH,CH,CH=CHOCH, (4, 50(E):50(2Z)
mixture), was separated by preparative GLC into pure E- and
Z-enriched fractions and characterized as follows. E isomer: 'H
NMR (8, CDCl;, 200 MHz) 6.26 (d of t, Jiyy = 12.7, 1.0 Hz,
=CHOCHS,), 4.70 (d of t, J = 12.7, 6.8 Hz, RCH=C), 3.56 (t, J
= 6.5 Hz, 2 H), 3.48 (s, 3 H), 1.96 (pseudoquartet, J = 7 Hz, 2
H), 1.55 (m, 2 H), 0.09 (s, 9 H); 3C NMR (ppm, CDCl,, 22.5 MHz)

(39) The Z/E assignement for 3 is supported by allylic carbon 1*C
NMR chemical shifts.** This appears to be the most general method for
distinguishing enol ether geometric isomers.?

(40) Taskinen, E. Tetrahedron, 1975, 34, 424.
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147.3, 102.5 (C=C), 61.9, 55.9 (0-C), 33.6 (CC=C), 24.0 (CH,-
CH,CH,), ~0.5 (SiC). Z isomer: 'H NMR (8, CDCl,, 200 MHz)
5.85 (br d, J = 6.2 Hz, =CHOCHj,) 4.31 (pseudoquartet, J = 6.5
Hz, RCH==C) 3.56 (t, J = 6.7 Hz, 2 H), 3.45 (s, 3 H), 1.95
(pseudoquartet J = 7 Hz), 1.58 (m, 2 H), 0.08 (s, 9 H); 13C NMR
(ppm, CDCl;, 22.5 MHz) 146.3, 106.2 (C=C), 62.3, 59.4 (0-C),
32.8 (CC=C), 20.2 (CH,CH,CHy,), -0.5 (SiC); mass spectrum (m/e
(relative intensity), 16 eV, Z/E mixture): 188 (M™, 6), 173 (M*
- CHj;, 14), 98 (100), 89 (60); high-resolution data on M* ion, caled
for CoH,0,81 188.1233, found 188.1232. The E/Z assignments
are based upon the RCH=CHOCH,; 'H NMR chemical shifts,*
coupling constants, and allylic carbon *C NMR chemical shifts,3%

Reaction of 2-Methoxytetrahydropyran with 1 under CO.
A Fischer-Porter bottle was charged with 200 mg (0.75 mmol, 1.56
equiv) of 1, 56 mg (57 uL, 0.48 mmol) of acetal, 0.40 mL of CH;CN,
and a micro magnetic stir bar. The bottle was purged with CO
and then pressurized to 200 psi. The reaction was stirred for 3.5
h and then vented. The solvent was removed under vacuum, and
the resulting yellow oil was dissolved in hexane. An IR spectrum
showed the presence of a manganese acyl (vo=g 2117 (m), 2049
(m), 2017 (s), 2006 (s, sh), ycao, 1641 (W) cm™!) and some Mn-
(CO)y(CHZCN).1* Flash chromatography*! in a 5:95 ethyl ace-
tate/hexane mixture gave pure (CO);MnCOCH(OCH;)CH,C-
H,CH,CH,08i(CHj); (6) as a colorless liquid (128 mg, 0.312 mmol,
65%) which solidified upon cooling to -78 °C: 'H NMR (3, CDCl,,
200 MHz) 3.47 (t, Jigay = 6.0 Hz, 2 H), 3.38 (s, 3 H), 3.00 (t, J
= 5.4 Hz, 1 H), 1.26-1.51 (m, 6 H), 0.01 (s, 9 H); 3C NMR (ppm,
CgDg/Cr(acac);, 22.5 MHz) 264.3 (acyl), 210.2 (MnCO), 96.6, 62.3,
574 (C-0), 33.1, 30.1, 21.3 (other CH,), 0.4 (CSi); mass spectrum
(m/e (relative intensity), 16 eV) 223 (Mn(CO);", 31), 89 (35), 85
(72), 75 (100), 73 (Si(CHy)s*, 78), 71 (86), 55 (42), 43 (32), 41 (40).
Since neat samples of 6 showed significant decomposition after
24 h at 25 °C, freshly purified compound was hand carried at ~78
°C to Elek Microanalytical Laboratories, Torrance, CA. Anal.
Caled for C;3Hy OsMnSi: C, 43.69; H, 5.13. Found: C, 43.96; H,
4.94,

Reaction of Hydrocinnamaldehyde Dimethyl Acetal with
1 and CO. A Fischer-Porter bottle was charged with 334 mg (1.25
mmol, 1.32 equiv) of 1, 170 mg (0.94 mmol) of acetal, 0.40 mL
of CH4CN, and a micro magnetic stir bar. The bottle was purged
with CO and then pressurized to 200 psi. The reaction was stirred
for 3 h and then vented. The solvent was removed under vacuum,
and the resulting yellow oil was flash chromatographed*! in a 5:95
ethyl acetate/hexane mixture. Solvent was stripped from the
eluent, and the labile acyl(CO)sMnCOCH(OCH;)CH,CH,CH;
was vacuum sublimed: IR (cm™, hexane) vemg 2119 (W), 2052 (w),
2019 (s), 2008 (s, sh), vog 1625 (m); 'H NMR (8, CDCl;, 200 MHz)
7.25 (m, 5 H), 3.51 (s, 8 H), 3.17 (t, iy = 6 Hz, 1 H), 2.73 (¢,
J= 6 Hz, 2 H), 2.00 (m, 2 H).

Reaction of Cyclohexanone Ethylene Glycol Ketal with
1. A reaction was conducted at 50 °C in a 5-mm NMR tube with
70 mg (0.261 mmol, 1.16 equiv) of 1, 32.0 mg (33 uL, 0.225 mmol)
of ketal, and 0.30 mL of CD;CN as described above for cyclo-
hexanone dimethyl ketal. After 1 h, 'H NMR analysis (relative
integrals of the § 4.56 vinyl resonance and the -OCHj, region, 5
3.4~4.1) showed that 7 (eq 3) had formed in 94% yield. Then
17 mg of C¢gHzCH,Si(CH,); standard was added for GLC analysis.
A 92% yield of 7 was thus calculated.

A preparative reaction was conducted at 50 °C with 260 mg
(0.970 mmol, 1.06 equiv) of 1 and 130 mg (0.915 mmol) of ketal
in 0.1 mL of CD,CN. After 1 h, 'H NMR indicated the reaction
to be complete. The solvent and (CO);MnH were removed by
rotary evaporation, and the residue was distilled on a molecular
still to give 172 mg (0.804 mmol, 87%) of 7 which was >97% pure
by GLC analysis. Data on 7: 'H NMR (3, CDC;, 200 MHz) 4.56
(br s, =CHR), 3.79 (t, Jigayy = 4.9 Hz, OCH,), 3.69 (t, J = 4.9
Hz, OCH,), 2.10-1.90 (m, 4 H), 1.75~1.40 (m, 4 H), 0.10 (s, 9 H);
13C NMR (ppm, CDCl,, 50 MHz) 154.5, 93.9 (C=C), 67.4, 61.5
(0C), 27.8, 23.5, 22.9, 22.7 (CHy), —0.4 (SiC); mass spectrum (m/e
(relative intensity), 16 eV) 214 (M, 24), 199 (M* - CHj,, 14), 171
(69), 117 (29), 116 (100), 101 (31), 73 (35).

Reaction of Cyclohexanone Diallyl Ketal with 1. A reaction
was conducted at 25 °C in a 5-mm NMR tube with 160 mg (0.597

(41) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.





Organometallics 1982, 1, 1473-1477 1473

mmol, 3.55 equiv) of 1, 32.9 mg (0.168 mmol) of ketal, 10.7 mg
(0.065 mmol) of (C¢H;)oCH, standard, and 0.30 mL of CDsCN,
as described above for cyclohexanone dimethyl ketal. After 3 days,
'H NMR analysis showed 1 to be consumed. GLC analysis showed
starting ketal (58%), 1-cyclohexenyl allyl ether (42%), and
H,C=CHCH,0Si(CHj;);3 (48%).

Reaction of Trimethyl Orthoacetate with 1. A reaction was
conducted at 50 °C in a 5-mm NMR tube with 70 mg (0.261 mmol,
1.35 equiv) of 1, 23.2 mg (0.193 mmol) of orthoacetate, 14.0 mg
(0.085 mmol) of C¢gHzCH,Si(CHjg)s, and 0.30 mL of CD3CN as
described above for cyclohexanone dimethyl ketal. After 1.5 h,
!H NMR analysis showed 1 to be consumed and a trace of (C-
0);MnCHj (6 -0.15). GLC analysis indicated 30%, 60%, and 35%
yields of CH;CO,CHj;, CH;08i(CHy)3, and starting material, re-
spectively. An IR spectrum of an aliquot showed weak absor-
bances (2090, 2000, 1972 cm™) attributable to (CO);MnCHj.*?

Reaction of Triethyl Orthoacetate with 1. A reaction was
conducted at 50 °C in a 5-mm NMR tube with 70 mg (0.261 mmol,
1.48 equiv) of 1, 28.4 mg (0.176 mmol) of orthoacetate, 9.6 mg
(0.060 mmol) of C¢gH;CH,Si(CHjy)s, and 0.30 mL of CD;CN as
described above for trimethyl orthoacetate. After 1.5 h, 'TH NMR
analysis showed 1 to be consumed. GLC analysis indicated 32%,
4070, and 8% yieldS of CchOQCHcha, CHgCHgOSi(CH3)3, and
starting material, respectively.

(42) Closson, R. D.; Kozikowski, J.; Coffield, T. H. J. Org. Chem. 1957,
22, 598.
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When 3-(trimethylsilyl)-, 3-(ethyldimethylsilyl)-, 3-(tert-butyldimethylsilyl)-, or 3-(phenyldimethy!l-
silyl)-1,1-dimethyl-2-phenyl-1-silacyclopropene was heated with a catalytic amount of dichlorobis(tri-
ethylphosphine)palladium(II) in a sealed glass tube at 120 °C, the respective 1,4-disilacyclohexa-2,5-diene
was produced with high regioselectivity. Under identical conditions, 1-methyl-1,2-diphenyl-3-(tri-
methylsilyl)-1-silacyclopropene afforded trans-1,4-dimethyl-1,2,4,5-tetraphenyl-3,6-bis(trimethylsilyl)-
1,4-disilacyclohexa-2,5-diene (10) as the sole product. Similar reaction of 1,1,2-triphenyl-3-(trimethyl-
silyl)-1-silacyclopropene gave 1,1,2,4,4,5-hexaphenyl-3,6-bis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene.
Treatment of 1,2-dimethyl-1-phenyl-3-(trimethylsilyl)-1-silacyclopropene with the same catalyst in hexane
gave trans-1,2,4,5,-tetramethyl-1,4-diphenyl-3,6-bis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene. The crystal

structure of 10 has been determined. Compound 10 crystallizes in the orthorhombic sigce group Pbca
i D

with cell dimensions @ = 20.771 (4) A, b = 18.842 (3) &, ¢ = 9.201 (1) &; V = 3600.7 (1)

(Z = 4) Mg m=3,

Introduction

Although considerable attention has been devoted to
investigations of silacyclopropenes,? much less interest has
been shown in the reaction of these compounds with
transition-metal complexes.*® Recently, we have reported
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(4) Ishikawa, M.; Fuchikami, T.; Kumada, M. J. Chem. Soc., Chem.
Commun. 1977, 352.

caled = 1.087

that the nickel-catalyzed reaction of the silacyclopropenes
prepared by the photolysis of (phenylethynyl)disilanes in
the presence of phenylsilylacetylenes affords 1-silacyclo-
penta-2,4-dienes arising from two-atom insertion of the
acetylene into a silicon—carbon bond in the silacyclo-
propene ring in excellent yields.” However, the palladi-
um-catalyzed reaction of the silacyclopropenes led to the

(5) Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. J. Am. Chem. Soc. 1977,
99, 3879.
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mmol, 3.55 equiv) of 1, 32.9 mg (0.168 mmol) of ketal, 10.7 mg
(0.065 mmol) of (C¢H;)oCH, standard, and 0.30 mL of CDsCN,
as described above for cyclohexanone dimethyl ketal. After 3 days,
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starting ketal (58%), 1-cyclohexenyl allyl ether (42%), and
H,C=CHCH,0Si(CHj;);3 (48%).
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described above for cyclohexanone dimethyl ketal. After 1.5 h,
!H NMR analysis showed 1 to be consumed and a trace of (C-
0);MnCHj (6 -0.15). GLC analysis indicated 30%, 60%, and 35%
yields of CH;CO,CHj;, CH;08i(CHy)3, and starting material, re-
spectively. An IR spectrum of an aliquot showed weak absor-
bances (2090, 2000, 1972 cm™) attributable to (CO);MnCHj.*?

Reaction of Triethyl Orthoacetate with 1. A reaction was
conducted at 50 °C in a 5-mm NMR tube with 70 mg (0.261 mmol,
1.48 equiv) of 1, 28.4 mg (0.176 mmol) of orthoacetate, 9.6 mg
(0.060 mmol) of C¢gH;CH,Si(CHjy)s, and 0.30 mL of CD;CN as
described above for trimethyl orthoacetate. After 1.5 h, 'TH NMR
analysis showed 1 to be consumed. GLC analysis indicated 32%,
4070, and 8% yieldS of CchOQCHcha, CHgCHgOSi(CH3)3, and
starting material, respectively.
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silyl)-1,1-dimethyl-2-phenyl-1-silacyclopropene was heated with a catalytic amount of dichlorobis(tri-
ethylphosphine)palladium(II) in a sealed glass tube at 120 °C, the respective 1,4-disilacyclohexa-2,5-diene
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Although considerable attention has been devoted to
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been shown in the reaction of these compounds with
transition-metal complexes.*® Recently, we have reported
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the presence of phenylsilylacetylenes affords 1-silacyclo-
penta-2,4-dienes arising from two-atom insertion of the
acetylene into a silicon—carbon bond in the silacyclo-
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results different from those of the nickel catalyst. For
examples, we* and Sakurai et al.® found independently that
treatment of 1,1-dimethyl-2-phenyl-3-(trimethylsilyl)-1-
silacyclopropene with a catalytic amount of a palladium(II)
complex in the presence or absence of phenyl(irimethyl-
silyl)acetylene gave 1,1,4,4-tetramethyl-2,5-diphenyl-3,6-
bis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene as the sole
product. Seyferth and his co-workers® reported that the
reaction of 1,1-dimethyl-2,3-bis(trimethylsilyl)-1-silacy-
clopropene with methyl(trimethylsilyl)acetylene in the
presence of a palladium(II) catalyst afforded 1,1,2,4,4,5-
hexamethyl-3,6-bis(trimethylsilyl)-1,4-disilacyclohexa-
2,5-diene, whereas with methylphenylacetylene two-atom
insertion of this acetylene into a silicon—carbon bond in
the silacyclopropene ring took place. Furthermore, Sey-
ferth et al.*® and Sakurai et al.’ found that, with terminal
acetylenes under the same conditions, the silacycloprop-
enes gave 3,4-disubstituted 1-silacyclopenta-2,4-dienes
produced formally from two molecules of the terminal
acetylene and a silylene molecule. It has been known that
dimethylsilylene generated by the palladium-catalyzed
reaction of 1,1,2,2-tetramethyldisilane reacts with phe-
nylacetylene to give 1,1-dimethyl-3,4-diphenyl-1-sila-
cyclopenta-2,4-diene.?

In this paper, we describe the reaction of photochemi-
cally generated 1-silacyclopropenes with a catalytic amount
of dichlorobis(triethylphosphine)palladium(II).

Results and Discussion

The silacyclopropenes used were synthesized by the
photolysis of substituted ethynyldisilanes according to the
method reported previously.®® All palladium-catalyzed
reactions of the silacyclopropenes, excepting 1,2-di-
methyl-1-phenyl-3-(trimethylsilyl)-1-silacyclopropene, were
carried out at 120 °C in the absence of solvent in sealed
glass tubes.

The most important result of our experiments is that
the silacyclopropenes described here readily undergo di-
merization with high regio and stereoselectivity. Thus,
from 1,1-dimethyl-2-phenyl-3-(trimethylsilyl)-1-silacyclo-
propene (1), 1,1,4,4-tetramethyl-2,5-diphenyl-3,6-bis(tri-
methylsilyl)-1,4-disilacyclohexa-2,5-diene? (2) was produced
in 70% yield (Scheme I). No other isomers such as
1,1,4,4,-tetramethyl-2,6-diphenyl-3,5-bis(trimethylsilyl)-
1,4-disilacyclohexa-2,5-diene which was obtained in the
thermolysis of 1% were detected spectroscopically. The
palladium-catalyzed reaction of 1 in the presence of phe-
nyl(trimethylsilyl)acetylene also gave 2 as the sole product,
which is in marked contrast to the nickel-catalyzed reaction
that produced 1,1-dimethyl-3,4-diphenyl-2,5-bis(tri-
methylsilyl)-1-silacyclopenta-2,4-diene in high yield.”1°

(8) Okinoshima, H.; Yamamoto, K.; Kumada, M. J. Organomet. Chem.
1975, 86, C27.

(9) (a) Ishikawa, M.; Sugisawa, H.; Fuchikami, T.; Kumada, M.; Yam-
abe, T.; Kawakami, H.; Fukui, K.; Ueki, Y.; Shizuka, H. J. Am. Chem.
Soc. 1982, 104, 2872. (b) Ishikawa, M.; Sugisawa, H.; Kumada, M.; Ka-
wakami, H.; Yamabe, T., to be submitted for publication.

Ishikawa et al.

Similar treatment of 3-(ethyldimethylsilyl)-1,1-dimethyl-
2-phenyl-1-silacyclopropene (3) with the same catalyst gave
1,4- disilacyclohexa-2,5-diene (4) in 64% yield, as a single
product. The TH NMR spectrum of 4 showed two singlets
at 6 -0.25 and 0.11 due to Me,SiEt and Me,Si, and two
multiplets at é 0.20 and 0.75 attributed to CH,Si and
CH;C, respectively, as well as a multiplet signal due to
phenyl ring protons at 6.8-7.3 ppm. The mass spectrum
of 4 was also consistent with the proposed structure.

Since the palladium-catalyzed reaction of 1,1-di-
methyl-2,3-bis(trimethylsilyl)-1-silacyclopropene with
methyl(trimethylsilyl)acetylene was reported to afford
1,1,2,4,4,5-hexamethyl-3,6-bis(trimethylsilyl)-1,4-disila-
cyclohexa-2,5-diene as the major product,® we checked this

Me3Si _Site,

C==C PdC1,(PPh;),
+  MeC=CSiMe,

\51,/
\
Me/ Me

Me;
Me\c/Si\c,SiMeg

I [

Me3si—C~si—Cne
Me,

+ Me;SiC=(SiMey

possibility in our reaction by treating silacyclopropene 3
with a 2-fold excess of phenyl(trimethylsilyl)acetylene in
the presence of the palladium catalyst at 120°C. VPC and
'H NMR spectroscopic analysis of the reaction mixture
showed the presence of dimer 4 (62% yield) as the sole
product. Neither 2 nor 3-(ethyldimethylsilyl})-1,1,4,4-
tetramethyl-2,5-diphenyl-6-(trimethylsilyl)-1,4-disila-
cyclohexa-2,5-diene was detected, indicating that no re-
placement of phenyl(trimethylsilyl)acetylene took place.
M?z
PACT2(PEL;), MegSimcSTacPh
3 4+ PhCECSiMe; ————Neorm—am 2 OF l 1

ph—C~si—~siMe,Et
Mez

The present palladium-catalyzed reaction appears to be
a general reaction for the production of the 1,4-disila-
cyclohexa-2,5-diene. Those silacyclopropenes that did not
afford 1,4-disilacyclohexa-2,5-dienes under thermolysis
conditions also gave the silacyclohexa-2,5-dienes. Thus,
3-(tert-butyldimethylsilyl)-1,1-dimethyl-2-phenyl-1-sila-
cyclopropene (5) led to 1,4-disilacyclohexa-2,5-diene (6) in
61% vyield, while 1,1-dimethyl-2-phenyl-3-(phenyldi-
methylsilyl)-1-silacyclopropene (7) led to its dimerization
product (8) in 40% yield as a single volatile product.
Products 6 and 8 were identified by mass, IR, and 'H
NMR spectroscopic analysis (see Experimental Section).

The palladium-catalyzed dimerization of 1-methyl-1,2-
diphenyl-3- (trimethylsilyl)-1-silacyclopropene (9) was of
considerable interest, because the formation of cis and
trans isomers would be possible. In fact, however, only
trans-1,4-dimethyl-1,2,4,5-tetraphenyl-3,6-bis(trimethyl-
silyl)-1,4-disilacyclohexa-2,5-diene (10) was obtained in

Phy  Me
PP e MeySia e e PN
\51/ PdC1,(PEts); - I i
AW Ph’c\src\SiMea
Me Ph
9
10

30% yield. The structure of 10 was verified by an X-ray
diffraction study. The crystals obtained by recrystalliza-

(10) The reaction of 1 with a nickel(II) catalyst in the absence of
phenyl(trimethylsilyl)acetylene at 135 °C for 10 h gave 2 in 47% yield.
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Figure 1. Stereoscopic view of trans-1,4-dimethyl-1,2,4,5-tetraphenyl-3,6-bis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene (10).
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Table I. Fractional Coordinates and Temperature Factors for Non-Hydrogen Atoms of 10¢
atom x y z Beg,? A atom x y z Beg,? A
Sil 0.04400(4) -0.04410(5) 0.1282(1) 3.04(2) C9 0.1414 (1) 0.0538(2) 0.0619(4) 3.3(1)
Si2 0.07880 (5) 0.1449 (1) -0.1977(1) 3.93(2) C10 0.1915(2) 0.0261(2) -0.0206(4) 4.3(1)
Cl1 0.0726 (1) 0.0363 (2) 0.0230(3) 3.0(1) Cl1 0.2550(2) 0.0420(2) 0.0160(5) 5.7(1)
C2 0.0405(1) 0.0717(2) -0.0828(3) 3.1(1) Ci2 0.2680(2) 0.0844 (2) 0.1317(5) 6.8(1)
C3 0.1011(1) -0.1165(2) 0.0752(4) 3.5(1) C13 0.2198(2) 0.1105(2) 0.2153(5) 6.6(1)
C4 0.0912(2) —-0.1556 (2) -0.0488(4) 5.1(1) Cil4 0.1566 (2) 0.0949(2) 0.1805(4) 4.7(1)
C5 0.1323(2) -0.2076 (2) -0.0945(6) 7.0(2) Cl5 0.0510(2) -0.0247(2) 0.3267(4) 5.3(1)
Cé6 0.1858(2) -0.2229 (2) -0.0149(6) 7.0(1) Cl6 0.1188(2) 0.1034 (2) -0.3550(4) 6.1(1)
C7 0.1987(2) -0.1856 (2) 0.1070 (5) 6.6 (1) C17 0.1368(2) 0.2030 (2) -0.1041(5) 5.8(1)
C8 0.1566(2) -0.1326(2) 0.1538 (4) 5.0(1) Ci8 0.0152(2) 0.2065(2) -0.2636(6) 17.1(2)
@ Standard deviations of the least significant figures are given in parentheses, Begq is given by the express (4/3)Z;2;8;;
(aa).
Table II. Bond Distances (A) of 10¢ Table I1I. Bond Angles (deg) of 10¢
Si1-C1 1.893 (3) C4-C5 1.366 (6) C1-8i1-C3 104.5 (1) Si1-C3-C4 120.8 (2)
Si1-C3 1.872(3) C5-Cé6 1.362 (6) C1-8i1-C15 108.6 (2) Si1-C3-C8 123.2(3)
Si1-C15 1.868(4) C6-C7 1.350 (7) C1-8i1-C2’ 113.7 (1) C4-C3-C8 116.0 (3)
Si1-C2' 1.878 (3) C7-C8 1.395 (6) C3-8i1-C15 110.4 (2) C3-C4-Cb 123.2 (4)
8i2-C2 1.904 (3) C9-C10 1.390 (5) C3-8i1-C2’ 109.4 (1) C4-C5-C6 119.8 (4)
Si2-Cl6é  1.850 (4) C9-C14 1.375(5) C15-8i1-C2" 110.1(2) C5~C6-C7 119.9 (4)
Si2~C17  1.853 (4) C10~-C11 1.394 (5) C2-8i2-C16 108.4 (2) C6-C7-C8 120.3 (4)
8i2-C18  1.848(4) Cl1-C12 1.358 (6) C2-8i2-C17 116.1(2) C38-C8-C7 120.9 (4)
C1-C2 1.355 (4) C12-C13 1.355(6) C2-8i2-C18 110.4 (2) C1-C9-C10 119.8 (3)
C1-C9 1.510 (4) C13-C14 1.383 (8) C16-8i2-C17 108.1(2) Ci-C9-Cl4 121.9 (3)
C3-C4 1.8374 (5) C18-H1 0.92(3) C16-8i2-C18 109.4 (2) C10-C9-Cl4 118.2(3)
C3-Cs8 1.394 (5) C17-8i2-C18 104.3(2) C9-C10-C1l1  119.7(3)
L o . Si1-C1-C2 127.3 (2) C10-C11-C12 120.3 (4)
@ The standard deviation of the least significant figure of Si1-C1-C9 110.5({2) C11-C12-C13 120.8 (4)
each distance is given in parentheses, C2-C1-C9 121.9(3) C12-C13-C14 119.5(4)
Si2-C2-C1 123.6 (2) C9-C14-C13 121.4(3)
tion from ethanol are orthorhombic of space group Pbca Si2-C2-8il' 117.3(2)
with cell dimensions a = 20.771 (4) A, b = 18.842 (3) A, Ci-C2-8i1"  118.9(2)

¢ =9.201 (1) A; V = 3600.7 (1) A% D ypoq = 1.087 (Z = 4)
Mg m=3. A total of 3098 independent reflections were
collected.’! The crystal structure was solved by direct
methods,!? and all hydrogen atoms were found in the
difference Fourier map. By a least-squares procedure, for
the 2074 reflections with I > 24(I), R was reduced to 0.053.
Final atomic parameters are given in Table I. Bond
distances and angles are listed in Tables II and III. As
can be seen in Figure 1, the molecule has a center of
symmetry; therefore, the phenyl group on the silicon atom
in the 1-position in the 1,4-disilacyclohexa-2,5-diene ring
is trans with respect to the phenyl group in the 4-position.
The ring is a chair form with smaller deviations from the
best-fit plane (Si —0.013, C1, 0.017, C2, -0.016 A) than those
for 1,1,4,4-tetramethyl-2,3,5,6-tetraphenyl-1,4-disilacyclo-
hexa—2,5-diene (Si, 0.024, C, 0.065 A) reported by Vol’ pin
et al.!® It is noteworthy that the endocyclic bond angle

{11) The intensities of 3098 independent reflections (3.4 < 26 < 50.0°)
were measured by the w scan technique on a Philips PW1100 automatic
four-circle diffractometer with graphite-monochromatized Mo radiation.

(12) Germain, G.; Woolfson, M. M. Acta Crystallogr., Sect. B 1968,
824, 91.

¢ The standard deviation of the least sxgmflcant figure of
each angle is given in parentheses,

of C1 (127.3 (2)°) is significantly larger than that of C2
(118.9 (2)°).

Such stereoselective formation of trans-1,4-disilacyclo-
hexa-2,5-diene is not restricted to dimerization of 9. We
have found that 1,2-dimethyl-1-phenyl-3-(trimethyl-
silyl)-1-silacyclopropene (12) readily undergoes dimeriza-
tion with high stereoselectivity by the catalytic action of
PdCl,(PEty),. Unfortunately, silacyclopropene 12 was
kinetically unstable; all attempts to isolate it in a pure form
were unsuccessful. Therefore, we examined the behavior
of 12 toward PdCl,(PEt;), in solution. Thus, a hexane
solution of 11 in the presence of a catalytic amount of
PdCl,(PEt,), was irradiated with a low-pressure mercury
lamp for 3.4 h with ice cooling. In this photolysis, a col-
orless crystalline compound, 1,2,4,5-tetramethyl-1,4-di-
phenyl-3,6-bis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene

(13) Vol’in, M. E.; Dulova, V. G.; Struchkov, Y. T.; Bokiy, N. K,;
Kursanov, D. N. J. Organomet. Chem. 1967, 8, 87.
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(13) was obtained in 11% yield, as a single product. The
'H NMR spectrum of 13 showed three singlets at § —0.08,
0.57, 1.92, attributed to Me;Si, MeSi, and MeC protons,
respectively, as well as a complex pattern due to the phenyl
ring protons at 7.2~7.5 ppm. We have assigned this com-
pound to trans isomer for steric reasons as indicated by
examination of molecular models.

ME\C C/SiMe3

MeC:CSiMe(Ph)SiMe; —m N/
/7 N\
" wd Ph
12

Ph Me

PACT , (PEL,) Me3s‘\ﬁ/s‘\ﬁ/"’e
Me—C~si—C~SiMe;
Mg Ph
13

Introduction of the bulky groups onto the silicon atom
in the silacyclopropene ring retards the formation of the
1,4-disilacyclohexa-2,5-diene. Thus, 1,1,2-triphenyl-3-
(trimethylsilyl)-1-silacyclopropene (14) was converted to

. Phsy
P M Me3Simsp—Sim - Ph
NV PdC1,(PEt3), 1 I
3 !
N ph=C=si—C~sime;
Ph ph hy
14 15

1,1,2,4,4,5-hexaphenyl-3,6-bis(trimethylsilyl)-1,4-disila-
cyclohexa-2,5-diene (15) in only 156% yield, while 1,1-di-
mesityl-2-phenyl-3-(trimethylsilyl)-1-silacyclopropene? was
recovered unchanged.

Experimental Section

General Procedure. All reactions were carried out in a 10
cm X 0.8 cm degassed sealed glass tube at 120 °C. Yields were
determined by VPC using an internal standard.

Infrared spectra were obtained with the use of Hitachi Model
EPI-G3 Grating infrared spectrometer. 'H NMR spectra were
determined with a JEOL Model JNM-MH-100 spectrometer in
carbon tetrachloride with the use of cyclohexane as an internal
standard. Mass spectra were measured on a JEOL Model
JMS-D300 equipped with a JMA-2000 data processing system.

Materials. Silacyclopropenes, 1,7, 9, and 14 were prepared
as reported previously.?

Preparation of 2-Ethyl-1-(phenylethynyl)tetramethyldi-
silane. To 8.0 g (0.043 mol) of 1,2-dichlorotetramethyldisilane
dissolved in 15 mL of THF was added 25 mL (0.048 mol) of 1.9
M ethylmagnesium bromide in diethyl ether with ice cooling. The
mixture was stirred at room temperature for 1.5 h and then
refluxed for 1.5 h. To this mixture was added a solution of
(phenylethynyl)lithium prepared from 7.0 g (0.069 mol) of phe-
nylacetylene and 38 mL (0.059 mol) of 1.55 M butyllithium in
hexane at 10 °C. The reaction mixture was then refluxed for 1
h. The mixture was hydrolyzed with dilute hydrochloric acid.
The organic layer was separated, washed with water, and dried
over potassium carbonate. After evaporation of the solvent, the
residue of the flask was distilled under reduced pressure to give
4.6 g (44% yield) of a colorless liquid: bp 87 °C (2 mm); mass
spectrum, m/e 246; IR 2160 cm™; 'H NMR 6 0.13 (6 H, s, Me,Si),
0.27 (6 H, s, Me,Si), 0.70 (2 H, m, CH,Si), 1.05 (3 H, m, CH,C),
7.1-7.5 (5 H, m, ring protons). Anal. Calcd for C;HySi;: C, 68.22;
H, 9.00. Found: C, 68.09; H, 9.02.

Preparation of 1-tert-Butyl-2-phenyltetramethyldisilane.
To 17 g (0.113 mol) of tert-butyldimethylchlorosilane dissolved
in 100 mL of THF was added 100 mL (0.164 mol) of 1.64 M
(phenyldimethylsilyl)lithium in THF at room temperature. The

Ishikawa et al.

mixture was stirred for 10 h at room temperature and was hy-
drolyzed with water. The organic layer was separated, washed
with water, and then dried over potassium carbonate. After
evaporation of the solvent, the residue of the flask was distilled
under reduced pressure to give 21.4 g (76% yield) of colorless
liquid: bp 85 °C (2 mm); mass spectrum, m/e 250; 'H NMR 5
-0.02 (6 H, s, Me,Si), 0.38 (6 H, s, Me,Si), 0.85 (9 H, s, t-Bu),
7.15-1.50 (5 H, m, ring protons). Anal. Caled for C;;HySiy: C,
67.12; H, 10.46. Found: C, 67.21; H, 10.27.

Preparation of 1-tert-Butyl-2-chlorotetramethyldisilane.
In a 200-mL three-necked flask was placed a mixture of 17.9 g
(0.071 mol) of 1-tert-butyl-2-phenyltetramethyldisilane dissolved
in 80 mL of dry benzene and 0.5 g of sublimed aluminum chloride.
Dry hydrogen chloride was passed into the stirred solution over
a period of 3 h at room temperature. After 5 mL of acetone was
added to the mixture in order to deactivate the catalyst, the
solvent was evaporated and the residue of the flask was distilled
under reduced pressure to give 11.6 g (77% yield) of a colorless
liquid: bp 70 °C (12 mm); mass spectrum, m/e 208; 'H NMR
5 0.11 (6 H, s, Me,Si), 0.50 (6 H, s, Me,Si), 0.98 (9 H, s, t-Bu).
Anal. Calced for CgH,, CISiy: C, 46.00; H, 10.13; Cl, 16.97. Found:
C, 45.92; H, 10.07; Cl, 16.72.

Preparation of 2-tert-Butyl-1-(phenylethynyl)tetra-
methyldisilane. To 8.3 g (0.081 mol) of phenylacetylene in 40
mL of hexane was slowly added 42 mL (0.065 mol) of 1.55 M
butyllithium in hexane at 0 °C over a period of 15 min. The
mixture was stirred for 30 min at room temperature. To this
mixture was added 8.9 g (0.043 mol) of 1-tert-butyl-2-chloro-
tetramethyldisilane dissolved in 40 mL of THF. The mixture was
heated to reflux for 2 h, and it was hydrolyzed with water. The
organic layer was washed with water and dried over potassium
carbonate. Evaporation of the solvent followed by distillation
of the residue under reduced pressure gave 10.4 g (89% yield)
of a colorless liquid: bp 111 °C (2 mm); mass spectrum, m/e 274;
IR 2160 cm™; *H NMR 6 0.11 (6 H, s, Me,Si), 0.31 (6 H, s, Me,Si),
1.01 (9 H, 8, t-Bu), 7.15-7.45 (5 H, m, ring protons). Anal. Caled
for CigHpeSiy: C, 70.00; H, 9.55. Found: C, 70.21; H, 9.64.

Preparation of 3-(Ethyldimethylsilyl)-1,1,-dimethyl-2-
phenyl-1-silacyclopropene (3). A solution of 0.2412 g (0.978
mmol) of 2-ethyl-1-(phenylethynyl)tetramethyldisilane in 25 mL
of hexane was irradiated with a low-pressure mercury lamp bearing
a Vycor filter for 50 min at room temperature. The solvent was
evaporated under a nitrogen atmosphere, and the residue was
distilled under reduced pressure to give 55.5 mg (23% yield) of
3: TH NMR 5 (in CgDg) 0.28 (6 H, s, Me,Si), 0.33 (6 H, s, Me,Si),
0.75 (2 H, m, CH,Si), 1.05 (3 H, m, CH;C), 6.9-7.7 (m, ring
protons). Exact mass Caled for Cy HySiy: 246.1260. Found:
246.1264.

Preparation of 3-(tert-Butyldimethylsilyl)-1,1-di-
methyl-2-phenyl-1-silacyclopropene (5). A solution of 0.2526
g (0.920 mmol) of 2-tert-butyl-1-(phenylethynyl)tetramethyldi-
silane in 25 mL of hexane was irradiated with a low-pressure
mercury lamp for 55 min. After evaporation of the solvent, the
residue of the flask was distilled under reduced pressure to give
53.0 mg (21% yield) of 5: 'H NMR & (in C,Dg) 0.28 (6 H, s, Me,Si),
0.30 (6 H, s, Me,Si), 1.09 (9 H, s, t-Bu), 6.6-7.7 (m, ring protons).
Exact mass Caled for C;gHySip: 274.1573. Found: 274.1576.

Dimerization of Silacyclopropene 1. A mixture of 0.1446
g (0.622 mmol) of 1, 0.0397 g (0.175 mmol) of cetane as an internal
standard, and 3.3 mg (8.0 X 10~ mmol) of PACL,(PEty), was heated
at 120 °C for 10 h in a sealed glass tube. VPC analysis of the
reaction mixture showed the presence of 1,4-disilacyclohexa-
2,5-diene 2 (70% yield).!* Ethanol (ca. 1 mL) was added to the
mixture, and the resulting mixture was allowed to stand overnight
to give 60.7 mg of crude crystals. Pure 2 was obtained by re-
crystallization from ethanol: mp 182-183 °C; 'H NMR 4§ —0.25
(18 H, s, Me;8i), 0.12 (12 H, s, Me,Si), 6.8-7.3 (10 H, m, ring
protons). Anal. Calcd for CogHySiy: C, 67.17; H, 8.67. Found:
C, 66.95; H, 8.71.

Dimerization of Silacyclopropene 3. A mixture of 0.1299
g (0.5627 mmol) of 3, 0.0275 g (0.139 mmol) of tetradecane as an
internal standard, and 3.5 mg (8.5 X 1073 mmol) of PdCly(PEts),
was heated at 120 °C for 10 h. The yield of 1,4-disilacyclo-

(14) The reaction of silacyclopropene 1 with a catalytic amount of
tetrakis(triphenylphosphine)palladium(0) gave dimer 2 in 65% yield.
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hexa-2,5-diene 4 was determined to be 64% by VPC analysis. The
addition of ca. 1 mL of ethanol to the mixture gave 49.9 mg of
crude crystals: mp 133-134 °C (recrystallization from ethanol);
mass spectrum, m/e 492; '"H NMR 6 -0.25 (12 H, s, Me,Si), 0.11
(12 H, s, Me,Si), 0.20 (4 H, m, CH,Si), 0.75 (6 H, m, CH;C), 6.8-7.3
(10 H, m, ring protons). Anal. Caled for CogH,Sig: C, 68.22; H,
9.00. Found: C, 68.45; H, 9.27.

Reaction of 3 with PdCl,(PEt;), in the Presence of Phe-
nyl(trimethylsilyl)acetylene. A mixture of 0.1506 g (0.611
mmol) of 3, 0.0274 g (0.138 mmol) of tetradecane, 0.1452 g (0.833
mmol) of phenyl(trimethylsilyl)acetylene, and 4.5 mg (1.1 X 1072
mmol) of PACl,(PEt;), was heated in a sealed tube at 120 °C for
16 h. VPC analysis of the reaction mixture indicated the presence
of 4 (62% yield). The mixture was allowed to stand at room
temperature to give crystals (56.0 mg). All spectral data of the
crystals were identical with those of an authentic sample.

Dimerization of Silacyclopropene 5. A mixture of 0.1625
g (0.592 mmol) of 5, 0.0297 g (0.131 mmol) of cetane, and 3.9 mg
(9.4 X 107 mmol) of PdCl,(PEt,), was heated at 120 °C for 15
h in a sealed tube. The yield of 6 was determined to be 61% by
VPC analysis: mp 168-169 °C (recrystallization from ethanol);
mass spectrum, m/e 548; 'TH NMR 6 —0.36 (12 H, s, Me,Si), 0.10
(12 H, s, Me,Si), 0.83 (18 H, s, t-Bu), 6.8-7.3 (10 H, m, ring
protons). Anal. Caled for C3Hs,Siy: C, 70.00; H, 9.55. Found:
C, 69.76; H, 9.54.

Dimerization of Silacyclopropene 7. A mixture of 0.1673
g (0.568 mmol) of 7, 0.0392 g (0.173 mmol) of cetane as an internal
standard, and 3.4 mg (8.2 X 107 mmol) of PdCl,(PEty), in 4 sealed
tube was heated at 120 °C for 9 h. The mixture was analyzed
by VPC as being 1,4-disilacyclohexa-2,5-diene 8 (40% yield). After
recrystallization from ethanol, pure 8 (40.2 mg) was obtained as
colorless crystals: mp 135 °C; mass spectrum, m/e 588; 'H NMR
6 —0.04 (24 H, s, Me,Si), 6.7-7.3 (20 H, m, ring protons). Anal.
Caled for C3sHySig: C, 73.40; H, 7.53. Found: C, 73.64; H, 7.66.

Dimerization of Silacyclopropene 9. A mixture of 0.1493
g (0.507 mmol) of 9 contaminated with 0.096 mmol of phenyl-
(trimethylsilyl)acetylene, 0.0392 g (0.173 mmol) of cetane, and
2.0 mg (4.8 X 1073 mmol) of PdCl,(PEts), was heated at 120 °C
for 12 h in a sealed tube. The yield of 10 was determined to be
30% by VPC analysis. The mixture was allowed to stand at room
temperature to give 26.9 mg of white crystals: mp 231-232 °C
(recrystallization from ethanol); mass spectrum, m /e 588; 'H NMR
6 —0.52 (18 H, s, Me,Si), 0.51 (6 H, s, MeSi), 5.9-6.1 and 6.8-7.4
(20 H, m, ring protons). Anal. Caled for C3HySiy: C, 73.40; H,
7.53. Found: C, 73.19; H, 7.55.

Preparation of 1-Phenyl-1-propynyltetramethyldisilane
(11). To 8.4 g (0.038 mol) of 1-ethynyl-1-phenyltetramethyldi-
silane!® in 50 mL of hexane was added 40 mL (0.062 mol) of a
1.55 M BuLi-hexane solution at ~78 °C over a period of 15 min.
The mixture was stirred for 1 h at room temperature. To this
solution was added 15.3 g (0.108 mol) of methyl iodide in 10 mL
of hexane at room temperature, and it was stirred for 1 h. Then
20 mL of THF was added to the mixture and refluxed for 10 h.
The mixture was hydrolyzed with water, and the organic layer

(15) Ishikawa, M.; Sugisawa, H.; Yamamoto, K.; Kumada, M. J. Or-
ganomet. Chem. 1979, 179, 371.
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was washed with water and dried over potassium carbonate. After
evaporation of the solvent, the residue of the flask was distilled
under reduced pressure to give 6.4 g (72% yield) of a colorless
liquid: bp 72 °C (1 mm); mass spectrum, m/e 232; IR 2180 cm™;
IH NMR 6 0.09 (9 H, s, Me;ySi), 0.40 (3 H, s, MeSi), 1.98 (3 H,
s, MeC), 7.2-7.6 (5 H, m, ring protons). Anal. Calcd for C;3HySiy:
C, 67.17; H, 8.67. Found: C, 67.22; H, 8.84.

Photolysis of 11 in the Presence of PdCl,(PEt;);. A mixture
of 0.2934 g (1.26 mmol) of 11, 0.0269 g (0.146 mmol) of tridecane
as an internal standard, and 4.7 mg (1.1 X 1072 mmol) of
Pd4CI,(PEt;), in 25 mL of dry hexane was irradiated with a low-
pressure mercury lamp for 3.4 h with ice cooling. VPC analysis
of the mixture showed the presence of 13 (11% yield) and 5%
of the starting 11. The solvent was evaporated to give 19.0 mg
of crude crystals. Recrystallization from ethanol gave pure 13:
mp 189-191 °C; mass spectrum, m/e 464; 'H NMR & —0.08 (18
H, s, MeySi), 0.57 (6 H, s, MeSi), 1.92 (6 H, s, MeC), 7.2-7.5 (10
H, m, ring protons). Anal. Caled for Co,sHyoSis: C, 67.17; H, 8.67.
Found: C, 66.92; H, 8.81.

Dimerization of Silacyclopropene 14. A mixture of 0.1260
g (0.353 mmol) of 14, 0.0239 g (0.085 mmol) of eicosane as an
internal standard, and 2.0 mg (4.8 X 10~ mmol) of PdCl,(PEty),
was heated at 120 °C for 18 h. The reaction mixture was analyzed
by VPC as being 15 (156% yield). The mixture was allowed to
stand overnight to give 11.3 mg of crude crystals. Recrystallization
from ethanol gave pure 15: mp 295-297 °C; mass spectrum m/e
712; 'H NMR 4§ -0.70 (18 H, s, Me;Si), 6.2-6.4 and 6.8-7.7 (30
H, m, ring protons). Anal. Caled for C,cHSiy: C, 77.47; H, 6.78.
Found: C, 77.05; H, 6.86.
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Chloropalladation of exo-9-Methylbicyclo[6.1.0]non-4-ene.
Inversion of Configuration at Carbon Bound to Palladium and at
Carbon Bound to Chlorine
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Reaction of the title bicyclic olefin with PdCl,(PhCN), in CDCl; gives bis(u-chloro)bis{1,4,5-9-8-(a-
chloroethyl)cyclooctenyl}dipalladium(II). Single-crystal X-ray diffraction was employed to determine the
molecular structure of this chlorine-bridged dimer. Crystal data: C,,H,sCl,Pd, monoclinic, a = 7.867 (2)
A, b=12651(2) A, c=13.172 (2) A, 8 = 119.4 (1)°, space group P2,/C, Z = 4. The final R factor is 6.3%
for 1143 diffractometer collected intensities having I 2 ¢ (I). The important stereochemical features are
(i) the anti orientation of Pd and a-chloroethyl, which indicates inversion at cyclopropane carbon on
electrophilic attack by palladium, and (ii) the sequence ordering on Cy, which indicates inversion at Cq
on nucleophilic attack by chlorine. The reaction of the dimer complex with aqueous cyanide ion proceeds
quantitatively with retention at C, to form the trans (at cyclopropane) epimer of the title bicyclic. The
probable mechanism of the ring closure is discussed.

Introduction

In previous reports from this laboratory, we have dis-
cussed chloropalladation reactions of bicyclo[6.1.0lnon-4-
ene,! bicyclo[5.1.0]oct-3-ene,? N-carbethoxy-8-azabicyclo-
[5.1.0]oct-3-ene,® and exo- and endo-9-methylbicyclo-
[6.1.0]non-4-ene (1a and 1b), respectively.* More recently,

X
“

la,X=CH, Y=H
b, X=H, Y = CH, 2

Backvall and co-workers® have described the chloro-
palladation of the vinylcyclopropane (+)-car-2-ene (2),
which was observed to form two palladium =-allylic
products with a solvent-dependent product ratio. Thus,
in (+)-2-carene the cyclopropane carbon that becomes
allylic on chloropalladation undergoes predominant in-
version of configuration in benzene. In reviewing elec-
trophilic attack on cyclopropane rings, DePuy noted that
much of the interest in such reactions derives from po-
tential control of stereochemistry in the (up to three) new
asymmetric centers developed on ring opening.t We now
report that chloropalladation of cyclopropane in 1a pro-
ceeds solely with inversion of configuration at both newly
formed asymmetric carbon centers.

Experimental Section

Instrumentation. 'H NMR spectra were obtained at 90 MHz
by using a Varian EM390 instrument; 3C NMR spectra were
obtained at 22.39 MHz by using a Bruker WH-90 instrument.
X-ray intensity data were collected at room temperature by using

(1) Albelo, G.; Rettig, M. F. J. Organomet. Chem. 1972, 42, 183.

(2) Albelo, G.; Wiger, G.; Rettig, M. F. J. Am. Chem. Soc. 1975, 97,
4510.

(3) Wiger, G.; Rettig, M. F. J. Am. Chem. Soc. 1976, 98, 4168.

(4) Rettig, M. F.; Wilcox, D. E,; Fleischer, R. 8. J. Organomet. Chem.
1981, 214, 261.

(5) Ahmad, M. U.; Backvall, J. E.; Nordberg, R. E.; Norin, T.; Strom-
berg, S. J. Chem. Soc., Chem. Commun. 1982, 321. The literature cita-
tions provided in the Bickvall communication summarize related recent
work. Also see: Clemens, P. R.; Hughes, R. P.; Margerum, L. D. J. Am.
Chem. Soc. 1981, 103, 2428, for a recent report on the stereochemistry
of methylenecyclopropane chloropalladation:

(6) DePuy, C. H. Top. Curr. Chem. 1978, 40, 73.
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Table I. Crystallographic Data and
Data Collection Conditions for C,,H,,Cl,Pd

formula C,H,,Cl,Pd

space group P2, /c (no. 14)

M,, Daltons 313.56

a, A 7.867 (2)

b, A 12.651 (2)

c, A 13.172(2)

B, deg 119.4 (1)

V, A3 1142.3 (6)

z four based on monomer

(each dimer sits on a
crystallographic center
of symmetry)

1.832
1.830¢
0.305x0.102 x 0.102

dealeq, 8/cm?

dobsa, g/em?
cryst size, mm X mm X mm

radiation graphite monochromated
Mo Ka (A = 0.7107 A)
scan type w=20

0.756 + 0.35 tan ¢
2< 20 < 40° 120s
40 < 20 < 50°, 240 s

scan width (aW), deg
max counting time, s

collectn range 2< 20 < 50°
no. of unique data 2005

no. of unique data I > 1.00(J) 1143

no, of variables 116

R 0.063°%

R, 0.057¢

esd 1.514

largest parameter shift 0.314

largest peak, e/A3 1.535¢

@ By flotation in mixed halo solvents, % R= £IF I
IF/ZiIFgl. € Ry = [Sw(IFy1~ IF1)*/ZwIF,1?]'? and
w = 4F*|L*(I), where L is the reciprocal Lorentz-
polarization correction and o(I)= [P + (£/20)?B +
(0.0451)2]1/2, Here P is the number of counts during the
scan, ¢ is the scan counting time in seconds, and B is the
sum of the background counts. ¢ From final refinement,
as a fraction of standard deviation. ¢ From final differ-
ence Fourier,

an Enraf-Nonius CAD-4 automated diffractometer.
Preparation of Compounds. The complex bis(u-chloro)-
bis[1,4,5-n-8-(a-chloroethyl)cyclooctenyl]dipalladium(II) (3) was
prepared by chloropalladation of 1a as described earlier.* The
related complex Dbis(u-chloro)bis[1,4,5-5-cyclooctenyl}di-
palladium(II) (4) was prepared as described in the literature.”

(7) Stille, J. K.; James, D. E. J. Organomet. Chem. 1976, 108, 401-408.

© 1982 American Chemical Society
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Table II. Positional and Thermal Parameters and Their Estimated Standard Deviations for C,,H,,Cl,Pd?

atom x y z B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)
Pd(1) 0.4830(1) 0.09620 (6) 0.39878 (6) 0.0333 (1) 0.00415 (4) 0.00996 (5) —0.0017(2) 0.0169 (1) 0.0018(1)
Cl(1) 0.2791(4) 0.0446 (2) 0.4783(2) 0.0410(7) 0.00865(2) 0.0152(2) 0.0030 (5) 0.0285(5) 0.0059 (3)
Cl(2) 0.1503 (4) 0.4908 (2) 0.3606(3) 0.0429(9) 0.0072(2) 0.0160(3) 0.0061 (7) 0.0204 (7) -0.0038 (4)
atom x y z B, A* atom x y - B, A*
C(1) 0.276 (1) 0.1942 (8) 0.2843 (7) 4.9 (2) H(3A) 0.457(10) 0.125(7) 0.114(8) 5.0
C(2) 0.276 (1) 0.1838(9) 0.1695(7) 5.0(2) H(3B) 0.536 (10) 0.261(7) 0.170(6) 5.0
C(3) 0.471 (1) 0.1815(9) 0.1821 (8) 50(2) H@4) 0.670 (9) 0.092(7) 0.292(6) 5.2
C(4) 0.626 (1) 0.1422(8) 0.2999 (8) 5.2(2) H(8) 0.822(10) 0.176(7) 0.463(6) 4.5
C(5) 0.706 (1) 0.1971 (8) 0.4007 (7) 4.5(2) H(6A) 0.681 (8) 0.313(7) 0.492(5) 4.9
C(6) 0.675 (1) 0.3100(9) 0.4251 (7) 4.9 (2) H(6B) 0.781(10) 0.352(7) 0.412(6) 4.9
C(7) 0.486 (1) 0.3633 (9) 0.3458 (8) 4.8(2) H(7A) 0.490(10) 0.419(7) 0.397(6) 4.8
C(8) 0.306 (1) 0.3045(7) 0.3388 (6) 3.7(2) H(7B) 0.474 (11) 0.368(6) 0.283(6) 4.8
C(9) 0.122(1) 0.3758 (8) 0.2736 (7) 4.9(2) H(8) 0.309 (7) 0.298 (6) 0.419(5) 3.7
C(10) -0.063(2) 0.3232(11) 0.2497(10) 7.2(3) H(9) 0.135(10) 0.400(7) 0.197(6) 4.9
H(1) 0.161 (9) 0.172(7) 0.285 (6) 4.9 H(10A) -0.079(10) 0.293(8) 0.199(6) 7.2
H(2A) 0.201(10) 0.239(7) 0.107 (6) 5.0 H(10B) -0.033(11) 0.301(8) 0.334(7) 7.2
H(2B) 0.218 (10) 0.111(6) 0.136 (6) 5.0 H(10C) -0.152(12) 0.369(8) 0.220(7) 7.2
1

B(2,3)*kD)].

Estimated standard deviations in the least significant digits are shown in parentheses.

Figure 1. Stereopair drawing of 3. The view is normal to the square plane, over the bridge centroid (hydrogens omitted for clarity).

Spectral properties of 4 were identical with those published.’

Reaction of Complexes 3 and 4 with CN~/D,0. In a typical
experiment, 0.4 mL of a CDCl; solution 0.05 M in 4 is shaken for
20 s with 0.5 mL of D,O which is 1 M in KCN. After layer
separation, the organometallic product {[(CN),Pd(s-cyclo-
octenyl)]=*+1} is found (by NMR) to be in the D,0 layer: 1H NMR
(D0, referenced to (CH,);SiCH,CH,CH,SO;Na) 6 5.85~5.3 (2 H,
m, olefin), 2.5-1.1 (11 H, remaining hydrogens); 3C NMR (D,0,
broad-band 'H decoupled, internal reference dioxane, peaks re-
ported here referenced to Me,Si) 6 132.5, 131.5, 40.4, 37.9, 30.5,
29.9, 28.9, 25.7.

The reaction of complex 3 with CN~/D,0 was reported earlier.*
In this case the organic product (see Results and Discussion)
remains in the CDCI; layer.

Crystal Growth. Complex 3. Gas diffusion of pentane into
& nearly saturated solution of 3 in CHCI; led, after 24 h, to rather
thick pale yellow needles. One of these needles was selected for
the X-ray investigation.

X-ray Data and Structure Determination. A summary of
crystal data is presented in Table I. Room-temperature X-ray
photographic data from precession and cone axis photographs
showed the crystal to be monoclinic with systematic extinctions
(hOL, | = 2n; ORO, k = 2n) consistent with the space group P2,/c
(No. 14). Data reduction and structure solution/refinement were
accomplished by using the Enraf-Nonius structure solution
programs (version 18.2). The cell constants were based on
least-squares refinement of 25 carefully centered high-angle re-
flections. The atom positional and thermal parameters are listed
in Table II. A full list of bond distances and bond angles is
presented in Tables III and IV, respectively. Tables of observed
and calculated structure factors as well as additional molecular
geometry results are available as supplementary material.

Table III. Bond Distances (A) for C  H,,Cl,Pd
C(1)-C(2) 1.521(12) C(1)-H(1) 0.91 (8)
C(2)-C(3) 1.474 (13)  C(2)-H(2A) 0.97(7)
C(3)-C(4) 1.508 (13) C(2)-H(2B) 1.00(7)
C(4)-C(5) 1.349 (12) C(3)-H(3A) 1.08 (7)
C(5)-C(86) 1,514 (12)  C(3)-H(3B) 1.14 (8)
C(6)-C(7) 1.498(13)  C(4)-H(4) 0.79 (8)
C(7)~C(8) 1.5832(12)  C(5)-H(5) 0.92 (8)
C(8)-C(1) 1.523 (11) C(6)-H(6A) 0.87 (8)
C(8)-C(9) 1.542 (11) C(6)-H(6B) 0.96 (8)
C(9)-C(10) 1.497 (16) C(7)~-H(7A) 0.99 (8)
C(9)-Cl(2) 1.807 (9) C(7)-H(7B) 0.83 (8)
Pd(1)-Cl(1) 2.396(3) C(8)~H(8) 1.06 (6)
Pd(1)-C(1) 2.015(9) C(9)-H(9) 1.13 (7)
Pd(1)~C(4)  2.178(10) C(10)~H(10A)  0.82(10)
Pd(1)-C(5) 2.144 (9) C(10)-H(10B) 1.04(10)

C(10)-H(10C) 0.84(10)

Results and Discussion

Complex 3 is found to be a centrosymmetric dimer,
resulting from chloropalladation of exo-9-methylbicyclo-
[6.1.0]non-4-ene with overall external cleavage of the cy-
clopropane rings. An ORTEP drawing of the structure is
shown in the Figure 1. The centrosymmetric nature of
the dimer is exact, since the molecule is positioned on a
crystallographic center of symmetry.

The palladium~carbon bonding is the expected 1,4,5-n°
“o,m” type interaction. The crucial stereochemical features
are (i) the anti orientation of Pd(1)-C(1) and C(8)-C(9),
which indicates inversion at C(1) on electrophilic attack
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Table IV. Bond Angles (Deg) for C, ;H,Cl,Pd

Pd(1)-C(1)-C(8) 110.3 (6) C(3)-C(4)-H(4)
Pd(1)-C(1)-C(2) 106.7 (7) C(5)-C(4)~H(4)
Pd(1)-C(1)-H(1) 102.5 (50) Pd(1)-C(5)-C(6)
C(8)-C(1)-C(2) 117.8 (8) Pd(1)-C(5)-C(4)
C(8)-C(1)~H(1) 108.0 (50) Pd(1)-C(5)-H(5)
C(2)-C(1)-H(1) 110.6 (48) C(6)-C(5)-C(4)
C(1)-C(2)-C(3) 113.9(8) C(6)-C(5)-H(5)
C(1)-C(2)-H(2A) 117.6 (46) C(4)-C(5)-H(5)
C(1)-C(2)-H(2B) 108.1 (45) C(7)~C(6)-C(5)
C(3)-C(2)-H(24A) 106.0 (47) C(7)-C(6)-H(6A)
C(3)-C(2)-H( 2B) 101.7 (45) C(7)-C(6)-H(6B)
H(2A)-C(2)-H(2B) 108.3 (57) C(5)-C(6)-H(6A)
C(2)-C(3)-C(4) 112.7 (8) C(5)-C(6)-H(6B)
C(2)-C(3)-H(34) 103.5 (40) H(6A)-C(6)-H(6B)

C(2)-C(8)-H(3B) 116.7 (38) C(8)-C(7)-C(6)

C(4)-C(3)-H(34A) 109.8 (39) C(8)-C(7)-H(74A)
C(4)-C(3)-H(3B) 106.2 (38) C(8)-C(7)-H(7B)
H(3A)-C(3)-H(3B) 107.7 (52) C(6)-C(7)~-H(7A)
Pd(1)-C(4)-C(3) 108.2(7) C(6)-C(7)-H(7B)
Pd(1)-C(4)-C(5) 70.5 (6) H(7A)-C(7)-H(7B)
Pd(1)-C(4)-H(4) 102.1 (62) C(1)-C(8)-C(7)
C(3)-C(4)-C(5) . 127.3 (9) C(1)-C(8)-C(9)

by palladium(II) and (ii) the sequence ordering of atoms
on C(9), which indicates inversion at C(9) on nucleophilic
attack by CI(2).

As was previously reported,* complex 3 reacts with
cyanide ion to liberate the trans-9-methyl epimer 5 in

e

5

quantltatlve Pileld Thus the observed carbon inversion
in the 1a 244 3 CX 5 process clearly occurs in the first
step, in which palladium attacks with inversion at carbon.
In a related investigation, we have determined the
structure of complex 4 by X-ray crystallography.® Ex-

Pd
4

cepting the equatorial a-chloroethyl group in 3, the cy-
clooctenyl conformations, dimensions, and bonding to
palladium are essentially identical in 3 and 4. Reaction
of a CDCl; solution of complex 4 with CN~/D,0 leads to
removal of all hydrocarbon residue from the CDCl; and
appearance of an organopalladium species in the D,O layer
that has 'H and *C NMR spectra (Experimental Section)
consistent with [(CN),Pd(s-cyclooctenyl)]¢**V, This o-
cyclooctenyl is stable for days in the aqueous medium—an
initially surprising result in view of the four 8-hydrogens
available for elimination. However, the strongly bound
cyanides no doubt effectively inhibit the expected 3-hy-
dride decomposition by blocking coordination sites.
Clearly, complexes 3 and 4 differ in that 3 has a chlorine
leaving group. On the basis of the cyanide reaction with
4, we believe that complex 3 reacts with cyanide to form
a o-[(chloroethyl)cyclooctenyl]; however in this case the

(8) Woolcock, J.; Rettig, M. F.; Wing, R. M,, in preparation.

109.5 (62) C(1)-C(8)-H(8) 107.6 (87)
122.4 (64) C(7)-C(8)-C(9) 110.2 (7)
110.7 (6) C(7)-C(8)-H(8) 113.0 (37)
73.2 (8) C(9)-C(8)-H(8) 100.3 (37)
105.4 (47) Cl(2)-C(9)-C(8) 108.6 (6)
129.3 (9) C1(2)-C(9)-C(10) 106.4 (7)
108.2 (50) CI(2)-C(9)-H(9) 105.9 (37)
119.6 (49) C(8)-C(9)-C(10) 114.8 (8)
119.5 (9) C(8)-C(9)-H(9) 103.1 (37)
101.6 (53) C(10)-C(9)-H(9) 117 5(39)
106.7 (45) C(9)-C(10)-H(10A) 9.2 (74)
110.4 (53) C(9)-C(10)~H(10B) 104 8 (52)
101.5 (46) C(9)-C(10)-H(10C) 9.5 (70)
118.1 (68) H(10A)-C(10)-H(10B) 124 1(95)
114.0(8) H(10A)-C(10)-H(10C) 103.7 (86)
103.8 (44) H(10B)-C(10)-H(10C) 120 6 (86)
114.0 (55) Cl(1)-Pd(1)-C(1) 1.4 (3)
100.2 (44) CI(1)-Pd(1)-C(5) 150 27 (25)
106.2 (55) CI(1)-Pd(1)-C(4) 170 9 (3)
118.1(68) C(1)-Pd(1)~C(5) 0.0 (4)
113.2(8) C(1)~Pd(1)-C(4) 1.6 (4)
112.0 (7) C(5)-Pd(1)-C(4) 6.4 (3)

very polar Pd — C ¢ electron pair readily displaces chlorine
from a-chloroethyl to form a new carbon—carbon bond with
retention at C(1), resulting in hydrocarbon 5.

In our initial report! of the chloropalladation of the
9-methylbicyclo[6.1.0]non-4-ene systems, we discussed the
possibility that the reactions take place via a corner-pal-
ladated cyclopropane intermediate which, on attack of C(9)
by chloride, would lead to the C(1) inverted product which
we now verify. The formation of the corner-palladated
intermediates is no doubt facilitated by the expected
relatively stable twist-tub conformations of the bicyclo-
[6.1.0]non-4-enes.® Our system undergoes chloro-
palladation with inversion at C(1) in both CDCl; and
benzene, in contrast to the (+)-car-2-ene system noted
above.> In the chloropalladation of (+)-car-2-ene in
benzene an oxidative addition path was suggested for the
predominant retention path.® We note, however, that a
corner-palladated intermediate analogous to that suggested
by us earlier would equally well accommodate the obser-
vation of the two chloropalladation products of (+)-car-
2-ene.’® Finally, based on the results published earlier,*
we conclude that the endo 1b also inverts at carbon on
attack by palladium.

Acknowledgment. Financial support for this research
was provided by the National Science Foundation (NSF
Grant CHE7822691, M.F.R. and R.M.W.) and by the
University of California Committee on research. Fellow-
ship support to M.P. was provided by the Government of
Mezxico through the Consejo Nacional De Ciencia y. Tec-
nologia.

Registry No. la, 79181-18-3; 3, 79188-47-9; 4, 59419-85-1.

Supplementary Material Available: Tables of observed and
calculated structure factors, least-squares planes, and torsion
angles (8 pages). Ordering information is given on any current
masthead page.

(9) For discussion of conformational changes on diene coordination,
see: Rettig, M. F.; Wing, R. M,; Wiger, G. R. J. Am. Chem. Soc. 1981,
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(10) A corner-palladated (+)-car-2-ene would nicely account for the
trans relative stereochemistry of palladium and chlorine in the =-allyl
product formed with carbon retention.?
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The photolysis of dialkylpalladium phosphine complexes has been investigated. In contrast to the thermal
chemistry, the photolysis products of the diethyl complex are independent of the starting stereochemistry
and the metallacyclopentane yielded the C—C bond cleavage product ethylene rather than 1-butene, the
thermal product. The dimethyl complex showed a facile photoinduced cis—trans isomerization. Structures

for the photointermediate are proposed.

Introduction

Photochemistry of organotransition-metal complexes is
attracting growing attention.! There are reports of fun-
damental and extreme differences between the thermal
and photochemistry of some group 8 metallacycles?®? and
suggestions of homolytic cleavage of metal-alkyl bonds on
irradiation of simple alkyl systems.* However, mechanistic

studies comparing thermal and photochemical reactions -

of isolated alkyl transition-metal complexes are still scarce.
To complement our other studies, we have examined the
photochemistry of dialkylpalladium complexes whose
thermal chemistry is well established.>7 cis- and trans-
diethylbis(tertiary phosphine)palladium represent intri-
guing examples of complexes which are thermolyzed
through totally different routes depending on the stereo-
chemical configurations of the diethyl complexes.

We now report the photochemical properties of these
complexes together with a palladium metallacycle focusing
on the similarities and differences of the thermal and
photochemical reactions.

Before describing the results of the photochemical
studies, a brief summary of the thermal reactions of the
cis- and trans-dialkylpalladium complexes is given for
comparison.

trans-PdEt,L,; (where L = monodentate tertiary phos-
phines) are thermally decomposed in toluene with libera-
tion of a 1:1 mixture of ethylene and ethane (eq 1). The

trans-PdEt,L, R C,H, + C,Hq 1)
thermolysis is only weakly hindered by added tertiary
phosphine, indicating that the major thermolysis pathway
does not involve the partial dissociation of the coordinated
tertiary phosphine ligands. Thermolysis of trans-Pd-
(CH,CDy),L; cleanly liberated CHy~CD, and CH,DCD;,
indicating a 8-hydrogen elimination pathway.

In contrast to the behavior of trans-PdEt,L,, the cis
isomers afforded reductive elimination products exclusively
(ethane from cis-PdMe,L, and butane from cis-PdEt,L,)
by a process involving the rate-determining dissociation
of a tertiary phosphine ligand (eq 2).87

R
+
= — R—R (2)

SR
cis-PdR,L, === [L——Pd—R| —= |L—Pd<
R

tContribution No. 6658.
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Again, no H-D scrambling was observed in the ther-
molysis of ¢is-Pd(CH,CD3),(PMe,Ph), which cleanly lib-
erated CD;CH,CH,CD,.

Cis-trans isomerization also proceeded via a pathway
involving ligand dissociation (eq 3). The presence of an

T ]
R—Pd—R Sh= |R—pPg—r| L2
L (A)

L L
bimolecular
b

l |
ridged complex] R_Td == R—Td—L (3)
R R

cis=PdR,L,  (B)

energy barrier between the T-shaped “trans”-dialkyl-
palladium species (A) and the T-shaped “cis”-dialkyl-
palladium species (B) was indicated by the kinetic study®’
and supported by MO theoretical calculations.?

Results

Photolysis of cis- and trans-PdEt,L,;. Toluene so-
lutions (2 X 102-0.1 mol L! of cis- and trans-diethyl-
palladium complexes coordinated with various tertiary
phosphine ligands were irradiated in quartz Schlenk tubes
at 2 °C and -10 °C, and the evolved gases were collected
and analyzed (Table I). Under these conditions, other
decomposition modes are slow. For displacing the coor-
dinated ethylene and trapping the Pd(0) species formed
on photolysis, we added diphenylacetylene to the system.
It was confirmed that the addition of diphenylacetylene
had little effect on the course of reaction.

(1) Geoffroy, G. L.; Wrighton, M. S. “Organometallic Photochemistry”;
Academic Press: New York, 1979.

(2) Grubbs, R. H.; Miyashita, A.; Liu, M.; Burk, P. J. Am. Chem. Soc.
1977, 99, 3863.

(3) Perkins, D. C. L.; Puddephatt, R. J.; Tipper, C. F. H. J. Organo-
met, Chem. 1980, 191, 481.

(4) (a) Bamford, C. H.; Puddephatt, R. J.; Slaten, D. M. J. Organomet.
Chem. 1978, 159, C31. (b) Hackelberg, O.; Wojcicki, A. Inorg. Chim. Acta
1980, ¢4, L63. (c¢) van Leeuwen, P. W. N. M.; Roobeck, C. F.; Huis, R.
J. Organomet. Chem. 1977, 142, 233.

(5) Ozawa, F.; Ito, T., Yamamoto, A. J. Am. Chem. Soc. 1980, 102,
6457.

(6) Ozawa, F.; Ito, T.; Nakamura, Y., Yamamoto, A. Bull. Chem. Soc.
Jpn. 1981, 54, 1968.

(7) Gillie, A.; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4933.

(8) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. K. Bull. Chem.
Soc. Jpn. 1981, 54, 1857.

© 1982 American Chemical Society
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Table I. Gases Evolved on Photolysis of PdEt,L,¢
evolved gas ratio?
time, CH, + total,®
run complex (mol/L) additive (mol/L) h C.H, CH,, %

1 cis-PdEt,(PMe,Ph), (0.10) PhC=CPh (0.14) 5.5 0.79 0.21 100
2 cis-PdEt,(PMe,Ph), (0.10) PhC=CPh (0.14) 6.0 0.90 0.10 64

PMe,Ph (0.17)
3 cis-PdEt,(PMe,Ph), PhC=CPh 1.5 0.98 0.02 e

PMe,Ph (excess)
4 trans-PdEt,(PMe,Ph), (0.11) PhC=CPh (0.14) 5.5 0.82 0.18 92
5 trans-PdEt,(PEt,), (0.14) PhC=CPh (0.28) 7.5 0.80 0.20 100
6 trans-PdEt,(PEt ,Ph), (0.14) PhC=CPh (0.28) 7.5 0.82 0.18 99

¢ At 2 °C in toluene, 400 W hzgh pressure Hg lamp was used.
—10 °C, in toluene, quartz Schlenk tube.

[C,H,,] }/[complex].

100 — v v

eis to trans

L5 TS

(11]

cle

(¢ 2 thPh)

° - N -
10 20 30
Time (min}

Figure 1. Time course of the photoisomerizations. A 100-W
high-pressure Hg lamp was used.

When the photolysis was carried out in the absence of
added tertiary phosphine, the cis- and trans-PdEt,L, lib-
erated ethylene, ethane, and butane in a 2:2:1 ratio irre-
spective of the configuration of the starting diethyl com-
plexes (eq 4; runs 1 and 4-6 in Table I).

Et

hv
toluene

L—Pd—L

Et
= CoHs + CoHg + CaHg (4)

2 : 2 1

hy
toluene

L—Pd—Et

L

These results stand in a sharp contrast with the ther-
molysis results in which the configuration of the starting
complex dictates the thermolysis products (eq 1 and 2).
Photolysis of the c¢is isomer in a toluene-dg solution gave
a 1:1 mixture of ethylene and ethane together with butane
without deuterium incorporation

cis- Pd(CgHs)z(PMegph)z + C7D8
CHQ_CHQ + CH30H3 + C4H10

In the photolysis of cis-PdEt,(PMe,Ph), addition of
PMe,Ph to the system markedly slowed the photolysis rate
and changed the distribution of the photolysis products.
It was observed that addition of the ligand hindered the
formation of butane more severely than the formation of
ethylene and ethane (runs 2 and 3).

Photolysis of cis-Pd(CH,CD;),(PMe,Ph), in toluene
cleanly liberated CD,—~CH,, CH,DCDj3, and CD;CH,C-
H,CD;, indicating the absence of H-D scrambling.

¢is-Pd(CH,CDy)o(PMe,Ph), —»
CD,=CH, + CH,DCD, + CD;CH,CH,CD; (5)

® [C,H,]/[C,H,] =~1. ©100 {V/,([C,H,] + [C,H,])+
e Photolysls incomplete.

During the photolysis, cis~trans isomerization took place
concurrently as observed by $P{'H} NMR spectroscopy.
cis-PdEt,(PMe,Ph), in toluene at 20 °C shows a 3'P{*H]}
chemical shift at —5.5 ppm (referred to PPhg, downfield
positive), whereas trans-PdEt,(PMe,Ph), at 8.1 ppm and
a photolysis product (presumably Pd(PMe,Ph),-
(PhCCPh),) at -3.8 ppm. The photoisomerization occurs
more rapidly than the thermal isomerization.

hv, toluene

cis-PdEt,(PMe,Ph), m

cis-PdEt,(PMe,Ph), + trans- PdEtz(PMezPh)z
45%
decomp products
3%

hy, toluene
trans-PdEt,(PMe,Ph), m

cis-PdEt,(PMe,Ph), + trans-PdEt,(PMe,Ph), +
11% 34%
decomp products
5%

Photoisomerization of cis- and trans-PdMe,-
(PMe,Ph),. In order to get more information on the
photoinduced cis—trans isomerization, thermally stable cis-
and trans-PdMey(PMe,Ph), in acetone-d, sealed in Pyrex
NMR tubes were irradiated at 6 °C with a 400-W high-
pressure mercury lamp and the course of isomerization was
followed by 'H NMR spectroscopy. Under these condi-
tions, thermolysis was slow.

The photoinduced isomerization took place much more
rapidly than the thermal reaction. trans-PdMe,(PMe,Ph),
of initial concentrations of 0.12 and 0.064 mol/L was
transformed into its cis isomer in 8 min with conversions
of 64 and 66%, respectively. When the acetone-d, solution
of the same initial concentration (0.12 mol/L) containing
0.23 mol/L of added PMe,Ph was similarly irradiated by
the 400 W Hg lamp at 6 °C for 8 min, 37% of the trans
isomer was photoisomerized to the cis isomer. Thus, the
photoisomerization is inhibited by added phosphine. The
time evolution of the photochemical reactions is illustrated
in Figure 1. These results indicated that the rate of
photoisomerization was independent of the initial con-
centration of the trans-PdEt,L,; i.e. reaction may be first
order in the concentration of the complex as judged from
the time—conversion curve. A detailed kinetic study was
not attempted, since the photoisomerization was accom-
panied by photodecomposition to ethane. About 5% of
the dimethylpalladium was photolyzed in these experi-
ments. The equilibrium of trans- and cis-PdMe,-
(PMe,Ph), lay on the side of the cis isomer. The photo-
isomerization from the cis to trans isomer can also be
followed spectrophotometrically, although the change is
less marked than in the trans — cis isomerization (Figure
1). The system approached an equilibrium at cis/trans
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Table II. Gases Evolved on Thermolysis and Photolysis of Pd(CH,CH,CH,CH, }(PMe,Ph),

evolved gas ratio

run  conditns additive C,H, N J A ' /N
1 a 0 0 2 98 0 0
2 b 76 0 3 21 0 0
3 b PhC=CPh 75 0 3 22 0 0
4 b PhC=CPh 80 1 2 17 0 0

PMe,Ph (excess)

@ Thermolysis, at 70 °C in toluene. 2 Photolysis, at —15 °C in toluene, a 450-W medium-pressure Hg lamp was used.

ratio of 7:3 after irradiation of 1 h. This reaction almost
certainly involves nonradical intermediates.

To complement the study of photodecomposition and
thermal decomposition of diethylpalladium complexes,
photodecomposition and thermal decomposition behavior
of the corresponding palladacyclopentane was examined.

Bis(dimethylphenylphosphine)palladacyclopentane was
prepared from PdCl,(PMe,Ph), and 1,4-dilithiobutane in
ether at room temperature as colorless crystals. Table II
summarizes the thermolysis and photolysis results of the
palladacyclopentane.

Thermolysis of the palladacyclopentane in toluene at 70
°C for 40 min liberated 1-butene as the major product
accompanied by a minor amount of cyclobutane (eq 6). No
ethylene, butane, or 2-butene was detected.

F'hMeZP CHZ\CH

./ 2 70 °C, 40 min

Pt L, T Nz + ] (8
PhMe,P Hg >95% <5%

The decomposition course is dramatically altered on
photolysis. Ethylene is formed as the predominant pho-
tolysis product with minor amounts of 1-butene and cy-
clobutane (eq 7).

PhMe,P CHa~cy,

>P< (le e pe=ch, + [ ]+ Nz ()
PiMeP”  CHz ™ 2 75-80% 2-3% ~ 20%

The addition of the tertiary phosphine changed the
photoreaction only slightly.

Similar change of the decomposition pathways in ther-
mal and photochemical decompositions was observed in
the reactions of trimethylphosphine-coordinated nickel-
lacyclopentanes.? The results will be reported separately.

Discussion

Unlike the thermal reactions, the products of the pho-
tolysis of diethylpalladium complexes are independent of
the starting isomer. This suggests that both isomers are
photolyzed through a common intermediate or interme-
diates that rapidly equilibrate with each other. On first
sight, it might appear that this could be explained by a
photoinduced homolytic cleavage of the metal-alkyl bond.
However, the lack of deuterium incorporation into the
products when the reaction was carried out in deuterated
solvents, the 1:1 ratio of C;H,/C,Hg, and the changes in
rates and products when the phosphine ligands were added
to the system, as well as no H-D scrambling in photolysis
of cis- and trans-Pd(CH,CDg),L,, exclude the radical
pathways.

As a possible mechanism to account for the results of
the photochemical reactions of the ethylpalladium com-
plexes, Scheme 1 is proposed. In this scheme a photoac-

(9) Ikariya, T.; Grubbs, R. H., unpublished data.

Scheme I
3%

\—L /L

[LsPdE?,)

L""‘P S .
d
L4 \Er

N-L [LsPdEL,)

CHs + CoHg =— [LPEHL] =P CgHg
(B]

tivated tetrahedral species, [A], is assumed as a common
intermediate that may be produced through photoacti-
vated square-planar species formed from cis- and trans-
PdEt,L,. Ethylene and ethane may result from [A] as is
observed in thermolysis of trans-PdEt;L,. This thermal
reaction has been proposed to proceed through a distorted
pseudotetrahedral species promoted by the steric influence
of the phosphine ligands.® Butane may be formed in a
reductive elimination process directly from [A] or more
likely through the three-coordinate intermediate [B]
formed by partial dissociation of the phosphine ligand from
[A]. The inhibitory effect of the addition of the phosphine
may be accounted for as quenching of the photoactivated
species. Addition of the phosphine suppresses the for-
mation of butane, presumably by blocking the reductive
elimination pathway from [B]. The photoinduced isom-
erization between the cis and trans isomers is also accom-
modated in this scheme by assuming the common tetra-
hedral intermediate [A]. Photoinduced trans—cis isom-
erization of Pd(PR,;),Cly-type complexes is known, and the
isomerization was explained by a mechanism proceeding
through a tetrahedral intermediate.!®

As an alternate to Scheme I, a mechanism without in-
volvement of the tetrahedral species is also conceivable.
In this case, the photoisomerization may proceed by in-
terconversion of planar three-coordinated T-shaped species
PdEt,L formed by dissociation of L from PdEt,L,. The
intramolecular polytopal isomerization between the “trans”
and “cis” T-shaped species shown in eq 8 did not proceed

(10) (a) Alcock, N. W.; Kemp, T. J.; Wimmer, F. J. J. Chem. Soc.,
Dalton Trans. 1981, 635. (b) Haake, P.; Hylton, T. A. J. Am. Chem. Soc.
1962, 84, 3374. (c) Mastin, S. H.; Haake, P, J. Chem. Soc., Chem. Com-
mun. 1980, 202. (d) Cusumano, M.; Gugliemo, G.; Ricevuto, V.; Traverse,
0O.; Kemp, T. J. J. Chem. Soc., Dalton Trans. 1981, 302.
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L —Pd—Et .—Aﬁfﬁ L————:Pd (8)

[C]

as shown by the kinetic studies,’’ and the MO calculation
indicates that the Y-shaped intermediate for the isomer-
ization has a high energy.® This process through a Y-
shaped transition state may occur rapidly under the in-
fluence of light. The formation of ethylene and ethane as
well as of butane may be explained as in thermal reactions
(eq 1 and 2). Suppression of butane formation by addition
of the phosphine can be also accommodated in this scheme
as blocking the formation of the three-coordinate species.
A possible mechanism is presented in Scheme II.

The presently available data without information on the
nature of the photoexcited species do not allow us to decide
which mechanism is operative. The results with metalla-
cyclopentanes, however, provide us complementary in-
formation that is more consistent with the mechanism
through the tetrahedral intermediate.

Photolysis of the palladacyclopentane liberates ethylene
as a major product while thermolysis of the same complex
releases no ethylene and affords only 1-butene. The result
is more consistent with assumption of the photoactivated
tetrahedral intermediate.

AN

\ .
Lo,
L ,@ 2o

If we assume that the photo-activation leads to a three-
coordinated species [LPd(CH,),]* as in with Scheme II,
it seems more likely that the photolysis would produce
cyclobutane or 1-butene since the three-coordinated species
seems to be favorable for reductive elimination as in
thermolysis of cis-PdEt,L, or of the palladacyclopentane.
It has also been demonstrated that the corresponding
platinum metallacyclopentanes decompose to 1-butene
through three-coordinate intermediates on thermolysis.!!
The tetrahedral configuration may be more suitable for
including rupture of the metallacyclopentane to form
ethylene. This assumption is supported by MO calcula-
tions by Hoffmann and his co-workers.!? According to
their results, the process producing ethylene from a me-
tallacyclopentane is thermally disallowed and photochem-
ically allowed. The clear-cut difference between the
photochemical and thermal decomposition behavior of the
palladacyclopentane may be taken as the indication of the
occurrence of the completely different pathways in the
thermal and photochemical reactions.

Obviously, more work is needed concerning the nature
of the photoactivated species of the organopalladium
complexes. Nevertheless, the striking change of the de-
composition pathways from thermal to photochemical
reactions of these organopalladium complexes is note-
worthy. The control of the reaction course by means of
light may have some potentiality in designing palladium-

(11) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, E. R. J. Am. Chem.
Soc. 1972, 94, 5258.

(12) McKinney, R. J.; Thorn, D. L.; Hoffmann, R.; Stockis, A.; J. Am.
Chem. Soc. 1981, 103, 2595,

Ozawa et al.
Scheme II
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promoted organic reactions.

Experimental Section

All manipulations were carried out under an atmosphere of
nitrogen or argon or in vacuo. Solvents were dried in the usual
manner, distilled, and stored under an atmosphere of nitrogen.

Infrared spectra were recorded on a Hitachi 295 spectrometer.
'H NMR spectra were measured on JEOL PS-100 and FX90Q
spectrometers. Analysis of the gases evolved by the reactions were
carried out by gas chromatography (Shimadzu GC-3BT or Varian
1400GC, Porapak Q column) after the gases were collected by
using a Toepler pump, by which the volumes of gases were also
measured. Analysis of the gases dissolved in solution was also
carried out by gas chromatography using propane as an internal
standard after the volatile matters were collected in the reaction
solution by a trap-to-trap distillation. Mass spectra were measured
on a Hitachi M-80 GC-MS spectrometer.

A series of cis- and trans-PdEt,L,, and cis- and trans-
PdMe,(PMe,Ph), complexes were prepared according to the
method described previously.5®

Photolysis was performed with 400- or 100-W high-pressure
Hg lamps contained in a quartz well submerged in a bath ther-
mostated at low temperatures (30 to +6 °C).

Photolysis of cis-Pd(CH,CD;),(PMe,Ph),. cis-Pd-
(CH,CD;)y(PMe,Ph), was prepared according to the method
described previously.® It was confirmed by mass spectrometry
and IR spectroscopy® that ethylene and ethane evolved on pho-
tolysis of cis-Pd(CH;CDy)o(PMe,Ph), at 2 °C in toluene containing
PhC=CPh were only CD;=~CH, (m /e 30) and C,D/H; (m/e 34),
respectively; IR (CD,;=CH,) 943 and 750 cm™.

Preparation of Bis(dimethylphenylphosphine)pallada-
cyclopentane. To an orange heterogeneous mixture of PdCl,-
(PMe,Ph), (1.9 g, 4.2 mmo}) and Et,0 (10 mL) was added an Et,0
solution (20 mL) of Li(CH,)Li (5.9 mmol) at =50 °C. The system
was stirred at room temperature to give a heterogeneous pale
yellow mixture containing a white precipitate of LiCl. Stirring
was continued for 4 h. After hydrolysis at 0 °C, evaporation of

the ether phase by pumping afforded a crude product of Pd-
(CH,CH,CH,CH,)(PMe,Ph),. The crude product was recrys-
tallized from Et,O-acetone to yield colorless prisms of %
H,CH,CH,CH,) (PMe,Ph), (0.93 g, 46%): 'H NMR [é (ppm) at
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31 °C, CDCly) 1.5-2.0 (br, PACH,CH,CH,CH,, 8 H), 1.32 (d, %Jp_y4
= 6 Hz, PCH,, 12 H), 7.23 (m, PPh, 10 H). Anal. Calcd for
CyoH3PoPd: C, 54.7; H, 6.9. Found: C, 54.9; H, 6.9.
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Although the parallel between #Si NMR chemical shifts in silicon compounds and 3C NMR chemical
shifts in the analogous carbon compounds has been recognized, no systematic study was made to explore
the relationship. We have carried out such a study extending the relationship from tetraalkyl-substituted
silanes to polarized trimethylsilyl halides in search for still elusive stable silicenium ions. Due to the high
affinity of silicon for oxygen and fluoride (or chloride), methods used for the preparation of stable carbocations
were not applicable. Using bromosilanes and aluminum tribromide, in methylene bromide solution, strongly
polarized donor-acceptor complexes of MeSi®*Br — *AlBr; were observed but no free silicenium jons.

Although many long-lived carbenium ions (trivalent
carbocations) have been prepared and studied as stable
entities in solution,? the analogous silicenium ions (trivalent
sila cations, R3Si*) have never been directly observed in
solution or in the solid state. Silicenium ions are well-
known in the gas phase as high abundance fragments in
the mass spectra of organosilicon compounds.? In solution,
silicenium ions have been proposed as reaction interme-
diates in many organosilicon reactions,* but attempts di-
rected toward the preparation of stable silicenium ions
have been so far unsuccessful.’ Even under conditions
developed for the preparation and study of stable carbo-
cations? (low-nucleophilicity systems, low temperatures),
the extreme affinity of silicon for oxygen, fluorine, and
chlorine usually results in the reaction of solvents (even
S0,, SO,CIF) and/or reagents (Lewis acid halides, sup-
eracidic systems) with the developing electrophilic silicon
center (i.e., to yield silyl fluorides, fluorosulfates, tri-
fluoromethy! sulfates, etc.).

The most valuable analytical tool employed to study
stable carbocations has been 3C NMR spectroscopy since
this permits direct observation of the cationic center. The
sensitivity of 3C chemical shifts® and coupling constants

(1) Part 18 see: Olah, G. A.; Garcia-Luna, A. Proc. Natl. Acad. Sci.
U.S.A. 1980, 77, 5036-5039.

(2) For comprehensive reviews see: Olah, G. A, Top. Curr. Chem.
1979, 80, 19-88.

(3) Weber, W. P.; Felix, R. A,; Willare, A. K. Tetrahedron Lett. 1970,
907-910 and references therein.

(4) (a) Flowers, M. S.; Gusel'nikov, L. E. J. Chem. Soc. B 1968,
419-423. (b) West, R. Int. Symp. Organosilicon Chem., Sci. Commun.
1965, 1-13. (c) Sommer, L. H.; Evans, F., J. Am. Chem. Soc. 1954, 76,
1186-1187. (d) Sommer, L. H.; Bailey, D. L.; Coulf, J. R.; Whitmore, F.
C. Ibid. 1954, 76, 801-803.
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3679-3693. (c) Olah, G. A.; Mo, Y. K. J. Am. Chem. Soc. 1971, 93,
4942-4943. (d) Cowley, A. H.; Cushner, M. C.; Riley, P. E. Ibid. 1980,
102, 624-628.

to changes in hybridization, geometry, and charge density
provides specific information concerning the nature of the
carbocation. Our interest in the possible preparation of
silicenium ions and the need for techniques to characterize
such compounds has prompted us to examine the parallels
between 2%3i chemical shifts in silicon compounds and 3C
chemical shifts in the analogous carbon compounds. Close
analogies of silicon chemical shifts with carbon chemical
shifts have earlier been realized in the case of methyl-
substituted silanes.’?

The Correlation of !3C Chemical Shifts to 2Si
Chemical Shifts

Several theoretical treatments of nuclear screening and
chemical shift have been developed, but, as yet, no ap-
proach provides generally satisfactory values for chemical
shifts. The present understanding of chemical shift is
based principally on Ramsey’s formulation,® which disects
nuclear screening into diamagnetic and paramagnetic
contributions. The paramagnetic term reflects the influ-
ence of other atoms (and their electrons) in the molecule
on the local magnetic environment of a nucleus; for the
lighter nuclei such “substituent effects” are the dominant
contributions to chemical shifts. Roberts et al.? found that
the ®N chemical shifts in amines and related compounds
correlate linearly to the 13C chemical shifts of structurally
identical hydrocarbons, i.e., 8(**N) in R;R,Rs;N and 6(*3C)
in RiR,R;CH. This implies that the same structural fac-

(6) See for instance: “NMR and the Periodic Table”, Harris, R. K.,
Mann, B. E., Eds.; Academic Press: London, 1978,

(7) Kintzinger, J. P. In “NMR—Basic Principles and Progress”; Diehl,
P, Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1981; Vol. 17.

(8) Ramsey, N. F. Phys. Rev. 1950, 78, 699-703.

(9) (a) Lichter, R. L.; Roberts, J. D. J. Am. Chem. Soc. 1972, 94,
2495-2500. (b) Duthaler, R. O.; Williamson, K. L.; Giannini, D. D.;
Bearden, W. H.; Roberts, J. D. Ibid. 1977, 99, 8406~8412. (c) Duthaler,
R. O.; Roberts, J. D. Ibid. 1978, 100, 3889-3895. (d) Ibid. 1978, 100,
3882-3889.
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Table I. *C Chemical Shifts for Carbon Compounds @ (X = C) and #Si Chemical Shifts ?
for their Silicon Analogues (X = Sij)

compd 5(12C) 8(*8i) compd’ 5(2C) 8(*8i)
1, Me, X 27.9 0.0 19, H,XBr 10.2 -49.0
2, Me.XH 25.2 ~15.5 20, H.XBr, 21.6 ~30.4
3, Me.XH, 16.1 ~37.3 21, HXBr, 12.3 —43.3
4, MeXH, 5.9 ~65.2 22 H,XI -20.5 ~83.3
5, XH, —2.1 9311 23, H.XI, _53.8 ~99.6
6, Me, XCl 65.3 30.3 24, HXI, ~139.7 ~175.9
7, Me.XOl, 85.2 32.2 25, Cl,XBr 67.8 ~34.3
8, MeXCl, 95.0 12,5 26, CL.XBr, 35 - -50.7
9, XCl, 96.7 -20.0 27, CIXBr, 5.1 -69.8
10, Me,XBr 60.7 26.4 28, C,XI, (22.4)° —75.4
11, Me,XBr, 58.3 19.9 29, CIXI, (-160)¢ -245.9
12, XBr, —28.5 —92.7 30, Br,X1 (~75)¢ ~1495
13, Me, XI 42.0 8.9 31, Ph,XH 62.0 ~-17.0
14, PhXH, 21.0 -60.0 32, XI, -292.3 -346.2
15, Ph,XH, 37.0 ~33.0 33, H,XF 75.4 174
16, H,XCl 25.1 ~36.1 34, Br,XI, (-133)¢ —212.3
17, H,XCl, 54.2 -11.0 35, BrXI, (-190) ¢ -280.1
18, HXCI, 77.7 ~9.6

@ 13C chemical shifts, ppm from Me,Si (taken from ref 13a and 13b). ? »Si chemical shifts, ppm from TMS (taken from
ref 6, pp 313-314). ¢ Calculated using the additive chemical shift relationship of Litchman and Grant.**

tors that determine *C chemical shifts also determine N
chemical shifts. In a similar way, 70O chemical shifts show
a linear correlation to 3C chemical shifts in structurally
analogous compounds,” and #Si chemical shifts parallel
Z7Al shifts in isoelectronic tetrahaloaluminates.’® The 'B
chemical shifts of trigonal boron compounds have been
found!! to correlate linearly to the *C chemical shifts of
carbenium ions, i.e., (*'B) in R;R,R;B against (**C) in
R;R,R;C*. The existence of such correlations clearly leads
to a better understanding of the effect of substituents and
geometry on the magnetic environment of nuclei in general.
The vast amount of 13C data accumulated for well-char-
acterized carbon compounds permits the direct transpo-
sition of structural and geometric information to the
compounds of other elements via the chemical shift rela-
tionships.

Scholl, Maciel, and Musker!? showed that #Si chemical
shifts in alkylsilanes could be expressed by eq 1, where A;

5(2981) = B(ZQSi)Si}h + Ai

are additive shift parameters for the ith carbon attached
to silicon. This equation closely parallels the equation of
Grant and Paul®® that describes '°C chemical shifts in
alkanes.

The #Si chemical shift range for alkylsilanes spans only
ca. 60 ppm from a total shift range of some 500 ppm for
known #Si shifts. When the analysis is not restricted to
alkylsilanes, the 2Si chemical shifts of silicon compounds
(SIXX’X""X"’} in general follow the same shielding trends
observed in their carbon analogues (CXX’X”X"’) (Table
1, Figure 1).

Considering the entire range of #Si chemical shifts,
Figure 1 shows an overall correspondence between the
carbon and silicon shieldings. Even though a large (but

(10) Niemann, U.; Marsmann, H. C. Z. Naturforsch., B: Anorg.
Chem., Org. Chem. 1978, 308, 202.

(11) (a) Spielvogel, B. F.; Nutt, W. R.; Izydore, R. A. J. Am. Chem.
Soc. 1975, 97, 1609-1610. (b) Spielvogel, B. F.; Purser, J. M. Ibid. 1971,
93, 4418-4426. (c) Noth, H.; Wrackmeyer, B. Chem. Ber. 1974, 107,
3089~3103. (d) Odom, J. D.; Moore, T. F.; Goetze, R.; Néth, H,;
Wrackmeyer, B. J. Organomet. Chem. 1979, 173, 15-32.

(12) Scholl, R. L.; Maciel, G. E.; Musker, W, K. J. Am. Chem. Soc.
1972, 94, 6376-6385.

(13) Grant, D. M.; Paul, E. G. J. Am. Chem. Soc. 1964, 86, 2984-2990.

(14) (a) “Carbon-13 NMR Spectroscopy”; Stothers, J. B., Ed.; Aca-
demic Press: New York, 1972. (b) “'*C-NMR Spectroscopy”; Breitmaier,
E., Voelter, W., Eds.; Verlag Chemie: Weinheim/Bergstr., 1974.

(15) Litchman, W. M.; Grant, D. M. J. Am. Chem. Soc. 1968, 90,
1400-1407.
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Figure 1. Correlation of 1*C chemical shifts in carbon compounds
with #Si chemical shifts in their silicon analogues:- solid circles,
literature data; open circles, 13C shifts from the additivity rela-
tionship of Litchman and Grant.'®

Table II. Variation of 5(**Si) with increasing
Electron-withdrawing Ability of Substituents

compd §(*8Si)e compd 5(¥Si)¢
Me,SiOMe 17.2  Me,8i080,CF, 46.6
Me,SiOCOCH, 21.5 MeSiOSO,F 52

Me,SiOCOCF,  34.2

¢ Ppm from external Me,Si.

by no means exhaustive) variety of substituents (halogens,
alkyl, aryl, oxygen, hydrogen, etc.) has been considered
(Table I), the observed correlation indicates that the same
factors which dominate carbon shieldings also dominate
silicon shieldings.

Electron-Deficient Silicon Compounds
Among structurally related silanes, there are trends in
#8j chemical shifts that parallel the trends in !3C shifts
of carbon compounds. For example, in carbon compounds,
the development of positive charge causes a downfield shift
of the charged center. Similarly, in a series of related
silanes, 6(%Si) moves downfield as the electron-withdraw-





Correlation of #Si to 1°C NMR Chemical Shifts

Table III. Effect of Lewis Acids on the *Si Chemical

Shift of Trialkylsilyl Halides
Lewis acid
silane (equiv) solvent 8 (¥8Si)¢
Me, Sil CH,I, 10.5
BI, (3) CH,I, 11.1
Me,SiBr CH,Br, 27.3
BBr, neat 28.0
BBr, (1.2) CH,Br, 46.0
TaBr, (satd) CH,Br, 28.0
AlBr, (1.2)  PBr, 45.5
AlBr, (1.2) CS, 43.5
AlBr, (3) Cs, 54.2
AlBr, (3) CH,Br, 627
Me,SiCl CH,CI, 30.4
Ei' AlCL, (1.2) CH,Cl, 324
5 CH,Cl, 2.4,23.1
—Si Si—
LSJIJ
AlBr, (satd) CH,Br, 2.0,74

2 Ppm from Me,Si (neat); 25 °C; ca 30% v/v.

ing ability of substituents increases (Table II). This trend
parallels the reactivity of these compounds as electrophilic
silylating agents, consistent with the increasing develop-
ment of positive charge at silicon.

In weakly coordinating solvents (e.g., methylene chloride,
methylene bromide), Lewis acids apparently form com-
plexes with trialkylsilyl halides and the #Si resonance of
the silicon nucleus is shifted to lower field with respect to
the parent compounds. In the case of trialkylsilyl bromides
there is a substantial deshielding of the silicon nucleus in
the presence of AlBr;. #Si chemical shifts ca. 76 ppm are
characteristic of these compounds, and these are among
the most highly deshielded #*Si resonances yet reported.
We attribute this to the formation of a highly polarized
complex (I). The polarized complex I can also undergo
rapid equilibration involving a very small concentration
of free ion pairs formed by the dissociation of the complex.
However, the observed NMR data cannot distinguish ei-
ther of the two possibilities.

—>sf‘”— Br—> AlBrs
The structure I is, however, consistent with the obser-
vation that the line width of the 2?A1 NMR resonance of
AlBr; in CH,Br, decreases from 1250 to 950 Hz in the
presence of trimethylsilyl bromide. Such a reduction in
the line width of the resonance of a quadrupolar nucleus
is expected for the formation of a pseudotetrahedral en-
vironment about the Al nucleus (tetrahedral AlBr,” has

a line width of ca. 20Hz in CH,Br,).

Expected #*Si Shifts of Silicenium Ions

If the chemical shift relationship developed above for
neutral tetrahedral silanes and carbon compounds is ex-
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tended to the trigonal trivalent cations, then the chemical
shifts for silicenium ions can be predicted from their
carbenium ion analogues. Such an extension is not un-
precedented since the relationship which correlates (*'B)
to 8(12C) can be extended from tetrahedral to trigonal
compounds.!1e

The 3(13C) for the tert-butyl cation (330 ppm) leads to
a predicted 6(Si) for the trimethylsilicenium ion (MeySi*)
within the range 225-275 ppm. Similarly, 5(13C) for trityl
cation leads to a predicted 8(®Si) for triphenylsilicenium
ion (Ph4Si*) within the range 100-150 ppm. These con-
siderations make it clear that no long-lived trivalent silicon
cation has yet been observed.

Due to the high affinity of silicon for oxygen and halogen
donors, as well as limited Si-C d»-pm overlap, it is
doubtful that long-lived, stable trivalent silicon cations can
be observed in solution with systems applied for carbo-
cations. We are continuing studies to overcome these
difficulties.

Experimental Section

Lewis acids and silanes were commercially available compounds
of highest purity and were used without further purification.
Preparation of solutions and formation of complexes was carried
out in an efficient drybox under an atmosphere of dry argon by
using methods previously described in connection with preparing
stable ions. NMR spectra were recorded on either a Varian FT
80A spectrometer or a Varian XL200 spectrometer, and all
chemical shifts were referenced to neat Me,Si.
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The 7-phosphanorbornadiene complexes of chromium and tungsten pentacarbonyls react between 120
and 150 °C with AH (AH = H,0, MeOH, PhNH,, Et,NH) to give the corresponding [RP(H)AIM(CO);
secondary phosphine complexes (R = Ph, Me) through cleavage of the phosphorus bridge of the phos-
phanorbornadiene skeleton. The phosphorus-hydrogen bond of these compounds is very resistant toward
oxidation. In one case, it has been successfully metalated by ¢t-BuOK in THF and, then, either alkylated

by methyl iodide or condensed with benzophenone.

The phosphorus—nitrogen bond of [PhP(H)-

(NHPh)]W(CO); is easily cleaved at room temperature by hydrogen halides to give the first known stable
secondary halophosphine complexes [PhP(H)X]W(CO); (X = Cl, Br, I). The chloro compound reacts with
ammonia and NaSH at room temperature to give, respectively, [PhP(H)YNH,]W(CO); and S[PhPH—W-
(CO);5]2. In the presence of aluminum trichloride, the dismutation of the chloro compound yields equal
amounts of [PhPH,]W(CO); and [PhPCL]W(CO),. All these compounds are stable and have been compietely
characterized by 'H NMR, 3P NMR, IR, and mass spectrometry and elemental analyses.

Phosphines such as R-P(H)A, where R stands for a
hydrocarbon group and A for an electronegative group, are
normally unstable because they tend to lose AH and to give
the corresponding cyclopolyphosphine, (RP),. As far as
we know, the only significant exception has been recently
described in the literature for R = CFy and A = Cl, Br, and
I;! the corresponding secondary halophosphines are just
stable enough toward dismutation and redistribution to
allow their characterization. On the other hand, we have
shown in a previous communication? that the more con-
ventional O-methyl phenylphosphinite was stabilized by
complexation with tungsten pentacarbonyl. In a similar
vein, Huttner previously reported® that it was possible to
stabilize secondary phosphines with R = Ph and A = OR,
NHR, and NR,; by complexation with CpMn(CQ),. The
corresponding chlorophosphine complex (R = Ph, A = Cl)
was not obtained in the pure state and decomposed above
-30 °C.

On the basis of these results, we decided to investigate
in depth what kind of electronegative A groups could
coexist with hydrogen in the coordination sphere of
phosphorus when the corresponding secondary phosphines
were complexed with Cr(CO); and W(CO);.

Results and Discussion

Reaction of 7-Phosphanorbornadiene Complexes
with Water, Alcohols, and Amines. Throughout this
work our starting products were the 7-phosphanor-
bornadiene complexes la~c that can be readily prepared
by Diels-Alder cycloaddition of the corresponding phos-
phole P complexes with dimethyl acetylenedicarboxylate.*
In our preliminary communication,? we described the re-
action of 1b with methanol at 150 °C which gave complex
2b in 87% yield (eq 1). The same reaction was successful
with the chromium complex 1a and gave 2a in reasonable
yield. We went one step further when we discovered that

(1) R. C. Dobbie, P. D. Gosling, and B. P. Straughan, J. Chem. Soc.,
Dalton Trans., 2368 (1975).

(2) A. Marinetti, F. Mathey, J. Fischer, and A. Mitschler, J. Am.
Chem. Soc., 104, 4484 (1982).
( (3)) G. Huttner and H. D. Miiller, Angew. Chem., Int. Ed. Engl. 14, 571
1975).

(4) A. Marinetti, F. Mathey, J. Fischer, and A. Mitschler, J. Chem.
Soc., Chem. Commun., 667 (1982).
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©CM R
P H
Me COOMe MeQOH
w5 Ph—P—=M(CO)s (1)
Me
COOMe 9 MOM(; (62%)
a, = {r (4]
la, M=Cr, R=Ph b,M=W (87%)

b,M=W, R=Ph
c.M=W R=Me

it was also possible to add water to the phosphinidene unit
by using the same procedure (eq 2). Similarly, complexes

(OC)5M\ /Ph
P H
Me COOMe 0
o Ph— P —= M{CO}s (2)
Me COOM oH
. ¢ 3a, M = Cr (50%)
b, M=W (90%)

1 reacted conveniently with primary and secondary amines
to give the expected secondary aminophosphine complexes
4 and 5 (eq 3). We can rationalize these reactions in terms

(OC)sM\P/R
Me COOMe  gynH
refiuxing toluene
Me
COOMe
1
|
R— P —=M(CO)s (3)
NR'p
4a, R",N = PhNH, R = Ph,
M= Cr (45%)
b, R',N = PhNH, R = Ph,
M= W (76%)
¢, R,N=PhNH, R = Me,
M= W (14%)
5, R,N = Et,N, R = Ph,
M= W (61%)

© 1982 American Chemical Society





Phosphanorbornadiene Complexes of CrCO5; and WCO;

of two mechanisms. In the first, the phosphinidene bridge
of complexes 1 is first thermally cleaved in a retro Diels-
Alder reaction and, then, the terminal phosphinidene
complexes thus obtained react with AH (eq 4). This

(OC )M R
s NS
M
Me COOMe A e COOMe
~50 °C =+
Me Me COOMe
COOMe
1

H

[RP==M(CO)s] ——~ R—P —=M(CO)s (4)

A

mechanism is certainly operative when the reactions of 1
are carried out at a sufficiently high temperature and when
the phosphinidene unit cycloadds to the conjugated dienes
or acetylenes as described in our communication.?2 How-
ever, in the case described here, an alternative mechanism
is possible which includes preliminary nucleophilic attack
of A~ at the phosphorus atom of the phosphanorbornadiene
structure (eq 5). The formation of intermediates such as

A
] -
(0CIsMy_ (OC)5M\|/R
P P
Me COOMe ~ Me COOMe| ,
Me Me
COOMe COOMe
1 6
Me COOMe .
- H
PO e
Me COOMe A

H
R— P—=M(CO)s (5)

A

6 is favored by the high cyclic strain of the phosphanor-
bornadiene skeleton (intracyclic CPC angle ca. 79°, see ref
4). Furthermore, cyclic phosphoranes of the same type are
known® to undergo very easily a retro Diels—Alder reaction.
Thus, this mechanism is more likely for low-temperature
reactions and for nucleophilic reagents, and we favor it,
especially in the case of primary and secondary amines.

Some Chemistry with Secondary Amino- and Alk-
oxyphosphine complexes. The availability of stable
compounds such as 2-5 gave us the opportunity of
checking if the properties of the P-H and P-A bonds were
drastically modified by the complexation of phosphorus
and by their simultaneous occurrence in the same coor-
dination sphere. The resistance of the P-H bond toward
oxidation is noteworthy. All these complexes are easily
handled in air and chromatographed without any decom-
position. In one significant experiment, we treated 4b with
iodine in benzene at 75 °C. Instead of destroying the P-H
bond, we observed the replacement of the amino group by
iodine; the corresponding secondary iodophosphine com-
plex 11 was thus obtained in 23% yield (see later). The
metalation of the P-H bond can be effected,® but the

(5) L. D. Quin and K. A. Mesch, J. Chem. Soc., Chem. Commun., 959
(1980).
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resulting P anion is not very stable and its reactions must
be carried out immediately after its generation. Never-
theless, is is possible to alkylate phosphorus conveniently
by this technique (eq 6). The same P anion also reacts

H
+-BuOK, THF — B
Ph— P —=W{CO)s TREYTS [Ph—P—=W(COQ)y =
OMe OMe

2b
Me

Ph——P—W(CO)s] % Ph—P—=W(CO)s (6)

OMe OMe
7 (40%)

with benzophenone to give the expected alcohol 8 in
modest yield (eq 7). The reactivity of the P-A bond’

Ph Ph
e on
[Ph— P —=W(CO)5] 2o Ph— P ——W(CO)s (7)
OMe . OMe
8 (31%)

appears to decrease (compared to that in uncomplexed
P-A compounds), probably for steric reasons, but is less
changed than that of the P-H bond. It has already been
described in the literature’ that it is possible to effect
reactions of a P-N bond within a P—+Mo(CO); complex
with HX to form a phosphorus-halogen bond without
destroying the basic structure of the complex. Similarly,
we have found that 4b reacts cleanly with anhydrous hy-
drogen halides to provide the first known stable complexes
of secondary halophosphines (eq 8). Since free secondary

H H
Ph— P==W(COl5 oo Ph—P—=W(CO)s  (8)
NHPh X
4b 9, X = Cl (74%)
10, X = Br (89%)
11, X =1 (81%)

halophosphines are almost unknown, we decided to carry
out a preliminary investigation of the chemical properties
of 9. This complex is thermally stable: it melts at 55 °C
and shows no decomposition at 100 °C in toluene for 4 h.
It is not oxidizable and reacts slowly with water to give 3b
quantitatively as checked by 3'P NMR. Thus, it can be
handled in air for a short time without any problem. The
low reactivity of 9 is also illustrated by the absence of
reaction with hydrogen sulfide at 100 °C in toluene. In

(6) The metalation of P-H bonds in the coordination sphere of metal
carbonyl complexes has already been described by many authors; see, for
example: M. Green, A. Taunton-Rigby, and F. G. A. Stone, J. Chem. Soc.
A, 1875 (1969); P. M. Treichel, W. M. Douglas, and W. K. Dean, Inorg.
Chem., 11, 1615 (1972); J. Organomet. Chem., 42, 145 (1972); G. Huttner
and H. D. Miiller, Z. Naturforsch., B: Anorg. Chem., Org. Chem. 30B,
235 (1975); O. Stelzer and E. Unger, Chem. Ber., 108, 2232 (1975); O.
Stelzer, E. Unger, and V. Wray, ibid., 110, 3430 (1977); G. Johannsen and
Q. Stelzer, ibid., 110, 3438 (1977); P. M. Treichel and W. K. Wong, J.
Organomet. Chem., 157, C5 (1978); Inorg. Chim. Acta, 38, 171 (1979).

(7) For a review on the reactions of the P-A bonds in the coordination
spheres of metals, see: C. S, Kraihanzel, J. Organomet. Chem., 73, 137
(1974). For some more recent references, see: G. M. Gray and C. S.
Kraihanzel, J. Organomet. Chem., 146, 23 (1978); 187, 51 (1980); H.
Malisch, Z. Naturforsch., B: Anorg. Chem., Org. Chem., 37TB, 61 (1982).
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H
Hz0,
room temp
~———— Ph——P—=W(CO)s

OH
3b (~100%)
H2S, 100 °C
Tolvene~ Practically no reaction
|
NHy, 25 °C
toluene Ph—P —W(CO)s
NH,
H 12 (69%)
Ph— P—=WI(CO)s H
NOSH, 25 °C
Cl toluene S[— P "’W(CO){]
9 Ph g
13 (43%)
AIC15.25 °C

[
Cl

Ph—P —=W(CO)s + Ph— P—=WI(CO)s

H Ct
14 (44%) 15 (38%)

contrast, the much more nucleophilic ammonia reacts
rapidly with 9 at room temperature to give the secondary
aminophosphine complex 12 in fair yield. The sulfido
derivative 13 is only obtained by replacing H,S by the more
nucleophilic sodium hydrogen sulfide. We have also noted
that aluminum trichloride catalyzes the dismutation of 9
into 14 and 15 at room temperature in dichloromethane.
The dichloro compound 15 is still more resistant toward
hydrolysis than 9 and can be purified by chromatography
on silica gel. The bromo- and iodophosphines, 10 and 11,
behave apparently like 9, but the iodo compound appears
to be less thermally stable.

Experimental Section

NMR spectra were recorded on a Bruker WP 80 instrument
at 80 and 32.44 MHz, respectively. Chemical shifts are reported
in part per million from internal Me,Si for 'H and from external
HyPO, for $'P: § positive for downfield shifts in both cases. Mass
spectra were recorded on a Nermag R 10-10 spectrometer at 70
eV by Mr Charré (SNPE). All reactions were carried out under
argon. Chromatographic separations were performed on silica
gel columns (70-230 mesh Merck) under argon. Spectroscopic
data for most products are given in Table I.

[5,6-Dimethyl-2,3-bis(methoxycarbonyl)-7-phenyl-7-
phosphanorbornadiene]pentacarbonylchromium (1a). (1-
Phenyl-3,4-dimethylphosphole)pentacarbonylchromium (4 g, 10.5
mmol) and dimethyl acetylenedicarboxylate (3.8 mL, 31.56 mmol)
were heated at 85 °C in toluene for 24 h. After evaporation, the
residue was chromatographed with toluene (R; ~0.5): yield, 2.6
g (47%) of yellow solid; mp 150 °C; 'H NMR (CDCl,, Me,Si) &
2.06 (d, “J(H-P) = 1.4 Hz, 6 H, Me), 3.67 (s, 6 H, MeO) 3.98 (d,
2J(H-P) = 2.5 Hz, 2 H, CH-P), 7.32 (m, 5 H, Ph); P NMR
(toluene) & 262.4; 1°C NMR (C,D) 6 15.46 (d, 3J(C-P) = 2.4 Hz,
Me-C), 51.68 (s, MeO), 58.89 (d, 'J(C-P) = 18.3 Hz, CH-P),
126.8-130.7 (Ph), 138.4 (d, J(C-P) = 17.1 Hz, MeC=CMe?), 146.9
(d, 2J(C-P) = 4.9 Hz, 00CC=CCO00), 164.6 (s, CO0), 216.2 (d,
2J(C-P) = 13.4 Hz, cis CO) (trans CO not detected); IR (decalin)
v(CO) 2062 (m), 1985 (vw), 1955 (sh), 1949 (s), 1941 (s) ecm™; mass
spectrum (180 °C), m/e (relative intensity) 522 (M, 0.8), 494 (M
- CO, 0.4), 382 (M ~ 5CO, 17.5), 222 (M - PhPCr(CO);, 25), 191
(222 - OMe, 100). Anal. Caled for CzanC!‘OgP: C, 52.88; H,
3.67; P, 5.93. Found: C, 52.59; H, 3.55; P, 5.88.

Marinetti and Mathey

[5,6-Dimethyl-2,3-bis(methoxycarbonyl)-7-phenyl-7-
phosphanorbornadiene]pentacarbonyltungsten (1b). (I-
Phenyl-3,4-dimethylphosphole)pentacarbonyltungsten (4 g, 7.8
mmol) and dimethyl acetylenedicarboxylate (2.8 mL, 23.4 mmol)
were heated at 90 °C in toluene (50 mL) for 24 h. After evapo-
ration, the residue was chromatographed with toluene. The
starting complex was eluted first (R; ~0.8), and then 1b was
recovered (R, ~0.5): yield, 2.7 g (52%) of yellow solid; mp 161
°C (hexane); '"H NMR (CDCl,) 6 2.05 (d, J(H-P) = 1.5 Hz, 6 H,
Me), 3.67 (s, 6 H, Me0), 3.98 (d, 2J(H-P) = 1.9 Hz, 2 H, CH-P),
7.32 (m, 5 H, Ph); 31P NMR (toluene) 6 208 (1J(18W-3P) = 236.8
Hz; IR (decalin) »(CO) 2072 {m), 1985 (vw), 1952 (sh), 1948 (vs),
1942 (sh) em™; mass spectrum, see ref 4.

[5,6,7-Trimethyl-2,3-bis(methoxycarbonyl)-7-phospha-
norbornadiene]pentacarbonyltungsten (ic). (1,3,4-Tri-
methylphosphole)pentacarbonyltungsten (2 g, 4.4 mmol) and
dimethyl acetylenedicarboxylate (1.6 mL, 13.2 mmol) were heated
at 90 °C in toluene (50 mL) for 15 h. After evaporation, the residue
was chromatographed, first with toluene in order to remove the
starting complex and then with toluene-ethyl acetate (95:5) to
recover 1¢: yield, 2.1 g (80%) of yellow solid; mp 94 °C; 'H NMR
(CDCly) 6 1.97 (d, J(H-P) = 1.5 Hz, 6 H, Me~C), 1.99 (d, %J(H-P)
= 3.9 Hz, 3 H, Me~P), 3.56 (d, 2J(H-P) = 2.7 Hz, 2 H, CH-P),
3.83 (s, 6 H, MeO); 3P NMR (toluene) 5 199.6 (}J (}BW-31P) =
236.8 Hz); IR (decalin) »(CO) 2070 (m), 1950 (s), 1944 (vs) cm™.

(O-Methyl phenylphosphinite)pentacarbonylchromium
(2a). Complex 1a (1.5 g, 2.9 mmol) was heated at 150 °C for 14
h in a sealed tube with methanol (10 mL) and toluene (10 mL).
After evaporation, the residue was chromatographed with hex-
ane-toluene (90:10): R, ~0.5; yield, 0.6g (62%) of colorless solid;
mp 64 °C. Anal. Caled for C,H CrOgP: C, 43.39; H, 2.73; P.
9.32. Found: C, 43.27; H, 2.75; P, 9.05.

(O-Methyl phenylphosphinite)pentacarbonyltungsten
(2b). Complex 1b (1 g, 1.5 mmol) was heated at 150 °C for 16
h in a sealed tube with methanol (5 mL) and toluene (10 mL).
After evaporation, the residue was chromatographed with hex-
ane-toluene (90:10): Ry ~0.5; yield, 0.6 g (87%) of colorless solid;
mp 80 °C; mass spectrum, see ref 2. Anal. Calcd for C;,;HyOcPW:
C, 31.06; H, 1.95; P, 6.67. Found: C, 31.36; H, 1.95; P, 6.70.

(Phenylphosphinous acid)pentacarbonylchromium (3a).
Complex 1a (1.5 g, 2.9 mmol) was heated at 140 °C for 5hina
sealed tube with distilled water (0.5 mL) in toluene~THF (75:25).
After evaporation, the residue was chromatographed with toluene:
yield, 0.44 g (50%) of colorless oil; mass spectrum, m/e (relative
intensity) 318 (M, 26), 290 (M - CO, 4), 262 (M - 2CO, 19), 234
(M - 3CO, 11), 206 (M - 4CO0, 28), 178 (M - 5CO, 100), 160
(CrPPh, 30).

(Phenylphosphinous acid)pentacarbonyltungsten (3b).
Complex 1b (1.5 g, 2.3 mmol) was heated at 140 °C for 5.5 h in
a sealed tube with distilled water (0.5 mL) in toluene-THF. After
evaporation, the residue was chromatographed with toluene (R,
~0.4): yield, 0.93 g (90%) of colorless oil; mass spectrum (chemical
ionization, #W), m/e (relative intensity) 450 (M, 100).

(N-Phenylphenylphosphinamide)pentacarbonyl-
chromium (4a). Complex la (1.5 g, 2.9 mmol) was heated at
140 °C for 15 h in a sealed tube with aniline (1 mL, 11 mmol)
in toluene. After evaporation, the residue was chromatographed
with hexane-toluene (80:20): R; ~0.5; yield, 0.5 g (45%) of
colorless solid; mass spectrum (chemical ionization), m/e (relative
intensity) 394 (M + 1, 100). Anal. Caled for C;;H;,CrNOsP: C,
51.92; H, 3.08; P, 7.88; N, 3.56. Found: C, 52.00; H, 3.08; P, 7.79;
N, 3.52.

(N-Phenylphenylphosphinamide)pentacarbonyltungsten
(4b). Complex 1b (6.5 g, 10 mmol) was treated with aniline (3
mL, 33 mmol) in refluxing toluene (50 mL) for 6 h. After
evaporation, the residue was chromatographed with hexane-
toluene (90:10): R; ~0.5; yield, 4 g (76%) of colorless solid; mp,
78 °C; mass spectrum (chemical ionization, !#W), m/e (relative
intensity) 526 (H + 1, 100). Anal. Calcd for C;;H,;;,NO,PW: C,
38.88; H, 2.30; N, 2.67; P, 5.90. Found: C, 38.79; H, 2.20; N, 2.45;
P, 5.92.

(N-Phenylmethylphosphinamide)pentacarbonyltungsten
(4c). Complex 1c¢ (1.3 g, 2 mmol) was heated at 140 °C for 14
h in a sealed tube with aniline (1 mL, 11 mmol) in toluene. After
evaporation, the residue was chromatographed with hexane-
toluene (90:10): R; ~0.5; yield, 0.13 g (15%) of colorless oil. Anal.
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Caled for C1oH,,NO,PW: C, 31.13; H, 2.18; N, 3.02. Found: C,
30.36; H, 2.27; N, 2.65. ‘

(N,N-Diethylphenylphosphinamide)pentacarbonyl-
tungsten (5). Complex 1b (1.5 g, 2.3 mmol) was heated at 150
°C for 15 h in a sealed tube with diethylamine (2 mL, 19 mmol)
in toluene. After evaporation, the residue was chromatographed
with hexane~toluene (90:10): yield, 0.71 g (61%) of colorless oil.
Anal. Caled for C;sH;iNOPW: C, 35.67; H, 3.19; N, 2.77. Found:
C, 35.84; H, 3.32; N, 2.66.

(O-Methyl methylphenylphosphinite)pentacarbonyl-
tungsten (7). Complex 2b (1.5 g, 3.2 mmol) was treated with
potassium tert-butoxide (0.36 g, 3.2 mmol) in THF (50 mL). After
3 min at room temperature, methyl iodide (0.3 mL, 4 mmol) was
added to the reaction mixture. After 1 h of stirring, KI was
removed by filtration, THF was evaporated, and the residue was
chromatographed with hexane~toluene (90:10): vield, 0.64 g (40%)
of colorless oil; 'H NMR (C,Dy) 6 1.57 (d, 2J(H-P) = 5.13 Hz, 3
H, MeP), 2.78 (d, *J(H-P) = 12.7 Hz, 3 H, Me0), 7.15 (m, Ph);
3P NMR (toluene) § 114.5 (*J(¥W-21P) = 278.3 Hz); IR (decalin)
»(CQ) 2072 (w), 1985 (vw), 1955 (s), 1943 (vs), 1915 (vw) cm™;
mass spectrum (*¥W), m/e (relative intensity) 478 (M, 87), 450
(M -CO0, 20), 422 M - 2CO, 6), 394 (M - 3CO, 24), 366 (M - 4CO,
2), 338 (M - 5CO, 100). Apal. Caled for C,3H;;0,PW: C, 32.66;
H, 2.32. Found: C, 32.90; H, 2.36.

[O-Methyl (diphenylhydroxymethyl)phenyl-
phosphinite]pentacarbonyltungsten (8). Complex 2b (1.2 g,
2.6 mmol) was treated with potassium tert-butoxide (0.3 g, 2.7
mmol) in THF. After 4 min at room temperature, benzophenone
(0.5 g, 2.7 mmol) was added to the reaction mixture. After 30
min of stirring, water was added. After evaporation of the solvents,
the residue was extracted with dichloromethane. The extract was
purified by chromatography with hexane~toluene (90:10): R; ~0.5;
yield, 0.52 g (31%) of colorless solid; mp 110 °C; 'H NMR (C¢D)
§2.94 (d, 3J(H-P) = 12.9 Hz, 3 H, Me0), 5.97 (d, 3J(H-P) = 12.2
Hz, 1 H, OH), 6.93-7.62 (m, 15 H, Ph); P NMR (toluene) § 154.2
(1J(*W-31P) = 332 Hz); IR (decalin) »(CO) 2073 (w), 1985 (vw),
1956 (s), 1945 (vs); mass spectrum (chemical ionization with NH,,
184W), m /e (relative intensity) 664 (M + NH,, 100), 646 (M, 12),
184 (Ph,CHOH, 80), 167 (Ph,CH 80). Anal. Calcd for
Cz5H1907PW: C, 46.46; H, 2.96. Found: C, 46.47; H, 2.89.

(Phenylchlorophosphine)pentacarbonyltungsten (9). A
stream of gaseous anhydrous HC! was bubbled for 5 min through
a toluene solution of complex 2b (toluene, 30 mL; 2b, 1.2 g (2.4
mmol) at room temperature. The mixture then was cooled to 0
°C in order to allow a complete precipitation of the aniline hy-
drochloride. The precipitate was removed by filtration on paper.
The toluene was evaporated. The residue was recrystallized from
hexane: yield, 0.83 g (74%) of yellow solid; mp 55 °C; mass
spectrum (¥Cl, W), m/e (relative intensity) 468 (M, 18), 433
M -Cl, 6), 412 (M - 2CO, 6), 384 (M - 3CO, 6), 356 (M - 4CO,
24), 328 (M - 5CO, 100). Anal. Caled for C,;H;CIO;PW: C, 28.20;
H, 1.29. Found: C, 28.01; H, 1.35.

(Phenylbromophosphine)pentacarbonyltungsten (10).
The same procedure as for 9 was used, with HBr replacing HCL:
yield from 1 g of 2b, 0.9 g (89%) of yellow solid; mp 59 °C (hexane);
mass spectrum ("Br, #W), m/e (relative intensity) 512 (M, 70),
456 (M - 2CO, 30), 432 (M - Br, 22), 400 (M - 4CO, 17), 372 (M
- 5C0, 100). Anal. Calcd for C,;H¢BrO,PW: C, 25.76; H, 1.18;
P, 6.04. Found: C, 26.53; H, 1.19; P, 6.19 (slight hydrolysis).

(Phenyliodophosphine)pentacarbonyltungsten (11). The
same procedure as for 9 was used, with HI replacing HCl. HI
was produced by reacting iodine with boiling tetralin® and was
carried away by a stream of argon. As the HI stream was very
dilute, the reaction with 2b required longer time (30 min); yield
from 1.1 g of 2b, 1 g (81%) of yellow solid; mp 79 °C (hexane);
mass spectrum (120 °C, W), m /e (relative intensity) 560 (M,
25), 532 (M - CO, 3), 504 (M - 2CO, 10), 476 (M - 3CO, 3), 448
(M ~ 4CO, 20), 433 (M -1, 58), 420 (M - 5CO, 42), 405 (433 ~
CO, 13), 377 (433 - 2CO0, 45), 349 (433 - 3CO, 61), 321 (433 - 4CO,
38), 293 (433 - 5CO, 100). This compound was not very stable
and was not analyzed.

(Phenylphosphinamide)pentacarbonyltungsten (12). A
stream of gaseous anhydrous ammonia was bubbled for 1 h

(8) C. J. Hoffman, Inorg. Synth., 7, 180 (1963).
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through a toluene solution of complex 9 (1.2 g, 2.6 mmol) at room
temperature. After filtration, toluene was evaporated and the
residue was chromatographed with hexane~toluene (60:40): R,
~0.4; yield, 0.82 g (69%) of colorless solid; mp 68 °C; mass
spectrum (*¥W), m/e (relative intensity) 449 (M, 91), 421 (M -
CO0, 31), 393 (M - 2C0, 31), 365 (M - 3CO, 14), 337 (M - 4CO,
34), 309 (M - 5CO, 100). Anal. Caled for C;;HgNOPW: C, 29.43;
H, 1.79; N, 3.12; P, 6.90. Found: C, 29.74; H, 1.32; N, 2.79; P,
6.80.

Bis[(phenylphosphido)pentacarbonyltungsten] Sulfide
(13). Complex 9 (1 g, 2.1 mmol) was treated with anhydrous
NaSH (0.28 g, 5 mmol) in toluene at room temperature for one
night. After filtration and evaporation the residue was chro-
matographed with hexane-toluene (90:10): R; ~0.5; yield 0.41
g (43%) of colorless solid; mp 157 °C (hexane-toluene); mass
spectrum (chemical ionization with NH;, 14W), m/e 914 (relative
intensity) (M + NH,, 100), 899 (M + 1, 16). There was no SH
stretch on the IR spectrum around 2550 cm™.

Dismutation of Complex 9. Complex 9 (2 g, 4.2 mmol) was
treated with AlCl; (0.6 g, 4.5 mmol) in dichloromethane for 3 h
at room temperature. After hydrolysis, the organic phase was
evaporated. The organic residue was chromatographed with
hexane. The first recovered product (R; ~0.8) was (phenyldi-
chlorophosphine)pentacarbonyltungsten (15): yield 38%; mass
spectrum (70 eV, 3C), W), m/e 502 (M, 90), 467 (M - C}, 66),
362 (M - 5CO, 100), 327 (362 - Cl, 50); 3P NMR (hexane) 4 126.2
(}J(13W-31P) = 341.8 Hz); IR (decalin) »(CO) 2084 (w), 1978 (s),

1967 (vs) cm™. The second product (R; ~0.4) was (phenyl-
phosphine)pentacarbonyltungsten (14): yield, 44%; ‘H NMR
(C¢Dg) 6 4.77 (d, 'J(H-P) = 343 Hz, 1 H, PH), 6.91-7.16 (m, 5
H, Ph); P NMR (hexzane) 5 -87.7 (*:J(1¥W-3'P) = 224.6 Hz) (these
NMR data are very similar to those reported in the literature for
this compound?); IR (decalin} »(CO) 2077 (w), 1948 (vs) cm™; KBr
v (PH) 2325 cm™. An easy dismutation of 14 seemed to occur
in the mass spectrometer (electronic impact, 70 eV, 3W):
(PhPH,),W(CO), was thus obtained (m/e 516). Both complexes
(14 and 15) have been already described in the literature.®°

Registry No. la, 82265-63-2; 1b, 82265-64-3; 1¢, 82265-65-4; 2a,
82839-06-3; 2b, 82265-66-5; 3a, 82839-07-4; 3b, 82839-08-5; 4a,
82839-09-6; 4b, 82839-10-9; 4¢, 82839-11-0; 5, 82839-12-1; 7, 82839-
13-2; 8, 82839-14-3; 9, 82839-15-4; 10, 82839-16-5; 11, 82839-17-6; 12,
82839-18-7; 13, 82839-19-8; HC1, 7647-01-0; HBr, 10035-10-6; HI,
10034-85-2; NaSH, 16721-80-5; AICl;, 7446-70-0; (1-phenyl-3,4-di-
methylphosphole)pentacarbonylchromium, 74363-90-9; dimethyl
acetylenedicarboxalate, 762-42-5; (l-phenyl-3,4-dimethyl-
phosphole)pentacarbonyltungsten, 74363-95-4; (1,3,4-trimethyl-
phosphate)pentacarbonyltungsten, 82849-01-2; methanol, 67-56-1;
water, 7732-18-5; aniline, 62-53-3; diethylamine, 109-89-7; methyl
iodide, 74-88-4; benzophenone, 119-61-9; ammonia, 7664-41-7.

(9) H. C. E. Mc Farlane, W. Mc Farlane, and D. S. Rycroft, J. Chem.
Soc., Dalton Trans., 1616 (1976).

(10) J. Von Seyerl, D. Neugebauer, G. Huttner, C. Kriger, and Y. H.
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Intramolecular In-N Coordination. Synthesis and NMR Study of
Four-Coordinate [2-Me,NCH(Z)C,H,]Me,In and Five-Coordinate
[2-Me,NCH(Z)C¢H,].InCI (Z = H or (S)-CH;)
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Arylindium compounds of the type Ar,InCl and ArMe;,In, in which the Ar group is either 2-Me,NCH,CgH,
or (S)-2-Me,NCH(Me)C¢H,, have been synthesized by the organolithium route and characterized by 'H
and 13C NMR spectroscopy. The NMR results clearly reveal that intramolecular In-N coordination occurs
in solution, resulting in five-coordinate Ar,InCl and four-coordinate ArMe,lIn structures. In pyridine solution,
the In-N bond in the four-coordinate ArMe,In compounds weakens as the result of the formation of a
five-coordinate intermediate in which the NMe, and pyridine ligand are in axial positions.

Introduction

There has recently been considerable interest in the
‘structural properties of organoindium(IIl) compounds and
their derivatives, and X-ray crystallographic and other
studies have revealed a variety of coordination numbers
and stereochemistries at the indium atom. Distorted
trigonal-bipyramidal geometry is found in a number of
compounds in which intermolecular coordination takes
place, including [(CHj;)5InCl],,! [CH,InCl,),,2 (C;H;),InO-

(1) Hausen, H. D.; Mertz, K.; Veigel, E.; Weidlein, J. Z. Anorg. Allg.
Chem. 1974, 410, 156.

(2) Mertz, K.; Schwartz, W.; Zettler, F.; Hausen, H. D. Z. Naturforsch.,
B: Anorg. Chem., Org. Chem. 1975, B30, 159.

0276-7333/82/2301-1492801.25/0

SCCHg,a and [((..31'13)gl'n(ON'=C:I'IC5I'I4IQ’)2]2.4 The tri-
organoindium(III) compounds (CH;);In® and (CgH;);In®
also involve five-coordinate indium in the solid state, al-
though (CHj);ln is a trigonal-planar monomer in the gas
phase,”® and both compounds are monomeric in various

(3) Hausen, H. D. Z. Naturforsch., B: Anorg. Chem., Org. Chem.,
Biochem., Biophys., Biol. 1972, B27, 82.

(4) Shearer, H. M. M. Twiss, J.; Wade, K. J. Organomet. Chem. 1980,
184, 309.

(5) Amma, E. L.; Rundle, R. E. J. Am. Chem. Soc. 1958, 80, 4141.

(8) Malone, J. F.; McDonald, W. S. J. Chem. Soc. A 1970, 3363.

(7) Pauling, L.; Laubengayer, A. W. J. Am. Chem. Soc. 1941, 63, 480.

(8) Barbe, G.; Hencher, J. L.; Shen, Q.: Tuck, D. G. Can. J. Chem.
1974, 52, 3936.
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through a toluene solution of complex 9 (1.2 g, 2.6 mmol) at room
temperature. After filtration, toluene was evaporated and the
residue was chromatographed with hexane~toluene (60:40): R,
~0.4; yield, 0.82 g (69%) of colorless solid; mp 68 °C; mass
spectrum (*¥W), m/e (relative intensity) 449 (M, 91), 421 (M -
CO0, 31), 393 (M - 2C0, 31), 365 (M - 3CO, 14), 337 (M - 4CO,
34), 309 (M - 5CO, 100). Anal. Caled for C;;HgNOPW: C, 29.43;
H, 1.79; N, 3.12; P, 6.90. Found: C, 29.74; H, 1.32; N, 2.79; P,
6.80.

Bis[(phenylphosphido)pentacarbonyltungsten] Sulfide
(13). Complex 9 (1 g, 2.1 mmol) was treated with anhydrous
NaSH (0.28 g, 5 mmol) in toluene at room temperature for one
night. After filtration and evaporation the residue was chro-
matographed with hexane-toluene (90:10): R; ~0.5; yield 0.41
g (43%) of colorless solid; mp 157 °C (hexane-toluene); mass
spectrum (chemical ionization with NH;, 14W), m/e 914 (relative
intensity) (M + NH,, 100), 899 (M + 1, 16). There was no SH
stretch on the IR spectrum around 2550 cm™.

Dismutation of Complex 9. Complex 9 (2 g, 4.2 mmol) was
treated with AlCl; (0.6 g, 4.5 mmol) in dichloromethane for 3 h
at room temperature. After hydrolysis, the organic phase was
evaporated. The organic residue was chromatographed with
hexane. The first recovered product (R; ~0.8) was (phenyldi-
chlorophosphine)pentacarbonyltungsten (15): yield 38%; mass
spectrum (70 eV, 3C), W), m/e 502 (M, 90), 467 (M - C}, 66),
362 (M - 5CO, 100), 327 (362 - Cl, 50); 3P NMR (hexane) 4 126.2
(}J(13W-31P) = 341.8 Hz); IR (decalin) »(CO) 2084 (w), 1978 (s),

1967 (vs) cm™. The second product (R; ~0.4) was (phenyl-
phosphine)pentacarbonyltungsten (14): yield, 44%; ‘H NMR
(C¢Dg) 6 4.77 (d, 'J(H-P) = 343 Hz, 1 H, PH), 6.91-7.16 (m, 5
H, Ph); P NMR (hexzane) 5 -87.7 (*:J(1¥W-3'P) = 224.6 Hz) (these
NMR data are very similar to those reported in the literature for
this compound?); IR (decalin} »(CO) 2077 (w), 1948 (vs) cm™; KBr
v (PH) 2325 cm™. An easy dismutation of 14 seemed to occur
in the mass spectrometer (electronic impact, 70 eV, 3W):
(PhPH,),W(CO), was thus obtained (m/e 516). Both complexes
(14 and 15) have been already described in the literature.®°

Registry No. la, 82265-63-2; 1b, 82265-64-3; 1¢, 82265-65-4; 2a,
82839-06-3; 2b, 82265-66-5; 3a, 82839-07-4; 3b, 82839-08-5; 4a,
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Arylindium compounds of the type Ar,InCl and ArMe;,In, in which the Ar group is either 2-Me,NCH,CgH,
or (S)-2-Me,NCH(Me)C¢H,, have been synthesized by the organolithium route and characterized by 'H
and 13C NMR spectroscopy. The NMR results clearly reveal that intramolecular In-N coordination occurs
in solution, resulting in five-coordinate Ar,InCl and four-coordinate ArMe,lIn structures. In pyridine solution,
the In-N bond in the four-coordinate ArMe,In compounds weakens as the result of the formation of a
five-coordinate intermediate in which the NMe, and pyridine ligand are in axial positions.

Introduction

There has recently been considerable interest in the
‘structural properties of organoindium(IIl) compounds and
their derivatives, and X-ray crystallographic and other
studies have revealed a variety of coordination numbers
and stereochemistries at the indium atom. Distorted
trigonal-bipyramidal geometry is found in a number of
compounds in which intermolecular coordination takes
place, including [(CHj;)5InCl],,! [CH,InCl,),,2 (C;H;),InO-

(1) Hausen, H. D.; Mertz, K.; Veigel, E.; Weidlein, J. Z. Anorg. Allg.
Chem. 1974, 410, 156.

(2) Mertz, K.; Schwartz, W.; Zettler, F.; Hausen, H. D. Z. Naturforsch.,
B: Anorg. Chem., Org. Chem. 1975, B30, 159.

0276-7333/82/2301-1492801.25/0

SCCHg,a and [((..31'13)gl'n(ON'=C:I'IC5I'I4IQ’)2]2.4 The tri-
organoindium(III) compounds (CH;);In® and (CgH;);In®
also involve five-coordinate indium in the solid state, al-
though (CHj);ln is a trigonal-planar monomer in the gas
phase,”® and both compounds are monomeric in various

(3) Hausen, H. D. Z. Naturforsch., B: Anorg. Chem., Org. Chem.,
Biochem., Biophys., Biol. 1972, B27, 82.

(4) Shearer, H. M. M. Twiss, J.; Wade, K. J. Organomet. Chem. 1980,
184, 309.

(5) Amma, E. L.; Rundle, R. E. J. Am. Chem. Soc. 1958, 80, 4141.

(8) Malone, J. F.; McDonald, W. S. J. Chem. Soc. A 1970, 3363.

(7) Pauling, L.; Laubengayer, A. W. J. Am. Chem. Soc. 1941, 63, 480.

(8) Barbe, G.; Hencher, J. L.; Shen, Q.: Tuck, D. G. Can. J. Chem.
1974, 52, 3936.
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Table I. ‘H NMR Spectra of Diarylindium Chlorides I and II and of the Dimethylarylindium Compounds III and IV

811
compd? solvent (temp, °C) NMe, NCH, «-CH, H,° In-CH,
1, Ar,InCl CDCI, (amb) 2.60 s 87ls . 7.61
2.49 s° 3.28 d° . 7.67

L, Ar;InCl CDCl, (-40) {278 s¢ 4.29 dod o

I, Ar,InCl C,H.CD, (amb) 2.21 s¢ 3.42 54 . 7.55

I, Ar,InCl CHOD, (-35) {206 2.81 4. :

» ALy stse s 2.63 s 4.33d
11, [(S)-Ar],InCl CDOY, (amb) 2.53s - 1.45 7.87
I, [(S)-Ar],InCl CDCl, (-10) {2425, 1.47 7.87
11, [(S)-Ar],InCl C.H.CD, (amb) 2.23 s .. 1.15 7.71 "
11, ArInMe, C.H.CD, (amb) 1.95s 3.15s o 7.75 0.05
IV, (S)-ArInMe, C/H.CD, (amb) 2.05 1.20 7.80 0.05

¢ Me,Si internal, 5 (ppm). ° Multiplet resonances. ¢ T(coal.)=-10°C. ¢ Jyp= 14 Hz, € T{(coal)=~0°C. [ T(coal)=
12°C. ¢ Spectra of I and II were run on a 90 MHz, and spectra of III and IV were run on a 60-MHz spectrometer.

organic solvents.*'! In the lattice of (CHj),InBr,'? the
indium atom achieves tetragonal-bipyramidal stereochem-
istry, with an InC,Br, kernel, and six-coordination is also
found in the polymeric (CH;),InQ,CCHj,'® where the co-
ordination kernel is InC,0,0’;. Tetrahedral structures
have been proposed for 1:1 adducts of triorganoindium
compounds with monodentate ligands'* and have been
identified by X-ray crystallographic methods for the anions
[In(CHg),]"** and [In(CeHj), .18

In recent years, the coordination behavior of organo-
metallic compounds containing the potentially bidentate
ligand 2-Me,NCH(Z)C;H, (Z = H or (S)-Me) has been the
focus of extensive studies. Both 'H and C NMR spec-
troscopy have proven to be particularly valuable tools for
establishing whether or not the Me,N group is involved
in metal-nitrogen coordination.'”™ We have now ex-
tended this work to include two types of organoindium
compounds containing this ligand, namely, Ar,InCl and
ArMe,ln (Ar = 2-Me,NCH(Z)C¢Hy; Z = H or (S)-Me).
Depending on whether Ar acts as a mono- or bidentate
ligand, the indium atom in these compounds may be
three-, four-, or five-coordinate and three- or four-coor-
dinate, respectively. In this paper we report investigations
of the coordination behavior of these compounds in solu-
tion. The results of an X-ray crystallographic study, which
showed a distorted trigonal-bipyramidal structure for
Ar,InCl (Z = H) in the solid, have already been published.?

Experimental Section

All reactions were carried out under dry oxygen-free nitrogen.
Solvents were carefully purified and distilled before use under

(9) Laubengayer, A. W,; Gilliam, W. F. J. Am. Chem. Soc. 1941, 63,
77

(10) Rodionov, A. N.; Ruch’eva, N. I.; Viktorova, I. M.; Shigorin, D.
N.; Sheverdina, N. I.; Kocheshkov, K. A. Izv. Akad. Nauk SSSR, Ser.
Khim. 1969, 1047.

(11) Muller, N.; Otermat, A. L. Inorg. Chem. 1963, 2, 1075.

(12) Hausen, H. D.; Mertz, K.; Weidlein, J.; Schwartz, W. J. Organo-
met. Chem. 1975, 93, 291.

(13) Einstein, F. W. B.; Gilbert, M. M,; Tuck, D. G. J. Chem. Soc.,
Dalton Trans. 1973, 248.

(14) Coates, G. E.; Whitcombe, R. A. J. Chem. Soc. 1965, 3241.

(15) Hoffmann, K.; Weiss, E. J. Organomet. Chem. 1972, 37, 1; 1973,
50, 17.

(16) Hoffmann, K.; Weiss, E. J. Organomet. Chem. 1978, 50, 25.

(17) van Koten, G.; Jastrzebski, J. T. B. H.; Noltes, J. G.; Pontenagel,
W. M. G. F.; Kroon, J.; Spek, A. L. J. Am. Chem. Soc. 1978, 100, 5021.

(18) van Koten, G.; Noltes, J. G. J. Organomet. Chem. 1979, 174, 367.

(19) van Koten, G.; Jastrzebski, J. T. B. H.; Noltes, J. G. J. Organo-
met. Chem. 1979, 177, 283.

(20) van der Ploeg, A. F. M. J.; van der Kolk, C. E. M.; van Koten, G.
J. Organomet. Chem. 1981, 212, 283.

(21) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K. J. Organo-
met. Chem. 1981, 222, 155.

(22) Khan, M.; Steevensz, R. C.; Tuck, D. G.; Noltes, J. G.; Corfield,
P. W. R. Inorg. Chem. 1980, 19, 3407.

4

nitrogen. {2-[(Dimethylamino)methyl]phenyl}lithium and {2-
[(S)-1-(dimethylamino)ethyl]phenyljlithium were as reported
elsewhere.!®

'H NMR spectra were recorded on Varian EM 390 and T 60
and Bruker WH 90 NMR spectrometers; 13C NMR spectra were
obtained with a Bruker WP 80 NMR spectrometer.

Bis{2-[(dimethylamino)methyl]jphenylliindium Chloride
(I). A suspension of freshly prepared {2-[(dimethylamino)-
methyl]phenyljlithium (40 mmol) in diethyl ether (80 mL) was
added during 45 min to a suspension of InClg (20 mmol) in the
same solvent (100 mL). This mixture was stirred during 24 h.
The solvent was removed in vacuo and the resulting gray solid
extracted with warm benzene (3 X 80 mL). The benzene extract
was concentrated until dryness, and the white residue was washed
twice with pentane (50 mL) and dried in vacuo: yideld 72%; mol
wt (by ebulliometry in benzene) found (caled), 437 (418.7); mp
191 °C. (Anal. Caled for C;gHoClln: C, 51.64; H, 5.78; N, 6.69;
Cl, 8.47; In, 27.42. Found: C, 51.17; H, 5.91; N, 6.51; Cl, 8.63;
In, 27.7.)

Bis{2-[(S)-1-(dimethylamino)ethyl]phenyliindium chloride
(II) was prepared in essentially the same manner, starting from
{2-[(8)-1-(dimethylamino)ethyl]phenyl}lithium and InCl; (2/1
molar ratio): yield 79%; mol wt (by ebulliometry in benzene)
found (calcd), 458 (446.3); mp 179 °C. Anal. Caled for
CyoHysNoClIn: C, 53.77; H, 6.32; N, 6.27; Cl, 7.94; In, 25.70. Found:
C, 52.59; H, 6.45; N, 6.01; Cl, 8.11; In, 26.04.)

{2-[(Dimethylamino)methyl]phenylidimethylindium (I1I).
Me,InCl (6 mmol) was added at once to a suspension of {2-
[(dimethylamino)methyl] phenylilithium (5 mmol) in diethyl ether
(20 mL). An exothermic reaction occurred resulting in the for-
mation of a light gray suspension. The mixture was stirred for
15 min and then concentrated in vacuo, yielding a white tarry
product which was taken up in 20 mL of pentane. The insoluble
material (LiCl) was filtered off and the filtrate concentrated at
reduced pressure, yielding a colorless oil. According to 'H and
13C NMR spectra this oil appeared to be almost pure III: yield
79%; bp 104 °C (0.1 mm); mol wt (by cryoscopy in benzene) found
(caled), 266 (279.8).

{2-[(S)-(1-Dimethylamino)ethyl]phenylidimethylindium
(IV) was obtained by essentially identical procedures starting
from {2-[(S)-1-(dimethylamino)ethyl]phenyljlithium and Me,InCl
(1/1 molar ratio): yield 69%; bp 111 °C (0.1 mm).

Results and Discussion

The diarylindium chlorides I and II were readily ob-
tained via the route shown in eq 1a. The dimethylaryl-

InCla

a=ne ArgInCi
Z 1.Z=H
I.Z =(S)-Me
CHNMe,
QQL1 (1)
ArLi
b| 2MeaInCi
2 ArinM
“3LiCH mH 2
T Z-(S)-Me
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Table II. !3C NMR Spectra of Diarylindium Chlorides I and II and Dimethylarylindium Chlorides III and IV ¢
temp, °C  solvent C, c, c, €, C, c, ArCN  N(CH,), oCH, InCH,
I amb C,D,CD, 151.2 146.4 138.5 67.1  46.1
I ~50 C,D,CD, 150.1 146.1 138.3 65.9 46.8
44.3
I amb CDCl, 149.5 144.9 137.2 65.9 45.5
I =50 CDCl, 147.7 144.5 136.9 65.1 46.1
44.5
II amb C,D,CD, 150.9 151.7 138.8  66.9  44.9 16.2
II -40 C,D,CD, 149.6 151.3 138.7 65.5 46.0 16.1
40.4
I =80 C,D,CD, all signals very broad > 100 Hz; solvent sharp
11 amb C,D\N 1494 151.1 138.2 66.2 43.0 15.8
II -20 C,D,N 148.5 150.6 138.1 65.0 42.4 14.9
II -40 C,D;N 148.7 150.3 138.2 64.6 42.2 14.3
111 amb C;D,CD, 159.4 144.5 138.6 68.1 45.4 -3.3
v amb C,D,CD, 158.6 151.6 139.5 70.9 46.9 19.7 -6.0
41.4
v =50 C,D,CD, 157.8 151.9 1394 70.7 46.7 19.3 -4.8
41.5 -7.1
v -40 C.D,N 158.2 152.6 138.4 68.6 43.0 (sh) 19.0 -7.7
% Me,Si internal, 5 (ppm).
indium compounds III and IV were obtained as pure Z z
products from the reaction of dimethylindium chioride CHNMe, CrNMe,
with the respective aryllithium compounds (eq 1b), pro- @_\M«'ME G"\
vided that during these reactions dimethylindium chloride e ”\'"Me
was present in excess; i.e., the lithium compound was Me
added to the indium compound. In contrast to I and II, A B

which are white crystalline solids, the dimethylarylindium
compounds III and IV are distillable liquids. Molecular
weight determinations showed that these compounds exist
as monomers in benzene. 'H and 3C NMR data, which
confirm the proposed stoichiometry, are presented in
Tables I and II, respectively.

NMR spectroscopy has proved to be a useful tool for
elucidating the coordination behavior (mono- or bidentate)
of the 2-Me,NCH(Z)C¢H, ligand in a variety of organo-
metallic compounds including [2-Me,NCH-
(Z)CeH,1,Cu,,M, M = Li, n = 2; M = Cu, n = 0),28 [2-
Me,NCH(Z)C.,H,]MePhSnBr,!” [2-Me,NCH(Z)CH,]-
RSnX; (R = Me, Ph, or 2-Me,NCH(Z)C4H,),'® (2-
Me,NCH(Z)C4H,)HgX,?® and [2-Me,NCH-
(Z)CeH,]5-,T1X,.2t When metal-nitrogen coordination
takes place, so that the molecule lacks molecular mirror
planes containing the C and/or N centers of the CH,NMe,
groupings, the CH, and NMe, groups will be diastereo-
topic. In the absence of metal-nitrogen coordination only
the CH, group will be diastereotopic, since rapid inversion
at the N center will render the NMe, groups homotopic.
In contrast, when molecular mirror planes containing the
N atom are present, metal-nitrogen coordination can be
detected when the CH, group is changed into a chiral
CH(Me) group. Coordination of the N center will then
result in diastereotopic NMe, groups.

The 'H and 3C NMR spectra of III and IV provide a
clear illustration of these principles. The CH, and NMe,
'H resonances, as well as the NMe, 13C resonance of III,
are isochronous in the temperature range studied (—80 to
+100 °C). This can be explained by either a three- or a
four-coordinate structure (see Figure 1, Z = H). In
structure A, rotation around the (aryl)C-In bond renders
the CH, and NMe, homotopic, while in structure B the
C and N centers are in a molecular mirror plane. However,
introduction of a methyl group at the benzylic carbon atom
allows a choice between structure A and B to be made. In
IV the configuration at the benzylic C atom is S by choice.

The *C NMR spectra of IV at room temperature and
below reveal anisochronous (CH3),N 13C resonances that
indicate that the N atom has a stable tetrahedral config-

Figure 1. Possible structures for ITI (Z = H) and IV (Z = (S)-Me).

uration as a result of In-N coordination (Figure 1, B). The
prochiral InMe, assembly likewise becomes diastereotopic
as a result of In-N coordination. This is confirmed by the
observation of two singlets for the In methyl groups in the
-50 °C spectrum. The fact that the latter two singlets have
coalesced at room temperature points to the occurrence
of a dynamic process involving In-N bond dissociation,
rapid pyramidal inversion at the N center, rotation around
the CH(Z)-N bond and concomitant rotation around the
C~In bond, and recoordination. Such a process renders
both the InMe, and NMe, groups homotopic. The two
InMe, singlet resonances coalesce at a lower temperature
(~25 °C) than do the two NMe, singlet resonances (>100
°C), due to the smaller Aj. (see Table II).

The occurrence of intramolecular In-N coordination in
IV (and by inference in III) is perhaps not surprising be-
cause trialkyl- and triarylindium compounds have been
reported to form 1/1 complexes with a variety of mono-
dentate ligands'* in which the indium is most likely tet-
rahedrally surrounded (cf. Introduction). Considerable
distortion from tetrahedral symmetry will occur in tetra-
coordinate III and IV, because the bite angle of the
Me,NCH(Z)CzH, ligand in III and IV will be close to 75°,
as is observed in other Me,NCH(Z)C;H,M (LM) com-
plexes, e.g., 75.3° in Ph,L.SnBr,?® 75.2° in PhMeLSnBr,!"
73° in CpLTi,?* 77° in L,InCl,?2 and 73.4° in CpL,Ti.?%

The observation that In-N coordination nevertheless
occurs points to relatively strong acceptor behavior at the
indium center in the MeyArIn compounds III and IV.

In coordinating solvents the In—N bond in III and IV
weakens. Whereas the NMe, groups of IV dissolved in
toluene were diastereotopic (up to 100 °C; A§ = 5), in
pyridine as a solvent these groups are already homotopic

(23) van Koten, G.; Noltes, J. G.; Spek, A. L. J. Organomet. Chem.
1976, 118, 18.

(24) van der Wal, W. F. J.; van der Wal, H. R. J. Organomet. Chem.
1978, 153, 335.

(25) Manzer, L. E.; Gearhart, R. C.; Guggenberger, L. J.; Whitney, J.
F. J. Chem. Soc., Chem. Commun. 1976, 942.
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Fi(glure 2. Proposed structures for the diarylindium chlorides I
and II

at —40 °C (one sharp singlet). This points to an increase
of the rate of the dynamic process discussed above, which
involves initial In-N bond breaking and recoordination of
the CH(Z)NMe, ligand as essential steps. The weakening
of the In-NMe, bond in pyridine solution is ascribed to
the coordination of a pyridine ligand to the indium atom
(see eq 2). The resulting five-coordinate intermediate C
that is involved in the equilibria shown in eq 2 will most
probably have a trigonal-bipyramidal structure with the
pyridine and NMe, donors occupying mutually trans
positions, This type of structure has actually been ob-
- 2z 5 z
z LCHNMe,
CHNMe, Q_ .Me - aMe
=} In In

@}n = e | = I (2

\ ‘Me Ny N

e ® @
L o} .

served for (2-Me,NCH,CgH,),InC! (I) in the solid state.??
With CDCl; solutions below —10 °C, the 'H NMR spec-
trum consists of two singlets from the NMe, resonance (at
2.49 and 2.78 ppm) and an AB pattern for the NCH,
protons (3.20 + 3.35 and 4.20 + 4.35 ppm). This result
demonstrates that under these conditions the NMe, and
CH, hydrogen atoms are diastereotopic, in agreement with
the coordination of at least one NMe, ligand to the indium
atom. Furthermore, the appearance of the diastereotopic
NMe, proton signals at lower field relative to the chemical
shift of these protons in the fast-exchange limit also pro-
vides evidence of In-N coordination. Since only one
pattern is observed for the two 2-Me,NCH,C¢H, groups,
compound I must have the stereochemistry shown in
Figure 2 (IA), which is similar to that found in the solid.

The corresponding C-chiral compound II can in principle
exist in the two diastereomeric forms shown in Figure 2
(B and C), which differ with respect to the relative ori-
entation of the Me groups connected to the chiral S ben-
zylic C center to the In-Cl bond. Tables I and II reveal
that only one pattern is observed, also in the slow-exchange
limit, which suggests the presence of only one diastereomer
in solution. The signals of the diastereotopic groups in I
and II coalesce already at room temperature. The In-N
bonds in I and II will be weaker than those in III and IV
as a result of coordination of two trans-positioned N lig-
ands (cf. the lower coalescence temperatures for the res-
onances of the diastereotopic InMe, and NMe, groups in
IV in pyridine solution and the role of intermediate C in
eq 2). The coalescence may be explained in terms of the
equilibria shown in Figure 3. One of the two In-N bonds
can dissociate with the concomitant processes pointed out
for III and IV taking place. Recoordination is then fol-

"‘CHNMeQM
“Me
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Figure 3. Processes which explain the dynamic NMR spectra
of I (Z = H) and II (Z = (S)-Me).

lowed either by dissociation of the same or of the trans-
positioned In-N bond. Occurrence of an alternative pro-
cess involving simultaneous In-N bond dissociation seems
less likely in view of the relatively strong In~N coordination
found for the four-coordinate compounds III and IV but
cannot be ruled out completely on the available evidence.

The present results show that triorganoindium com-
pounds [2-Me,NCH(Z)C¢H,JInMe, have a strong tendency
to form four-coordinate complexes via intramolecular In-N
coordination. A similar behavior was found for the recently
reported [2-Me,NCH(Z)C;H,]TIC], complexes.?* Com-
parison of the NMR data of the four-coordinate In and Tl
derivatives indicates that the M—N bond in {2-Me,NCH-
(Z)CEH,]TICI, is weaker than in [2-Me,NCH(Z)C.H,]-
InMe,, especially when the presence of T1-Cl bonds instead
of T1-Me bonds in the Tl compound is taken into account.
The observation that with external donor ligands, e.g.,
pyridine, an exchange process occurs which probably in-
volves the formation of a five-coordinate intermediate in-
dicates that the four-coordinate indium center in ArInMe,
still has Lewis acid activity. The higher stability of the
In-N bonds as compared with the T1-N bonds is also
reflected in the related [2-Me,NCH(Z)CsH,],MC1 com-
pounds (M = In, T1)?* which in the slow-exchange limit
both have five-coordinate structures.

It is also worth noting that the Lewis acid properties of
diorganoindium(III) compounds have been invoked pre-
viously in kinetic studies of the solution properties of such
compounds.®  Ligand exchange between (CHj),In-
(CF3COCHCOR) and CF;COCH,COR (R = CH,, t-C,H,)
is a second-order process in which the proposed transition
state is

The proposed increase in coordination number was sup-
ported by the isolation of adducts of bidentate ligands such
as (CH,),In(CF,COCHCOR)(bpy) (bpy = 2,2"-bipyridine).
Coordination number changes have also been postulated
in ligand exchange reactions® for In(CF;COCHCOR),, and
in general the present work confirms earlier statements
as to the lability of indium(IIl) complexes in solution.?®

Acknowledgment. J.G.N. and D.G.T. gratefully ac-
knowledge the support of this work by NATO (Grant No.
1247).

Registry No. I, 74552-66-2; II, 82839-20-1; III, 82839-21-2; IV,
82839-22-3; InCl,, 10025-82-8; Me,InCl, 14629-99-3; {2-[(dimethyl-
amino)methyl]phenyljlithium, 27171-81-9; {2-[(S)-1-(dimethyl-
amino)ethyl]phenyljlithium, 63072-89-9,

(26) Chung, H. L.; Tuck, D. G. Can. J. Chem. 1974, 52, 3944,

(27) Tanner, G. T.; Tuck, D. G.; Wells, E. J. Can. J. Chem. 1972, 50,
3950.

(28) Carty, A. J.; Tuck, D. G. Prog. Inorg. Chem. 1975, 19, 245.






1496 Organometallics 1982, 1, 1496-1501

Reaction of (Triphenylmethyl)-, (Triphenyisilyi)-,
(Triphenylgermyl)-, and (Triphenylstannyl)lithium with Optically
Active 2-Octyl Tosylate, Chloride, and Bromide'
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The reaction of (triphenylmethyl)-, (triphenylsilyl)-, (triphenylgermyl)-, and (triphenylstannyl)lithium
with optically active 2-octyl bromide, chloride, and tosylate has been examined. Alkylation of all four anions
in THF proceeds stereospecifically with 2-CgH;,0Ts. By comparison, the corresponding reactions between
2-octyl chloride and bromide and PhyCLi, PhyGeLi, and Ph;SnLi also proceed with high stereoselectivity,
whereas the corresponding alkylation of PhySiLii is notably less stereospecific: 70-75% net inversion observed
with 2-octyl chloride and 25-55% net inversion occurred with 2-octyl bromide. The parallels and contrasts
between the reactivity and stereoselectivity of (CHj)3SnLi, -Na, -K and Phy;MLIi are examined.

In previous studies we examined the reaction of (tri-
methylstannyl)lithium, -sodium, and -potassium with se-
lected alkyl halides and tosylated.2*® The investigation
we report here extends these studies to the aryl homo-
logues of the group 4 family, viz., triphenylmethyl, -silyl,
-germyl, and -stannyl anions, PhsMe™ (M = C, Si, Ge, Sn).

Results

Although other studies?? have sought to compare
chemical reactivity within a homologous series of group
4 anions, these early efforts failed to appreciate the very
substantial influence that even minor variations in reaction
conditions can impart to the reactivity of such reagents.2sP
For this reason we briefly examined the general and rel-
ative reactivity of PhyCLi, PhySiLi, PhyGeLi, and PhySnLi
under uniform experimental conditions. The results,
summarized in Table I, reveal the following profile. First,
product distribution is unaffected by the order of reagent
addition. Second, olefin production is the dominant re-
action observed when either 2-octyl tosylate, chloride, or
bromide is treated with Ph;CLi. With one exception, the
corresponding reactions of Ph,SiLi, PhyGeLi, and Ph,SnLi
are dominated by the production of the substitution
product 2-CgH{;MPh;. The reaction of 2-octyl bromide
with Ph,SiLii is the sole exception to this general pattern
of reactivity; the principal product in this instance is the
hydrocarbon n-octane. In an attempt to identify the origin
of this product, the usual aqueous workup was replaced
by deuterium oxide. No deuterium incorporation was
observed.

Finally, the influence of the leaving group, X, on the
yield of the substitution product, 2-CsH;;MPhj, is sum-
marized as follows: C, Cl > OTs > Br; Si, Cl > OTs > Br;
Ge, Br > OTs > Cl; Sn, Br > OTs > Cl while the general
reactivity as judged by the consumption of 2-octyl chloride
obeys the order PhyCLi ~ Ph3SiLi > PhyGel.i > PhsSnLi.

Absolute Rotation of 2-Octyltriphenylmethane,
-silane, -germane, and -stannane. Stereochemical
studies employing optically active substrates require
knowledge of the absolute rotation of reactants and

(1) Supported by the National Science Foundation, Grant 80-17405,
and DOE, Contract DE-AS05-80ER-1062.

(2) (a) San Filippo, J., Jr.; Silbermann, J. J. Am. Chem. Soc. 1982, 104,
2831 and references therein. (b) San Filippo, J., Jr.; Silbermann, J. Ibid.
1981, 103, 5588. (c) Jensen, F. R.; Davis, D. D. Ibid. 1971, 93, 4047. (d)
Koermer, G. S.; Hall, M. L.; Traylor, T. G. Ibid. 1972, 94, 7205. Smith,
G. F.; Kuivila, H. F.; Simon, R.; Sultan, L. Ibid. 1981, 103, 833 and
references therein.

Scheme I

TsCl  Ph,CLi
(_)'(R)'z'CanOH THF, 25 °C (+)'(S)'2'CBH17CPh3
[a]p —9.9° ’ 1, [a]*p +42.50°
(c 3.05, C,H,)
TsC!  Ph,SiLi
(-)-(R)-2-C;H,,OH — —= (+)«(S)-C,H,,SiPh,
py THF, 25 °C o
2, [«]*p +11.41
(c 8.71, C{Hy)
TsCl Ph,GeLi
(-)-(R)-2-C;H,OH — ———‘ (+)-(8)-CH,,GePh,
py THF, 25 °C R
3, [«]*p +12.60
(¢ 4.85, C,H,)

products. The absolute rotations of optically pure 2-octyl
alcohol, chloride, and bromide are known with reasonable
accuracy;?® however, the corresponding rotations of 2-
octyltriphenylmethane, -silane, and -germane are unknown.
To circumvent the problems associated with the resolution
of such substances, we developed a stereospecific synthesis
of compounds 1-3, relying on an extension of the previ-
ously reported procedure for the preparation of optically
pure 2-octyltriphenyltin, 4.2

Our results, which are summarized in Scheme I, offer
the additional opportunity to examine the empirical pro-
cedure developed by Davis and Jensen® for calculating the
absolute rotation of a number of 2-butyl, 2-pentyl, and
2-octyl compounds, including 1-4. The values calculated
by these authors are based on an empirical correlation
between optical rotation and bond refraction. Their results
lead to the linear relationship illustrated for compounds
1-4 in Figure 1. For comparison, the absolute rotations
suggested by Scheme I are also shown. It is apparent that
although a linear relationship does appear to exist between
bond refraction and the experimentally determined value
of the molecular rotation for the compounds 2-4, the
agreement between the observed and calculated values of
rotation is very poor.

The absolute rotation of 2-octyltriphenylmethane
presents an anomaly for it exhibits a substantial dis-
placement from the linear relationship exhibited by com-
pounds 2-4. In an effort to understand this behavior, we
examined the NMR spectra of compounds 1-4 for possible

(3) (a) Davis, D. D.; Jensen, F. R. J. Org. Chem. 1970, 35, 3410. (b)
Poh, B.-L. Aust. J. Chem. 1980, 33, 1409. (c) A similar conclusion has
been reported by Pereyre and co-workers for PhySn(sec-C Hy) (cf. ref. 11).

0276-7333/82/2301-1496801.25/0 © 1982 American Chemical Society
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Figure 1. A plot of the experimentally observed (©) molecular
rotation vs. bond refraction for (S)-2-CgH;;MPhg (M = C, 8i, Ge,
Sn). All rotations were recorded on solutions in benzene. The
solid line represents predicted values.®

conformational differences. In fact, the *C spectrum of
1 shows significant ambient-temperature differences from
the corresponding spectra displayed by compounds 2-4.
At elevated temperatures (280 °C), these differences are
removed and the C spectrum of 1 approaches those of
compounds 2-4. In view of the substantial conformational
dependence of optical activity,* we reasoned that the ab-
solute rotation of 1 would cease to behave anomalously
under conditions which permitted its apparent confor-
mational equity with compounds 2-4, i.e., at temperatures
280°. However, as Figure 2 reveals, the absolute rotation
of compound 1 exhibits no unusual dependence on tem-
perature and we remain unable to explain the origin(s) of
the anomalously high value for the absolute rotation of this
compound.

Stereochemistry of the Reaction with 2-Octyl
Chloride and Bromide.® Since stereochemistry provides
the single most informative piece of information about the
nature of a substitution process at a tetrahedral carbon,
we investigated the reaction of (triphenylmethyl)-, (tri-
phenylsilyl)-, (triphenylgermyl)-, and (triphenylstannyl)-
lithium with optically active 2-octyl chloride and bromide.
These results, which are summarized in Table II, reveal
several points. First, alkylation of Ph;MLi (M=C, Si, Ge,
Sn) with 2-octyl chloride and bromide proceeds with
predominant inversion of configuration at carbon. Indeed,
in only two instances does alkylation proceed with a ste-
reoselectivity notably <90%. The principal exceptions to
this behavior are the alkylation of (triphenylsilyl)lithium
which takes place with ~70-75% net inversion, and the
corresponding reaction with 2-octyl bromide, which ex-

(4) Brewster, J. H. Tetrahedron 1974, 30, 1807. Kauzmann, W.;
Clough, F. B.; Tobias, I. Ibid. 1961, 13, 57 and references therein.

(5) In a pioneering investigation, Jensen and Davis® reported the first
preparation of a homologous series of compounds in which a chiral carbon
is directly bonded to a group 4 atom.

PhyM" + R*-X — R*-MPh,
R = 2-C;Hy; M = Si, Ge, Sn, Pb

However, the reaction stereoselectivities they reported are subject to
question in light of the apparent failure of the empirical relationship
which they used to determine the absolute rotation of 2-butyltri-
phenylsilane, -germane, -stannane, and -plumbane (see text).
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Figure 2. The influence of temperature on the molecular rotation
of (S)-2-CgH,7sMPh;. All rotations were recorded on xylene so-
lutions.

hibits even less stereoselectivity (~25-55% net inversion).
Second, the stereochemistry of this last reaction as well
as the equivalent reactions of PhyGeLi (but not PhySnLi
or Ph;CLi) shows appreciable dependence on the mode of
reagent addition. Specifically, a significant enhancement
in stereoselectivity obtains when these reactions are carried
out with inverse addition. A similar effect has also been
noted in the reaction of (CHj);SnLi and —~Na with 2-octyl
bromide.? Third, the leaving group exhibits an influence
on the stereoselectivity of alkylation that depends on the
anion. Thus, for PhyCLi, the order is OTs =~ Cl ~ Br, while
for PhySiLi the order becomes OTs > Cl > Br, but for
PhsGeLi and PhSnLi the observed order is OTs > Br >
CL

Finally, the influence of temperature on reaction ste-
reoselectivity deserves brief mention. It is apparent from
Table II that temperature has little effect on the stereo-
selectivity of the reaction of PhyMLi (M = C, Si, Sn) with
either 2-octyl chloride or bromide. However, the parallel
reactions of Ph;GeLi are clearly more stereoselective at
elevated temperatures. By comparison, the corresponding
reactions of (CHj);SnLi, -Na and -K all exhibited an in-
verse relationship between reaction temperature and ste-
reoselectivity.?

Discussion

Taken together, the data reported here support the
proposal that the alkylation of PhyCLi, PhyGelLi, and
Ph,SnLi by 2-octyl chloride or bromide proceed by what
are formally Sy2 processes. This behavior stands in con-
trast to the corresponding reaction of (CH,)sSnLi and -Na
with 2-halooctanes, the stereoselectivity of which varies
congiderably with reaction conditions and, most specifi-
cally, with the mode of reagent addition and with tem-
perature. 2P

The fact that the principal product from the reaction
of PhgSiLi with 2-octyl bromide is n-octane suggests that
this reaction proceeds by a notably different pathway than
do the corresponding reactions of PhyCLi, PhyGeLi, and
PhsSnli. The apparent origin of this hydrocarbon and the
significantly diminished stereoselectivity which charac-
terizes the alkylation of Ph,SiLi by 2-octyl bromide (and
to a lesser extent 2-octyl chloride) suggest that in this
instance at least two distinctly different reaction pathways
are operating—one a stereospecific and therefore presum-
ably an Sy2 process, the other being one or more nonst-
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Table II. Reaction of Ph,MLi with Optically Active 2-Octyl Tosylate, Chloride, and Bromide
THF
Ph,MLi (0.3 M) + R*-X (0.4 M) —> R*~MPh,
1
25,
Ph,MLi, R*LX? : temp, % yield® [«]*p, deg
= X= [a]¥p, deg °C of R*-MPh, obsd¢ corrected® ee,? %
Normal Addition?
C OTs -9.40¢ 25 20.5 +39.21 +41.30 97.2
Cl +31.6 25 25.8 -35.20 ~41.55 97.8
Br +30.3 0 16.3 ~-27.48 ~-39.36 92.6
+30.3 25 15.8 -27.73 -39.72 93.5
Inverse Addition? )
C OTs —’9.40e 25 20.5 +40.35 +42.50 100
- Cl +31.6 25 27.0 ~-36.00 ~42.49 99.9
Br +30.3 0 22.1 -28.92 -41.42 97.5
+30.3 25 18.6 -28.71 -41.12 96.8
Normal Addition
Si OTs -9.34¢ 25 14.9 +10.09 +10.69 93.7
Cl +33.9 0 37.7 -7.34 -8.08 70.8
+33.9 25 68.1 -7.38 -8.12 71.2
+31.6 50 90.0 -6.89 -8.13 71.3
Br +29.2 0 14.1 ~-1.98 -2.94 25.8
+30.5 25 13.0 -2.75 -2.75 '24.1
Inverse Additionf
Si OTs ~-9.34°¢ 25 20.1 +10.76 +11.41 100
Cl +33.9 0 37.7 -7.53 ~8.29 72.7
+33.9 25 72.0 ~7.81 -8.59 75.3
+31.6 50 92.5 -7.37 -8.70 76.2
Br +29.2 0 7.7 —-4.25 -6.32 55.4
+30.5 25 7.8 -4.00 -5.69 49.9
Normal Addition’
Ge OTs -9.61¢ 0 85.5 +11.57 +11.96 94.9
-9.61°¢ 256 90.0 +11.65 +12.04 95.6
Cl +31.6 0 10.7 -6.70 -7.91 62.8
+31.6 25 50.1 -8.74 -10.32 81.9
+31.6 50 87.7 -8.71 -10.28 81.6
Br +30.3 0 92.3 -7.27 -10.41 82.6
+30.5 25 94.0 ~-7.65 ~10.74 85.2
Inverse Addition?
Ge OTs ~-9.61¢ 0 86.0 +12.14 +12.51 99.3
-9.70¢ 25 90.5 +12.35 +12.60 100
Cl +31.6 0 13.4 ~8.02 -9.47 756.2
+31.6 25 40.0 -8.83 ~-10.42 82.7
+31.6 50 91.2 -10.04 -11.85 94.0
Br +30.3 0 91.8 -8.16 -11.69 92.8
+30.5 25 93.7 -8.79 -12.51 99.3
Normal Addition?
Sn OTs -9.61¢ 25 90.1 +22.62 +23.30 100
Cl +31.6 25 35.0 ~-17.40 -20.54 88.2
+31.6 50 75.4 -17.90 -21.13 90.7
Br +30.3 0 88.5 ~-15.87 -22.73 97.6
+30.3 25 91.3 ~16.00 -22.92 97.8
Inverse Addition’
Sn OTs ~9.61¢ 25 91.5 +22.62 +23.30 100
Cl +31.6 25 30.0 ~18.61 -21.97 94.3
+31.6 50 71.1 ~18.72 -22.10 94.8
Br +30.3 0 90.0 -15.91 -22.79 97.8
+30.3 25 92.5 ~16.12 -23.09 99.1

¢ The (absolute) rotatlon of optically pure (S)-2-chloro- and (S)-2-bromooctane is respectwely [«]*p +37.3° and [«]*p

+483.4° (see ref 2a). ® Yields were determined by HPLC.

¢ Determined as solutions in benzene.

Based on a value of

[«]*p 42.50,11.41, 12.60, and 23.30°, respectively, for the absolute rotation of 1, 2, 3, and 4 (see text for discussion).
€ This value represents the specific rotatlon of the precursor (R)-2-octanol (the absolute rotation of this latter substance is

taken as [a]'’p,+9.90° (see ref 2a).

ereospecific process(es)!? which the collective evidence
cannot dlstlngulsh between.

Finally, previous studies of the reaction of (CH3)3SnL1,
-Na, and -K with alkyl halides revealed that the nature of
the carbon center undergoing substitution strongly influ-

’ See Table I for explanation.

ences the mechanisms of these processes.? This fact
suggests that the generalized extension of the present
findings to all related substitution processes involving
(triphenylmethyl)-, (triphenylsilyl)-, (triphenylgermyl)-,
and (triphenylstannyl)lithium may be unwise. In this
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regard the recent observations of Kitching and co-workers®
are noteworthy. These workers report that the reaction
off (triphenylgermyl)lithium with cis- and trans-4-
methylcyclohexyl bromide proceeds with substantial but
not complete loss of stereochemical integrity.

GePhz

GePh3
Ph3aGeli
Phabell \;ﬁ— X %
THF

34% 66%
GePhs

GePhgy
PhaGeli
LIy A

45% 55%

They also observed that the reaction of Ph;GeLi with
2-bromohept-6-ene yields a product mixture, compounds
5-7, which suggest that a minimum of 32% of Ge-C sub-

Br GePh3
/\/\)\ + PhsGeli ;:% /\/\/k
5(68%)
CHgGePh3 CHpGeFhy
(22%) 7(10%

stitution product is formed by a pathway lnvolvmg ki-
netically free 6-hepten-2-yl radicals. By comparison, the
stereochemical results reported in Table II suggests only
17% of the substitution product formed during the al-
kylation of PhyGeLi by 2-bromooctane is formed by a free
radical pathway. This difference may be a reflection of
different reaction conditions.!?

Experimental Section

General Methods. All reactions involving organometallic
compounds were performed under an atmosphere of prepurified
nitrogen. Tetrahydrofuran (THF) was distilled under nitrogen
from lithium aluminum hydride immediately prior to use. Op-
tically active 2-octanol (Aldrich Chemical Co.), triphenylmethyl
chloride, and triphenylmethane (Aldrich Chemical Co.), tri-
phenyltin chloride (Alfa Inorganics), hexaphenyldisilane (Silar
Labs.), triphenylgermanium chloride (Alfa Inorganics), and
hexaphenyldigermane (Orgmet, Inc.) were all employed without
further purification. Lithium metal (200-um dispersion, 50% by
weight in mineral oil) was purchased from Lithium Corp. of
America.

Melting points and boiling points are uncorrected. Infrared
spectra were determined in sodium chloride cell on a Perkin-Elmer
Model 727B grating spectrometer. 'H and *C NMR spectra were
recorded on a Varian FT-80 spectrometer; chemical shifts are
reported in parts per million from tetramethylsilane (Me,Si).
Optical rotations were recorded at 589 nm on solutions employing
a 1-dm cell and a Perkin-Elmer Model 141 spectropolarimeter.

GLPC and HPLC analyses were performed, respectively, on
a Hewlett-Packard 5750 and Waters Associates Model 6000A
chromatographs equipped with a Hewlett-Packard Model 3380-A
electronic integrator. Reported yields are estimated to have an
error range of #2%. Quantitation was achieved by using internal
standard techniques with response factors obtained from authentic
samples. Mass spectra were recorded on a Hewlett-packard 5985
GC/MS. A Vacuum Atmospheres inert-atmosphere glovebox was
used to transfer all air- and moisture-sensitive solids.

(6) Kitching, W.; Olszowy, H.; Harvey, K. J. Org. Chem. 1981, 46, 2423;
1982, 47, 1893.
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(+)-(8)-2-Octyl bromide and chloride were prepared from
(-)-(R)-2-octanol as previously described.”?

(-)-2-Octyl tosylate was prepared from (-)-(R)-2-octanol
according to the procedure of Streitwieser et al.’

Normal-Addition Reaction of (+)-(S)-2-Octyl Chloride
with (Triphenylsilyl)lithium (Prepared from Hexa-
phenyldisilane) and (Triphenylgermyl)lithium (Prepared
from Hexaphenyldigermane) (Typical Procedure). In a
glovebox, lithium dispersion was rinsed three times with dry
pentane to remove its mineral oil coatings. Hexaphenyldisilane
(1.142 g, 2.20 mmol) and lithium (0.208 g, 30.0 mmol) were placed
in a flame-dried, 40-mL centrifuge tube equipped with a Tef-
lon-coated magnetic stirrer bar. The vessel was capped with a
rubber septum and removed from the glovebox. THF (15 mL)
was added by syringe and the mixture stirred for 3 h at room
temperature. The resulting dark brown solution was transferred
by cannula through a 70-100-um fritted-glass filter into a 100-mL,
three-necked, flame-dried, nitrogen-flushed flask equipped with
a Teflon-coated magnetic stirrer bar and a 30-mL Kontes slow-
addition funnel stoppered with a rubber septum and charged with
a solution of (+)-(S)-2-octyl chloride ([a]®p + 33.9°, optical purity
91%; 0.595 g, 4.00 mmol) in THF (10 mL) at 25 °C. Addition
was accompanied by efficient stirring and was carried out over
a 2-h period after which the resulting solution was stirred an
additional 3 h at 25 °C before adding water (10-20 mL) and
dodecane (1.511 g; internal standard). This mixture was extracted
with pentane and the organic layer dried (MgSQO,) and filtered.
The yield of (-)-(R)-2-octyltriphenylsilane was determined by
analytical HPLC. A suitable sample was subsequently isolated
from a 2-ft, !/ g-in. column of 10% SE-30 on Chromosorb W. The
colorless oil exhibited the following properties: [a]%®, -7.38° (c
3.62, benzene); 'H NMR (CCl,) § 0.63-2.0 (m, 17 H), 7.1-7.7 (m,
15 H); mass spectrum (70 eV), m/e (relative intensity) 373 (0.1),
372 (0.2), 260 (26), 259 (100), 181 (12), 105 (7.7).

Repetition of this procedure using hexaphenyldigermane (1.276
g, 2.10 mmol) yielded (-)-(R)-2-octyltriphenylgermane as a col-
orless oil: []®p -8.74° (¢ 3.77, benzene); 'H NMR (CL,) 6 0.6-2.3
(m, 17 H), 7.2-7.7 (m, 15 H); mass spectrum (70 eV), m/e (relative
intensity) 417 (0.2), 415 (0.9), 305 (100), 303 (74.6), 301 (57.6),
227 (22), 225 (20), 223 (13), 151 (41), 149 (32), 147 (20).

Inverse-Addition Reaction of (+)-(S)-2-Octyl Bromide
with (Triphenylsilyl)lithium (Prepared from Hexa-
phenyldisilane) and (Triphenylgermyl)lithium (Prepared
from Hexaphenyldigermane) (Typical Procedure). A solution
of (+)-(8)-2-octyl bromide ([«]?’, + 30.3°, optical purity 70%;
0.773 g, 4.00 mmol) in THF (10 mL) was added by syringe into
a 100-mL, three-necked, flame-dried, nitrogen-flushed flask
equipped with a Teflon-coated magnetic stirrer bar and a 30-mL
Kontes slow-addition funnel. The solution of (triphenylsilyl)-
lithium (prepared as described above) was transferred by cannula
through 70-100-um fritted-glass filter into a Kontes slow-addition
funnel. Addition was carried out over a 2-h period and the
resulting mixture stirred an additional 3 h at room temperature
and then quenched with water (10-20 mL). Dodecane (1.535 g)
was added as internal standard. The mixture was extracted with
pentane and the organic layer dried (MgSO,) and subjected to
analysis. An isolated sample of (-)-(R)-2-octyltriphenylsilane
showed a specific rotation [«]%p — 4.00° (¢ 2.57, benzene).

The equivalent reaction carried out with (triphenylgermyl)-
lithium yielded (-)-(R)-2-octyltriphenylgermane with a specific

(7) San Filippo. J., Jr.; Romano, L. J. J. Org. Chem. 1975, 40, 1514.

(8) Hudson, H. R. Synthesis 1969, 1, 112.

(9) Streitwieser, A., Jr.; Walsh, T. D.; Wolfe, J. R., Jr. J. Am. Chem.
Soc. 1965, 87, 3682.

(10) In this regard it is perhaps cogent to note that these authors
report a combined yield of 27% for compounds 5-7, while we observe the
corresponding reaction between PhyGeLi and 2-bromooctane results in
a 94% yield of compound 3.

(11) Pereyre, M.; Quintard, J.-P. Pure Appl. Chem. 1981, 53, 2401 and
references therein.

(12) One such process can be viewed as originating in a one-electron
transfer leading to the production of 2-octyl radicals which can be ex-
pected to produce n-octane and octenes by radical-radical dispropor-
tionation and hydrogen atom abstraction from the solvent (THF). An-
other process potentially capable of a similar product distribution is that
arising from the reactions of 2-octyllithium (formed as a result of met-
al-halogen exchange) with solvent and alkyl halide.
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rotation [«]% -8.79° (¢ 8.73, benzene).

Normal- and Inverse-Addition Reactions of (+)-(S)-2-
Octyl Bromide with (Triphenylstannyl)lithium (Prepared
from Triphenyltin Chloride) were carried out as previously
described.

~ Normal-Addition Reaction of (+)-(S)-2-Octyl Chloride
with (Triphenylmethyl)lithium' (Prepared from Tri-
phenylmethyl Chloride) (Typical Procedure). After several
rinses with dry pentane in a glovebox to remove its mineral oil
coatings, lithium (0.140 g, 20.2 mmol) was placed in a flame-dried,
40-mL centrifuge tube containing a Teflon-coated magnetic stirrer
bar and capped with a rubber septum. THF (5 mL) was added
by syringe. The centrifuge tube was placed in a water bath (25
°C) and a solution of triphenylmethyl chloride (1.210 g, 4.34 mmol)
in THF (10 mL) was added through a cannula. The resulting dark
red solution was allowed to stir for 2 h and then passed through
a 70~100-um fritted glass filter into a 100-mL, three-necked,
flame-dried flask equipped with a Teflon-coated magnetic stirrer
bar and a 30-mL Kontes slow-addition funnel stoppered with a
rubber septum and charged with a solution of (+)-(S)-2-octyl
chloride ([«]% +31.6°, optical purity 85%; 0.595 g, 4.00 mmol)
in THF (10 mL). Addition was accompanied by efficient mixing
and was completed in 2 h; the resulting reaction mixture was
allowed to stir for an additional 3 h before quenching with water
(10-20 mL). After being extracted with pentane, the organic layer
was dried (MgS0,). 2-Octyltriphenylmethane was isolated from
GC by injection of the crude product which had been previously
collected from HPLC. This material exhibited the following:
[a]? -35.20° (c 3.17, benzene); 'H NMR (CCl,) § 0.6-1.7 (m, 16
H), 3.3 (m, 1 H), 7.0-7.5 (m, 15 H); mass spectrum m/e (relative
intensity) 357 (0.1), 356 (0.2), 244 (21.7), 243 (100.0), 166 (3.5),
165 (19.5).

Inverse-Addition Reaction of (+)-(5)-2-Octyl Bromide
with (Triphenylmethyl)lithium (Prepared from Tri-
phenylmethane) (Typical Procedure). Into a flame-dried,
nitrogen-flushed 40-mL centrifuge tube equipped with a Tef-
lon-coated magnetic stirrer bar were added n-butyllithium (1.6
M in pentane, 2.5 mL, 4.0 mmol) and THF (5§ mL) by syringe,
and the solution was chilled to —78 °C. Triphenylmethane (1.231
g, 5.04 mmol) in THF (10 mL) was slowly added by syringe. The
temperature was slowly increased to 25 °C. A solution of (+)-
(S)-2-octyl bromide ([]?p + 30.3°, optical purity 70%; 0.773 g,
4,00 mmol) was placed in a 100-mL, three-necked, flame-dried,
nitrogen-flushed flask equipped with a Teflon-coated magnetic
stirrer bar and a 30-mL Kontes slow-addition funnel. The solution
of (triphenylmethyl)lithium was filtered through 70-100-um
fritted-glass filter into a Kontes slow-addition funnel. Addition
was carried out over a 2-h period; this mixture was then stirred
an additional 0.5 h at 25 °C and finally quenched with water. The
resulting mixture was extracted with pentane and the organic layer
dried (MgSO,) and filtered. The optical rotation of (-)-(R)-2-
octyltriphenylmethane was [«}%p, -28.80° (¢ 3.41, benzene).

Normal-Addition Reaction of (+)-(5)-2-Octyl Chloride
with Triphenylsilyllithium (Prepared from Triphenylsilyl
Chloride) (Typical Procedure). After several rinses with dry
pentane in a glovebox to remove its mineral oil coatings, lithium
(0.140 g, 20.2 mmol) was placed in a flame-dried, 40-mL centrifuge
tube equipped with a Teflon-coated magnetic stirrer bar and
capped with a rubber septum. THF (5 mL) was added by syringe.
The centrifuge tube was placed in a water bath (25 °C), and a
solution of triphenylsilyl chloride (1.240 g, 4.20 mmol) in THF
(10 mL) was added through a cannula. The resulting dark brown
solution was allowed to stir for 2 h and then transferred by cannula
into a 70~100-um fritted-glass filter and whence into a 100-mL,
three-necked, flame-dried, nitrogen-flushed flask equipped with
a Teflon-coated magnetic stirrer bar and a 30-mL Kontes slow-
addition funnel stoppered with a rubber septum containing a
solution of (+)-(S)-2-octyl chloride ([«]®p +31.6°, optical purity
85%; 0.595 g, 4.00 mmol) in THF (10 mL). Addition was carried
out over a 2-h period, and the resulting mixture was allowed to
stir for an additional 3 h before quenching with water (10 mL).
After being extracted with pentane, the organic layer was dried
(MgSO,). Analyses by HPLC showed 70% 2-octyltriphenylsilane
([a]?p —6.47° (c 4.39, benzene).

Reaction of the Tosylate of (-)-(R)-2-Octanol with Ph,MLi
(M = C, Si, Ge, Sn) (Typical Procedure). The solution Ph;MLi
in THF (15 mL) (prepared as described above) was filtered
through a 70-100-um fritted-glass filter into a 30-mL Kontes
slow-addition funnel equipped with a 100-mL, three-necked,
flame-dried flask containing a solution of the tosylate of (-)-
(R)-2-octanol ([«]®p -9.61°, optical purity 97%; 1.074 g, 4.00
mmol) in THF (10 mL). Addition was complete after 2 h and
the resulting reaction mixture allowed to stir at 25 °C for ad-
ditional 3 h before quenching with water (10-20 mL). The organic
layer was dried (MgS0,), filtered, and concentrated. Pure 2-
CgH;7MPh; was collected from GC by injection of the concentrated
crude 2-CgH;;MPh; collected from HPLC.

Relative Reactivity Profile. The relative reactivity of
PhyMLi was determined by injecting a solution of the appropriate
reagent into a 40-mL centrifuge tube equipped with a Teflon-
coated stirrer bar, capped with a rubber septum and containing
a solution of 2-octyl chloride or bromide in THF. After a pre-
determined period of time, the mixture was quenched with water
and the yield of unreacted 2-octyl chloride or bromide determined.

Registry No. (-)-(R)-1, 82838-62-8; (+)-(S)-1, 82823-90-3; (-)-
(R)-2, 82823-87-8; (+)-(S)-2, 82823-91-4; (-)-(R)-3, 82823-88-9; (+)-
(9)-8, 82823-92-5; (+)-(8)-2-CgH;,Br, 1191-24-8; (+)-(S)-2-CgH,;Cl,
16844-08-9; (-)-(R)-2-CsH,;0Ts, 27770-99-6; (-)-(R)-2-CsH,;SnPh,,
82823-89-0; (+)-(S)-2-CgH;SnPh,, 79055-00-8; Phy,CH, 519-73-3;
(-)-(R)-2-CgH,;0H, 5978-70-1; Ph,SiLi, 791-30-0; PhyGeLi, 3839-32-5;
PhySnLi, 4167-90-2; PhyCLi, 733-90-4; PhyCCl, 76-83-5; Ph,SiCl,
76-86-8; T'sCl, 98-59-9; hexaphenyldisilane, 1450-23-3; hexaphenyl-
digermane, 2816-39-9.
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1-bromopentane-1,1-d, with phenylacetylene and with benzonitrile. Isotope effects were found to be 0.99;
+ 0.03 and 1.00; £ 0.02,, respectively. The small isotope effects may be consistent with a variety of
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Secondary deuterium isotope effects have assumed a
very significant role in identifying mechanisms of nu-
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rotation [«]% -8.79° (¢ 8.73, benzene).

Normal- and Inverse-Addition Reactions of (+)-(S)-2-
Octyl Bromide with (Triphenylstannyl)lithium (Prepared
from Triphenyltin Chloride) were carried out as previously
described.

~ Normal-Addition Reaction of (+)-(S)-2-Octyl Chloride
with (Triphenylmethyl)lithium' (Prepared from Tri-
phenylmethyl Chloride) (Typical Procedure). After several
rinses with dry pentane in a glovebox to remove its mineral oil
coatings, lithium (0.140 g, 20.2 mmol) was placed in a flame-dried,
40-mL centrifuge tube containing a Teflon-coated magnetic stirrer
bar and capped with a rubber septum. THF (5 mL) was added
by syringe. The centrifuge tube was placed in a water bath (25
°C) and a solution of triphenylmethyl chloride (1.210 g, 4.34 mmol)
in THF (10 mL) was added through a cannula. The resulting dark
red solution was allowed to stir for 2 h and then passed through
a 70~100-um fritted glass filter into a 100-mL, three-necked,
flame-dried flask equipped with a Teflon-coated magnetic stirrer
bar and a 30-mL Kontes slow-addition funnel stoppered with a
rubber septum and charged with a solution of (+)-(S)-2-octyl
chloride ([«]% +31.6°, optical purity 85%; 0.595 g, 4.00 mmol)
in THF (10 mL). Addition was accompanied by efficient mixing
and was completed in 2 h; the resulting reaction mixture was
allowed to stir for an additional 3 h before quenching with water
(10-20 mL). After being extracted with pentane, the organic layer
was dried (MgS0,). 2-Octyltriphenylmethane was isolated from
GC by injection of the crude product which had been previously
collected from HPLC. This material exhibited the following:
[a]? -35.20° (c 3.17, benzene); 'H NMR (CCl,) § 0.6-1.7 (m, 16
H), 3.3 (m, 1 H), 7.0-7.5 (m, 15 H); mass spectrum m/e (relative
intensity) 357 (0.1), 356 (0.2), 244 (21.7), 243 (100.0), 166 (3.5),
165 (19.5).

Inverse-Addition Reaction of (+)-(5)-2-Octyl Bromide
with (Triphenylmethyl)lithium (Prepared from Tri-
phenylmethane) (Typical Procedure). Into a flame-dried,
nitrogen-flushed 40-mL centrifuge tube equipped with a Tef-
lon-coated magnetic stirrer bar were added n-butyllithium (1.6
M in pentane, 2.5 mL, 4.0 mmol) and THF (5§ mL) by syringe,
and the solution was chilled to —78 °C. Triphenylmethane (1.231
g, 5.04 mmol) in THF (10 mL) was slowly added by syringe. The
temperature was slowly increased to 25 °C. A solution of (+)-
(S)-2-octyl bromide ([]?p + 30.3°, optical purity 70%; 0.773 g,
4,00 mmol) was placed in a 100-mL, three-necked, flame-dried,
nitrogen-flushed flask equipped with a Teflon-coated magnetic
stirrer bar and a 30-mL Kontes slow-addition funnel. The solution
of (triphenylmethyl)lithium was filtered through 70-100-um
fritted-glass filter into a Kontes slow-addition funnel. Addition
was carried out over a 2-h period; this mixture was then stirred
an additional 0.5 h at 25 °C and finally quenched with water. The
resulting mixture was extracted with pentane and the organic layer
dried (MgSO,) and filtered. The optical rotation of (-)-(R)-2-
octyltriphenylmethane was [«}%p, -28.80° (¢ 3.41, benzene).

Normal-Addition Reaction of (+)-(5)-2-Octyl Chloride
with Triphenylsilyllithium (Prepared from Triphenylsilyl
Chloride) (Typical Procedure). After several rinses with dry
pentane in a glovebox to remove its mineral oil coatings, lithium
(0.140 g, 20.2 mmol) was placed in a flame-dried, 40-mL centrifuge
tube equipped with a Teflon-coated magnetic stirrer bar and
capped with a rubber septum. THF (5 mL) was added by syringe.
The centrifuge tube was placed in a water bath (25 °C), and a
solution of triphenylsilyl chloride (1.240 g, 4.20 mmol) in THF
(10 mL) was added through a cannula. The resulting dark brown
solution was allowed to stir for 2 h and then transferred by cannula
into a 70~100-um fritted-glass filter and whence into a 100-mL,
three-necked, flame-dried, nitrogen-flushed flask equipped with
a Teflon-coated magnetic stirrer bar and a 30-mL Kontes slow-
addition funnel stoppered with a rubber septum containing a
solution of (+)-(S)-2-octyl chloride ([«]®p +31.6°, optical purity
85%; 0.595 g, 4.00 mmol) in THF (10 mL). Addition was carried
out over a 2-h period, and the resulting mixture was allowed to
stir for an additional 3 h before quenching with water (10 mL).
After being extracted with pentane, the organic layer was dried
(MgSO,). Analyses by HPLC showed 70% 2-octyltriphenylsilane
([a]?p —6.47° (c 4.39, benzene).

Reaction of the Tosylate of (-)-(R)-2-Octanol with Ph,MLi
(M = C, Si, Ge, Sn) (Typical Procedure). The solution Ph;MLi
in THF (15 mL) (prepared as described above) was filtered
through a 70-100-um fritted-glass filter into a 30-mL Kontes
slow-addition funnel equipped with a 100-mL, three-necked,
flame-dried flask containing a solution of the tosylate of (-)-
(R)-2-octanol ([«]®p -9.61°, optical purity 97%; 1.074 g, 4.00
mmol) in THF (10 mL). Addition was complete after 2 h and
the resulting reaction mixture allowed to stir at 25 °C for ad-
ditional 3 h before quenching with water (10-20 mL). The organic
layer was dried (MgS0,), filtered, and concentrated. Pure 2-
CgH;7MPh; was collected from GC by injection of the concentrated
crude 2-CgH;;MPh; collected from HPLC.

Relative Reactivity Profile. The relative reactivity of
PhyMLi was determined by injecting a solution of the appropriate
reagent into a 40-mL centrifuge tube equipped with a Teflon-
coated stirrer bar, capped with a rubber septum and containing
a solution of 2-octyl chloride or bromide in THF. After a pre-
determined period of time, the mixture was quenched with water
and the yield of unreacted 2-octyl chloride or bromide determined.
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For this reason, we have explored a-deuterium isotope
effects on electrophilic substitution at the saturated carbon
of a Grignard reagent. This paper reports results for two
such reactions: protolysis of the Grignard reagent by an
alkyne and addition of the Grignard reagent to a nitrile.

Results

1-Bromopentane-1,1-d, (1-dy) was prepared by reduction
of pentanoyl chloride with lithium aluminum deuteride,
followed by reaction of the alcohol with phosphorus tri-
bromide.

A Grignard reagent prepared from an equimolar mixture
of undeuterated and deuterated 1-brompentanes was al-
lowed to react with a deficiency of phenylacetylene.
Volatile constituents were pumped to a cold trap, and the
residual Grignard reagent was hydrolyzed. A sample of
the original Grignard reagent mixture was also hydrolyzed.
The experiment is outlined in Scheme I. The isotopic
compositions of the pentane in the three fractions A-C
(Scheme I) were compared mass spectrometrically with
isotopically normal and dideuterated n-pentane. Within
experimental error, the three fractions had essentially
identical composition, leading to an isotope effect ky,/kp,
= 0.99; + 0.03 (see Experimental Section for details).

The isotope effect in the reaction of Grignard reagents
2 and 2-d, with benzonitrile was determined in a “third-
party” competition experiment (see Scheme II). A Grig-
nard reagent from a mixture of 1-bromopentane and 1-
bromohexane (reagents 2 and 4) was allowed to compete
for a deficiency of benzonitrile. After hydrolysis, the hy-
drocarbon fraction E (representing unreacted Grignard
reagent) and the ketone fraction F (representing reacted
Grignard reagent) were analyzed by GC. A sample of
Grignard reagent removed and hydrolyzed before addition
of the nitrile yielded a hydrocarbon fraction D representing

(1) (a) Shiner, V. J. In “Isctopes and Chemical Principles”; Rock, P.
A., Ed.; Washington: D.C. 1978; ACS Symp. Ser. No. 11, pp 172-182. (b)
Melander, L.; Saunders, W. H., Jr. “Reaction Rates of Isotopic
Molecules”; Wiley-Interscience: New York, 1980; pp 171-180.

Hill and Link

Table I. Relative Rates and Isotope Effects for
Reaction of Pentyl and Hexyl Grignard Rea.gents with
Benzonitrile in Tetrahydrofuran®

basis for R pentyl/ kpentyl-d /
calculatn®  kpexy Phexyl”  (km,/ED, Jpenty1”
G, G, 0.96 + 0.03 0.98 + 0.02 0.98

G, K 1.02z: 0.01 0.98 + 0.03 1.03

Gy, Kte 0.98 + 0.02 0.98 + 0.02 1.00

average 0.984 + 0,023 0.980 = 0.003 1.003 = 0.022

2 Approximately 0.40 M in each Grignard reagent and
0.46 M in benzonitrile; temperature about 27 °C.

b Uncertainties listed in columns 2 and 3 are average
deviations among sample tubes; replicate analyses for a
single tube generally showed less scatter. Uncertainties
for the last line are average deviations from the mean for
the three calculation bases. ¢ G, = initial Grignard
reagent concentration; G; = final Grignard reagent con-
centration; K, = final ketimine salt concentration.
‘éRatio of column 2 to column 3. ¢ AssumingG, + K; =
Mo-

the initial reactant composition. A parallel reaction was
performed in which Grignard reagents 2-d, and 4 com-
peted. From the competition experiments, the relative rate
constants for reaction of pentyl and hexyl Grignard reag-
ents with benzonitrile were evaluated. The ratio of these
for the undeuterated and deuterated reactions gives the
isotope effect ky,/kp,.

In order to cafculate relative rates for a competition
experiment, it is necessary to know initial and final con-
centrations of each of the competing reactants.? Since the
addition appears to be quite clean and free of major side
reactions, the three concentrations determined in the ex-
periment provide redundant information which allows the
relative rates to be calculated on three different bases (see
Experimental Section and Table I). Though there was
some scatter both between methods and in the workup of
data from different reaction samples, all of the data are
in agreement that the isotope effect is close to unity. An
average Ry,/kp, = 1.00;  0.02, is obtained. There did not
appear to be any significant trends with the time the re-
action was allowed to run before workup, and a repeated
analysis after storage of samples for an additional period
of time led to similar results.

Discussion

The origin of secondary a-deuterium isotope effects is
reasonably well understood.! As with most hydrogen
isotope effects, the principal contributor to the effect is
a change in zero-point energy between reactant and tran-
sition states, which reflects an increase or decrease in the
constraint of the isotopic atom in the transition state. A
decrease in constraint results in a “normal” effect (ky/kp
> 1). Most typically for an a-deuterium isotope effect, the
change in constraint resides largely in an altered bending
frequency, commonly associated with a change in hybrid-
ization. For example, in Sy1 ionization of an alkyl halide,
an sp® spending frequency of the halide is replaced in the
carbonium ion-like transition state by a lower frequency
sp? out-of-plane bending mode, leading to an isotope effect
ky/kp ~ 1.1-1.2 per deuterium. Changes in steric con-
gestion also influence the relative degree of constraint.
Although hybridization in an Sy2 transition state also
approaches sp?, the out-of-plane bending frequency is in-
creased by the presence of (and bonding to) both entering
and leaving groups. Hence, isotope effects on -the order
of unity ky/kp = 0.96-1.06 per deuterium) are typical. A
further contribution to the a-deuterium isotope effect

(2) Reference 1b, p 95.





Secondary a-Deuterium Isotope Effects

arises because deuterium is effectively more electron re-
leasing than protium (ultimately a consequence of an-
harmonicity, which results in a shorter average C-D dis-
tance).

At the inception of this work, it appeared possible that
quite sizeable inverse a-deuterium isotope effects might
be found in reactions in which an electrophile replaces a
carbon-metal bond. Although there is no formal change
in hybridization, a transition state for electrophilic attack
on the carbon—metal bond resembling 8 has a carbon which
is effectively pentacoordinate.

-F
[ HOD
c
/ N
H(D) o (D)
,"’C/ + E —= or — M ot
A\ “\
M . /H(D) E
%
"
M E
8

An increase in constraint might reasonably accompany this
increase in coordination, producing an inverse isotope
effect (ky/kp < 1).

In addition, there is some evidence that the a-hydrogens
of a Grignard reagent may be “less constrained” than the
“typical” sp3-CH, adding to the magnitude of the inverse
effect. Equilibrium constants reported®* for eq 1-3 imply

D
R R R\
Ne==cH, = |D = C=CHp (1)
MCD,CH; CHaM MCH2CD2
R=C,H,, CH,; M = MgBr, MgR, Li
D
D /R
XMgCDaCHCH=—CHR & CH =
\MgX

XMgCH2CDsCH==CHR (2)
a, R=CH,, X=Br;b,R=C,H, X=Cl

0 D D

CDzMgBr . .
-— -
BrMg

a preference of the magnesium for an undeuterated carbon.
This preference corresponds to an equilibrium constant

D

MgBr (3)

greater than unity for the scrambling process in eq 4 or -

R-CH,-CD,MgX = R~CD,~-CH,MgX 4)

alternatively to an isotope effect Ky/Kp > 1 for the hy-
pothetical equilibrium of eq 5. The origin of this isotope
R-CH,-C-MgX = R-C-CH,MgX (5)

effect, and particularly its magnitude, is not entirely clear.

(3) Maercker, A.; Weber, K. Justus Liebigs Ann. Chem. 1972, 756, 43.

(4) Maercker, A.; Streit, W. Chem. Ber. 1976, 109, 2064.

(6) Richey, H. G., Jr,; Veale, H. S. Tetrahedron. Lett. 1975, 615.

(6) Maercker, A.; Geuss, R. Chem. Ber. 1978, 106, 773.

(7) Equilibrium Constants for eq 1 are tabulated in a different form
and are recalculated here. A substantial range of eguilibrium constants
is reported: 1.08-1.96 for eq 1,5 0.98-1.21 for eq 2a,* 1.39 for eq 2b,® and
1.22 for eq 3.% It is not apparent whether the range of values reported
reflects real systematic variations, the difficulty of making accurate
measurements, or both,
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It is in the direction expected for the electron-releasing
inductive effect of deuterium relative to hydrogen.®
Lowered bending or stretching frequencies of the a-hy-
drogens could also be associated with characteristics of a
carbon-magnesium bond other than its polarity—its length
or strength or perhaps a more nearly planar hybridization
at the carbon. Whatever the source of the “looseness” of
the hydrogens « to magnesium, it is reasonable that their
environment should become more “normally constrained”
as electrophilic attack converts them to “normal” sp3-CH
bonds.

Two reactions were chosen for initial study. Protolysis
of an organometallic is a fundamental process involving
electrophilic attack on the carbon-metal bond.!” Reaction
with hydroxylic proton is very fast and exothermic, with
undesirable consequences both in principle and in practice.
The expected early transition state (consistent with re-
ported primary isotope effects near unity'®'®) should reflect
little electronic and structural modification by the elec-
trophile, and the rapidity introduces experimental prob-
lems of mixing.®® However, protolysis by alkynes is a well
studied!” and much slower reaction. The rate is first order
each in organomagnesium and alkyne, and primary deu-
terium isotope effects of 2.8-6.21%2! indicate a transition
state in which the electrophilic attack has progressed to
a significant degree.

Reaction of the Grignard reagent with benzonitrile was
also studied to provide an example of an addition process
(also formally an electrophilic substitution at C-Mg). It
also is slow enough that possible mixing control is not a
concern, 222

(8) It is uncertain whether the magnitude is appropriate for a purely
inductive isotope effect. Relevant comparisons are complicated by un-
certainties in the extrapolation of more remote substituent effects to o
substitution and in the extent of charge development. Exchange of the
benzylic hydrogens of toluene with lithium cyclohexylamide occurs with
a secondary isotope effect ky/kp = 1.31 for two a-deuteriums.® It was
estimated that about two-thirds of that effect (about 1.1/D) might cor-
respond to the inductive effect and the remainder to hybridization
change. It might be noted for comparison that only a fractional anionic
charge is involved in each case: the carbon-magnesium bond may be
estimated from Pauling electronegativities'® as about 35% ionic, and a
Brosted o value of about 0.4 is found to relate kinetic and equilibrium
hydrocarbon acidities.!! Another approach to the a-deuterium inductive
effect would utilize a ¢* value of ~0.0027 for CH,D vs. CHg,!? a fall-off
factor of about 3!2 (giving o*p — o*y = —0.008) and a p value of about 4
(representative for equilibria RY = RZ*).1* On this basis, an effect of
1.08/D is predicted for generation of a carbanion. A larger effect might
be predicted based on the isotope effect in ionization of formic-d acid!®
and a smaller one based on a nonhyperconjugating S-effect on solvolysis.'®

(9) Streitwieser, A., Jr.; Van Sickle, D. E. J. Am. Chem. Soc. 1962, 84,
254,

(10) Pauling, L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press: Ithaca, N.Y., 1960; pp 93, 98.

(11) Streitwiser, A., Jr.; Brauman, J. I.; Hammons, J. H.; Pudjaatmaka,
A. H. J. Am. Chem. Soc. 1965, 87, 384.

(12) Streitwieser, A., Jr.; Klein, H. 8. J. Am. Chem. Soc. 1963, 85, 2759,

(13) Taft, R. W, Jr. In “Steric Effects in Organic Chemistry”; New-
man, M, 8., Ed.; Wiley: New York, 1956; p 592.

(14) Wells, P. R. “Linear Free Energy Relationships”; Academic Press:
London, 1968; pp 37, 38.
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In both reactions, we find that the deuterated and un-
deuterated Grignard reagents react with very similar rates.
Within error limits of about 3% both isotope effects appear
to be unity. Thus, our hopes of finding large secondary
isotope effects, which might exhibit mechanistically
meaningful differences between reactions, were not ful-
filled. It is, nevertheless, useful to examine briefly some
possible explainations for the absence of a sizeable isotope
effect.

One basic reason for a small secondary isotope effect
might be a very early transition state. In that case, the
electrophile would still be remote from the carbon-mag-
nesium bond, so that it would not appreciably influence
the electronic or steric environment of the a-hydrogens.
Substituent and primary isotope effects seem to argue
against this explanation. In Grignard addition to nitriles,
Hammett equation reaction parameters imply a reasonably
advanced transition state (p = -2.85 for arylmagnesium
bromides? and +1.6 for substituted benzonitriles®). An
early report® that tertiary and branched Grignard reagents
react more slowly than primary ones may suggest a con-
siderable steric effect, which would also be inconsistent
with a very early transition state. In the protolysis of
Grignard reagents, substitution in the alkyne has a sub-
stantial influence on the rate,” and the Grignard reagent
reactivity sequence?” (CH; < primary < secondary) is
consistent in direction and magnitude with other reactions
(e.g., reaction with benzophenone® or tert-butyl per-
oxide?). Sizeable primary isotope effects!®?! on this re-
action also-imply that the transition state lies well along
the reaction coordinate, at least with respect to the proton
transfer. On the other hand, the transition state for the
protolysis of dialkylmercury compounds by acetic acid®
probably lies later along the reaction coordinate. The
reactivity sequence for cleavage of alkyl groups in that
reaction is CHy > primary < secondary < tertiary (inter-
preted as resulting from opposing electronic and steric
effects), and the primary isotope effect is larger (ky/kp =
9-11).

Alternatively, the zero-point energy of the a-hydrogens
may be only slightly affected in the transition state, despite
substantial progress along the reaction coordinate. One
possibility of this sort might be an electron-transfer
mechanism:

RCD,M + E — [RCD,M*. E~] = [RCD, M* E~] —
products

If the electron transfer is a vertical, outer-sphere process,
the hybridization at the a-carbon and the steric environ-
ment of the a-hydrogens are not changed. It is not clear
whether an inductive isotope effect should be present;®
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if so, it should be inverse (ky/kp < 1). If the electron
transfer is not vertical, stretching of the C-M bond and
rehybridization toward planar geometry could produce a
“normal” (ky/kp > 1) contribution, countering any in-
ductive component. Steric congestion in an inner-sphere
electron transfer could make a further inverse contribution.
Effects of impurities on the reaction of methylmagnesium
bromide with benzonitrile® suggest the involvement of an
electron-transfer pathway, and a reported lack of corre-
lation of reaction rates of alkynes with their relative
acidities® might possibly be consistent with such a process.
However, reduction potentials® indicate that electron
transfer to either benzonitrile or phenylacetylene should
be much more endothermic than transfer to benzophenone
(the latter more so). Although this step should be still
more endothermic for aliphatic nitriles or alkynes, they
are comparable to their aromatic analogues in reactivity.

A cyclic four-center transition state might also have a
balance of electronic and steric influences which would
result in a cancellation of contributions to the secondary
isotope effect:

R—CDz==-M R—CDz=--M
o T
H----- C==CCeHs Caz===N

9a Cehls
9b

Such mechanisms have been prominently considered for
both reactions.22243438  However, it would seem a sur-
prising coincidence that special features arising from the
cyclic transition-state structure should lead to exactly the
same cancellation in two rather dissimilar reactions.

We should like to suggest that recent reports of isotope
effects on carbonium ion rearrangements®-3? may help to
explain the small effects found in the present study.
Migration of a methyl group occurs more readily than a
methyl-ds group by 10-20% or more. It is possible to look
upon such migrations as intramolecular electrophilic sub-
stitution reactions at the C-methyl bond, the original
cationic carbon being the electrophile:

[ CD3 i
N
cD —C—C— CD3
: > /N ¢
c—c — or — >t—C
/| cD3 A\
/IA\
~—Cc2C
L/ N\
10

(Transition states 10 for rearrangement and 8 for substi-
tution are drawn in analogous fashion.) There may then
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Secondary a-Deuterium Isotope Effects

be an inherent preference for electrophilic attack at a
protium-substituted carbon relative to a deuterium-sub-
stituted one, despite a possible increase in positive charge
density and congestion, which should generate the opposite
effect. The source of this preference in the carbonium ion
rearrangement was discussed briefly in terms of length-
ening of the 5—y bond.® Since the electrons of the cleaving
bond must be used also to interact with the incoming
electrophile, a lengthening and weakening of the bond
(possibly with concurrent rehybridization toward planarity)
are entirely reasonable. Small secondary isotope effects,
resulting from a cancellation between “normal” contribu-
tions from this source and “inverse” inductive contribu-
tions, may perhaps be characteristic of any electrophilic
substitution at saturated carbon. A cyclic transition-state
structure (9) should modify the situation only slightly;
departure of the metal is assisted, but the environment at
the carbon is not greatly changed.

Conclusion

The small secondary a-deuterium isotope effects ob-
served for reactions of the Grignard reagent C,H,CD,MgBr
with phenylacetylene and benzonitrile may be consistent
with a variety of mechanisms, including open or cyclic
electrophilic attack or single electron transfer. At this
point, the magnitude of the secondary isotope effect does
not appear particularly promising as a criterion for dis-
tinction among potential mechanisms for electrophilic
substitution at the saturated carbon. We intend to look
for other examples that may provide a significantly dif-
ferent effect.

Experimental Section

1-Bromopentane, 1-bromohexane, phenylacetylene, and ben-
zonitrile were redistilled commercial samples. Tetrahydrofuran
(THF) for Grignard reactions was freshly distilled under a slow
flow of nitrogen from lithium aluminum hydride. Reactions were
carried out under a nitrogen or argon atmosphere, in a reaction
flask sealed to a condenser, with a side arm above the condenser
for connection with an inert gas or vacuum line. Transfers to or
from the flask or to other containers were made by syringe,
maintaining the inert atmosphere with a brisk flow of nitrogen
or argon through the top of the apparatus.

Gas chromatography was on Varian A90-P3 chromatographs
with the following colums: A, 10t X !/, in., 20% Carbowax 20M
on 60-80 mesh Chromosorb W; B, 5 ft X !/, in., 5% Carbowax
20M on Chromosorb W; C, 10 ft X !/, in., 15% tricresyl phosphate
on 60-80 mesh firebrick. NMR spectra were run on a Varian T-60
spectrometer. Mass spectra were obtained on a Hewlett-Packard
5985 gas chromatograph/mass spectrometer.

1-Bromopentane-1,I-d, (1-d,). Pentanoyl chloride (264 g,
0.219 mol) in 50 mL of ether was added over about 40 min to
lithium aluminum deuteride (5.0 g, 0.119 mol) in 250 mL of ether.
After an additional hour of reflux, the reaction mixture was
hydrolyzed by gradual addition of 9 mL of saturated aqueous
sodium chloride and worked up by dissolving salts in dilute HCI,
extracting with ether, and distilling. To the deuterated 1-pentanol
(16.7 g, 0.185 mol), maintained at —15 to 0 °C, phosphorus tri-
bromide (18.4 g, 0.068 mol) was added dropwise. The reaction
mixture was allowed to stir at room temperature for 5 h and heated
under the vacuum of a water aspirator to distill the crude product.
The distillate was washed with concentrated H,SO, and then with
water and dried (K,CO,). Distillation yielded 14 g (62%) of 1-d,,
bp 129 °C. Approximately 2% of an impurity of longer retention
time was detected by GC (column A). NMR spectra of both
alcohol and bromide indicated less than 1% protium in the a-
position.

Isotope Effect in Reaction of 2 and 2-d, with Phenyl-
acetylene. A Grignard reagent was prepared by reaction of 0.996
g (6.59 mmol) of 1 and 1.043 g (6.81 mmol) of 1-d, with magnesium
(0.492 g, 20.2 mmol) in 15 mL of THF. Titration of a 2-mL aliquot
with sec-butyl alcohol, using 1,10-phenanthroline as indicator,*
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gave a concentration of 0.65-0.70 M. Three milliliters of this
reagent was removed and hydrolyzed, and the volatile products
and solvent were vacuum transferred to a cold trap (fraction A,
Scheme I). To the remaining Grignard reagent was added phe-
nylacetylene (0.518 g, 5.07 mmol). The solution was heated to
reflux for 0.5 h, and the volatile constituents were vacuum
transferred to a cold trap (fraction B). Fresh THF (5 mL) was
added, the mixture was hydrolyzed by addition of water, and the
volatiles were again transferred to a cold trap (fraction C). The
isotopic compositions of the pentane in fractions A-C should
correspond to those of the original Grignard reagent and to the
portions of it that reacted with the phenylacetylene and that did
not react, respectively.

Isotopic analyses were carried out by gas chromatography/mass
spectrometry (GC/MS), utilizing electron-impact ionization at
15 V to reduce the extent of fragment. The abundances of ions
in the spectra of the pentane peak in each fraction were summed
over the MS scans of that peak and, after elimination of at-
mospheric constituents, were expressed as a fraction of the total
pentane ion current. Spectra of pentane and pentane-d, showed
that peaks at m/e 41, 42, 55, 56, 57, and 72 are 2 or more times
as abundant in the spectrum of the undeuterated compound as
in the deuterated; m /e 43 was 1.7 times as abundant. The peaks
at m/e 44, 45, 46, 58, 59, and 74 were more abundant in the
spectrum of pentane-d, by factors of 4-1000. It was then possible
to compare the isotopic compositions of fractions A-C by com-
parison of the abundances of those peaks that discriminate be-
tween pentane and pentane-d,. For convenience, the comparisons
were made by grouping abundances in masses m/e 41-43, 44-46,
55-57, 58-59, and 72-74. In averaging results, double weight was
given to the more abundant m/e 41-43 and 44-46 groupings. No
significant difference was noted in a comparison of fractions A
and B when consideration was restricted to scans of the central
part of the pentane peak (total ion current geater than half of
maximum), and there was no indication of partial isotopic frac-
tionation on the chromatograph column. Absolute analysis of
the isotopic content was rendered inaccurate by apparently in-
sufficient control of the ionizing voltage. However, relative isotopic
compositions could be compared more accurately. Assigning the
composition of fraction A as exactly 50.00% d,, we calculated
fractions B and C to be within 0.15% of the same composition,
with an average deviation among peak group analyses of 0.6%.
This result translates to an isotope effect ky,/kp, = 0.995 £ 0.03.

Isotope Effect in the Reactions of 2 and 2-d; with Ben-
zonitrile. A Grignard reagent was prepared by reaction of a
mixture of 1-bromopentane (1.905 g, 12.61 mmol) and 1-bromo-
hexane (2.070 g, 12.54 mmol) with sublimed magnesium (0.699
g, 28.7 mmol) in 20 mL of tetrahydrofuran under argon. Solvent
and any volatile materials produced during Grignard reagent
formation were vacuum transferred to a cold trap. Subsequent
GC analysis (column C) showed that monomeric hydrocarbon in
the transferred volatiles corresponded to about 1.5% of the total
and consisted of alkane and alkene in a ration of about 5:1. Fresh
solvent (20 mL) was added, along with 250 uL of 2,3-dimethyl-
butane (as a GC internal standard). A 5-mL sample of the
Grignard reagent was removed, cooled on an ice bath, hydrolyzed
with 1 mL of water, and stored in a freezer until analyzed by GC.
Benzonitrile (0.91 mL, 8.9 mmol) was added to about 20 mL of
the remaining solution. Three 5-mL aliquots were tranferred by
syringe to glass tubes and sealed under a reduced pressure of
argon.

After various periods of standing at room temperature, the tubes
were opened under a stream of argon and the contents removed
by syringe, hydrolyzed by addition of 1 mL of water, and placed
in a freezer until GC analysis for hydrocarbon was completed.
Then, 3 mL of 3 N HCI was added, followed by 200 xL (1.33 mmol)
of butyrophenone as an internal reference. After 0.5 h, 3 mL of
isooctane was added, and the organic phase was separated and
analyzed for the ketones by GC.

A parallel experiment was carried out by using 1-d, (1.910 g,
12.5 mmol) and 1-bromohexane (2.064 g, 12.5 mmol).

Samples were analyzed for pentane and hexane by GC on
column C, using 2,3-dimethylbutane as the internal reference.

(40) Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9, 165.
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Ketones were analyzed on column B, with butyrophenone as
standard. Relative detector responses were determined for un-
deuterated samples; the responses of deuterated and undeuterated
samples were assumed equal on a weight basis. In both cases,
the yield of Grignard reagent, taken as equivalent to hydrocarbon
produced by hydrolysis after replacement of the solvent, was about
90%. In all samples, reaction of the nitrile was complete before
hydrolysis of the reaction mixture. The material balance after
reaction with benzonitrile was approximately quantitative (100
+ 10%); uncertainties in the total solution volumes made a more
accurate determination difficult. Three tubes were analyzed for
each reaction, and three or more replicate GC analyses were. made
for each tube. Areas were calculated as peak height times width
at half-height; relative areas agreed within 1% with those from
cutting and weighing peaks.

In each of the experiments, relative rate constants were de-
termined by substitution into the integrated form of the equation
for competition between two reactants for a single reagent? [k, /kg

= In (4,/Ap)/In (B,/By), where Ay and B, are initial reactant
concentrations and A, and B, are final concentrations]. If the
yield is taken as quantitative, then the three pieces of data—initial
concentration of Grignard reagent, final concentration of Grignard
reagent, and concentration of product—provide a redundancy that
allows three different combinations to be used in the calculation.
Results are summarized in Table 1.

Acknowledgment. We thank Mr. Frank Laib for as-
sistance with mass spectrometric analyses and Jeffrey R.
Schneider for help in the gas chromatographic measure-
ments.
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MnCl; reacts with Mg(C,Hg)-2THF in the presence of Lewis bases and butadiene to form stable, monomeric
Mn(0) complexes, Mn(y-C Hq),L. (L. = PMe,, PEt;, P(OMe); and CO). The related derivatives Mn(x-
2,3-Me,C,H,),P(OMe); and Mn(n-2-MeC,H;),PMe; were prepared by cocondensation of substituted bu-
tadienes, P(OMe); or PMej, and Mn atoms. The trimethyl phosphite and carbonyl adducts are rapidly
reduced by Na/Hg, forming salts of the closed-shell anions Mn(n-CHg),L™; NBu,* and Na(18-crown-6)*
salts of Mn(n-C,H¢),P(OMe); were isolated. The Mn(0) compounds are 17-electron, fully paramagnetic
complexes and show no propensity for dimerization. Crystals of Mn(n-CgHg),P(OMe); are monoclinic, space
group P2,/c, with unit-cell dimensions at -100 °C of a = 14.137 (2), b = 7.841 (1), ¢ = 12.017 (2) A, and
8 = 97.73 (1)°. The refinement of 229 variables (all atomic coordinates, isotropic thermal parameters for
H, anisotropic for Mn, P, O, and C) using 2245 reflections converged at R = 0.037 and R,, = 0.032. The
Mn coordination can be described as a square pyramid with axial n*-butadiene ligands and an apical (CH;0),P
group. The butadiene ligands have Mn-C(internal) bond lengths that average 2.070 A, Mn—-C(terminal)’s
that average 2.137 A, and C—-C bond lengths that are nearly equivalent and average 1.408 A within a range
of i0.00E?i. ESR spectra with resolvable ¥Mn and 3'P hyperfine are observable in solution and frozen
solution. Frozen solution spectra have highly anisotropic ¥Mn hyperfine components, one component being
much larger than the other two. This observation is consistent with EHMO calculations that place the
unpaired electron in an orbital oriented perpendicular to the C, axis and directed toward the butadiene
ligands. These compounds do not undergo associative substitution reactions with facility. The EHMO
calculations suggest that the deformations necessary to approach the transition state for such a displacement
reaction are energetically unfavorable.

Recently, we reported that Mg(C,Hg)-2THF is a con-
veniently prepared, useful reagent for the preparation of
transition-metal butadiene complexes.! The compound
was found to react with a wide variety of transition-metal
halides, affording the corresponding butadiene complexes
with, generally, superior yields in comparison to more
conventional procedures. While surveying the reactions
of Mg(C,H;)-2THF, we found that it reacted with man-
ganese chloride in the presence of lewis bases and excess
butadiene to yield compounds with the stoichiometry
Mn(CHg),(Lewis base). These derivatives are formally
analogous to Mn(CO);, a short-lived, 17-electron, organo-
metallic radical with a controversial chemistry,? which has
only very recently been definitively characterized by low-
temperature matrix-isolation ESR® and IR* techniques.
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The determination of the chemical and physical properties
of these manganese butadiene complexes appeared to be
of value in order to assess the similarities and differences
between these stable paramagnetic species and the Mn-
(CO); radical, whose lifetime is essentially controlled by
diffusion kinetics.* Mn(n-C,Hg),(CO) has been previously
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Ketones were analyzed on column B, with butyrophenone as
standard. Relative detector responses were determined for un-
deuterated samples; the responses of deuterated and undeuterated
samples were assumed equal on a weight basis. In both cases,
the yield of Grignard reagent, taken as equivalent to hydrocarbon
produced by hydrolysis after replacement of the solvent, was about
90%. In all samples, reaction of the nitrile was complete before
hydrolysis of the reaction mixture. The material balance after
reaction with benzonitrile was approximately quantitative (100
+ 10%); uncertainties in the total solution volumes made a more
accurate determination difficult. Three tubes were analyzed for
each reaction, and three or more replicate GC analyses were. made
for each tube. Areas were calculated as peak height times width
at half-height; relative areas agreed within 1% with those from
cutting and weighing peaks.

In each of the experiments, relative rate constants were de-
termined by substitution into the integrated form of the equation
for competition between two reactants for a single reagent? [k, /kg

= In (4,/Ap)/In (B,/By), where Ay and B, are initial reactant
concentrations and A, and B, are final concentrations]. If the
yield is taken as quantitative, then the three pieces of data—initial
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calculations suggest that the deformations necessary to approach the transition state for such a displacement
reaction are energetically unfavorable.

Recently, we reported that Mg(C,Hg)-2THF is a con-
veniently prepared, useful reagent for the preparation of
transition-metal butadiene complexes.! The compound
was found to react with a wide variety of transition-metal
halides, affording the corresponding butadiene complexes
with, generally, superior yields in comparison to more
conventional procedures. While surveying the reactions
of Mg(C,H;)-2THF, we found that it reacted with man-
ganese chloride in the presence of lewis bases and excess
butadiene to yield compounds with the stoichiometry
Mn(CHg),(Lewis base). These derivatives are formally
analogous to Mn(CO);, a short-lived, 17-electron, organo-
metallic radical with a controversial chemistry,? which has
only very recently been definitively characterized by low-
temperature matrix-isolation ESR® and IR* techniques.

¥ Contribution No. 3031.

0276-7333/82/2301-15068$01.25/0

The determination of the chemical and physical properties
of these manganese butadiene complexes appeared to be
of value in order to assess the similarities and differences
between these stable paramagnetic species and the Mn-
(CO); radical, whose lifetime is essentially controlled by
diffusion kinetics.* Mn(n-C,Hg),(CO) has been previously

(1) Wreford, S. S.; Whitney, J. F. Inorg. Chem. 1981, 20, 3918.

(2) (a) Byers, B. H.; Brown, T. L. J. Am. Chem. Soc. 1977, 99, 2527.
(b) Kidd, D. R.; Brown, T. L. Ibid. 1978, 100, 4095. (c) Brown, T. L. Ann.
N.Y. Acad. Sci. 1980, 333, 80. (d) Wrighion, M. S.; Ginley, D. 8. J. Am.
Chem. Soc. 1978, 97, 2065. (e) Poé, A. Inorg. Chem. 1981, 20, 4029 and
4032, (f) Atwood, J. D. Ibid. 1981, 20, 4031. (g) Fawcett, J. P.; Poé, A.;
Sharma, K. R. J. Chem. Soc., Dalton Trans. 1979, 1886. (h) Sweany, R.
L.; Halpern, d. J. Am. Chem. Soc. 1977, 99, 8335. (i) Fox, A.; Malito, J.;
Poé, A. J. Chem. Soc., Chem. Commun. 1981, 1053.

(3) Howard, J. A.; Morton, J. R.; Preston, K. F. Chem. Phys. Lett.
1981, 83, 226.

(4) Church, S. P.; Poliakoff, M.; Timney, J. A.; Turner, J. J. J. Am.
Chem. Soc. 1981, 103, 7515.
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prepared and structurally characterized;® however, the
complex and inefficient preparative method employed
precluded syntheses on an appreciable scale. Little in-
formation was available about this compound beyond its
X-ray crystal structure. Since multigram quantities of
Mn(CHg), (Lewis base) are readily available by use of
Mg(CHg)-2THF, we have investigated the structural,
chemical, and electronic properties of these compounds.
The results of these studies and probable explanations for
the similarities and differences of these derivatives to
Mn(CO); are reported below.

Experimental Section

All manipulations were performed under an atmosphere of
prepurified nitrogen. Solvents were distilled from sodium ben-
zophenone ketyl. Anhydrous MnCl, was purchased from Cerac;
all phosphines were obtained from Strem Chemicals. Mg(C,-
H¢)-2THF was prepared by the literature method.’”’ ESR spectra
were obtained with a Bruker ER-420 instrument equipped with
a field-tracking proton NMR gaussmeter (B-NM 12). A field-
marking system and continuous measurement of the microwave
frequency, both interacting with a BNC-12 computer, allowed the
precise computer measurement of ESR splittings and g values.
Elemental analyses and mass spectra were performed by the
Central Research Analytical Division.

Mn(n-CHg),(PMe;) (1). To a flask containing 2.83 g (22.5
mmol) of MnCl,, 50 mL of THF, and 2.3 g (30.2 mmol) of PMe;
was added, dropwise, a slurry of 15 g (22.5 mmol) of Mg(C,-
Hg)-2THF in 50 mL of THF. During the addition, the vessel was
maintained at 0 °C, and butadiene was bubbled into the reaction
mixture. The resulting green-brown solution was warmed to room
temperature, stirred for 1 h, and then evaporated to dryness. The
residue was extracted with 3 X 75 mL of boiling hexane. The
pooled extracts were filtered, concentrated to 25 mL, and cooled
to -20 °C overnight. The resulting green crystals of 1 were
collected by filtration and dried in vacuo: 4.20 g (17.6 mmol, 78%);
solution magnetic susceptibility (benzene)® g™ = 1.74 ug; mass
spectrum, m/e 239.0775 (caled 239.0761 for 12C,,'H,,**Mn?'P).

Anal. Caled for C,;HyMnP: C, 55.23; H, 8.85. Found: C, 54.48;
H, 8.84.

Mn(n-C,H;),(PEt;) (2). In a similar manner, 1.33 g of MnCl,,
4.70 g of Mg(C,Hg)-2THF, and 5.0 mL of PEt; were reacted. Green
crystals of 2 were isolated by recrystallization from hexane (0.63
g, 21%): solution magnetic susceptibility (benzene)® u 4" = 1.60
up; mass spectrum, m/e 281.1273 (caled for 12C,,'H,,**Mn3'P
281.1231).

Anal. Caled for C, H,MnP: C, 59.78; H, 9.68. Found: C, 57.37;
H, 9.56.

Mn(n-C Hg),P(OMe); (3) from Mg(C,H;)-2THF. Similarly,
2.83 g of MnCl,, 3.0 g of P(OMe);, and 5.0 g of Mg(C Hy)-2THF
were reacted. After recrystallization from hexane, 0.90 g (14%)
of green, crystalline 3 were isolated: solution magnetic moment
(benzene)® poy®™ = 1.63 up; mass spectrum, m/e 287.0629 (caled
for 120111H2155M11160331P 287.0579), 233.0158 (calcd for M* - C4H6
233.0109).

Anal. Caled for Cy;Hy;MnOgP: C, 46.00; H, 7.37. Found: C,
45.34; H, 7.48.

Mn(n-C,Hg),(CO) (4). Similarly, 2.83 g of MnCl; and 5.0 g
of Mg(C,Hg)-2THF were reacted in the presence of excess bu-
tadiene while CO was bubbled through the solution. After
evaporation of the solvent, the dark brown residue was exposed
to the atmosphere for 2-8 min. The solid warmed and turned
green. Workup in hexane as described above afforded 0.14 g

(5) (a) Hughey, J. L. IV; Anderson, C. P.; Meyer, T. J.: J. Organomet.
Chem. 1977, 125, C49. (b) Waltz, W. L.; Hackelberg, O.; Dorfman, L. M.;
Wojcicki, A. J. Am. Chem. Soc. 1978, 100, 7259. (c) Wegman, R. W.;
Olsen, R. J.; Gard, D. R.; Faulkner, L. R.; Brown, T. L. Ibid. 1981, 103,
6089.

- (6) (a) Heberhold, M.; Razavi, A. Angew. Chem. 1975, 87, 351. (b)
Huttner, G.; Neugebauer, D.; Razavi, A. Ibid. 1975, 87, 353.

(7) (a) Fujita, K.; Ohnuma, Y.; Yasuda, H.; Tani, H. J. Organomet.
Chem. 1976, 113, 201. (b) Yasuda, H.; Nakano, Y.; Natsukawa, K.; Tani,
H. Macromolecules 1978, 11, 586.

(8) Evans, D. F. J. Chem. Soc. 1959, 2003.

(9) Nugent, W. A.; Harlow, R. L. Inorg. Chem. 1979, 18, 2030.
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(3.3%) of 4, identified by comparison of its IR and mass spectrum
with the literature report.

Mn(n-C;Hg),P(OMe); (3) from Mn Atoms. A Planar metal
atom evaporation device was fitted for resistive heating and
charged with Mn metal. While the Mn (380 W) was evaporated
onto the walls of a liquid-nitrogen-cooled reaction vessel, a mixture
of 60 mL of butadienes (~78 °C) in 60 mL of P(OMe); was va-
porized and sprayed into the apparatus at the rate of 1-2 mL/min.
After the addition was complete, the apparatus was warmed to
room temperature and the contents were rinsed into a flask with
the aid of 100 mL of THF. The mixture was evaporated to dryness
and the residue extracted with boiling hexane. The pooled extracts
were filtered through an alumina pad and concentrated.. Cooling
afforded 1.1 g of 3 (2.5% based on 10.4 g Mn evaporated).

Mn[7-2,3-(CH;),C,H,],PMe; (5). A Planar metal atom
evaporation apparatus was fitted for resistive heating and charged
with 12.1 g of Mn (0.22 mol). A mixture of 25 g of PMe, (0.33
mol) and 54 g of 2,3-dimethylbutadiene (0.66 mol) was admitted
to the liquid-nitrogen-cooled reaction flask at the rate of 1 mL/min
while the Mn (480 W) was evaporated. When the addition was
complete, the vessel was warmed to room temperature, and the
contents were rinsed into a flask with the aid of 50 mL of THF.
The green-brown solution was filtered and evaporated to dryness.
The resulting dark residue was extracted with 75 mL of boiling
hexane; the extract was filtered and concentrated. Cooling af-
forded 2.36 g (4%) of green, crystalline 5: solution magnetic
susceptibility (benzene)? g™ = 1.70 pg; mass spectrum, m/e
295.1391 (calcd for 12C,;'Hye*' P5%Mn 295.1387).

Anal. Caled for C;zHyPMn: C, 60.85; H, 10.14. Found: C,
60.94; H, 9.98.

Mn(n-2-CH,C H;),[P(OMe);] (6). With use of an analogous
procedure, 13.38 g of Mn (0.24 mol), 68 g of isoprene (1.0 mol),
and 62 g of P(OMe); (0.5 mol) were reacted. The reaction mixture
was rinsed from the vessel with 100 mL of THF and evaporated
to dryness. -After the resulting residue was extracted with 3 X
100 mL of boiling hexane, the pooled extracts were filtered through
a 1-in. pad of alumina. The eluent was evaporated to dryness,
affording a deep green oil which could not be induced to crystallize.
The compound was identified as 6 on the basis of its high-reso-
lution mass spectrum, m/e 315.0947 (calcd for 2C,3'H,:Mn!é-
0,%'P 315.0923).

[N(C4H9)4][Mn(n-C4H6)2P(OMe)3] (7). A solution of 1.07 g
of 3 (3.8 mmol) in 50 mL of THF was stirred with 100 g of 1%
Na/Hg. A red solution formed immediately. After being stirred
2 h, the solution was decanted, filtered, and treated with 1.3 g
of tetrabutylammonium perchlorate. After being stirred 10 min,
the solution was filtered and evaporated to a thick oil which
solidified on cooling in the presence of ether overnight. The
resulting 2.11 g of crude, red 7 was collected by filtration and dried
in vacuo. Red needles of pure 7 could be obtained by recrys-
tallization from Et,0-THF.

Anal. Caled for Cy;Hg;MnNO;P: C, 61.23; H, 10.85. Found:
C, 59.58; H,, 10.70.

[Na(1,4,7,10,13,16-hexaoxacyclooctadecane)][Mn(n-
C,H;),P(OMe);] (8). A solution of 1.0 g of 3 (4.3 mmol) in 15
mL of THF was stirred with 100 g of 1% Na/Hg. After 30 min,
the resulting red solution was decanted and evaporated to dryness.
The red solid residue was washed with Et,0 and treated with 0.92
g of 18-crown-6 (3.5 mmol) in 15 mL of THF. The purple-red
solution was evaporated to dryness, and the crude product was
recrystallized THF-Et,0; 0.89 g of crystalline, red 8 (36%) was
obtained.

Anal. Caled for Co3H ;sMnNaOgP: C, 48.09; H, 7.90; Mn, 9.56;
P, 5.39. Found: C, 47.77; H, 7.94; Mn, 9.68; P, 5.17.

Crystal Structure of 3. The crystal selected for the X-ray
diffraction study was a thin plate measuring 0.07 X 0.30 X 0.31
mm. It was sealed in a glass capillary and mounted on a Syntex
P3 diffractometer (graphite monochromator, MoK« radiation,
A = 0.71069 A) where it was cooled to =100 °C. Unit cell di-
mensions were refined from the Bragg angles of 50 reflections in
the range 24 <26 < 26° a =14.137 (2) A, b =7841 (1) A, c =
12.017 (2) A, 8 = 97.73 (1)°. The cell volume, 1322 A3, yields a
calculated density of 1.443 g em™ for Z = 4. The systematic
absences were consistent with the monoclinic space group P2,/c.

Intensity data for 3039 reflections were collected by using the
w scan techniques (4 < 26 < 55°; scan width of 1.0°; background
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Table I. Selected Bond Distances (A ) and Bond Angles (Deg) with Estimated Standard Deviations

Bond Distances

Mn-~P 2.188 (1) Mn-C(3) 2.072 (2) Mn-~-C(6) 2.073 (2)
Mn-C(1) 2.137(3) Mn-C(4) 2.141 (3) Mn-C(7) 2.065 (2)
Mn-C(2) 2.068(3) Mn-C(5) 2.141 (2) Mn-~C(8) 2.129 (2)
P-0(1) 1.616 (2) P-0(2) 1.617 (2) P-0(3) 1.609 (2)
0O(1)-C(11) 1.430 (3) 0(2)~-C(12) 1.436 (3) 0(3)~C(13) 1.447 (3)
C(1)-C(2) 1.404 (4) C(2)-C(3) 1.405 (4) C(3)-C(4) 1.407 (4)
C(5)-C(8) 1.414 (3) C(6)-C(T) 1.408 (3) C(7)-C(8) 1.409 (4)
C(1)-H(1)A 0.92 (3) C(2)-H(2) 0.90 (3) C(4)-H(4)A 0.97 (3)
C(1)-H(1)B 0.96 (3) C(3)-H(3) 0.98 (2) C(4)-H(4)B 0.91 (3)
C(5)~H(5)A 0.92(3) C(6)-H(6) 0.95 (2) C(8)-H(8)A 0.91 (3)
C(5)-H(5)B 0.97(2) C(7)-H(T) 0.94 (3) C(8)~-H(8)B 0.96 (2)
Bond Angles
Mn-P-0(1) 121.46 (7) Mn-P-0O(3) 113.73 (7) O(1)~-P-0O(3) 103.1 (1)
Mn-P-0O(2) 121.40(7) O(1)~-P-0(2) 91.0(1) 0(2)-P-0(3) 102.2 (1)
P-O(1)~-C(11) 119.1 (2) P-0(2)-C(12) 117.6 (2) P-0(3)-C(13) 121.1(2)
C(1)-C(2)-C(3) 119.6 (3) C(5)~C(6)-C(7) 118.9(2) C(6)-C(7)-C(8) 119.5 (2)
C(2)-C(3)-C(4) 118.8(3)

measurements at both ends of the scan; total background time
equal to scan time). The intensities of four standard reflections
were monitored periodically and showed only statistical variations
(less than +1.60(])). An absorption correction was made by using
the y-scan technique; transmission factors ranged from 0.847 to
0.999.

The structure was solved by direct methods; the positions of
the hydrogen atoms were calculated. Full-matrix least-squares
refinement of all positional and thermal parameters (anisotropic
for Mn, P, O, and C; isotropic for H) with 2245 reflections with
1> 20(I) converged at R = 0.037 and R, = 0.032. All peaks in
the final difference Fourier were less than 0.22 e A= with the
largest peaks near the Mn and P atoms. The mathematical and
computational details may be found elsewhere.’

Selected bond lengths and angles are in Table I. Coordinates
for non-hydrogen atoms are in Table IV. Coordinates for hydrogen
atoms (Table V), thermal parameters (Table VI), least-squares
planes (Table VII), and structure factor amplitudes (Table VIII)
are available as supplementary material.

Results and Discussion
Preparation of Complexes. Treatment of anhydrous
MnCl, with magnesium butadiene in the presence of excess
butadiene and a Lewis base afforded the paramagnetic,
17-electron derivatives shown in eq 1. Excellent yields
MnCl, + Mg(C,H;)-2THF + C,H; + L —
Mg012 + Mn(C4H6)2L (1)

l, L= PMea
2 L = PEt,
3, L = P(OMe),
4,L. =CO

were obtained when alkylphosphines with a small cone
angle were used. However, no analogous products could
be isolated when reactions were attempted with triphenyl-
or triisopropylphosphine. A green oil was formed for L
= PMe,Ph, but the material could not be crystallized and
further purification was not effected. Use of trimethyl
phosphite or carbon monoxide resulted in very poor yields
of 8 and 4, respectively. Indeed, 4 could not be detected
in the reaction mixture until it had been treated with small
amounts of air, Presumably, 3 and 4, being readily reduced
to the corresponding anions (vide infra), are reduced by
the magnesium butadiene reagent at a rate competitive
with their initial formation. At least in the case of 4, small
amounts of the neutral complex were formed by subse-
quent air oxidation of the presumed reduction product,
[Mn(C,Hg)o(CO)]~. The high yields of 1 and 2 are con-
sistent with this interpretation as the alkylphosphine de-

rivatives were found to be resistant to reduction.

The complex 4 has been prepared previously by pho-
tolysis of Mn(CO),NO in the presence of butadiene and
isolated in 4% yield after a complex chromatographic
workup (eq 2).22 The procedure based on eq 1 is more

Mn(CO),NO + C,Hg - Mn(CHg)(CO),NO +4 (2)

convenient and more easily scaled up. At least for the
phosphine adducts 1-3, 5-g quantities of the derivatives
can be readily prepared.

The metal atom evaporation technique was found to be
a useful synthetic method for preparation of Mn(»-C,Hg),L
complexes, particularly for derivatives containing substi-
tuted butadiene ligands. Magnesium reagents analogous
to Mg(C Hg)-2THF with substituted butadienes have been
prepared and react similarly but are difficult to purify.”
The metal atom technique, although it affords low yields,
is more convenient in these cases. Isoprene and 2,3-di-
methylbutadiene derivatives were prepared by this method
as shown in eq 3.

I+ rove, — 3

Mn(atoms) + W + P(OMe)y — M”W> POMel; (3)
2

5

W/ + PMey —= M”Qﬂ(z PMe,

6

Properties of Complexes. All available physical evi-
dence is consistent with monomeric formulations for com-
pounds 1-6. Solution magnetic moments of ~1.7 ug were
measured by the Evan’s method® for 1-3 and 5. All the
complexes had mass spectra consistent with monomeric
formulations. ESR spectra (vide infra) were observed for
1, 2, and 4 with hyperfine splittings requiring monomeric
MnP and Mn(CO) fragments, respectively. X-ray struc-
tures of 4 and 3 show a monomeric molecular unit in the
solid state.

The compounds 1 and 3 have similar electronic spectra.
THEF solutions have two weak absorbances (Ay,, = 747 and
588 nm for 1 and 722 and 600 nm for 3) with extinction
coefficients of ca. 50 and two shoulders in the ultraviolet
region (Ap,e = 420 and 320 nm for 1 and 3). In both cases,
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Beer’s law is followed over the range 102-10* M as ex-
pected for monomeric compounds.

Stirring THF solutions of 3 or 4 with sodium amalgam
resulted in rapid formation of a red solution containing
the 18-electron anions Mn(-C Hg),L", analogous to Mn-
(CO)s‘.

Mn(C4H6)2P(0Me)3 + Na/Hg - Mn(C4H6)2P(OMe)3'
Mn(C,Hg),(CO) + Na/Hg — Mn(C,H),(CO)~ (4)

Tetrabutylammonium and Na(18-crown-6) salts of Mn-
(CHg),P(OMe); were isolated by metathetical procedures
or by treatment with the crown ether, respectively. Brief
exposure of solutions of these anions to air regenerated the
neutral, paramagnetic precursors. In contrast to the known
chemistry of Mn(CO);~,!° treatment of solutions of Mn-
(C Hg),P(OMe);~ with methyl iodide or HBF +Et,0 did not
afford stable alkyl or hydride derivatives; in both cases,
the anion was oxidized and 3 was recovered. Alkyl-
phosphine adducts were not reduced analogously to 3 and
4. Stirring 1 with Na/Hg for 24 h did not result in its
conversion to reduced products; 1 could be recovered un-
changed after treatment with Na/Hg.

The complex 1 did not react with 1 atm of hydrogen and
was not oxidized by excess benzyl bromide at room tem-
perature. However, all the complexes 1-6 were rapidly
oxidized by air, forming MnO,. Treatment of 1 with
AgBF, in THF led to formation of silver metal and red-
brown solutions. No tractable cationic products could be
isolated, however, even when the oxidation was conducted
in the presence of excess PMes.

Although Mn(CO); radicals are thought to be interme-
diates in substitution reactions of Mn,(CO),, and are
generally considered to be very substitutionally labile,?
complexes 1-6 appear to be substitutionally quite inert.
Also, they undergo slow ligand substitution reactions,
which were monitored by ESR (vide infra), only under UV
irradiation.

ESR Results. The ESR and IR spectra of the reactive
Mn(CO); radical have been sought by many investigators
for a long time. A definitive spectroscopic characterization
of this species, however, was not available until very re-
cently. In a matrix isolation IR study,* Mn(CO); was
prepared by UV photolysis of HMn(CO); in solid CO
matrices at 10-20 K. 3C isotopic labeling studies showed
that it has a square pyramidal, Cw, structure with an
axial-equatorial bond angle of 96 £ 3°. This is the
structure predicted by various molecular orbital calcula-
tions!"1* which place the unpaired electron in a highly
directional a, orbital, with large 3d,: character, pointing
along the axis of the pyramid and toward the empty ligand
site. The radical is thus ideally set up for rapid dimeri-
zation or recombination with another radical. In an ESR
study,® Mn(CO), was prepared by reaction between Na or
Ag atoms and Mn(CO);Cl or Mn(CO);Br on a rotating
cryostat at 77 K using perdeuteriobenzene as a diluent and
inert matrix. The species was found to have axially sym-
metric g and *Mn hyperfine A tensors with the following
components: g, = 2.000 £ 0.003; g, = 2.038 = 0.003; A,
=66 +£3G; A, =30%x3G. A comparison with the
isoelectronic Fe(CO)s* radical cation species!® indicated
that the parallel and perpendicular components of the A

(10) King, R. B. Acc. Chem. Res. 1970, 3, 417.

(11) Burdett, J. K. J. Chem. Soc., Faraday Trans. 2 1974, 70, 1599.

(12) Elian, M.; Hoffman, R. Inorg. Chem. 1975, 14, 1058.

(18) Demuynck, J.; Strich, A.; Veillard, A. Nouv. J. Chim. 1977, 1, 217.

(14) Pensak, D. A.; McKinney, R. J. Inorg. Chem. 1979, 18, 3407.

(15) Lionel, T.; Morton, J. R.; Preston, K. F. J. Chem. Phys. 1982, 76,
234.
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Table II. ESR Parameters of Mn(n-C,H, )L in Toluene
at Room Temperature

Giso(Mn),  aio(P),
G G

L 8iso
CO (4) 2.0131  83.6
P(OMe), (3) 2.0163  83.2 28.6
PMe, (1) 2.0182 82.6 26.7

tensor are most probably of opposite sign (66, -30, -30 G).
It was estimated that these parameters correspond to 51%
3d,: character for the a; orbital containing the unpaired
electron. The above sign choice predicts that the isotropic
Mn coupling constant for Mn(CO); should be quite small
(Ajgo = /3(A; + 241) = 2 G) and, therefore, that the
solution ESR spectrum of the Mn(CO); radical, when
detected, will probably consist of a single broad line.

The ESR parameters for Mn(CO); are quite consistent
with the parameters for the related species Mn(CO)s-
(PBuj), which were reported earlier.!® In contrast to
Mn(CO);, the phosphine-substituted analogue is suffi-
ciently stable so that its dilute heptane solutions could be
studied in the solid as well as in the liquid state. At 83
K, the 5Mn A tensor was found to be axially symmetric
with components A, = 54.1 G and A, = 35.7 G. The
solution spectrum at room temperature, with an isotropic
Mn coupling of only about 7 G, leaves no doubt about
opposite signs for A and A |, further supporting the same
choice for Mn(CO); which was based only on isoelectronic
arguments.® The phosphorus splitting is quite isotropic,
having a value of 20 £ 1 G both in solution as well as in
the solid state. It was concluded that this spectrum is
consistent with Mn(CO)4(PBuj), having an idealized
square-pyramidal geometry with the phosphines occupying
mutually trans basal positions. Thus, Mn(CO); and Mn-
(CO)3(PBuy), are electronically and spectroscopically quite
similar. The very slow dimerization of the latter compared
to the essentially diffusion-controlled dimerization of the
former was attributed not to differences in electronic
structure but to the steric requirements of the phosphine
ligands in basal positions. It was argued that the monomer
must first rearrange to a less stable configuration with one
phosphine in the axial position before dimerizing. The
stereochemistry of the related Mn,(CO)sL, dimers, with
the L ligands invariably in axial positions, was thought to
support this view.

Although the complexes of this report, Mn(n-C,Hg).L.,
are ostensibly analogous to the Mn(CO)g and Mn(CO),-
(PBuy), species discussed above, the ESR data detailed
below reveal that this analogy is misleading and that these
species are, in fact, electronically quite different, in
agreement with molecular orbital considerations (vide in-
fra).

Dilute solutions (<1072 M) of Mn(»-CHg),L in toluene
give intense ESR spectra with a characteristic six-line
splitting as the result of a hyperfine interaction with a
single 3Mn (I = %/,) nucleus. In the presence of a phos-
phine ligand, each line is further split into a doublet by
a weaker interaction with one 3P (I = !/,) nucleus. No
hyperfine structure for the protons of the butadiene ligands
could be resolved. The intensities of the spectra were
essentially temperature independent, indicating the ab-
sence of noticeable dimerization. The solution ESR pa-
rameters of 1, 3, and 4 are shown in Table II. Because
of the large magnitude of the Mn isotropic coupling con-
stant, the six lines of the 3Mn hyperfine splitting pattern

(16) Kidd, D. R.; Cheng, C. P.; Brown, T. L. J. Am. Chem. Soc. 1978,
100, 4103.
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Table III. ESR Parameters of Mn(n-C H,),L
in 3-Methylpentane?

L Mn(CO),

CO  P(CH,), Mn(CO),® (PBu,),
3 1992  1.991  2.000 2.040
g, 2.0475 20511 2038 2,040
g 2.023 2022 2038 2,040
A (Mn),G 163.5 163.6 66 54.1
A.(Mn). G <5 <5 ~30 ~35.7
AlMn). G 73 68 -30 _35.7
4P, 6 28.2 20
AL(P) G 29.2 19
AP, G 27.8 19
£ieo 2.0137 2.0182 (2.025)° 2.030
age(Mn), G 83.5 825  (2)° 7
ago(P), G 27.3 21

@ Anisotropic parameters measured at —170 °C and iso-
tropic parameters at —80 °C. © From ref 3. ¢ Calculated
from solid-state data. @ From ref 186.

Table IV. Atomic Coordinates

atom X y z

Mn 0.32435(3) 0.43646 (5) 0.13625 (3)
P 0.18415(5) 0.41143(9) 0.19216 (5)
0o(1) 0.1321(1) 0.2284 (2) 0.1952(2)
0(2) 0.1689 (1) 0.4486 (2) 0.3209 (1)
0O(3) 0.1033 (1) 0.5291 (3) 0.1234 (1)
C(1) 0.3423 (2) 0.1660 (4) 0.1326 (3)
C(2) 0.4297 (2) 0.2529 (4) 0.1402(3)
C(3) 0.4540 (2) 0.3708 (4) 0.2274 (3)
C(4) 0.3899 (2) 0.3979 (4) 0.3055(2)
C(5b) 0.2571 (2) 0.4721 (3) -0.0327 (2)

are not equidistant. Therefore, the 5Mn coupling con-
stants were extracted to second order by using the ex-
pression

H(M) = Hy— aM - a?/2H,[II + 1) - M?] ()

with ~5/2 < M < 5/2 where H(M) is the field of the Mth
hyperfine component and H, is the center field. The g
values were also calculated to second order by using the
center fields H, calculated from the above expression by
simple iterative procedures. The large values for the iso-
tropic %Mn coupling of about 83 G for these complexes
(Table II) is clearly in contrast to the small value expected
for Mn(CO); in solution and actually observed for the
phosphine-disubstituted analogues.

The anisotropic ESR parameters of Mn(n-C,Hg),CO and
Mn(n-C Hg),PMe; were extracted from the powder spectra
obtained with dilute 3-methylpentane solutions frozen as
clear glasses at —170 °C. The spectra at —-80 and at ~170
°C are shown in Figure 1, and the corresponding ESR
parameters appear in Table III. A set of six absorptions
corresponding to one of the g tensor components is im-
mediately apparent in the powder spectrum of the CO
derivative; five of these are labeled with triangles in Figure
1B while the sixth is obscured by another feature of the
spectrum. The 5Mn coupling extracted by using eq 5 from
this group of lines has the very large value of 163.5 G.
Closer scrutiny reveals that each of these absorptions has
an additional hyperfine structure (see inset in Figure 1)
caused by the protons of the butadiene ligands. The
number of interacting protons must be even and greater
than four since the structure is at least a binominal quintet
of about 3-G splitting. For the PMe; derivative these six
absorptions (4;(Mn) = 163.6 G) are doubled by a weaker
interaction with a phosphorus nucleus (4,(P) = 28.2 G).

The remaining features of each powder spectrum couid
be interpreted as constituting a set of six perpendicular
%Mn hyperfine components. Five of these are marked with
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Figure 1. ESR spectra of Mn(3-C,H;),CO in 3-methylpentane
at (A) 80 °C and (B) -170 °C and of Mn(n-C,H¢),PMe; at (C)
-80 °C and (D) ~170 °C. The inset shows an expansion of the
second absorption from the left in B.

circles in Figure 1B, and the sixth would be the truncated
central line. The A and g tensors would then be axially
symmetric. There is a problem with this interpretation,
however, since the measured Mn perpendicular coupling
of 73 G for 4 and 68 G for 1 (these couplings cannot be
measured as precisely as the others) cannot be reconciled
with the observed solution Mn splittings. Thus, with the
assumption of equal signs, the calculated isotropic value
of 4 will be a;,,(Mn) = /5(4, + 24 ) = 103 G while with
opposite signs a;,,,(Mn) = 6 G, neither of which is close to
the solution value of 83.5 G. The alternative is to assume
three different components for each tensor, consistent with
the Cy, symmetriy of the molecular structures (vide infra).
The circled absorptions in Figure 1B would represent the
Mn splitting along a second molecular axis, while the
central truncated line would correspond to a third axis
along which the Mn splitting is so small that it cannot be
resolved. This would also explain the pronounced intensity
of the central line. With the assumption that this small
splitting is about 5 G and that all 3*Mn A tensor compo-
nents are of the same sign, the caiculated value of the
isotropic 5Mn splitting is aj,, = 1/5(A; + A2 + A,) = 81
G in excellent agreement with the observed solution
splitting of 83.5 G for 4.

Computer simulation of the powder spectrum for Mn-
(butadiene),CO using the parameters of Table III confirms
the correctness of the interpretation based on three dif-
ferent principal values for the g and A tensors. An im-
proved match, shown in Figure 2, was obtained with A,-
(Mn) = 1 G and by changing the value of g, to 2.03. An
equally good match would have been obtained by keeping
the g, value of Table III and altering appropriately the
values of g, and g5. We believe that the latter procedure
would be physically more meaningful, although more la-
borious, since g; and g, are derived quantities, whereas g,
was measured directly from the crossover point of the
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Figure 2. Experimental (A) and calculated (B) powder spectra
of Mn(butadiene),CO.

sharp central line of the powder spectrum.

For the PMe; derivative, all spectral features of the
powder spectrum show an additional doubling (Figure 1D)
attributable to a hyperfine interaction with the phosphorus
nucleus. It is seen in Table III that this interaction is quite
isotropic, having the relatively small value of 28.5 + 1 G
along each of three principal molecular axes.

The ESR parameters for the Mn(butadiene),L species
are compared with those for Mn(CO); in Table III. Al-
though the two types of complexes have a similar geometry
best represented by a tetragonal pyramid (vide infra), the
molecular orbitals containing the unpaired electron are of
a quite different nature. This is most apparent in the ¥Mn
A tensor that has two large components of the same sign
for the butadiene complexes compared to opposite signs
for A;and A, in Mn(CO);. This leads to a large solution
Mn splitting for the former in contrast to the very small
solution splitting expected for the latter and actually ob-
served for the Mn(CQ),L, analogues. It is further evident
that the direction corresponding to the maximum %Mn
splitting in the butadiene complexes cannot be the axis
of the tetragonal pyramid as it is for Mn(CO);. If this were
the case, we would expect for 1 a highly anisotropic
phosphorus hyperfine tensor with a large component along
this axis. The proton interaction observed along the di-
rection of maximum 5Mn coupling suggests instead that
this direction may be pointing toward the butadiene lig-
ands, consistent with the molecular orbital considerations
presented below.

The different electronic nature of the two types of 17-
electron complexes is also apparent in their totally dif-
ferent substitutional behavior. Mn(CQO)j; is extraordinarily
substitutionally labile and can exchange a CO ligand for
a phosphine ligand within its very short lifetime, which
is determined essentially by diffusion.? By contrast, no
phosphine substitution is evident by ESR in 24 h at room
temperature in a dilute pentane solution (10 M) of Mn-
(butadiene),CO to which a large excess of PMe, was added.
Interestingly, this substitution can be forced in the same
sample under the influence of UV irradiation provided by
a low-pressure, mercury discharge coil enveloping the ESR
sample tube. The spectra of Figure 3 were obtained for
the starting solution and for the solution after successive
2-min periods of UV irradiation at room temperature.
Within a total of 6 min of UV irradiation, the Mn(buta-
diene),CO is converted completely to Mn(butadi-
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Figure 3. ESR spectra at room temperature of 10 M Mn(-
C4Hg),CO in pentane in the presence of a large excess of PMe;
(A) before UV irradiation, (B) after 2-min irradiation, (C) after
4-min irradiation, and (D) after 6-min irradiation.
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Figure 4. Molecular structure of Mn(3-C,H;),P(OMe);. Methyl
groups omitted for clarity.

ene),PMe;. The forcing conditions required clearly in-
dicate a very low efficiency for photosubstitution. It is thus
incorrect to attribute substitutional lability to all 17-
electron transition-metal carbonyl complexes.
Structure of Mn(n-C,Hg),P(OMe)s. The structure of
3 is shown in Figure 4; it is based on a square-pyramidal
arrangement with axial #*-butadiene ligands and an apical
trimethyl phosphite unit. The molecular symmetry is C,.
The butadiene ligands are planar, and all C-C bond
lengths are essentially equal. The methylene hydrogen
atoms do not lie in the plane; syn and anti hydrogens are
displaced ca. 0.5 A away from and ca. 0.15 A toward Mn,
respectively. The methine hydrogens are similarly dis-
placed ca. 0.15 A toward Mn. The Mn-—carbon distances
follow the normal pattern for n*-butadiene complexes;!’

(17) Cotton, F. A.; Day, V.; Frenz, B. A.; Hardcastle, K. L; Troup, J.
M. J. Am. Chem. Soc. 1973, 95, 4522.
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Figure 5. Orbital interaction diagram for Mn-L with two C;H,
groups.

i.e., the Mn—internal carbon (e.g., Mn—-C,) distances are
shorter than the Mn—terminal carbon distances (e.g.,
Mn-C,) by ca. 0.07 A.

The structure is very similar to that.found for 4.8 Some
differences, which are likely derived from the different
character of the axial ligands, are apparent in the buta-
diene ligands. Although the Mn-carbon distances are
nearly equal for both compounds, the C—C bond distances
differ substantially. For 3 one finds C(internal)-C(inter-
nal) has been shortened relative to 4 (1.406 vs. 1.46 A) and
C(internal)—C(terminal) has been lengthened (1.408 vs. 1.39
A). This is a probable consequence of increased back-
donation into the butadiene LUMO by Mn, a reflection
of the increased electron density on Mn in 3 brought about
by substitution of P(OMe); for CO.

The unpaired electron in 3 or 4% does not appear to
occupy a stereochemical site or have a significant structural
role.

The Electronic Structure of Mn(n-C,H;),L Deriv-
atives, The thermal stability of 1-6 contrasts with the
instability of the formally analogous 17-electron complex
Mn(CO); both in the tendency to dimerize as well as its
substitutional lability. A semiempirical molecular orbital
treatment'® was carried out in order to gain insight into
these differences.

An orbital interaction diagram for Mn-L with two bu-
tadiene (C,Hgy) groups is illustrated in Figure 5. The
lowest energy = orbitals of the butadiene groups are not
included because they are of such low energy as to have
little interaction with the manganese d orbitals of interest
to us (though they do count toward the 17-electron count).
The strongest interactions are between the occupied a, and

(18) The semiempirical technique used is similar to the extended
Hiickel technique (Hoffmann, R. J. Chem. Phys. 1983, 39, 1397. Hoff-
mann, R.; Lipscomb, W. N. Ibid. 1962, 36, 2179, 3489; 37, 2872) but
includes a correction for two-body repulsion (Anderson, A. B. J. Chem.
Phys. 1975, 62, 1187). Reference 14 includes the parameter set used
except ;hat the n\:langanese orbital energies were as follows: 4s, -9.43; 4p,
-5.3; 3d, -10.5 eV.
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Figure 6. Orbital splitting diagrams for Mn(y-C,Hg),L and
Mn(CO);.

the unoccupied a; and b, orbitals of the butadienes and
their respective partners on manganese. The five orbitals,
la;, 2bs, 1by, 2a,, and 2a,, make up the block commonly
associated with “ligand field splitting” of the manganese
d orbitals. Not surprisingly, the orbital splitting pattern
resembles that expected for square-pyramidal coordination
of a metal.

Manganese pentacarbonyl, though not isolable under
normal conditions, is expected to have C,, symmetry (i.e.,
a square-pyramidal geometry) based on the theoretical
calculations of several groups.'** The orbital splitting
diagram has been described previously.!17131® It is com-
pared with that of Mn(C,Hg),L (L = PHj, CO) in Figure
6. First we find that the primary effect of replacing
phosphine by carbon monoxide in the butadiene derivative
is to lower the b; and b, orbitals through their ability to
retrodatively bond to the carbon monozxide 7* orbitals.
(Note also the lowering of a related unfilled b; orbital
through interaction with the carbon monoxide to become
the lowest unoccupied molecular orbital of mainly CO =*
character. The related b, orbital remains just above a,.
For Mn(CO);, both b, and b, remain slightly above a;. The
exact energetic relationship of unoccupied a,, b;, and b,
is parameter dependent.) However, it does not signifi-
cantly affect the highest occupied molecular orbital
(HOMO) where much of our subsequent discussion will
center. Second we find that while energies are different,
ordering in the occupied d block orbitals is the same, and,
therefore, the singly occupied HOMO is of the same sym-

(19) Hay, P. J. J. Am. Chem. Soc. 1978, 100, 2411.
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Figure 7. HOMO’s of Mn(CO); and Mn(»n-C,Hg),(CO).

metry in all three cases. However, careful examination of
the HOMO wave functions reveals different spatial ori-
entations, and therein, we believe, lies the difference in
reactivity of the two species.

A graphical representation of the spatial orientation of
the HOMO’s of Mn(CO)s and Mn(C;Hg),CO is shown in
Figure 7. Previous analysis'? has attributed much of the
reactivity of Mn(CQO); to the accessibility of the unpaired
electron in a rather unprotected orbital. Furthermore,
little or no reorganization of the carbonyl ligands is nec-
essary for dimerization or the interaction with incoming
ligands in an associative manner. The latter can readily
account for the observed substitutional lability.?2 However,
in Mn(C,H,),L. the singly occupied HOMO is not exposed
to external attack but rather is “protected” by the atoms
of the butadiene groups. More accessibility to the “donut”
of this d,z orbital can be obtained by sliding the butadiene
groups up toward the apical ligand, and this does in fact
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cause a pronounced bulge to appear on the bottom of the
“donut”. However, the calculated energy to increase the
opening by 40° (about what is necessary to permit a
phosphite to coordinate) is 50 kcal/mol, which makes it
a very unlikely process. Much more ligand reorganization
would be required to allow a metal dimer to form, and it
is not likely that the energy gained in the formation of a
manganese-manganese bond (ca. 3540 kcal/mol)® would
offset this energy loss. This description of the HOMO is
consistent with the anisotropic ESR parameters observed
for these species.

The source of the photochemical substitution lability
is not obvious because of the variety of reaction pathways
available once the molecule has been energized. However,
it is noteworthy that among the lower electronic transitions
(Figure 5) the (a; — aj), (b; — b, not shown), and (b, —~
b;) transitions are formally forbidden, whereas the (b, —
a;), (a; — by), (a; — by, not shown), and (a; — a;) tran-
sitions are allowed. Of the allowed transitions, (a; — b,)
and (a; — b,) will reinforce the Mn—C bond because the
electron is removed from a Mn-C nonbonding orbital and
placed in an Mn—C =-bonding orbital. On the other hand,
the (1b; — 2a,) transition weakens the Mn—C bond by
moving an electron from a w-bonding orbital to a non-
bonding orbital. Also, the (2a; — 3a;) transition weakens
the Mn—C bond by moving the electron from a nonbonding
to a s-antibonding orbital.
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The stoichiometry and kinetics of the reactions of Co(dmgH),L and polyhalomethanes (RX) are reported.
In both acetone and benzene the data are in accord with a two-step mechanism, the first and rate-limiting
step being halogen atom abstraction by the cobalt complex and formation of a free radical. The existence
and reactivity of the latter intermediate for the case R- = .CCl; were examined by use of 4-hydroxy-
2,2,6,6-tetramethylpiperidinyloxy (4-HTMPO) in a kinetic competition mode. Numerical integration
techniques (Gear’s method) were used to simulate kinetic data with various choices of competitive rate
constants, permitting an estimate of the relative rate constants for reaction of -CCly with 4-HTMPO (k)
vs. its reaction with Co(dmgH),py in benzene (k,) as kg/k, = 1.8 = 0.1 (25 °C).

Introduction

The general mechanism by which various cobalt(II)
cobaloxime! complexes, Co(dmgH),L with L = pyridine,
triphenylphosphine, etc., react with organic halides in
solution is believed to be that given by the reactions in eq
1 and 2.2 The net result is the overall process of eq 3
characterized by a 2:1 ratio of reactants and by the pro-
duction of equimolar amounts of halocobalt(III) and or-
ganocobalt(III). A similar mechanism operates for other
cobalt(II) and chromium(II) complexes.**®

ky
Co(dmgH),L + RX — XCo(dmgH),L. + R- (1)

ks
Co(dmgH),L + R- — RCo(dmgH),L (2

2Co(dmgH),L + RX =
XCo(dmgH),L + RCo(dmgH),L (3)

An investigation of the previously unstudied reactions
of Co(dmgH),L with polyhalomethanes was undertaken
with several objectives in mind. This particular reaction
has been implicated® as one of the two key steps in the
catalytic chain reactions of RX with benzylcobaloximes,
making it desirable to quantitate the kinetics of eq 3. It

(1) Cobaloxime is the trivial name for bis(dimethylglyoximato)cobalt
complexes, Co(dmgH),, in which dmgH"™ represents the monoanion of
dimethylglyoxime (2,3-butanedione dioxime): Schrauzer, G. N. Acc.
Chem. Res. 1968, 1, 97.

(2) (a) Schneider, P. W.; Phelan, P. F.; Halpern, J. J. Am. Chem. Soc.
1969, 91, 77. (b) Halpern, J.; Phelan, P. F. Ibid. 1972, 94, 1881. (c)
Marzilli, L. G.; Marzilli, P. A.; Halpern, J. Ibid. 1971, 93, 1374. (d)
Halpern, J. Pure Appl. Chem. 1979, 51, 2171.

(3) Roussi, P. F.; Widdowson, D. A. J. Chem. Soc., Chem. Commun.
1979, 810.

(4) (a) Halpern, J.; Maher, J. P. J. Am. Chem. Soc. 1965, 87, 5361. (b)
Chock, P. B.; Halpern, J. Ibid. 1968, 91, 582,

(5) (a) Goh, S. H.; Goh, L.-Y. J. Organomet. Chem. 1972, 43, 401. (b)
Goh, L.-Y. Ibid. 1975, 88, 249,

(6) Blaser, H. U.; Halpern, J. J. Am. Chem. Soc. 1980, 102, 1684.

(7) (a) Kochi, J. K.; Davis, D. D. J. Am. Chem. Soc. 1964, 86, 5264. (b)
Kochi, J. K.; Powers, J. W. Ibid. 1970, 92, 137. {(c) Samuels, G. J.; Es-
penson, J. H. Inorg. Chem. 1979, 18, 2587. .

(8) (a) Sevcik, P. Inorg. Chim. Acta 1979, 32, L16. (b) Sevcik, P.;
Jakubcova, D. Collect. Czech. Chem. Commun. 1977, 42, 1776. (c)
Coombes, R. G.; Johnson, M. D.; Winterton, N. J. Chem. Soc. A 1965,
7029.

(9) (a) Gupta, B. D.; Funabiki, T.; Johnson, M. D. J. Am. Chem. Soc.
1976, 98, 6697. (b) Crease, A. E.; Gupta, B. D.; Johnson, M. D.; Moor-
house, S. J. Chem. Soc., Dalton Trans. 1978, 1821. (c) Funabiki, T;
Gupta, B. D.; Johnson, M. D. J. Chem. Soc., Chem. Commun. 1977, 653,
(d) Bury, A.; Cooksey, C. J.; Funabiki, T.; Gupta, B. D.; Johnson, M. D.
J. Chem. Soc., Perkin Trans. 2 1979, 1050. (e) Bougeard, P.; Gupta, B.
D.; Johnson, M. D. J. Organomet. Chem. 1981, 206, 211.

was also our intention to learn whether the values of &,
correlate with a fundamental property of RX such as the
carbon-halogen dissociation energy. Finally, the mecha-
nism shown and the intervention of a free radical inter-
mediate need to be demonstrated for polyhalomethanes.
We thus sought to examine the effects of radical scavengers
on the stoichiometry and kinetics, along with mathematical
modeling of the effects expected when the two reactions
of the free radical occur to comparable extents.

Results

Stoichiometry and Products. Only a few stoichio-
metric determinations were done for polyhalomethanes
since previous work? had established the overall stoi-
chiometry to be 2:1 Co(II)/RX, as expected from eq 3. The
same results were found from spectrophotometric titrations
of Co(dmgH),L with BrCCl; in benzene (L = py, average
ratio, Co(II)/RX = 2.06 % 0.13, Figure 1A) and in acetone
(L = PPh,, average ratio = 2.14 £ 0.10). The products in
this case were not readily separated in pure form by using
the usual chromatographic techniques successful for other
mixtures of halocobaloximes and alkylcobaloximes. Both
BrCo(dmgH),L and Cl;CCo(dmgH),L were detected in
roughly comparable quantities as expected from eq 1-3 by
'H NMR spectrum of reactions run in various solvents
(methane, acetone, benzene, tetrahydrofuran, methylene
chloride, toluene, and ethanol). Singlets at é 2.35 for
ClsCCo(dmgH),L. and at 6 2.25 for bromocobaloxime
(relative to Me,Si) were observed. The latter is assigned
in comparison with the known complexes. On exposure
to aqueous base the peak at § 2.35 is lost and that at 6 2.25
grows, consistent with the reported reaction of (trihalo-
alkyl)cobaloximes with alkali.’® Reaction with bromoform
in benzene, however, gave products which were readily
purified and isolated as detailed in the Experimental
Section.

Kinetics. Pseudo-first-order rate constants were de-
termined in the presence of a large excess of organic halide
and represent a quantity defined as

kovsg = —d In [Co(dmgH),L]/dt 4)
Plots of ke vs. [RX] are linear and pass through the

(10) Schrauzer, G. N.; Ribeiro, A.; Lee, L. P.; Ho, R. K. Y. Angew.
Chem., Int. Ed. Engl. 1971, 10, 807. .

(11) The kinetic data are given in detail in the supplementary mate-
rial.

(12) Nigam, S.; Asmus, K.-D.; Willson, R. L. J. Chem. Soc., Faraday
Trans. 1 1976, 2324,

0276-7333/82/2301-1514801.25/0 © 1982 American Chemical Society
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Table I. Values of the Second-Order Rate Constants k, for the Reaction of Co(dmgH),L with Polyhalomethanes

kM- 51 (T/°C)

Co(dmgH),py Co(dmgH),PPh,
RX acetone benzene acetone benzene
CCl, 0.199 (10.88) 0.161 (15.74) 0.0835 (19.67)
1.90 (25.00) 0.558 (25.01) 0.304 (25.01) 0.106 (24.91)
1.18 (34.77) 0.571 (34.61) 0.212 (34.44)
[3.53 (25.00)]b [1.06 (25.00)}?
CHBr, 0.274 (14.49)
1.12(25.00) 0.515 (25.00) 0.231 (25.00) 0.0755 (25.00)
0.814 (34.78)
BrCCl, 614 (14.89)
938 (25.35)
1280 (34.56)
CBr, 1900 (5.91)

2580 (14.21)
4580 (25.02)

@ Details of the kinetic results are given elsewhere,’? b L = 4-methylpyridine.

Table II. Activation Parameters for the Reaction of
Co(dmgH),L with Polyhalomethanes

AH*keal AS¥/cal
RX L solvent mol™?! mol™! K™!

CCl, PPh, acetone 11.26: 0.10 -23.13+ 0.33
CCl, PPh, ©benzene 10.42: 0.90 -27.6+ 3.0

CCl, C,H,N benzene 12.01+ 0.25 -19.33 = 0.85
CHBr, C,H,N benzene 8.87+ 0.49 -30.16+ 1.63
BrCCl, C,H,N benzene 5.94 : 0.23 -25.06 0.76
CBr, C,H,N benzene 6.97: 0.88 -18.5: 3.0
A
10+ = 8 7
[+
05 B
&

00 02 04 06 08 10 12 14 18 I8 20
[BrcCl3)/[ColdmgH), py)
Figure 1, Illustrating the results of spectrophotometric titrations

of Co(dmgH),;py by BrCClg: A, no added radical scavenger; B,
in the presence of excess 4-HTMPO.

origin as illustrated in the typical set of experiments shown
in Figure 2. The net rate of reaction according to eq 1-3,
assuming the first step is rate limiting, is

~d[Co(dmgH),L] _ -2d[RX]
dt Tdt

= 2k,[Co(dmgH),L][RX]
®

Values of %k, are calculated as Rgpa/2[RX],,. Table I
summarizes the rate constants for CCl,, BrCCl;, CBr,, and
CHBr; in acetone and benzene. Many reactions were ex-
amined at different temperatures, yielding the activation
parameters given in Table II. Kinetic determinations were
carried out only in these solvents. The Co(II) complexes
are quite stable in them, whereas slow decomposition was
noted in methanol and ethanol. Evidently the solvents
CH,Cl, and CHCI; themselves undergo reaction with the
Co(II) complexes, albeit very slowly, rendering them also
unsuitable for precise work.

00 0 20 30 40 50 €0
10% [cclg) /M

Figure 2. Plots of the pseudo-first-order rate constants at 25.0
°C vs. [CCl] for its reaction with Co(dmgH),L in acetone (A, B,
E) and benzene (C, D) for L = 4-picoline (A, C), pyridine (B, D),
and triphenylphosphine (E).

Reactions in the Presence of Radical Scavengers.
The substance which most successfully competes with
Co(dmgH),L under conditions compatible with the other
reagents is 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy
(4-HTMPO). It reacts with organic radicals such as -CCl,
(eq 6)'2 but not with the Co(II) complex.

Me Me,

Me Me
HO N——0 + -CCl3 —~ KO N—0CCl3 (6)
R’
Me Me Me Me
4-HTMPO (R,NO-) R,NOR'

Titrations of benzene solutions of BrCCl; with Co-
(dmgH),py in the presence of a substantial excess of 4-
HTMPO were markedly different than in its absence,
although blank experiments showed that either reactant
separately was unaffected. The end point occurred at
BrCCly/Co(II) ratios of 1.02, 1.00, and 1.00 (average 1.01
= 0.01), as illustrated in Figure 1B. These results corre-
spond to the overall stoichiometry expected if reactions
1 and 6 occur in sequence:

Co(dmgH),L + R’X + R,NO- =
XCo(dmgH),L + R;NOR’ (7)

Kinetic determinations with a large excess of 4-HTMPO
resulted in a value of k4q[BrCCl;] which was lower than
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Kops/k, [RX]

1 — s L ALl

| 2 310 60
[4-HTMPO]/ [CotdmgH), py]

Figure 3. Competitive reactivity of 4+ HTMPO and Co(dmgH),py
toward «CCl;, generated from BrCCl; (0) and from CCl, (O) as
illustrated by the variation of m (eq 11) with the ratio of initial
concentrations. The solid line shows the same quantity using
kinetic data simulated by forward integration techniques for the
ratio kg/ky = 1.8.

m=
o — R —_
1 1

in its absence by a factor of 2.0. For example, the reaction
between Co(dmgH),py and BrCCl; in benzene has &4/
[BrCCl;] = (1.88 % 0.08) X 10° M1 s at 25.35 °C without
4-HTMPO and (9.13 + 0.09) X 102 M1 5! at 25.0 °C with
(5-6) X 1073 M 4-HTMPO present, a ratio of 2.05 + 0.09.
These results are exactly consistent with what has gone
before. In the former case k, = k,q/2[BrCCl;] = (9.38
+ 0.03) X 102 M st (25.35 °C), and in the latter k; =
Ropea/[BrCCly] = (9.13 £ 0.09) X 102 M1 g7 (25.0 °C). The
values of B, agree within acceptable limits, and with 4-
HTMPO added in large excess the rate law is

-d[Co(dmgH),L] _ -d[RX]
dt Toodt

=k;[Co(dmgH),L}[RX]
(8)

The situation at intermediate concentrations of 4-
HTMPO is more complex, because of the competition
between the reactions of eq 2 and eq 6. When the
steady-state approximation is made for [R-], the rate of
reaction by eq 1, 2, and 6 becomes

ACmgHIL] _, (2% 0
de TN\ + «

where « is given by
a = kg[4-HTMPO] /ky[Co(dmgH),L] (10)

At the two extreme concentrations of 4-HTMPO, these
relations reduce to the correct limiting forms, eq 5 and 8.
In the intermediate region, however, a more complicated
analysis must be made. Consider a quantity m (1 <m <
2) calculated from k4 and the independently known value
of ky according to the definition

_ kobsd =2+a
T Rk[RX] 1+«

Different compounds leading to the same free radical (e.g.,
BrCCl; and CCl,) will have the same value of m at a given
value of « since k4 and kg are independent of the variation
of X.

Figure 3 depicts the variation of m with the initial
concentration ratio, [4-HTMPO]/[RX]. The shape of the
curve is consistent with eq 11. The observation that
conventional kinetic data for the slowly reacting CCl, (&,

)[Co(dmgH)ZL] [RX] 9

m (11)
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= 0.56 M s71) and flash photolytic data for the rapidly
reacting BrCCl, (k, = 9.4 X 102 M! 57}) lie on the same
curve establishes the expected congruence for the case R-
= .CCl,.

Mathematical Stimulations. The previously given
treatment of the kinetic data in the presence of a free
radical scavenger is imprecise on two counts. First, the
values of o and m (eq 10 and 11) were taken to be constant
in any kinetic run. In fact, both should vary during the
course of a kinetic run since the scavenger and the Co(II)
complex are consumed at different rates. One of the
consequences is that the reaction should not follow pseu-
do-first-order kinetics since the factor (2 + a)/(1 + a) of
eq 9 varies with time. Second, a description of m as a
function of the initial concentration ratio [4-HTMPO]/
[Co(II)] can be only approximate since the ratio changes
during the course of each experiment.

To examine how these effects should be manifest and
how seriously they need to be accounted for, the kinetic
situation represented by eq 1, 2, and 6 was examined
mathematically. The differential rate equations are

-d[Co(II)] /dt = k{[Co(ID][RX] + ky[Co(ID)][R-]
d[RCo™] /dt = ky[Co(ID)][R-]
d[XCo™"] /d¢t = k;[Co(II)][RX]

d[R]/dt =
k[Co(ID][RX] = ko[ Co(ID]{R-] - kg[R,NO-][R-]

d[R;NOR]/dt = kg[R,NO'][R-]

Numerical integration techniques were applied to their
solution. The Runge-Kutta method proved highly inef-
ficient, however, since k, and kg are so much larger than
k, that minute time increments were necessary making the
computer calculations too lengthy and expensive. This
case is referred to as involving “stiff” equations and is a
situation to which Gear’s predictor—corrector method?? for
numerical integration is well suited. Initial values of all
reactant concentrations were chosen for each calculation
corresponding to the different experimental conditions
used, and values were set for the rate constants k; at its
experimentally determined value (0.558 M 57! for CCl,
in benzene at 25.0 °C) and k, and kg at large values
(107-10° M1 g1), The latter choices, provided the values
themselves are much greater than &,, are important only
relative to one another. The computer program'® used
generated all concentrations at frequent time intervals and
a simulated absorbance reading calculated by using the
known molar absorptivities of every species. The results
of numerous calculations are summarized as follows. (1)
The concentration of the free radical intermediate -CCl,
does, in fact, remain at very low steady-state values
throughout, ~107%% of [Co(I)]. (2) Without any 4-
HTMPO or when a large excess is added, the simulated
data follow a precise pseudo-first-order equation. Con-
sistent with the chemical and rate equations and with our
experimental findings, the values of & at a given [CCl,]
differ by a factor of precisely 2.00 at these extremes. (3)
At lower concentrations of 4-HTMPO the simulated data
are not precisely pseudo first order, having values of k.4
which decrease somewhat as the run progresses. The ex-
tent of curvature in the pseudo-first-order plots of such
“data” is not large, however, and in experimental situations

(13) (a) Gear, C. W. “Numerical Initial Value Problems in Ordinary
Differential Equations”; Prentice-Hall: Englewood Cliffs, NJ, 1971. (b)
Hindmarsh, A. C. “GEAR: Ordinary Differential Equation System
Solver”; Lawrence Livermore Laboratory, Report UCID-30001(3), 1974.
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would probably be compensated for by a relatively small
adjustment of the final absorbance reading D. in the
pseudo-first-order kinetic equation, In [(D, - D.) /(D -
D.)] = ~kgpeqt. (4) Each simulation, after the adjustment
of D, to force a first-order fit, yields a value of k.5 and
(by eq 11) of m. The variation of m with the initial con-
centration ratio for the simulated data was compared to
that found experimentally, as depicted in Figure 3. The
best agreement occurred at the ratio kg/k; = 1.8 £ 0.1.

Interpretation and Discussion

Much work has gone before to establish the generality
of the mechanism represented by eq 1 and 2 in the case
of other halogenated compounds RX. The present results
appear completely consistent with this formulation as well.
The stoichiometry and products are in accord with eq 3,
and the rate law establishes the bimolecularity of the
rate-limiting step.

The question can be raised whether the reaction starts
with halogen atom abstraction and formation of a car-
bon-centered free radical (as in eq 1) or with transfer of
R and formation of a halogen atom X. The trapping ex-
periments, including the change in stoichiometry and re-
action rates, are clearly indicative of the former mechanism
which also has been supported in earlier work.2*® The
minor decrease in rate accompanying a large increase in
solvent polarity from benzene to acetone is further proof
of the nonionic character of the transition state, again
consistent with eq 1 being the rate-limiting reaction.

The rate of reaction between a given halide RX and the
compound Co(dmgH),L. depends upon the identity of the
axial base L, increasing in the order PPh; < pyridine <
4-methylpyridine. Ligand basicity increases in the same
order, at least as measured by the pK, values, which are
2.7, 5.3 and 6.1, respectively.'4!® The trend in reactivity
is consistent with a transition state for eq 1 in which
electron transfer from Co(Il) is enhanced by electron do-
nation from L onto the metal. The increases in rate along
this series are not large—about a factor of 10 between the
extreme members—and are comparable to the changes
noted earlier? for analogous reactions of PhCH,Br with
Co(dmgH),L.

Variation of the organic halide gives rise to pronounced
differences in the rate constant k; and the associated value
of AH*. For purposes of comparison, the rate constants
must be statistically corrected for the number of equivalent
reactive C~X bonds. On that basis the reactivity order
(and &, values for reactions of Co(dmgH),py in benzene)
are CCl, (0.14 M s71) < CHBr, (0.17) «< BrCCl, (938) <
CBr, (1145). The trend noted here is consistent with
previous work247¢18 on another point. Carbon~chlorine
bond cleavage occurs more slowly than carbon—bromine
cleavage in comparable compounds. The large difference
between CHBr; and the two more reactive bromides ap-
pears to lie in the differences in carbon-bromine bond
strength.

One approach to examining variations such as these in
a homologous series is to consider the variation of AH* with
the bond dissociation enthalpy of the reactive carbon-
halogen bond. The latter values are well established.” As
depicted in Figure 4, the two quantities show a good linear

(14) Huber, W. “Titrations in Non-Aqueous Solvents”; Academic
Press: New York, 1967.

(15) Jaffe, H. H.; Doak, G. O. J. Am. Chem. Soc. 1955, 77, 4441.

(16) Espenson, J. H.; Tinner, U. J. Organomet. Chem. 1981, 212, C43.

(17) (a) Mendenhall, G. D.; Golden, D. M.; Benson, S. W. J. Phys.
Chem. 1978, 72, 2707. (b) Furuyama, S.; Golden, D. M.; Benson, S. W.
J. Am. Chem. Soc. 1969, 91, 7564. (c) King, K. D.; Golden, D. M.; Benson,
S. W. J. Phys. Chem. 1971, 75, 987.
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Figure 4. The enthalpy of activation associated with halogen
atom abstraction reaction of eq 1 is linearly correlated with the
bond dissociation enthalpy for the given polyhalomethane (O).
The correlation does not extend to benzyl bromide, however (0).

correlation. The point cannot be taken too far, however;
if systems outside the group of polyhalomethanes are
considered (e.g., PACH;Br), the correlation is lost. Pre-
sumably in such cases, the stability differences among the
different carbon-centered free radicals being formed at the
transition state now play a deciding role in influencing the
activation and bond enthalpies.

The values of AS* are quite negative, -19 to -30 cal mol™
K (Table II), as were values of AS* reported previously®
for the analogous reaction of benzyl bromide with Co-
(dmgH),PPh; (-32 cal mol K™) and Co(dmgH,)py (-29
cal mol™ K1). These values are not explained by solvation
effects, since reactants and products are uncharged and
since the results were obtained in the relatively nonpolar
solvents acetone and benzene. Instead, we suggest that
the values of AS* imply a highly ordered transition state.
Of many possible collision complexes formed during en-
counter of Co(dmgH),L and RX in the solvent cage, only
a small proportion would be likely to occur with an ori-
entation suitable for halogen atom transfer. In addition,
the participants in a gas-phase association reaction expe-
rience a large loss of translational entropy in their com-
bination.

The effect of 4-HTMPO on the stoichiometry and ki-
netics is accurately modeled as arising from the reactions
of eq 2 and 6 and afford an estimate of the ratio kg/k; =
1.8. The absolute value of each of these rate constants is
not known, although an estimate k5 = 1.5 X 108 M sl is
based on the value'? for addition of ¢-C;Hy and other
carbon-centered radicals to 4-HTMPO can be made. On
the basis of this estimate, k; ~ 8 X 10’ Ml s, The latter
can be compared to the rate constants for the capture of
other aliphatic radicals by cobalt(II) complexes in Co~C
bond-forming reactions: R. + Co(Meg[14]4,11-diene-
N)(OHy),*, (1-7) X 108 M 57! (R- = CH,),'* 8 X 107 (R:
= .CH,CHO0),"®* 7 X 10" (R- = .CH,0H),’? 3 X 10" (R. =
CH(CH,)OH),*® 4 X 107 (R- = .CH(CH,NH;*)OH),'® and
~1 % 107 (R- = .CHOHCH,OH).!* On the basis of these
comparisons, we believe the estimates of k, and kg are at
least roughly correct.

The lack of effect on kg, of 1-octene (to 135-fold excess
using Co(dmgH),PPh; in benzene) is probably due to its
inability to compete with Co(dmgH),PPh;, for reaction
with «CCl,;. Considering the level of experimental uncer-
tainty, we place a limit <6 X 10* M™! 51 on the second-
order rate constant for addition of -CCl; to the olefin. No
values have been reported for this rate constant, but values
in the range (5~30) X 10® M s! are found for -CH; +
olefins,? suggesting that the lack of kinetic effect of 1-
octene merely reflects its low reactivity with -CCl; as

(18) (a) Roche, T. S.; Endicott, J. F. Inorg. Chem. 1974, 13, 1515. (b)
Tait, A. M.; Hoffman, M. L.; Hayon, E. Int. J. Radiat. Phys. Chem. 1976,
8, 691.

(19) Elroi, H.; Meyerstein, D. J. Am. Chem. Soc. 1978, 100, 5540.

(20) Thomas, J. K. J. Phys. Chem. 1967, 71, 1919.
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compared to the rate of the reaction of eq 2.

Experimental Section

Materials. The solvents used for quantitative work were
acetone and benzene. Experimental results (spectra, kinetics)
were identical with the reagent grade solvents as compared to
purified samples. Acetone was purified by distillation from the
sodium iodide complex and benzene by distillation from P,Og after
being washed with sulfuric acid and then with HyO or by fractional
crystallization from ethanol.

The organic halides were dried over anhydrous calcium chloride
and distilled from P,05 (CCl, and BrCCly) or under vacuum from
CaCl; (CHBry), except for CBr,, which was recrystallized three
times from absolute ethanol and dried under vacuum. The pu-
rified materials were stored in the dark under nitrogen or argon.
4-Hydroxy-2,2,6,6-tetramethylpiperidinyloxy (Aldrich) was re-
crystallized twice from acetone. 1-Octene was dried over mag-
nesium sulfate and distilled onto anhydrous calcium chloride.

The cobalt(II) cobaloximes, Co(dmgH),-2L, and the organo-
cobaloximes, RCo(dmgH),L—with R = CH,;, CHBr,, and CH-
(CHj), and with L = 4-methylpyridine, triphenylphosphine, or
pyridine—were prepared by standard methods.>** Elemental
analyses, UV-visible spectra, and 'H NMR spectra agreed ex-
cellently with calculated or known values. For the reasons cited
by Halpern,?*® the major Co(II) species in benzene and acetone
solutions is the five-coordinate complex Co(dmgH),L. This is
consistent with the very low formation constant of Co(dmgH),py,
in methanol.?? We have not made allowance for formation of
Co(dmgH),(solv), although it is important in methanol at similar
concentrations,? in view of the higher stability constants in the
poorly coordinating solvents used in this work. Consistent with
these assumptions, kinetic experiments using cobalt(II) solutions
prepared from either the solid cobalt(II) derivative Co(dmgH),L,
or by photolysis of RCo(dmgH),L gave the same rate constants.

Stoichiometry and Kinetics. Spectrophotometric titrations
were done by injecting successive 5-uL volumes of a standard
solution of organic halide into a solution containing a known
volume and concentration of Co(dmgH),L in the desired solvent.
The latter solution was contained in a cylindrical quartz spec-
trophotometer cell. All solutions were made up under rigorously
anaerobic conditions, and transfers were made so as to exclude
air. The absorbance was recorded after each addition of halide,
at the maximum for the Co(II) complex, A 420 nm (e 3.55 X 10°
M1 cm™) for Co(dmgH),py in benzene or A 460 nm (¢ 2.67 X 10°
M em™) for Co(dmgH),PPh; in acetone.

The kinetic determinations, also strictly anaerobic, were done
by using conventional methods or flash photolytic methods, as
required by the particular system. The progress of the reaction
was monitored spectrophotometrically, usually by recording the

(21) Schrauzer, G. N, Inorg. Synth. 1968, 9, 61.

(22) Yamazaki, N.; Hohokabe, Y. Bull. Chem. Soc. Jpn. 1971, 44, 63.

(23) Simandi, L. L; Budé-Z&honyi, E.; Szeverémyi, Z.; Németh, S. J.
Chem, Soc., Dalton, Trans. 1980, 276.
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absorbance at a single wavelength with time, occasionally by
intermittent spectral scans from 600 to 400 nm. In the former
situation the monitoring wavelength was A, of the particular
Co(I1) complex in the given solvent, A 420-460 nm.

In addition to using the independently synthetized cobalt(II)
complex for kinetics, some experiments were done by generating
it in situ with use of visible flash photolytic decomposition of
(CHy),CHCo(dmgH),L in benzene solutions also containing RX.
This method employed a Xenon Corporation Model 710 flash
photolysis unit operated at 250 J according to procedures described
previously.?® This was particularly useful for rapidly reacting
halides, BrCCl; and CBr,. In such cases the temperature was
adjusted to the desired value prior to photolysis, but the accurate
value was measured with a thermistor thermometer immediately
after the reaction was complete.

All of the kinetic runs were conducted by using a large stoi-
chiometric excess of organic halide over cobalt(I) complex. The
data for each run followed a pseudo-first-order rate law, -d[Co-
(ID)]/dt = kypg[Co(ID)]. The rate constants were calculated by
using standard graphical or computer-implemented least-squares
techniques.

Product Separations., The organocobaloximes are easily
separated from the inorganic (halo) cobaloximes except in the
case of the trihaloalkyls. With bromoform, for example, the
reaction of 2.46 g of Co(dmgH)y2py (5.6 mmol) with 23 g of CHBr;
(91 mmol) in 50 mL of benzene yielded 2.5 g of mixed product
after precipitation with hexane. Chromatography of portions of
the latter in 4% ethanol-carbon tetrachloride on silica gel caused
yellow Br,CHCo(dmgH),py to separate cleanly, followed by brown
BrCo(dmgH);py which was eluted with 1:1 ethanol/carbon tet-
rachloride. The solids obtained after evaporation each gave correct
'H NMR spectra and elemental analyses. For Br,CHCo-
{dmgH),py: 'H NMR (CDCly) 6 2.2 (s, 12 H), 5.75 (s, 1 H). Anal.
Calcd for CoC HyoN;O0,Bry: C, 31.08; H, 8.73; N, 12.94. Found:
C, 30.79; H, 3.74; N, 12.64. For BrCo(dmgH),py: 'H NMR
(CDClg) 6 2.41 (s, 12 H). Anal. Calcd for CoC,3H;oN:;OBr: C,
34.84; H, 4.27; N, 15.63. Found: C, 35.34; H, 4.54; N, 15.58.

Computer Simulations. The numerical computations using
Gear’s method used a standard program.!3® The computations
were performed on an IBM 3600 computer.
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Gas-phase, ultraviolet photoelectron (PE) spectra and approximate molecular orbital (MO) calculations
are reported for the clusters (u-H)3Rug(CO)g(us-CX) (X = H, Cl, Br). Comparison of the results with those
for Ru3(CO),, suggests that the Ru-H-Ru interaction is best described as a three-center, two-electron
hydrogen bridge without direct Ru-Ru bonds. The Ru-C bonding is best described as an sp-hybridized
C, which forms delocalized Ru~C-Ru bonds with the remaining C 2p= orbitals. The sp “lone pair” on the
CX moiety is not delocalized onto the cluster and retains considerable C character. In the related Co clusters
Co3(CO)g(u3-CX) the highest occupied orbital (HOMO) is involved in the Co-Co bonding while in the Ru
clusters the HOMO is mainly Ru~C in character. This difference should be reflected in the chemistry

of these species.

Introduction

Recently, Keister! synthesized the first nonacarbonyl-
tris(u-hydrido) (us-alkylidyne)-triangulo-triruthenium
cluster, (u-H)3Ru3(CO)g(us-CY), 1, with a chemically ac-
tivated Y group (Y = OCH,;). Substitution reactions at
the apical carbon have opened up an extensive new area
of chemistry involving hydrido-bridged triangulo-metal
clusters. The chemistry is similar to the isoelectronic
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nonacarbonyl(us-alkylidyne)tricobalt clusters, 2, which
have been extensively studied,? but the Ru complexes
undergo some reaction which have not been observed in
the Co systems. Both the hydridoruthenium and the co-
balt complexes show large M;CX* and M3C* peaks in the
mass spectra’? of the halide derivatives, a result suggesting
strong cluster bonding. It has not been determined
whether the hydrido hydrogens are still attached to the
Ru clusters.

Although many of the general features of the bonding
are understood,? there remain some questions. One, what
is the best description of the carbon-ruthenium bonding?
Recently, photoelectron (PE) spectra have been reported
for the Cog(CO)s(us-CY) clusters,* and our comparison with
molecular orbital (MO) calculations indicated that the
hybridization of the apical carbon atom is closer to sp than

(1) Keister, J. B.; Horling, T. L. Inorg. Chem. 1980, 19, 2304.

(2) (a) Seyferth, D. Adv. Organomet. Chem. 1976, 14, 97. (b) Seyferth,
D., Eschback, C. S.; Nestle, M. O. J. Organomet. Chem. 1975, 97, C11.
(c) Seyferth, D.; Williams, G. H.; Eschbach, C. S.; Nestle, M. O.; Merola,
J. S,; Hallgren, J. E. J. Am. Chem. Soc. 1979, 101, 4967 and references
within the article.

(3) Schilling, B. E.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 6274;
1979, 101, 3456.

(4) (a) Chesky, P. T.; Hall, M. B. Inorg. Chem. 1981, 20, 4419 (Part
1). (b) Costa, N. C. V,; Lloyd, D. R.; Brint, P.; Pelin, W. K.; Spalding,
T.R. J. Chem. Soc., Dalton Trans. 1982, 201. (c¢) Granozzi, G.; Tondello,
E,; Ajo, D.; Casarin, M.; Aime, S.; Osella, D. Inorg. Chem. 1982, 21, 1081.
(d) Xiang, S. F.; Bakke, A. A,; Chen, H.-W.; Eyermann, C. J.; Hoskins,
dJ. L,; Lee, T. H.; Seyferth, D,; Withers, H. P., Jr.; Jolly, W. L. Organo-
metallics 1982, 1, 699. (e) Wong, K. S,; Dutta, T. K.; Fehlner, T. P. J.
Organomet. Chem. 1981, 215, C48.

sp® with highly delocalized metal to carbon bonds.42 Two,
to what extent do the bridging hydrides disrupt the
metal-metal bonds which are present in the “isoelectronic”
triangulo-cobalt complexes? Fehlner et al.*® recently
studied (u-H);Fe3(CO)g(us-CCHj) and its cobalt analogue.
They interpreted the PE spectra of these compounds, on
going from the Co complex to the Fe complex, as a loss
of ionizations due to the metal-metal bonds and a gain in
ionizations due to the Fe~-H-Fe bonds. They did not
comment on the magnitude of any direct Fe-Fe interac-
tions remaining in these Fe-H-Fe bonds. Likewise, Green
et al.® compared Os3(CO)y, and (u-H);Rey(CO),; and ar-
rived at a similar conclusion. Our recent PE spectra and
MO calculations on 0s3(CO),, and (u-H),0s,(CO),, suggest
some remaining direct Os—Os interaction in this double
hydrogen bridge.®

To determine the electronic structure of these Ru com-
plexes, we recorded the PE spectra of (u-H);Rus(CO),-
(us-CY) (Y = H, C], Br). These spectra are analyzed by
comparison with PE spectra of three related systems: (1)
Ru;(CO)y,, whose spectrum establishes the positions of the
Ru bands in a simple triangulo-ruthenium carbonyl
cluster, (2) Co analogues whose spectra? establish the be-
havior of the metal-carbon bonds upon substitution of the
Y group at the ps-carbon, and (3) other complexes con-
taining M-H-M bridges. These results are coupled with
Fenske-Hall MO calculations which qualitatively predict
the order of the ionizations. Analysis of the molecular
orbitals is used to determine which MO’s contribute to the
Ru-Ru, Ru-C, and Ru-H bonds and to determine the
relative strength of these bonds.

Experimental and Theoretical Section

Preparation. All the hydridoruthenium complexes were
prepared! and kindly given to us by Professor J. B. Keister
(SUNY—Buffalo). Ruthenium carbonyl, Rus(CO),,, was pur-
chased from Strem Chemical Co.

Spectroscopy. The PE spectra were all recorded on a Per-
kin-Elmer Model PS-18 spectrometer. The total spectrum was
recorded as a single slow scan, and the argon 2Py, and P, ), lines

(5) (a) Green, dJ. C.; Mingos, D. M. P.; Seddon, E. A. Inorg. Chem.
1981, 20, 2595. (b) Green, J. C.; Seddon, E. A. Mingos, D. M. P. J. Chem.
Soc., Chem. Commun. 1979, 94. (c) Green, J. C.; Mingos, D. M. P,;
Seddon, E. A. J. Organomet. Chem. 1980, 185, C20. (d) Delley, B.;
Manning, M. C,; Ellis, D. E.; Berkowitz, J.; Trogler, W. C. Inorg. Chem.
1982, 21, 2247,

) (6) Sherwood, D. E., Jr.; Hall, M. B. Inorg. Chem. 1982, 21, 3458 (Part
2).
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at 15.76 and 15.94 eV were used as an internal reference. The
resolution for all spectra was better than 30 meV for the fwhm
of the Ar ?P, , peak. The spectrum of Rug(CO),, has a low signal
to noise ratio because more rapid sublimation at a higher tem-
perature was found to cause substantial decomposition in the
spectrometer. Samples of (u-H)sRu3(CO)g(14-CY) (Y = H, C}, Br),
which are slightly air sensitive, were kept under an Ar atmosphere
and loaded into the spectrometer in a glovebag. All spectra were
run at the lowest sublimation temperature possible, and even
under the mildest conditions some decomposition was noted as
a spike in the spectra at the position of free CO (14.05 eV). Only
the Y = H derivative was completely stable in the spectrometer.

Theoretical Data. Fenske-Hall MO calculations’ were per-
formed on an Amdahl 470 V/6 computer at Texas A&M Univ-
ersity. The ruthenium basis functions were those of Richardson
et al.? for Ru 4d” and were augmented by a 5s and 5p function
with an exponent of 2.20. The carbon, oxygen, and halogen
functions were taken from the double-{ functions of Clementi.?
An exponent of 1.20 was used for the hydrogen 1s function.
Mulliken population analysis was used to determine the individual
atomic charges and atomic orbital populations. Overlap popu-
lations between atoms were calculated and used to estimate
relative bond strengths.

The geometry of the cluster was based on the X-ray crystal
structure of the Y = CHj derivative of Sheldrick and Yesinowski.'0
The bridging hydrogens were placed below the plane of the Rug
atoms on the opposite side from the apical carbon in the manner
of Sheldrick and Yesinowski, which was consistent with the NMR
work of Buckingham et al.!! on the methyl derivative. The cluster
fragment geometry was idealized to Cj3, and was fixed at this
geometry for all calculations. The C-Y bond distances were taken
from standard tables. Our final geometry is very similar to that
recently reported for (u-H);Rug(CO)y(us-CCl) from a low-tem-
perature crystal structure.l?

Results and Discussion
Ultraviolet Photoelectron Spectroscopy and Mo-
lecular Orbital Calculations of Ru;(CO);,. Although
the PE spectrum of Ruy(CO),; has been discussed previ-
ously,? it is reproduced and discussed here so that it may
be compared to those of (u-H)zRu3(CO)y(us-CY). Ruthe-
nium carbonyl, 3, can be viewed as a combination of three

~ 4

I\
.:\Riu/..______..Rlu/">
-1,

3

pseudooctahedral Ru(CO), fragments. The results of
Fenske—Hall molecular orbital calculations on Ru(CO), and
Ru;(CO);, were used to produce the molecular orbital
diagram shown in Figure 1. The MO indexing begins with
the first orbital which is higher in energy than the C 5«
— M d, bonds.

First, we consider the isolated Ru(CO), fragment (left
side of Figure 1). The orbitals can roughly be grouped into
three sets: a pseudo-t,, set containing the three metal
orbitals which have lobes pointing off the Ru-C internu-
clear axis and are stabilized by M d, — CO 2« back-do-
nation, a pseudo-e, set containing the two metal orbitals
which have lobes pointing along the Ru~C internuclear axis

(7) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768.

(8) Richardson, J. W.; Blackman, M. J.; Ranochak, J. E. J. Chem.
Phys. 1978, 58, 3010.

(9) Clementi, E. IBM J. Res. Dev. 1965, 9, 2.

(10) Sheldrick, G. M.; Yesinowski, J. P. J. Chem. Soc., Dalton Trans.
1975, 873.

(11) Buckingham, A. D.; Yesinowski, J. P.; Canty, A. J.; Rest, A. J. J.
Am. Chem. Soc. 1973, 95, 2732.

(12) Zhu, N. J.; Lecomte, C.; Coppens, P.; Keister, J. B. Acta Crys-
tallogr., Sect. B 1982, B38, 1286.
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Figure 1. Molecular orbital diagram for the formation of Rug-
(CO),; from three Ru(CO), fragments. The relative separation
of molecular orbitals is based on the results of Fenske-Hall
molecular orbital calculations.

and are destabilized by C 5¢ — M d, donation, and a
pseudo-a;,; orbital which is primarily Ru 5s and 5p in
character. The calculated splitting among the pseudo-ty,
levels is small, they are all doubly occupied, and the
pseudo-ty; electrons can be described as Ru “lone pairs”.
The “ty—e,” splitting (10Dgq) is large, a result which is
consistent with the large crystal field splitting of the CO
ligand and the second transition-series metal, Ru. Within
the pseudo-e, set the 1b, orbital is lower in energy than
the 2a, orbital because the 1b, orbital is destabilized by
only two carbonyl donors, whereas the 2a, orbital is de-
stabilized by four carbonyl donors. The pseudo-e, orbitals
contain a total of two electrons in the neutral ﬁu(COh
fragment. The pseudo-a,, orbital (3a,), which is metal in
character, is at higher energy because it is composed
mainly of Ru 5s and 5p atomic orbitals.

When three Ru(CO), fragments are brought together to
form the united Rus(CO),, molecule, there will be little
mixing between the pseudo-t,; orbitals and the pseudo-e,
orbitals because the “tzf - ¢, splitting is large for Ru(CO),.
The pseudo-t,, orbitals form a bonding set, {t,;}, and an
antibonding set, {t,,*}, with respect to metal-metal bond-
ing. Fenske—Hall calculations predict the ratio of orbitals
{tog/{tag*} to be 4/5 with a small splitting between them.
Since all of these pseudo-t,, levels are doubly occupied,
they contribute little to the metal-metal bonds.

The orbitals lying along the Ru—-Ru internuclear axis are
mainly derived from the pseudo-e, orbitals of the Ru(CO),
fragments. These form a bonding set, {e,}, which is totally
occupied and an antibonding set, {e,*}, which is unoccupied.
The bonding {e,} transform as two degenerate orbitals
which are combinations of the Ru(CO), fragment 1b, or-
bitals, 4, and a nondegenerate orbital which is a symmetric
combination of fragment 2a, and 3a, orbitals, 5. The

Lot oo A

4 5
orbital shown in 5 is predicted to be the highest occupied
molecular orbital (HOMO), preserving the 1b, — 2a,
splitting of the Ru(CO), fragment orbitals. There is also
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Table I. Ionization Energies (eV) (:0.05)

band
molecule 1 I III v v V1
Ru,(CO),, 8.0 8.3 9.5 10.2
(4-H),;Ru,(CO),(1,-CH) 8.3 8.6 9.5 10.75 11.8 13.05
(u-H),Ru,(CO),(u,-CCL) 8.2 8.5 9.45 10.5 12.1¢ 13.3
(u-H),Ru,(CO)4(u ,-CBr) 7.95 8.4 9.4 10.2 11.7¢@ 12,9

% Weighted average.

a significant amount of Ru 5s and 5p bonding character
in the HOMO. The ratio of orbitals within the {e,} is 1/2.
The calculations predict that the splitting within the {e,}
is small compared to the {e,} — {to;*} splitting.

With these results in mind it is relatively easy to in-
terpret the PE spectra of Rug(CO),, (Figure 2a). The four
bands between 8.0 and 11.0 eV are the ionizations from
the manifold of metal orbitals. The CO 5¢ and 17 ioni-
zations begin at ~13 eV. Band IV arises from ionizations
of the {to.}, and band III arises from ionizations of the {t,*}.
Both bands have similar intensities, as predicted, and are
separated by about 1.0 eV. Bands I and II corresponds
to ionizations from the {e,}. The stronger peak at higher
ionization energy (I1E), II, corresponds to the doubly de-
generate (e} orbitals (4e). The lowest IE peak, I, is the
totally symmetric bonding combination of the {e,} set (3a;).
The {e,} ionizations are well separated from the {t,,*} and
{to] ionizations, as predicted.

i\lo attempt will be made to assign the features within
the {to,} or {to*} sets of ionizations, because there are several
closely spaced orbitals within each manifold. Our assign-
ments of the PE spectra (u-H)3Rus(CO)g(us-CY) (Y = H,
Cl, Br) will be based on the general features described
above.

Electronic Structure and Ultraviolet Photoelectron
Spectrum of (u-H);Ru3(CO)g(us-CH). The PE spectrum
of (u-H)3Ru3(CO)g(us-CH) is shown in Figure 2b and will
be described with reference to the parent carbonyl (Figure
2a). Two new bands (V and VI) appear in the high IE
region of the spectrum. Only band VI is observed in some
of the analogous Co spectra,* and this was assigned to
ionizations of an orbital with a high percentage of me-
thylidyne character. The other new band, band V in
Figure 2b, occurs at the position found for M-H-M ion-
izations in several complexes with hydrido-bridged met-
al-metal bonds.*® Band IV appears at a slightly higher
IE than the {t,,} band of Ruy(CO),,. Band III appears at
a slightly lower IE than the {t,;*} band of Ruy(CO),.
Presumably, bands III and IV contain some similar pseu-
do-ty, Ru(CO); fragment orbital interactions, but band III
is now much more intense than band IV. In the cobalt
analogues, ionizations from an orbital involved the bond
between the cobalt atoms and the C 2p orbitals have been
assigned to a peak slightly higher in IE than the Co
lone-pair ionizations. Thus, band IV may contain con-
siderable C character. Bands I and II appear similar to
those of the parent carbonyl, but as will be shown, they
are very different in character.

Although the hydridoruthenium alkylidyne complex is
closely related to the parent carbonyl, the electronic
structure is substantially more complex. In order to ex-
amine the bonding, we developed a hypothetical scheme
for the formation of (u-H);Rug(CO)g(us-CH) from Rus(C-
0O),2 in a stepwise manner. One can view this cluster as
the replacement of three CO moieties from Ruy(CO),, by
a CH?* cap, which would have three electron pairs to do-
nate to the three Ru atoms. Then the three bridging
hydrogens can be thought of as H* fragments which pro-
tonate the cluster.
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Figure 2. Ultraviolet photoelectron spectra of (a) Rus(CO),, and
the substituted nonacarbonyl alkylidyne clusters (u-H)sRus-
(CO)g(u3-CX), with (b) X = H, (c) X = Cl, and (d) X = Br.

The MO diagrams for building the cluster in this fashion
are shown in Figure 3. The MO diagram for Rus(CO)y,
has the experimental IE’s plotted with the assignments
given from the MO calculations. When three CO moieties
are removed and the remaining carbonyl groups are placed
at the positions found in the alkylidyne complex, the hy-
pothetical Rug(CO)q species preserves the orbital distri-
bution found in the PE spectrum of Rug(CO),,, the pattern
{taogh {to*}, and {e,). The calculations predict an interchange
of the 4e and 3a, orbitals and the appearance of a low-
energy acceptor orbital, 5e. The latter was previously used
to accept electrons from the three CO’s.

The molecular orbital diagram for [Rug(CO)g(us-CH)]J?-
is given in the third column of Figure 3. The three lone-
pair orbitals of CH* transform as an a, (C), which points
in the direction of the midpoint of the Ru, triangle, and
a degenerate e(C) set, which is the filled 2p, orbitals on
the C atom. The a,(C) orbital interacts strongly with the
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Figure 3. Molecular orbital diagrams for the stepwise formation
of (u-H)sRu3(CO)y(us-CH) from Ruy(CO)q5. See text for a detailed
discussion.

1ay of the {tog} of Rug(CO), forming a bonding combination,
the 1a, orbital of [Ruy(CO)y(us-CH)]?, and an antibonding
combination, the 3a, orbital of the trianion. The bonding
combination is mostly carbon “lone pair” in character and
would occur at a high IE. The Ru-C antibonding orbital,
the 3a,, although Ru-Ru ty; bonding, is pushed up into the
{tzs*} region. The C lone pair also interacts with the 3a,,
the Ru-Ru bonding orbital formed from the pseudo-e,
orbitals of the Ru fragment, and pushes it to lower IE. A
similar interaction occurs with the C 2p, orbitals, which
interact with the le orbital of the Ru(CO)y {to,}, forming
bonding and antibonding combinations. The bonding
combinations, the le of [Rus(CO)y(us-CH)]?, is mainly C
2p, in character. The antibonding combination, the 4e,
is destabilized to such an extent, that it is now among the
pseudo-e, orbitals. The 4e orbital also mixes in a sub-
stantial amount of the 5e orbital of Ruy(CO), and thus has
some Ru-C bonding interaction between the C 2p, and Ru
pseudo-e, orbitals.

The molecular orbital diagram for (u-H);Rug(CO)g(us-
CH) is shown at the right in Figure 3. The energies are
those found in the PE experiment, and the assignments
are based on the results of MO calculations on the complex.
The {e,} Ru-Ru bonds of [Rug(CO)g(us-CH)]* (4a; and 5e)
disappear because they are used in the Ru~H bonding
orbitals, the le and the 2a; of (u-H);Rug(CO)g(us-CH).
(The Ru—C interactions are essentially the same as before
protonation.) The symmetric combination of H orbitals
interacts with the 1a,, 3a;, and 4a, orbitals of the trianion,
producing the la,, 2a,, and 4a; orbitals. The 1a, orbital
is still mostly a Ru—C bonding orbital, while the 2a, orbital
is mainly Ru-H bonding in character. The 4a, is anti-
bonding between the Ru pseudo-t,; and both H and C and
is destabilized to such an extent that it is now the HOMO.
The le and 4e orbitals of the trianion interact to a small
extent with the e combination of H atomic orbitals causing
some t,—e, mixing in the le, 2e, and 5e orbitals of (u-
H);Rus(CO)s(us-CH). The le orbitals are mainly the
(H-{e,}) bonding orbitals which have a very small amount
of (H~{ty;}) character. The 2e is mainly (C 2p,—{ts}). The
5e has a very small amount of (H-{t,) antibonding
character but remains mainly the bonding combination of
C 2p, orbitals and Ru pseudo-e, orbitals.

Now, the spectrum of (M-H)gﬁu;;(CO)g(ﬂ;;'CH) can be
assigned in detail (IE values in Table I). Band V is the
ionization of the stabilized carbon “lone-pair” orbital, the
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Figure 4. Molecular orbital plots in the Ru-H-Ru plane of the
ruthenium hydrogen bonding orbitals in (u-H);Rus(CO)g(us-CH).
Part a is the totally symmetric 2a, orbital, and parts b and ¢ are
plots of the two orthogonal components of the 1e.

la;. Band V is the three M~H-M bonding orbitals, the
le and 2a;. Band IV is the (C 2p,~{t,,}) bonding orbital,
the 2e, and the remaining {t,} orbital, the 3a;. Band III
is the {to;*. Band II contains some (C 2p,—{t5,}) anti-
bonding character but is principally a (C 2p—{e,*}) f)onding
orbital, the 5e. Band I, due to the 4a, orbital, is mainly
a {to,} orbital which is antibonding with respect to Ru-C
and Ru-H interactions.

Molecular Orbitals of (u-H);Ru3(CO)g(us-CH). In
order to better understand the bonding in {(u-H)jRus-
(CO)g(u3-CH), we have made orbital plots of the important
Ru-C and Ru-H bonding orbitals. Solid contours and
dashed contours represent positive and negative values of
the wave function, respectively. The main Ru-H-Ru MO’s
are plotted in Figure 4. Both the 2a; and 1e orbitals are
more Ru-H character than Ru-Ru character because more
contours are crossed in the Ru~H direction than in the
Ru-Ru direction. One of the 1e orbitals (Figure 4c) has
a node at this H but is bonding in the other two Ru-H-Ru
planes. The other le orbital (Figure 4b) looks like of an
open three-center, two-electron (3-c, 2-e) bond as the hy-
brid on Ru is directed at the H. There is little direct
Ru-Ru bonding in the 1e as the contour along the Ru-Ru
direction is one-eighth of the maximum around H. The
2a, is somewhat different as the hybrid on Ru is directed
more toward the other Ru than the H. Thus, this com-
ponent looks more like a closed 3-c, 2-e bond. The contour
along the Ru-Ru direction is half of the maximum around
H, and the 2a, retains some Ru~Ru bonding. In a quali-
tative description one would usually assume that the same
hybrids on Ru would be used for both the 2a; and 1e. They
are not. At the simplest level the system would be de-
scribed correctly as three 3-c, 2-e Ru-H~Ru bonds without
a direct Ru~Ru bond. However, because of the bridging
H can stabilize the in-phase combination of Ru-Ru in-
teractions, there remains some degree of net Ru-Ru
bonding. This result is even more dramatic in the double
H bridge of (H'H)zOSa(CO)m-S .

The Ru-C interactions are more complicated, and in
order to display the interactions within a single orbital,
we have plotted three planes. One plane contains Ru and
C atoms and slices through the center of the Ru;C tetra-
hedron. Since this plane contains the region from the
midpoint of the Ru, triangle to the apical carbon, it will
be referred to as the interior plane. Although this plane
shows the Ru—-C bond, we have also plotted the perpen-
dicular plane which contains the Ru—C edge of the poly-
hedron. This plane will be referred to as the edge plane.
The third plane contains the other two ruthenium atoms
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Figure 5. Molecular

C sp—Ru ty, interactions. Three planes are shown for each orbital.
From left to right the planes are the following: a plane which
passes through the interior of the RusC tetrahedron (interior
plane), a plane perpendicular to the firat and containing the Ru
and C atoms (edge plane), and the Ru,C plane on the opposite
face of the Ru,C tetrahedron (face plane). Parts a—c are for the
bonding 1a, orbital. Parts d-f are for the 4a, orbital.

Figure 6. Molecular orbital plots for the two orthogonal com-
ponents of the 2e orbital. The planes and contouring are identical
with those of Figure 5.

and the carbon atom. This face of the RuyC “tetrahedron”
is opposite the Ru—C edge-bond for each orbital shown and
will be referred to as the face plane.

The C “lone-pair” orbital interacts strongly with one of
the symmetric combinations of Ru pseudo-t,, orbitals in
the {t,,} and forms the very stabilized 1a, orbital and the
very destabilized 4a, orbital. These orbitals are shown in
Figure 5. The plots of the 1a, in parts a, b, and ¢ of Figure
5 (the interior, edge, and face planes, respectively) all show
bonding Ru—C interactions. The corresponding plots of
the 4a, in parts d, e, and f of Figure 5 show an antibonding
interaction between the same Ru 4d orbital and the C
“lone-pair” orbital. The C “lone pair” is too stable to
interact effectively with the pseudo-e; orbitals on each
Ru(CO);. Thus, there is little net donation from this C
“lone pair” and only weak Ru—C bonding from the MO’s
of a; symmetry.

The two sets of doubly degenerate e orbitals, 2e and 5e,
involved in the Ru~C bonds are shown in Figures 6 and
7, respectively. The 2e orbitals represent bonding of the
C 2p, orbitals with the Ru pseudo-t,, orbitals {t;}. One
orbital of the 2e set has a nodal plane which passes through
the interior of the RusC cluster. This orbital has an in-
terior map that is zero everywhere (Figure 6a). As can be
seen from the edge map (Figure 6b), this is a Ru 4d,-C
2p, m bond in the sense that there is a node along the Ru—C
internuclear axis. However, the other two Ru atoms are
bonding in a ¢ manner on the opposite face (Figure 6c).
The other component of the 2e shows a Ru—C ¢ interaction

Figure 7. Molecular orbital plots for the two orthogonal com-
ponents of the 5e orbital. The planes and contouring are identical
with those of Figure 5.

through the interior which is localized toward the carbon
atom (parts d and e of Figure 6). The opposite Ru,C face
(Figure 6f) contains a delocalized face bonding orbital.

The 5e orbital (Figure 7) represents an antibonding (C
2p,~Ru {ty,}) interaction and a bonding (C 2p—{e,*}) in-
teraction; overall the orbitals are Ru—C bonding but i%u—Ru
antibonding. One of the 5e orbitals has a nodal plane
through the interior, and the interior map (Figure 7a) is
zero everywhere. The edge of this orbital is Ru 4d,—C 2p,
antibonding (Figure 7b) which negates the bonding of
Figure 6b. The bonding on the opposite face (Figure 7¢c)
is Ru~C 2p, o bonding. This is predominantly bonding
of the C with the pseudo-e, orbitals of the Ru atoms from
the {e *} set. In this face the 45° rotation of the metal
orbitais from those in Figure 6¢c is apparent. The other
orthogonal component of the 5e set is strongly bonding
along the Ru-C axis (parts d and e of Figure 7) and is a
more equal mixture of Ru and C than the 2e (parts d and
e of Figure 6). The face interaction in Figure 7f is the
antibonding counterpart of the face interaction in Figure
6f. The 2e orbital (Figure 6) is both ¢ and = bonding along
the edge and bonding in all faces. The 5e orbital enhances
the ¢ edge bonding but serves to cancel the = edge bond
and some of the facial bonding. The net bonding inter-
actions involve a Ru orbital pointed directly at the C atom
which is trans to a CO and are best described as two “3-c,
2-e¢” Ru—C-Ru bonds formed from the Ru3(CO), {e,*} and
C 2p, orbitals.

Some overall conclusions can be drawn from the orbital
plots just presented and the calculated overlap populations
of the Ru-Ru, Ru-C, and Ru-H bonds. Although the
pseudo-t% orbitals of the Ru(CO)4 groups interact with the
C 2p, orbitals, carbon lone-pair orbital, and symmetric
combination of H orbitals, there is little net Ru—C or Ru-H
bonding from this set because their antibonding coun-
terparts are also filled. On the basis of overlap populations
between the Ru 4d orbitals and the ligand orbitals, the
Ru-H bonds are 97% with the pseudo-e, orbitals and the
Ru~C bonds are 96% with the pseudo-e; orbitals. The

'direct Ru—Ru bonding interaction is small. On going from

Ruy(CO)y, to [Rus(CO)g(us-CH)1 the overlap populations
between the Ru 4d orbitals decreases by 30%. This is
because the 5e orbital of Ruz(CO)s, a member of the {e,*}
is used for bonding with the C 2p, orbitals. Upon pro-
tonation, the Ru—Ru 4d overlap populations are reduced
an additional 64% because the 4e of Ruy(CO)q is used to
form the Ru—H-Ru bonds. Hence, only about 6% of the
Ru 4d-Ru 4d bonding interaction is left compared with
Ru,(CO)y,. While calculations at this level are only ap-
proximate and overlap populations can be misleading, it
is clear that the H atoms seriously disrupt the metal-metal
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bonds compared with the parent molecule or the isoelec-
tronic (valence electrons) Cos(CO)g(us-CH).

Electronic Structure and Photoelectron Spectra of
(1-H);Ru3(CO)o(us-CX) (X = CI, Br). The electronic
structure of the halogen derivatives will be complicated
only by the presence of the halogen “lone pairs”. The
halogen “lone-pair” orbitals form a doubly degenerate e
combination. The Cl “lone pairs” are more stable and
should appear at a higher IE than the C 2p, orbitals. Since
they are of the same symmetry as the C 2p, orbitals, they
will interact with the same Ruy(CO), fragment orbitals and
will destabilize the orbitals with C 2p, character. Hence,
one expects that the orbitals in the halo derivatives, which
correspond to the 2e and 5e of the hydrido derivative, will
be pushed to lower IE. The halogen “lone pairs” may be
strongly delocalized into the clusters.

The PE spectrum of the chloro derivative is shown in
Figure 2¢. The new peak in band V (12.2 eV) corresponds
to the Cl 3p, ionizations. Band IV, which corresponds to
the 2e in hydrido derivatives, is pushed 0.25 eV to lower
IE. Band II, which corresponds to the 5e orbital of (u-
H)3Ru3(CO)g(us-CH) is pushed 0.4 eV to the lowest IE and
is now the HOMO. This assignment is made because the
relative intensity of the bands changes from 1/2 in the
hydrido complex to 2/1 in the chloro complex and because
the bands arising from e ionizations should be affected
more strongly than the other bands due to interactions
with the chlorine lone pairs. As is often the case, the
HOMO is most sensitive to the perturbation.

The PE spectrum of (u-H)3Ruz(CO)g(us-CBr) is shown
in Figure 2d. Bromine lone pairs are less stable than
chlorine lone pairs (the IE becomes lower as one goes down
a column in the periodic table). In band V the lone pair
ionizations move from the high IE side in the Cl derivative
to the low IE side in the Br derivative. Similarly, the C
2p, ionizations, which correspond to the 2e, move to the
leading edge of band IV and gain intensity from Br con-
tributions. Band I moves to a slightly lower IE, whereas
band II does not move from its position in the chloro
derivative, a result which is consistent with the assignment
of band I to an e orbital analogous to the 5e orbital of
(u-H)3Ru3(CO)g(us-CH).

Conclusions. The combination of PE spectra and MO
calculations provides an internally consistent description
of the bonding in the (u-H);Ru3(CO)g(us-CX) systems. The
Ru~H bonding is best described as three three-center,
two-electron bonds, which use the pseudo-e, orbitals {e,}.
The Ru-C bonding consists of a weak boncf with carbon
“lone-pair” donation to the symmetric orbital of the {e,}
and two degenerate bonds formed from the degenerate {e,*}
and C 2p, orbitals. The direct metal-metal interaction is
weak because the bonding and antibonding combinations
of metal orbitals are employed in Ru-C and Ru-H bond-
ing. The orbitals, which would be metal-metal bonding,
{e ), are now metal-ligand bonding and not available for
metal-metal bonding.

A remaining question is how to describe the hybridiza-
tion of the apical carbon atom. We have seen from the
molecular orbital plots that there is no net = bonding in
the Ru to C bond since orbitals with nodes along the Ru~C
internuclear axis cancel. There are, however, Ruz(CO),
{e;*1-C 2p, bonds, which are ¢ in nature since they are
directed along the Ru~C axis, but involve a C =»-type or-
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bital. The question of hybridization really involves the
degree of donation from the C “lone pair” or equivalently
the amount of C 2s character in the Ru-C bonds. Since
both the Ru-C “lone-pair” bonding (1a;) and antibonding
(4a;) MO’s are occupied, their is little net donation and
the Ru-C bonds are primarily 2p in character. Thus, as
in Co3(CO)g(us-CX), the hybridization at C is closer to sp
than sp?.

In spite of the similarity of Cog(CO)g(us-CX) and (u-
H);Ru3(CO)y(us-CX) there are some important differences
in the electronic structure. One difference is related to the
tilt of the M(CO); fragments. In the Co clusters, two CO’s
of the Co(CO), fragment are trans to Co—Co bonds, 6. The

Co Co Q
Dorew., ~nCo
— Clo —==Co
Co
N

remaining CO is almost perpendicular to the Co; plane,
7. This means that a Co pseudo-t,, orbital points toward
the apical carbon and not a pseudo-e, orbital. In the Ru
clusters, two CO’s of the Ru(CO); cluster are trans to the
Ru-H bonds which are below the Rug plane, 8. The re-
maining CO whose position is such as to preserve pseu-
dooctahedral symmetry is now trans to the apical C, 9.

Ru------ Ru
TR Ru:'-'.iiijgt:
S 7N
/Ru 9 H

g

Thus, there is a pseudo-e, orbital directed at the apical
carbon. In both systems fVI—C bonds are formed mainly
with the pseudo-e; set. The orbital which is (C 2p,~{e,*})
bonding in the Co clusters shows a bent bond outside the
Co4C “tetrahedron”,*® while that in the Ru clusters is di-
rected along the Ru,C edge (Figures 6 and 7).

Although relatively few comparisons of first and sec-
ond-row transition metals have been made with Fenske-
Hall MO calculations, our results suggest a significant
difference between the HOMO of the Ru and Co clusters.
In the Co clusters the HOMO is involved primarily in
Co-Co bonding, while in the Ru clusters it is involved
primarily in the Ru-C interaction. This difference should
be reflected in the chemistry of these and related systems
such as the cations Cos(CO)o(CCHR)* % and (u-H);0s,-
(CO)y(CCHR)*.13
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A New Organosilicon Synthon,
2,3,5,6-Tetrakis(trimethylsilyl)-1,3-cyclohexadiene. Versatile
Polyfunctionalization of o-Dichlorobenzene’
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Direct tetrasilylation of o-dichlorobenzene using the Me;SiCl/Mg/hexamethylphosphoramide (HMPA)
reagent at 140-150 °C affords a new organosilicon intermediate, 2,3,5,6-tetrakis(trimethylsilyl)-1,3-
cyclohexadiene, I, in 90% yield. This product is reactive in cycloaddition reactions with maleic anhydride
and dimethyl acetylenedicarboxylate. In the latter case, trans-1,2-bis(trimethylsilyl)ethylene and dimethyl
4,5-bis(trimethylsilyl)-o-phthalate, a precursor of 4,5-diodo-o-phthalic acid, were formed in quantitative
yield. Hydrolysis of I provides 3,6-bis(trimethylsilyl)-1,4-cyclohexadiene. Thus o-dichlorobenzene can
be converted selectively to 1,2-, 1,3-, or 1,4-bis-,1,2,4-tris-, or 1,2,4,5-tetrakis(trimethylsilyl)benzene, in-
termediates which serve in the regiospecific synthesis of 1,2-, 1,3-, 1,4-, 1,2.4-, and 1,2,4,5-functional benzenes,

respectively.

As a part of our studies of the synthesis of silylated
polyunsaturated hydrocarbons from aromatic precursors
as starting materials! we have focused our interest on the
use of polyhaloaromatic hydrocarbons and we have in-
vestigated the reactivity of o-dichlorobenzene. Complete??
or partial* silylation of this compound had been studied
previously, and (o-(trimethylsilyl)phenyl)- or (o-chloro-
phenyl)trimethylsilanes were obtained. We have rein-
vestigated the silylation reaction with use of more drastic
conditions.

Results and Discussion

In the presence of magnesium and with HMPA as the
solvent, trimethylchlorosilane reacted with o-dichloro-
benzene at 140-150 °C (eq 1). In order to identify. the

Cl

HMPA
@ + 4MesSICl + 3Mg 140-150 °C
3(MgCiz, 2HMPA)
Ct
MezSi SiMe3
Joag
I/’/ .
MesSi SiMe3z
I(90%)

product, we compared its *H NMR spectrum with those
of the tetrasilylated derivatives II-IV. These had been

SiMe3
Me3Si SiMe3z Me3Si SiMe 3
MezSi Me3Si SiMez
I III
MeaSi SiMe3z
MezSi SiMez

v
obtained in high (for II) or low (for III and IV) yields by
Brennan and Gilman® by silylation of p-dichloro-, p-di-

bromo-, or p-bis(trimethylsilyl)benzene with an excess of
the Me,;SiCl/Li/THF reagent.

tWith technical collaboration of Frangoise Pisciotti.

0276-7333/82/2301-1525$01.25/0

'H NMR data (8): I (in CCl,; HCCl; at 6 7.27 as the

" internal standard), two signals at 6.15 and 6.03 (two olefinic

H), two signals at 1.74 and 1.62 (two allylic CHS;i); IL? two
signals centered at 5.91 (two olefinic H), two signals cen-
tered at 2.67 (two biallylic CHSi); III,5 two signals centered
at 5.88 (two olefinic H), two signals centered at 2.42 (two
allylic CHSi); IV,5 one signal at 5.10 (four olefinic H), no
allylic CHSI.

Although NMR data of II-IV were not completely given,
one can easily note that the product we obtained is dif-
ferent from II and IV which had been identified with
certainty by Brennan and Gilman. We synthesized II from
p-bis(trimethylsilyl)benzene accor%iing to a route described
by us previously in the case of benzene (65% yield) and
found it unreactive in a Diels—Alder reaction with dimethyl
acetylenedicarboxylate. The structure of III was suggested
as such by the authors but was not proven. Consequently,
it was necessary to continue our study; the chemical
properties of I confirmed both the structure and the
stereochemistry proposed.

The Diels—Alder cycloaddition of I with maleic anhy-
dride afforded solid adduct V (eq 2). The NMR spectrum

0 MezSi
Me3Si

1+ |l P 175 °C 0 (2)

Me3zSi

V (60%)

of V showed the absence of ethylenic protons and the
presence of two Me,Si groups bonded to sp?carbon atoms

(1) (a) R. Calas and J. Dunogués, J. Organomet. Chem. Libr., 2, 277
(1976) and references therein; (b) M. Laguerre, J. Dunogues, R. Calas,
and N. Duffaut, J. Organomet. Chem., 112, 49 (1976); (c) M. Laguerre,
G. Féliz, J. Dunoguss, and R. Calas, J. Org. Chem., 44, 4275 (1979); (d)
Tetrahedron Lett., 22, 1227 (1981).

(2) (a) H. Clark, A. F. Gordon, C. W. Young, and M. J. Hunter, J. Am.
Chem. Soc., 78, 3798 (1951); (b) C. Eaborn, K. L. Laura, and D. R. M.
Walton, J. Chem. Soc. 1198 (1964); (c) C. Eaborn, and D. R. M. Walton,
J. Chem. Soc. B 15 (1969).

(3) P. Bourgeois and R. Calas, J. Organomet. Chem., 84, 16 (1975).

(4) J. Dunogués, E. Jousseaume, and R. Calas, J. Organomet. Chem.,
71, 377 (1974).

(5) T. Brennan and H. Gilman, J. Organomet. Chem., 12, 291 (1968).
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Scheme I
SIMG?,
Me 3SiC1/Mg/HMPA
iarge excess
o0 S
XIII (738%)
SiMes
H . g
Faccoo ——— regiospecific synthesis of
Cetlg reflux, ortho, meta, and para
60% yield difunctional benzenes
c SiMez
XIv /
Cl
SiMez SiMe3z
Me3SiCl/Mg/HMPA MeCCOH air
90—100 °C -MeCOOSiMe quant yields
quant yields
i MezSi
gromatization Me3S\ 3
XVI

Dieis- Alder

and two Me,Si groups bonded to sp*-carbon atoms (*H and
298j NMR spectroscopy) (cf. Experimental Section) and
is in agreement with structure V as shown and therefore
with I and is not compatible with the alternate structure
Va which should result form the reaction of IIIL

SiMez
Me3zSi SiMez SiMes
Me3zSi SiMez
SiMe3
VI
VII

Aromatization of I by refluxing in benzene in the
presence of chloranil provided a mixture of VI (6-12%)
and VII (~60%). These are precursors for tetra- or tri-
functional benzenes, respectively. This result confirmed
the structure of I. I underwent a Diels—Alder reaction with
dimethyl acetylenedicarboxylate, but the expected adduct
was not isolated. Dimethyl 4,5-bis(trimethylsilyl)-o-
phthalate, VIIL, and trans-1,2-bis(trimethylsilyl)ethylene,
IX, were formed quantitatively according to eq 3.

H
MezSi SiMez
MezSi COOMe
I + MeOOCC==CCOOMe —= %y
Si
Messi COOMe
MesSi COOMe MeSi
MesSi COOMe X

VIII

Since the difficult to prepare®’ cis isomer of IX is not
appreciably isomerized when heated to 150 °C,% we con-
clude that I has a trans structure. (Such Diels—Alder re-
actions do not involve epimerization.)

(6) V: reference given in V. Bagant, V. Chvalovsky, and J. Rathousky,
Academic Press, New York and London. Concerning the cis-bis(tri-
methylsilyl)ethylene; see also the 2nd and 3rd ed. of this dictionary.

(7) H. Bock and H. Seidl, J. Organomet. Chem., 13, 87 (1968).

regiospecific synthesis of 12,4 -and 1,2,4,5- tetrafunctional benzenes

1,2.4,5 - tetrafunctional benzenes

From a synthetic point of view, the Diels-Alder reaction
of I with dimethyl acetylenedicarboxylate has a double
advantage: (i) the simple and rapid synthesis of IX, a
useful precursor of 1,2 bifunctional ethylenes,® and (ii) the
possibility of access to 1,2,4,5 tetrafunctional benzenes
from either I or VIII. As an example, we studied iodination
of VIII, a regiospecific precursor of 4,5-diodo-o-phthalic
acid, which is a possible tracer for biological fluids.

I COOMe

ICI/CCly IC1/CCla
VIL =5 j@ Teflax
Me3Si COOMe

X 90%
I COOMe Messicty I

COOSiMe3
Nol/MeCN® Hy0
-Mel
I COOMe I

COOSiMe3

I : COOH

I COOH
XII (78%)

XI (86% overall yield)

During the course of the hydrolysis of XI the diiodo
monoacid ester XIa was identified (but not isolated) by
NMR spectroscopy. Me;Sil prepared in situ® was used for
the hydrolysis of the ester functions to avoid the possible
deiodination during the course of a normal saponification.
XII previously was very difficult to prepare since it was
isolated in only ~8% yield during the iodination of o-
phthalic acid under drastic conditions (long heating at 76
°C and rapid heating at 200 °C, in 50% fuming sulfuric
acid) together with a complex mixture of products.'

Hydrolysis of I in the presence of acetic acid led to
3,6-bis(trimethylsilyl)-1,4-cyclohexadiene, XV, which was
aromatized into the p-bis(trimethylsilyl)benzene, XVI, in
the presence of air. Since the Seyferth method!! permits

(8) (a) J.-P. Pillot, J. Dunogusés, and R. Calas, Bull. Soc. Chim. Fr.,
2143 (1975); (b) Synth. Commun., 395 (1979).

(9) G. A. Olah, S. C. Narang, B. G. B. Gupta, and R. Malhotra, J. Org.
Chem., 44, 1247 (1979).

(10) D. S. Pratt and G. A. Perkins, J. Am. Chem. Soc., 40, 221 (1918).





Tetrakis(trimethylsilyl)-1,3-cyclohexadiene

conversion of o-bis(trimethylsilyl)benzene to the corre-
sponding meta isomer, it is now possible to use o-di-
chlorobenzene for a regiospecific synthesis of ortho, meta,
and para difunctional benzenes. These observations are
summarized in Scheme I.

Experimental Section

Generally 'H NMR spectra were recorded on a Varian A 60
or Hitachi Perkin-Elmer R-24 B (60-MHz) instrument. Unless
otherwise specified, CCl, with HCCl; (6 7.27) as the standard was
used as the solvent for all NMR spectra, and results are given
as & values.

Trimethylchlorosilane and HMPA were used after distillation.
HMPA should be handled with great care since it has been found
to cause cancer in laboratory animals'® (handle in a cooker hood
until the acidic hydrolysis and neutralization are carried out).

Preparation of 2,3,5,6-Tetrakis(trimethylsilyl)-1,3-cyclo-
hexadiene. HMPA (200 mL), magnesium powder (Carlo-Erba,
Co d.459065; 10 g, 0.32 mol), and trimethylchlorosilane (80 g, 0,73
mol) were charged into a four-necked round-bottomed flask
equipped with a mechanical stirrer, a thermometer, a dropping
funnel, and a reflux condenser topped with a calcium chloride
tube. After the soltion was stirred 0.5 h in a oil bath heated to
about 150 °C, o-dichlorobenzene (14.7 g, 0.1 mol) in HMPA (100
mL) was added dropwise while the temperature was maintained
as indicated until the magnesium had been consumed (24-48 h).
During the course of the reaction, crystals of MgCly,2HMPA
appeared in the cold part of the vessel and precipitated during
the cooling. The mixture then was poured onto crushed ice in
the presence of an excess of HCI solution and extracted with ether,
and the ethereal layer was washed several times. The low boiling
products were removed under reduced pressure (25 torr). Then
I was isolated by distillation: bp 105-110 °C (0.1 torr); 33.1 g
(90%); IR 3030, 2970, 2910, 2860, 1540, 1415, 1265, 1255, 1185,
1105, 1035, 980, 880, 840, 760, 715, 705, 695, 640 cm™; 'H NMR
(part not given in the Results) & 0.20 (s, 9 H, SiMe;,), 0.33 (s, 9
H, SiMe,) (the resolution of the AA’XX’ spectrum due to the
hydrogen atoms ofthe ring did not improve at 270 MHz); #Si
NMR (17.87 MHz) (C¢Ds, lock CDCl;) 2.33 (allylic Si), -5.24
(vinylic Si); the molecular peak of I (M, m/e 368) was observed
in mass spectroscopy.

Anal. Caled for C gH,,Siy: C, 58.7; H, 10.9, Si, 30,4. Found:
C, 58.5; H, 10.7; Si, 30,2.

Diels-Alder Reaction of I with Maleic Anhydride. I (5
g, 136 mmol) was warmed for 6 h at 175 °C with maleic anhydride
(3 g, 304 mmol). After the mixture was cooled, the adduct V was
purified by chromatography (silica column, methylene chloride
eluent; 3.8 g (60%). V was identified by its mass spectrum peaks,
namely, at m/e 466 (molecular peak), 451 (M - 15) 438 (M - 28),
and 393 (M - 73). 'H NMR 6 0.20 (s, 9 H, SiMe;), 0.34 (s, 9 H,
SiMey), 0.40 (s, 18 H, 2siMes, 2 s at 90 MHz) 0.81 (m, 2 H, 2CHSi),
3.14 (m, 2 H), 3.80 (m, 2 H) ({CHC=0 and CHC=C not assigned);
2Gi NMR 6 -8.16 and -7.75 (28iC=C), +4.28 and +4.49 (2SiCC)
(SPI assignation).

Anal. Caled for C,,H,,048i¢ C, 56.65; H, 9.0. Found: C, 56.3;
H, 8.9.

Aromatization of I. A mixture of I (2.56 g, 7 mmol) dissolved
in benzene (30 mL) and chloranil (2.1 g, 8.5 mmol) was heated
at reflux for 24 h under an argon atmosphere. After the mixture
was cooled, pentane (100 mL) was added. The solution was
filtered and the pentane removed. By chromatography on Al,O;
VI (0.15-0.3 g (6-12 %); mp 170-171 °C) and VII (~3 g (~60
%); mp 45 °C) were isolated and identified by comparison with
authenatisc samples prepared according to previously reported
routes.”

(11) D. Seyferth and D. A. White, J. Am. Chem. Soc., 94, 3132 (1972).
High yields are observed from a few millimoles of XIII as reported by
these authors but from 0.1 mol of XIII the meta derivative XIV was
formed in 55-60% yields.

(12) (a) G. Félix, F. Pisciotti, J. Dunogués, and R. Calas, Angew.
Chem., 89, 502 (1977); Angew. Chem., Int. Ed. Engl. 16, 488 (1977); (b)
ibid., 18, 402 (1979). For previous studies, see the review of C. Eaborn,
J. Organomet. Chem., 100, 43 (1975).

(13) J. A. Zapp, Jr., Science (Washington, D.C.), 190 (1975).
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Synthesis of the 1,3,4,6-Tetrakis(trimethylsilyl)-1,4-
cyclohexadiene (IT). Using the route previously described for
the silylation of benzene,'* we synthesized II from p-bis(tri-
methylsilyl)benzene in 65% yield.

Diels-Alder Reaction of I with Dimethyl Acetylenedi-
carboxylate. I (3.68 g, 10 mmol) and dimethyl acetylenedi-
carboxylate (1.42 g, 10 mmol) were heated for 48 h at 175 °C. After
the mixture was cooled, a 'H NMR spectrum of the reaction
mixture indicated the quantitative formation of trans-1,2-bis-
(trimethylsilyl)ethylene, IX (*H NMR 6 0.05 (s, 18 H, 2SiMe,),
6.56 (s, 2 H, CH=CH"'%)), and 4,5-bis(trimethylsilyl)-o-phthalate,
VIII (*H NMR 4 0.52 (s, 18 H, 2SiMe;), 4.23 (s, 6 H, 2COOMe),
7.90 (s, 2 aromatic H)).

Anal, Caled for CgH,0,8i;: C, 56.8; H, 7.7. Found: C, 56.9;
H, 7.5.

IX and VIII were separated on a silica gel column by using first
pentane and then pentane/methylene chloride (1/1 vol) as the
eluent (90% yield).

IX also was identified by comparison with an authentic sample
synthesized according to ref 7. The structure of VIII was con-
firmed by mass spectrometry (molecular jons at m/e 338, 323 (M
- 15)*, 307 (M - 31), 279 (M - 59), etc.) and by its chemcial
behavior (see below).

Attempts to effect a Diels—Alder reaction between II and
dimethyl acetylenedicarboxylate under similar conditions were
unsuccessful.

Iodination of VIII. ICI (6 g, 37 mmol) was added dropwise
to a stirred solution of VIII (3.4 g, ~10 mmol) in CCl, (30 mL).
The mixture was heated at reflux for 24 h, cooled, diluted with
ether (100 mL), and washed with an aqueous solution of sodium
thiosulfate and then several times with water. The ethereal layer
was dried over sodium sulfate, and the low boiling point products
were removed. Remaining 4,5-diodo-o-phthalate, XI, was re-
crystallized from ethanol; mp 117 °C; 86% yield; 'H NMR 4 3.82
(s, 6 H, 2COOMe), 8.05 (8, 2 aromatic H); mass spectrum, m/e
446 (molecular peak) 415 (M - 31),384 (M - 62), 356 M -62 -
28), 127 (I).

By reaction of IC1 (1.63 g, 10 mmol), VIII (3.4 g, 10 mmol} and
CCl, (30 mL), 4-iodo-5-(trimethylsilyl)-o-phthalate, X, was formed:
yield 90%; *H NMR 6 0.50 (s, 9 H, SiMe,), 3.83 (s, 6 H, 2CO0Me),
7.63 (s, 1 aromatic H), 8.07 (s, 1 aromatic H).

Hydrolysis of XI into the 4,5-Diodo-o-phthalic Acid (XII).
XII (~1 g, 78% yield) was obtained from XI (1.5 g, 30 mmol),
Nal (7.5 g, large excess), Me;SiCl (5.5 g, 50 mmol, large excess),
and anhydrous MeCN (50 mL according to the procedure reported
by Olah et al.,? with only the reaction time longer, 80 h). XII was
recrystallized from boiling acetic acid: mp 218-220 °C (uncor-
rected) (lit.}* mp 221-222 °C); identified by its mass spectrum
(molecular peak M, m/e 418, very weak, regarding the main peaks
at m/e 400 (M - 18), 356 (M ~ 18 - 44), 229 (M ~ 18 - 44 - 127),
201 (M - 217), 127 (corresponding to the presence of iodine), 74
(corresponding to C¢Hy)); IR (COOH)»(OH) between 3700 and
3000 cm™; 'H NMR disappearance of the COOMe groups. The
corresponding anhydride (mp 217 °C) aslo was obtained according
to ref 10.

Before the reaction was complete the monoacid ester was ob-
served by !H NMR spectroscopy (presence of 1 H (COOH ex-
change with D,;0), 1CH3(COOMe), and two singlets (1 H) in the
region of the aromatic H).

Hydrolysis of I in the Presence of Acetic Acid. A mixture
of I (5.62 g, 15 mmol) and acetic acid (3.4 g, 57 mmol) was refluxed
for 16 h, cooled, diluted with CCl,, treated with aqueous Na,CO,
for 3 h, then washed several times with water, and dried over
MgSO0,. The volatiles were removed under reduced pressure (25
torr) to give a residue of 3,6-bis(trimethylsilyl)-1,4-cyclohexadiene,
XV. In the presence of air XV underwent aromatization affording
XVIL» XV and XVI were identified by comparison of their
properties with those of samples synthesized according to ref 1b.

Synthesis of o-Bis(trimethylsilyl)benzene (XIII). We used
our previously reported route,®4 and X111 was obtained in 73%
yield.

Synthesis of m-Bis(trimethylsilyl)benzene (XIV). Isom-
erization of XVIII (22.2 g, 0.1 mol) according to the method

(14) J. Dunogués, J.-P. Pillot, and R. Calas, C. R. Hebd. Seances Acad.
Sci., Ser. C, 278, 467(1974).
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reported by Seyferth and White!! afforded XIV in 50-60% yield.
XIV also was identified by comparison with an authentic sample.
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Thermolysis Mechanism of Symmetrical and Unsymmetrical
Dialkylplatinum(I11) Complexes with Tertiary Phosphine Ligands.
Controlling Factors for 3 Elimination
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A series of symmetrical and unsymmetrical cis-dialkylplatinum(II) complexes with tertiary phosphine
ligands cis-Pt(R,)(Ry)L, (R,, Ry = Me, Et, n-Pr, i-Pr, n-Pr, i-Bu, n-pentyl, C;HPh, C;H,CsH,-p-OMe;
L, = (PPh,),, (PPhMe,),, dpe) has been prepared by reactions of Pt(R,)CIL, with alkylating reagents such
as RyLi and RyMgX. These complexes are characterized by elemental analyses and IR and NMR (*H and
S3IP{lH}) spectroscopy as well as by chemical reactions. Thermolysis of the dialkylplatinum complexes gives
only the disproportionation products of the two alkyl groups via 8 elimination. A kinetic study of the
thermolysis reveals the existence of the nondissociative path in addition to the dissociative one. In the
presence of an excess of PPhg, thermolysis proceeds mainly via a nondissociative path in which the liberation
of olefin after facile reversible 3 elimination is probably rate determining. When the thermolysis of the
unsymmetrical cis-Pt(R,)(Ry)L, type complex is carried out in the absence of excess PPhg, the relative
rate of 8 elimination involving the R, group to that involving the Ry group is proportional to the ratio of
the number of 8-hydrogen atoms in the R, group to that in the Ry group.

Introduction

Transition-metal complexes having metal-to-carbon
bonds play crucial roles in various organic reactions cat-
alyzed by transition metals. Understanding the behavior
of these transition-metal alkyl complexes is of fundamental
importance in the elucidation of the metal-promoted
catalytic processes. Recent studies on the thermal de-
composition of isolated transition-metal alkyl complexes
have shed some light for understanding the stability and
reactivity of transition metal-to-carbon bond.! For tran-
sition-metal dialkyl complexes several thermolysis path-
ways are possible: (1) homolytic cleavage of the M—-C bond
(radical pathway); (2) reductive elimination (coupling re-
action); (3) 8 elimination (disproportionation of two alkyl
groups); (4) other pathways (« or v elimination).

Among them, the B-elimination process is the most
frequently observed thermolysis pathway. Clarification
of the factors controlling the thermolysis pathway through
3 elimination is essential in understanding the mechanisms
of the catalytic processes involving olefins and for design
of organic syntheses utilizing transition-metal catalysts.

Dialkylplatinum(II) complexes, among other transi-
tion-metal alkyls, serve as excellent models for studying
the B-elimination process since thermal decomposition of
PtR,L, results in the clean disproportionation liberating

alkane, RH, and alkene, R(-H), in a 1:1 ratio.
PtR,L, — RH + R(-H) + Pt(0) complexes

Whitesides proposed a dissociative mechanism for the
decomposition of Pt(n-Bu)y,(PPh;), and pointed out the
importance of blocking the site for 8 elimination by the
ligand in increasing the stability of the complex.? Reger
also showed that an open coordination site on iron, formed
by ligand dissociation, is required for 3 elimination from
Fe(Cp)(CO)(PPhy)R to occur.? Recently, the steric in-
fluence of the ligands in trans-PdEt,L, in the dispropor-
tionation reaction of the ethyl groups has been reported.*
In this case, a thermolysis process involving ligand disso-
ciation does not constitute the main decomposition path-
way and the presence of bulky tertiary phosphine ligands
in the undissociated trans-PdEt,L, was found to facilitate
the S-elimination process rather than to block it in contrast
to the behavior of platinum dialkyls.

In order to obtain further insight into the §-elimination
process, we have initiated a project to prepare and ther-
molyze a series of unsymmetrical dialkylplatinum(II)
complexes, since the examination of products of the
thermal decomposition was expected to afford direct in-
formation about the relative ease of 8-hydrogen elimination
from platinum alkyls. A part of the results have been

(1) (a) Kochi, J. K. “Organometallic Mechanism and Catalysis”; Aca-
demic Press: New York, 1978. (b) Davison, P. J.; Lappert, M. F.; Pearce,
R. Chem. Rev. 1976, 76, 219. (c) Schrock, R. R.; Parshall, G. W. Ibid.
1976, 76, 243. (d) Taube, R.; Dreus, H.; Steinborn, D. Z. Chem. 1978, 18,
425.
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(2) Whitesides, G. M.; Gaarch, J. F.; Stedronsky, E. R. J. Am. Chem.
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reported by Seyferth and White!! afforded XIV in 50-60% yield.
XIV also was identified by comparison with an authentic sample.
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A series of symmetrical and unsymmetrical cis-dialkylplatinum(II) complexes with tertiary phosphine
ligands cis-Pt(R,)(Ry)L, (R,, Ry = Me, Et, n-Pr, i-Pr, n-Pr, i-Bu, n-pentyl, C;HPh, C;H,CsH,-p-OMe;
L, = (PPh,),, (PPhMe,),, dpe) has been prepared by reactions of Pt(R,)CIL, with alkylating reagents such
as RyLi and RyMgX. These complexes are characterized by elemental analyses and IR and NMR (*H and
S3IP{lH}) spectroscopy as well as by chemical reactions. Thermolysis of the dialkylplatinum complexes gives
only the disproportionation products of the two alkyl groups via 8 elimination. A kinetic study of the
thermolysis reveals the existence of the nondissociative path in addition to the dissociative one. In the
presence of an excess of PPhg, thermolysis proceeds mainly via a nondissociative path in which the liberation
of olefin after facile reversible 3 elimination is probably rate determining. When the thermolysis of the
unsymmetrical cis-Pt(R,)(Ry)L, type complex is carried out in the absence of excess PPhg, the relative
rate of 8 elimination involving the R, group to that involving the Ry group is proportional to the ratio of
the number of 8-hydrogen atoms in the R, group to that in the Ry group.

Introduction

Transition-metal complexes having metal-to-carbon
bonds play crucial roles in various organic reactions cat-
alyzed by transition metals. Understanding the behavior
of these transition-metal alkyl complexes is of fundamental
importance in the elucidation of the metal-promoted
catalytic processes. Recent studies on the thermal de-
composition of isolated transition-metal alkyl complexes
have shed some light for understanding the stability and
reactivity of transition metal-to-carbon bond.! For tran-
sition-metal dialkyl complexes several thermolysis path-
ways are possible: (1) homolytic cleavage of the M—-C bond
(radical pathway); (2) reductive elimination (coupling re-
action); (3) 8 elimination (disproportionation of two alkyl
groups); (4) other pathways (« or v elimination).

Among them, the B-elimination process is the most
frequently observed thermolysis pathway. Clarification
of the factors controlling the thermolysis pathway through
3 elimination is essential in understanding the mechanisms
of the catalytic processes involving olefins and for design
of organic syntheses utilizing transition-metal catalysts.

Dialkylplatinum(II) complexes, among other transi-
tion-metal alkyls, serve as excellent models for studying
the B-elimination process since thermal decomposition of
PtR,L, results in the clean disproportionation liberating

alkane, RH, and alkene, R(-H), in a 1:1 ratio.
PtR,L, — RH + R(-H) + Pt(0) complexes

Whitesides proposed a dissociative mechanism for the
decomposition of Pt(n-Bu)y,(PPh;), and pointed out the
importance of blocking the site for 8 elimination by the
ligand in increasing the stability of the complex.? Reger
also showed that an open coordination site on iron, formed
by ligand dissociation, is required for 3 elimination from
Fe(Cp)(CO)(PPhy)R to occur.? Recently, the steric in-
fluence of the ligands in trans-PdEt,L, in the dispropor-
tionation reaction of the ethyl groups has been reported.*
In this case, a thermolysis process involving ligand disso-
ciation does not constitute the main decomposition path-
way and the presence of bulky tertiary phosphine ligands
in the undissociated trans-PdEt,L, was found to facilitate
the S-elimination process rather than to block it in contrast
to the behavior of platinum dialkyls.

In order to obtain further insight into the §-elimination
process, we have initiated a project to prepare and ther-
molyze a series of unsymmetrical dialkylplatinum(II)
complexes, since the examination of products of the
thermal decomposition was expected to afford direct in-
formation about the relative ease of 8-hydrogen elimination
from platinum alkyls. A part of the results have been

(1) (a) Kochi, J. K. “Organometallic Mechanism and Catalysis”; Aca-
demic Press: New York, 1978. (b) Davison, P. J.; Lappert, M. F.; Pearce,
R. Chem. Rev. 1976, 76, 219. (c) Schrock, R. R.; Parshall, G. W. Ibid.
1976, 76, 243. (d) Taube, R.; Dreus, H.; Steinborn, D. Z. Chem. 1978, 18,
425.
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(2) Whitesides, G. M.; Gaarch, J. F.; Stedronsky, E. R. J. Am. Chem.
Soc. 1972, 94, 5258.

(3) Reger, D. L.; Culberston, E. C. J. Am. Chem. Soc. 1976, 98, 2789.

(4) Ozawa, F.; Ito, T.; Yamamoto, A. J. Am. Chem. Soc. 1980, 102,
6457,
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Table I. *'P{'H }NMR Data of Dialkylplatinum(II) Complexes in CD,Cl, °

J(P,Py),  J(PE-P,), J(PtPy ),
compds (Pt(R,)(Ry)L,) Py, ppm Hz Hz Py, ppm Hz
2, Pt(Et)(n-Pr)(PPh,), 32.74d 5.9 1608 32.2d 1640
9, Pt(Et)(C,H,Ph)(PPh,), 32.6d 7.8 1693 32.3d 1824
10, Pt(n-Pr)(C,H,Ph)(PPh,), 31.9d 7.8 1681 32.3 d 1840
11, PNCZH4PM<C2H4—©—OMexPPn3)2 32.3d 7.8 1781 32.3 1797
12, Pt(Et)(n-Pr)(dpe) 64.8d 7.8 1609 64.5 1639
16, Pt(Et),(PPh,), 32.5s 1723
117, Pt(n-Pr),(PPh.), 32.4s 1727
18, Pt(n-Bu),(PPh,), 32.4s 1730
19, Pt(Et),(dpe) 63.6s 1617
20, Pt(n-Pr),(dpe) 64.6s 1627

@ P, is trans to R,; Py, is trans to Ry,.

published previously in preliminary form.?

After the publication of the above communication
Whitesides published the results of extensive studies on
thermolysis of symmetrical dialkylplatinum complexes.®
Our results reported herein on the unsymmetrical di-
alkylplatinum complexes provide complementary infor-
mation to Whitesides’ results.

Results

Preparation of Unsymmetrical Dialkylplatinum(IT)
Complexes. Alkylation of a monoalkylbis(tertiary phos-
phine)platinum(II) halide® with corresponding alkyllithium
or Grignard reagent gave the following unsymmetrical
cis-dialkvlplatinum(II) complexes 1-15 in good yields.

L Ra
\Pf/

Pt{Rq)XLz + RyM —= P
b

+ MX (1)

1-15
X, halogen
M, Li or Mg X
1, Pt(Me)(Et)(PPh,),
2, Pt(Et)(n-Pr)(PPh,),
3, Pt(Et)(i-Pr)(PPh,),
4, Pt(Et)(n-Bu)(PPh,),
5, Pt(Et)(i-Bu)(PPh,),
6, Pt(Et)(Ph)(PPh,),
7, Pt(n-Pr)(n-Bu)(PPh,),
8, Pt(i-Bu)(n-pentyl)(PPh,),
9, Pt(Et)(C,H,Ph)(PPh,),
10, Pt(n-Pr)(C,H,Ph)(PPh,),
11, Pt(C,H,Ph)}C,H,C,H,-p-OMe)(PPh,),
12, Pt(Et)(n-Pr)dpe*
13, Pt(Et)(n-Pr)(PPhMe,),
14, Pt(CH,CD,)(n-Pr)(PPh,),
15, Pt(CH,CD,)(C,H,Ph)(PPh,),
*dpe, 1,2-bis(diphenylphosphino)ethane

These complexes were purified by recrystallization from
suitable solvents and characterized by elemental analyses
and IR and NMR spectra as well as by chemical reactions
(see Experimental Section). Complexes 1-15 are stable
in air at room temperature. The IR spectra of these
complexes showed characteristic bands at 2800-3000 and
1180-1190 em™ attributable to »(C-H) and 8(CH), re-
spectively.? Acidolysis of these complexes with dry HCl
liberated alkanes quantitatively, confirming that two alkyl
groups are attached to Pt(II).

Pt(R,)(Ry)L, + 2HC] — R,H + R,H + PtCLL, (2)

The 'H NMR spectra of the unsymmetrical dialkyl-
platinum(II) complexes show complicated signals for the
alkyl groups attached to Pt(II) due to coupling of protons
to neighboring protons as well as to 3P and %Pt nuclei.
However, the doublet of doublets for Pt—-Me in 1 and for
PPhMe;, in 13 (each with satellites due to coupling to %5Pt)
in the 'H NMR spectrum suggest that these complexes
have the cis configuration. The cis configuration of the
unsymmetrical dialkylplatinum(II) complexes is further
supported by the 3'P{*H} NMR spectra of 2, 10, 11, and
12 which show AB quartets having %Pt satellites (Table
I). Absence of the other singlet excluded the possibility
of the presence of the symmetrical alkyls. Coupling con-
stants between 3P and 1Pt in the symmetrical alkyls
increase in the order of diethyl-, di-n-propyl-, and di-n-
butylplatinum(II) complexes, reflecting the decrease in
trans influence of these alkyl groups.® Coupling constants
of 19P¢ to 3P trans to the phenethyl groups in 9, 10, and
11 are considerably larger than those in the aliphatic alkyls.

Alkylation of trans-PtEtI(PPh;), with MeLi gave only
cis-PtMeEt(PPh;), which may have been formed by the
spontaneous isomerization of the initially formed trans-
PtMeEt(PPh;),. The preference of the cis configuration
rather than trans for these platinum dialkyl complexes
probably arises not from kinetic but thermodynamic rea-
sons.

Phg,P\ /ET - Ph3P\PY/E1' _
PPhsz

In contrast, the alkylation of isoelectronic cis-Au**Me,l-
(PPh,;) by EtLi is known to selectively afford cis-
Au"™e,Et(PPh,) which slowly isomerizes to the trans
isomer.1?

M M
e\/e

Au (4)
gt Spphs

+ EtLi —
PPhs

Thermal Decomposition of Unsymmetrical Di-
alkylplatinum(II) Complexes. Thermolysis of series of
unsymmetrical dialkylplatinum(II) complexes both in the
solid state and in solution gave quantitative yields of the
corresponding alkanes and alkenes, similar to the ther-
molysis of symmetrical dialkylplatinum(II) complexes.?

Au
I./ ~

(5) Komiya, S.; Yamamoto, A.; Yamamoto, T. Chem. Lett. 1978, 1273.

(6) (a) Whitesides, G. M. Pure Appl. Chem. 1981, 53, 287. (b)
McCarthy, T. J.; Nuzzo, R. G.; Whitesides, G. M. J. Am. Chem. Soc. 1981,
103, 1676, 3404, 3396.

(7) Chatt, J.; Shaw, B. L. J. Chem. Soc. 1959, 705.

(8) Morrow, B. A. Can. J. Chem. 1970, 48, 2192.

(9) (a) Belluco, U. “Organometallic and Coordination Chemistry of
Platinum”; Academic Press: New York, 1974. (b) Mather, G. G.; Pidcock,
A.; Rapsky, G. J. N. J. Chem. Soc., Dalton Trans. 1973, 2095.

(10) (a) Tamaki, A.; Maggennis, S. A.; Kochi, J. K. J. Am. Chem. Soc.
1974, 96, 6140. (b) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J.
K. Ibid. 1976, 98, 7255.
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Table II.

Komiya et al.

Gaseous Product Distribution in the Thermolysis of Pt(R, )(Ry, )L, without Solvent and in CH,Ph,
in the Absence of Added Ligand/

gases evolved, mmol

compds (mmol)¢

total yield R,/ Ry(-H)/
R, Ry RH  Ry-H RyH Ry(-H) (%) R,(-H) RyH
1 Et Me (0.078)¢ 0 0.076 0.077 0 0.153 (98) 0 0
2 Et .n-Pr (0.060)¢ 0.022 0.036 0.034 0.023  0.155(96) 0.61 0.68
2 Et n-Pr (0.029)° 0.009 0.014 0.014 0.009  0.047(81) 0.64 0.64
3 Et i-Pr (0.031)¢ 0.012 0.016 0.016 0.014  0.058(93) 0.75 0.88
4 Et n-Bu (0.088)% 0.029 0.043 0.048 0.034  0.154 (87) 0.67 0.71
5 Et i-Bu (0.039)¢ 0.007 0.030 0.024 0.007  0.068 (86) 0.23 0.29
6 Et Ph (0.051)¢ 0 0.043 0.056 0 0.099 (96) 0 0
7 n-Pr n-Bu (0.043)¢ 0.018 0.019 0.011 0.012  0.060(70) 0.95 1.1
8 i-Bu n-C,H,, (0.022)¢ 0.007 0.013 0.007 0.004  0.031(70) 0.54 0.57
9 Et C,H,Ph (0.027)b 0.016 0.006 0.008 0.020  0.050(93) 2.7 2.5
10 n-Pr C,H,Ph (0.089)° 0.058 0.025  0.030 0.060  0.173 (27) 2.3 2.0
11 C,H,Ph camel Dove (0.087)0 0.045 0.049 0.041 0.040  0.175(99) 0.92 1.0
124 Et n-Pr (0.039)¢ 0.022 0.018 0.016 0.021  0.077(99) 1.2 1.3
13¢ Et n-Pr (0.035)¢ 0.011 0.015 0.016 0.014  0.057 (81) 0.73 0.87
14 CH,CD, n-Pr (0.449)% 0.156 0.241 0.233 0.154  0.784 (87) 0.65 0.66
15 CH,CD, C,H,Ph (0.361)% 0.263 0.087 0.088 0.259  0.697(97) 3.0 2.9
¢ Without solvent. ®1In CH,Ph,. ¢L=PPh,. ¢L, = 1,2-bis(diphenylphosphino)ethane. ¢L = PPhMe,. [Pt com-
plexes were decomposed at 100-150 °C for 4 h both in the solid state and in CH,Ph, .

Table III. Gaseous Product Distribution in the Thermolysis of Pt(R,)(Ry, }(PPh,), in the Presence of Added PPh, in CH,Ph,“

compds (mmol)

gases evolved, mmol

R H/ Ry(~H)/
R, Ry R,H Ry -H) RyH Ry(-H) totalyield (%) R,(-H) RyH
2 Et n-Pr (0.030) 0.021 0.009 0.008 0.022 0.060 (100) 2.3 2.7
4 Et n-Bu (0.029) 0.019 0.008 0.008 0.018 0.053 (91) 2.4 2.3
ki n-Pr n-Bu (0.029) 0.015 0.014 0.011 0.013 0.053 (91) 1.1 1.2
9 Et C,H,Ph (0.030) 0.020 0.006 0.006 0.021 0.053 (88) 3.3 3.5
10 n-Pr C,H,Ph (0.031) 0.0156 0.014 0.014 0.016 0.059 (95) 1.0 1.1
11 C,H,Ph CzHa@OMe (0.050) 0.020 0.021 0.018 0.019 0.078 (78) 0.95 1.1
14 CH,CD, n-Pr (0.029) 0.018 0.007 0.006 0.017 0.048 (83) 2.6 2.8
15 CH,CD, C,H,Ph (0.031) 0.025 0.007 0.006 0.024 0.062 (100) 3.6 4.0
4 Thermolysis temperature = 100 °C. [PPh,] = 0.57-0.59 M,

Tables II and III summarize the results of thermolysis .

under various conditions. A fairly good material balance 10 7

for the alkyl groups indicates the occurrence of a clean

disproportionation of the two alkyl groups, both in the .

solid state as well as in solution. No coupling products e s Wi

were obtained. The thermolysis residue in the absence of Z os 0

PPh; has been stated to be a polymeric platinum(0) g

phosphine complex,?!! whereas PtL, becomes a final ° $

product in the presence of ligand. The following two % o°

disproportionation pathways are involved in the thermo- z (e

lysis of the unsymmetrical dialkylplatinum(II) complexes. o T -

Na(Rp) / Ng(Ra)

B elimination at R,

L\pT/R“ RoH + Rpl-H) + PiL, (ba)
N B elimnation at Ry
L Ro Rol-H) + RpH + PtlL, (5b)

Product Analysis. In the Absence of PPh;. As we
noted in a preliminary form,° the ratios of R,H/R,(-H)
and Ry(-H)/R,H (cf. eq 6) are identical with the ratio of
numbers of 8-hydrogens in the two alkyl groups (R, and
R,) when complexes of type cis-Pt(R,)(Ry,)(PPh;), are
thermolyzed in the absence of added PPh; or in the solid
state (Figure 1). For example, the ratios of ethane to
ethylene and of propylene to propane in the thermolysis

(11) (a) Ugo, R.; Cariati, F.; Monica, G. L. J. Chem. Soc. Chem. Com-
mun. 1966, 868. (b) Gillard, R. D.; Ugo, R.; Cariati, F.; Cenini, S.; Bonati,
F. Ibid. 1966, 869.

Figure 1. Relation between Ng(Ry)/Ng(R,) and R,H/R,(-H) (or
R,(-H)/R,H) in thermolysis of Pt(R,)(R,)(PPh;), performed in
the solid state.

of 2 in diphenylmethane were 0.64 and 0.60, respectively,
which are approximately equal to the ratio of the number
of B-hydrogens in the propyl group to that in the ethyl
group (0.67). When one of the alkyl groups (R;,) has no
B-hydrogens as in the Me and Ph groups (1 and 6), only
RyH and R,(-H) are formed. The results shown in Figure
1 indicate that the following relationship exists in the
thermolysis of dialkylplatinum complexes

NsR) RH _ RyH)
NsR,) R,-H) RH
where N(R,) and Ng(Ry) represent the numbers of 8-hy-

(6)
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Scheme I. A Mechanism of H~D Scrambling in Ethylenes Formed in the Thermolysis of PtR(CH,CD,)(R }(PPh,),

R R R
R | CHe | cHO R | cHp
- — o — — | o
LaP === L Pt ——— P —— eee pr——— - e
"\ CHaCDs ”{T |4D2 b T\CDZCHZD S QDZ L”PT\CHDCHDg L"T? !HD
D D

CHp==CD, + RD

drogens in R, and R, respectively. The results indicate
that the relative ease of §-hydrogen elimination from the
alkylplatinum complex is primarily determined by the
numbers of hydrogens in the alkyl groups. Thermolysis
of the ethylpropylplatinum(II) complex, 13, having other
monodentate ligands, PMe,Ph, also gave similar results.
In contrast to the linear relationship, as shown in Figure
1 and eq 6, observed for the simple dialkyl complexes, a
considerably different tendency for the ease of 8 elimi-
nation has been observed for the alkyl aryl complexes 9
and 10. The ratio of ethane to ethylene (or styrene to
ethylbenzene) in thermolysis of 9 is significantly larger
than the Ny4(R,)/N4(R,) ratio which is 0.67 in this case.
Similar deviation is also found in the thermolysis of propyl
phenethyl complex 10. The results indicate that hydrogens
in the phenethyl group are more easily abstracted than
those in the ethyl or propyl group. This is probably be-
cause the S-hydrogens in the phenethyl group are activated
by the electron-withdrawing phenyl group. Substitution
of the para hydrogen in the phenethyl group by a MeO
group showed little influence on the relative ease of 3
elimination. Thus thermolysis of Pt(C;H,Ph)(C,H,p-
C¢H,OMe)(PPh), (11) gave a 1:1 mixture of styrene and
ethylbenzene (and a 1:1 mixture of 4-(methoxyethyl)-
benzene and 4-methoxystyrene). The effect of the para-
substituent in the phenethyl group may be too indirect to
affect the thermolysis, or a steric effect of the phenyl group
on the thermolysis may be involved. Thermolysis of
complex 12, having a bidentate dpe ligand, also gave dif-
ferent results from those expected from eq 6. The ratios
of C,Hg to C,H, and of C;H, to C3Hg in thermolysis of 12
in the solid state are 1.2 and 1.3, respectively, showing that
B-hydrogen abstraction takes place more easily from the
n-Pr than from the Et group, although the n-Pr group has
less B-hydrogens than the Et group. The other notable
deviation from the relationship shown in eq 6 was observed
in the thermolysis of complexes having branched alkyl
groups. Thermolysis of ethylisopropylplatinum(II) com-
plex 3 afforded gases having similar composition (a R,/
R.(-H) ratio of ca. 0.7) to those obtained in the case of
thermolysis of ethyln-propylplatinum(II) complex 2 rather
than the ratio of 2.0 expected for the thermolysis of the
CH,CH; and CH(CHj),. The result can be accounted for
by skeletal isomerization from isopropyl- to n-propyl-
platinum species prior to the thermal decomposition (vide
infra).!2

In the Presence of PPh;. The gaseous product ratios
are dramatically changed in the thermolysis of unsym-
metrical dialkylplatinum(II) complexes in solution on
adding tertiary phosphine as shown in Table III. Thus,
the amount of ethane (or propylene) evolved in the ther-

(12) Similar rearrangement of alkyl groups have been reported: (a)
Reger, D. L.; Culbertson, E. C. Inorg. Chem. 1977, 16, 3104. (b) Tamaki,
A.; Mageniss, S. A.; Kochi, J. K. J. Am. Chem. Soc. 1974, 96, 6. (c)
Bennett, M. A.; Charles, R. Ibid. 1972, 94, 666. (d) Arnold, D. P.; Bennett,
M. A;; Crisp, G. T.; Jeffery, J. C. “Catalytic Aspects of Metal Phosphine
Complexes” Alyea, E. C., Meek, D. W, Eds.; American Chemical Society:
Washington, D.C. 1982; Adv. Chem. Ser. No. 196, p 195.

CHD=CD, + RH

CHD=CHD + RO

molysis of the ethylpropylplatinum 2 is larger than that
of ethylene (or propane). In the presence of excess PPhg
the 8-hydrogen abstraction from the n-Pr group in 2 ap-
pears to be more facile than that from the ethyl group,
although the former possesses fewer hydrogens than the
latter. Under these conditions, the apparent ease of -
hydrogen elimination is in the order n-BuPt = n-PrPt >
EtPt.

H-D Exchange in the Alkyl Group. Facile H-D
scrambling in the alkyl chain of Pt(n-Bu-2,2-d,),(PPh;),
during thermolysis has been reported by Whitesides et al.%®
In order to obtain further insight into the H-D scrambling,
we performed thermolysis of specifically deuterated com-
plexes 14 and 15. In the thermolysis of Pt(CH,CD;)(n-
C3H,)(PPhg), (14) in the absence and in the presence of
added PPh,, the ethylene liberated contained only cis- and
trans-CHD==CHD, cis- and trans-CH;=CD,, and cis- and
trans-CHD=CD2 but no CH2=CHD, C2D4, and CgH4- A
mixture of deuterated ethanes, which contained no more
than three deuteriums, was obtained as revealed by mass
spectroscopy. No deuterium was found in the propylene,
while propane evolved consisted of CsHg and C3H,D.
Thermolysis of Pt(CH,CD3)(C,H,Ph)(PPhy), (15) gave
similar results (the products are CHD=CHD, CH,=—CD,,
CHD=CD,, ethane-d;, PhCH=CH,, ethylbenzene-d, and
-d;). These results clearly exclude an intermolecular ex-
change mechanism and support a mechanism involving a
1,2-hydrogen shift in the same ethyl group. The following
mechanism (Scheme I) involving 38 elimination and in-
sertion into the Pt-H bond in one alkyl group without
participation of the other alkyl group in the exchange
process is compatible with the present results. For further
information to be obtained regarding the extent of H-D
exchange in the ethyl group, acidolysis by dry HCl of 14
recovered after partial thermolysis in the absence of added
PPh; was performed. The ethane thus obtained from the
acidolysis contained only CH;CDj, as confirmed by mass
spectral analysis, indicating that the H-D exchange occurs
only during the event of decomposition of the ethyl group
in an activated state leaving the remaining ethyl and
propyl groups intact. In contrast, similar acidolysis ex-
periment carried out on a sample partly thermolyzed in
the presence of excess PPh; afforded a mixture of CH;CD,
and CHD,CH,D.

Rearrangement of the Alkyl Group. Attempts to
prepare a sec-butylethylplatinum(II) complex having PPh,
ligands from sec-BuLi according to eq 1 failed. Instead,
pure n-butylethylplatinum(II) complex 4 was isolated from
the reaction mixture of PtEtCl(PPh;), and sec-BuLi. The
observation indicates the occurrence of the rearrangement
of the secondary alkyl group to the primary alkyl group
during the preparation. In the case of alkylation of
PtEtCL(PPhy), with i-PrLi a mixture of Pt(Et)(i-Pr)(PPh,),
and Pt(Et)(n-Pr)(PPhy); in about a 1:1 ratio was obtained.
The isolated Pt(Et)(i-Pr)(PPh;); was slowly isomerized to
Pt(Et)(n-Pry(PPh,), in CD,Cl, at room temperature.’* No
large effect of added PPh; on the isomerization rate was
observed.
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Figure 2. First-order plot for thermolysis of Pt(Et)(n-Pr)(PPhg),
in the presence of ethyl methacrylate in CH,Ph, at 60.0 °C:
[Pt(Et)(n-Pr)(PPh;),] = 0.028 M; [ethyl methacrylate] = 0.280
M.
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Figure 3. Effect of added olefins on k.3 in CH,Ph; at 60.0 °C
([Pt(Et)(n-Pr)(PPhy),] = 0.028~0.030 M): @, dimethyl maleate;
0, ethyl methacrylate.

Kinetics. The rates of evolution of ethane, ethylene,
propane, and propylene were followed by measuring the
amounts of the gases evolved in the thermolysis of cis-
Pt(Et)(n-Pr)(PPhg),, 2, in diphenylmethane which was
chosen for its thermal stability and chemical inertness to
the platinum complexes. In the absence of added PPh,
the composition of gases evolved during the thermolysis
gradually changed. Although the relative ratio of
C,Hg:CHg:C3H did not change throughout the kinetic
experiment, the ratio of ethylene to these gases increased
continuously with time. This seems to be due to delayed
release of C,H, trapped by PtL, formed by the thermo-
lysis.'* When olefins such as ethyl methacrylate and
dimethyl maleate were added, trapped C,H, was liberated
and the composition of the gas evolved became invariant
throughout the thermolysis, Similar kinetic behavior
(trapping of C,H, by a complex formed by thermolysis and
liberation of C,H, by added olefins) has been found in the
thermolysis of PdEt;L,.* When the thermolysis reaction
was studied in CH,Ph, solutions containing the olefin at
60 °C by following the rate of evolution of each gas (C,H,,
C,Hg, CsHg, and C;Hy), the thermolysis reaction was found
to obey first-order kinetics with the rate constant k.4
(Figure 2).

rate = —%[Pt(Et)(n-Pr)Lz] = Ropaa Pt{Et)(n-Pr)L,] (7)

Thermolysis of other dialkyl complexes also shows a similar
first-order kinetics.

rate = —%[Pt(Ra)(Rb)LZ] = Eoned[Pt(R2) (Rp) L] (8)

Dependences of k. on the concentration of added ethyl
methacrylate and dimethy] maleate in the thermolysis of
2 are shown in Figure 3. Rate constants k4 slightly
decreases with increase in the concentration of the olefins.

(13) (a) Cook, C. D.; Jauhal, G. 8. Can. J. Chem. 1967, 45, 301. (b)
Cook, C. D.; Jauhal, G. S. J. Am. Chem. Soc. 1968, 90, 1464. (c) Birk, J.
P.; Halpern, J.; Pickard, A. L. Ibid. 1968, 90, 4491.
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Figure 4, Thermolysis of Pt(Et)(n-Pr)(PPhy), in the presence
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Figure 5. Time courses and first-order plot for thermolysis of
Pt(Et)(n-Pr)(PPhy), carried out in the presence of added PPh,
in CH,Ph, at 100 °C. [Pt(Et){n-Pr)(PPhy),} = 0.0287 M and
[PPh;] = 0.286 M.

A more electronegative olefin such as dimethyl maleate has
a larger inhibition effect in the decomposition. The result
is in contrast to the slight acceleration of thermolysis of
trans-PdEt,L, by addition of electronegative olefins.

Addition of only a small amount of PPh, strongly sup-
presses the rate of thermolysis of 2 in CH,Ph, in accord-
ance with Whitesides and co-workers’ previous observation
concerning the thermolysis of Pt(n-Bu),(PPhg),.2 The
first-order kinetics does not hold when the concentration
of added PPh; is small (below ca. 0.1 M), and the time
course of the evolution of gas shows an S-shaped profile
as shown in Figure 4. Therefore no further kinetic in-
vestigation was attempted for the system containing a
relatively low concentration of PPh; because of the am-
biguity in the estimation of rate constants.

On the other hand, in the presence of excess of PPh,
(0.2-1.0 M) the thermolysis is strongly suppressed to such
an extent that the rate of the thermal decomposition of
2 is too slow to follow at 60 °C. The thermolysis of 2
carried out at higher temperatures revealed that the re-
action obeyed the first-order kinetics. The composition
of the released gases was invariable throughout the ther-
molysis (Figure 5). As shown in Figure 6, the rate of
decomposition sharply falls with increasing concentration
of added PPhy, reaching a constant value in a higher PPh,
concentration range of 0.4-1.0 M in accordance with
Whitesides’ results.

These results suggest the presence of at least two
thermolysis pathways. One pathway involves a three-co-
ordinate intermediate formed by partial dissociation of L
from cis-Pt(R,) (Ry)Ly. Thermolysis through this coordi-
natively unsaturated intermediate is more facile than the
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Figure 6. Effect of PPh; concentration on kg of Pt(Et)(n-
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other route. The thermolysis of Pt(R,)(Ry)L; in the
presence of added L proceeds without involvement of the
partly dissociated three-coordinate species. Scheme II
shows the thermolysis mechanism proceeding through
these two routes (path A and path B). The assumption
of the parallel decomposition pathways from the undis-
sociated four-coordinate and the dissociated three-coor-
dinate species and of the steady-state approximation for
the concentration of the three-coordinate species gives the
following rate equation

kyks

d
—Ez[PtRng] = (k3 + m)[PthLgl
= Robsa[PtRoLs] 9

The rate constant at higher concentration of added PPhy
corresponds to k; which is the rate constant for direct
decomposition without dissociation. The values of k; for
the thermolysis of various unsymmetrical and symmetrical
dialkylplatinum(II) complexes are shown in Table IV. For
symmetrical dialkyl complexes the rate constant k3 in-
creases in the order Et,Pt < (n-Pr),Pt < (n-Bu),Pt com-
plexes. An unsymmetrical dialkylplatinum(II) complex,
Pt(R.)(Ry)Ly, has a k3 value which is approximately the
average of those of the corresponding symmetrical di-
alkylplatinum(II) complexes Pt(R,),L, and Pt(Ry),L;.

Deuterium kinetic isotope effects were obtained by
comparing the rates of decomposition of Pt(CH,CDg)(n-
Pr)(PPhy),, 14, and Pt(CH,CH,;)(n-Pr)(PPhy),, 2 (Table
IV). The k;(2)/k;(14) value was 1.01, indicating a negli-
gible kinetic isotope effect on the rate-determining step.
A similar value of k4(9)/k3(15) = 0.94 was also obtained.

Kinetic activation parameters at 100 °C in the ther-
molysis of 2 were obtained from the temperature depen-
dence of k;; AH* = -28 kcal/mol, AS* = 1.2 ey, and AG*
= 29 kcal/mol.

Discussion

In the thermolysis of square planar four-coordinate
dialkylmetal (d%) complexes, MR,L,, which release dis-
proportionation products of the two alkyl groups, the

Organometallics, Vol. 1, No. 11, 1982 1533

Table IV. k&, Values in Thermal Decomposition

of Pt(R,)(Ry)(PPh,), ¢
compds 10%,,s™!
Pt(Et)(n-Pr)(PPh,), 2.84
Pt(CH,CD, )(n-Pr)(PPh,), 2.81
Pt(Et)(n-Bu)(PPh,), 3.92
Pt(n-Pr)(n-Bu)(PPh,), 4.52
Pt(Et)(C,H,Ph)(PPh,), 3.40
Pt(CH,CD,)(C,H,Ph)(PPh,), 3.60
Pt(n-Pr)(C,H Ph)(PPh,), 4.81
Pt(Et),(PPh,), 1.77
Pt(n-Pr),(PPh,), 4.15
Pt(n-Bu),(PPh,), 6.55

% In CH,Ph, at 100°C. [PPh,] = 0.57-0.59 M.

following three pathways of thermal decomposition are
conceivable.

(A) dissociative path

MR,L, R MR,L — decomposition
(B) nondissociative path
MR;L; — decomposition
(C) associative path
MR,L, + L — MR,L; — decomposition

Path A is observed in thermolysis of platinum(II) dialkyls
in the absence of added ligands and involves slow prelim-
inary ligand dissociation to give an unstable three-coor-
dinate intermediate from which facile disproportionation
of the two alkyl groups takes place. Path B proceeds
without dissociation of ligand. trans-PdEt,L,, whose
thermolysis affords clean disproportionation products, is
the typical example which involves path B.* Recent kinetic
investigation of the thermolysis of cis-PtEt,(PEty), by
Whitesides also pointed out the existence of path B in
addition to path A.6 Path C with L equal to a tertiary
phosphine is rare for 8 elimination, since the five-coor-
dinate complex is coordinatively saturated to undergo the
8 elimination. The thermolysis behavior of the complexes
studied here involves paths A and B whose mechanistic
consideration will be separately discussed below.

Thermal Decomposition through a Three-Coordi-
nate Intermediate (Path A). In the absence of PPh; a
major thermolysis pathway involves the three-coordinate
species as suggested by the kinetic study. Dissociation of
PPh, from PtR,(PPhy;), is considered to be the rate-de-
termining step as Whitesides reported. In his mechanism,
a facile disproportionation of two alkyl groups is considered
to take place from an unstable coordinatively unsaturated
T-shaped intermediate®% 3P{lH} NMR spectra of 2 both
in the presence and in the absence of PPhy do not show
the existence of the associated or dissociated species but
only the four-coordinate species in accordance to the
mechanism.

For the sake of simplicity, let us discuss the thermolysis
of Pt(CQHS) (n-03H7)(PPh3)2, 2, in the absence of PPh3.
The following experimental facts should be accommodated
in the thermolysis mechanism involving the three-coor-
dinate intermediate: (a) the number of 8-hydrogens dic-
tates the relative ease of the 8 elimination; (b) the deu-
teriums in the ethyl group of 14 recovered after partial
thermolysis are not scrambled; (c) the H-D scrambling in
the ethyl group takes place within the ethyl group without
participation of the propyl group which remains as a
“spectator”.

The mechanism shown in Scheme III is compatible with
these experimental findings. In this scheme one of the
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tertiary phosphine ligands dissociates first as the rate-
determining step to form the three-coordinate species [A]
or [B] having a vacant site for 8-hydrogen elimination. The
polytopal, side-to-side “windshield wiper”-type rear-
rangement between the three-coordinate species [A] and
{B] is assumed to be a rapid process in agreement with
Whitesides’ results. For the intermediate [A] to be ther-
molyzed an activation process with a rate constant ky, may
be involved to give [C] in which a 8-hydrogen in the propyl
group interacts with platinum. The corresponding acti-
vation from [B] gives [D] in which a 5-hydrogen in the
ethyl group interacts with platinum.

In the freely rotating alkyl groups the spatial require-
ment for the maximum interaction of the 8-hydrogens with
the metal may not differ from that of the ethyl to the
propyl group. Thus the ratio of rate constants k,/k, may
be determined primarily by the number of 8-hydrogens.
The 8-hydrogen elimination process in the activated states,
[C] and [D], gives [E] and [F], respectively. Since H-D
scrambling takes place only in the activated state, 8 elim-
ination and its reverse process ([E] — [C] or [F] — [D])
must be a rapid process.

On B-hydrogen abstraction of [C] a four-coordinate
species, [E], may be produced which is to be decomposed
further by reductive elimination of ethane and liberation
of propylene. The species [D] may be likewise decomposed
through the g-elimination process followed by reductive
elimination of propane and release of ethylene. It is not
to be experimentally verified whether the liberation of
propylene precedes the reductive elimination of ethane as
shown in Scheme III ({E] to {G]) or ethane may be first
reductively eliminated followed by propylene liberation.
However, if the 8-hydrogen elimination takes place as
shown in Scheme III by a hydrogen migration mechanism
to give [E], which has trans hydrido and ethyl ligands, the
configuration is not favorable for the reductive elimination
to take place first. Thus we prefer to depict the reaction
course as shown in Scheme III where propylene is liberated
first followed by reductive elimination of ethane.

(D]

Thermal Decomposition from a Four-Coordinate
Intermediate (Path B). In the presence of a large excess
of added PPh;, the thermolysis proceeds without ligand
dissociation. Since a deuterium labeling experiment shows
that H-D exchange along the ethyl group takes place prior
to the rate-determining step, the following mechanism
involving a five-coordinate intermediate is consistent with
the experimental facts (Scheme IV). In this scheme, the
facile reversible 8 elimination to give the five-coordinate
species [I] or [J] is assumed as the pre-rate-determining
step to account for the H-D exchange in the ethyl group.
This scheme can accommodate also the facile skeletal
isomerization of the branched to linear alkyl group, a

fosf
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A Thermolysis Mechanism of c¢is-Pt(Et)(n-Pr)(PPh,), in the Absence of Added PPh, Ligand
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Scheme IV. A Thermolysis Mechanism of
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process which is not inhibited by addition of the tertiary
phosphine. The intermediate [I] or {J] may be further
decomposed through a rate-determining process which may
be either alkane reductive elimination or olefin liberation.
Although Whitesides favored the reductive elimination of
ethane as the rate-determining step in the thermolysis of
PtEt,(PEts), in the presence of added PEt,, we prefer the
olefin loss as the rate-determining step. This mechanism
is consistent with the mechanism presented to account for
the thermolysis of Pt(R,)(R,)(PPh;), in the absence of
added PPh;. We believe that this mechanism is reasonable
on the basis of the following observations.

Thermolysis of the deuterium-labeled ethylplatinum
complexes showed the absence of a kinetic isotope effect,
while a ky/kp of 3.3 was observed for the rate-determining
reductive elimination of methane (D) from Pt(CH;)(H,-
D)(PPhg), by Halpern.'* Whitesides observed the ky/kp
ratio of 1.4~1.7 in the thermolysis of PtEt,(PEts), in the
presence of 1.64 M PEt; and favored the reductive elim-
ination of alkane as the rate-determining step. The reason
for this discrepancy of our result from that of Whitesides
is not clear. The ky/kp ratio of 1.4~1.7 observed by
Whitesides is still within the range which accommodates
the olefin loss as the overall rate-limiting step, if one takes
into account a combination of secondary isotope effects
as argued in the paper.®

The other support for olefin loss as the rate-determining
step is found in comparison of the order of rates of ther-
molysis of series of PtRo(PPh;), and gaseous thermolysis
product distribution. The rate constant k; for the ther-
molysis through the four-coordinate species (path B) in-
creases in the order PtEt, < PtEt(n-Pr) < PtEt(n-Bu) <
Pt(n-Pr); < Pt(n-Pr)(n-Bu) < Pt(n-Bu),. If one can
neglect the effect of the coordinated olefin on the reductive

(14) Abis, L.; Sen, A.; Halpern, J. J. Am. Chem. Soc. 1978, 100, 2915.
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elimination of alkane!® from species [I] or {J] in Scheme
IV propane should be produced in preference to ethane
from Pt(Et)(n-Pr)(PPh;), with reductive elimination of
alkane as the rate-determining step. The actual product
distribution with formation of more ethane than propane
differs from this expectation. Thus, the liberation of olefin
from intermediate [I] or [J] seems more plausible as the
rate-determining step. This mechanism implies that the
coordinating ability of the olefin produced on 8-hydrogen
elimination affects the rate of liberation of the olefin from
[1] or [J]. The generally observed trend of the bonding
ability of the olefin in transition-metal = complexes de-
creasing in the order ethylene > propylene > butene is
compatible with the expected ease of olefin liberation from
[I] or [J] in the order ethylene < propylene < butene.
Thus the assumption of easier liberation of propylene from
[J] than the loss of ethylene from [I] accounts for the
greater thermolysis of the dipropylplatinum complexes
than the diethylplatinum complexes and formation of
larger amount of propylene than propane from the ethyl
propyl complex 2 thermolyzed in the presence of added
excess PPh,;. As a whole, the mechanism presented here
is consistent with the experimental results.

In the study of thermolysis of PtEt,(PEt;), Whitesides
examined kinetics in the presence of 0.3 M PEt; and
proposed a mechanism different from those for thermolysis
in the absence of PEt; and in the presence of excess of
PEt;. Examination of the thermolysis kinetics of Pt-
(Et)(n-Pr)(PPhg), 2, containing PPh; below 0.1 M revealed
the feature as shown in Figure 4 having an S-shaped
time-gas evolution curves. The initial stage of slow
thermolysis may be ascribed to the retardation of ther-
molysis by the effect of added small amount of PPh;. This
inhibition may be removed as the thermolysis proceeds,
since the small amount of added PPh; may be trapped by
the coordinatively unsaturated Pt(PPhg), generated on
thermolysis. Hence the thermolysis resumes the normal
course as we observed in the absence of added PPhy. The
eventual ratios of propane/propylene and ethylene/ethane
conform to eq 6 and differ from the corresponding ratios
observed in thermolysis carried out in the presence of
excess of PPh; as shown in Table III. Because of the
presence of the somewhat abnormal kinetic data, we avoid
to discuss the thermolysis results in the intermediate
concentration range of the added PPh; (below 0.1 M).

In the thermolysis of Pt(Et)(n-Pr)(dpe), 12, we observed
the higher ratio of ethane/ethylene and propylene/pro-
pane (Table II) than what we expect from eq 6. The
employment of the bidentate tertiary phosphine ligand
may make the dissociation of the phosphine more difficult,
and the thermolysis may take the course which we ob-
served in the presence of the added phosphine.

A small inhibition effect of added olefins such as ethyl
methacrylate and dimethyl maleate on the thermolysis rate
is noteworthy, since it is known that the electronegative
olefins usually accelerate the thermolysis of transition-
metal dialkyl complexes such as NiR,bpy,'® PdEt,L,,* and
PtEt,bpy.l” In the present case, olefins may act as a ligand
to occupy the vacant site for 8 elimination, so that the
thermolysis rate decreases with increasing the concentra-
tion of olefins.

Concluding Remarks

Our results and mechanistic interpretation on thermo-
lysis of unsymmetrical and symmetrical dialkylplatinum

(15) We should note, however, that the absence of influence of the
coordinated olefin on the reductive elimination of alkane from the in-
termediate [I] or [J] is an assumption not substantiated experimentally.
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complexes having tertiary phosphine ligands are comple-
mentary to Whitesides’ results. The presence of at least
two thermolysis pathways with and without dissociation
of the coordinated tertiary phosphine ligand as expressed
in Schemes II-IV has been confirmed. With minor dif-
ferences from the interpretation of Whitesides we favor
olefin liberation as the rate-determining step in the
thermolysis of PtR,(PPhy), in the presence of PPh;. The
information derived here points to the importance of the
added tertiary phosphine in affecting the thermolysis
pathway. Interestingly, the behavior of the cis-PtR,L,
resembles that of the trans-PdEt,L,* but differs from that
of cis-PdEt,L,.18

Experimental Section

General Procedure and Materials. Manipulation of com-
plexes and reactions were carried out under deoxygenated nitrogen
or argon or under vacuum. Solvents were dried by usual methods,
distilled, and stored under nitrogen or argon before use. IR spectra
were recorded on a Hitachi-295 spectrometer. ‘H and 3!P{'H}
NMR spectra were measured by using JEOL-PMX-60 and FX-100
spectrometers. Data are reported as follows: chemical shift,
multiplicity (b = broad, s = singlet, d = doublet, t = triplet, m
= multiplet), integration, coupling constant (hertz), and assign-
ment. Mass spectra were recorded on a Hitachi RMU-TM
spectrometer. Elemental analyses were performed by Mr. Saito
in our laboratory by using Yanagimoto CHN-autocorder type
MT-2. Analyses of gases evolved in the thermolyses were carried
out by gas chromatography after gases were collected by using
a Toepler pump by which the volumes of gases were measured.
Grignard reagents and alkyllithiums were prepared from alkyl
halides and alkali metals by usual methods in suitable solvent
under argon. PPh; was used as purchased. 1,2-Bis(diphenyl-
phosphino)ethane (dpe) and dimethylphenylphosphine were
prepared by the usual methods. MeO-p-CsH,CH,CH,Br was
synthesized by the literature method from MeO-p-
CGH4CH20H20H and I)B].'g.l9 ClS'PtRQ(PPh;;)z (R = Me, Et, n-Pr,
n-Bu) was prepared by the reaction of cis-PtCly(PPhy), with
corresponding alkyllithium or Grignard reagent. CD;CH,Li was
prepared from Li and CD3;CH,Br? in pentane.

Pt(C,H,Ph),(cod). To a suspension of Ptly(cod) (2.45 g, 0.439
mmol) in Et,0 (20 mL) at 0 °C was added PhCH,CH,MgCl (4.4
mmol) in Et,0 slowly to give a yellow-brown solution. After slow
hydrolysis with water at 0 °C, the combined Et,O layer and Et,0
extracts (3 X 20 mL) were separated and dried with Na,SO,.
Evaporation of Et,0 in vacuo gave a yellow oil which was dissolved
in pentane and was filtered. Complete removal of pentane af-
forded a yellow oil: 91%;*H NMR (acetone-dg) 6 7.0-7.4 (m, 10,
Ph), 4.7 (br, 4, J(Pt-H) = 40, =CH), 0.8-3.6 (m, 16, C,H,Ph and
CH,; of cod).

Pt(C,H,Ph)Cl(cod). Dry HCl in Et,0 (5.44 mmol) was added
to an Et,0 solution of Pt(C,H Ph),(cod) (2.81 g, 5.48 mmol) at
0 °C to give a white precipitate. After the mixture was stirred
for 1 h, the white precipitate was filtered and recrystallized from
acetone to afford white needles in 77% yield: ‘H NMR (ace-
tone-dg) 6 7.0-7.4 (m, 5, Ph), 5.4 (br, 2, J(Pt-H) = 40, =CH of
cod trans to C,H,Ph), 4.2 (br, 2, J(Pt-H) = 72, =CH, of cod trans
to Cl), 1.0-3.3 (m, 12, C;H,Ph and CH, of cod). Anal. Caled for
CsHy CIPt: C, 42.5; H, 4.7. Found: C, 43.3; H, 4.8.

Pt(Et)(C;H,Ph)(cod). The oily compound was prepared from
Pt(C,H,Ph)Cl(cod) (607 mg, 1.37 mmol) and EtMgBr (1.5 mmol)
in Et;0 (10 mL) at -10 to 0 °C, analogous to the preparation of
Pt(C,HPh)s(cod), in 84% yield. Oily Pt(n-Pr)(C;H Ph){(cod) and
Pt(C,H,C¢H,-p-OMe)(C,H,Ph)(cod) were prepared analogously
in 84 and 92% yields, respectively: 'H NMR (acetone-dg)
PtEt(C,HPh)(cod), 6 7.0-7.4 (m, 5, Ph), 4.8 (br, 2 J(Pt-H) = 40,

(16) Yamamoto, T.; Yamamoto, A.; Ikeda, S. Ibid. 1971, 93, 3350, 3360.

(17) Chaudhury, N.; Puddephatt, R. J. J. Chem. Soc., Dalton Trans.
1976, 915.

(18) Ozawa, F.; Ito, T.; Nakamura, Y.; Yamamoto, A. Bull. Chem. Soc.
Jpn. 1981, 54, 1868.

(19) Laforge, F. B.; Barthel, W. F. J. Org. Chem. 1937, 9, 250.

(20) Yamamoto, T.; Saruyama, T.; Nakamura, Y.; Yamamoto, A. Bull.
Chem. Soc. Jpn. 1976, 49, 589.
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=CH), 4.5 (br, 2, J(Pt-H) = 40, =CH), 0.6-3.3 (m, 12, C,H,Ph
and CH of cod) Pt(n-Pr)(C,H,Ph)(cod), & 7.0-7.4 (m, 5, Ph), 4.8
and 4.5 (br, 2 for each, J(Pt-H) = 40, =CH), 0.6-3.5 (m, 19,
CzHAPh, CaH7, and CH2 of COd), Pt(02H4Ph)(C2H4CSH4-p-
OCH;)(cod), 6 6.8-7.4 (m, 9, Ph and CgH,), 4.7 (br, 4, J(Pt-H)
= 40, —=CH), 3.76 (s, 3, OCH,), 1.0-3.3 (m, 16, C,H,Ph and CH,
of cod).

Preparation of Unsymmetrical Dialkylplatinum(II)
Complexes Having Tertiary Phosphine Ligands. Pt(Et)(n-
Pr)(PPh;),, 2. An Et,0 suspension of PtEtCl(PPhy), (1030 mg,
1.31 mmol) was treated with a slight excess of n-PrLi (1.4 mL
of 0.96 M solution in pentane) below 0 °C. After 3 h the mixture
was hydrolyzed. The Et,O layer and benzene extracts were
collected, and the solvents were removed by evaporation. The
resulted colorless solid was recrystallized from a benzene-pentane
mixture; yield 700 mg (67%). Similarly 1 and 4-13 were obtained.
Elemental analyses, yields, and decomposition points of these
complexes except 1-8, which have been reported elsewhere® are
summarized. Pt(Et)(C,;H,Ph)(PPh,),-0.5Et;0, 9: 92% re-
crystallized from a mixture of CH,Cl; and Et,0; dec pt 144-145
°C. Anal. Caled for C“H4900.5P2Et: C, 64.7; H, 5.2. Found: C,
64.3; H, 5.4. Pt(n-Pr)(C,H,Ph)(PPh;),-0.5toluene, 10: 70%
after recrystallization from a mixture of toluene and hexane; dec
pt 130-131 °C. Anal. Calcd for CgosHgPoPt: C, 66.4; H, 5.5.
Found: C, 66.0; H, 5.5. Pt(CzH4Ph)(CQH4CGH4'D'OMe)(PPh3)2,
11: 64% after recrystallization from a CHyCl,—Et,0 mixture; dec
pt 132-133 °C. Anal. Caled for C5zHy50, ;PoPt: C, 66.3; H, 5.6.
Found: C, 66.3; 5.4. Pt(Et)(n-Pr)dpe, 13: 75%/ (crude); the
compound was recrystallized from a benzene—pentane mixture
in 17% yield; dec pt 166-167 °C. Anal. Caled for C3HgeP,Pt:
C, 55.9; H, 5.5. Found: C, 56.3; H, 5.3. Complexes 9, 10, and
11 were also prepared by the ligand exchange reaction of Pt-
(R,)(Rp)(cod) with L. For example, an Et,0 solution (5 mL) of
Pt(Et)(C,HPh)(cod) (323 mg, 0.74 mmol) was treated with excess
PPh; (580 mg, 2.21 mmol) at room temperature for 1 day.
Evaporation of volatile matter in vacuo gave a white solid which
was recrystallized from a CH,Cl,-Et,0 mixture (77% yield).

!H NMR data are summarized: 1 (CD,Cly), § 0.40, (dd, 3,
J(P-H) = 7 and 8, J(Pt-H) = 70, MeP), 0.5-1.7 (m, 5, EtPt),
7.0-7.5 (m, 30, PPhg); 13 (CD,Cly), & 7.2-7.6 (m, 20, Ph), 2.4 (¢
of 4, 4, J(H-H) = 0.5, J(P-H) = 2.0, CH, in dppe ligand), 0.5-1.8
(m, 12, Et and n-Pr); 12 (CgDg), 8.9-7.6 (m, 10, PPhMe,), 1.0-2.5
(m, 12, Pt(Et)(n-Pr)L,), 1.25 (d, 6, J(P-H) = 7, PPhMe,), 1.24
(d, 6, J(P-H) = 7, PPhMe,). *H NMR spectra of 2-11 showed
complicated patterns for alkyl groups, but the relative ratio of
integration of each group is consistent with its structure. 3'P{'H}
NMR spectral data of 2, 9, 10, 11, 12 as well as symmetrical
dialkylplatinum(II) complexes are summarized in Table I.

Acidolysis of 9 (22.5 mg, 0.025 mmol) with dry HCI gave ethane
(0.023 mmol, 91%) and ethylbenzene (0.022 mmol, 89%). Sim-
ilarly 10 (21.0 mg, 0.023 mmol) liberated propane (0.019 mmol,
83%) and ethylbenzene (0.018 mmol, 78%), 13 (15.5 mg, 0.023
mmol) afforded ethane (0.021 mmol, 91%) and propane (0.020
mmol, 87%), and 2 (38.0 mg, 0.048 mmol) gave ethane (0.043
mmol, 90%) and propane (0.039 mmol, 81%), respectively, on
acidolysis.

Kinetic Studies. Pt(R,)(Ry)(PPh;), was placed in a round-
bottomed flash equipped with a gas-tight rubber serum cap.
CH,Ph, was transferred by means of a hypodermic syringe, and
the flask was placed in a thermostatted oil bath. Gas samples
(less than 0.5% of the total volume) were removed periodically
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from the magnetically stirred flask and analyzed by gas chro-
matography. For systematic errors arising from the difference
in solubilities of the gases in CHyPh, to be avoided, CH, was used
as internal standard for gas chromatographic analysis after cal-
ibration.

Deuterium-Labeling Experiments. Pt(CH,CD;)(n-
C3H7)(PPhy); (14) and Pt(CH,CD,)(C,H,Ph)(PPhy), (15) were
analogously prepared by the reactions of Pt(CH,CD3)Cl(PPhy),
with n-C3H;Li and PhC,H,MgBr in Et,0, respectively: IR 14,
»(C-D) 2190 (sh), 2160 (w), 2050 (m) cm™, § (C-D) 840 (w) cm,
15, »(C-D) 2180 (sh), 2150 (m), 2080 {(w), 2040 (m) cm!, (C-D)
835 (w) cm™.

Thermolysis of 14 and 15 in the Absence of PPh;. Complex
14 (357 mg, 0.449 mmol) dissolved in CH,Ph, (3 mL) was heated
at 100 °C for 3 h to give ethane (0.241 mmol), ethylene (0.156
mmol), propane (0.154 mmol), and propylene (0.233 mmol). These
gases were separated by gas chromatography, and the deuterium
contents in these gases were analyzed by IR and mass spectros-
copy. Mass spectral analysis revealed that ethylene contained
only C,H,D, and C,HDj; (ca. 1:1). IR spectrum of the mixture
of deuterated ethylenes showed bands attributable to CHD=CD,
(765, 920 cm™), CH,=~CD, (750, 945 cm™), trans-CHD=CHD
(726, 989 cm™), and cis-CHD=CHD (842 cm™). Ethane was
found to consist of a mixture of CH;CD;3 and CH,DCHD,. The
propyrene evolved contained solely C3H,, and propane was a
mixture of C;Hg and C;H;D roughly in a 1:1 ratio. Thermolysis
of 15 (309 mg, 0.361 mmol) in the absence of PPh; in CH,Ph, (10
mL) liberated ethylene and ethane with similar compositions as
mentioned above. Ethylbenzens contained a mixture of PhC,H,D
and PhC,H; (ca, 1:1); styrene was not deuterated.

Thermolysis of 14 in the Presence of PPh,. Thermolysis
of 14 (56.5 mg, 0.077 mmol) in the presence of PPh; (375.6 mg,
1.43 mmol) in CH,Ph, (2 mL) gave almost the same results
concerning deuterium contents in gases as described in the ex-
periment carried out in the absence of PPhs.

H-D Exchange in the Thermolysis of 14. Complex 14 (49.5
mg, 0.623 mmol) in CH,Ph, (2 ml) was heated for 10 min to
decompose 9% of 14. Hydrolysis of the recovered 15 with dry
HCI gave ethane and propane which were separately collected
by GC. The mass spectrum of ethane was identical with that of
authentic CH;CD; which was obtained by hydrolysis of CD;CH,Li.
Propylene consisted of only C3Hg. Complex 14 (118.8 mg, 0.149
mmol) was thermolyzed at 100 °C for 40 min in the presence of
PPh; (779 mg, 2.97 mmol) in CH,Ph, (5 mL) (50% of 14 de-
composed). Mass spectral analysis of ethane, which was liberated
on hydrolysis of the recovered 14 with dry HCI, showed the
formation of CHyCD; and CHD,CH,D. Propane consisted of only
C;H,.
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Summary: The reaction of Ir(N,XPPh,),Cl with H,0s4(C-
0),, has yielded the mixed metal cluster complex
H,IrOs4(u-Cl)(u-COXCO)yPPh,, I, in 15% yield. I has
been characterized by IR, 'H NMR, elemental, and sin-
gle-crystal X-ray diffraction analyses.

Diazoalkanes A have recently attracted the attention of
synthetic organometallic chemists and have been used for
the synthesis of a variety of new organometallic complexes!
including those containing the currently popular, bridging
alkylidene ligand B.2 Such reactions take advantage of

R R, ’R
C—N=N Jo M—NZ=N M
/ AW
R M—M C M—M
A B D

the facile loss of N, from the diazoalkane. By analogy, it
seems reasonable to expect that inorganic dinitrogen
compounds C,% which could be viewed as inorganic ana-
logues of diazoalkanes, might be useful reagents for the
synthesis of polynuclear metal complexes D via loss of N,
and formation of metal-metal bonds. This notion has been
realized through the reaction of Ir(Ng)(PPhy),Cl with
HgOSg(CO)IO.

When heated to reflux in benzene solvent for 6 h, Ir-
(N)(PPh,),Cl (40 mg, 0.05 mmol) reacted with H,Os,(C-
0)0 (44 mg, 0.05 mmol) to yield the air-stable red product
H,IrOs;(p-Cl) (u-CO)(CO)g(PPhy), I (10 mg, 0.0075 mmol,
15% yield, eq 1, which was isolated by TLC.* I was
characterized by IR and 'H NMR spectroscopies® and
elemental” and X-ray crystallographic® analyses.

1e(N,)(PPhy),Cl + H,085(CO);0 ~onc

H,IrOsq(u-C1)(4-CO)(CO)sPPh; + N, + PPh; (1)

(1) Lappert, M. F.; Poland, J. S. Adv. Organomet. Chem. 1970, 9, 397.

(2) (a) Herrmann, W. A. Pure and Appl. Chem. 1982, 54, 65. (b)
Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1978, 17, 800. (c) Mes-
serle, L.; Curtis, M. D. J. Am. Chem. Soc. 1980, 102, 7789. Clavert, R.
B.; Shapley, J. R. Ibid. 1977, 99, 5225,

(3) Chatt, J.; Dilworth, J. R.; Richards, R. L. Chem. Rev. 1978, 6, 589.

(4) Significant amounts of HyOs3(CO);PPh; together with a few other
uncharacterized products were also obtained. The H,0s;(CO)oPPh, could
have been formed in a secondary reaction of free PPhg with H;084(C0),0.5

(5) Deeming, A. J.; Hasso, S. J. Organomet. Chem. 1976, 114, 313.

{6) IR » (CO) in hexane: 2087 (m), 2060 (vs), 2041 (vs}, 2017 (m), 2010
(m, sh), 1996 (s), 1956 (w), 1828 (n). 'H NMR in CDCl;: 7.46 (m, 15 H),
-13.79 (d, Jp_z = 13 Hz, 1 H), -18.22 ppm (s, 1 H).
N (7) Satisfactory elemental analyses have been obtained for C, H, and

Figure 1. An oRTEP drawing of HyIrQOs;(u-Cl)(u-CO)(CO)PPh,,
I, showing 50% probability electron-density ellipsoids.

An ORTEP diagram of the molecular structure of I is
shown in Figure 1.1 The molecule consists of a tetrahe-
dral cluster containing one iridium and three osmium
atoms, as expected for a 60-electron tetranuclear cluster.
A chloride ligand bridges the Os(1)-0Os(3) metal-metal
bond and apparently migrated to that site from the iridium
atom. A terminal carbonyl ligand on the iridium atom
must have originated on the Os; cluster. A similar transfer
of a CO ligand from H,0s4(CO),, was observed in the
synthesis of the mixed-metal cluster HyOs;Pt(CO),[P(c-
CeHip)s).tt Overall, I contains 10 carbonyl ligands which
include a symmetric bridge C(10)-O(10) across the Ir-Os(3)
bond, a semibridge C(2)-0(2) across the Ir-Os(1) bond,
and eight linear ligands arranged as shown in Figure 1.
The molecular contains two hydride ligands (not observed
crystallographically). One is believed to bridge the elon-
gated Os(2)-0s(3) metal-metal bond of 3.005 (1) A. The
other hydride ligand is coupled magnetically to the
phosphorus atom.® Thus, it probably bridges an Ir-Os
bond, most likely Ir-Os(2) since the other Ir-Os bonds
contain either bridging or semibridging CO ligands.

The importance of N, loss in the formation of I was
demonstrated by the attempted synthesis of I from the

(8) Crystal data: space group P2;/c at 25° a = 11.564 (6) &, b = 17.645
4)Ac=16956(2) A, 8=108.11(2)°% V=23288 (3) A%, Z =4, pueq =
271 g/em® The structure was solved by the heavy-atom method.’
Least-squares refinement on 2383 reflections (F? = 3.00(R?) produced
the final residual Ry = 0.035 and R,y = 0.032.

(9) Diffraction data were collected on an Enraf-Nonius CAD-4 auto-
matic diffractometer. All structure solution and refinement calculations
were done on a Digital PDP 11/45 computer by using the Enraf-Nonius
SDP program library, Version 18.

(10) Selected bond distances (A) and angles (deg) are as follows; Ir—
Os(1) = 2.881 (1), Ir-Os(2) = 2.906 (1), Ir-0s(3) = 2.785 (1), 0s(1)-0s(2)
= 2,802 (1), 0s(1)-0s(3) = 2.884 (1), 0s(2)-0s(3) = 3.005 (1), 0s(1)-Cl
= 2.465 (4), 0s(3)—Cl = 2.456 (4), Ir-C(10) = 2.11 (2), 0s(3)-C(10) = 2.02
(2), 0s(1)~C(2) = 1.89 (2), Ir--C(2) = 2.81 (2), Ir-0s(3)-C(10) = 49.1 (4),
Os(3)~Ir-C(10) = 46.3(4), Ir-08(1)-C(2) = 68.7 (5), 0s(1)-C(2)-0(2) =
167(1), 0s(1)-C1-0s(3) = 71.8 (1).

(11) Farrugia, L. J.; Howard, J. A. K.; Mitrachachon, P.; Stone, F. G.
A.; Woodward, P. J. Chem. Soc., Dalton Trans. 1981, 155.

0276-7333/82/2301-1537301.25/0 © 1982 American Chemical Society
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reagents Ir(CO)(PPhy),Cl and Hy0s;(CO)y.  Although
some new products have been obtained,'? we did not ob-
serve the formation of I in any thermal reaction up to and
including reaction in refluxing octane solvent.
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Summary: Alkylation of Ta(OAr'),Cly (OAr' = 2,6-tert-
butylphenoxide) followed by thermolysis leads to cyclo-
metalation of the aryl oxide ligand in which one of the CH
bonds of a tert-butyl group has been activated to cleav-
age.

Since the discovery of the first cyclometalation reaction
by Kleinmann in 19632, a large number of such intramo-
lecular, cyclic metalations have been reported.>* Most
known cyclometalation reactions are with ligands con-
taining N of P-donor atoms reacting with low-valent group
7 or 8 metal systems to activate aromatic or benzylic type
CH bonds, with a strong tendency to form five-membered
chelate rings.* With trialkylphosphine ligands activation
of purely aliphatic CH bonds has been seen, sometimes
with the formation of four- or six-membered rings.’ We
wish to report here our characterization of a new type of
cyclometalation reaction involving a high-valent, early
transition-metal system in which the ligand contains an
oxygen donor atom and involves the activation of an ali-

(1) The Chemistry of Sterically Crowded Aryl-Ozide Ligands. 2. For
part 1, see: Chamberlain. L; Huffman, J. C.; Keddington, L.; Rothwell,
L P. J. Chem. Soc., Chem. Commun., in press.

(2) Kleinmann, J. P.; Dubeck, M. J. Am. Chem. Soc. 1963, 85, 1544,

(3) De-hand, J.; Pfeffer, M. Coord. Chem. Rev. 1976, 18, 326.

(4) Bruce, M. I. Angew. Chem., Int. Ed. Engl. 1977, 18, 73.

(5) Goel, R. G.; Ogini, W. O. Organometallics 1982, 1, 654.

0276-7333/82/2301-1538$01.25,/0
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Figure 1. oRTEP view of II. Some pertinent bond distances (&)
and angles (deg) are Ta—0(5) = 1.930 (6), Ta-0(2) = 1.945 (6),
Ta-C(2) = 2.248 (10), Ta—C(3) = 2.136 (10), Ta—C(4) = 2.138 (10),
0(5)-Ta-0(20) = 164.1 (2), C(2) = 81.1 (3), “C(3) = 95.2 (3), C(4)
= 95.2 (3), 0(20)-Ta—C(2) = 83.0 (3), -C(3) = 95.0 (3), -C(4) =
94,1 (3), C(2)-Ta—-C(3) = 127.0 (4), C(2)-Ta-C(4) = 128.3 (4),
C(3)-Ta-C(4) = 104.7 (4).

phatic CH bond to form a six-membered ring.®
Treatment of TaCl; with an excess of LiOAr" (OAr’ =
2,6-di-tert-butylphenoxide) in benzene leads to the for-
mation of Ta(OAr),Cl; (I) as an orange, hydrocarbon-
soluble solid. Further substitution by LiOAr’ does not
occur.” Alkylation of I with LiCHj at 25 °C in benzene
leads to substitution of the chloride ligands and formation
of Ta(OAr)y(Me); (II).2 A single-crystal X-ray structure
analyisis of this compound revealed an approximate thp
coordination geometry about the metal with equatorial
methyl groups and axial aryl oxide ligands (vide infra).
Thermolysis of IT in toluene in a sealed tube (120 °C) leads
to the generation of methane (2 equiv) and the formation
of a new complex (IVa) in which each of the aryl oxide
ligands has undergone attack on one of the CH bonds of

(6) The observed attack on the CH bonds of the N(SiMe;), ligand can
be considered to be a cyclometalation reaction, in which a four-membered
ring is formed: Bennett, C. R.; Bradley, D. C. J. Chem. Soc., Chem.
Commun. 1974, 29. Simpson, S. J.; Turner, H. W.; Anderson, R. A. Inorg.
Chem. 1981, 20, 2991.

(7) Anal. Caled for TaCl;0,CosH,, (I): C, 48.19; H, 6.07; Cl, 15.24.
Found: C, 48.82; H, 6.13; Cl, 14.98%.

(8) Anal. Caled for TaO,CsHg; (II): C, 58.48; H, 8.07. Found: C,
57.90; H, 7.96. 'H NMR (benzene-dg; 35 °C): 3(CgH;) 6.7-7.2 (m),
(CgHga-t-Bu,) 1.45 (s), 6§ (TaCHj) 1.19 (s).

© 1982 American Chemical Society
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reagents Ir(CO)(PPhy),Cl and Hy0s;(CO)y.  Although
some new products have been obtained,'? we did not ob-
serve the formation of I in any thermal reaction up to and
including reaction in refluxing octane solvent.
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butylphenoxide) followed by thermolysis leads to cyclo-
metalation of the aryl oxide ligand in which one of the CH
bonds of a tert-butyl group has been activated to cleav-
age.

Since the discovery of the first cyclometalation reaction
by Kleinmann in 19632, a large number of such intramo-
lecular, cyclic metalations have been reported.>* Most
known cyclometalation reactions are with ligands con-
taining N of P-donor atoms reacting with low-valent group
7 or 8 metal systems to activate aromatic or benzylic type
CH bonds, with a strong tendency to form five-membered
chelate rings.* With trialkylphosphine ligands activation
of purely aliphatic CH bonds has been seen, sometimes
with the formation of four- or six-membered rings.’ We
wish to report here our characterization of a new type of
cyclometalation reaction involving a high-valent, early
transition-metal system in which the ligand contains an
oxygen donor atom and involves the activation of an ali-
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phatic CH bond to form a six-membered ring.®
Treatment of TaCl; with an excess of LiOAr" (OAr’ =
2,6-di-tert-butylphenoxide) in benzene leads to the for-
mation of Ta(OAr),Cl; (I) as an orange, hydrocarbon-
soluble solid. Further substitution by LiOAr’ does not
occur.” Alkylation of I with LiCHj at 25 °C in benzene
leads to substitution of the chloride ligands and formation
of Ta(OAr)y(Me); (II).2 A single-crystal X-ray structure
analyisis of this compound revealed an approximate thp
coordination geometry about the metal with equatorial
methyl groups and axial aryl oxide ligands (vide infra).
Thermolysis of IT in toluene in a sealed tube (120 °C) leads
to the generation of methane (2 equiv) and the formation
of a new complex (IVa) in which each of the aryl oxide
ligands has undergone attack on one of the CH bonds of

(6) The observed attack on the CH bonds of the N(SiMe;), ligand can
be considered to be a cyclometalation reaction, in which a four-membered
ring is formed: Bennett, C. R.; Bradley, D. C. J. Chem. Soc., Chem.
Commun. 1974, 29. Simpson, S. J.; Turner, H. W.; Anderson, R. A. Inorg.
Chem. 1981, 20, 2991.

(7) Anal. Caled for TaCl;0,CosH,, (I): C, 48.19; H, 6.07; Cl, 15.24.
Found: C, 48.82; H, 6.13; Cl, 14.98%.

(8) Anal. Caled for TaO,CsHg; (II): C, 58.48; H, 8.07. Found: C,
57.90; H, 7.96. 'H NMR (benzene-dg; 35 °C): 3(CgH;) 6.7-7.2 (m),
(CgHga-t-Bu,) 1.45 (s), 6§ (TaCHj) 1.19 (s).
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a tert-butyl group (Scheme I).? Carrying out the ther-
molysis in a 'H NMR tube in toluene-dg allowed the re-
action to be monitored and indicated the existence in so-
lution of an intermediate, monocyclometalated compound
(ITIa).

In contrast to the alkylation with LiCHj, treatment of
IT with LiPh at 25 °C does not allow the isolation of a
triphenyl compound but instead leads to a good yield of
a monocyclometalated compound (IIIb).1* Structural
analysis of this compound confirmed the presence of the
cyclometalated aryl oxide ligand (vide infra). Thermolysis
of IITb generates 1 equiv of benzene and the biscyclo-
metalated compound IVb.1

Structure of I1.'2 Figure 1 shows a view of the mol-
ecule with the atom numbering scheme used along with
some pertinent bond distances and angles. The molecule
can be seen to possess an approximately tbp geometry
about the metal but with some very interesting distortions.
The two axial aryl oxide ligands are arranged such that
the molecule possesses C;, symmetry with one of the
methyl groups being unique. It can be seen that the two
aryl oxide ligands are tilted toward this group with an
0-T'a-0 angle of 164.1°. This distortion results from an
attempt to try and relieve the obvious steric congestion
about the metal center and in particular the interaction
between the four tert-butyl groups and the other two
equatorial methyl groups, C(3) and C(4). The four tert-
butyl groups thus surround the unique methyl group and
this leads to a remarkable elongation of the Ta—C(2) bond
length by 0.11 A over that of Ta—C(3) and Ta=C(4). A
compression of the C(3)-Ta—C(4) angle to 104.7° also takes
place. Refinement of the hydrogen atoms shows that each
of the tert-butyl groups contains a unique hydrogen atom
that is situated very close to the Ta-C(2) function (Ta—H
distances between 2.836 and 3.001 A). These distances are
too far to propose any positive electronic Ta--H interac-
tions in the ground state, but when coupled with the long
Ta—C(2) distance it strongly indicates a possible reaction
pathway whereby loss of alkane can take place with for-
m?glon of a new Ta—C bond as found in the structure of
I1

Structure of IIIb."* Figure 2 contains a view of the
molecule along with some pertinent bond distances and

(9) A sample of II (0.5 g) was dissolved in toluene (10 mL) and the
solution degassed, frozen to liquid-nitrogen temperatures, and sealed
under vacuum in a glass tube. The tube was heated in an oil bath at 120
°C for 24 h. Removal of solvent followed by extraction with hexane gave
a colorless solution from which could be isolated IVa as a white, crystaline
solid in good yield (~350 mg). 'H NMR (benzene-dg; 30 °C) §(CeH3)
6.8-7.4 (m), 8 (CgHy-t-Bu) 1.76 (s), 8(CeH;CMe,CH,) 1.28 (s), 1.35 (g),
8(CsHzCMe,CH;) AB pattern at 1.74-1.80 obscurred partly by ¢t-Bu
signal, 3(TaCH.) 0.91 (s).

(10) Addition of LiPh (3.3 equiv) to a solution of I in benzene gave a
dark solution after 2 h at 25 °C. Removal of solvent followed by ex-
traction with hexane gave a colorless solution which deposited colorless
crystals of IIIb on cooling to -15 °C. 'H NMR (benzene-dg; 30 °C):
(C¢Hy) and 6(TaPh) 6.9-8.1 (m), 6(CgHyt-Buy) 1.24 (s), 6(CsHat-
BuCI(u;,CHE) 0.96 (8), 8(CeHy-t-BuCMe,CH,) 1.42 (a) 8(CsH;-t-CMe,CH,)
221 (s

(11) A similar thermolysis procedure" carried out on IIIb led to the
isolation of IVb as a white solid. 'H NMR (benzene-dg; 30 °C):
8(CgH;) and 5(TaPh) 6.9-8.1 (m), 5(CgHy-t-Bu) 1.57 (a), 5(CgHyCMe,CHy)
1.28 (s), 1.32 (s), 8(CgH,CMe,CH,) 2.27 (d), 1.60 (d)

(12) Crystal data for Ta(CHg)s(C¢Hy-t-Bu,), at — 162 °C: space group
Cy, a = 19.797 (4), A, b = 6.587 (7) A, c = 23.253 (5) A, § = 96.11 (1)°,
Z=4,dyy=1.403 gcm'“ OftheZl'f:iumquereﬂectimmw]]ecwdwnh
useufMoKaradlatmn.S" < 20 = 45°, the 1995 having F < 2.33 o(F) were
}ste&_' in tl{l]eoﬁﬂl-matnx refinement. Final residuals are R(F) = 0.0258 and

(13) Crystal Data for TaC,H;,0, at —162 °C: space group Pl, a =
15438 () A, b = 12329 ) A, ¢ =10.639 (3) A, a = 73.70 (2)°, § = 67.38
(2), v = 69.07 (2)°, Z = 2, dyq 1.437 g cm™. Of the 4521 unique re-
flections collected with use of Mo K« radiation, 6° < 20 < 45°, the 4089
having F < 2.33 ¢(F) were used in the full-matrix refinement. Final
residuals are R(F) = 0.0322 and R (F) = 0.0318.
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Figure 2. oRTEP view of IIIb. Some pertinent bond distances
(A) and angles (deg) Ta—0(2) = 1.909 (4), Ta—0(3) = 1.926 (4),
Ta-C(29) = 2.158 (6), Ta~C(32) = 2.154 (6), Ta—C(38) = 2.145
(8), 0(2)-Ta-0(3) = 165.4 (2), -C(29) = 80.72 (2), -C(32) = 89.8
(2), -C(38) = 90.1 (2), O(8)-Ta-C(29) = 84.7 (2), -C(32) = 98.9
(2), -C(38) = 97.2 (2), C(29)-Ta—C(32) = 1285 (2), C(29)-Ta—C(38)
= 117.6, and C(32)-Ta-C(38) = 112.9 (2).

angles. The coordination geometry about the metal atom
is very similar to that found in IT with an equatorial plane
of carbon atoms with two axial oxygen atoms bent toward
the unique, metalated alkyl group (0-Ta-O = 165.4°).
The six-membered chelate ring does not undergo a large
amount of puckering and can best be described as a
half-boat (or chair) in which the CMe,; atom is lifted out
of the plane of the other five atoms in the chelate ring.
This results in an almost perfectly staggered geometry for
the C(Me);—C(H), substituents when viewed down the C-C
axis. Surprisingly, the six-membered ring can still ac-
commodate a chelate angle 0(2)-Ta-C(29), of only 80.7°
at the metal without undergoing a large amount of puck-
ering. The reason for this is that the Ta—0(2)-C(18) angle
is opened up to 143.7° and thus “tightens up” the chelate
ring. This distortion is a common feature of early tran-
sition-metal alkoxide chemistry. It can be seen in both of
the aryloxide ligands in II and in the unmetalated ligand
in ITIb, where typical M—O-Ar angles are 144-150°. This
angle increase is normally taken to imply that a degree of
m-bonding between the electron-deficient metal center and
the oxygen atom is taking place, but in the case of these
sterically crowded aryl oxide ligands steric factors may be
dominant. The !H NMR spectrum of IIIb is consistent
with the solid-state structure.!?

Structure of IV. At the present time a structural
analysis of either IVa or IVb has not been carried out.
However, the 'H NMR spectra for these compounds is
entirely consistent with the structure shown (Scheme I).
We propose that the cyclotantalation of the second aryl
oxide ligands does not lead to any drastic change in the
coordination geometry from that seen in IT and IITb. The
molecule has C, symmetry, and thus in a stereochemically
rigid molecule the methylene protons of the chelate ring
will become diastereotopic, generating an AB pattern.
Similarly the C(Me), groups will become nonequivalent.
This pattern is observed for both IVa and IVb in the 'H
NMR spectrum.®!!
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Further studies of this interesting reaction are in prog-
ress,

Registry No. I, 82190-58-7; II, 82182-23-8; IIIb, 82823-96-9; IVa,
82823-97-0; IVb, 82823-98-1; TaCls, 7721-01-9; LiOAr’, 55894-67-2;
LiCHj, 917-54-4; LiPh, 591-51-5.

Supplementary Material Available: Tables of bond angles,
bond distances, fractional coordinates and isotropic thermal
parameters, and anisotropic thermal parameters for IIIb (11
pages). Ordering information is given on any current masthead

page.

(14) We thank the donors of the Petroleum Research Fund, admin-
istered by the American Chemical Society, for support.

Anclllary Ligand Rearrangements Promoted by the
Migratory Insertlon of Carbon Monoxide Into
Nickel(11)-Carbon Bonds

Michael D. Fryzuk* and Patricla A. MacNell
Department of Chemistry, University of British Columbia
Vancouver, British Columbia, Canada V6T 1Y6

Received May 24, 1982

Summary: Migratory insertion of CO into the nickel(11)
carbon bonds of [Ni(R)N(SiMe,CH,PPh,),] promotes a
rearrangement of the amidophosphine hybrid ligand to
generate a nickel(0) dicarbonyl derivative, [Ni(CO),-
{RCON(SiMe,CH,PPh,),}]. With the palladium-methyl de-
rivative [Pd(CH;)N(SiMe,CH,PPh,),], only the palladium(II)
acetyl complex [Pd(COCH;)N(SiMe,CH,PPh,),] is formed
with no evidence of anicillary ligand rearrangement.

Our approach to fine-tuning the reactivity patterns of
a given transition-metal complex involves the use of an-
cillary multidentate ligands that contain vastly different
donor atom types. Up to the present we have investigated
the coordination chemistry of bidentate and tridentate
“hybrid” ligands containing the hard amido donor NRy"
(R = alkyl or silyl) and soft phosphine donors with a
number of different transition metals.'? The primary
purpose of these “hybrid” ligands is to provide new elec-
tronic and steric environments for a given metal while
being inert to further transformations at the metal center;
however, we have found that in certain cases, notably
nickel(II), this type of ligand system is noninnocent and
undergoes a dramatic rearrangement.

We have previously reported!? the synthesis of organo-
nickel and organopalladium derivatives (1) containing the
uninegative, tridentate ligand N(SiMe,CH,PPh,),. All

Ph,
Mezs\i T
‘N—M—R
7
Me,Si
Ph,

1a, M = Ni, R = CH,
bM-NlR—n -C,H,
¢, M =Ni, R=CH=CH,
d,M=Ni, R=CH,
e, M=P d R—CH

(1) (a) Fryzuk, M. D.; MacNeil, P. A. J. Am. Chem. Soc. 1981, 103,
3592. (b) Fryzuk, M. D.; MacNeil, P. A., Rettig, S. J.; Secco, A. S,;
Trotter, J. Organometallics 1982, 1, 918.

(2) Fryzuk, M. D.; Williams, H. D.; Rettig, S. J., submitted for pub-
lication in Inorg. Chem. Zirconium and hafnium complexes of hybrid
multidentate ligands are described.

of the organonickel complexes (1a—d) react® with carbon
monoxide at atmospheric pressure to form new products
that involve a change in formal oxidation state of the metal
as well as a change in the chelating mode of the “hybrid”
ligand.

When gold-orange solutions of the nickel-methyl com-
plex la are exposed to CO under ambient conditions, the
color fades over a period of 5 min to produce a new, single
compound (2a) in quantitative yield (by 'H NMR spec-
troscopy) with the overall uptake of 3 equiv of CO. Col-
orless crystals of 2a can be isolated in 90% yield; analytical
and solution molecular weight data are consistent with the
monomeric empirical formula [Ni(CHj;)N-
(SiMe,CH,PPh,),(C0O)3].* The solution infrared spectrum
of 2a consists of two very strong terminal carbonyl bands
at 1995 and 1930 cm™ (which shift to 1955 and 1890 ¢cm™
with 13CO) and a strong band at 1715 cm™ (which shifts
to 1680 cm™ with 3CQO). 2a is formulated as a nickel(0)
dicarbonyl derivative wherein the ligand binds in a bi-
dentate mode through the phosphine donors because of
the formation of an N-acetyl group. Consistent with this

Mez th
1] S P /
R-C N\SI/\P/ \
Me, Ph,
2a, R=CH,
b, R = CH,CH=CH,
¢, R = CH=CH,
d, R=C.H,

co

co

proposal are the *C{*H} NMR data that have a singlet at
161.9 ppm for the amide carbonyl carbon (Si,NCOCHj,)
and a triplet (%Jup_1sc = 2.4 Hz) for the terminal carbonyl
ligands at 200.2 ppm. An identical reaction obtains for the
allylnickel derivative 1b to give 2b as the only observed
product,’ once again as colorless crystals in 80% recrys-
tallized yield. The key evidence for this type of structure
is the acyl band in the IR spectrum at 1715 cm™ which
indicates an amide-type carbonyl rather than a nickel-acyl
species.

To test the generality of this reaction, the migratory
insertion behavior of the sp*carbon ligands, vinyl (CH=
CH,) and phenyl (C¢Hj;), was investigated.® The analogous
reaction of CO with the vinylnickel complex le proceeds

(3) All reactions with CO and 3CO (90% 13C) were performed at 1 atm
of pressure at room temperature in dry toluene. Typically, ~0.2 mol L!
solutions of the nickel complexes 1 were rapidly stirred under carbon
monoxide for the indicated times. The toluene was removed under
vacuum and the residue recrystallized from hexanes at -30 °C.

(4) 2a: mp 122 °C; mol wt (Signer), theoretical 689 found, 698; ‘H
NMR (CgDg) SiCHj, 5 -0.11 (s), CH,P, 1.89 (br d), COCH,;, 1.91 (s),
P(C¢H;), 6.95 (m, para/meta), 7.53 (m, ortho). Anal. Calcd for
%MH”NNIO;;PZSIZ C, 59.48; H, 5.68; N, 2.04. Found: C, 59.30; H, 5.73;

1.80

O H2 H4
Si,N C\ / C\
Ha
H1 H1

(5) 2b: mp 138-140 °C; '"H NMR (C;D¢) SiCHj, 6 -0.10 (s), CH,P, 1.84
(br dd), H,, 3.08 (dt, 2, J1 = 8.59, J, 3 = J1 = 1.46 Hz), H,, 5.85 (m, 1,
Jau = 1001, Jp5 = 17 09 Hz) Hj, 5.02 (m, 1, Jy, = 1.71 Hz), H,, 4.85 (m,
1), P(CeHs), 6.95 (m, para/meta), 7.52 (m, ortho). Anal. Caled for
Cs@HuNNlOaPleg C, 60.67; H, 5.76; N, 1.97. Found: C, 60.66; H, 5.89;
N, 1.80.

(6) Although migratory insertion of CO into nickel-carbon bonds is
well-known, the relative migratory aptitudes of alkyl, aryl, and vinyl
derivatives of nickel have not yet been established. See, for example: (a)
Klein, H. F.; Karsch, H. H. Chem. Ber. 1976, 109, 2524. (b) Stroppioni,
P; Dapporto, P.; Sacconi, L. Inorg. Chem. 1978, 17, 718, (c) Carmona,
E.; Gonzalez, F.; Poveda, M. L.; Atwood, J. L.; Rogers, R. L. J. Chem.
Soc., Dalton Trans. 1980, 2108. (d) Tremont, S. J.; Bergman, R. G. J.
Organomet. Chem. 1977, 140, C12.

0276-7333/82/2301-1540801.25/0 © 1982 American Chemical Society
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generate a nickel(0) dicarbonyl derivative, [Ni(CO),-
{RCON(SiMe,CH,PPh,),}]. With the palladium-methyl de-
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with no evidence of anicillary ligand rearrangement.

Our approach to fine-tuning the reactivity patterns of
a given transition-metal complex involves the use of an-
cillary multidentate ligands that contain vastly different
donor atom types. Up to the present we have investigated
the coordination chemistry of bidentate and tridentate
“hybrid” ligands containing the hard amido donor NRy"
(R = alkyl or silyl) and soft phosphine donors with a
number of different transition metals.'? The primary
purpose of these “hybrid” ligands is to provide new elec-
tronic and steric environments for a given metal while
being inert to further transformations at the metal center;
however, we have found that in certain cases, notably
nickel(II), this type of ligand system is noninnocent and
undergoes a dramatic rearrangement.

We have previously reported!? the synthesis of organo-
nickel and organopalladium derivatives (1) containing the
uninegative, tridentate ligand N(SiMe,CH,PPh,),. All
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of the organonickel complexes (1a—d) react® with carbon
monoxide at atmospheric pressure to form new products
that involve a change in formal oxidation state of the metal
as well as a change in the chelating mode of the “hybrid”
ligand.

When gold-orange solutions of the nickel-methyl com-
plex la are exposed to CO under ambient conditions, the
color fades over a period of 5 min to produce a new, single
compound (2a) in quantitative yield (by 'H NMR spec-
troscopy) with the overall uptake of 3 equiv of CO. Col-
orless crystals of 2a can be isolated in 90% yield; analytical
and solution molecular weight data are consistent with the
monomeric empirical formula [Ni(CHj;)N-
(SiMe,CH,PPh,),(C0O)3].* The solution infrared spectrum
of 2a consists of two very strong terminal carbonyl bands
at 1995 and 1930 cm™ (which shift to 1955 and 1890 ¢cm™
with 13CO) and a strong band at 1715 cm™ (which shifts
to 1680 cm™ with 3CQO). 2a is formulated as a nickel(0)
dicarbonyl derivative wherein the ligand binds in a bi-
dentate mode through the phosphine donors because of
the formation of an N-acetyl group. Consistent with this
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proposal are the *C{*H} NMR data that have a singlet at
161.9 ppm for the amide carbonyl carbon (Si,NCOCHj,)
and a triplet (%Jup_1sc = 2.4 Hz) for the terminal carbonyl
ligands at 200.2 ppm. An identical reaction obtains for the
allylnickel derivative 1b to give 2b as the only observed
product,’ once again as colorless crystals in 80% recrys-
tallized yield. The key evidence for this type of structure
is the acyl band in the IR spectrum at 1715 cm™ which
indicates an amide-type carbonyl rather than a nickel-acyl
species.

To test the generality of this reaction, the migratory
insertion behavior of the sp*carbon ligands, vinyl (CH=
CH,) and phenyl (C¢Hj;), was investigated.® The analogous
reaction of CO with the vinylnickel complex le proceeds

(3) All reactions with CO and 3CO (90% 13C) were performed at 1 atm
of pressure at room temperature in dry toluene. Typically, ~0.2 mol L!
solutions of the nickel complexes 1 were rapidly stirred under carbon
monoxide for the indicated times. The toluene was removed under
vacuum and the residue recrystallized from hexanes at -30 °C.

(4) 2a: mp 122 °C; mol wt (Signer), theoretical 689 found, 698; ‘H
NMR (CgDg) SiCHj, 5 -0.11 (s), CH,P, 1.89 (br d), COCH,;, 1.91 (s),
P(C¢H;), 6.95 (m, para/meta), 7.53 (m, ortho). Anal. Calcd for
%MH”NNIO;;PZSIZ C, 59.48; H, 5.68; N, 2.04. Found: C, 59.30; H, 5.73;
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(5) 2b: mp 138-140 °C; '"H NMR (C;D¢) SiCHj, 6 -0.10 (s), CH,P, 1.84
(br dd), H,, 3.08 (dt, 2, J1 = 8.59, J, 3 = J1 = 1.46 Hz), H,, 5.85 (m, 1,
Jau = 1001, Jp5 = 17 09 Hz) Hj, 5.02 (m, 1, Jy, = 1.71 Hz), H,, 4.85 (m,
1), P(CeHs), 6.95 (m, para/meta), 7.52 (m, ortho). Anal. Caled for
Cs@HuNNlOaPleg C, 60.67; H, 5.76; N, 1.97. Found: C, 60.66; H, 5.89;
N, 1.80.

(6) Although migratory insertion of CO into nickel-carbon bonds is
well-known, the relative migratory aptitudes of alkyl, aryl, and vinyl
derivatives of nickel have not yet been established. See, for example: (a)
Klein, H. F.; Karsch, H. H. Chem. Ber. 1976, 109, 2524. (b) Stroppioni,
P; Dapporto, P.; Sacconi, L. Inorg. Chem. 1978, 17, 718, (c) Carmona,
E.; Gonzalez, F.; Poveda, M. L.; Atwood, J. L.; Rogers, R. L. J. Chem.
Soc., Dalton Trans. 1980, 2108. (d) Tremont, S. J.; Bergman, R. G. J.
Organomet. Chem. 1977, 140, C12.
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more slowly than that of la or 1b to give, after 3 h, a
mixture of two identifiable products. The rearranged Ni(0)
derivative 2c is obtained as the major product’ in ~90%
yield (by 'H NMR spectroscopy) as well as another Ni(0)
derivative, 3; this latter complex® can be separated and
obtained pure as yellow microcrystals by careful, repeated
recrystallizations from hexane. ‘3 is formulated as an

Mesi. P

“N—-C__Hs
wea o

n%-acryloyl complex wherein the rearranged ligand binds
in a novel tridentate fashion. Consistent with this pro-
posed structure for 3 are the 'H NMR data® that show four
resonances for the diastereotopic silyl methyl groups due
to the chirality of the coordinated acryloyl ligand. In
addition, the resonances of the coordinated olefin are
shifted upfield and are split by two inequivalent phos-
phorus nuclei. The infrared spectrum has only one very
strong terminal carbonyl stretch at 1950 cm™ as well as
a strong band at 1625 cm™ ascribed to »og of the n*-acryloyl
function. Additional support for this formulation comes
from the 3P{{H} NMR spectrum which consists of an AX
doublet of doublets (8, 16.38, 6x = -1.38, J,x = 57.9 Hz)
for the inequivalent phosphines.

The phenylnickel derivative 1d also produces a mixture
of compounds in its reaction with carbon monoxide; after
7 h at ambient conditions, the Ni(0) derivative,? 2d, and
the nickel-benzoyl complex,!® 4d, were obtained as an
approximately 1:1 mixture in quantitative yield (by 'H
NMR spectroscopy). Predictably, no product due to co-
ordination of the N-benzoyl fragment, analogous to 3, is
observed. Identification of these products was made
possible by a Pasteur-type separation of the colorless
crystals of 2d from the orange prisms of 4d. As anticipated,
the reaction of pure 4d with additional CO resulted in the
formation of the N-benzoylnickel(0) species, 2d. If the
reaction of the phenylnickel complex 1d with CO is mon-
itored by 'H NMR spectroscopy, the nickel(II) benzoyl
derivative 4d is formed rapidly and quantitatively at room
temperature (<30 min); however, the subsequent reaction
to form 2d is much slower, going to completion in ap-

(7) Although 2¢ is the major product, it has not yet been obtained
analytically pure due to contamination by 3. 2¢: 'H NMR (CgDg) SiCH,,
4 -0.08 (s), CH,P, 1.85 (br 8), H;, 6.17 (dd, J, 3 = 17.0, J1 3 = 2.0 Hz), H,,
5.38 (dd, J55 = 10.2 Hz), Hy, 5.99 (dd), P(CGH;,) 6.95 (m, para/meta) 7.15
(m, ortho); IR (CH,Cl,, em™) vco, 1966 (8), 1935 (8), »cockeciz, 1700 (m).

(8) 3: H NMR (CgDy) SiCHy, 6 0.65 (d, *Jyp = 0.98 Hz), 0.35 (d, *Jup
= 0,98 Hz), -0.35 (s), -0.65 (s), CH,P, 1.22 (m) H,, 4.34 (m Jiz = 1172,
Jl 1—659 J1p2-146HZ) H2,389(m,J23-757 —562, 2,P2
= 4 15 Hz), H, 4.14 (m, Jyp; = 13.92, Jyp, = 3.17 Hz), P(CPHs) 6.70, 6.98
(m, para/meta), 7.48, 7.92 (m, ortho). Anal. Caled for CqugNNlOngslz
C, 60.89; H, 5.82; N, 2.09. Found: C, 60.86; H, 6.00; N, 1.82. This type
of [ 4 complex with a,ﬂ-unsaturated a.tmdes is known; see: Yamamoto, T.;
Igarashi, K.; Komiya, S.; Yamamoto, A. J. Am. Chem. Soc. 1980, 102,
7448.

(9) 2d: *H NMR (CgDg) é SiCHj, 6 ~0.08 (s), CH2P 1.93 (br s), P(CeHs)
and COCgH;, 6.92 (m), 7.52 (m); IR (CH,Cl;, em™) g 2000 (s), 1935 (s),
voopn 1680 (m). Anal. Caled for CyoH, NNiQ,P,Siy: C, 62.57; H, 5.48;
N, 1.87. Found: C, 63.00; H, 5.73; N, 1.65.

(10) 4d: 'H NMR (C¢Dy) SlCHa, 5 -0.01 (s), 0.45 (s), PCH,, 1.54 (dt

= 13.7, J,pp = 6.5 Hz), 1.80 (J,, = 5.0 Hz), P(CgHy); and COCH

6'55 (m), 7.12 (m), 7.28 (m), 7.90 (m) "8.21 (m); IR (KBr, cm™) vcop, 1602
(m). Anal. Calcd for C3;H,NNiOP,Si,: C 64.16; H, 5.92; N, 2.02.
Found: C, 64.31; H, 5.98; N, 2.16. The proton NMR data are consistent
with restricted rotation of the NiCOPh group about the Ni-C bond,
presumably due to the interaction of the nickle-benzoyl moiety with the
phenyl substituents on the phosphorus donors. Heating 4d to >70 °C
causes broadening and coalescence of the proton NMR resonances (and
some formation of the starting nickel-phenyl complex 1d).
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4a, R=CH,
b,R= CH CH=CH,

cR CH—-CH
d,R=C.H,

-proximately 2 days.

The palladium~methyl analogue, le, does not measur-
ably react with atmospheric pressures of CO, even after
3 days. However, higher pressures (20 atm) generate
quantitative yields *H NMR spectroscopy) of the palla-
dium acetyl complex, [Pd(COCH;)N(SiMe,CH,PPh,),];!!
further reaction with CO was not observed. Indeed, no
other transition metal incorporating this ligand system'?
rearranges like that of the nickel derivatives with CO.

The mechanism for this fascinating rearrangement must
involve initial formation of the acylnickel species 4 followed
by, in a subsequent step, reductive elimination of the
nickel(II) amide acyl to give the nickel(0) products. By
monitoring!? the reaction of la or 1b with carbon monoxide
at —40 °C by either 3'P{'H} or 'H NMR spectroscopy, we
observe very straightforward conversions, via the acyl
species 4a and 4b, to the nickel(0) products 2a and 2b. We
are at present investigating the kinetics of this rear-
rangement and the effect of other ligands on this process.
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para/meta), 8.34 (br m, ortho); 3P {*H} (C;Dg, —40 °C, relative to external
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more slowly than that of la or 1b to give, after 3 h, a
mixture of two identifiable products. The rearranged Ni(0)
derivative 2c is obtained as the major product’ in ~90%
yield (by 'H NMR spectroscopy) as well as another Ni(0)
derivative, 3; this latter complex® can be separated and
obtained pure as yellow microcrystals by careful, repeated
recrystallizations from hexane. ‘3 is formulated as an

Mesi. P

“N—-C__Hs
wea o

n%-acryloyl complex wherein the rearranged ligand binds
in a novel tridentate fashion. Consistent with this pro-
posed structure for 3 are the 'H NMR data® that show four
resonances for the diastereotopic silyl methyl groups due
to the chirality of the coordinated acryloyl ligand. In
addition, the resonances of the coordinated olefin are
shifted upfield and are split by two inequivalent phos-
phorus nuclei. The infrared spectrum has only one very
strong terminal carbonyl stretch at 1950 cm™ as well as
a strong band at 1625 cm™ ascribed to »og of the n*-acryloyl
function. Additional support for this formulation comes
from the 3P{{H} NMR spectrum which consists of an AX
doublet of doublets (8, 16.38, 6x = -1.38, J,x = 57.9 Hz)
for the inequivalent phosphines.

The phenylnickel derivative 1d also produces a mixture
of compounds in its reaction with carbon monoxide; after
7 h at ambient conditions, the Ni(0) derivative,? 2d, and
the nickel-benzoyl complex,!® 4d, were obtained as an
approximately 1:1 mixture in quantitative yield (by 'H
NMR spectroscopy). Predictably, no product due to co-
ordination of the N-benzoyl fragment, analogous to 3, is
observed. Identification of these products was made
possible by a Pasteur-type separation of the colorless
crystals of 2d from the orange prisms of 4d. As anticipated,
the reaction of pure 4d with additional CO resulted in the
formation of the N-benzoylnickel(0) species, 2d. If the
reaction of the phenylnickel complex 1d with CO is mon-
itored by 'H NMR spectroscopy, the nickel(II) benzoyl
derivative 4d is formed rapidly and quantitatively at room
temperature (<30 min); however, the subsequent reaction
to form 2d is much slower, going to completion in ap-

(7) Although 2¢ is the major product, it has not yet been obtained
analytically pure due to contamination by 3. 2¢: 'H NMR (CgDg) SiCH,,
4 -0.08 (s), CH,P, 1.85 (br 8), H;, 6.17 (dd, J, 3 = 17.0, J1 3 = 2.0 Hz), H,,
5.38 (dd, J55 = 10.2 Hz), Hy, 5.99 (dd), P(CGH;,) 6.95 (m, para/meta) 7.15
(m, ortho); IR (CH,Cl,, em™) vco, 1966 (8), 1935 (8), »cockeciz, 1700 (m).

(8) 3: H NMR (CgDy) SiCHy, 6 0.65 (d, *Jyp = 0.98 Hz), 0.35 (d, *Jup
= 0,98 Hz), -0.35 (s), -0.65 (s), CH,P, 1.22 (m) H,, 4.34 (m Jiz = 1172,
Jl 1—659 J1p2-146HZ) H2,389(m,J23-757 —562, 2,P2
= 4 15 Hz), H, 4.14 (m, Jyp; = 13.92, Jyp, = 3.17 Hz), P(CPHs) 6.70, 6.98
(m, para/meta), 7.48, 7.92 (m, ortho). Anal. Caled for CqugNNlOngslz
C, 60.89; H, 5.82; N, 2.09. Found: C, 60.86; H, 6.00; N, 1.82. This type
of [ 4 complex with a,ﬂ-unsaturated a.tmdes is known; see: Yamamoto, T.;
Igarashi, K.; Komiya, S.; Yamamoto, A. J. Am. Chem. Soc. 1980, 102,
7448.

(9) 2d: *H NMR (CgDg) é SiCHj, 6 ~0.08 (s), CH2P 1.93 (br s), P(CeHs)
and COCgH;, 6.92 (m), 7.52 (m); IR (CH,Cl;, em™) g 2000 (s), 1935 (s),
voopn 1680 (m). Anal. Caled for CyoH, NNiQ,P,Siy: C, 62.57; H, 5.48;
N, 1.87. Found: C, 63.00; H, 5.73; N, 1.65.

(10) 4d: 'H NMR (C¢Dy) SlCHa, 5 -0.01 (s), 0.45 (s), PCH,, 1.54 (dt

= 13.7, J,pp = 6.5 Hz), 1.80 (J,, = 5.0 Hz), P(CgHy); and COCH

6'55 (m), 7.12 (m), 7.28 (m), 7.90 (m) "8.21 (m); IR (KBr, cm™) vcop, 1602
(m). Anal. Calcd for C3;H,NNiOP,Si,: C 64.16; H, 5.92; N, 2.02.
Found: C, 64.31; H, 5.98; N, 2.16. The proton NMR data are consistent
with restricted rotation of the NiCOPh group about the Ni-C bond,
presumably due to the interaction of the nickle-benzoyl moiety with the
phenyl substituents on the phosphorus donors. Heating 4d to >70 °C
causes broadening and coalescence of the proton NMR resonances (and
some formation of the starting nickel-phenyl complex 1d).

Ph,

P
Me28| | 0

N—Nl—C

MeZS| 'L

Phy
4a, R=CH,
b,R= CH CH=CH,

cR CH—-CH
d,R=C.H,

-proximately 2 days.

The palladium~methyl analogue, le, does not measur-
ably react with atmospheric pressures of CO, even after
3 days. However, higher pressures (20 atm) generate
quantitative yields *H NMR spectroscopy) of the palla-
dium acetyl complex, [Pd(COCH;)N(SiMe,CH,PPh,),];!!
further reaction with CO was not observed. Indeed, no
other transition metal incorporating this ligand system'?
rearranges like that of the nickel derivatives with CO.

The mechanism for this fascinating rearrangement must
involve initial formation of the acylnickel species 4 followed
by, in a subsequent step, reductive elimination of the
nickel(II) amide acyl to give the nickel(0) products. By
monitoring!? the reaction of la or 1b with carbon monoxide
at —40 °C by either 3'P{'H} or 'H NMR spectroscopy, we
observe very straightforward conversions, via the acyl
species 4a and 4b, to the nickel(0) products 2a and 2b. We
are at present investigating the kinetics of this rear-
rangement and the effect of other ligands on this process.
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para/meta), 8.34 (br m, ortho); 3P {*H} (C;Dg, —40 °C, relative to external
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Co(CO),, 1, and its reactions with oxidizing agents. With
a variety of oxidizing agents (I,, Br,, Ph,C*, Cp,Fe*, and
C,H,™), this bridging carbene complex undergoes a two-
electron oxidation which resutlts in cleavage of the Fe—Co
bond and formation of the terminal carbene complex
Cp(CO),Fe[C(SMe),]*.

Recent interest in the synthesis and reactivity of
bridging carbene ligands®”7 in polynuclear metal complexes
derives from the postulated intermediacy of bridging
carbenes in the Fischer-Tropsch reaction? and reactions
of hydrocarbons which are catalyzed heterogeneously by
transition metals.? Only a few general modes of reactivity
for bridging carbenes have been reported: the conversion
of u-CH, to CH; or CH,,* the transformation of bridging
carbenes into bridging carbynes,*® the insertion of
olefins or acetylenes into the metal—carbene bond,**4# and
the intramolecular coupling of two bridging carbenes across
a single pair of metal atoms.®7 In this communication,
we report the synthesis of a new carbene-bridged dinuclear
complex, Cp(CO)Fe(u-CO)[u-C(SMe),]Co(CO);, 1, and its
reactions with oxidizing agents which lead to cleavage of
the Fe~Co bond and conversion of the bridging carbene
into a terminal carbene ligand; this reaction represents a
new type of reactivity for the bridging carbene group.

Complex 1 is prepared from the terminal dithiocarbene
complex (CpFe(CO)(NCMe)[C(SMe),]}PFs® and PPN-
[Co(CO),]® by reaction in tetrahydrofuran for 1 h at room
temperature:

+

/SMe ~
Cp(CO)(MeCN)Fe::C\' + ColC0)y —
SMe
MeS SMe
oo, >X
(Fe\ —ColCO)3 + MeCN (1)
o¢ ¢
[
0
1

Evaporation of the solvent, hot hexanes extraction of the

(1) Ames Laboratory is operated for the U.S. Department of Energy
by Iowa State University under Contract No. W-7405-Eng-82. This
research was supported by the office of Basic Energy Sciences, Chemical
Sciences Division.

(2) Brady, R. C. III; Pettit, R. J. Am. Chem. Soc. 1980, 102, 6181-6182.

(3) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479-490.

(4) (a) Casey, C. P.; Fagan, P. J.; Miles, W. H. J. Am. Chem. Soc. 1982,
104, 1134-1136 and references therein. (b) Sumner, C. E,; Riley, P. E.;
Davis, R. E.; Pettit, R. Ibid. 1980, 102, 1752-1784. (c) Balch, A. L.;
Olmstead, M. M.; Farr, J. P. Inorg. Chim. Acta 1981, 52, 47-54. (d)
Theopold, K. H.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 2489-2491.
(e) Herrmann, W. A; Plank, J.; Riedel, D.; Ziegler, M. L.; Weidenhammer,
K.; Guggolz, E,; Ba.lbach,B d. Ibzd 1981, 103, 63-75. (f) Hursthouse, M.,
B.; Jones, K. M Malik, K. M.; Wllkmson,G Ibid. 1979, 101, 4128-4139.

(5) (a) Calvert, P.B Shapley, J. R. J. Am. Chem. Soc. 1977, 99,
5226-5226. (b) Dimas, P. A.; Duesler, E. N.; Lawson, R. J.; Shapley, J.
R. Ibid. 1980, 102, 7787-7789. (c) Howard, J. A. K.; Jeffrey, J. C.; Laguna,
M.; Navarro, R.; Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1979,
1170-1173. (d) Howard, J. A. K,; Jeffrey, J. C.; Laguna, J. M.; Navarro,
R.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1981, 751-762. (e)
Jeffrey, J. C.; Navarro, R.; Razay, H.; Stone, F. G. A. Ibid. 1981,
2471-2478,

(6) (a) Cooke, M.; Davies, D. L.; Guerchais, J. E.; Knox, S. A. R.; Mead,
K. A,; Roue, J.; Woodward, P. J. Chem. Soc., Chem. Comm. 1981,
862-864. (b) Dyke, A. F.; Knog, S. A, R.; Naishi, P. J.; Taylor, G. E. Ibid.
1980, 803-805. (c) Jeannin, Y.; Dromzée, Y.; Daran, J. C.; Leuisalles, J.;
Rose-Munch, F.; Rudler, H. Ibid. 1981, 152-154.

(7) (a) Ott, K. C.; Grubbs, R. H. J. Am. Chem. Soc. 1981, 103,
5922-5923. (b) Maitlis, P. M.; Kiyoshi, I.; Andrews, D, G.; Mann, B. E.
J. Chem. Soc., Chem. Commun. 1981, 809-810.

(8) McCormick, F. B.; Angelici, R. J. J. Organomet. Chem. 1981, 205,
79~89.

(9) Ruff, J. K,; Schlientz, W. J. Inorg. Synth. 1974, 15, 87-88.

Communications

residue, filtration, and cooling of the solution at —20 °C
yield small purple crystals of 1 (83% yield)!° that are
air-stable for weeks. Compound 1 may also be prepared
from {CpFe(CO),[C(SMe),]|PF,'! although in lower yield.
A few dinuclear complexes are reported to contain terminal
carbene ligands;'2 however, the carbene-bridged structure
of 1 is indicated by the relatively high-field position of the
13C NMR carbene resonance (6 176.44) as compared to
those for related terminal carbenes,® the inequivalence of
the SMe groups in the 'H and 3C NMR spectra of 1, and
the overall similarity of the IR spectrum in the »(CO)
terminal region of 1 to that of Cp(CO)Fe(u-CO),Co(CO),.12

In a reaction not previously reported for bridging carb-
ene complexes, 1 is readily oxidized to yield a mononuclear
terminal dithiocarbene complex of iron, 2. Reactions with

Cpl\AeS>C<SMe
SFe———Co0(CO)s + [0X] ~&&=
C( C/
T
0
1
SMe”
e ¢ " +u
Cp(CO)Fe==C + "Co(CO)3 " (2)
~
SMe

2

2 equiv of the oxidizing agents I, Br,, Ph,C*PFy,
Cp.Fe*FeCl,, and C;H,*BF,” in CH,Cl, solvent under N,
give CpFe(CO),[C(SMe),]*, 2,!! as the only iron carbonyl
containing product. In the reaction with I, in the presence
of 2 equiv of PPhy, the cobalt fragment is isolated (41%)
as ICo(CO)4(PPhy),, which is identified by comparing its
IR spectrum with that of an authentic sample.*!®> In the
absence of PPhg, no identifiable Co(I) complex is isolated.
The yield of the iron product 2 is 91%6 after 10 min of
reaction with 2 equiv of I, at room temperature without
added PPh;. The analogous reaction with Br, gives a 90%
yield of 2 after 5 min. Two equivalents of C;H,*BF, give
a 95% yield of 2 after 24 h. After only 1 min, 2 equiv of
CpsFe*FeCl, give a 75% yield of 2, whereas 1 equiv gives
a 46% yield. Reactions of PhyC*PFg after 20 min give
the following yields with different numbers of equivalents
of the oxidizing agent: 23% (0.5 equiv), 77% (1.5 equiv),
90% (2.0 equiv). These reactions establish that 2 equiv
of oxidant are required. No intermediates are observed
even in reactions involving fewer than 2 equiv.

(10) Data for 1: mp 108-104 °C; IR (cyclohexane) »(CO) 2037 (m),
1988 (br 8), 1836 (m) cm™; 'H NMR (CDgclz) 5 4.70 (s, 5 H, Cp), 2.70 (s,
3 H, SCHj,), 2.23 (s, 3 H, SCHs), 13C NMR (CD,Cl,, -80 C Cr(acac)s)
8 249 59 (s, u-CO), 212. 50 (s, FeCO), 208.77 (s, Co—CO), 201.06 (s, CoCO),
176.44 (s, u-carbene C), 83.27 (s, Cp), 29.97 (s, SCHj;), 24.85 (s, SCHj).
Anal, Caled for C;3H;;05S;,CoFe: C, 36.84; H, 2.60. Found: C, 36.60;
H, 2.93. MS (20 eV), m/e 398 (M - CO)"‘ (M 2CO)*, (M - 300)*’, (M
-3C0 - CHy)*, (M - 3CO - 2CHy)*.

(11) McCormick, F. B,; Angehm, R. J. Inorg. Chem. 1979, 18,
1231-1235.

(12) (a) Rosenblum, M.,; Nitay, M.; Priester, W. J. Am. Chem. Soc.
1978, 100, 3621-3623. (b) Casey, C. P. Chem. Commun. 1970, 1220~1221.
(c) Casey, C. P,; Cyr, C. R. J. Organomet. Chem. 19783, 57, C69-C71. (d)
Lappert, M. F.; Pye, P. L. J. Chem. Soc., Dalton Trans. 1977, 2172-2180.
(e) Fischer, E. O.; Offhaus, E. Chem. Ber. 1969, 102, 2449-2455. (f) Curtis,
D. M.; Messerle, L. J. Am. Chem. Soc. 1982, 104, 889-890. (g) Berry, M.;
Martin-Gil, J.; Howard, J. A. K.; Stone, F. G. A. J. Chem. Soc., Dalton
Trans. 1980, 1625-1629. (h) Schubert, U,; Ackermann, K.; Rustemeyer,
P. J. Organomet. Chem. 1982, 231, 323-334.

(13) Manning, A. R. J. Chem. Soc. A 1971, 2321-2325.

(14) Aresta, M.; Rossi, M.; Sacco, A. Inorg. Chim. Acta 1969, 3,
227-231.

(15) The low yield of ICo(CQ)4(PPhg), may be due at least in part to
its further reaction with I, to unidentified products.

(16) The yield of CpFe(CO);[C(SMe),]* was determined by measuring
the intensity of the 2068-cm™ »(CO) absorption and comparing it with
intensities of standard solutions of {CpFe(CO);[C(SMe),]|PF,.
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The variety of oxidizing agents that participate in re-
action 2 indicates that the removal of two electrons from
the bridging carbene complex 1 is all that is required for
its conversion to the terminal carbene complex 2. The only
other reported conversion of a bridging to a terminal
carbene was communicated very recently;¥ it involves the
shift of the bridging carbene ligand in Cp,Mo,(CO),(CR,)
upon reaction with R,CN, (R = p-MeC¢H,) to a terminal
position in the product Cp(CO);MoMo(CR,)(N,CR,)Cp.
The type of bridging to terminal carbene conversion rep-
resented by the oxidation in eq 2 may be of more general
applicability to a variety of bridging carbene complexes.
Oxidation of other complexes with bridging carbenes
containing heteroatoms (O, N, S, etc.) capable of stabilizing
terminal carbene ligands are likely to vield isolable ter-
minal carbene compounds as observed in reaction 2. On
the other hand, oxidation of u-CH, and u-CR, complexes
according to eq 2 would generate unstable terminal carb-
enes which would be converted rapidly to other products
such as olefins, as in the decomposition of Cp(CO),Fe=
CH,*'" In this way, oxidation may activate bridging
carbenes to new types of reactivity.

Registry No. 1, 83043-22-5; 2, 69532-10-1; {CpFe(CO)(NCMe)[C-
(SMe),]iPFg, 77781-29-4; PPN[Co(COQ),], 53433-12-8; {CpFe(CO),[C-
(SMe),]|PFy, 69532-11-2; ICo(CO),(PPhg),, 14767-53-4; Fe, 7439-89-6;
Co, 7440-48-4.

(17) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99,
6099-6101.
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Summary: The palladium-catalyzed additions of 2-((tri-
methyisilylymethyl)allyl acetate to muconic esters produc-
es five- and seven-membered rings, whereas the phe-
nyl-substituted derivative produces only five-membered-
ring products.

The palladium-catalyzed reaction of 2-((trimethyl-
silyl)methyl)allyl acetate (1) with electron-deficient olefins
provides an exciting approach to methylenecyclopentanes
(path a, eq 1).12 Its utility ultimately depends upon its

W
EWG  _ews SiCHy)s )I/(
:O/ il EWG
‘ p 0Ac b

1

EWG EWG

and/or (1)
EWG

WG
EWG = electron-withdrawing group
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generality. A particularly intriguing problem derives from
the use of a diene as an acceptor in which the competition
between a seven- and a five-membered ring lurks (path b,
eq 1). Exploration of this phenomenon within the context
of muconic esters derives from the symmetry of the system
and the utility of the resultant methylenecyclopentane for
a synthesis of brefeldin A, an antitumor cyclopentanoid
macrolide.?

Treatment of dimethyl (£,E)-muconate with 1 in the
presence of Pd(0) catalysts leads to two products. Spectral
analysis clearly assigns the structure of the major product
as the methylenecyclopentane 2¢ and the minor product
as the methylenecycloheptene 3.4 The infrared spectrum

;\1 - /—4& + @
.

E = CO,CH,

(Ph,P),Pd, dppe, THF 16 1 (47%)
(Ph,P),Pd, dppe, dioxane 3.8 1  (98%°)
{(i-C,H,0),P],Pd,© THF 1.1 1 (89%%)

% Yield based on 1. Actual yield based upon recovered
diene would be substantially higher. ? Yield based upon
recovered diene. € Catalyst formed in situ by reaction of
(i-C;H,0),P and Pd(OAc),.

of 2 showed conjugated and unconjugated ester carbonyl
groups at 1785 and 1720 cm™; the NMR spectrum showed
the conjugated double bond ['H NMR 6 6.90 (dd, J = 15.8,
8.1 Hz) and 5.88 (dd, J = 15.8, 1.1 Hz) and *C NMR at
6 149.3 and 121.3] in addition to the exocyclic methylene
group at 6 4.92. On the other hand, 3 only shows an un-
conjugated ester carbonyl group at 1748 cm™ and an iso-
lated symmetrical vicinal disubstituted double bond ['H
NMR 6§ 6.10 (d, J = 2.4 Hz); ¥)C NMR 6 130.7] in addition
to the exocyclic methylene group ['H NMR 6 4.89; 3C
NMR ¢ 146.7 and 113.9]. The most notable effect on the
ratio of the seven- to five-membered rings was
temperature—with a higher temperature favoring five-
over seven-membered-ring formation.

The source of this competition can arise from two dif-
ferent pathways (eq 2). In the first (path A), initial attack
occurs at a terminus of the diene unit which can lead to
a cisoid (4) or transoid (5) dienolate intermediate in which
the former can produce either five- or seven-membered
rings but the latter is constrained to form the five-mem-
bered ring. If this mechanistic scheme is correct, the ratio
of 2 to 3 would depend upon the partitioning of 4 or of 4
and 5. Alternatively, 8 attack on the diene system (path

(1) Trost, B. M,; Chan, D. M. T. J. Am. Chem. Soc. 1979, 101, 6429;
1981, 103, 5972.

(2) For a related reaction of cooligomerization of alkylidenecyclo-
propanes and olefins catalyzed by Pd see: (a) Binger, P.; Bentz, P. J.
Organomet. Chem. 1981, 221, C33. (b) Binger, P.; Germer, A. Chem. Ber.
1981, 114, 3325. (c) Binger, P.; Schuchardt, U. Ibid. 1981, 114, 3313, (d)
Ibid. 1980, 113, 3334. (e) Angew. Chem., Int. Ed. Engl. 1971, 16, 249. (f)
Binger, P. Synthesis 1973, 427. For a cooligomerization catalyzed by Ni
see: Noyori, R.; Yemakawa, M.; Takaya, H. Tetrahedron Lett. 1978, 4823
and earlier references therein,

(3) For some recent total syntheses see: Greene, A. E.; LeDrian, C.;
Crabbe, P. J. Am. Chem. Soc. 1980, 102, 7583. Koksal, Y.; Radditz, P.;
Winterfeldt, E. W. Angew. Chem. Int. Ed. Engl. 1980, 19, 472. Kitahara,
T.; Mori, K.; Matsui, M. Tetrahedron Lett. 1979, 3021. Bartlett, P. A.;
Green, F. R., III J. Am. Chem. Soc. 1978, 100, 4858. Corey, E. J.; Wol-
lenberg, R. H.; Williams, D. R. Tetrahedron Lett. 1977, 2243. Baudoriy,
R.; Crabbe, P.; Greene, A. E.; LeDrian, C.; Orr, A. F. Tetrahedron Leit.
1977, 2973.

(4) This compound has been fully characterized spectrally and its
elemental composition determined by high-resolution mass spectroscopy
and/or combustion analysis.
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The variety of oxidizing agents that participate in re-
action 2 indicates that the removal of two electrons from
the bridging carbene complex 1 is all that is required for
its conversion to the terminal carbene complex 2. The only
other reported conversion of a bridging to a terminal
carbene was communicated very recently;¥ it involves the
shift of the bridging carbene ligand in Cp,Mo,(CO),(CR,)
upon reaction with R,CN, (R = p-MeC¢H,) to a terminal
position in the product Cp(CO);MoMo(CR,)(N,CR,)Cp.
The type of bridging to terminal carbene conversion rep-
resented by the oxidation in eq 2 may be of more general
applicability to a variety of bridging carbene complexes.
Oxidation of other complexes with bridging carbenes
containing heteroatoms (O, N, S, etc.) capable of stabilizing
terminal carbene ligands are likely to vield isolable ter-
minal carbene compounds as observed in reaction 2. On
the other hand, oxidation of u-CH, and u-CR, complexes
according to eq 2 would generate unstable terminal carb-
enes which would be converted rapidly to other products
such as olefins, as in the decomposition of Cp(CO),Fe=
CH,*'" In this way, oxidation may activate bridging
carbenes to new types of reactivity.

Registry No. 1, 83043-22-5; 2, 69532-10-1; {CpFe(CO)(NCMe)[C-
(SMe),]iPFg, 77781-29-4; PPN[Co(COQ),], 53433-12-8; {CpFe(CO),[C-
(SMe),]|PFy, 69532-11-2; ICo(CO),(PPhg),, 14767-53-4; Fe, 7439-89-6;
Co, 7440-48-4.

(17) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99,
6099-6101.

Reglochemistry of Cycloaddition of
(Trimethylenemethane)palladium Intermediates to
Muconic Esters

Barry M. Trost,* Thomas N. Nanninga, and
Dominic M. T. Chan
McElvain Laboratories of Organic Chemistry
Department of Chemistry, University of Wisconsin
Madison, Wisconsin 53706
Received June 14, 1982

Summary: The palladium-catalyzed additions of 2-((tri-
methyisilylymethyl)allyl acetate to muconic esters produc-
es five- and seven-membered rings, whereas the phe-
nyl-substituted derivative produces only five-membered-
ring products.

The palladium-catalyzed reaction of 2-((trimethyl-
silyl)methyl)allyl acetate (1) with electron-deficient olefins
provides an exciting approach to methylenecyclopentanes
(path a, eq 1).12 Its utility ultimately depends upon its

W
EWG  _ews SiCHy)s )I/(
:O/ il EWG
‘ p 0Ac b

1

EWG EWG

and/or (1)
EWG

WG
EWG = electron-withdrawing group
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generality. A particularly intriguing problem derives from
the use of a diene as an acceptor in which the competition
between a seven- and a five-membered ring lurks (path b,
eq 1). Exploration of this phenomenon within the context
of muconic esters derives from the symmetry of the system
and the utility of the resultant methylenecyclopentane for
a synthesis of brefeldin A, an antitumor cyclopentanoid
macrolide.?

Treatment of dimethyl (£,E)-muconate with 1 in the
presence of Pd(0) catalysts leads to two products. Spectral
analysis clearly assigns the structure of the major product
as the methylenecyclopentane 2¢ and the minor product
as the methylenecycloheptene 3.4 The infrared spectrum

;\1 - /—4& + @
.

E = CO,CH,

(Ph,P),Pd, dppe, THF 16 1 (47%)
(Ph,P),Pd, dppe, dioxane 3.8 1  (98%°)
{(i-C,H,0),P],Pd,© THF 1.1 1 (89%%)

% Yield based on 1. Actual yield based upon recovered
diene would be substantially higher. ? Yield based upon
recovered diene. € Catalyst formed in situ by reaction of
(i-C;H,0),P and Pd(OAc),.

of 2 showed conjugated and unconjugated ester carbonyl
groups at 1785 and 1720 cm™; the NMR spectrum showed
the conjugated double bond ['H NMR 6 6.90 (dd, J = 15.8,
8.1 Hz) and 5.88 (dd, J = 15.8, 1.1 Hz) and *C NMR at
6 149.3 and 121.3] in addition to the exocyclic methylene
group at 6 4.92. On the other hand, 3 only shows an un-
conjugated ester carbonyl group at 1748 cm™ and an iso-
lated symmetrical vicinal disubstituted double bond ['H
NMR 6§ 6.10 (d, J = 2.4 Hz); ¥)C NMR 6 130.7] in addition
to the exocyclic methylene group ['H NMR 6 4.89; 3C
NMR ¢ 146.7 and 113.9]. The most notable effect on the
ratio of the seven- to five-membered rings was
temperature—with a higher temperature favoring five-
over seven-membered-ring formation.

The source of this competition can arise from two dif-
ferent pathways (eq 2). In the first (path A), initial attack
occurs at a terminus of the diene unit which can lead to
a cisoid (4) or transoid (5) dienolate intermediate in which
the former can produce either five- or seven-membered
rings but the latter is constrained to form the five-mem-
bered ring. If this mechanistic scheme is correct, the ratio
of 2 to 3 would depend upon the partitioning of 4 or of 4
and 5. Alternatively, 8 attack on the diene system (path

(1) Trost, B. M,; Chan, D. M. T. J. Am. Chem. Soc. 1979, 101, 6429;
1981, 103, 5972.

(2) For a related reaction of cooligomerization of alkylidenecyclo-
propanes and olefins catalyzed by Pd see: (a) Binger, P.; Bentz, P. J.
Organomet. Chem. 1981, 221, C33. (b) Binger, P.; Germer, A. Chem. Ber.
1981, 114, 3325. (c) Binger, P.; Schuchardt, U. Ibid. 1981, 114, 3313, (d)
Ibid. 1980, 113, 3334. (e) Angew. Chem., Int. Ed. Engl. 1971, 16, 249. (f)
Binger, P. Synthesis 1973, 427. For a cooligomerization catalyzed by Ni
see: Noyori, R.; Yemakawa, M.; Takaya, H. Tetrahedron Lett. 1978, 4823
and earlier references therein,

(3) For some recent total syntheses see: Greene, A. E.; LeDrian, C.;
Crabbe, P. J. Am. Chem. Soc. 1980, 102, 7583. Koksal, Y.; Radditz, P.;
Winterfeldt, E. W. Angew. Chem. Int. Ed. Engl. 1980, 19, 472. Kitahara,
T.; Mori, K.; Matsui, M. Tetrahedron Lett. 1979, 3021. Bartlett, P. A.;
Green, F. R., III J. Am. Chem. Soc. 1978, 100, 4858. Corey, E. J.; Wol-
lenberg, R. H.; Williams, D. R. Tetrahedron Lett. 1977, 2243. Baudoriy,
R.; Crabbe, P.; Greene, A. E.; LeDrian, C.; Orr, A. F. Tetrahedron Leit.
1977, 2973.

(4) This compound has been fully characterized spectrally and its
elemental composition determined by high-resolution mass spectroscopy
and/or combustion analysis.
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B) is constrained to form only five-membered-ring product.
In this scenario, the ratio of 2 to 3 may derive from the
competition between path B and path A. Of course, a
blend of paths A and B may be responsible for the ratio
of 2t0 3. In order to pursue these questions, we examined
a substituted derivative of 1.

The phenyl-substituted derivative 6 has been shown to
react exclusively by initial attack occurring at the carbon
bearing the phenyl group (eq 3).5¢ Reaction of 6 with

(CHg)sSi EWG ., _ _EWG
+ ( Pd(0) =7 .
OAc
Bh Ph
EWG
:é]/ (3)

Ph

dimethyl (E,E)-muconate catalyzed by (PhsP),Pd or in situ
formed [(i-C3H,0),P],Pd led to four products in 74-87%
yield based upon recovered muconate which were sepa-
rated by HPLC. All four possessed an exocyclic methylene
group as shown by two broad singlets between & 4.5 and
5 5.2. The major products (70-75%) were assigned the
trans,trans and cis,trans structures 7¢ and 8.4 The re-
giochemistry is easily demonstrated by the fact that the
H, [763.95(dd, J = 11, 1.5 Hz); 8 6 4.21 (d, J = 10 Hz)]
couples to Hy [7 § 2.82; 8 6 3.13] and not H¢ [7 6 3.09; 8
5 3.33]. Contrastingly, 9* shows H, [ 3.45 (d, J = 10 Hz)]
coupled to H¢ [6 3.09] and not Hg [§ 2.9]—a fact which
dictates the reverse regiochemistry as depicted. The fourth
product was minor and could not be obtained pure. On

6

Communications

I o
i Ph +
E/\\‘\\\ nlme

the basis of the appearance of its NMR spectrum, it is
tentatively identified as a stereoisomer. The stereochem-
istry depicted is based upon the comparison of the NMR
spectral data to other methylenecyclopentanes and the
known propensity for the cycloaddition to retain E olefin
geometry.!

Reaction of dimethyl (E,Z)-muconate with 6 led to two
addition products 10* and 11¢ in a 1:1 ratio in which re-
action occurred only at the trans olefin! Spin-decoupling

E

experiments establish that H, [10 u 4.16 (d, J = 8.8); 11
6 4.04 (dd, J = 10, 1 Hz)] couples to Hg [10 & 3.06; 11 &
2.72] and not H¢ [10 6 4.39; 11 6 4.13]. In this case,
products derived only from initial terminal attack.
Thus, the preponderant mode of cycloaddition derives
from path A of eq 1, but both paths do operate. The
preference for terminal attack on a dienoate suggests that
TMM-Pd is a relatively soft nucleophile for which delo-
calization of the developing negative charge in the acceptor
is of considerable importance. It is striking that seven-
membered-ring formation is limited to only the parent
substrate 1. With the assumption of an extended con-
formation for 4 when R = H to minimize nonbonded in-
teractions (i.e., 12, R = H), introduction of a bulky R group

Nu
U

N |
| |
,L/EE_//\;//_

u

jut

N
13 14

|
Nu

necessarily introduces unfavorable eclipsing interaction
regardless of conformation. Thus, such a substituent
disfavors 4 relative to 5 and thereby leads to enhanced
cyclopentane formation. Equally striking is the depen-
dence of terminal vs. 8 attack (path A vs. path B) on the
geometry of the acceptor. Steric factors best account for
this behavior too, since a bulky nucleophile must experi-
ence some nonbonded interactions with the cisoid ester as
in 13 that is absent in 14. Thus, this cycloaddition reaction
responds dramatically to steric perturbations—a fact that
offers much promise to exercise high control over the re-
action pathway. The preferential reaction of the E- over
the Z olefin represents a puzzlement. Huisgen’ has sug-
gested the use of the faster rate of reaction of an E over

(5) Nanninga, T. N., unpublished work in these laboratories.

(6) This regiochemical result differs from the Pd-catalyzed co-
oligomerization of a phenyl-substituted alkylidenecyclopropane with
olefins. See ref 2c.

(7) Husigen states that “the ratio of the trans/cis rates offers an ele-
gant and theoretically clear criterion for concerted additions leading to
five- and six-membered rings”. Husigen, R. Angew. Chem., Int. Ed. Engl.
1963, 2, 633.
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a Z acceptor as a criterion of concertedness—a conclusion
not in accordance with many of our other observations. On
the other hand, the suggested source of this rate discrim-
ination may indeed apply. For minimization of charge
separation, a rigid cisoid (e.g., 15 or 16) rather than a
transoid geometry would likely prevail and thereby ap-
proach the geometrical constraints of a lopsided concerted
process. Thus, rehybridization of the §-carbon would in-
crease the nonbonded interactions with a Z acceptor as in
15 compared to an E acceptor.® A broadening of the

LoL Lo
N o/
) !
< <
H_gs_\_,-H NP,
R } E H E
15 16

interpretation of the E/Z rate factor to include noncon-
certed reactions whose transition-state geometry ap-
proaches that of a concerted process may be necessitated.

Acknowledgment. We thank the National Science
Foundation for their generous support of our programs.
We thank Johnson Matthey Ltd. and Englehardt Indus-
tries for generous supplies of palladium salts.

Registry No. 1, 72047-94-0; 2, 82823-81-2; 3, 82823-82-3; 6,
82823-83-4; 7, 82823-84-5; 8, 82863-89-6; 9, 82823-85-6; 10, 82863-90-9;
11, 82863-91-0; dimethyl (E,E)-muconate, 1119-43-3; dimethyl (E,-
E)-muconate, 692-92-2; (PhyP),Pd, 14221-01-3; [i-C3H,0);P]Pd,
82838-61-7.

(8) In a typical experiment, a solution of 1.4 equiv of dimethyl (E,E-
muconate, 1.2 equiv of 1, 7.1 mol % of (PhyP),Pd, and 1.5 mol % of dppe
in dioxane (0.2-0.25 M in substrate) was refluxed for 8 h. After the
solution was cooled, the solvent was evaporated and the residue directly
chromatographed to give pure products.

Thermal Extrusion of Sulfur Dioxide from
(n*-Cyclopentadienyl)cobalt 7*-Thiophene
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Summary: Flash vacuum pyrolysis of several (3°-cyclo-
pentadienyl)cobalt n*-thiophene 1,1-dioxides leads to ex-
trusion of SO, and the formation of (n°-cyclo-
pentadienyl)cobalt n*-cyclobutadiene complexes. Ste-
reochemical labeling experiments have been employed to
pinpoint a likely pathway for this new transformation.

The prospect of increasing utilization of coal and coal-
derived liquids as a source of fuel and chemical feed stocks
has renewed interest in the development of chemical means
by which sulfur may be removed from coal.! A large
proportion of the organically bound sulfur in coal occurs

(1) R. A. Meyers, “Coal Desulfurization”, Marcel Dekker, New York,
1977,
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in the form of thiophene and its derivatives. A potential
way of eliminating its presence from such structures would
be by an oxidation thermal desulfonation sequence. Thus,
flash vacuum pyrolysis (FVP) of thiophene 1,1-dioxides
derived from oxidation of the corresponding thiophenes
leads to the predominant formation of furans by presumed
loss of “SO”.2

We have been interested in effecting transition-metal-
mediated SO, extrusions from such systems in an effort
to ultimately find catalytic organometallic pathways by
which thiophene units may be converted into desulfurized
chemicals. A previous thermal reactivity study® of an iron
tricarbonyl complexed thiophene dioxide was rendered
inconclusive due to extensive decomposition and metal
deposition, most likely a result of the relatively weak Fe—
CO bond. We have previously established the utility of
the remarkable thermal stability® of the CpCo unit (Cp =
7°-CsH;) in studies aimed at discovering novel ligand re-
organizations.* It therefore appeared promising to extend
this work to the thermal chemistry of (5°-cyclo-
pentadienyl)cobalt thiophene dioxides. This report details
the first observation of the elusive? SO, extrusion from
such complexes and describes experiments, the outcome
of which has considerably narrowed the number of alter-
natives by which this transformation occurs.

(y*-Cyclopentadienyl)cobalt #*-2,5-dimethylthiophene
1,1-dioxide (1) was prepared from CpCo(CQ), and the free
heterocycle® by irradiation in boiling benzene (84%).6 In

(2) (a) W. J. M. van Tilborg and R. Plomp, Recl. Trav. Chim. Pays-
Bas, 96, 282 (1977); (b) E. K. Fields and S. Meyerson, J. Am. Chem. Soc.,
88, 2836 (1966); T. G. Squires, C. G. Venier, B. A. Hodgson, L. W. Chang,
F. A. Davis, and T. W. Panunto, J. Org. Chem., 46, 2373 (1981).

(3) J. A, Connor, Top. Curr. Chem., 71, 71 (1976).

(4) (a) J. R. Fritch and K. P. C. Vollhardt, Organometallics, 1, 590
(1982); (b) G. Ville, K. P. C. Vollhardt, and M. J. Winter, J. Am. Chem.
Soc., 103, 5267 (1981); (c) J. R. Fritch and K. P. C. Vollhardt, ibid., 100,
3643 (1978); (d) Angew. Chem., 91, 439 (1979); Angew. Chem., Int. Ed.
Engl. 18, 409 (1979).
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a Z acceptor as a criterion of concertedness—a conclusion
not in accordance with many of our other observations. On
the other hand, the suggested source of this rate discrim-
ination may indeed apply. For minimization of charge
separation, a rigid cisoid (e.g., 15 or 16) rather than a
transoid geometry would likely prevail and thereby ap-
proach the geometrical constraints of a lopsided concerted
process. Thus, rehybridization of the §-carbon would in-
crease the nonbonded interactions with a Z acceptor as in
15 compared to an E acceptor.® A broadening of the
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interpretation of the E/Z rate factor to include noncon-
certed reactions whose transition-state geometry ap-
proaches that of a concerted process may be necessitated.
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Summary: Flash vacuum pyrolysis of several (3°-cyclo-
pentadienyl)cobalt n*-thiophene 1,1-dioxides leads to ex-
trusion of SO, and the formation of (n°-cyclo-
pentadienyl)cobalt n*-cyclobutadiene complexes. Ste-
reochemical labeling experiments have been employed to
pinpoint a likely pathway for this new transformation.

The prospect of increasing utilization of coal and coal-
derived liquids as a source of fuel and chemical feed stocks
has renewed interest in the development of chemical means
by which sulfur may be removed from coal.! A large
proportion of the organically bound sulfur in coal occurs

(1) R. A. Meyers, “Coal Desulfurization”, Marcel Dekker, New York,
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in the form of thiophene and its derivatives. A potential
way of eliminating its presence from such structures would
be by an oxidation thermal desulfonation sequence. Thus,
flash vacuum pyrolysis (FVP) of thiophene 1,1-dioxides
derived from oxidation of the corresponding thiophenes
leads to the predominant formation of furans by presumed
loss of “SO”.2

We have been interested in effecting transition-metal-
mediated SO, extrusions from such systems in an effort
to ultimately find catalytic organometallic pathways by
which thiophene units may be converted into desulfurized
chemicals. A previous thermal reactivity study® of an iron
tricarbonyl complexed thiophene dioxide was rendered
inconclusive due to extensive decomposition and metal
deposition, most likely a result of the relatively weak Fe—
CO bond. We have previously established the utility of
the remarkable thermal stability® of the CpCo unit (Cp =
7°-CsH;) in studies aimed at discovering novel ligand re-
organizations.* It therefore appeared promising to extend
this work to the thermal chemistry of (5°-cyclo-
pentadienyl)cobalt thiophene dioxides. This report details
the first observation of the elusive? SO, extrusion from
such complexes and describes experiments, the outcome
of which has considerably narrowed the number of alter-
natives by which this transformation occurs.

(y*-Cyclopentadienyl)cobalt #*-2,5-dimethylthiophene
1,1-dioxide (1) was prepared from CpCo(CQ), and the free
heterocycle® by irradiation in boiling benzene (84%).6 In

(2) (a) W. J. M. van Tilborg and R. Plomp, Recl. Trav. Chim. Pays-
Bas, 96, 282 (1977); (b) E. K. Fields and S. Meyerson, J. Am. Chem. Soc.,
88, 2836 (1966); T. G. Squires, C. G. Venier, B. A. Hodgson, L. W. Chang,
F. A. Davis, and T. W. Panunto, J. Org. Chem., 46, 2373 (1981).

(3) J. A, Connor, Top. Curr. Chem., 71, 71 (1976).

(4) (a) J. R. Fritch and K. P. C. Vollhardt, Organometallics, 1, 590
(1982); (b) G. Ville, K. P. C. Vollhardt, and M. J. Winter, J. Am. Chem.
Soc., 103, 5267 (1981); (c) J. R. Fritch and K. P. C. Vollhardt, ibid., 100,
3643 (1978); (d) Angew. Chem., 91, 439 (1979); Angew. Chem., Int. Ed.
Engl. 18, 409 (1979).
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1,R, =R, =CH,, 2, R, =R, = CH,,
R,=R,=H s=Ry;=H

4, R, =R, = CH,, 3,R, =R, =CH,,
R,=R,=H s=R;=H

5 R, =R,=R,=CH,, 7, R, =R, =R, =CH,,
R,=H ;= H

6,R, = CH,CH,,R,=CH,, 8,R, =CH,CH,,R,=CH,,
R,=R,=H R,=R,=H

9, R, = CH,CH,CH(CH,), 10, R, = CH,CH,CH(CH,),
R,=CH,,R,=R,=H R,=CH,,R,=R,=H

solution the compound is stable to light (medium-pressure
Hg lamp) but unstable when heated beyond 200 °C to give
intractable tars. In contrast, under flash vacuum pyrolytic
conditions* (575 °C (107 torr)), 1 is converted to the cy-
clobutadiene complex 28 as the only isolable product (50%
isolated yield). Some decomposition is responsible for the
formation of a cobalt mirror in the hot zone of the pyrolysis
tube. In addition, a small amount (4%) of starting ma-
terial is recovered. The mass spectral fragmentation
pattern’ of 2, and particularly the negligible coupling (<1
Hz) between the cyclobutadiene protons? (measured in
the 13C satellite 'H NMR spectrum), clearly showed the
presence of the 1,2-disubstitution pattern in the four-ring,
indicating the occurrence of SO, extrusion and ligand bond
formation without concomitant rearrangement. However,
2 could be equilibrated with its 1,3-dimethylcyclobutadiene
isomer 3 (Jy,u, = 9 Hz)® at temperatures above 620 °C.
Compound 3 was independently prepared by SO, extrusion
from complex 4 (51%),% in turn synthesized in the same
way as 1 (97%). We have shown that such isomerizations
(e.g., 2 = 3) proceed through retrocyclization of the
four-ring to bis(alkyne) complexes capable of rotation and
ring closure,**4 and it is significant that the SO, extrusion
reaction from 1 or 4 does not enter that manifold at the
(lower) temperatures employed.

That the two ligands stay attached to the metal during
S0, elimination was ascertained through a crossover ex-
periment involving a 1:1 mixture of the (*-CH;C;H,)Co
and 7*-2-ethyl-5-methylthiophene 1,1-dioxide® analogues

(5) W. J. M. van Tilborg, Synth. Commun. 6, 583 (1976).

(6) All new compounds isolated gave satisfactory analytical and/or
spectral data. The following compounds are representative. 1: orange
crystals; mp 188-190 °C; mass spectrum, m/e (relative intensity) 268 (M*,
46), 204 (21), 189 (18), 124 (100); NMR (90 MHz, CDCly) & 5.00 (s, 2 H),
4.90 (s, 5 H), 1.70 (s, 6 H). 2: yellow oil; mass spectrum, m/e (relative
intensity) 204.0355 (calcd 204.0349, M*, 62.7), 189 (19.5), 178 (5.9), 124
(100); NMR (90 MHz, CDCl,) 6 4.65 (s, 5 H), 3.62 (s, 2 H), 1.60 (s, 6 H).
3: yellow oil; mass spectrum, m/e (relative intensity) 204.0341 (caled
204.0349, M*, 56.4), 164 (25.7), 124 (100); NMR (200 MHz, CDCly) 6 4.74
(s, 5 H), 3.82 (s, 2 H), 1.51 (s, 6 H). 4: orange oil; mass spectrum, m/e
(relative intensity) 267.9963 (caled 267.9968, M*, 25), 204 (11.8), 124 (100).
9a: orange oil; mass spectrum, m/e (relative intensity) 310.0439 (caled
310.0437, M*, 53.6), 246 (5.5), 124 (100); NMR (250 MHz, CDCl;) & 5.02
(d,J = 3.8 Hz, 1 H), 499 (d, J = 3.8 Hz, 1 H), 492 (s, 5 H), 2.37 (m, 1
H), 1.88 (m, 1 H), 1.60 (s, 3 H), 1.52 (m, 1 H), 1.06 (d, J = 7.0 Hz, 3 H),
0.90 (t,J = 7.4 Hz, 3 H). 9b: orange oil; mass spectrum, m/e (relative
intensity) 310.0437 (caled 310.0437, M*, 56.6), 246 (5.2), 124 (100); NMR
(250 MHz, CDCl,) 6 5.00 (s, 2 H), 4.94 (s, 5 H), 2.02 (m, 1 H), 1.75 (m,
1H), 159 (s, 3H), 1.37 (m, 1 H), 1.35 (d, J = 7.0 Hz, 3 H), 0.95 (t, J =
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H), 3.61 (s, 1 H), 3.60 (s, 1 H), 2.04-1.83 (m, 2 H), 1.58 (s, 3 H), 1.56 (s,
3 H), 1.43-1.15 (m, 4 H), 1.02 (d, J = 5.0 Hz, 3 H), 1.00 (d, J = 5.0 Hz,
3 H), 087 (t,J = 7.6 Hz, 3 H), 0.83 (t, J = 7.6 Hz, 3 H).

(7) M. D. Rausch, L. Bernal, B. R. Davies, A. Siegel, F. A. Higbie, and
G. F. Westover, J. Coord. Chem., 3, 149 (1973).

(8) H. A. Brune, H. P, Wolff, and H. Hither, Z. Naturforsch., B:
Anorg. Chem., Org. Chem., Biochem., Biophys. Biol., 23B, 1184 (1968).
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Table I. Results of the FVP of 9a and 9b

starting pyrolysis 9a:9b 10a:10b
material temp, °C (% yield) (% yield)
9a 507 87:13 50:50
(72) (18)
541 79:21 50:50
(37) (36)
575 75:25 50:50
(4) (49)
9b 510 1-5:85 50:50
(70) (18)
540 20: 80 50:50
(36) (34)
577 25:75 50:50
(5) (52)

of 1, complexes 5 and 6.5 FVP (579 °C (10™ torr)) gave
equimolar amounts of the cyclobutadienes 7 and 8 (40%),
in addition to starting materials (15%), but no sign of
ligand crossover in any of the recovered complexes (m/e;
'H NMR).

Among the variety of mechanisms which may be envi-
saged to describe the loss of SO, from complexes 1 and 4-6,
the four most reasonable are pictured on Scheme 1.
Pathway a constitutes a concerted loss of SO, from A, an
“organometallic” cheletropic extrusion reminiscent of that
observed in its organic equivalent, the loss of SO, from
2,5-dihydrothiophene 1,1-dioxides,'° but involving simul-
taneous C-C bond formation. In contrast, b proposes a
concerted retrocyclization of A to SO, and a bis(alkyne)
complex B which would readily close® to product, most
likely through the intermediacy of a metallacyclo-
pentadiene of the type C.!!' The latter might also be
directly accessible via ¢, this route possibly involving SO,
expulsion from a valence tautomer of A in which the metal
is bound in an #* manner to the ligand at C-2 and C-5.
Finally, pathway d suggests an insertion into the C-SO,
bond to give D, followed by SO, loss, most likely involving
complex E and then C. The last sequence is superficially
related to the extensively investigated SO, insertion-
deinsertion reactions into metal alkyls.!?

Information with respect to the relative likelihood with
which each of these mechanisms (or their topological
equivalents) might occur may be obtained by a stereo-
chemical labeling experiment. Thus, introduction of two
different substituents at C-2 and C-5, one of which is chiral
(as indicated in A, Scheme I), gives rise to diastereomers,
the stereochemical (non)integrity of which during FVP
would be of interest. With this thought in mind the two
isomers of (y*-cyclopentadienyl)cobalt 2-methyl-5-sec-bu-
tylthiophene 1,1-dioxide (9a,b) were prepared'® (1:1 mix-
ture) and separated by HPLC (silica gel, CHCl,).

The results of the pyrolyses of each isomer are shown
in Table I. It is evident that the product cyclobutadienes
10a,b® are completely diastereoisomerized, while the
starting material is recovered only partially diastereoi-

(9) Prepared® as follows from 2-methyltiophene: (a) CH;COC], SnCl,
(64%); (b) H,NNH,-H,0, KOH, A (36%); (c) MCPBA-CH,Cl, (44%);
(d) CpCo(CO),, Ce¢Hg, A, hv (86.5%).

(10) W. L. Mock, J. Am. Chem. Soc., 97, 3666, 3673 (1975).

(11) H. Yamazaki and N. J. Hagihara, JJ. Organomet. Chem., 21, 431
(1970); R. G. Gastinger, D. A, Sullivan, and G. J. Palenik, J. Am. Chem.
Soc., 98, 719 (1976); L. P. McDonnell-Bushnell, E. R. Evitt, and R. G.
Bergman, J. Organomet. Chem., 157, 445 (1978); see also D. L. Thorn and
R. Hoffmann, Nouv. J. Chim., 3, 39 (1979).

(12) A. Wojcicki, Acc. Chem. Res., 4, 344 (1971); Adv. Organomet.
Chem., 12, 32 (1974).

(13) From 2-methylthiophene as follows: (a) CH;COC), SnCl, (64%);
(b) CH;CH,;MgBr, ether (78%); (c) NaCNBH,;, HCI, CH;OH (95%) see
J. 8. Drage, R. E. Earl, and K. P. C. Vollhardt, J. Heterocycl. Chem., 19,
701 (1982); (d) MCPBA-CH,Cl, (25%); (e) CpCo(CQ),, CeHg, A, hv
(95%).
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somerized. This finding in conjunction with the absence
of positional isomerization in product as well as starting
materials narrows any available mechanistic options. Path
a should have generated only one product isomer; bath b
would have necessitated positional isomerization. Path ¢
requires configurational nonintegrity around the metal in
C, a possibility made unlikely by earlier results.®* Thus,
although by no means proven to be correct, d is left as the
currently most appealing mechanistic candidate, involving
the postulate of the reversible generation of a configura-
tionally unstable (and rapidly disastereoisomerizing) initial
intermediate D, providing the rationale for both stereo-
chemical observations. The reason for the contrasting
barriers to inversion at cobalt in C vs. D might be attrib-
uted to the presumed “antiaromatic” transition state in-
volved when isomerizing the former. Further mechanistic
and theoretical work is in order to clarify these points.

Nevertheless, and in summary, we have uncovered a new
organometallic reaction which is likely to proceed through
novel organometallic intermediates. These findings might
be of some stimulus to mechanistic and synthetic chemists
in general and those interested in particular in sulfur re-
moval from thiophenic contaminants of industrial liquids.
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Summary: Hexaphenylcyclohexaarsine when heated with
[CpMo(CO);], or CpW(CO);H forms the new cluster com-
pounds [CpM(CO),].(u-n-As,) (M = Mo (1) or W (2)).
Both 1 and 2 have been characterized by X-ray crystal-
lographic methods; they are isomorphous and belong to
the monoclinic space group P2/n. For 1: a = 13.594
(6) A, b= 7559 (2) A, c = 15.862 (8) A, B = 95.94 (4)°,
V=1621.2(12) A%, Z=4,and R=6.17%. For 2: a
= 13.505 (3) A, b = 7.543 (1) A, c = 15.845 (4) A, B =
95.57 (2)°, V = 1606.6 (6) A%, Z= 4, and R = 6.91%.
Two independent, but not significantly different, half
molecules form the asymmetric unit. The heavy atoms
form distorted tetrahedral frames characterized by very
short As—As bond distances {(average) = 2.312 (3) A (1)
and (average) = 2.323 (5) A (2) (approximate bond or-
der = 2) and normal, single M-M bond distances (aver-
age) = 3.039 (2) A (1) and (average) = 3.020 (2) A (2).

In comparison to the extensive attention given in the
last decade to metal clusters containing multiple metal-

Table I. Data Collection and Refinement Parameters for
[CpMo(CO),],As, and [CpW(CO),],As,

[CPMo(CO),],As, [CPW(CO),]As,
(1) (2)

mol formula C,,H,,As,M0,0, C, H As,0W,
fw 583.94 769.76
crystl system monoclinic
space group P2/n
a A 13.594 (6) 13.505(3)
b, A 7.5569 (2) 7.543 (1)
¢, A 15.862 (8) 15.845 (4)
8, deg 95.94 (4) 95.57 (2)
Z, Al 1621.2(12) 1606.6 (6)
4
dcaleq, g cm™? 2.17 2.86
u,em™! (Mo Ka) 55.68 187.16
crystal size (mm), 0.21 x 0.23 X 0.16 X 0.29 x
color 0.40, red-orange  0.37, red
reflns measured th,k,l
scan type 0-26
scan range 3-45° 3-50°
scan speed, variable 3-15
deg/min
std reflns 3/141
unique data 2124 2832
unique data 1574 2147
(Fo > 30(Fy))
Rp, % 6.17 6.91
Ryp, % 5.30 6.56

metal bonds,! little effort has been devoted to the prepa-
ration of metal clusters containing bridges with multiple
nonmetal-nonmetal bonds. Nonetheless, sufficient
knowledge exists to demonstrate unquestionably that such
bonds should provide new reaction pathways in metal
cluster chemistry and provide a basis for the design of new
structural classes of compounds. The E-E single bond in
Feo(CO)s(u-Ey), E = S2 or Se or Te,® undergoes a diverse
range of bond cleavage reactions. Many different modes
and bond orders of S-S bridging have been observed and
the subject recently surveyed.* In comparison, far less is
known about P-P, As-As, and Sb-Sb bridging. Prior to
the present study, the only confirmed structures were
derivatives of [Co(CO);),E; (E = P or As) formed via
carbonyl group replacement® and [W(CO);];E,;, E = As®
or Sb.” These compounds are characterized by a very
short u-n? or us-n? (Ey) bond leading to the conclusion that
they may be treated as complexes of “E=E”. As a part
of our continuing survey of the reactions of cyclopoly-
arsines with cyclopentadienylmetal carbonyls, we have
investigated the thermal reactions of hexaphenylcyclo-
hexaarsine, (AsCgH;)g, with [CpMo(CO);], and CpW-
(CO)sH. In both cases, the compound [CpM(CO)y],(u-
7*-As,) (M = Mo (1) or W (2)) is formed.

All manipulations were carried out in a glovebox or
carried out by using Schlenk techniques. Compound 1 was
prepared by combining cyclopentadienylmolybdenum

(1) Chisholm, M. H.; Cotton, F. A. Acc. Chem. Res. 1978, 11, 3566.
Chisholm, M. H.; Rothwell, I. P. Prog. Inorg. Chem. 1982, 29, 1.

(2) Seyferth, D.; Henderson, R. S.; Song L.-C. Organometallics 1982,
1, 125.

(3) (a) Lesch, D. A.; Rauchfuss, T. B. Organometallics 1982, 1, 499. (b)
Inorg. Chem. 1981, 20, 3583.

(4) Bolinger, C. M.; Rauchfuss, T. B.; Rheingold, A. L. Organo-
metallics in press.

(5) (a) Foust, A. S.; Foster, M. 8.; Dahl, L. F. J. Am. Chem. Soc. 1969,
91, 5633. (b) Foust, A. S.; Campana, C. F.; Sinclair, J. D.; Dahl, L. F.
Inorg. Chem. 1979, 18, 3047.

(6) Sigwarth, B.; Zsolnai, L.; Berke, H.; Huttner, G. J. Organomet.
Chem., 1982, 226, C5.

(7) Huttner, G.; Weber, U.; Sigwarth, B.; Scheidsteger, O. Angew.
Chem., Int. Ed. Engl. 1982, 21, 215.

(8) IR (KBr, carbonyl, ecm™; 1985 (sh), 1960 (m), and 1910 (s).
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somerized. This finding in conjunction with the absence
of positional isomerization in product as well as starting
materials narrows any available mechanistic options. Path
a should have generated only one product isomer; bath b
would have necessitated positional isomerization. Path ¢
requires configurational nonintegrity around the metal in
C, a possibility made unlikely by earlier results.®* Thus,
although by no means proven to be correct, d is left as the
currently most appealing mechanistic candidate, involving
the postulate of the reversible generation of a configura-
tionally unstable (and rapidly disastereoisomerizing) initial
intermediate D, providing the rationale for both stereo-
chemical observations. The reason for the contrasting
barriers to inversion at cobalt in C vs. D might be attrib-
uted to the presumed “antiaromatic” transition state in-
volved when isomerizing the former. Further mechanistic
and theoretical work is in order to clarify these points.

Nevertheless, and in summary, we have uncovered a new
organometallic reaction which is likely to proceed through
novel organometallic intermediates. These findings might
be of some stimulus to mechanistic and synthetic chemists
in general and those interested in particular in sulfur re-
moval from thiophenic contaminants of industrial liquids.
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Summary: Hexaphenylcyclohexaarsine when heated with
[CpMo(CO);], or CpW(CO);H forms the new cluster com-
pounds [CpM(CO),].(u-n-As,) (M = Mo (1) or W (2)).
Both 1 and 2 have been characterized by X-ray crystal-
lographic methods; they are isomorphous and belong to
the monoclinic space group P2/n. For 1: a = 13.594
(6) A, b= 7559 (2) A, c = 15.862 (8) A, B = 95.94 (4)°,
V=1621.2(12) A%, Z=4,and R=6.17%. For 2: a
= 13.505 (3) A, b = 7.543 (1) A, c = 15.845 (4) A, B =
95.57 (2)°, V = 1606.6 (6) A%, Z= 4, and R = 6.91%.
Two independent, but not significantly different, half
molecules form the asymmetric unit. The heavy atoms
form distorted tetrahedral frames characterized by very
short As—As bond distances {(average) = 2.312 (3) A (1)
and (average) = 2.323 (5) A (2) (approximate bond or-
der = 2) and normal, single M-M bond distances (aver-
age) = 3.039 (2) A (1) and (average) = 3.020 (2) A (2).

In comparison to the extensive attention given in the
last decade to metal clusters containing multiple metal-
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metal bonds,! little effort has been devoted to the prepa-
ration of metal clusters containing bridges with multiple
nonmetal-nonmetal bonds. Nonetheless, sufficient
knowledge exists to demonstrate unquestionably that such
bonds should provide new reaction pathways in metal
cluster chemistry and provide a basis for the design of new
structural classes of compounds. The E-E single bond in
Feo(CO)s(u-Ey), E = S2 or Se or Te,® undergoes a diverse
range of bond cleavage reactions. Many different modes
and bond orders of S-S bridging have been observed and
the subject recently surveyed.* In comparison, far less is
known about P-P, As-As, and Sb-Sb bridging. Prior to
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or Sb.” These compounds are characterized by a very
short u-n? or us-n? (Ey) bond leading to the conclusion that
they may be treated as complexes of “E=E”. As a part
of our continuing survey of the reactions of cyclopoly-
arsines with cyclopentadienylmetal carbonyls, we have
investigated the thermal reactions of hexaphenylcyclo-
hexaarsine, (AsCgH;)g, with [CpMo(CO);], and CpW-
(CO)sH. In both cases, the compound [CpM(CO)y],(u-
7*-As,) (M = Mo (1) or W (2)) is formed.

All manipulations were carried out in a glovebox or
carried out by using Schlenk techniques. Compound 1 was
prepared by combining cyclopentadienylmolybdenum
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Table IL. Selected Bond Distances and Angles for [CpM(CO),],As, with a Comparison to Co,(CO),[P(C H,),]As,®

M = Mo =
&l i Co,(CO),-
mol a mol b mol a mol b [P(C,H,),]1As,®
Bond Distances (A)

M-M' 3.039 (2) 3.038 (2) 3.026 (2) 3.013 (2) 2.594 (3)
ﬁs—ﬁ:' 2.3}?1 (3) 2.312(3) 2.326 (5) 2.319 (5) 2.273 (3)

- 2.676 (2) 2.663 (2) 2.682 (3) 2.663 (3)
M-As’ 2.569 (2) 2.567 (2) 2.573 (3) 2.571 (3) 2.386 (3) (av)

Bond Angles (Deg)

M-M'-As 53.0 (0) 53.0 (0) 53.2 (1) 53.4 (1) }5,‘, 1 (av)
M'-M-As' 56.3 (0) 56.0 (0) 56.5 (1) 56.3 (1) -1 (av
M-As-M' 70.8 (1) 71.0 (1) 70.3 (1) 70.3 (1) 65.8 (av)
M-As-As' 61.5 (1) 61.6 (1) 61.3 (1) 61.7(1) }61 5 (av)
M'-As-As’ 66.3 (1) 65.9 (1) 66.2 (1) 65.8 (1) ot
As-M-As' 52.2 (1) 52.4 (1) 52.5 (1) 52.6 (1) 56.9 (av)
C,-M-C, 88.0 (5) 88.8 () 87.9(10) 88.2 (9)
C,-M-As 70.9 (4) 70.9 (4) 71.4 (7) 71.3 (7)
C,-M-As 77.5 (4) 78.3 (4) 77.1 (8) 78.3 (1)
C,-M-As’' 122.7 (4) 123.1 (4) 123.5(7) 123.6 (7)
C,-M-As' 86.1 (4) 85.0 (4) 86.5 (7) 86.0 (6)
C,-M-M’ 86.3 (3) 87.9 (3) 86.2(7) 87.8(6)
C,-M-M' 129.1 (4) 129.3 (4) 129.1 (8) 130.1 (7)

% Mol = molecule. Av = average.

tricarbonyl dimer (1 mmol) with hexaphenylcyclohexa-
arsine (1 mmol) dissolved in dried toluene (3 mL), in a
sealed, evacuated Carius tube for 24 h at 180 °C. The tube
was then slowly cooled to room temperature where upon
red crystals formed on the walls of the tube. The tube was
cooled to -196 °C, opened, and allowed to warm slowly at
room temperature. The crystals were redissolved in warm
toluene: The solution was then concentrated and cooled
to 0 °C. Crystals suitable for X-ray diffraction were iso-
lated and washed with dry hexane. The crystals isolated
were red-orange and air stable out of solution (mp 145 °C
(d, open tube)).

The analogous tungsten complex 2 was prepared in a
similar fashion to 1, except cyclopentadienyltungsten
tricarbonyl hydride was substituted for the molybdenum
dimer. The isolation of air-stable, dark red crystals was
executed as described above, Both compounds were only
slightly soluble in common solvents. The yields for 1 and
2 were similar: 20-25%.

(AsCgHs)g

180°C 24 h
toluene, sealed tube
(P(est) = 6.5 atm)
[CpM(CO).],As,
1, M =Mo
2M=W

In comparison, the alkylcyclopolyarsine, (CH;As);, upon
reaction with [CpMo(CO),], at 140 °C retained its organic
substitution and formed the bridged binuclear complex
[CpMo(CO),]o[u-n2-(AsCH;)s] which does not have a Mo~
Mo bond;? at 190 °C, all organic substitution and carbonyl
groups are lost to form (CpMo),(i-5*-Ass), containing a
Mo=Mo bond and a planar As; ring divisible into u-n>-As,
and u-n?-As, ligands.1?

1 and 2 have been characterized by X-ray crystallogra-
phy. The unit-cell parameters given in Table I were ob-
tained from the angular settings of 25 reflections (25° <
20 < 30°).

Empirical corrections for absorption based upon y scan
reflections were applied to the data. The two compounds
are isomorphous. The structure of compound 1 was solved

[CpMo(CO);), or CpW(CO),H

(9) Rheingold, A. L.; Churchill, M. R. J. Organomet. Chem., in press.
(10) Rheingold, A. L.; Foley, M. J.; Sullivan, P. J. J. Am. Chem. Soc.
1982, 104, 4727.

®
< g
Jyf EX‘ D

Figure 1. Thermal ellipsoid diagram and labeling scheme for
[CpMo(CO),]o(u-1%-Asy), M = Mo (1) and M = W (2). The
compounds crystallize in isomorphous structures each containing
two independent molecules. Differences between 1 and 2 and
between the independent molecules are too slight to warrant
separate depiction. Hydrogen atoms have been delected for clarity.

by direct methods and subsequent difference Fourier
syntheses; the completed structure for 1 proved an ade-
quate model for 2 and only the metal atom identity needed
to be changed prior to final refinement. Both structures
were refined by using blocked-cascade, least-squares rou-
tines to the residuals given in Table I, along with other
data collection and refinement parameters. The asym-
metric unit consists of two independent half molecules (two
M, two As, two Cp rings, and four CO groups). Whole
molecules are constructed from the halves by rotation
about a 2-fold crystallographic axis passing through the
midpoints of the As-As’ and M-M’ vectors. The structure
and labeling scheme are provided in Figure 1, and selected
bond distances and angles are listed in Table IT which also
includes comparison data for Coy(CO)5[P(CgHjs)3) As,.
Both 1 and 2 crystallize as discrete, well-separated
molecules; the two independent molecules differ only
slightly as is evident from an inspection of the bond pa-
rameters in Table II. The heavy atoms form distorted
tetrahedral frames; the localized metal atom environments
are not readily assignable to a common coordination ge-
ometry. Both possess extremely short As—As bonds, {(av-
erage) = 2.312 (3) A for 1 and (average’ = 2.323 (5) A for
2; these distances may be compared to an As—As distance
of 2.273 (3) A in Co,y(CO);[P(CgH;)3]As, (the shortest
known As—As bond),’ to an As-As distance of 2.279 (4) &
in [W(CO);5]3As,,° and to a “normal” As—As single-bond
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distance of 2.43-2.46 A.!! Dahl et al. have suggested that
an As—-As distance of ~2.3 A corresponds approximately
to a double-bond length, and that in complexes of this type,
the ligand bond order is decreased from 3 (free state as
N, homologue) to 2 (on coordination) by the synergic
combination of (1) the donation of electron density from
the filled = orbitals of As, to the metal orbitals and (2)
back-bonding involving the transfer of electron density
from the metal orbitals into empty #* orbitals of As,.}

The two new compounds, 1 and 2, provide a confirma-
tion of Dahl’s bonding description. Since the moieties
Co(CO); and CpM(CO), (M = Mo or W) are isoelectronic,
differences in the basicities of these groups should be re-
flected in the As—As bond distances. In fact, a comparison
of Co(CO), and CpM(CO); (M = Mo or W) suggests that
Co(CO); should be a much poorer base!? and, therefore,
contribute less electron density to the As, »* orbital, in
keeping with Dahl’s expectations.

The metal-metal bond distances (average) (Mo—Mo) =
3.039 (2) A and (average) (W-W) = 3.020 (2) A are within
the range expected for single bonds between these ele-
ments.!* Other bond distances and angles in 1 and 2 when
compared to Co,(CO);[P(CeH;);]As, agree with expecta-
tions based upon longer metal-metal bonds in 1 and 2.
Thus, the As—M-As’ angles are predictably smaller in 1
and 2: (average) = 52.3 (1) and (average) = 52.6 (1)°,
respectively, vs. 57.4 (1)° in the Co compound.

Of the known structures of complexes containing mul-
tiple As—As bonds, those involving 15-electron metal
groups, i.e., Co(C0O);,5 CpMo(CO),, and CpW(CO),, bond
two metal groups, form metal-metal bonds, and utilize the
As, ligand as a four-electron donor. In contrast, the one
example of a 16-electron metal group, W(CO);,® bonds
three metal groups, does not form metal-metal bonds, and
utilizes the As, ligand as a six-electron donor.

Recently new interest!4 in reactions of the isoelectronic
cobalt carbonyl analogues of 1 and 2 has been stimulated,
in part, by the observation that isolobal replacements of
each of the four tetrahedral apical groups is possible. Thus,
Dahl et al. have shown® that all members of the series
E,[Co(CO);],, (n + m = 4) can be prepared, and Seyferth
et al. have shown that u;-alkylidyne groups also may re-
place either unit.'* The possibility for substitutional re-
placements either for the CpM(CO), group or the As atoms
in 1 or 2 will become a subject for future study.
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Summary: Stable cis-hydridoacylrhodium complexes,
cis -HRhCOR)PMe,);Ci (R = Me, Ph, 4-C;H,F, OMe), are
obtained by oxidative addition of RCHO to RhCl (PMe;),
(1). Upon heating, these complexes undergo competing
intramolecular reductive elimination of the aldehyde and
decarbonyiation to the alkane; the former process pre-
vails if RCHO is removed as formed. Both these pro-
cesses proceed from a common unsaturated intermedi-
ate, formation of which is probably rate determining.

Although hydridoacylmetal complexes have been pos-
tulated as intermediates in a number of very important
transformations,! only a few such complexes have been
reported.?® Of particular interest are hydridoacylrhodium
complexes since rhodium compounds are useful homoge-
neous catalysts for hydroformylation,* aldehyde decarbo-
nylation,?® and aldehyde hydroacylation of olefins,257 all
of which are thought to involve these complexes as in-
termediates. The only hydridoacylrhodium complex re-
ported is a chelation-stabilized oxidative addition product
of 8-quinolinecarboxaldehyde to RhCl (PPh,);,2 despite
attempts to isolate such complexes.” We have recently
found that cis-hydridoalkylrhodium(III) trimethyl-
phosphine compounds are relatively stable and isolable as
a result of very slow PMe; dissociation from them.®? This
suggests that hydridoacylrhodium trimethylphosphine
complexes may be stabilized toward migratory deinsertion
as well as reductive elimination, both of which probably
require ligand dissociation.

Indeed, we have found that simple aldehydes undergo
cis oxidative addition to RhCl(PMe,)5® (1) to afford the
first stable cis-hydridoacylrhodium complexes not stabi-
lized by chelation and have directly observed for the first
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distance of 2.43-2.46 A.!! Dahl et al. have suggested that
an As—-As distance of ~2.3 A corresponds approximately
to a double-bond length, and that in complexes of this type,
the ligand bond order is decreased from 3 (free state as
N, homologue) to 2 (on coordination) by the synergic
combination of (1) the donation of electron density from
the filled = orbitals of As, to the metal orbitals and (2)
back-bonding involving the transfer of electron density
from the metal orbitals into empty #* orbitals of As,.}

The two new compounds, 1 and 2, provide a confirma-
tion of Dahl’s bonding description. Since the moieties
Co(CO); and CpM(CO), (M = Mo or W) are isoelectronic,
differences in the basicities of these groups should be re-
flected in the As—As bond distances. In fact, a comparison
of Co(CO), and CpM(CO); (M = Mo or W) suggests that
Co(CO); should be a much poorer base!? and, therefore,
contribute less electron density to the As, »* orbital, in
keeping with Dahl’s expectations.

The metal-metal bond distances (average) (Mo—Mo) =
3.039 (2) A and (average) (W-W) = 3.020 (2) A are within
the range expected for single bonds between these ele-
ments.!* Other bond distances and angles in 1 and 2 when
compared to Co,(CO);[P(CeH;);]As, agree with expecta-
tions based upon longer metal-metal bonds in 1 and 2.
Thus, the As—M-As’ angles are predictably smaller in 1
and 2: (average) = 52.3 (1) and (average) = 52.6 (1)°,
respectively, vs. 57.4 (1)° in the Co compound.

Of the known structures of complexes containing mul-
tiple As—As bonds, those involving 15-electron metal
groups, i.e., Co(C0O);,5 CpMo(CO),, and CpW(CO),, bond
two metal groups, form metal-metal bonds, and utilize the
As, ligand as a four-electron donor. In contrast, the one
example of a 16-electron metal group, W(CO);,® bonds
three metal groups, does not form metal-metal bonds, and
utilizes the As, ligand as a six-electron donor.

Recently new interest!4 in reactions of the isoelectronic
cobalt carbonyl analogues of 1 and 2 has been stimulated,
in part, by the observation that isolobal replacements of
each of the four tetrahedral apical groups is possible. Thus,
Dahl et al. have shown® that all members of the series
E,[Co(CO);],, (n + m = 4) can be prepared, and Seyferth
et al. have shown that u;-alkylidyne groups also may re-
place either unit.'* The possibility for substitutional re-
placements either for the CpM(CO), group or the As atoms
in 1 or 2 will become a subject for future study.
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Summary: Stable cis-hydridoacylrhodium complexes,
cis -HRhCOR)PMe,);Ci (R = Me, Ph, 4-C;H,F, OMe), are
obtained by oxidative addition of RCHO to RhCl (PMe;),
(1). Upon heating, these complexes undergo competing
intramolecular reductive elimination of the aldehyde and
decarbonyiation to the alkane; the former process pre-
vails if RCHO is removed as formed. Both these pro-
cesses proceed from a common unsaturated intermedi-
ate, formation of which is probably rate determining.

Although hydridoacylmetal complexes have been pos-
tulated as intermediates in a number of very important
transformations,! only a few such complexes have been
reported.?® Of particular interest are hydridoacylrhodium
complexes since rhodium compounds are useful homoge-
neous catalysts for hydroformylation,* aldehyde decarbo-
nylation,?® and aldehyde hydroacylation of olefins,257 all
of which are thought to involve these complexes as in-
termediates. The only hydridoacylrhodium complex re-
ported is a chelation-stabilized oxidative addition product
of 8-quinolinecarboxaldehyde to RhCl (PPh,);,2 despite
attempts to isolate such complexes.” We have recently
found that cis-hydridoalkylrhodium(III) trimethyl-
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a result of very slow PMe; dissociation from them.®? This
suggests that hydridoacylrhodium trimethylphosphine
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as well as reductive elimination, both of which probably
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time hydridoacyl reductive elimination of a metal complex.
Addition of excess of acetaldehyde to an orange solution
of 1 in toluene at 25 °C under N, resulted in decoloration
after 10 min. Removal of the solvent under high vacuum
and crystallization of the residue from toluene/pentane
afforded complex 2a in 85% yield as white crystals: IR
(Nujol) 1615 (s, vc—o), 1923 (s, vgp-n); 'H NMR (C¢Dy) 6
1.24 (d, J = 7.0 Hz, 9 H, PMe,), 1.32 (t, J = 3.2 Hz, 18 H,
2 PMey), 2.35 (s, 3 H, CH;CO), -8.26 (d of d of t, Jy_p trans
= 190.1 HZ, JH—P,ciB =15.1 HZ, JH—R.h =181 HZ, 1 H, Rh“H),
APIH} NMR (C¢Dy) 6 -7.36 (d of d, Jp_gy, = 114.5 Hz, Jp_p
= 30.8 Hz, 2 P), 24.07 (d of t, Jp_gp = 93.3 Hz, Jp_p = 30.8
Hz). Since the 'H NMR and 3P NMR spectra are con-
sistent only with a structure containing a PMe; ligand
trans to the hydride ligand and having two identical trans
PMe, ligands, the hydrido and acyl ligands have to be in
mutually cis positions, as shown in structure 2a.

o] H o]
T | l I
L Y, L h\\\\c R L ////Rh\\\\b F

Ci([ ‘L L(] \L
L Cl

2a, R = CH,, L = PMe, 3
b, R = Ph, L = PMe,

c,R=—@F,L=PMe3

d, R = OMe, L = PMe,

Oxidative addition of acetaldehyde to [Rh(PMe,),]*Cl-°
leads to the same product, although at a slower rate.
CIRh(CO)(PMe;),’ is completely unreactive under these
conditions.

A cis-hydridobenzoyl complex 2b'° is obtained similarly
from 1 and benzaldehyde in 71% yield. Oxidative addition
of p-fluorobenzaldehyde to 1 leads to the two mer isomers,
2¢!0 and 3,%in 83% and 5% yields, respectively. Methyl
formate smoothly adds to 1 to give the cis-hydridocarbo-
methoxy complex 2d¥ in 95% yield. Complexes 2a—d and
3 are stable at room temperature and fairly insensitive to
air in the solid state. When a benzene solution of 2a—c
is heated at above 60 °C, these complexes undergo mi-
gratory deinsertion followed by reductive elimination to
yield CIRh(CO)(PMe;), (4) and RH, thus resulting in
overall aldehyde decarbonylation. However, reductive
elimination of the aldehyde from 2 is also observed (eq 1).

RCHO + RhCI(PMey); = 2 —
1
Rh(CO)(PMe,),C1 + RH + PMe, (1)
4

For example, heating a 0.1 M CgDg solution of 2a at 70 °C
for 2 h yields methane (51 % yield), acetaldehyde (14%),
PMe; (50%), 4 (54%), 1 (15%), and recovered 2a (31%).
The observed decarbonylation process is accelerated con-
siderably by abstraction of the chloride ligand: addition
of AgPF; to a solution of 2a in acetone at 25 °C imme-
diately results in methane evolution, formation of 4, and
the novel complex 50! (eq 2). However, hydridoacyl

+

(10) This compound is fully characterized on the basis of IR, 'H NMR
and 3'P NMR spectra.

Communications

6 HRhR(CO}CI)L2

iL
RhCI{CO)L2, + RH

4
L = PMe,

reductive elimination is the major process observed when
the product aldehyde is efficiently removed: upon heating
2a at 90 °C for 2 h while the volatile products were col-
lected under high vacuum, complete decomposition takes
place and CH;CHO (87% yield), CH, (13%), and PMe,
(19%) are formed. P NMR of the residue shows for-
mation of 1 (80%) and 4 (13%). This is the first reported
direct observation of an hydridoacyl reductive elimination
from a metal complex, a process which has been postulated
as the product-forming step in olefin hydroformylation.*
This process is intramolecular: complete decomposition
of an equimolar mixture of cis—-HRh(COCH;)(PMe;);Cl
and cis-DRh(COCD;)(PMes);Cly, (obtained from oxidative
addition of CD;CDO to 1) yielded predominantly CH;CHO
and CD;CDO (CH,CHO/CH;CDO = 13, CDsCDO/
CD4,CHO = 10, determined by mass spectrometry).

We believe that reductive elimination of the aldehyde
proceeds by a prior rate-determining phosphine dissocia-
tion step, as observed in the hydridoalkyl reductive elim-
ination from rhodium(III) trimethylphoshine complexes.?
Supporting evidence includes considerable acceleration of
this process by a “phoshine sponge™ addition of an
equivalent amount of (C,H,);Rh(acac) to a benzene solu-
tion of 2a at 25 °C and immediate vacuum transfer of the
volatile products reveals formation of acetaldehyde (54%
yield) and methane (24%), in addition to the substitution
product ethylene (35%) and methyl ethyl ketone (22%),
the latter probably resulting from ethylene coordination
to the unsaturated intermediate followed by insertion and
reductive elimination (hydroacylation). Also, addition of
PMe; to a solution of 2a resulted in retardation of both
the reductive elimination and decarbonylation processes
without significantly affecting their relative rates. The
phosphine trans to the hydride is the one expected to
dissociate more readily because of the large hydride trans
effect.'? As a result, complex 3 is expected to be more
stable than 2¢. Indeed, no decomposition of 3 takes place
under conditions in which 2e¢ is fully decomposed (50 °C,
3 h). The cis-hydridoacyl complexes 2 are considerably
more stable than analogous cis-hydridoalky! complexes,®
although hydridoacyl reductive elimination is expected to
be more facile than reductive elimination of hydridoalkyl
groups because of the M—COR bond being weaker than
M-R.!® This is consistent, however, with the expected,

(11) Some silver metal was also formed.

(12) Only the phosphine trans to the hydride dissociates in mer-
RhH,(PPh;y);Cl: P. Meakin, J. P. Jesson, and C. A. Tolman, J. Am.
Chem. Soc., 94, 3240 (1972).

(13) Acyl-alky! reductive elimination from Pt(IV) is more fecile than
dialkyl reductive elimination: M. P. Brown, R. J. Puddephatt, C. E. E.
Upton, and S. W. Lavington, J. Chem. Soc., Dalton Trans., 1613 (1974).
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more difficult phosphine dissociation from the hydridoacyl
compounds.

On the basis of the above observations, we believe that
both the reductive elimination and the decarbonylation
reactions of the complexes 2 proceed from a common un-
saturated intermediate, 6, formation of which is rate de-
terming (Scheme I). Because the hydridoalkyl reductive
elimination step in the decarbonylation process is irre-
versible, whereas the hydridoacyl reductive elimination is
reversible, the decarbonylation process usually predomi-
nates. However, if the equilibrium is interrupted either
by removal of the product aldehyde or the product Rh(I)
complex, e.g., by oxidative addition of hydrogen as in the
hydroformylation process, the hydridoacyl reductive elim-
ination prevails.

We are currently actively pursuing further clarification
of these reactions as well as studying other reactions of
hydridoacylrhodium complexes, notably, hydroacylation.
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Summary: Thermal rearrangement of (CzH,CH,),VSg
gives high yields of (CsH,CH,),V,S;5 (1) whose structure
consists of equivalent (CsH,CH;)V units bridged by u-S,
p-n'-S,, and p-n2-S, ligands.

It has previously been reported that (C;Hg),VS; rear-
ranges in refluxing benzene solutions to give a poorly
soluble product analyzing as [(C;H;),V5S5],.! While the
precursor complex has been structurally characterized as
a pentasulfido chelate,!? the nature of the bimetallic
product, which can also be prepared by treatment of
(CsH;)V(CO), with sulfur,® remains a mystery. This
problem attracted our attention because of its relevance
to the coupling reactions we recently observed in our
studies on the desulfurization of (CsH,R),TiS;.%® X-ray
diffraction quality crystals of [(CsHs),V,S;], have eluded
us and others;! however, suitable single crystals of
[(C;H,CHy),V,S;5],, (1) were easily grown from dichloro-
methane-methanol solutions.

(1) Muller, K. G.; Petersen, J. L.; Dahl, L. F. J. Organomet. Chem.
1976, 111, 91.

(2) Petersen, J. L.; Dahl, L. F. J. Am. Chem. Soc. 1975, 97, 6416.

(3) Schunn, R. A,; Fritchie, C. J.; Prewitt, C. T. Inorg. Chem. 1968, 5,
892,

(4) Bolinger, C. M.; Rauchfuss, T. B.; Wilson, S. R. J. Am. Chem. Soc.
1981, 103, 5620.

(5) Bolinger, C. M.; Hoots, J. E.; Rauchfuss, T. B. Organometallics
1982, 1, 223.
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Figure 1. An ORTEP view of the (CsH,CHg),V,Ss molecule
showing the labeling scheme. The thermal ellipsoids are drawn
at the 50% probability level.

Figure 2. A view of the V;8; core in (C;H,CHjy);V2S; looking
directly along the V1-V2 vector. In 19% of the molecules, S3*
is present and S3 is absent. Thus, in the minority case, the S3*,
S5 pair is the u-n2-S, ligand and S4 is a x-S ligand.

Table I. Selected Bond Distances (A) and Angles (Deg)
for (C,H,CH,),V,S; (1)

(a) Bond Distances

Vi-v2 2.658 (1) Vi-85 2.267 (1)
V1-S1 2.316 (1) V2-85 2.263 (1)
V2-82 2.315 (1) V1-83* 2.440(6)
V1-S3 2.391 (2) V2-83* 2.414 (5)
V2-83 2.401 (1) S1-S2 2.023(2)
V1-84 2.348 (1) 53-84 1.956 (2)
V2-84 2.363(2)
(b) Bond Angles
V1-83-V2  67.4(0) V2-S4-83  67.0(1)
V1-84-V2 68.9(0) S1-Vi-V2  82.1(0)
V1-85-V2 71.9(0) 82-V2-V1 82.2(0)
V1-83*-V2  66.4(1) 83-V1-V2 56.5(0)
V1-81-82 97.9(1) 83-V2-V1  56.1(0)
V2-82-81 97.8(1) 84-V1-V2  55.7(0)
V1-83-84 64.5(1) S4-V2-V1  55.5(0)
V1-84-83 66.8(1) S5-V1-V2  54.0(0)
V2-83-S4 64.4(1) S5-V2-V1  54.1(0)

[(CEH-ICHE)2VZSB]H is Easi].y pl‘ep&Ied Via the the]'mal
rearrangement of (C;H,CH;),VS; in refluxing toluene (7
mL/mmol of (C;H,CH,),VS;) (eq 1). After 3 h, the hot

(CeHL,CHy),VS; — 0%, (CHCH),V,S; (1)

toluene solution was filtered, concentrated, and cooled to
-25 °C, giving analytically pure black crystals of 1 in 85%
yield.®

The structure’ of 1 is depicted in Figure 1, and a view
of the V,S; core is shown in Figure 2; important bond

(6) Anal. Calcd for CypHy,SgV, (1): C, 34.28; H, 3.36; S, 38.13; V, 24.23.
Found: C, 34.28; H, 3.46; S, 38.03; V, 23.89. IR (mineral oil mull): 1087
(m), 1052 (m), 1034 (m), 931 (w), 917 (w), 889 (w), 815 (s), 602 (w), 566
(m), 534 (m), 469 (w), 430 (w) em™. '*H NMR (CDCly): &6.59 (2 H, m),
6.38 (2 H, m), 2.38 (3 H, s). EI mass spectrum (70 eV), m/e (relative
1nten81ty} 420 {37. Mﬂ 356 {100. ClgH“Ssvg }

(7) (CsHCHy), V.S (1) in the monoclinic space group C2/c
with a = 12.703 (B)A b =17917(2) A, c = 31.30 (1) A, 8 = 102.22 (4)°,
V=230759A3 Z =8,and u = 18.13 cm™ (Mo Ka, A = 0.71073 4). A
total of 3057 reﬂecticms (3° = 26 = 50°) were collected on a Nicolet R3
diffractometer of which 2696 reflections were unique. Of these reflections,
2300 with F, = 2¢(F,) were used in the subsequent solution and refine-
ment. The final discrepancy factors are 4.63 and 4.22% for Rpand R 5,
respectively.
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more difficult phosphine dissociation from the hydridoacyl
compounds.

On the basis of the above observations, we believe that
both the reductive elimination and the decarbonylation
reactions of the complexes 2 proceed from a common un-
saturated intermediate, 6, formation of which is rate de-
terming (Scheme I). Because the hydridoalkyl reductive
elimination step in the decarbonylation process is irre-
versible, whereas the hydridoacyl reductive elimination is
reversible, the decarbonylation process usually predomi-
nates. However, if the equilibrium is interrupted either
by removal of the product aldehyde or the product Rh(I)
complex, e.g., by oxidative addition of hydrogen as in the
hydroformylation process, the hydridoacyl reductive elim-
ination prevails.

We are currently actively pursuing further clarification
of these reactions as well as studying other reactions of
hydridoacylrhodium complexes, notably, hydroacylation.
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Summary: Thermal rearrangement of (CzH,CH,),VSg
gives high yields of (CsH,CH,),V,S;5 (1) whose structure
consists of equivalent (CsH,CH;)V units bridged by u-S,
p-n'-S,, and p-n2-S, ligands.

It has previously been reported that (C;Hg),VS; rear-
ranges in refluxing benzene solutions to give a poorly
soluble product analyzing as [(C;H;),V5S5],.! While the
precursor complex has been structurally characterized as
a pentasulfido chelate,!? the nature of the bimetallic
product, which can also be prepared by treatment of
(CsH;)V(CO), with sulfur,® remains a mystery. This
problem attracted our attention because of its relevance
to the coupling reactions we recently observed in our
studies on the desulfurization of (CsH,R),TiS;.%® X-ray
diffraction quality crystals of [(CsHs),V,S;], have eluded
us and others;! however, suitable single crystals of
[(C;H,CHy),V,S;5],, (1) were easily grown from dichloro-
methane-methanol solutions.
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Figure 1. An ORTEP view of the (CsH,CHg),V,Ss molecule
showing the labeling scheme. The thermal ellipsoids are drawn
at the 50% probability level.

Figure 2. A view of the V;8; core in (C;H,CHjy);V2S; looking
directly along the V1-V2 vector. In 19% of the molecules, S3*
is present and S3 is absent. Thus, in the minority case, the S3*,
S5 pair is the u-n2-S, ligand and S4 is a x-S ligand.
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yield.®

The structure’ of 1 is depicted in Figure 1, and a view
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(6) Anal. Calcd for CypHy,SgV, (1): C, 34.28; H, 3.36; S, 38.13; V, 24.23.
Found: C, 34.28; H, 3.46; S, 38.03; V, 23.89. IR (mineral oil mull): 1087
(m), 1052 (m), 1034 (m), 931 (w), 917 (w), 889 (w), 815 (s), 602 (w), 566
(m), 534 (m), 469 (w), 430 (w) em™. '*H NMR (CDCly): &6.59 (2 H, m),
6.38 (2 H, m), 2.38 (3 H, s). EI mass spectrum (70 eV), m/e (relative
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with a = 12.703 (B)A b =17917(2) A, c = 31.30 (1) A, 8 = 102.22 (4)°,
V=230759A3 Z =8,and u = 18.13 cm™ (Mo Ka, A = 0.71073 4). A
total of 3057 reﬂecticms (3° = 26 = 50°) were collected on a Nicolet R3
diffractometer of which 2696 reflections were unique. Of these reflections,
2300 with F, = 2¢(F,) were used in the subsequent solution and refine-
ment. The final discrepancy factors are 4.63 and 4.22% for Rpand R 5,
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Table II. Bridging Disulfur Ligands Observed in
Binuclear Cyclopentadienyl Complexes @

M2SZ
geometry descriptor (e7/8),, examples (ref)
v skewwum' 1 (Cp'MoS,),S, (12)

! iso-u-n' 1 (Cp"Cr),S, (11)
Yy

/S—S\ syn-u-n' 1-2 (Cp'V),5
== es M [CpFe(u-SEt)],S, (13)
M

\5—5\ anti-u-n' 2 [CpMn(CO),1,S, (14)

M
"~ wmint 2 [Cp'MoS,LS, (12)
.

W25 uen’? 3 (CoV).S,

il (Cp"Cr),8; (11)

@ Cp=C,H,;Cp' = C,H,CH,;Cp" = C(CH,),

distances and angles are collected in Table I. The mol-
ecule is composed of two (methylcyclopentadienyl)vana-
dium fragments symmetrically bridged by three different
types of sulfur ligands. The methylcyclopentadienyl lig-
ands are inclined at an angle of 21° toward each other and
away from the u-n'-S, ligand. The methyl groups are also
positioned so as to minimize their interaction with this
same sulfur ligand. The V(1)-V(2) bond distance of 2.658
A is considerably longer than that observed for (CzHj),-
V,(CO); which is 2.46 A.®

Bridging the two vanadium atoms are x-S (S5), u-'-S,
(81, 82), and u-#2-S, (S8, S4) ligands. The u-S and u-7%-S,
ligands are crystallographically disordered with regards to
the position of S3 (81% occupancy) and S3* (19% occu-
pancy),’ these sites being related by the pseudomirror
plane defined by V1, V2, S1, and S2. S1.-S2 is parallel
with the V1-V2 axis, and the V-S(1 or 2)-S(2 or 1) angles
are close to 98°. While the S3-S4 distance of 1.956 (1) A
is the shortest observed for any disulfur ligand, this result
is complicated by the disorder prcblem involving S3. In
keeping with the bonding formalism developed to describe
Fe,y(u-S;)(CO)q,10 this u-9%-S; ligand functions as a net
six-electron donor. It is intriguing that the S-S distance
of 2.15 A for the corresponding u-7%-S, ligand in
(CsMeg)oCr,S; is the longest S-S bond reported for any
disulfur complex.!* The V-S distances fall in the sequence
2.37 (u-1%S,), 2.32 (u-n*-S,), and 2.27 A (u-S).

In order to appreciate the present results, it is instructive
to review the bonding geometries observed for bridging
disulfur ligands in related complexes. In Table II we
summarize the disulfur ligation modes observed crystal-
lographically for other binuclear cyclopentadienylmetal
sulfides. The formal electron donor capability for the u-S,

(8) Cotton, F. A,; Frenz, B. A.; Kruczynki J. Am. Chem. Soc. 1978, 95,
951.

(9) Site occupancy factor (sof) refinement for S3* with all other sof’s
fixed at 1.00 gave sof (S3*) = 0.18. Further refinement of the sof for both
S3 and S3* with the constraint sof (S3*) = 1.00 - sof (S3) produced the
reported fractional occupancies: S3 = 81%, S3* = 19%.

(10) Wei, C. H.; Dahl, L. F. Inorg. Chem. 1965, 4, 1.

(11) Brunner, H.; Wachter, J.; Guggolz, E.; Ziegler, M. L. J. Am. Chem.
Soc. 1982, 104, 1765.

(12) Rakowski DuBois, M.; DuBois, D. L.; VanDerveer, M. C.; Halti-
wanger, R. C. Inorg. Chem. 1981, 20, 3064.

(13) Kubas, G. J.; Vergamini, P. J. Inorg. Chem. 1981, 20, 2667-2676
and references therein.

(14) (a) Herberhold, M.; Reiner, D.; Zimmer-Gusser, B.; Schuberg, U.
Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1980, 35, 1281. (b) For
a discussion of the related Ru,(NH;),0Ss** see: Elder, R. C.; Trkula, M.
Inorg. Chem. 1977, 16, 1048.

Communications

ligands is strongly dependent on the conformation of the
M,S; unit.®® The skewed u-9'-S, functions as a 1 e/S
(pseudohalogen) ligand while maximum utilization of the
donor capacity of bridging disulfur ligands involves the
u-7>-S, unit. In the conversion of (C;H,CH,),VS; to 1, the
number of electrons donated to vanadium from five sulfur
atoms increases from two, in the pentasulfido chelate, to
ten-twelve in 1. This change dramatically illustrates the
electronic variability of catenated sulfur ligands. Em-
ploying our electron-counting formalism, 1 is a 30-32-
electron dimer. Aside from direct metal-metal bonding,
additional electron donation may derive from the u-sulfido
ligand via 7 donation. Such an interaction would explain
the short V-S(5) distances observed in 1.

As found for the dicyclopentadienyltitanium poly-
sulfides,*>!® 1 reacts with electrophilic acetylenes to give
dithiolene complexes. Thus treatment of 1 with dimethyl
acetylenedicarboxylate (4 equiv, THF solvent, 65 °C, 3 h)
or hexafluoro-2-butyne (5 equiv, 1,2-C;H,Cl, solvent, 85
°C, 5 h, Carius tube) gave the intensely blue, very air-stable
products (~25% yield based on S) which analyzed as
(CsH4CH3)V(SngR2)2 where R = COzCHg or CF3. IR
spectroscopy, mass spectrometry (70 eV electron impact
and field desorption), and NMR spectroscopy confirm this
formulation.!” Based on these data and well-established
literature precedents, we asgign the structure depicted
below for 2. This structure is closely related to those for

,syv"\ws
: //(S Sg:z
Z z
2

(C5H5)Ti(SgC2(CN)2)2_ 18 and (C5H5)W(SzCz(CF3)2)2,19
which have been prepared from reactions involving pre-
formed dithiolates (R,C,S,%) or 1,2-dithietes (R,C,S,).
The bimetallic bis (dithiolene) (C5H5)2V2(8202(CF3)2)2,20
which can be prepared from the monometallic fragment
(CsHp)V(CO), and 1,2-bis(trifluoromethyl)dithiete, is not
observed in appreciable quantities in the synthesis of 2.2
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(15) Steudel, R. Angew. Chem., Int. Ed. Engl. 1975, 14, 655.

(16) Bolinger, C. M.; Rauchfuss, T. B. Inorg. Chem., in press.

(17) Anal. Calcd for C“H-,FHS‘V: C, 28.87; H, 1.21; S, 22.02; V, 8.75.
Found: 28.96; H, 1.19; S, 21.37; V, 8.99. IR (mineral oil mull): 1230 (vs),
1178 (s), 1142 (s), 841 (m), 714 (m), 682 (w) cm™. 'H NMR (CDCl;) 5.77
(2 H, m), 5.49 (2 H, m), 2.29 (3 H, 5). ®F NMR (CDCl,) at both +25 and
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temperature factors, bond lengths, bond angles, anisotropic
temperature factors, hydrogen coordinates and temperature
factors, and observed and calculated structure factors (21 pages).
Ordering information is given on any current masthead page.
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Summary: The reactivity of methyl iodide and trimethyl-
chiorosilane with a number of different nucleophiles has
been studied by using the flowing afterglow technique.
The reactivity of various nucleophiles with methyl iodide
generally varies with their basicity with the more basic
nucleophiles reacting most rapidly. On the other hand,
trimethylchlorosilane reacts with these nucleophiles in a
very different manner; essentlally it reacts either at the
collision rate with nucleophiles giving exothermic reaction
or not at all with nucleophiles giving endothermic reaction.
Such results are consistent with a concerted nucleophilic
substitution for methyl iodide and the intermediate forma-
tion of a pentacoordinate species for trimethylchloro-
silane.

Although a covalent, pentacoordinate intermediate is
probably involved in many reactions of silicon compounds,
most notably in reactions involving retention of configu-
ration at silicon,1? the question of whether such an in-
termediate (1) or a related transition state (2) is formed

Nu-—-—Sl—CI .
N+ s»m { }Nu——s + ¢l (1)
> ~Me

NulllllSHllHCl

2

in displacement reactions of chlorosilanes has been ex-
plored only rarely.?® As a natural outgrowth of our studies
of pentacoordinate silicon anions in the gas phase,* we have
investigated this problem for Sy2 reactions by measuring
the rates of reaction of a series of nucleophiles with both
trimethylchlorosilane and methyl iodide. The response

(1) Corriu, R. J. P.; Henner, B. J. L. J. Chem. Soc., Chem. Commun.
1973, 116.

(2) Corriu, R. J. P.; Guerin, C. J. Organomet. Chem. 1980, 198, 231,

(3) Chauviere, G.; Corriu, R. J. P.; Henner, B. J. L. J. Organomet.
Chem. 1975, 86, Cl.

(4) Sullivan, S. A.; DePuy, C. H.; Damrauer, R. J. Am. Chem. Soc.
1981, 103, 480.

Table I. Rate Constants for Reaction of Nucleophiles
(Nu~) with Methyl Iodide and Trimethylchlorosilane

kou,1 kme sic,
proton 107%%m?® 107" em?
affinity, molecule”! molecule™!
Nu~ keal/mol st s~!
H,N- 404 31 34
HO- 391 30 28
F- 371 26 21
H,P- 370 13 18
HS- 363 8.9 21
NC- 353 1.8 19
N, 344 1.3 18
NSO- 344+ 5 0.28 20
NCO- 344 0.13 21
Cl- 333 2.1 5.7
NCS- 325+ 5 <0.002 <0.03
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Figure 1. Relative rates of various nucleophiles reacting with
methyl iodide and trimethylchlorosilane.

of these two halides to changes in the basicity of the nu-
cleophiles is so dramatically different that we believe
widely different mechanisms operate in the two systems.
Indeed, the results are in full accord with the intervention
of a pentacoordinate intermediate corresponding to 1
formed in each encounter between the chlorosilane and
nucleophile.

Our experiments were carried out in a flowing afterglow
(FA) apparatus®® in which H,N-, HO", F-, and Cl™ are
produced by electron impact on NH;, N,O/CH,, NF;, and
CCl, in a helium stream (flow velocity 80 m/s, 0.3 torr of
He) in a 100 X 8 cm stainless-steel tube. The tube is
equipped with moveable and fixed inlets and terminates
in a quadrupole mass filter detection system. Reaction
rates are measured by adding the halides through the
moveable inlet and measuring the decrease in reactant ion
intensity as a function of reaction distance. Other nu-
cleophiles are synthesized in the flow tube. All ions are
allowed to reach thermal equilibrium with the helium
buffer gas before reaction with halides commences.

The results are collected in Table I and displayed in
Figure 1. Both trimethylchlorosilane and methyl iodide’

(5) DePuy, C. H.; Bierbaum, V. M. Acc. Chem. Res. 1981, 14, 146.
(6) Bierbaum, V. M.; DePuy, C. H; Shapiro, R. H.; Stewart, J. H. J.
Am. Chem. Soc. 1976, 98, 4229.
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chiorosilane with a number of different nucleophiles has
been studied by using the flowing afterglow technique.
The reactivity of various nucleophiles with methyl iodide
generally varies with their basicity with the more basic
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trimethylchlorosilane reacts with these nucleophiles in a
very different manner; essentlally it reacts either at the
collision rate with nucleophiles giving exothermic reaction
or not at all with nucleophiles giving endothermic reaction.
Such results are consistent with a concerted nucleophilic
substitution for methyl iodide and the intermediate forma-
tion of a pentacoordinate species for trimethylchloro-
silane.

Although a covalent, pentacoordinate intermediate is
probably involved in many reactions of silicon compounds,
most notably in reactions involving retention of configu-
ration at silicon,1? the question of whether such an in-
termediate (1) or a related transition state (2) is formed
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in displacement reactions of chlorosilanes has been ex-
plored only rarely.?® As a natural outgrowth of our studies
of pentacoordinate silicon anions in the gas phase,* we have
investigated this problem for Sy2 reactions by measuring
the rates of reaction of a series of nucleophiles with both
trimethylchlorosilane and methyl iodide. The response

(1) Corriu, R. J. P.; Henner, B. J. L. J. Chem. Soc., Chem. Commun.
1973, 116.

(2) Corriu, R. J. P.; Guerin, C. J. Organomet. Chem. 1980, 198, 231,

(3) Chauviere, G.; Corriu, R. J. P.; Henner, B. J. L. J. Organomet.
Chem. 1975, 86, Cl.

(4) Sullivan, S. A.; DePuy, C. H.; Damrauer, R. J. Am. Chem. Soc.
1981, 103, 480.

Table I. Rate Constants for Reaction of Nucleophiles
(Nu~) with Methyl Iodide and Trimethylchlorosilane

kou,1 kme sic,
proton 107%%m?® 107" em?
affinity, molecule”! molecule™!
Nu~ keal/mol st s~!
H,N- 404 31 34
HO- 391 30 28
F- 371 26 21
H,P- 370 13 18
HS- 363 8.9 21
NC- 353 1.8 19
N, 344 1.3 18
NSO- 344+ 5 0.28 20
NCO- 344 0.13 21
Cl- 333 2.1 5.7
NCS- 325+ 5 <0.002 <0.03
Lole N
- t———t

Me3SiCl

I
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Figure 1. Relative rates of various nucleophiles reacting with
methyl iodide and trimethylchlorosilane.

of these two halides to changes in the basicity of the nu-
cleophiles is so dramatically different that we believe
widely different mechanisms operate in the two systems.
Indeed, the results are in full accord with the intervention
of a pentacoordinate intermediate corresponding to 1
formed in each encounter between the chlorosilane and
nucleophile.

Our experiments were carried out in a flowing afterglow
(FA) apparatus®® in which H,N-, HO", F-, and Cl™ are
produced by electron impact on NH;, N,O/CH,, NF;, and
CCl, in a helium stream (flow velocity 80 m/s, 0.3 torr of
He) in a 100 X 8 cm stainless-steel tube. The tube is
equipped with moveable and fixed inlets and terminates
in a quadrupole mass filter detection system. Reaction
rates are measured by adding the halides through the
moveable inlet and measuring the decrease in reactant ion
intensity as a function of reaction distance. Other nu-
cleophiles are synthesized in the flow tube. All ions are
allowed to reach thermal equilibrium with the helium
buffer gas before reaction with halides commences.

The results are collected in Table I and displayed in
Figure 1. Both trimethylchlorosilane and methyl iodide’

(5) DePuy, C. H.; Bierbaum, V. M. Acc. Chem. Res. 1981, 14, 146.
(6) Bierbaum, V. M.; DePuy, C. H; Shapiro, R. H.; Stewart, J. H. J.
Am. Chem. Soc. 1976, 98, 4229.
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react at every encounter with sufficiently basic anions. As
the reactivity of the nucleophile (as measured by its
strength as a base) decreases, so does its rate of reaction
with methyl iodide. Although this change in rate is not
a linear function of nucleophile basicity, it is clear that
basicity is a major factor in determining rate. By contrast,
trimethylchlorosilane reacts at each encounter with these
nucleophiles until reaction abruptly ceases when the dis-
placement becomes endothermic. Indeed, the only mea-
sureable rate less than the collision rate is that with 2’Cl".
Here the loss of ¥Cl is approximately one fourth of the
collision rate and moderate amounts of the stable adduct
1 (Nu = ¥Cl) are formed.

These results are those expected for the formation of
1 at every encounter for reactive nucleophiles. Since there
is little solvent present to remove the collision energy,
simple adduct formation between ions and neutral mole-
cules is inefficient in the gas phase. Therefore, 1 will
decompose in the thermodynamically favorable direction,
generating chloride ion. For unreactive nucleophiles we,
of course, cannot tell if an intermediate corresponding to
1 forms, whether it reverts to starting material, or if no
reaction at all occurs. However, for the thermoneutral

(7) Methyl iodide was used in this study because it gave the widest
range of rates as a function of the nucleophile’s basicity. Methyl chloride
and bromide showed similar trends, but the rate of reaction with various
nucleophiles was in too narrow a range.

Book Reviews

Book Reviews

reaction with ¥Cl, displacement is very rapid and the
intermediate has a sufficiently long lifetime (>10~7s) for
some of it to be stabilized by collision with helium. In
contrast, Cl™ reacts quite slowly with methyl chloride in
the gas phase.?

In the analogous reactions with methyl iodide, a highly
ordered transition state (2) is required for displacement.
Brauman and co-workers,®® have discussed the relationship
between this transition state and barrier height in gas
phase Sy2 reactions. That no similar effects are observed
for silicon strongly suggests that silicon and carbon com-
pounds react by distinctly different mechanisms.®
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Gmelin Handbook of Inorganic Chemistry. 8th Edition. Fe.
Organoiron Compounds. Part B6, Mononuclear Compounds 6.
A. Slawisch, volume author and editor-in-chief. 1981. ii + 425
pages. DM 998, $453.60. Part C5. Binuclear Compounds 5. U.
Behrens and B. Lubke, volume authors. U. Krierke, volume
editor. 1981. ii + 172 pages. DM 501, $213.20. Gmelin Institut
fiir Anorganische Chemie der Max-Planck-Gesellschaft zur
Foérderung der Wissenschaften and Springer-Verlag, Berlin/
Heidelberg/New York (in English).

It is no exaggeration to say that one cannot open an issue of
any major journal which covers organometallic and/or inorganic
chemistry without encountering at least one paper which deals
with organoiron compounds. Thus it is no surprise that the
three-part Gmelin organoiron series (A, ferrocene derivatives; B,
mononuclear Fe compounds; C, di- and polynuclear Fe com-
pounds), with the present two books, already numbers 17 volumes
(with more to come)—by far the largest of the various Gmelin
organometallic series.

Part B6, one of the larger Gmelin volumes, continues the
coverage of mononuclear organoiron compounds and is devoted
entirely to iron complexes which contain organic ligands bonded
to iron by four carbon atoms. For the most part, *-diene ligands,
cyclic and acyclic, are involved, and, with the exception of the
compounds on the first 24 pages of the book, the complexes
contain one, two, or (mostly) three CO ligands as well. Thus most
of the book deals with (n*-butadiene)iron tricarbenyl and its
C-substituted derivatives. All available information about these
compounds is detailed: preparation, properties, structure,
spectroscopy, chemical reactions. Much information is provided
in tabular form. The many formulas and figures throughout the

book are essential in the presentation of this material. The
coverage is thorough and backed up by references (up to the end
of 1980) to the original and review literature, as well as to patents,
theses, and conference reports. A formula index is not provided
(Part B7 will contain one for both B6 and B7), but the table of
contents serves as a general ligand-type index. Of particular value
is the 2-page collection of reviews and monographs which are
devoted either generally or specifically to compounds with ligands
bonded by four carbon atoms.

Part C5 of the organoiron compound series concludes the de-
scription of binuclear iron compounds with coverage of such
compounds with ligands bonded to the iron atoms by six to twelve
carbon atoms, The majority of the complexes are of the type
8LFey(CO), and®LFe,(CO), (n = 4-7). A perusal of the book with
its many formulas and figures shows that the L and ®L ligands
are, for the most part, complicated cyclic (often bi- ar polycyclic)
organic molecules or groups of great diversity. In many cases the
two Fe(CO), (usually with n = 3) units contained in the complex
are connected by a Fe-Fe ¢ bond, but this is not a requirement
for inclusion in this volume. In other complexes the two Fe(CO)n
units are not bonded in any way and at times are in widely
separated parts of the molecule.

The literature coverage in Part C5 is complete through the end
of 1978, with some material from the literature of 1979 and 1980
included as well. The volume contains an empirical formula index
and a ligand formula index. These make the rather complicated
material in this much more easily accessible to the reader.

Chemists interested and/or active in organoiron chemistry will
welcome these excellent new additions to the Gmelin organoiron
series.

Dietmar Seyferth, Massachusetts Institute of Technology





