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Summary: (Polyarene)Mn(CO)s*™ complexes containing
naphthalene-type ligands can be readily synthesized in
high yield. These complexes function as efficient man-
ganese tricarbonyl transfer (MTT) reagents by rapidly
and cleanly transferring the Mn(CO)s* moiety to other
arenes upon warming in dichloromethane.

The activation of arenes by coordination to transition
metals provides a useful synthetic route to functional-
ized arenes and cyclohexadienes. The manganese-
mediated functionalization of arenes is particularly
attractive in this regard because the relevant complexes,
(arene)Mn(CO)3*, are known to undergo high-yield
regio- and stereoselective attack by a very wide range
of nucleophiles.! The resultant cyclohexadienyl com-
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plexes readily liberate the functionalized arene upon
oxidative removal of the metal, as shown in eq 1.
Alternatively, cyclohexadienes can be generated by
reactivation of the cyclohexadienyl complexes with NO™*,
followed by a second nucleophilic addition.1d:2

x‘@ Mn(CO)g* —B »

R

x‘@»Mn(CO);; od, X@-R (1)

Three synthetic methods have been reported for the
coordination of arenes to the Mn(CO)s* moiety: (1)
heating Mn(CO);Br and the arene in the presence of
AlCl3, (2) treating a CH2Cl; solution of Mn(CO)s;Br with

(2) (a) Chung, Y. K.; Sweigart, D. A,; Connelly, N. G.; Sheridan, J.
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a Ag(l) salt and then adding the arene and warming,
and (3) heating Mny(CO);¢ and the arene in trifluoro-
acetic anhydride (TFAA) and strong acid.?® A rather
large number of monocyclic arenes have been coordi-
nated by these methods. However, attempts to coordi-
nate polycyclic arenes such as naphthalene produced at
best a trace of the desired complex, along with varying
amounts of partially hydrogenated product.3* For
example, attempted synthesis of (naphthalene)Mn-
(CO);* by method 1 gave instead (tetralin)Mn(CO)s*.

Herein we report that method 2 is, in fact, capable of
giving good yields with polycyclic arenes, provided all
reagents are thoroughly dried and contact with donor
solvents is avoided (vide infra). Thus, compounds 1—-6
were readily prepared in good yield and found to be
stable in the solid state.® They were also found to
provide an excellent vehicle for polyarene functional-
ization by nucleophilic addition to the coordinated ring;
these reactions as well as the chemistry of the monoan-
ions of 1—5, obtained by two-electron reduction, will be
reported in a future communication. The naphthalene-
type ligands in 1—6 as well as the #8-heterocyclic ligands
in 7-936 were observed to undergo ready displacement
by donor solvents. Equation 2 shows the reaction with

(polyarene)Mn(CO)3~ + 3 MeCN ———=

+
(MeCN)3Mn(CQ)3  + polyarene 2)

acetonitrile; some half-lives in CHoCls containing 1.0 M
MeCN are given in Table 1. It can be seen that the
naphthalene-type complexes in particular are extremely
reactive. It is possible to compare this reactivity to that
previously reported” for the analogous reaction of (tolu-
ene)Mn(CO)s* (10) with MeCN. In sharp contrast to
the behavior of the polyarene complexes 1-9, the
toluene complex is calculated to have a half-life of ca. 4

(3) Jackson, J. D.; Villa, S. J.; Bacon, D. S.; Pike, R. D. Organome-
tallics 1994, 13, 3972 and references therein.

(4) Stobart, S. R.; Zaworotko, M. J. J. Chem. Soc., Chem. Commun.
1984, 1700.

(5) For the synthesis of 1-9, it is important that all glassware,
solvents, and chemicals be carefully dried. Complexes 1—7 were made
typically as follows: Mn(CO);Br (1.0 g) and AgBF, (1.1 equiv) were
dissolved in 50 mL of CHxCl; and refluxed for 1 h under N; in the
dark. The polyarene (2—4 equiv) in 10 mL of CH,Cl; was then added
and the reaction mixture refluxed overnight. After it was cooled to
room temperature, the solution was filtered through Celite and
concentrated to ca. 20 mL in vacuo and the product precipitated with
diethyl ether. The yellow [(arene)Mn(CO);1BF, salts were washed
repeatedly with ether and dried in vacuo. Complex 9 was synthesized
by the TFAA method, as previously described for 8.2 The new
polyarene complexes were thoroughly characterized by IR (vgo 2073
+ 7,.2017 £ 5 ¢cm~!) and 'H NMR, which showed the absence of any
free polyarene. The coordination of the metal to a terminal ring in 1
was confirmed by X-ray crystallography.!! 'H NMR (CD.Cl,): 1,6 8.76
(d, J = 9 Hz, H5), 8.25 (d, J = 9, H?), 8.18—7.96 (m, H87810) 7.72 (d,
J=9,H%,7.29(d,J =6, H'), 6.80 (m, H23); 2, § 8.06 (s, H5-8), 7.50—
7.35 (m, H4), 6.80~6.65 (m, H23); 8, 6 8.11~-7.41 (m, H4"8), 6.76 (m,
H3), 6.55 (d, J = 5 Hz, H2), 2.97 (s, Me); 4, 4 8.25—8.10 (m, H5-8), 6.22
(s, H23), 2.95 (s, Me!#); 5, 6 7.81 (d, J = 9 Hz, H5), 7.44 (4, J = 9, HS),
7.837—7.26 (m, H*®), 7.08 (s, HY), 6.02 (d, J = 6, H?), 4.15 (s, OMe?),
4.04 (s, OMe"); 6, 6 8.07 (m, HS), 7.90-7.75 (m, H>"), 717 (d, J =7
Hz, H*), 6.75 (m, H?), 6.58 (d, J = 6, H2), 3.90—3.60 (m, H%19); 9, § (in
CD3COCDgs) 8.53 (2, J = 7.8 Hz, Hf), 8.17 (d, J = 6.6, H!), 7.93 (m,
H?38), 770 (t, J = 6.9, H), 7.68 (d, J = 7.0, H%), 7.09 (t, J = 6.6, H?),
6.66 (t, J = 6.4, H%. Complexes 7 and 8 have been previously
reported.>® Satisfactory elemental analysis was obtained for the new
complexes 1—6 and 9.

(6) Lee, S. S.; Chung, Y. K.; Lee, S. W. J. Organomet. Chem.,
submitted for publication.

. (7) Kane-Maguire, L. A. P.; Sweigart, D. A, Inorg. Chem. 1979, 18,
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Figure 1. Manganese complexes investlgated (the coun-
terion was BF,™ in all cases).

Table 1. Yield and Reactivity Data for Complexes
1-9

1 2 3 4 5 6 7 8 9

synthe}tlicd Ag(l) Ag(I) Ag(ID) Ag(l) Ag(I) Ag(I) Ag(I) TFAA TFAA

methods

% yield 69 86 90« 89« 77 87 87 89 76

half-life for 50 ~1 16 22 55 250 260
eq 2, min?

@ Product consists of a mixture with the metal coordinated to
either the methylated or unsubstituted ring (ratio 1:1 for 3 and
4:1 for 4). ® At 25 °C in dichloromethane containing 1.0 M MeCN.

years! This reactivity difference most likely is due to
easier #® — n* ring slippage for 1-9, which accompanies
associative attack by MeCN at the metal. A similar
interpretation has been presented to explain the rate
of arene displacement by P-donor nucleophiles from
(arene)Cr(CO); complexes, which also follows the reac-
tivity order arene = naphthalene > phenanthrene >>>
benzene.? The important reactivity factor is the change
in resonance energy (ARE) upon the #® — #* ring
slippage. ARE follows the order benzene (84 kdJ) >
phenanthrene (59 kJ) > naphthalene (44 kJ).8 With the
rough assumption that changes in ARE alone determine
the relative reactivity of 1, 2, and 10, the half-life order
is predicted to be 10 > 1 > 2 (20 000:1:0.0025). This
approximates the data in Table 1 (40 000:1:~0.02).

The ease with which complexes 1—9 undergo arene
displacement by donor solvents suggested to us that
they may be effective at transferring the Mn(CO);*
moiety to other arenes; i.e., they may function as
manganese tricarbonyl transfer (MTT) reagents.’ In-
deed, it was found that simply heating complexes 1—-9
in dichloromethane containing a modest excess of any
of a number of arenes led to clean substitution, as
illustrated by eq 3 for complex 6. The time of heating
and reaction yields are given in Table 2.1° Not surpris-
ingly, the ease of manganese tricarbonyl transfer from
1—-9 to an arene correlates with the rate of reaction with
MeCN (Table 1). Thus, MTT from 8 and 9 generally
required more than 10 h (at 70 °C), while 2 reacted
within 1 h (at 40 °C). With respect to yield and time of

(8) Zhang, S.; Shen, J. K.; Basolo, F.; Ju, T. D.; Lang, R. F.; Kiss,
G.; Hoff, C. D. Organometallics 1994, 13, 3692.

(9) In analogy, (naphthalene)Cr(CO); and (N-methylpyrrole)Cr(CO)3
are known to function as chromium tricarbonyl transfer reagents.12.13
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Table 2. Percent Yields for Manganese Tricarbonyl Transfer from Complexes 1—9 to Various Arenes in

Analogy to eq 3°

arene 1 2 3 4 5 6 7 8 9
CeHs 87 (3) 87(1) 91 (4) 93 (1) 81(3) 90 (1) 60 (17)
CeMeg 77 (3) 70 (0.5) 99 (4) 88 (1) 93 (3) 83 (1) 88 (10
CeEte 30 (5) 20 (6) 49 (6) 40 (5)
1,3,5-CsHsMes 92 (3) 89 (1) 96 (4) 94 (1) 88 (3) 92 (1) 80 (10)
1,2,4,5-CgHoMey 58 (24) 56 (20)
CeH;CH2CHMe» 45 (16) 43 (22)
Ce¢HsCMe3 93 (1) 87 (3) 90 (8)
CeHsSiMe3 86 (1) 74 (3) 57 (10¥
t-CsHsCH=CHC¢Hj 91 (2)
t-CeHsCH=CHMe 88 (1) 47(16) 44 (6)
CsHsC(Me)=CHg 82 (1) 75 (4) 75 (10)
CsHsNMe; 58 (3) 50 (0.5) 70 (1) 89 (3) 80 (1) : 56 (21) 42 (17®
CeH;O0H 88 (3) 54 (1) 79 (4) 87(1) 76 (3) 84 (1) 62 (10) 71 (20) 66 (18)
1,4-C¢Hy(Me)(OMe) 69 (17) 73 (17)
1,4-CeH4(OH)(CMeg) 71 (1) 98 (4) 31 (10
1,3,5-CsHs(OMe); 82(2) 91 (1) 69 (3) 91 (1) 77 (17) 66 (18)
indole 80(3) 96 (1) 94 (1) 86 (15)
2-naphthol 81(1)
2-methoxytetralin 93 (1) 81 (4) 70 (10)
phenylsilatrane 90 (1) 93 (4) 98 (10
estrone 3-methyl ether 49 (2) 72(2)

@ The reaction times (h) are given in parentheses. All yields refer to isolated products. Unless noted otherwise, the reaction temperature
was 70 °C for complexes 1, 4—6, 8, and 9 and 40 °C for 2, 3, and 7. The number of equivalents of free arene used in the exchange
reactions was as follows for each complex: 1, 4-86 (1.5 equiv); 2, 3 (2 equiv); 8, 9 (5 equiv); 7 (10 equiv). ® Reaction conditions were 70 °C
and 1.5 equiv of free arene. ¢ Five equivalents of free arene used.

@@ Mn(CO)z* + arene — »

(arene)Mn(CO)z* + @@ (3)

reaction, any of the naphthalene-type complexes are
excellent transfer reagents. However, when the cost of
the precursor polyarene and the ease of complexation
to Mn(CO)s™ are considered, the a-methylnaphthalene
and acenaphthene complexes (3 and 6) are perhaps the
preferred MTT reagents. The important point to note
is that the synthesis of (arene)Mn(CO)s* complexes via
MTT reagents constitutes an exceptionally mild proce-
dure and can be utilized to coordinate arenes that fail

(10) The arene exchange reactions, as in eq 3, were performed as
follows: under Nj, the complex (1-9; 0.2 g) was dissolved in ca. 25
mL of CHyCl; and the arene added in modest excess (Table 2). At
this stage the reaction solution was either refluxed (40 °C) or sealed
in a pressure bottle and heated to 70 °C for the times indicated in
Table 2. In order to determine appropriate reaction times, initial
synthetic runs were followed by IR. The product and reactant have
similar IR spectra in the vco region, but the differences are sufficient
so that the reactant is easily distinguished as a shoulder (or separate
peak) on the product IR bands. After IR spectra showed no trace of
the starting complex 1-9, the reaction mixture was cooled, concen-
trated, and filtered through Celite (if necessary). Diethyl ether was
used to precipitate the product, which was washed with ether and dried
in vacuo. 'H NMR (and IR) indicated that the products were very pure.
Satisfactory elemental analyses were obtained for all previously
unreported [(arene)Mn(CO);]BF, complexes obtained by this procedure.

to react satisfactorily by the other available methods
(vide supra) due to the presence of sensitive functional
groups or other reasons.

In summary, we have shown that (polyarene)Mn-
(CO)s* complexes can be synthesized in good yield and
that they are effective general reagents for the transfer
of the Mn(CO)s* moiety to arenes. Indeed, it is even
possible to transfer Mn(CO);* to naphthalene-type
complexes to obtain naphthalenes with a manganese
carbonyl unit attached to each ring on the same side.!!
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Summary: Reaction of CsMesRu(PCy3)Cl (1) with 1-2
atm of carbon dioxide in the presence of NaBH initially
gave the new formate complex CsMesRu(PCy3)(n?-OCHO)
(2). The complex 2 in the reaction mixture was gradually
converted into formic acid and the previously known Cs-
MesRu(PCy3)(CO)H (8). Deuterium labeling experiments
suggest that the acid proton of formic acid came from
the solvent. A possible mechanism of the formation of 2
and subsequent formation of formic acid is discussed.

Remarkable progress has been made in the transfor-
mation of carbon dioxide employing organometallic
catalysts in recent years.? A few notable recent
examples include Nicholas’s rhodium-catalyzed hydro-
genation of carbon dioxide,?* Kubiak’s electrocatalytic
reduction of carbon dioxide in a nickel cluster,2® and
Noyori’s (PMes)sRuHs-catalyzed formation of formic acid
in supercritical CO; medium.?* To get some under-
standing of the mechanisms involving the reactions of
transition-metal complexes with carbon dioxide, we have
been investigating the reactions of ruthenium complexes
with carbon dioxide, and herein we report a mild
hydrogenation reaction of carbon dioxide using the
organoruthenium complex CsMesRu(PCys3)Cl (1)% and
NaBH,.

Our initial plan was to prepare a coordinatively
unsaturated ruthenium hydride species of the type Cs-
MesRu(PCys)(H) and use it as a precursor for the carbon
dioxide reaction. Several preliminary attempts to gen-
erate CsMesRu(PCys)(H) from the reactions of 1 with

® Abstract published in Advance ACS Abstracts, May 1, 1995.

(1) For recent reviews, see: (a) Behr, A. Carbon Dioxide Activation
by Metal Complexes; VCH: New York, 1988. (b) Darensbourg, D. J.;
Kudaroski, R. A. Adv. Organomet. Chem. 1988, 22, 129. (c) Sneeden,
R. P. A. In Comprehensive Organometallic Chemistry; Wilkinson, G.,
Stone, F. G. A., Eds.; Pergamon Press: New York, 1982; Vol. 8. (d)
Braunstein, P.; Matt, D.; Nobel, D. Chem. Rev. 1988, 88, 747. (e)
Catalytic Activation of Carbon Dioxide; Ayers, W. M., Ed.; ACS
Symposium Series 363; American Chemical Society: Washington, DC,
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Sakamoto, M.; Shimizu, 1.; Yamamoto, A. Organometallics 1994, 13,
407. (m) Pinkes, J. R.; Steffey, B. D.; Vites, J. C.; Cutler, A. R.
Organometallics 1994, 13, 21. (n) Gibson, D. H.; Ye, M.; Richardson,
d. F.; Mashuta, M. S. Organometallics 1994, 13, 4559.

(2) (a) T'sai, J.-C.; Nicholas, K. M. J. Am. Chem. Soc. 1992, 114, 5117.
(b) Morgenstern, D. A.; Wittrig, R. E.; Fanwick, P. E.; Kubiak, C. P. J.
Am. Chem. Soc. 1993, 115, 6470. (c) Jessop, P. G.; Ikariya, T.; Noyori,
R. Nature 1994, 368, 231. (d) Jessop, P. G.; Hsiao, Y.; Ikariya, T.;
Noyori, R. J. Am. Chem. Soc. 1994, 116, 8851.
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T. D. J. Am. Chem. Soc. 1988, 110, 7558. (¢) Luo, L.; Nolan, S. P;
Fagan, P. J. Organometallics 1998, 12, 4305.
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hydride reagents, however, gave disparate results.
Reaction of 1 with LiAlH, exclusively gave the previ-
ously known trihydride complex CsMesRu(PCy3)(H)s,
whereas reaction with LiBH, gave both the borohydride
species CsMesRu(PCys)(u-H)eBHg and CsMesRu(PCys)-
(H)3.* No apparent reaction was observed in the reac-
tion of 1 with NaBH,, and none of these hydride
complexes were reactive toward carbon dioxide under
our reaction conditions.

Surprisingly, however, when 1 was treated with
carbon dioxide in the presence of NaBH,, a new species
was observed by NMR. In a sealed NMR tube, a
mixture of carbon dioxide (1-2 atm), 1 (10 mg, 0.0368
mmol), and 5 equiv of NaBH, (7 mg, g, 0.184 mmuol) in
THF-dg was vigorously shaken at room temperature for
1-2 h. The deep blue solution turned red-brown, and
a set of new resonances appeared which was subse-
quently characterized as the new formate complex Cs-
Mes;Ru(PCys)}(n2-OCHO) (2).5> The 'H NMR of 2 exhib-

<7 -

A NaBH, ]
U + CO, AU
7/ THF  cy,P o
oy’ e ¥e A

1 2 H

ited a downfield-shifted formate hydrogen signal at ¢
8.50, which became a doublet when 13CQO; was employed
(Jou = 209.6 Hz). The formate carbon resonance at ¢
164.1 (d, 3%Jpc = 3.7 Hz) and the characteristic formate
IR stretching frequencies (voco(asym) = 1618 and
voco(sym) = 1452 cm™!) were also consistent with the
n?-formate geometry.® On a preparative scale, complex
2 was isolated as a brown-red solid in approximately
80% yield, but we were not able to obtain an analytically
pure complex due to its thermal instability. Several
attempts to synthesize 2 independently from the reac-
tion of 1 with NaO.CH were unsuccessful.

The initially formed 2 in a sealed NMR tube in THF-
dg was further converted to a mixture of the previously
known carbonyl hydride CsMesRu(PCy3)(CO)H (38)7 and
formic acid in approximately a 1:2 ratio. In the 'H
NMR, a set of new peaks at 6 11.34 (HCOgH) and é 7.90
(HCO:2H) due to formic acid appeared at the expense of

(4) (a) Suzuki, H.; Lee, D. H.; Oshima, N.; Moro-oka, Y. Organome-
tallics 1987, 6, 1569. (b) Lee, D. H.; Suzuki, H.; Moro-oka, Y. J.
Organomet. Chem. 1987, 330, C20.

(5) For 2: 'H NMR (CgDsg, 300 MHz) é 8.50 (s, OoCH), 1.76 (s, Cs-
Mes), 1-2 (m, PCys;); 13C{1H} NMR (C¢Dg, 75 MHz) 6 164.1 (d, 3Jcp =
3.7 Hz, O,CH), 88.2 (CsMes), 31.2, 28.2, 27.4, and 26.4 (PCys), 11.7
(CsMes); 3'P NMR (CgDsg, 121.6 MHz) 6 54.6 (PCys); IR (CeHe) 1618 (s,
voco(asym)), 1452 (s, voco(sym)) em~L.

(6) (a) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 4th ed.; Wiley: New York, 1986. (b)
Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric Identi-
fication of Organic Compounds, 5th ed.; Wiley: New York, 1991.
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the resonances of 2. The formate hydrogen peak at 6
7.90 became a doublet (Jcg = 210.3 Hz) when 13CO,
(99%, Cambridge Isotopes) was employed in the reac-
tion, indicating its attachment to formic acid. Eventu-
ally after 5 h, all formic acid was decomposed to
NaO;CH, 8, and other unidentified species. In a
preparative reaction, complex 8 was isolated as a pale
white solid in 85% yield based on 1. The choice of
solvent appeared to be important to the success of the
reaction; similar reactions in MeOH led to the exclusive
formation of the trihydride complex CsMesRu(PCys)(H)s,
while no reaction was observed in Et;0 or CH2Cl.

€0, jltmsu4j|z

Ry == /Ru —_— u,

VRN ~ 7470
cy:P” el Cy;P éoz c Cy,P _(

1 4 2 "

-ﬁPz_ l CO/THF

R, + Moo
CysP 4, co

The apparent lack of reactions between 1 and NaOs-
CH indicates that the possible formation of complex 2
from the reaction of 1 with a preformed formate ion is
not likely.8 The fact that complex 1 is unreactive toward
NaBHy; in the absence of carbon dioxide suggests that
carbon dioxide was precoordinated to 1 before the
hydrogenolysis of chloride.® These results are consistent
with a reversible precoordination of carbon dioxide to 1
to produce the 18 e~ intermediate 4 and subsequent
reduction by NaBH, to give the more stable formate
complex 2.19 Although carbon dioxide is a labile ligand
and, therefore, the concentration of the intermediate 4
should be quite low at relatively low pressures of carbon
dioxide, the precoordination of carbon dioxide to 1 would
reduce the n-bonding interactions between the ruthe-

(7) Complex 8 was previously prepared from the reaction of 1 with
CO followed by NaBH, reduction: Arliguie, T.; Border, C.; Chaudret,
B.; Devillers, J.; Poilblanc, R. Organometallics 1989, 8, 1308. Spectral
data for 3: H NMR (CgDg, 300 MHz) 6 1.98 (s, CsMes), 1-2 (m, PCys),
—11.90 (d, Jpy = 33.8 Hz, Ru—H); 13C{'H} NMR (C¢D¢, 75 MHz) o
210.4 (d, Jcp = 18.3 Hz, CO), 95.1 (CsMes), 38.3, 30.8, and 28.1 (PCys),
12.1 (CsMes); 3P NMR (CgDs, 121.6 MHz) 6 75.0 (Jop = 18.3 Hz, PCys);
IR (CeHs) 1892 (s) cm~1; FAB MS M* at m/z 545.

(8) The reaction of NaBH, with CO; (5 atm) in THF-dg did not
produce any detectable amount of NaO;CH even in the presence of

Cls.

(9) Reference 3a described the reversible formation of the adduct
CsMesRu(PCy3)(CH,=CH_)(Cl) from the reaction of 1 with CHp=CHo.
In support of the mechanism, we also found that the reaction of 1 with
CH,=CHj; in the presence of NaBH, gave CsMe;Ru(PCys)(CHz=CH)-
(H), which may have formed in a fashion similar to that in 2.
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nium and the chloride, making the chloride ligand more
susceptible to the NaBH, reduction. Further intramo-
lecular insertion of carbon dioxide would give the for-
mate complex 2. Carbon dioxide insertion into the tran-
sition-metal—hydride bond has been well documented.!a?
Also, a reversible carbon dioxide insertion into Ru-
(PR3):Hz (R = Ph, Me) has been previously reported.!!

The detailed reaction mechanism of the conversion
from 2 to 8 and formic acid is not yet clearly understood.
In a preliminary experiment, initially formed 2 and
formic acid were extensively deuterated at the formate
hydrogen when NaBD, in THF was employed in the
reaction, but the hydride of 3 contained approximately
50% deuterium as estimated by NMR. Similarly, when
the reaction was carried out with NaBH, in THF-dg, the
acid proton of formic acid contained nearly 70% deute-
rium. These results suggest that the possible source of
the acid proton of formic acid is from the solvent and
not from NaBH; and that the substantial deuterium
scrambling may have occurred during the subsequent
formation of formic acid and 8. Wilkinson previously
proposed a mechanism involving proton transfer from
a coordinated THF to a coordinated hydroxy ligand.l2

In summary, the formation of formic acid from the
hydrogenation of carbon dioxide using the coordinatively
unsaturated ruthenium complex 1 and NaBH, has been
described. Preliminary studies indicated that the pre-
coordination of carbon dioxide to the complex 1 pro-
moted the hydrogenolysis of chloride ligand to give the
formate complex 2, and the subsequent decomposition
of 2 led to the formation of formic acid and 3. Studies
on the scope and the detailed reaction mechanism
involving the complex 1 are currently being pursued.

Acknowledgment. Financial support from Mar-
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(10) Another possible mechanism involves NaBH, reduction of 1 in
the first step to generate the reactive CsMe;Ru(PCy3)(H), which then
inserts carbon dioxide to give 2. Although we cannot rule out this
mechanism, the apparent lack of reactivity of NaBH, toward 1 in the
absence of carbon dioxide and the general tendency of forming a stable
and unreactive CsMesRu(PCys)(H); suggest that this route is unlikely.
Also, as a reviewer pointed out, carbon dioxide could react first with
NaBH, to form a formate ion, which would then react with 1 to form
2. The facts that complex 1 did not react with NaO.CH and that we
did not observe any evidence of reaction between carbon dioxide and
NaBH, in the absence of 1 suggest that this route also seems unlikely.

(11) (a) Komiya, S.; Yamamoto, A. J. Organomet. Chem. 1972, 46,
C58. (b) Kolomnikov, I. 8.; Gusev, A. I.; Aleksandrov, G. G.; Lobeeva,
T. 8.; Struchkov, Y. T.; Vol'pin, M. E. J. Organomet. Chem. 1973, 59,
349.

(12) Chaudret, B. N.; Cole-Hamilton, D. J.; Nohr, R. S.; Wilkinson,
G. J. Chem. Soc., Dalton Trans. 1977, 1546.
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Summary: A new class of ferrocenyl and permethylfer-
rocenyl polymers 2 and 3, containing a cyclotetrasiloxane
in the backbone, has been prepared via hydrosilylation
reactions. The synthesis of the tetranuclear model
1,3,5,7-tetrakis(ferrocenylethyl)-1,3,5,7-tetramethylcy-
clotetrasiloxane (1) is also reported. The different nature
of the cyclopentadienyl ring substituents was found to
have influence on the electrochemical behavior of solu-
tions and of electrode surfaces modified with electrode-
posited films of these polymers.

Macromolecular systems containing organometallic
units are of increasing interest as a result of their
unique properties.! Ferrocenyl-based polymers? are
useful materials for modification of electrodes, as elec-
trochemical biosensors,® and as nonlinear optical sys-
tems.2 As a part of our ongoing studies on the
chemistry of silicon-containing organometallic com-
pounds, we recently synthesized new classes of macro-
molecules containing ferrocenyl moieties together with
polyhedral octasilsesquioxanes,* linear siloxanes, or
organosilicon dendrimers.® Now we have extended our
studies to systems that contain cyclosiloxanes as frame-
works of silicon atoms. Due to their stereochemical
properties, organometallic-substituted cyclosiloxanes
are potential candidates as sterically controlled multi-
functional catalyst systems. Although several examples
of metallocarbonyl-substituted cyclosiloxanes have been

* Universidad Auténoma de Madrid.

# Universidad Politécnica de Madrid.

® Abstract published in Advance ACS Abstracts, May 1, 1995,

(1) (a) Inorganic and Organometallic Polymers II: Advanced Materi-
als and Intermediates; Wisian-Neilson, P., Allcock, H. R., Wynne, K.
J., Eds.; ACS Symposium Series 572; American Chemical Society:
Washington, DC, 1994. (b) Inorganic and Metal-Containing Polymeric
Materials; Sheats, J. E., Carraher, C. E., Jr., Pittman, C. U,, Jr., Zeldin,
M., Currell, B., Eds.; Plenum Press: New York, 1990. (¢c) Inorganic
Polymers; Mark, J. E., Allcock, H. R., West, R., Eds.; Prentice-Hall:
Englewood Cliffs, NJ, 1992. (d) Contemporary Polymer Chemistry, 2nd
ed.; Allcock, H. R., Lampe, F. W, Eds.; Prentice-Hall: Englewood Cliffs,
NJ, 1990. (e) Allcock, H. R. Adv. Mater. 1994, 6, 106.

(2) Recent reviews of the main areas of research on ferrocenes
include the following: (a) Ferrocenes; Togni, A., Hayashi, T., Eds,;
VCH: Weinheim, Germany, 1995. See also: (b) Foucher, D. A,
Ziembinski, R.; Rulkens, R.; Nelson, J.; Manners, I. In ref 1a, Chapter
33. (c) Wright, M. E.; Cochran, B. B,; Toplikar, E. G.; Lackritz, H. S.;
Kerney, J. T., In ref 1a, Chapter 34.

(3) See for example: (a) Ikeda, S.; Oyama, N. Anal. Chem. 1993,
65, 1910. (b) Hale, P. D.; Lee, H. S.; Okamoto, Y. Anal. Lett. 1998, 26,
1. (c) Hale, P. D.; Boguslavsky, L. I.; Inagaki, T.; Karan, H. I; Lee, H.
S.; Skotheim, T. A.; Okamoto, Y. Anal. Chem. 1991, 63, 677. (d) Hale,
P. D.; Lan, H. L.; Boguslavsky, L. 1.; Karan, H. I.; Okamoto, Y.;
Skotheim, T. A. Anal. Chim. Acta 1991, 251, 121, (&) Hale, P. D.;
Inagaki, T.; Karan, H. 1.; Okamoto, Y.; Skotheim, T. A. J. Am. Chem.
Soc. 1989, 111, 3482.

(4) Moran, M.; Casado, C. M,; Cuadrado, L; Losada, J. Organome-
tallics 1993, 12, 4237.

(5) Casado, C. M.; Morédn, M.; Losada, J.; Cuadrado, 1. Inorg. Chem.
1995, 34, 1668.

(6) Alonso, B.; Cuadrado, I.; Moréan, M.; Losada, J. J. Chem. Soc.,
Chem. Commun. 1994, 2575,
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reported,” no examples of organometallic polymers with
siloxane rings in the backbone are known. We report
herein preliminary results on the synthesis, character-
ization, and redox properties of cyclotetrasiloxanes in
which the silicon atoms of the rings are attached to
ferrocenyl or octamethylferrocenyl units through a two-
carbon linkage. While polymers containing ferrocenyl
moieties in the backbone or as pendant substituents are
numerous, polymers constructed from permethylfer-
rocene monomers have been relatively unexplored.89:102
As a result of the enhanced donor properties of the
permethylated cyclopentadienyl rings, electrode sur-
faces functionalized with redox-active polymethylferro-
cenyl derivatives promise to be of importance in elec-
trocatalysis; for instance, electrode surfaces modified
with a pentamethyl ferrocene derivative can be used as
sensors for cytochrome ¢.10

The hydrosilylation of 1,3,5,7-tetramethylcyclotetrasi-
loxane with 4 equiv of vinylferrocene, in the presence
of Karstedt catalyst (bis(divinyltetramethyldisiloxane)-
platinum(0) in xylene) was performed in toluene solu-
tion at 20 °C (Scheme 1). From 'H NMR and IR
analysis of the reaction mixture it was established that
complete reaction of the SiH functionalities was easily
achieved in 4 h.!! After column chromatography on
silica gel using a 1/3 mixture of dichloromethane and
n-hexane as eluent, the tetranuclear compound 1 was
isolated as an orange viscous oil in 92% yield. Treat-
ment with hexane affords a yellow solid.1?2 Obviously,
the mild conditions under which 1 can be cleanly formed
are of importance for its successful preparation, and in
addition siloxane ring degradation cannot occur as a side
reaction.’® The structure of the tetranuclear 1 was
straightforwardly established on the basis of multi-
nuclear (*H, 13C, 2°Si) NMR data, IR spectroscopy, mass

(7) (a) Harrod, J. F.; Pelletier, E. Organometallics 1984, 3, 1064,
1070. (b) Harrod, J. F.; Shaver, A.; Tucka, A. Organometallics 1985,
4, 2166.

(8) Although several examples of functionally substituted octa-
methylferrocenyl derivatives have been reported,? 1% to the best of our
knowledge the first octamethylated ferrocene polymer was prepared
in our laboratory.*

(9) See for example: (a) Pudelski, J. K.; Callstrom, M. R. Organo-
metallics 1994, 13, 3095. (b) Ogasa, M.; Mallin, D. T.; Macomber, D.
W.; Rausch, M. D.; Rogers, R. D.; Rollins, A. N. J. Organomet. Chem.
1991, 405, 41. (c) Gibson, C. P.; Bem, D. S.; Falloon, S. B.; Cortopassi,
J. E. In Inorganic and Metal-Containing Polymeric Materials; Sheats,
d. E., Carraher, C. E,, Jr., Pittman, C. U,, Jr., Zeldin, M., Currell, B.,
Eds.; Plenum Press: New York, 1990; p 127.

(10) (a) Chaofeng, Z.; Wrighton, M. S, J. Am. Chem. Soc. 1990, 112,
7578. (b) Chao, S.; Robbins, J. L.; Wrighton, M. S. J. Am. Chem. Soc.
1983, 105, 181.

(11) The »(SiH) frequency of 1,3,5,7-tetramethylcyclotetrasiloxane
suggests that the electronic environment about the reacting silicon
centers is suitable for hydrosilylations. See: Stein, J.; Lewis, L. N.;
Smith, K. A.; Lettko, K. X. J. Inorg. Organomet. Polym. 1991, 1, 325.

(12) Attempts to isolate 1 as a crystalline solid have been unsuc-
cessful so far, probably because it is a mixture of geometric isomers.
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spectrometry, and microanalysis.!'* Of particular rel-
evance was the presence in the 1H NMR spectrum of
several resonances in the Si—CHj region, which indi-
cates the existence of four geometric isomers.’ The
29Si NMR spectrum of 1 (in CDCl3) consists of a singlet
resonance at —20.14 ppm, which is within the range
expected for a D-type silicon atom in a cyclic tetrasi-
loxane!® and which agrees with a totally substituted
structure. Likewise, an additional definitive spectral
evidence of the incorporation of the four ferrocenyl units
to the cyclotetrasiloxane ring in 1 was the mass spec-
trum, which shows the molecular ion M* as the base
peak at m/z 1088, together with some informative peaks
assignable to reasonable fragmentation products.

In order to synthesize novel three-dimensional poly-
mers, containing skeletal ferrocenyl units together with
cyclosiloxane frameworks, hydrosilylation reactions of
1,3,5,7-tetramethylcyclotetrasiloxane with either 1,1’
divinylferrocene or 1,1’-divinyloctamethylferrocene have
been explored.!” Not surprisingly, the reaction with the
octamethylated monomer was less successful since, in

(13) Ring opening in cyclic siloxanes occurs in the presence of anionic
or cationic initiators. See for example: (a) Chojnowsky, J. In Siloxane
Polymers; Clarson, S. J., Semlyen, J. A., Eds.; Prentice-Hall: Engle-
wood Cliffs, NJ, 1993; p 1. (b) Saam, J. C. In Silicon-Based Polymer
Science; Zeigler, J. M., Gordon Fearon, F. W., Eds.; Advances in
Chemistry Series 224; American Chemical Society: Washington, DC,
1990.

(14) Selected spectroscopic and analytical data for 1 are as follows.
H NMR (300 MHz, CDCl;): 6 4.12—4.06 (m, ferrocenyl protons), 2.44
(m, CsH4CHy), 0.90 (m, SiCH>), 0.19 (m, SiCHs3). 13C{1H} NMR (75.43
MHz, CDCly): 6 91.90 (C5H,), 68.40 (CsHs), 67.54 and 67.01 (CHsH,),
22.64 (CsH,CH,), 18.40 (SiCHy), —0.49 (SiCHj). 2°Si{'H} NMR (59.3
MHz, CDCl3, 0.015 M Cr(acac)s): 6 —20.14 ppm. MS (FAB; m/z (%)):
1088 (M*, 100), 213 ({{#5-CsH;}Fe{#5-C;H,CH,CH,} 1+, 10.69), 199 ([{°-
CsH;lFe{#°-CsH,CH,}1*, 15.16), 121 ([{#®-CsHs}Fel]*, 16.07). Anal.
Caled for Si;04CssHssFes: C, 57.36; H, 5.92. Found: C, 57.41; H, 5.97.

(15) The use of the Si—CHj; resonances in the 'H NMR spectrum of
1 for investigation of its isomeric composition will be reported in the
full paper.

(16) Williams, E. A. In The Chemistry of Organic Silicon Com-
pounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Part
1, p 511.

spite of using more forcing conditions, a lower degree
of SiH functionalization was obtained. This is due to
the steric hindrance effect imposed by the methyl
groups. Polymers 2 and 3 were purified by repeated
precipitations from CHCly solutions by addition to a
large volume of CH3CN. 2 was isolated as a brown
shiny solid and 3 as a yellow-brown material.’® NMR
spectra of polymers 2 and 3 show broad resonances in
the expected regions. The 'H NMR spectrum of 8
shows, in addition, resonances corresponding to trace
quantities of unreacted vinyl and SiH groups. Consis-

(17) Synthesis and spectral data for polymers 2 and 3: 2.5 equiv of
1,1’-divinylferrocene (2) (or 1,1’-divinyloctamethylferrocene (3)) was
added to a toluene solution (20 mL) containing 10 uL of a 3—-3.5%
solution of Karstedt’s catalyst in xylene. The mixture was stirred at
room temperature for approximately 1 h. A gentle stream of air was
blown through the solution for a few seconds. A solution of 1,3,5,7-
tetramethylcyclotetrasiloxane (0.54 g, 2.25 mmol) in dry toluene (20
mL) was added dropwise. The reaction mixture was heated to 75 °C.
In the synthesis of 2, after 30 h, FTIR spectra of the reaction mixture
showed quantitative loss of the Si—H stretch. However for 3 after 90
h at 75 °C the reaction was not yet completed. A 10% excess of 1,1’
divinyloctamethylferrocene was added, and the reaction mixture was
heated to 90 °C and stirred for an additional 8 h, but IR analysis did
not show further reduction of the Si—H absorption. After removal of
the solvent both polymers were purified by successive reprecipitations
from CHCl; into CH3CN. In both cases primarly light brown materials
insoluble in CHyCl; and CH3CN were separated, and subsequently a
light brown solid (2) (yellow-brown for 3) insoluble in CH3CN was also
isolated: yields 70—83%. The following characterization data cor-
respond to the fractions soluble in CH2Cl,. Key data for 2 was as
follows. TH NMR (300 MHz, CgDs): 6 4.24 (br, ferrocenyl protons), 2.68
(br, CsH,CHS>), 1.14 (br, SiCHy), 0.25 (br, SiCH;). 13C{*H} NMR (75.43
MHz, CDCly): 6 91.88 and 68.57 (ferrocenyl carbons), 23.38 (CsH,CHy),
19.38 (SiCHy), 0.26 (SiCH,). 22Si{!H} NMR (59.3 MHz, CDCls): ¢
—20.31 ppm. Anal. Caled for [Sig04Cs2HysFeqln: C, 53.63; H, 6.19.
Found: C, 50.33; H, 5.75. M, (VPO, THF): 2.3 x 104 Key data for 3
are as follows. IR (KBr, cm~1): 2158 »(SiH), 1624 +(C=C). 'H NMR
(300 MHz, CDCly): 6 6.35 (dd, CH=CHy), 5.28—5.22 (m, CH=CHy),
5.21 (br, SiH), 2.17 (br, Cs(CH3),CH>), 1.71 (br, C5(CHa)4), 0.55 (br,
SiCHy), 0.14 (br, SiCHj3). 2Si{'H} NMR (59.3 MHz, CDCl3): 6 —-21.12
ppm. Anal. Caled for [Sig04CysHrsFesl,: C, 61.25; H, 8.15. Found: C,
60.14; H, 7.78. M,, (VPO, THF). 1.9 x 104

(18) Wide-angle X-ray scattering (WAXS) studies of both polymers
are in progress in order to analyze their morphology.
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tent with this, weak absorptions at 2158 and 1624 cm™!
in the IR (KBr) spectrum of the polymer with per-
methylated ferrocenyl units are also observed. The
29Si NMR spectra of both polymers 2 and 8 are nearly
identical with that of the tetranuclear model 1 and
consist of a single resonance corresponding to D-type
silicon atoms. For 3 this resonance appears slightly
shifted to high field. Polymers 2 and 8 appear to be
stable to the atmosphere and form amber free-standing
films when cast from THF solutions. The thermal
behavior of both polymers was analyzed by thermo-
gravimetric analysis (ramp rate 10 °C/min, under a
nitrogen atmosphere) and indicates that the major
decomposition occurs between 480 and 600 °C for 2 and
between 230 and 575 °C for 3.

The electrochemical properties of compounds 1-3
have been studied. The cyclic voltammogram of each
compound dissolved in CHyCl; with 0.1 M TBAH
exhibited a single reversible oxidation wave.!® The
determination of the number of electrons transferred
in the oxidation of 1 was effected by coulometry (Pt
mesh, in CHyCly), resulting in the removal of 4.0
e/molecule. Differential pulse voltammetry measure-
ments (DPV) give only one wave, suggesting that the
oxidations of the four ferrocenyl units in 1 occur at the
same potential. Therefore, in 1 the ferrocenyl units are
noninteracting redox centers. The blue tetranuclear
ferrocenium cation [11**[PFg]-y was synthesized by
either controlled-potential electrolysis or chemical oxi-
dation with NOPFg, in CH2Cly at room temperature.

It is worth noting that, for both polymers 2 and 3, an
increase in the peak current upon continuous scanning
in CH3Cly was observed in the c¢yclic voltammograms,
which indicates that the formation of an electroactive
polymer film occurs on the electrode surface. In this
way, platinum electrodes modified with electrodeposited
films of these polymers were prepared.?>2! Their vol-
tammetric responses were found to be clearly different
(Figure 1), and this must be related to the nature of
the substituents on the cyclopentadienyl rings. Elec-
trodeposited films of 2 show a well-defined, very sharp
oxidation—reduction wave, with a linear relationship of
peak current with potential sweep rate v, typical of
surface-confined redox couples?? (Figure 1A). In con-
strast, the surface redox wave observed for electrodes
modified with films of the permethylated polymer 3 is
broader and shows diffusional features (Figure 1B). In

(19) Cyclic voltammetric data (vs saturated calomel electrode, SCE),
in CHzCl; with 0.1 M NBuPF¢ (TBAH): for 1, E1p = +0.35 V; for 2,
Ep=40.33V, for 3, E1e = +0.005 V. For details of the electrochemical
equipment, see refs 4 and 5.

(20) Platinum-disk electrodes (A = 0.070, 0.017 cm?) were modified
with electrodeposited films of 2 and 8 by scanning the potential at 50
or 100 mV/s between the appropriate potential limits, in degassed CHg-
Cl; solutions of the polymers with TBAH; subsequently the electrodes
thus coated were rinsed with CH;Cl; to remove any adhering solution
and dried in air. The polymer films were characterized by cyclic
voltammetry in fresh CH3;CN containing only supporting electrolyte.
The surface coverage of the polymer films (I', mol/cm?) is determined
by integrating the area under the oxidation wave. The amount of the
electroactive material deposited on the electrode surface can be
controlled by the number of scans.

(21) The electrochemistry of electrodes modified with related silicon—
ferrocenyl and siloxane—ferrocenyl polymers has been reported: (a)
Nguyen, M. T.; Diaz, A. F.; Dement’ev, V. V.; Pannell, K. H. Chem.
Mater. 1994, 6, 952. (b) Inagaki, T.; Lee, H. S.; Skotheim, T. A,;
Okamoto, Y. J. Chem. Soc., Chem. Commun. 1989, 1181. (¢) See also
refs 4 and 5.

(22) (a) Abruiia, H. D. In Electroresponsive Molecular and Polymeric
Systems; Skotheim, T. A., Ed.; Dekker: New York, 1988; Vol 1, p 97.
(b) Murray, R. W. In Molecular Design of Electrode Surfaces; Murray,
R. W., Ed,; Techniques of Chemistry XXII; Wiley: New York, 1992;
pl
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Figure 1. Cyclic voltammograms, measured in CH3CN/
0.1 M TBAH, of Pt-disk electrodes modified with electrode-
posited films of (A) polymer 2 (I’ = 1.46 x 108 mol/cm?)
and (B) polymer 3 (I' = 7.11 x 1078 mol/cm?). The scan rate
was 100 mV/s.

addition, at scan rates between 10 and 300 mV/s, the
peak current increases linearly with the square root of
the sweep rate v''2, which suggests that in this case the
charge transport through the film is limited by the
electrolyte diffusion into the polymer film. The anodic
and cathodic wave shapes of films of 2 are extremely
narrow, and values of the full width at half-maximum,
AErwuym ~ 5 mV, are measured at a scan rate of 20 mV/
s, which reflect attractive interactions among the fer-
rocene sites and suggest a phase transition.??2 For the
broader voltammetric peaks of films of 8, a AErwuM
value of about 125 mV was measured at the same scan
rate, which indicates repulsive interactions.?? On the
other hand, a formal potential value of E1p = +0.05 V
vs SCE was found for films of polymer 3, which is nearly
identical with the formal potential of the polymer in
solution. This potential is considerably more negative
than that of films of the nonmethylated ferrocenyl
polymer 2 (B2 = + 0.35 V vs SCE), and this is the result
of the strong electron-donating effect of the eight methyl
groups on the ferrocene rings. To our knowledge, this
represents the first example of electrode surfaces de-
rivatized with an octamethylated polymer. The Pt
electrodes derivatized with films of both 2 and 8 in
either organic or aqueous electrolyte solutions are
completely stable and do not show loss of electroactivity
with use.

Further detailed studies directed toward understand-
ing the relation between the structure and the redox
properties of these polymers and related ferrocene-
containing siloxane materials are in progress.

Acknowledgment. We thank the Direccién General
de Investigacién Cientifica y Técnica (Grant No. PB-
93-0287) for financial support of this research.

OM9501440



Organometallics 1995, 14, 2621—2623 2621

Generation of Dinuclear Tartrate-Bridged Dicationic
Titanocene Complexes

Wolf Spaether, Gerhard Erker,* and Mathias Rump

Organisch-Chemisches Institut der Universitit Miinster,
Corrensstrasse 40, D-48149 Miinster, Germany

Carl Kriiger and Jorg Kuhnigk

Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1,
D-45470 Miilkeim a.d. Ruhr, Germany

Received January 26, 1995%

Summary: The [(u-tartrato)(Cp2TiCHg)s] complexes 2,
derived from the reaction between dimethyl and dibutyl
tartrate, respectively, with dimethyltitanocene, react with
tris(pentafluorophenyl)borane to give the monocations
[(u-tartrato)(CpTi)(CpeTiCH3)Jt and subsequently the
dications [(u-tartrato)(Cp2Ti)2P*. In dichloromethane
solution in both cases internal ester coordination is
observed, leading to mixtures of five- and six-membered
ring product isomers.

Tartrate-based chelating phosphane donor ligands are
easily available in great variety, and their application
in organometallic chemistry and catalysis is legion. It
is amazing that almost nothing is known about their
potential electrophilic counterparts. Chiral bis Lewis
acids are almost unknown, although they might open
up very interesting new ways of activating a wide
variety of organic substrates toward selective nucleo-
philic attack.! Therefore, it should be attractive to start
searching for effective ways of generating such chiral
ligand bridged bis-electrophilic systems. The first ex-
amples of this development are presented in this paper.

It is well-known that dimethylzirconocene and related
reagents react with 1,n-diols with evolution of 2 molar
equiv of methane and the formation of cyclic systems
that often dimerize, exhibiting two strong Zr—O bonds
per monomeric unit.2 We have shown that dialkyl
tartrates react in this way with CpeZr(CHz3)z to form
dimetallatricyclic tartrato—zirconocene complexes that
equilibrate with 10-membered dimetalla monocyclic
tartrato—zirconocene complexes.? We have now treated

® Abstract published in Advance ACS Abstracts, May 1, 1995.

(1) For examples of achiral chelating bis Lewis acids see: Beau-
champ, A. L.,; Olivier, M. J.; Wuest, J. D.; Zacharie, B. J. Am. Chem.
Soc. 1986, 108; 73; Organometallics 1987, 6, 153. Wuest, J. D,;
Zacharie, B. J. Am. Chem. Soc. 1987, 109, 4714. Bachand, B.; Wuest,
d. D. Organometallics 1991, 10, 2015. Sharma, V.; Simard, M.; Wuest,
J. D. J. Am. Chem. Soc. 1992, 114, 7931. Simard, M.; Vaugeois, J.;
Wuest, J. D. J. Am. Chem. Soc. 1998, 115, 370. Katz, H. E.
Organometallics 1987, 6, 1134. Adams, R. D.; Chen, G.; Chen, L.; Wu,
W.; Yin, J. J. Am. Chem. Soc. 1991, 113, 9406. Bach, T.; Fox, D. N.
A.; Reetz, M. T. J. Chem. Soc., Chem. Commun. 1992, 1634. Jacobsen,
S.; Pizer, R. J. Am. Chem. Soc. 1998, 115, 11216. See also: Boyle, T.
d.; Eilerts, N. W.; Heppert, J. A.; Takusagawa, F. Organometallics
1994, 13, 2218.

(2) Erker, G.; Noe, R. J. Chem. Soc., Dalton Trans. 1991, 685.
Stephan, D. W. Organometallics 1990, 9, 2718; 1991, 10, 2037.
Nadasdi, T. T.; Stephan, D. W. Organometallics 1992, 11, 116. Gau,
H.-M.,; Chen, C.-A,; Chang, S.-J.; Shih, W.-E.; Yang, T.-K.; Jong, T.-
T.; Chien, M.-J. Organometallics 1993, 12, 1314, See also references
cited in these articles.

(3) Erker, G.; Dehnicke, S.; Rump, M.; Kriiger, C.; Werner, S.; Nolte,
M. Angew. Chem. 1991, 103, 1371; Angew. Chem., Int. Ed. Engl. 1991,
30, 1349. Erker, G. In Selective Reactions of Metal-Activated Molecules;
Werner, H., Ed.; Vieweg: Braunschweig, Germany, 1992; p 33. Erker,
G.; Rump, M.; Kriiger, C.; Nolte, M. Inorg. Chim. Acta 1992, 198, 679.
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dimethyltitanocene with dimethyl and dibutyl tartrate,
respectively, and observed that this reaction very se-
lectively proceeds with the liberation of only 1 equiv of
methane per titanium. In each case a dinuclear tar-
trato-bridged bis(titanocene) complex of the composition
[(Cp2TiCH3)OCH(CO2R)CH(CO2R)O(Cp2TiCHs3)] is ob-
tained in high yield.

In a typical experiment CpeTi(CHs): (1) is treated
with 0.5 molar equiv of (+)-(2R,3R)-dimethyl tartrate
for 3 days at 40 °C in an ether/dichloromethane mixture.
The product crystallizes from the reaction mixture at 5
°C overnight. Recrystallization from ether/dichlo-
romethane (1:1) gives the (u-tartrato)bis(methyl-
titanocene) complex 2a in 79% yield: mp 164 °C (DSC),
[alp?® = —81.5° (¢ = 0.2, CHyCly). The compound
exhibits uncoordinated symmetry-equivalent ester groups
(IR (KBr) # = 1749 ecm™! (C=0); 13C NMR (CDCls) 6
172.3 (—COsCHjy)). In solution the chiral complex 2a
behaves as Cs symmetric. It exhibits a single IH/3C
NMR methyl ester (6 3.67/51.6) and TiCHj; resonance
(6 0.52/35.0). The tartrate methine proton resonance
is a singlet at 6 4.90 (13C NMR (CDCl;) 6 88.5 (—CH—
OTi)). The two titanocene units are symmetry equiva-
lent; each contains a pair of diastereotopic Cp ligands
which give rise to a 1:1 intensity pair of 1H/13C NMR
signals at ¢ 5.86, 5.95/112.2, 112.7.*

The reaction of CpgTi(CHj)e (1) with (+)-(2R,3R)-
dibutyl tartrate proceeds analogously. The correspond-
ing dinuclear (u-dibutyl tartrato)bis(methyltitanocene)
complex 2b was characterized by X-ray diffraction.? In
the crystal the dinuclear compound 2b is close to Cs
symmetric. The titanium centers are each pseudotet-
rahedrally coordinated to two Cp rings (average Ti—
C(Cp) distance 2.41 A), a methyl group (d(Ti1—C33) =
2.17(1) A, d = (Ti2—C34) = 2.18(1) A) and the tartrate
oxygen. The Ti—O bonds are very short (d(Ti2—-02) =
1.862(6) A, d = (Ti1-01) = 1.835(6) A), and the bond
angles at the tartrato oxygen centers are very large
(Til—01-C26 = 152.5(6)°, Ti2—02—C27 = 150.1(5)°).

(4) 2b: 1.40 g (76%) isolated; mp 88 °C (DSC); [a]p?® = —82.5° (¢ =
0.2, CHzclz); Anal. Caled for 034H4606Ti2 (6465) C, 63.16; H, 7.17.
Found: C, 63.46; H, 6.92. IR (KBr) # 1710 cm™! (C=0); 'H/13C NMR
(CDCl;,) 4 0.53/34.9 (Ti—CHjy), 4.92/88.8 (—CHOITi)), 5.86, 5.96/112.1,
112.6 (Cp), 172.1 (C=0).

(5) X-ray crystal structure analysis of 2b: C3sHs06Tiz (646.5),
crystal size 0.18 x 0.28 x 0.25 mm, a = 10,530(1) A, b = 10.103(1) A,
¢ =15.551(1) A, = 95.32(1)°, V = 1647.3 A%, T = 293 K, degieq = 1.30
gem=3, 4 = 5.19 em~1, F(000) = 684 e, Z = 2, monoclinic, space group
P2, (No. 4), Enraf-Nonius CAD4 diffractometer, 1 = 0.710 69 A, data
measured [+A,+k,+1], (sin 0)/Amax = 0.65 A-1, 3966 independent and
3234 observed reflections, 308 refined parameters, R = 0.080, R, =
0.090, programs used SHELX 86, SHELX 93, ORTEP.

© 1995 American Chemical Society
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Figure 1. View of the molecular geometry of 2b.

This brings the Cp2TiCH; groups far away from the
central C26—C27 (1.54(1) A) core of the molecule.
Overall the —O—(TiCp2CHj3) moieties behave as steri-
cally small substituents at the central tartrate frame-
work. Therefore, the more bulky n-butyl ester substit-
uents are found almost anti-periplanarly arranged
(dihedral angle C25—-C26—C27—C28 = 162.9°), whereas
the —O—[Til groups are found nearly in a gauche
orientation (dihedral angle 01-C26—C27—02 = 54.3°).

Communications

Three methods were tested in order to convert the
dinuclear (u-tartrato)bis(methyltitanocene) complexes 2
into the corresponding dications. The reaction of 2b
with the mild Brgnsted acid [HNBu;]'[BPhy]™ in aceto-
nitrile proceeds very slowly at room temperature. After
3 days the monocation 3b (see below) can be detected
by NMR but there is still some of the starting material
2b left. In contrast, the n-butyl tartrato complex (2b)
reacts rapidly with trityl tetraphenylborate. Under the
same conditions (20 °C, acetonitrile) the reaction is
complete within less than 10 min. The monocation 3b
can be detected spectroscopically in the reaction of 2b
with [Ph3C1H{BPhy]™ in a 1:1 molar ratio in CD3CN
(final product ratio 2b:3b:4b = 1:1.3:0.6). The mono-
cation 3b exhibits three 'H NMR Cp signals at 5.94,
6.00, and 6.44 in a 5:5:10 intensity ratio (!3C NMR
resonances at 6 113.3, 118.5, and 119.2). The tartrato
methine protons give rise to an AX pattern at 6 5.09
and 5.48 (3J = 1.8 Hz; 13C NMR: 6 89.7, 92.9), and there
is a single 1H/13C NMR Ti—CHj; resonance at & 0.58/
36.2.

Reaction of 2b with 2 molar equiv of trityl tetraphen-
ylborate gives the (u-dibutyl tartrato)bis(titanocene)
dication 4b. In CD3CN it exhibits a single "H/'3C NMR
Cp resonance at § 6.47/119.2 aside from a methine CH
singlet at 6 5.67/92.7 at room temperature. One would
expect pairs of diastereotopic Cp ligands in the dications
4, provided that each titanium atom has only one
acetonitrile ligand coordinated to it in a pseudotetra-

Scheme 1
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Communications

hedral geometry, whereas pairs of homotopic Cp ligands
would result from coordination of two nitrile ligands to
the lateral positions of each titanocene group (i.e. having
the tartrate —O—R group placed between them in the
Cp—Ti—Cp bisecting o-ligand plane). Lowering the
monitoring temperature has revealed that complex 4b
exhibits dynamic NMR spectra even in CD3CN solution.
When the temperature is lowered, the 'H NMR Cp
resonance rapidly broadens and complex 4b exhibits
signals of diastereotopic Cp groups in the 'H NMR
spectrum in CD3sCN at 258 K, ie. under conditions
where the exchange of coordinated acetonitrile has
become slow on the NMR time scale. This spectral
symmetry behavior is as expected for pseudotetrahedral
mono(acetonitrile) metallocene cation centers.®7

The (u-tartrato)bis(titanocene) mono- and dications
were also generated in a donor-ligand-free environment
using tris(pentafluorophenyl)borane in methylene chlo-
ride solvent as the methyl anion abstracting reagent.®
In this case we have observed that the adjacent ester
carbony! groups serve as intramolecular donor ligands
for the stabilization of the highly electrophilic titanocene
cation centers. Treatment of 2a with 2 molar equiv of
B(CgF'5)3 in [Dgldichloromethane at room temperature
cleanly gives [(Cp2Ti)o(u-OCH(CO2CH3)CH(CO2CHs)-
O)2*[H3CB(CeF5)3]72. The dication has two possibilities
for internal ester carbonyl coordination, giving rise to
the formation of five- or six-membered ring systems.
Both are favorable. Consequently we observe the two
isomeric dications 7a and 8a in a ratio of 2:1 (see
Scheme 1). The internal ester coordination is evident
from the IR spectrum exhibiting two strong bands at ¥
1636 and 1629 cm™! for the mixture in dichloromethane.
The major dicationic isomer shows 'H/3C NMR reso-

(6) Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325 and
references cited therein. For the description of examples exhibiting a
similar dynamic behavior see e.g.: Alelyunas, Y. W.; Baenziger, N.
C.; Bradley, P. K.; Jordan, R. F. Organometallics 1994, 13, 148.

(7) The (u-dimethyl tartrato)bis(titanocene) system shows the same
behavior. Monocation 3a: 'H/13C NMR in CD3;CN (300 K) 6 0.57/36.2
(TiCHs), 3.74, 3.75/53.3 (OCHjy), 5.10, 5.49 (3J = 1.9 Hz)/92.7 (—CHO-
[Ti]), 5.95 (5H), 6.01 (5H), 6.45 (10H)/113.5, 113.7, 119.0 (Cp); dication
4a (300 K) 6 3.83/53.3 (OCHy), 5.68/92.7 (—CH—-O[Ti]), 6.47/119.3 (Cp).
At 258 K the 'H NMR Cp signal of 4a is split into two signals at 6
6.41 and 6.46.

(8) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113,
3623; Angew. Chem. 1992, 104, 1406; Angew. Chem., Int. Ed. Engl.
1992, 31, 1375; J. Am. Chem. Soc. 1994, 116, 10015. Pellecchia, C.;
Immirzi, A.; Grassi, A.; Zambelli, A. Organometallics 1993, 12, 4473.
Bochmann, M.; Lancaster, S. J.; Hursthouse, M. B.; Abdul Malik, K.
M. Organometallics 1994, 13, 2235. Review: Bochmann, M. Angew.
Chem. 1992, 104, 1206; Angew. Chem., Int. Ed. Engl. 1992, 31, 1181.
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nances at ¢ 4.17/59.7 (OCHjy), 6.34/89.7 (—CHO[Ti]),
6.63, 6.79/123.0, 124.9 (Cp), and 181.8 (C=0) (ArsB—
CH;™ signal at 6 0.54/11.0), whereas the corresponding
signals of the minor isomer appear at & 4.08/58.1
(OCHz), 5.67/81.0 (—CHOITi)), 6.72, 6.89/121.7, 123.0
(Cp), and 176.6 (C=0). Addition of excess acetonitrile
breaks the internal ester coordination, and we observe
the typical signals of the more stable acetonitrile-
coordinated dication (see above, albeit with a slightly
changed anion). The (4-dibutyl tartrato)bis(titanocene)
dication behaves analogously: in the absence of external
donor ligands two internally stabilized dications are
observed in a 10:3 ratio.?

This study shows that tartrate-bridged bis(titanocene)
dications can readily be formed from very easily avail-
able precursors. Whether these dication systems (and
their more electrophilic zirconocene and hafnocene
analogues) can be used as chiral chelating bis electro-
philes! is currently under active investigation in our
laboratory.
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(9) Treatment of 2a and 2b each with 1 molar equiv of B(C¢F'5)3 gives
the corresponding monocations quite selectively. Two isomers are
observed in each case by 1H/'3C NMR in [D;]dichloromethane at 273
K (a: 10/2 ratio): 5a, 6a, major isomer ¢ 0.48/36.2 (TiCHj3), 3.82, 3.93/
52.6, 56.2 (OCHj3), 5.10 and 5.40 (3J = 1.9 Hz)/82.3, 87.8 (—CHOITI)),
6.04, 6.08, 6.44, 6.67/113.4, 113.8, 119.8, 121.7 (Cp), 169.3 and 178.2
(C=0); 5a, 6a, minor isomer 6 0.59/35.5 (TiCHs), 3.75, 4.10/58.1 (OCHj)
(one methoxy not observed), 5.20 and 5.73 (3J = 4.0 Hz)/87.3, 92.6
(—CHOITi)), 6.00, 6.58, 6.74 (one Cp not observed)/113.0, 113.4, 121.2,
124.2 (Cp), 171.0 and 184.5 (C=0); 5b, 6b, (b: two isomers in a 1.65:1
ratio at 273 K) major isomer 6 0.60/36.2 (Ti—CHj), 5.11 and 5.37 (3J
= 2.0 Hz)/82.5, 88.0 (—CHOITi)), 6.05, 6.09, 6.44, 6.66/113.4, 113.8,
119.8,121.7 (Cp), 168.9 and 178.0 (C=0); 5b, 6b, minor isomer & 0.63/
35.6 (Ti—CHjy), 4.98 and 5.62 (3J = 3.0 Hz)/88.0, 92.7 (—CHO[Ti)), 6.02,
6.06, 6.57,6.73, 113.0, 113.4, 121.5, 124.0 (Cp), 171.0 and 184.5 (C=0).
Addition of excess acetonitrile in both cases converts the monocations
5/8 to their ligand-stabilized counterparts 3. 1H/!3C NMR in CD,Cl,
at 300 K: 7b, 8b, major isomer 6 0.92, 1.35, 1.75, 4.58/13.3, 18.9, 30.3,
74.8 (—C4Hy), 6.39/90.1 (—CHOI[Ti]), 6.71, 6.89/122.8, 124.8 (Cp), 182.2
(C=0); 7b, 8b, minor isomer ¢ 5.68/81.1 (—CHO[T1]), 6.63, 6.79/121.6,
122.9 (Cp), 177.2 (C==0); B~CH; at ¢ 0.55/11.0.
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Summary: Silylated aromatic products have been ob-
tained from the MesSi* reaction with XCsHGeMes (X
= H, Me).

The study of positively charged or positively polarized
“R3Sit” species is rapidly expanding. One reason for
the increasing interest is the opportunities it provides
for comparing the behavior of cationic silicon species
with that of their carbon analogues. Despite the
proximity of Si and C in the same group, the differences
in their chemical behavior are probably more striking
than the similarities. One such case is provided by the
long-established Friedel—Crafts alkylation chemistry of
aromatic compounds, which is not paralleled by a
silylation counterpart.! In fact, it has been reported
only recently that benzene and toluene can be silylated
by RsSiCl under AlCl; catalysis in the presence of
sterically hindered tertiary amines.? The presence of
the latter bases is necessary to obtain silylated products
from benzene and toluene, namely, aromatic substitu-
tion products where R3Sit has formally displaced a ring
proton. In all cases, such products are recovered only
in minute yields, unless the silylation is performed on
highly activated n-systems such as ferrocene.?

High-pressure gas-phase studies performed with the
radiolytic technique* have been instrumental for the
understanding of the mechanisms involved in the
conversion of a RgSit/arene reactant pair to silylated
aromatic products.5 In fact, the use of highly basic
hindered amines was reported in the first successful
example of electrophilic silylation of benzene and tolu-
ene by gaseous Me3Si* ions with excellent radiolytic
yields. The role of the amine is illustrated in Scheme
1. The nitrogen base B affects the conversion of the
intermediate o-complex 1 to neutral products (kg).5 At
the same time, the nitrogen atom, especially if sterically
encumbered, does not behave as an efficient nucleophile
toward silicon. Nucleophilic attack at silicon (kny) is
the preferred pathway of oxygen-containing nucleo-
philes (Nu = Hy0, MeOH, etc.), on account of the
remarkable affinity of RsSi* for oxygen.3*? It is note-

® Abstract published in Advance ACS Abstracts, April 15, 1995,

(1) Hébich, D.; Effenberger, F. Synthesis 1979, 841,
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(8) The [areneSiMe;s*] addition complex is highly thermodynamically
favored (ref 5c) over the reactant pair under typical conditions of
radiolytic experiments.
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Scheme 1
Me,Si* + PhX

|

H SiMe;

+Nu l Knu +B ‘ kg
PhX XCgH,SiMe,
+ +
Me,SiNu* BH*

X =H,Me

worthy that the competition between deprotonation and
desilylation involves the o-complex 1, which displays no
tendency to isomerize by 1,2-H shifts® due to the
enhanced basicity of the silylated carbon.? Such stabil-
ity towards isomerization represents a further difference
from the analogous intermediate from the reaction of
C-electrophiles such as MesCt.1% In the context of
Scheme 1, it is obvious that no silylated aromatics are
formed in the absence of a suitable amine, either in the
gas-phase under radiolytic conditions (Nu = trace
oxygen nucleophiles) or in solution (Nu = halogen and/
or oxygen-containing solvents and catalysts). We now
report the formation of silylated products without
resorting to the addition of amines. We made use of
the well-known observation of increasing rate of pro-
tolytic cleavage of Ph—YR’s (R’ = Me, Et) for Y = Ge
compared to Y = Si.l! PhGeMe; as the reactant
substrate for radiolysis!4 results in the recovery of
substantial yield of PhSiMe; (Table 1) from the neat

(7) Lew, C. 8. Q.; McClelland, R. A. J. Am. Chem. Soc. 1998, 115,
11516.

(8) Crestoni, M. E.; Fornarini, S. Angew. Chem., Int. Ed. Engl. 1994,
33, 1094.

(9) (a) Schleyer, P. v. R.; Buzek, P.; Miiller, T.; Apeloig, Y.; Siel, H.-
U. Angew. Chem., Int. Ed. Engl. 1998, 32, 1471. (b) Cacace, F.;
Crestoni, M. E.; de Petris, G.; Fornarini, S.; Grandinetti, F. Can. J.
Chem. 1988, 66, 3099.

(10) Cacace, F.; Crestoni, M. E.; Fornarini, S. J. Am. Chem. Soc.
1992, 114, 6776.

(11) (a) Eaborn, C. J. Organomet. Chem. 1975, 100, 43. (b) Seyferth,
D.; White, D. L. J. Am. Chem. Soc. 1972, 94, 3132.

(12) Niiranen, J. T.; Gutman, D. J. Phys. Chem. 1993, 97, 4106.

(13) Ausloos, P.; Lias, S. G.; Gorden, R., Jr. J. Chem. Phys. 1963,
39, 3341.
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Table 1. Silylated Products from the Reaction of Gaseous Me;sSi* Ions with Aryltrimethylgermanes

(XC¢H GeMe3; X = H, 0-Me, m-Me, p-Me)

system composition (Torr)

relative yields of products (%)

substrate ¢-CsH10NH XCeH;SiMes XCsH3(GeMes)SiMes abs yields (%)
X=H,1.7 100 X=H) 50
X=H,1.7 1.2 78 X =H) 224 57
X =0-Me, 1.6 100 (X = 0-Me) 36
X =0-Me, 1.9 14 68 (X = 0-Me) 32¢ 19
X = m-Me, 1.7 100 X = m-Me) 22
X =m-Me, 1.9 1.2 100 (X = m-Me) 9
X =p-Me, 1.8 100 (X = p-Me) 12
X =p-Me, 2.1 1.3 100 (X = p-Me) 6

@ The bulk gas was a 30:1 CH¢/Me4Si mixture at 650 Torr, to which 10 Torr of Oy were added as MesSi* radical scavenger.!? ® Standard
deviation ca. 2%. ¢ The absolute yields expressed as G.u range from 0.025 to 0,16 umol J~! (umol products formed per unit of absorbed
energy). The percent absolute yields (standard deviation ca. 10%) are relative to the G+m value (0.28 umol J~1)18 of CH5*/CoH;* ions
produced by y-radiolysis of CH,, which are precursors to the reactant MesSi* ions.5 The relatively low values are accounted for by: (i) the
presence of trace oxygen nucleophiles (see Ay, step in Scheme 1); (ii) the added piperidine, which reacts by addition and proton transfer
both with MesSi* and with the CH5*/CoH;s™ precursor ions; (iii) the reaction of MesSi* with XCg¢H GeMes to yield (in part) XCeH,GeMest
and ensuing products of nucleophilic capture. ¢ Two isomers: m-Me;GeCsHsSiMes (37%) and p-MesGeCsH4SiMes (63%). ¢ Two isomers:
1-Me-2-Me3Ge-4-MegSi-CsHg (92%) and 1-Me-2-MesGe-5-Me3Si-CeHj (8%).

CHy/Me4Si mixture where MesSit ions are formed.52b
Thus, the presence of an amine is no longer required
for the formation of silylation products. It is, however,
still required for the formation of silylated products
retaining the original MesGe group. In the presence of
added piperidine, not only is the silyl-degermylated
product (PhSiMe;) formed, but also silylated products
(Me3sGeCgHySiMes). Scheme 2 provides a mechanism
which may account for their formation, with o-complex-
es 2, 8, and 4 envisioned as reaction intermediates.!®
Two channels may lead to silyl-degermylated products.
In one, an ipso-addition complex 2 is formed; the
decomposition of 2 via degermylation rather than desi-
lylation may be accounted for by the easier nucleophili-
cally assisted loss of Me3Ge. Alternatively, the o-com-
plex intermediate 3 may undergo H-shifts to the Me3Ge-
substituted carbon to yield 4. In the first case the
progress to products is driven by the higher mobility of
Me;Ge with respect to MesSi under conditions of nu-
cleophilic catalysis, in the second by the enhanced
basicity conferred by Me3;Ge to the adjacent ring carbon,
again as compared to the similar effect exerted by Mes-
Si.? An approach to discriminate between these two
possibilities was devised by introducing a methyl group
in the ortho, meta, or para position with respect to the

(14) Gaseous samples for the radiolytic experiments reported in
Table 1 were prepared as follows. The substrate (XCsH;GeMes) and
base (piperidine) were weighed into breakable glass ampules and
introduced into 135-mL Pyrex vessels which were thoroughly outgassed
and filled with the gaseous components (CHy/Oy/Me,Si), using standard
vacuum line techniques. Once the vessels were sealed off, the ampules
were broken, allowing their contents to diffuse. The homogeneous
gaseous systems were irradiated at 40 °C into a 6°Co 220 Gammacell
(Nuclear Canada Ltd) to a total dose of 1 x 104 Gy delivered at the
dose rate of 2 x 10* Gy h1. The radiolytic product mixture was
recovered by introducing a measured volume of an ethyl acetate
solution of internal standard (PhCH,SiMe;) through a gastight septum
and submitting the vessel to repeated freeze—thaw cycles from liquid
nitrogen temperature to room temperature. The resulting solution was
analyzed by GLC—MS on a Hewlett-Packard 5890 gas chromatograph
in series with a HP 5970B mass selective detector, using a 50-m long,
0.20-mm i.d. fused silica column, coated with a 0.5-um cross-linked
methylsilicone film (HP PONA column). The products were identified
by their retention times and mass spectra, checked against authentic
standard compounds. Yields were determined from the ratio of the
integrated elution peaks of the products over those of the internal
standard, checked against an appropriate calibration curve.

(15) Both experimental evidence (refs 5a,b, 8) and theoretical
calculations (ref 9a) point to a o-complex structure for gaseous
[areneSiMes*] adducts. On the basis of the evidence presently avail-
able, it cannot, however, be excluded that species 2 may represent a
transition state toward a possibly favored [PhSiMesGeMes™] n-com-
plex.

Scheme 2
Me;Si* + XC6H4GCM33

|

|

Me, SiMe, H SiMe, H GeMes
x@ o X 3 GeM;__ X . SiMe;
\
+Nu +Nu +B
xcsi{,,SiMeg XC¢H,GeMe; (Me;Ge)XCgH,SiMe,
Me;GeNu* Me3S+iNl_1" B;I*
X =H, Me

MesGe group. The methyl group has been chosen to
label the aromatic ring positions because of its known
reluctance to undergo migration within arenium ions.!6
At the same time, the methyl group does not become a
preferred reaction site for electrophilic attack, such as
it is for a fluorine substituent. The reaction of o-, m-,
and p-MeCgH GeMe; yields the products shown in Table
1. In all cases, the added MesSi group retains the
positional relationship of the original MesGe group,
suggesting that species 2 lies on the reaction coordinate
for the formation of silyl-degermylated products. The
formation of p-MeCgH4SiMe; from p-MeCgH,GeMes
necessarily implies a type 2 intermediate. The same
does not strictly hold for the o- and m-MeCgH,SiMes
products, which may conceivably arise from attack of
Me;Si* either at the germyl-substituted or the unsub-
stituted carbons. Nevertheless, the latter possibility
should be disfavored in view of the known outcome of
the reaction of Me3Si™ with toluene. The absence of
o-substituted products from the silylation of toluene

(16) Koptyug, V. A. In Contemporary Problems in Carbonium Ion
Chemistry III; Rees, C. W., Ed.; Springer-Verlag: Berlin, 1984, and
references therein.
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makes the exclusive formation of species 5 highly
unlikely compared to isomer 6. Thus, the highly regio-
selective formation of 0-MeC¢H4SiMes from o-MeCgH;-
GeMe; also points to the intermediacy of 2 rather than
to formation of 3, followed by isomerization to 4 and
final degermylation.

Me Me

Me;Si
31 GeMe,

H

GeMe;

H SiMe,
5 6

The above arguments are supported by the finding
of substantial amounts of a silylated product formally
derived from the deprotonation of 6 in the presence of
piperidine. The formation of silylated products, both
from PhGeMe; and from 0-MeCsH;GeMes, in the pres-
ence of piperidine shows that species 3 plays a role in
the overall reaction, produced either by direct silylation
at an unsubstituted carbon or by isomerization of 2.
Deprotonation of 3 obviously requires the presence of a
base to compete with the nucleophilic desilylation route.
On the other hand, isomerization of 3 by a hydrogen
shift to yield 4 does not appear to occur to any signifi-
cant extent, as it would yield silyl-degermylation prod-
ucts which do not retain the original Me;Ge/Me rela-
tionship, in contrast to the experimental finding.

Communications

The silyl-degermylation products are accompanied by
Me;3Si0GeMes, which originates from traces of HyO in
the radiolytic system. The protonated germanol (Mes-
GeNu* = MesGeOHs") initially formed may further
react with Me;Si (eq 1) according to a process previously
described in mass spectrometric studies.5¢17

Me,GeOH," + Me,Si — Me,GeO(H)SiMe," + CH,
(1)

In conclusion, gaseous Me;Sit ions are found to
promote silyl-degermylation of XC¢HsGeMe; (X = H,
Me) compounds in the absence of any added amine. The
process appears to be highly regioselective. MesSi™
attack at unsubstituted ring carbons may also occur,
followed by deprotonation to yield silyl-dehydrogenation
products. Their relative yields will be governed both
by electronic and steric factors affecting the Me;Si*
addition and by factors such as steric hindrance affect-
ing the deprotonation to final neutral products. Further
work is in progress to elucidate the reaction mecha-
nisms.
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Summary: The complexes TpV(N-t-Bu)Cl3 (8), Tp*V(N-
t-Bu)Cl; (4), ToV(NAr)Cly (5), and Tp*V(NAr)Cl; (6) (Tp
= HBPz; Pz = pyrazolyl; Tp* = HBPz*;, Pz* = 3,5-
dimethylpyrazolyl; Ar = 2,6-i-Prs-CeH3s), as well as a
series of derivatives of these compounds, were synthe-
sized and analyzed by 'H and %'V NMR spectroscopy.
The crystal and molecular structures of 3 and 6 (shown)
were determined by X-ray crystallography. The polym-
erization of ethylene and propylene, in the presence of 6
and methylalumoxane, is described.

Transition metals of groups 3, 4, and 5 build numer-
ous complexes catalyzing the homogeneous Ziegler—
Natta polymerization of olefins.! The most active
catalysts derived from the first two groups are d°
metallocene hydrides, alkyls, and halides.? On the other
hand, vanadium-based catalysts generally show con-
figurations d? or d3; d° vanadium complexes have
frequently been used as catalysts but were readily
reduced to lower oxidation states on addition of cocata-
lysts.? It has not been excluded, however, that vana-
dium(V) complexes would also be effective catalysts if
they could be stabilized in their high oxidation state.
Recent studies seem to give some support to such an
assumption.*

In this contribution, we describe the synthesis and
characterization of vanadium(V) compounds possessing
imido and hydrotris(pyrazolyl)borato ligands. These
complexes catalyze, in the presence of methylalumoxane
(MAO), the polymerization of ethylene and propylene
at room temperature. Such ligands are well-known as
stabilizing high-oxidation-state transition-metal com-
plexes.® Furthermore, their analogy with cyclopenta-
dienyl ligands results in an isolobal relationship be-

® Abstract published in Advance ACS Abstracts, April 15, 1995.

(1) (a) Kaminski, W., Sinn, H., Eds. Transition Metals and Orga-
nometallics as Catalysts for Olefin Polymerization; Springer: New
York, 1988. (b) Quirk, R. P., Ed. Transition Metal Catalysed Polymeri-
zations: Ziegler-Natta and Metathesis Polymerizations; Cambridge
University Press: Cambridge, U.K., 1988.

(2) (a) Watson, P. L.; Parshall, W. Acc. Chem. Res. 1985, 18, 51.
(b) Burger, B. J.; Thompson, M. E.; Cotter, W. D.; Bercaw, J. E. J.
Am. Chem. Soc. 1990, 112, 1566. (c) Coughlin, E. B.; Bercaw, J. E. J.
Am. Chem. Soc. 1992, 114, 7606. (d) Sinn, H.; Kaminski, W. Adv.
Organomet. Chem. 1980, 18, 137. (e) Kaminski, W.; Steiger, R.
Polyhedron 1988, 7, 2375. () Jordan, R. F. Adv. Organomet. Chem.
1991, 32, 325.

(3) (a) Henrici-Olivé, G.; Olivé, S. Angew. Chem., Int. Ed. Engl. 1971,
10, 776. (b) Christman, D. L. J. Polym. Sci., Polym. Chem. Ed. 1972,
10, 471. (c) Mortimer, G. A. J. Appl. Polym. Sci. 1978, 20, 55. (d)
Zambelli, A.; Allegra, G. Macromolecules 1980, 13, 42. (e) Jiao, S,;
Yu, D. Polym. J. 1985, 17, 899.

(4) (a) Feher, F. J.; Blanski, R. L. J. Am. Chem. Soc. 1992, 114, 5886.
(b) Feher, F. J.; Blanski, R. L. Organometallics 1993, 12, 958.

(5) (a) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds;
Wiley-Interscience: New York, 1988. (b) Trofimenko, S. Chem. Rev.
1993, 93, 943. (c) Gamble, A. S.; Boncella, J. M. Organometallics 1993,
12, 2814, (d) Eagle, A. A.; Young, C. G.; Tienkink, E. R. T. Organo-
metallics 1992, 11, 2934.

0276-7333/95/2314-2627$09.00/0

tween these vanadium complexes and the highly active
metallocene catalysts of group 4.5¢ Hydrotris(pyra-
zolyl)borato complexes of vanadium(V) are rare,” and
only one imido derivative has been reported recently,’
in the course of our study.

Treatment of VOCl3 with 1 equiv of £-BuNCO or
ArNCO (Ar = 2,6-i-Prs-CgHj3) in refluxing octane led to
V(N-£-Bu)Cl38 (1) and V(NAr)Cl3%10 (2), respectively. 1
and 2 react with 1 equiv of KTp (Tp = HBPz3, Pz =
pyrazolyl) or KTp* (Tp* = HBPz*3, Pz* = 3,5-dimeth-
ylpyrazolyl) in methylene chloride or toluene to produce
the complexes TpV(N-z-Bu)Cly (8), Tp*V(N-t-Bu)Cl;
(4),” TpV(NAr)Cl; (5), and Tp*V(NAr)Clg (6) in good
yields.!! These bright black solids are crystalline,
insensitive to water and oxygen, and thermally stable
up to 110 °C in toluene solution.

The structures of 8 (Figure 1) and 6 (Figure 2) have
been determined by single-crystal X-ray diffraction
studies.1?~1¢ Complex 3 consists of monomeric units
containing a facially coordinating tridentate Tp ligand,
as well as one imido and two chloro ligands. The

(6)(a) Pez, G. P.; Armor, J. N. In Advances in Organometallic
Chemistry; Stone, F. G. A., West, R., Eds.; Academic Press, New York,
1981; Vol. 19, p 1. (b) Sundermeyer, J.; Runge, D. Angew. Chem., Int.
Ed. Engl. 1994, 33, 1255. (c) Williams, D. N.; Mitchell, J. P.; Poole,
A, D,; Siemeling, U.; Clegg, W.; Hockless, D. C. R.; O'Neil, P. A,; Gibson,
V. C.dJ. Chem. Soc., Dalton Trans. 1992, 739. (d) Dyer, P. W,; Gibson,
V. C.; Howard, J. A. K.; Whittle, B.; Wilson, C. J. Chem. Soc., Chem.
Commun. 1992, 1666. (e) McCleverty, J. A.; Chem. Soc. Rev. 19883,
12, 331.

(7) (a) Holmes, S.; Carrano, C. J. Inorg. Chem. 1991, 30, 1231. (b)
Carrano, C. J.; Mohan, M.; Holmes, S. M.; de la Rosa, R.; Butler, A.;
Charnock, J. M.; Garner, C. D. Inorg. Chem. 1994, 33, 646. (c)
Sundermeyer, J.; Putterlik, J.; Foth, M.; Field, J. S.; Ramesar, N.
Chem. Ber. 1994, 127, 1201.

(8) (a) Preuss, F.; Towae, W. Z. Naturforsch. 1981, 36B, 1130. (b)
Hills, A.; Hughes, D. L.; Leigh, G. J.; Prieto-Alcon, R. J. Chem. Soc.,
Dalton Trans. 1993, 3609.

(9) Buijink, J.-K. F.; Teuben, J. H.; Kooijman, H.; Spek, A. L.
Organometallics 1994, 13, 2922.

(10) Addition of THF to 2 yields V(NAr)ClyTHF as a brown
powder: 'H NMR (C¢Dg) 6 6.87 (d, 2H, NAr H,,), 6.76 (t, 1H, NAr H,),
4,71 (sept, 2H, CHMey), 4.12 (m, 4H, OCH.CH,), 1.46 (m, 4H,
OCH:CH>), 1.30 (d, 12H, CHMe,). Addition of bpy to 2 yields V(NAr)-
Clgbpy as an orange air-stable powder: ‘H NMR (CD:Cly) 6 9.65, 8.90
(d, d; 1H, 1H; bpy H-6 and H-6"); 8.31, 8.28 (d, d; 1H, 1H; bpy H-3 and
H-3%); 8.17, 8.13 (t, t; 1H, 1H; bpy H-4 and H-4"); 7.66, 7.54 (1, t; 1H,
1H; 1H; bpy H-5 and H-5"); 7.25 (d, 2H, NAr H,,), 7.08 (t, 1H, NAr
H,), 5.02 (sept, 2H, CHMey), 1.39 (d, 12H, CHMe;); *V NMR (C¢Ds) 0
380 (s, Avys = 2000 Hz). Anal. Caled for CoHosNsClsV: C, 54.04; H,
5.22; N, 8.60. Found: C, 54.20; H, 5.11; N, 8.28.

(11) Procedure for 3: A suspension of KTp (330 mg, 1.31 mmol) in
CH,Cl; (45 mL) was added under nitrogen to an orange solution of 1
(300 mg, 1.31 mmol) in CHeCl; (60 mL). The mixture turned olive
green,; it was stirred for 1 h and filtered and the solvent removed under
vacuum to yield 240 mg of product as a green powder (50%). This
was subjected to Florisil column chromatography using methylene
chloride as an eluant. Removal of the eluant under vacuum and
washing with hexane left pure product as a black crystalline solid.
Anal. Caled for C13H1sN7BClV: C, 38.46; H, 4.72; N, 24.15. Found:
C, 38.69; H, 4.64; N, 24.12. Compounds 4—6 were obtained, purified,
and analyzed similarly.

© 1995 American Chemical Society
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probability thermal ellipsoids and the atom-labeling scheme.
Hydrogen atoms, except B—H, are omitted. Selected bond
distances (A): V—CI(1) = 2.2941(8), V—-CL(2) = 2.2843(7),
V-N(1) = 2.098(2), V-N(4) = 2.207(2), V-N(6) = 2.097-
(2), V=N(7) = 1.638(2). Selected bond angles (deg): V—
N(7)-C(10) = 172.2, CI(1)—-V—-Cl(2) = 98.24(3), C1(1)-V-
N(1) = 165.43(6), CL(1)-V—N(4) = 85.12(6), Cl(1)-V—N(6)
= 89.58(6), CI(1)-V-N(7) = 94.22(7), Cl(2)-V-N(1) =
89.25(6), Cl(2)—V—N(4) = 86.56(6), Cl(2)—V—N(6) = 166.29-
(6), Cl(2)—V—N(T) = 93.82(7), N(1)-V—N(4) = 82.86(8),
N(1)-V—N(8) = 80.80(8), N(1)—V—N(7) = 97.75(9), N(4)—
V-N(6) = 82.89(8), N(4)—V~—~N(7) = 179.28(9), N(6)—V—
N(7) = 96.83(9).

octahedral geometry about vanadium is slightly dis-
torted. In particular, the three N—V—N angles within
the TpV fragment are as usual less than 90°, as a result
of the chelate nature of the Tp ligand. On the other
hand, the CI(1)-V—Cl(2) angle is equal to 98.24(3)°. The
four ligands cis to the imido group are all bent away
from this ligand, so that the V atom is shifted out of
the least-squares plane defined by Cl(1), C1(2), N(1), and
N(6), toward N(7), by 0.2117(4) A. Among the trans
bond angles, only N(4)—V—N(7) is nearly linear.
Comparison of the vanadium—ligand bond distances
with those of related complexes affords some insight into
electronic effects in 3. The V—-N(7) and the two V—Cl
bond lengths are slightly higher than the corresponding

(12) Single crystals were grown in air by slow diffusion of pentane
into dichloromethane solutions of the compounds. Crystal data were
obtained at room temperature using an Enraf-Nonius CAD4F (3) or
MACHS3 (8) diffractometer with Mo Ko graphite-monochromated
radiation (1 = 0.7107 A). The scan widths (deg) in the 6/26 mode used
were Af = 1.05 + 0.34 tan 6 (8) or 0.76 + 0.34 tan 8 (6). A total of
3730 kI (3) or 3559 +hkl (6) reflections were recorded within 2° < 8
< 24 (3) or 26° (6), and 2329 (3) or 2391 (B) reflections having I >
30(I) were used for determining and refining the structure. The
structures were determined using the heavy-atom method and refined
using full-matrix least squares to R(F) = 0.029 (8) or 0.033 (6) and
R (F) = 0.043 (3 and 6). Absorption corrections derived from the y
scans of four reflections were applied. The Enraf-Nonius Molen/Vax
package was used for all calculations.

(13) Crystal data for 8: C13H;sBN7Cl2V, M, = 406.0, orthorhombic,
space group Phca, a = 15.582(4) A, b = 18.700(5) A, ¢ = 12.975(3) A,
V =3780.5 A%, Z = 8, Degie = 1.427 g em™3, y = 8.022 cm™1.

(14) Crystal data for 8: Cz;H3sBN-ClV, M, = 594.3, monoclinic,
space group Cc, a = 17.802(5) A, b = 9.610(2) A, ¢ = 19.361(5) A, B=
115.14(2)°, V = 2998.7 A%, Z = 4, D, = 1.316 g cm=3, 1 = 5.273 cm~L.
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Figure 2. ORTEP diagram of compound 6 showing 50%
probability thermal ellipsoids and the atom-labeling scheme.
Hydrogen atoms, except B—H, are omitted. Selected bond
distances (A): V—CI(1) = 2.304(1), V-CI(2) = 2.292(1),
V-N(1) = 2.111(4), V-N(4) = 2.236(4), V-N(6) = 2.093-
(4), V=N(7) = 1.693(4). Selected bond angles (deg): V-
N(7)—-C(1) = 173.7(3), Cl{(1)-V-Cl(2) = 95.43(6), Cl(1)—
V-Ni(1) = 170.0(1), Cl(1)-V—N(4) = 86.9(1), C1(1)—-V—N(6)
= 89.0(1), CI(1)-V~N(7) = 96.3(1), C1(2)—V—N(1) = 89.3-
(1), C1(2)-V—N(4) = 85.4(1), CI(2)-V—N(6) = 167.6(1), CI-
(2)-V-N(7) = 95.8(1), N(1)-V—-N(4) = 84.8(1), NQ)-V~—~
N(6) = 84.7(1), N(1)-V—N(7) = 91.9(2), N(4)-V—-N(6) =
83.2(1), N(4)—V—-N(7) = 176.5(2), N(6)—V—N(7) = 95.3(2).

values in the hexacoordinate chloro-bridged chains of
[V(N-£-Bu)Cls, (1.62 and 2.22 A)'5 and in the analogous
cyclopentadienyl complex CpV(N-£-Bu)Cl; (1.59 and
2.245 A)16 illustrating the better electron-donating
ability of the Tp ligand with respect to chloro and Cp
ligands. The vanadium—imido bond length, together
with the large V=N(7)—C(10) bond angle of 172.2(2)°,
is still characteristic, however, of strong 7 donation from
N to V. The vanadium—pyrazolyl bond trans to the
imido ligand is, as expected, significantly longer than
the two bonds trans to the chloro ligands. The three
distances are smaller than the corresponding values in
TpVOCHO-t-Bu),”™ suggesting that Tp is more strongly
bound to vanadium in 8.

The molecular structure of 6 (Figure 2) is analogous
to that of 8. The octahedral geometry is slightly less
distorted: the vanadium center, for instance, is shifted
by only 0.1871(3) A out of the least-squares plane
defined by CI(1), C1(2), N(1), and N(6). The phenyl plane
of the imido ligand lies in the symmetry plane of the
molecule. One of its isopropyl substituents is thus
inserted between two pyrazolyl rings of the Tp* ligand,
while the other is capping the two Cl ligands. The V-Cl
bonds are only 0.01 A longer than in 8, probably
reflecting, however, the slightly stronger electron-donor
character of Tp* with respect to Tp.

The 'H NMR spectra of complexes 83—67 are in
agreement with the molecular structures described
above. In particular, the two pyrazolyl rings trans to

(15) Massa, W.; Wocadlo, S.; Lotz, S.; Dehnicke, K. Z. Anorg. Allg.
Chem. 1990, 587, 79.

(16) Preuss, F.; Becker, H.; Hausler, H.-J. Z. Naturforsch. 1987, 42B,
881.
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the chloro ligands are equivalent and are clearly dis-
tinguished from the third pyrazolyl ring trans to the
imido ligand, for the Tp as well as for the Tp* complexes.
In 5, the two —CHMe; substituents of the =NAr group
give rise to one doublet (12H) and one septuplet (2H),
showing that the Ar group is probably rotating freely
about the =N—Ar bond axis. In 6, this process is
hindered by the presence of the 3-Me substituents of
the two pyrazolyl ligands cis to the imido ligand,
resulting in the observation of two nonequivalent i-Pr
substituents, as expected from the solid-state structure.
The spectrum of 6 is not modified at 110 °C, showing
that the barrier to rotation about the =N—Ar bond axis
is greater than 19 kcal mol~1,18

Complexes 8—6 show broad unresolved 'V NMR
signals (Avis = 1500—2900 Hz),'° as expected from the
presence of four nitrogen atoms bound to vanadium.
Both 6 and Avy; values are larger for the NAr deriva-
tives than for the N-z-Bu ones, and for the Tp* deriva-
tives than for the Tp ones. Notably also, the signals of
compounds 8, 4 and 8§, 6 show up at much lower fields
than those of the corresponding cyclopentadienyl com-
plexes CpV(N-£-Bu)Clp'¢ and CpV(NAr)Cly,® respec-
tively.

Further derivatives were obtained by substitution of
the chloro ligands in 3—6. For instance, reaction of 4
with 1 equiv of LiOMe, LiO-t-Bu, or AgCF3SO0; led
respectively to complexes Tp*V(N-z-Bu)OMe)Cl (7),
Tp*V(N-£-Bu)(O-Bu)Cl (8), and Tp*V(N--Bu)(CF3S03)-
Cl1(9), which were characterized by 'H NMR spectros-
copy.2° In these compounds, the three pyrazolyl groups
of Tp* are nonequivalent and the metal center is chiral.
Disubstitution can occur as well, leading for instance
to Tp*V(N-£-Bu)CF5S03)2 (10).2° In contrast with their
dichloro precursor, these compounds are air-sensitive.
Further, they could not be obtained free of the oxo—
amido complex Tp*VO(NH-t-Bu)Cl (11)2 in variable
and often non-negligible amounts. 11 was synthesized
free of any other complex by reaction of 4 with AgsC03.20
Given that also n-BusNOH (in methanol) converts 4 into
11 and that hydrolysis of compounds 7—9 does not yield
11, we suggest that 11 results from hydroxylation?! of
4 into Tp*V(N-t-Bu)(OH)C], followed by rapid hydrogen

(17) 'H NMR spectrum for 3 (CD:Cly): 6 7.96, 7.89,7.72,7.62 (d, d,
d, d; 2H, 1H, 2H, 1H; 3Jux = 2.2 Hz, Pz H-3 and H-5); 6.30, 6.21 (1, t;
2H, 1H; 8Juy = 2.2; Pz H-4); 1.64 (s, 9H, N-£-Bu). 'H NMR spectrum
for 4 (CDoCly): 6 5.89, 5.76 (s, s; 2H, 1H; Pz* H-4); 2.60, 2.40, 2.38,
2.87 (s, s, 8, s; 6H, 6H, 3H, 3H; Pz* Me-3 and Me-5); 1.83 (s, 9H, N-¢-
Bu). 'H NMR spectrum for 5 (CDCls): ¢ 8.05, 7.82,7.76, 7.57 (d, d, d,
d; 1H, 2H, 2H, 1H; %Jyy = 2.2 Hz; Pz H-3 and H-5); 7.11 (d, 2H, 3Jun
= 7.8, NAr H,); 6.98 (t, 1H, 3Juu = 7.8, NAr H,); 6.24, 6.18 (t, t; 2H,
1H; 3Juy = 2.2; Pz H-4); 4.13 (sept, 2H, 3Juyy = 6.8, CHMey); 1.14 (d,
12H, 3Jyy = 6.8, CHMe;y). 'H NMR spectrum for 6 (CDCl): 6 7.25
(dd, 1H, 3Jun = 7.4 Hz, 4Jug = 1.5, NAr H,,); 6.95 (dd, 1H, 3Jug = 7.4,
3Juw = 7.8, NAr H,); 6.89 (dd, 1H, 3Jux = 7.8, 4Jun = 1.5, NAr H',.);
5.82, 5.70 (s, s; 2H, 1H; Pz* H-4); 5.73, 2.81 (sept, sept; 1H, 1H; 3Juyy
= 6.8, CHMey); 2.67, 2.45, 2.33, 2.29 (s, s, s, s; 3H, 6H, 3H, 6H; Pz*
Me-3 and Me-5); 1.58, 0.75 (d, d; 6H, 6H; 3Juu = 6.8, CHMey).

(18) Gunther, H. NMR Spektroskopie; G. Thieme Verlag: Stuttgart,
Germany, 1973.

(19) 51V NMR spectra (CsDg): 8, 6 —140 (s, Avye = 1500 Hz); 4, 6
—175 (s, Avye = 1800 Hz); 5, & 240 (s, Avye = 2600 Hz); 6, 6 250 (s,
AV1/2 = 2900 HZ).

(20) The 'H NMR spectra for 7—18 and details of the preparation
and characterization of 11 can be found in the supplementary material.
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transfer from O to N. Chloride exchange in 11, on
addition of 1 equiv of SnBry or AgCF3SQOj3, leads to
Tp*VO(NH-¢-Bu)X (X = Br (12), CF380;3 (13)).20

Preliminary experiments show that the above com-
plexes can, in the presence of MAO, catalyze the
polymerization of ethylene and propylene at room
temperature. In toluene solution, 6 polymerized eth-
ylene at atmospheric pressure with an activity of at
least 14 kg mol™! h™1.22 The polymer was a white
powder with M, = 47 000 and M./M, = 3.0, as estab-
lished by GPC analysis in 1,2,4-trichlorobenzene (140
°C). Propylene polymerized as well to a viscous oil,
when exposed under pressure (7 bar) to a solution of 6
and MAO in toluene.?®> The minimum activity was
estimated at 1 kg mol™! h™! bar~l. The resulting
polymer was essentially atactic, exhibiting however a
slight excess of r diads, according to 3C NMR spectros-
copy,?* and consisted of regioregular chains of low
molecular weight (M, = 3800, M/M, = 2.0). The
observation of isopropyl groups as major chain ends is
consistent with 1—2 insertions of propylene into chain-
initiating V—Me and chain-carrying V—C bonds.

Further studies on these catalyst systems, including
on the nature of the active species produced on addition
of MAO to the vanadium complexes,?® are in progress
and will be reported separately.
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(21) The OH~ function would be generated by reaction of the initial
reactants with water.

(22) Experimental procedure: A solution of 6 (10 mg, 1.68 x 105
mol) in toluene (10 mL) was placed under an atmosphere of ethylene
(1 bar). MAO (11.26 mL of a 10% solution in toluene, Schering, ca.
1000 equiv) was added at room temperature and ethylene bubbled
through the resultant orange solution for 105 min. The reaction was
quenched by addition of acidified (5 mL aqueous HCl) methanol (35
mL). The white precipitate thus formed was collected by filtration,
washed with methanol, dried in vacuo (25 °C, 12 h), and weighed (402
mg). Its polyethylene nature was verified by elemental analysis, IR,
and *C NMR.

(23) Experimental procedure: 6 (10 mg, 1.68 x 1075 mol) was placed
in a stainless steel autoclave, and MAO (11.26 mL of a 10% solution
in toluene, Schering, ca. 1000 equiv) was added at room temperature
under nitrogen. After ca. 5 min, propylene was introduced into the
reactor and the pressure maintained at 7 bar for 3 h. After the excess
propylene was vented, the reaction mixture was poured into MeOH~
HCI (35 mL). The toluene fraction was decanted, and the volatiles
were evaporated under vacuum (25 °C, 12 h), yielding an oily residue
of oligomeric polypropylene (320 mg), as shown by IR, 1H and 13C NMR
(C2D:Cly, 125 °C), and GPC (THF).

(24) Ewen, J. A. J. Am. Chem. Soc. 1984, 106, 6355.

(25) At the present stage, we cannot conclude that the polymeriza-
tion reactions are actually catalyzed by vanadium(V) species.
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Summary: (Pentamethyldisilanyl)lithium (MesSiSiMe,-
Li, 1a) and two isomers of (heptamethyltrisilanyl)-
lithium (Me[MesSij2SiMesLi, 1b; Me[Me3SijsSiLi, 1c)
were prepared and isolated as highly inflammable
colorless crystals by the reaction of the corresponding bis-
(oligosilanyl)mercury species and lithium in toluene. The
tetrameric structure of silyllithium 1a was established
by X-ray diffraction. The reaction of 1a with chlorosi-
lanes gave the expected substitution product quantita-
tively in hexane, whereas an electron-transfer reaction
occurred with benzyl chloride to form decamethyltetrasi-
lane and bibenzyl.

Silyl anions are useful in some applications not only
in organosilicon chemistry but also in organic synthe-
sis.2 Gilman pioneered the preparation of phenyl-
substituted silyl anions,?® and later trialkylsilyl anions
were introduced.* More recently, alkoxy-5 and amino-
substituted?® silyl anions have been reported.” Despite
the large number of these reports on monosilyl anions,
(pentamethyldisilanyDlithium (Me3SiSiMe;Li, 1a), the
simplest oligosilanyllithium with an Si—Si bond, had

¥ Current address: Department of Industrial Chemistry, Faculty
of Science and Technology, Science University of Tokyo, Noda, Chiba
278, Japan.

@ Abstract published in Advance ACS Abstracts, May 1, 1995.
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(2) (a) Fleming, I. In Comprehensive Organic Chemistry; Barton, D.,
Ollis, W. D., Eds.; Pergamon Press: Oxford, U.K., 1979; Vol. 3, pp 664—
669. (b) Lambert, J. B.; Schulz, W. J., Jr. In The Chemistry of Organic
Silicon Compounds PataJ S, Rappoport Z., Eds.; Wiley: Chlchester,
U.K,, 1989; pp 1007—-1010.

(3) Gllman, H.; Lichtenwalter, G. D. J. Am. Chem. Soc. 1958, 80,
608.

(4) EtsSiLi: (a) Vyazankin, N. S.; Razuvaev, G. A.; Gladyshev, E
N.; Korneva, S. P. J. Organomet. Chem. 1967, 7, 353. (b) Vyazankin,
N. S,; Gladyshev, E. N.; Korneva, S. P.; Razuvaev, G. A. Zh. Obshch.
Khim. 1966, 36, 2025; Chem. Abstr. 1967, 66, 76050. (c) Vyazankin,
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H.; Kondo, F. J. Organomet. Chem. 1975, 92, C46. MesSiK: (g)
Sakurai, F.; Kira, M.; Umino, H. Chem. Lett. 1977, 1265. Me3SiLi:
(h) Hengge, E.; Holtschmidt, N. Monatsh. Chem. 1968, 99, 340. (i)
Still, W. C. J. Org. Chem. 19786, 41, 3063.

(5) Watanabe, H.; Higuchi, K.; Goto, T.; Muraoka, T.; Inose, J.;
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1981, 218, 27.
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3989.

(7) Theoretical studies on silyl anions: (a) Hopkinson, A. C.; Lien,
M. H. Tetrahedron 1981, 37, 1105. (b) Magnusson, E. Tetrahedron
1985, 41, 2945. (c) Schleyer, P. v. R.; Clark, T. J. Chem. Soc., Chem.
Commun. 1986, 1371, (d) Schleyer, P. v. R.; Reed, A. E. J. Am. Chem.
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Scheme 1
R'Me,SISIR?MeH — 2210 ISPEN0 _ (31ye,5iSiRZMe)zHg
' 2
Li / toluene

R'Me,SiSiR®MeLi + Hg
1
R' =R% = Me; b: R' = SiMey, R? = Me; ¢: R' = Me, R? = SiMe,

rt.,12h

never been isolated and characterized, although its
formation as a byproduct in the course of the prepara-
tion of (trimethylsilyDlithium (MesSiLi)* from hexa-
methyldisilane and methyllithium has been noted.? Silyl
anions readily undergo scrambling and redistribution
reactions, presumably by electron-transfer reactions.?
We report herein the first successful isolation and full
characterization of (pentamethyldisilanyl)- and two
isomeric (heptamethyltrisilanyl)lithium compounds, to-
gether with the crystal structure of 1a and its reactions.

For the preparation of (pentamethyldisilanyl)lithium
(1a), we have adopted a strategy based on the lithium—
mercury exchange reaction.l® Thus, bis(pentamethyl-
disilanyl)mercury (2a)!! was subjected to the Li—Hg
exchange reaction with excess lithium metal in toluene
to give colorless crystals of 1a that could be recrystal-
lized from pentane at 0 °C. Like most other organo-
lithium compounds, 1a was highly inflammable in air
(Scheme 1).12

(PentamethyldisilanyDlithium (1a) is tetrameric in
the solid state, as determined by X-ray diffraction.!® The
crystal structure of la possesses a crystallographic
2-fold axis, the ORTEP drawing of 1a being shown in

(8) (a) Hudrlik, P. F.; Waugh, M. A,; Hudrlik, A. M. J. Organomet.
Chem. 1984, 271, 69. (b) Hudrlik, P. F.; Hudrlik, A. M.; Yimenu, T;
Waugh, M. A,; Nagendrappa, G. Tetrahedron 1988, 44, 3791. (c) Gong,
L.; Leung-Toung, R.; Tidwell, T. T. J. Org. Chem. 1990, 55, 3634. (d)
Nadler, E. B.; Rappoport, Z. Tetrahedron Lett. 1990, 31, 555. Maty-
jaszewski et al. reported the spectroscopic observation of PhMe,-
SiSiMe,Li as a mixture with PhMe,SiLi in THF: (e) Ruehl, K. E.;
Davis, M. E.; Matyjaszewski, K. Organometallics 1992, 11, 788, Allred
et al. have reported the preparation of SigMe;;~ anions: (f) Allred, A.
L.; Smart, R. T.; Van Beek, D. A., Jr. Organometallics 1992, 11, 4225.

(9) (a) Carberry, E.; West, R. J. Am. Chem. Soc. 1969, 91, 5440. (b)
Sakurai, H.; Okada, A. J. Organomet. Chem. 1972, 35, C13.

(10) EtsGele has been prepared by the reaction of (EtsGez)zHg and
Li. Bravo-Zhivotovskii, D. A.; Pigaev, S. D.; Vyazankina, O. A;
Vyazankin, N. 8. Izv. Akad. Nauk SSSR, Ser. Khim. 1984, 2414; Chem.
Abstr. 1985, 102, 132171.

(11) Compound 2a was prepared as an air- and light-sensitive yellow
oil by heating a mixture of pentamethyldisilane and di-tert-butylmer-
cury in heptane at 95 °C for 6§ h: 'H NMR (C¢Ds, 6) 0.21 (s, 18 H),
0.41 (s, 12 H); 13C NMR (CgDs, ) —0.14, 0.64; 29Si NMR (C¢Dg, 6) —5.74,
34.9.

(12) Compound la: 'H NMR (C;Ds, d) 0.22 (s, 9 H), 0.33 (s, 6 H);
13C NMR (C;Ds, 6) ~2.51, —0.56; 2°Si NMR (C;Ds, 6) —79.6 to —81.4
(m), —12.4; SLi NMR (C;Ds, 6) 2.11; 'H NMR (THF-ds, 6) —0.17 (s, 9

—0.04 (s, 6 H); 13C NMR (THF-ds, 6) —0.15, 1.31; °Si NMR (THF-
ds, 180 K, ) —74.9 (t, J = 18.8 Hz), —10.6; 6Li NMR (THF-ds, 6) 0.58.

© 1995 American Chemical Society
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Figure 1. ORTEP drawing of 1a. Selected bond lengths
(A Lil-Li2: 2.749(7), Lil-Lil’ = 2.795(7), Lil—Li2’ =
2.783(7), Li2—Lil’ = 2.783(7), Li2—-Li2’ = 2.819(8), Lil’'—
Li2’ = 2.749(7), Si1—Lil = 2.662(4), Sil—Li2 = 2.683(6),
Si1—-Lil’ = 2.687(5), Si3—Lil = 2.715(6), Si3—Li2 = 2.700-
(6), Si3—Li2" = 2.650(5), Si1—-Si2 = 2.348(0), Si1-C1 =
1.944(2), Si1-C2 = 1.919(4), Si3—Si4 = 2.344(0), Si3—C6
= 1.944(4), Si3—C7 = 1.928(4). Selected bond angles
(deg): Si2—Si1-C1 = 101.9(1), Si2—-Sil—-C2 = 103.6(1),
C1-8i1-C2 = 102.5(1), Si4—Si3—C6 = 101.8(1), Si4—Si3—
C7 = 102.6(1), C6—Si3—C7 = 101.6(1).

Figure 1. The lithium atoms are arranged such that a
tetrahedron with an average Li—Li distance of 2.780 A
is defined.'* The Li—Li distance of the framework is
somewhat longer than that of typical alkyllithium
tetramers (Li-Li = 2.55-2.56 A).15 Substitution of
carbon in tetrameric alkyllithium with silicon should
lead to expansion of the lithium core due to the
increased Li—Si bond length compared to that of Li—C.
The pentamethyldisilanyl group caps each face of the
tetrahedron with the three nearly equal Li—Si distances
of 2.683 A (average). The equal length of the Li—Si
bonds implies that each silicon participates equally in
bonding to the three lithium atoms. The C—Si bond
distance of 1.934 A (av) is considerably longer than the
normal one (1.88 A). However, the Si—Si distance of
2.346 A (av) is quite normal, suggesting no dative
bonding exists as observed for (tris(trimethylsilyl)silyl)-

(13) A single crystal (0.4 x 0.3 x 0.25 mm) of 1a was sealed in a
glass capillary tube for data collection. Diffraction data were collected
at 200 K on a Rigaku Denki AFC-5R diffractometer with a rotating
anode (45 kV, 200 mA) with graphite-monochromatized Mo Ka
radiation (1 = 0.710 69 A). A total of 3852 reflections with 26 = 3—62°
were collected. Crystal data: molecular formula SigCoqHgoLis, M, =
553.2, orthorhombic; a = 9.354(2) A, b = 17.998(4) A, ¢ = 22.881(5) A,
V = 3852.1(16) A3, space group Aba2, Z = 4, D, = 0.954 g/em3. The
final R factor was 0.033 (R,, = 0.035) for 2769 reflections with F, >
30(F,).

(14) The hexameric structure of (LiSiMes)s, found by X-ray diffrac-
tion, was reported; see: (a) Schaaf, T. F.; Butler, W.; Glick, M. D,;
Oliver, J. P. J. Am. Chem. Soc. 1974, 96, 7593. (b) llsley, W. H.; Schaaf,
T. F.; Glick, M. D.; Oliver, J. P. J. Am. Chem. Soc. 1980, 102, 3769.

(15) (a) Dietrich, H. Acta Crystallogr. 1963, 16, 681. (b) Weiss, E.;
Lucken, E. A. C. J. J. Organomet. Chem. 1964, 2, 197. (¢) Weiss, E;
Hencken, G. J. Organomet. Chem. 1970, 21, 265. (d) Dietrich, H. JJ.
Organomet. Chem. 1981, 205, 291. (e) Weiss, E.; Lambertsen, T.;
Schubert, B.; Cockeroft, J. K.; Wiedenmann, A. Chem. Ber. 1990, 123,
79.
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Table 1. Reaction of Me3SiSiMe;Li (1a) with

Electrophiles®
reagent products yield (%)
Dzo MessizD 100
Me;3SiCl Me(SiMeg)sMe 100
Me,SiCls Me(SiMeg)sMe 100
Cl(SiMeg)sCl Me(SiMes)1oMe 100
PhCH:C1 PhCHsSi2Mes 42
Me(SiMes)sMe 36
PhCH;CHyPh 42
02 MessizH 31
(MesSiz)20 18
Me(SiMeg)sMe 19

¢ Aliquots of a stock solution of 1a (ca. 0.1 M) in hexane were
used for the reactions.  Determined by GLC.

lithium.1® Of particular interest is the fact that the
angles about silicon are significantly contracted, the
sum of the angles being only 307.0°. The Si—Si bond
distance of 1a is in close agreement with the calculated
value of 2.393 A for H;SiSiH,™ at the 6-31G* level.!” In
addition, the calculation shows significant contraction
of the angles about silicon (95° for H—-Si—H).

The unique structural feature of 1a is also elucidated
by its NMR spectra. The 2°Si NMR resonance of the
silicon attached to lithium was observed at —~74.9 ppm
as a triplet signal with equal intensities (J(6Li—2°Sj) =
18.8 Hz) in THF-d; at 180 K.12 Thus, the silicon atom
is coupled only to one lithium atom, indicating that 1a
is monomeric in THF.!® Unusually small values of other
coupling constants, J(298i—29Si) = 19.1 Hz and J(13C—
298i) = 9.5 Hz, suggest localization of the negative
charge on the silicon atom attached to the lithium. In
hydrocarbon solvents such as toluene and benzene, the
29Si NMR spectrum differs from that in THF, appearing
at —79.6 to —81.4 ppm as an unresolved multiplet in
toluene-ds.l? These results suggest that la is ag-
gregated in hydrocarbons, and a tetrameric structure
may be involved. Due to the lesser ionic and more
covalent character of the species in toluene than in the
case for THF, the coupling constants J(#°Si—29Si) = 43.2
Hz and J(33C—298i) = 15.9 Hz are much larger than
those in THF.

By the same procedure, two isomeric (heptamethyl-
trisilanyl)lithiums, 1b and 1e, were prepared (Scheme
1).19 As the anionic silicon centers are substituted by
the trimethylsilyl group, a major contribution of stabi-
lizing the ionic character comes from the trimethylsilyl
groups, which is indicated by the lack of scalar coupling
between silicon and lithium. Thus, the 29Si NMR
spectrum of 1c showed a singlet signal at —133.8 ppm
in THF-dg at 180 K. Like la, however, 1b showed the
triplet signal at —62.7 ppm (J = 18.6 Hz) in THF-ds at
180 K.

(16) The Si—Si bond distances of {[LiSi(SiMe3)3;]:*3DME} and (Mes-
Si)3SiLi(THF )3, determined by X-ray diffraction methods, were reported
to be 2.342 and 2.330—2.331 A: (a) Becker, G.; Hartmann, H.-M.;
Miinch, A.; Riffel, H. Z. Anorg. Allg. Chem. 1985, 530, 29. (b) Heine,
A.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D. Inorg. Chem. 1993,
32, 2694. (c¢) Dias, H. V. R.; Olmstead, M. M.; Ruhlandt-Senge, K.;
Power, P. P. J. Organomet. Chem. 1993, 462, 1.

(17) Damewood, J. R., Jr.; Hadad, C. M. J. Phys. Chem. 1988, 92,

(18) Other factors to be considered are the slow exchange of Li under
the conditions of the NMR study and steric bulkiness due to an extra
SiMe; unit.

(19) 1b: 'H NMR (C;Ds, 8) 0.36 (s, 6 H), 0.18 (s, 6 H), 0.15 (s, 9 H);
7Li NMR (C7Ds, ) 2.21; 13C NMR (C-Dg, 6) —0.49, —1.21, —4.19; 28i
NMR (C7Ds, 6) —14.2, —40.4, —73.5 (m). 1c: 'H NMR (C;Ds, 6) 0.36
(s, 3 H), 0.27 (s, 36 H); "Li NMR (C-Dg, 8) 2.18; 13C NMR (C;Ds, 6) 2.8,
—1.6; 2981 NMR (C;Ds, 6) —8.3, —137 (m).
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The present X-ray and NMR data for 1la—c suggest
that the delocalization of the negative charge is much
smaller than for the carbanions due to the Si—Si
distance being longer than that of Si—C.20 As a result,
the oligosilanyl anions exhibit high reactivity owing to
the substantial localization of the negative charge. On
reaction of 1a with chlorosilanes, substitution reactions
occurred even in hexane to give the corresponding
oligosilanes quantitatively, whereas an electron-transfer
reaction occurred with benzyl chloride to result in the
formation of decamethyltetrasilane and bibenzyl (Table
1). In these reactions, no dodecamethylcyclohexasilane
formed; thus, no scrambling reaction occurred.

Communications

Further applications of (oligosilanyl)lithium species
in organosilicon synthesis will be reported soon.2!
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Living Polymerization of Ethylene Catalyzed by Diene
Complexes of Niobium and Tantalum,
M(5-CsMes)(n-diene)X; and M(%-CsMes)(n4-diene)s (M =
Nb and Ta), in the Presence of Methylaluminoxane
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Catalyst systems of MXs(#5-C5R;5)(57*-diene) (M = Nb and Ta; R = H and CHj; X = Cl and
CHj;) in a combination of methylaluminoxane (MAQO) are the precursors of the living
polymerization of ethylene. Mono-diene complexes MCly(%#5-C5R;s)(57%-diene) [M = Nb, R =
CH; 1); M =Ta, R=CH;3(2); M =Ta, R=H (8); M = Nb, R = H (4); diene = buta-1,3-
diene (a), isoprene (b), 2,3-dimethylbuta-1,3-diene (¢)] were prepared by the reaction of MCl,-
(7%-C5Rs) with 2 equiv of the methylated allyl Grignard reagents in THF. Reaction of 2 and
3 with MeMgl afforded dimethyl complexes, Ta(n5-C;Rs5)(4-1,3-butadiene)Me; [R = CHj (5);
R = H (6)], respectively. The polymerization of ethylene catalyzed by 1/MAO, 2/MAQO, and
5/MAQ at low temperature (—20 °C) gave polyethylene with very narrow polydispersities
(M./M,, as low as 1.05). The niobium complexes are superior to the tantalum complexes in
terms of the catalyst activity and the polydispersity. When the ligand was Cp instead of
Cp*, the catalyst activity of 8 for the polymerization of ethylene at —20 °C increased but
the polydispersity of the obtained polyethylene broadened (M./M,, = 1.40). Protolytic reaction
of 5b with 1 equiv of TfOH produces TaCp*(n*-isoprene)(CH3)OSO,CF3) (7), whose structure
is determined by single-crystal X-ray diffractometry. Compound 7 crystallizes in the
orthorhombic space group P2;2,2; (No. 19) with a = 13.388(6) A b=16.196(4) A, c = 9.214(4)
A, Z =4,V =1998(1) A3, Deard = 1.823 g/mL, and R = 0.041 based on 2191 reflections. The
molecular structure shows that 7 is not a cationic complex. The tantalum atom is in a chiral
center surrounded by four different ligands: #!-triflate, #3-Cp*, n*-isoprene, and methyl. A
cationic species derived from 5b and B(C¢F5); was detected by 'H NMR spectroscopy and
found to be active in ethylene polymerization. A system of one of the bis-diene complexes
of the type M(#5-CsR5)(-2,3-dimethyl-1,3-butadiene)s [M = Nb, R=H (8); M = Nb, R =
CH; (9); M = Ta, R = CHj; (10)] in the presence of a large excess of MAO was also found to
be an active catalyst for the polymerization of ethylene,

Introduction

Polymerization of a-olefins is one of the most impor-
tant industrial processes. The catalyst system of group
4 metallocenes and methylaluminoxane (MAO) has been
actively investigated in view of its homogeneous process
and high ability to control the stereoregularity of
polymerization.!=* Recent developments of organome-

* Faculty of Engineering Science, Osaka University.

¥ Faculty of Science, Osaka University.

§ Mitsubishi Chemical Co.

11993—-1994, Coordination Chemistry Laboratories, Institute for
Molecular Science, Okazaki 444, Japan.

® Abstract published in Advance ACS Abstracts, April 15, 1995.

(1) Reviews: (a) Sinn, H.; Kaminsky, W. Adv. Organomet. Chem.
1980, 18, 99. (b) Pino, P. Angew. Chem., Int. Ed. Engl. 1980, 19, 857.
(¢) Quirk, R. P., Ed. Transition Metal Catalyzed Polymerizations;
Ziegler-Natta and Metathesis Polymerizations; Cambridge University
Press: Cambridge, 1988. (d) Kaminsky, W.; Steiger, R. Polyhedron
1988, 7, 2375.
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tallic chemistry proved cationic 14-electron group 4
metallocenes to be catalytically active species without
the cocatalyst MAO.>8 Moreover, iscelectronic neutral
group 3 or lanthanide metallocene hydrides or alkyls
have been found to be catalysts for olefin polymeriza-
tion.”® On the other hand, the catalyst system based
on group 5 metallocene/MAQ, e.g., TaClsCpg and NbCle-

(2) Kaminsky, W.; Kiilper, K.; Brintzinger, H. H.; Wild, F. R. W. P.
Angew. Chem., Int. Ed. Engl. 1985, 24, 507. Ewen, J. A.; Jones, R. L,;
Razavi, A.; Ferrara, J. D. J. Am. Chem. Soc. 1988, 110, 6255.

(3) Recent examples of metallocene catalysis of group 4 metals: (a)
Erker, G.; Nolte, R.; Aul, R.; Wilker, S.; Kriiger, C.; Noe, R. J. Am.
Chem. Soc. 1991, 113, 7594. (b) Mise, T.; Kageyama, A.; Miya, S.;
Yamazaki, H. Chem. Lett. 1991, 1525. (c¢) Resconi, L.; Piemontesi, F.;
Franciscono, G.; Abis, L.; Fiorani, T. J. Am. Chem. Soc. 1992, 114,
1025. (d) Erker, G.; Temme, B. J. Am. Chem. Soc. 1992, 114, 4004. (e)
Erker, G. Pure Appl. Chem. 1992, 64, 393. (f) Erker, G.; Fritze, C.
Angew. Chem., Int. Ed. Engl. 1992, 31, 199. (g) Resconi, L.; Abis, L.;
Franciscono, G. Macromolecules 1992, 25, 6818. (h) Razavi, A.; Atwood,
J. L. J. Am. Chem. Soc. 1993, 115, 7529.
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Chart 1
KX R, K,
M—R M\ \VM\
K K s
group 3 group 4 group 5

Cpe, was found to have no activity, although the
Ziegler—Natta catalysts based on vanadium have been
reported to be active for the polymerization of a-ole-
fins.>1? While studying diene complexes of niobium and
tantalum, we noticed that the fragments of MCp(1,3-
diene) (M = Nb and Ta) are isoelectronic to those of
MCp: M = Zr and Hf.'"15 This prompted us to
investigate the capability of the diene complexes of
niobium and tantalum as catalyst precursors for olefin
polymerization. To make the idea clear, 14-electron
isoelectronic species for group 3, 4, and 5 metals are
schematically shown in Chart 1. Here we report that
the systems of MXa(7%-C5Rs)(n%-diene) (M = Nb and Ta;
R = H and CH3; X = Cl and CHj, X; = 1,3-diene) in the
presence of an excess of MAQ are new catalyst precur-
sors for the living polymerization of ethylene and that
the narrowest polydispersity (M./M, as low as 1.05) for
polyethylene has been accomplished.!6

(4) Recent examples of ansa-type metallocene catalysis of group 4
metals: Collins, S.; Gauthier, W. J.; Holden, D. A,; Kuntz, B. A.; Taylor,
N. J.; Ward, D. G. Organometallics 1991, 10, 2061. Chien, J. C. W.;
Tsai, W.-M.; Rausch, M. D. J. Am. Chem. Soc. 1991, 113, 8570. Chien,
J. C. W,; Llinas, G. H.; Rausch, M. D.; Lin, G.-Y.; Winter, H. H;;
Atwood, J. L.; Bott, S. G. J. Am. Chem. Soc. 1991, 113, 8569. Lee, I.-
M.; Gauthier, W. J.; Ball, J. M,; Iyengar, B.; Collins, S. Organometallics
1992, 711, 2115. Spaleck, W.; Antberg, M.; Rohrmann, J.; Winter, A.;
Bachmann, B.; Kiprof, P.; Behm, J.; Herrmann, W. A. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 1347. Llinas, G. H.; Dong, S.-H.; Mallin, D.
T.; Rausch, M. D.; Lin, Y.-G.; Winter, H. H.; Chien, J. C. W.
Macromolecules 1992, 25, 1242. Erker, G.; Wilker, S.; Kriiger, C,;
Goddard, R. J. Am. Chem. Soc. 1992, 114, 10983. Rieger, B. J.
Organomet. Chem. 1992, 428, C33. Banu, G. N.; Newmark, R. A;
Cheng, H. N,; Llinas, G. H.; Chien, J. C. W. Macromolecules 1992, 25,
7400. Mengele, W.; Diebold, J.; Troll, C.; Rll, W.; Brintzinger, H.-H.
Organometallics 1998, 12, 1931. Giardello, M. A ; Eisen, M. S.; Stern,
C. L.; Marks, T. J. J. Am. Chem. Soc. 1993, 115, 3326. Razavi, A.;
Atwood, J. L. J. Organomet. Chem. 1998, 459, 117. Coates, G. W;
Waymouth, R. M. J. Am. Chem. Soc. 1993, 115, 91. Alt, H. G.; Milius,
W.; Palackal, S. J. J. Organomet. Chem. 1994, 472, 113. Spaleck, W.;
Kiiber, F.; Winter, A.; Rohrmann, J.; Bachmann, B.; Antberg, M.; Dolle,
V.; Paulus, E. F. Organometallics 1994, 13, 954.

(5) Reviews: (a) Jordan, R. F.; Bradley, P. K.; LaPointe, R. E.;
Taylor, D. F. New J. Chem. 1990, 14, 499. (b) Jordan, R. F. Adv.
Organomet. Chem. 1991, 32, 325 and references cited therein.

(6) Recent examples of cationic metallocenes of group 4 metals: (a)
Alelyunas, Y. W,; Jordan, R. F.; Echols, S. F.; Borkowsky, S. L;
Bradley, P. K. Organometallics 1991, 10, 1406. (b) Eisch, J. J.;
Caldwell, K. R.; Werner, S.; Kriiger, C. Organometallics 1991, 10, 3417.
(c) Amorose, D. M,; Lee, R. A,; Petersen, J. L. Organometallics 1991,
10, 2191. (d) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc.
1991, 113, 3623. (e) Hlatky, G. G.; Eckman, R. R.; Turner, H. W.
Organometallics 1992, 11, 1413. (f) Eshuis, J. J. W.; Tan, Y. Y,;
Meetsma, A.; Teuben, J. H.; Renkema, J.; Evens, G. G, Organometallics
1992, 11, 362. (g) Sishta, C.; Hathorn, R. M.; Marks, T. J. J. Am. Chem.
Soc. 1992, 114, 1112. (h) Kesti, M. R.; Coates, G. W.; Waymouth, R.
M. J. Am. Chem. Soc. 1992, 114, 9679. (i) Bochmann, M.; Lancaster,
S. J. J. Organomet. Chem. 1992, 434, C1. (j) Crowther, D. J,;
Borkowsky, S. L.; Swenson, D.; Meyer, T. Y.; Jordan, R. F. Organo-
metallics 1993, 12, 2897. (k) Bochmann, M.; Lancaster, S. J. Organo-
metallics 1998, 12, 633. (1) Chien, J. C. W.; Song, W.; Rausch, M.
Macromolecules 1993, 26, 3239. (m) Eisch, J. J.; Pombrik, S. I.; Zheng,
G.-X. Organometallics 1998, 12, 3856. (n) Bochmann, M.; Lancaster,
S. J. Makromol. Chem., Rapid Commun. 1993, 14, 807. (o) Guo, Z.;
Swenson, D. C.; Jordan, R. F. Organometallics 1994, 13, 1424. (p)
Bochmann, M.; Lancaster, S. J.; Hursthouse, M. B.; Malik, K. M. A,
Organometallics 1994, 13, 2235. (q) Yang, X,; Stern, C. L.; Marks, T.
J. J. Am. Chem. Soc. 1994, 116, 10015 and references cited therein.

Mashima et al.

Results and Discussion

Preparation of Diene Complexes of Niobium
and Tantalum. First of all we prepared mono-diene
complexes of niobium and tantalum, MCly(#7°-CsR5)(5*-
diene) (M = Nb and Ta; R = H and Me; diene = buta-
1,3-diene, isoprene, 2,3-dimethylbuta-1,3-diene), as cata-
lyst precursors. These complexes have been previously
synthesized by the reaction of M(#5-CsR;5)Cly with the
corresponding 1,3-diene compounds of magnesium.!!
The methylated allyl Grignard reagents can be used for
the preparation of mono-diene complexes 1—4.12 Reac-
tion of NbCl4Cp* in THF with 2 equiv of 2-methyl-2-
butenyl Grignard in ether resulted in the formation of
a deep green solution. Evaporation of all volatiles and
the following extraction and recrystallization from hex-
ane solution afforded NbClyCp*(n*-isoprene) (1b) as
light green crystals in 35% yield. Two processes pro-
posed to account for the formation of 1b are invoked:
(1) a hydrogen abstraction from a prenyl moiety of an
initially formed bis-prenyl species, affording allyl—
hydride—diene species and (2) the successive reductive
elimination of hydride and allyl to give 2-methylbutenes.
Formation of diene complexes from allyl and homoallyl
complexes has been reported in the case of actinoids and
early transition metals such as Cp*;Th(y*-buta-1,3-
diene),!” Cp*M(n*-1,3-diene)(allyl),’® Cp*Zr(5*-1,3-
diene)(CHyPPhy).1® Similarly, 1a and 1c were prepared
in 4% and 22% yields, respectively. Analogous deriva-

(7) (a) Watson, P. L. J. Am. Chem. Soc. 1982 104, 337. (b) Watson,
P. L.; Parshall, G. W. Acc. Chem. Res. 1985, 18, 51. (c) Jeske, G; Lauke,
H.; Mauermann, H.; Swepston, P. N.; Schumann, H.; Marks, T. J. J.
Am. Chem. Soc. 1985, 107, 8091. (d) Burger, B. J.; Thompson, M. E;
Cotter, W. D.; Bercaw, J. E. J. Am. Chem. Soc. 1990, 112, 1566. (e)
Coughlin, E. B.; Bercaw, J. E. J. Am. Chem. Soc. 1992, 114, 7606. (f)
Yasuda, H.; Yamamoto, H.; Yokota, K.; Miyake, S.; Nakamura, A. J.
Am. Chem. Soc. 1992, 114, 4908. (g) Hajela, S.; Bercaw, J. E.
Organometallics 1994, 13, 1147.

(8) Lin, Z.; Le Marechal, J.-F.; Sabat, M.; Marks, T. J. J. Am. Chem.
Soc. 1987, 109, 4127. Yang, X.; Stern, C. L.; Marks, T. J. Organome-
tallics 1991, 10, 840.

(9) Doi, Y. Tokuhiro, N.; Suzuki, S.; Soga, K. Makromol. Chem.,
Rapid Commun. 1987, 8, 285. Doi, Y.; Suzuki, S.; Soga, K. Macromol-
ecules 1988, 19, 2896.

(10) Feher, F. J.; Walzer, J. F.; Blanski, R. L. J. Am. Chem. Soc.
1991, 113, 3618. Feher, F. J.; Blanski, R. L. JJ. Am. Chem. Soc. 1992,
114, 5886 and references cited therein.

(11) (a) Yasuda, H.; Tatsumi, K.; Okamoto, T.; Mashima, K.; Lee,
K.; Nakamura, A.; Kai, Y.; Kanehisa, N.; Kasai, N. J. Am. Chem. Soc.
1985, 107, 2410. (b) Okamoto, T.; Yasuda, H.; Nakamura, A.; Kai, Y;
Kanehisa, N.; Kasai, N. J. Am. Chem. Soc. 1988, 110, 5008. (c)
Okamoto, T.; Yasuda, H.; Nakamura, A.; Kai, Y.; Kanehisa, N.; Kasai,
N. Organometallics 1988, 7, 2266.

(12) Mashima, K; Yamanaka, Y.; Fujikawa, S.; Yasuda, H.; Naka-
mura, A, J. Organomet. Chem. 1992, 428, C5.

(13) Herberich, G. E.; Englert, U.; Linn, K,; Ross, P.; Runsink, J.
Chem. Ber. 1991, 124, 975. Herberich, G. E.; Englert, U.; Roos, P.
Chem. Ber. 1991, 124, 2663. Melendez, E.; Arif, A. M.; Rheingold, A.
L.; Emnst, R. D. J. Am. Chem. Soc. 1988, 110, 8703.

(14) Metallocene-like fragments: Siriwardane, U.; Zhang, H.; Hos-
mane, N. S. J. Am. Chem. Soc. 1990, 112, 9637. Williams, D. S.;
Schofield, M. H.; Anhaus, J. T.; Schrock, R. R. J. Am. Chem. Soc. 1990,
112, 6728. Crowther, D. J.; Baenzinger, N. C.; Jordan, R. F. J. Am.
Chem. Soc. 1991, 113, 1455. Poole, A. D.; Gibson, V. C.; Clegg, W. J.
Chem. Soc., Chem. Commun. 1992, 237. Uhrhammer, R.; Crowther,
D. J.; Olson, J. D.; Swenson, D. C.; Jordan, R. F. Organometallics 1992,
11, 3098. Dyer, P. W.; Gibson, V. C.; Howard, J. A. K.; Whittle, B.;
Wilson, C. J. Chem. Soc., Chem. Commun. 1992, 1666. Cockeroft, J.
K.; Gibson, V. C.; Howard, J. A. K.; Poole, A. D.; Siemeling, U.; Wilson,
C. dJ. Chem. Soc., Chem. Commun. 1992, 1668. Siemeling, U.; Gibson,
V. C. J. Chem. Soc., Chem. Commun. 1992, 1670. Bazan, G. C.;
Schaefer, W. P.; Bercaw, J. E. Organometallics 1998, 12, 2126.
Schmidt, S.; Sundermeyer, J. J. Organomet. Chem. 1994, 472, 127.

(15) Gibson, V. C. J. Chem. Soc., Dalton Trans. 1994, 1607.

(16) (a) Mashima, K.; Fujikawa, S.; Nakamura, A. J. Am. Chem.
Soc. 1993, 115, 10990. (b) Mashima, K.; Fujikawa, S.; Urata, H.;
Tanaka, E.; Nakamura, A. J. Chem. Soc., Chem. Commun. 1994, 1623.

(17) Smith, G. M.; Suzuki, H.; Sonnenberger, D. C.; Day, V. C;
Marks, T. J. Organometallics 1986, 5, 549.
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tives 2—4 of niobium and tantalum were also prepared
by the similar reactions.

Nb,, Ta,, Ta,,, Nb,,,
L e e e
N cl N cl NAge el \(\ cl
Y YT Y

1 2 3 4

a:R'=R?=H
b: R' = CHs, RZ= H
¢:R'=R*=CH,

Dimethyl complexes of tantalum 5a—c, 6a, and 6¢
were prepared as follows. Treatment of 2a—c with 2
equiv of MeMgl afforded 5a—c in 32—-50% yields as
purple crystals. Complexes 6a and 6¢ were prepared
by the successive reactions of TaCl,Cp with 2 equiv of
the corresponding methylated allyl Grignard reagents
and 2 equiv of MeMgI in THF.,

| I
1T cHy 3/7“\'@“,

N R s N w2 cHs
R‘ R‘

5 8
a:R'=R*zH
b:R'=CH;, R*=H
c:R'=R?=CH,

The dimethyl complex of nichium derived from l¢ was
thermally unstable and decomposed gradually at room
temperature. The formation of carbene complex in the
course of decomposition was revealed by a trapped
reaction with benzophenone, affording 1,1-diphenyleth-
ylene in modest yield (detected by 'H NMR), which
corresponds to the reactivity of CpsTiMes.20

The complex 5b reacts with 1 equiv of TfOH in
toluene at ambient temperature to generate a compound
TaCp*(5*-isopreneXOSO;CF3)Me (7) with elimination of

o

p-T8 011
a

7
1 equiv of methane. Characterization of the product by

NMR (IH and !3C) spectroscopy indicated that simple
substitution of one methyl group by the triflate ligand

(18) Zwijneuburg, A.; van Oven, H. O.; Groenenboom, C. J.; de Liefde

Meijer, H. J. J. Organomet. Chem. 1975, 94, 23. Blenkers, J.; de Liefde
Meijer, H. J.; Teuben, J. H. J. Organomet. Chem. 1981, 218, 383.
Alcock, N. W.; Toogood, G. E.; Wallbridge, M. G. H. Acta Crystallogr.
1984, C40, 598. Booth, B. L.; Ofunne, G. C,; Stacey, C.; Tait, P. J. T.
J. Organomet. Chem. 1986, 315, 143. Klapitke, T.; Kopf, H.; Gourik,
P. J. Chem. Soc., Dalton Trans. 1988, 1529. Sontag, C.; Berke, H.;
Sarter, C.; Erker, G. Helv. Chim. Acta 1989, 72, 1676. Prins, T. J.;
Hauger, B. E.; Vance, P. J.; Wemple, M. E; Kort, D. A.; O'Brinen, J.
P,; Silver, M. E.; Huffman, J. C. Organometallics 1991, 10, 979.

(19) Vance, P. J.; Prins, T. J.; Hauger, B. E.; Silver, M. E.; Wemple,
M. E.; Pederson, L. M.; Kort, D. A.; Kannisto, M. R.; Geerligs, S. J.;
Kelly, R. S.; McCandless, J. J.; Huffman, J. C.; Peters, D. G. Organo-
metallics 1991, 10, 917.

(20) Petasis, N. A.; Fu, D.-K. J. Am. Chem. Soc. 1993, 115, 7208
and references cited therein.
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Figure 1. ORTEP drawing of (R)-7 with numbering
scheme. Hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Distances and Angles for

(R)-7
Ta-01 2.097(9) Ta-C1 2.20(1)
Ta—-C2 2.39(1) Ta—-C3 2.41(2)
Ta—C4 2.22(2) Ta—C6 2.21(1)
C1-C2 1.44(2) C2-C3 1.36(3)
C2-C5 1.53(2) C3-C4 1.45(2)
Ta—-CP 2.105
01-Ta-C1 140.2(5) 01-Ta—C4 83.2(5)
01-Ta-C6 84.8(4) C1-Ta-C4 75.8(6)
Ta-01-S 144.1(6) C1-Ta—Cé 86.5(5)
C4-Ta-C6 134.6(6)
CP-Ta-01 108.9 CP-Ta-C6 111.3
CP-Ta-C1 110.5 CP-Ta—C4 114.1

@ CP is the centroid of the cyclopentadienyl carbons.

had taken place. In the 'H NMR spectrum of 7, one
set of signals assignable to a monomethyl compound was
observed, indicating that one of the two nonequivalent
methyl groups had been selectively replaced by TfO
anion. Crystals of 7 suitable for an X-ray diffraction
study were grown from a concentrated hexane—toluene
solution. The result of this analysis confirmed that the
triflate coordinated to tantalum in the #'-mode and at
the less hindered site, resulting in the formation of a
chiral molecule; one of the enantiomers (R)-7, is shown
in Figure 1. Some pertinent bond distances and angles
are listed in Table 1. In (R)-7, the isoprene ligand is
coordinated to tantalum in a supine fashion.?! The
bonding parameters for the isoprene and the penta-
methylcyclopentadienyl ligands are unexceptional. The
Ta—C(6) distance of 2.21(1) A lies in the range observed
for the Ta—C(sp®) distances, TaCp*(n2-benzyne)Me;
[2.169(6) and 2.181(6) A},22 TaCp*[(CHz):P(Ph):]Me,
[2.230(16) and 2.198(17) Al,2® and TaCpy(=CHzMe
[2.246(12) A].24

When B(CgF'5)s was added to §b in toluene at room
temperature, the purple color of the solution turned to
yellow. This is the same color with the catalyst system

(21) The terms supine and prone have been already used in many
of the papers on similar diene complexes. The definition has been given
in ref 11.

(22) McLain, S. J.; Schrock, R. R.; Sharp, P. R.; Churchill, M. R.;
Youngs, W. J. J. Am. Chem. Soc. 1979, 101, 263. Churchill, M. R.;
Youngs, W. J. Inorg. Chem. 1979, 18, 1697.

(23) Gémez, M.,; Jimenez, G.; Royo, P.; Pelinghelli, M. A.; Tiripicchio,
A. J. Organomet. Chem. 1992, 439, 309.

(24) Guggenberger, J. L.; Schrock, R. R. J. Am. Chem. Soc. 1975,
97, 6578.
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Figure 2. Plot of activity (kg atm™ h~! (mol of Ta)™1) vs
amount of methylaluminoxane (Al per Ta) for the polym-
erization of ethylene (atmospheric pressure) catalyzed by
2b (1.44 mM) in toluene for a period of 6 h at 20 °C.

for ethylene polymerization (vide infra). Monitoring the
reaction by 'H NMR in benzene-dg indicated new signals
due to Cp* and isoprene, and a broad singlet at 5 —0.56
ppm was assignable to both methyl protons of cationic
Ta-CHj and anionic B-CH3. Marks et al. reported NMR
line broadening of the signals assignable to methyl
groups of a cationic complex such as [ZrCpo(CHj)l-
[(CH3)B(CgF5)31.% The broadening indicates an ex-
change of the methyl groups between zirconium and
boron. These cationic complexes were too unstable
thermally to be isolated. When they were generated in
situ, they were found to be catalytically active for the
polymerization of ethylene without MAO. The activity
of the polymerization by using the catalyst system
composed of 5a and B(Cg¢F'5); was 1.38 kg atm™! h™! (mol
of Ta)"1. In the presence of AlEts, this catalyst system
showed activity of 8.12 kg atm™1 h~! (mol of Ta)~!, which
is in sharp contrast to the absence of any activity on
the combination of 5a and AlEt;. Thus, the 14-electron
cationic species should be responsible for the polymer-
ization of ethylene (vide infra).
Bis(2,3-dimethylbuta-1,3-diene) complexes of niobium
(8 and 9) and tantalum (10) were prepared by the
reaction of MClLy(#5-CsRs) with 2 equiv of Mg(2,3-
dimethylbuta-1,3-diene) in THF according to the

literature.11ab
\%Nb \>/T< %Nb \>/T< ﬁ)/\'r- %
10

Polymerization of Ethylene. Mono-diene com-
plexes of niobium and tantalum, MXa(55-C5R5)(774-diene),
are active catalyst precursors for the polymerization of
ethylene. At first we estimated how much MAO per
each catalyst precursor is needed to achieve high
activity for the polymerization. Figure 2 shows the plot
of activity for the polymerization of ethylene by a
catalyst system of complex 2b in the presence of variable
amounts of MAO at 20 °C. As more than 500 equiv of

Mashima et al.

Table 2. Polymerization of Ethylene Catalyzed by
Tantalum-diene Complexes/MAQ*

temp activity kgh!

runno. complex (°C) (molofTa)! My10% My/My°
1 2a 20 5.93 2.03 2.04
2 2a —-20 1.51 2.03 1.16
3 2b 20 1.90 1.15 1.63
4 3a 20 0.52
5 3a -20 7.07 8.18 1.40
6 3a —40 4.29 4.29 1.32
7 3a -60 0.94 1.68 1.11
8 3b 20 0.88
9 3¢ 20 3.77
10 ba 20 4.48 2.04 2.06
11 Sa —20 1.18 2.55 1.08
12 5a ~-40 0.73 0.86 1.10
13 5b 20 1.61 1.23 1.65
14 5¢c 20 5.69 1.20 2.09
15 6a 20 0.37
16 6a -20 5.47 8.74 1.51

@ Polymerization reactions were carried out in toluene (1.44 x
10~3 M of [Ta]) in the presence of MAO (500 equiv) for 6 h.
b Polymer has methanol-insoluble parts. ¢ GPC analysis.

Table 3. Polymerization of Ethylene Catalyzed by
Niobium—Diene Complexes/MAQO“

temp activity (kgh!

runno. complex °C  (molof Nb)~1» M, /10%c M. /My

1 la 20 38.70 8.29 1.30
4 la 0 14.50 4.95 1.07
7 la -20 10.65 2.36 1.05
2 ib 20 19.22 3.95 1.16
5 1b 0 6.94 2.22 1.07
8 1b -20 1.02 0.51 1.09
3 lc 20 35.23 10.54 1.18
6 le 0 21.87 8.16 1.08
9 lc -20 12.71 4.10 1.05
10 4 20 6.89

@ Polymerization reactions were carried out in toluene (1.44 x
1073 M of [Nb)) in the presence of MAO (500 equiv) for a period of
1 h. b Polymer has methanol-insoluble parts. < GPC analysis.
d Reaction time, 3 h.

MAQO does not increase the activity of the polymeriza-
tion, we used 500 equiv of MAO for all the polymeriza-
tion of ethylene. This amount of MAO is less than that
generally used for conventional group 4 metallocene
systems.

When mono-diene complexes of niobium and tantalum
reacted with 500 equiv of MAO in toluene, the color of
the solution turned to pale yellow, which corresponded
to the color of the mixture of 5b and B(C¢F5)3 (vide
supra). After the introduction of ethylene (atmospheric
pressure), the resulting solution was stirred at ambient
temperature. After the prescribed reaction time, an
HCI-MeOH mixture was added to terminate the po-
lymerization. The data of activity and GPC analysis for
the obtained polyethylene are summarized in Tables 2
and 3.

As shown in Table 2, dichloro and dimethyl complexes
having TaCp*(5%-1,3-diene) moieties, 2 and 5, have
almost the same catalyst property, indicating that the
same catalytically active species are formed. Methyla-
luminoxane acts as both the methylation reagent and
the ligand exchange partner between aluminum and
tantalum, resulting in the formation of cationic species.

The catalytic activity depends on the steric and
electronic effects of ligands, i.e., cyclopentadienyl and
diene ligands. Plots of the catalyst activity by using
tantalum-butadiene complexes bearing a Cp (8a) or a
Cp* (5a) ligand in the presence of MAO versus reaction
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Figure 3. Plots for the catalyst activity (kg atm~! h~! (mol
of metal)~?!) of the diene complexes of tantalum bearing Cp
(3a) or Cp* (5a) at variable temperature (°C) in toluene; O
for 8a, and @ for 5a.
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Figure 4. Plots for catalyst activity (kg atm~! h~! (mol of
metal)™?) of the diene complexes of niobium and tantalum
bearing Cp* at variable temperature (°C) in toluene; O for
1a, A for 1b, O or 1c, @ for 5a, A for 5b, and W for 5c¢.

temperature are shown in Figure 3. Activity of 3a for
the ethylene polymerization has a maximum of activity
at lower temperature (-20 °C) than that (20 °C) of 5a.
This is attributed to the thermal instability of the
cationic species derived from 8. Methyl substitution on
the coordinated diene also controls the catalyst activity
for the polymerization of ethylene. Figure 4 indicates
that both tantalum complexes 5a and 5c¢ have compa-
rable catalyst activity, while the isoprene complex 5b
is less active. For niobium complexes 1, a similar
tendency has been observed. Thus, the diene coordina-
tion is essential to have the same activity for the
polymerization. The presence of one diene at the
tantalum center of the catalytically active species was
further supported by the observed fact that only very
low activity for the ethylene polymerization was found
in a system of TaCl,Cp* and MAO.

At —20 °C, the polymerization of ethylene catalyzed
by butadiene complexes such as la, 2a, 3a, 5a, and 6a
in the presence of an excess of MAQ gave polyethylene
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Figure 5. A time-conversion plot for the catalyst activity
(kg atm~! h~1 (mol of Ta)™!) for the ethylene polymerization
by using 5a (1.44 mM in toluene) as catalyst precursor at
~20 °C. The values M,/M, were determined by GPC
analyses.

with narrow polydispersities (Mw/M, = 1.05—1.51),
suggesting the character of the living polymerization.
So far the narrow polydispersities for polyethylene have
been reported for the following homogeneous catalysts:
(Cp*oLuH); (M/M,, = 1.37),7¢ [Cp*Cr(thf):Melt (M../M,,
= 1.68),%52=¢ Cp*Cr(thf)(CHyPh); (M/M, = 1.41),2%
[Cp*Co(P(OMe);)(CHo.CHoMe)lt (Myw/M, = 1.17),26 [C),-
Rh(Me)OH)(OHy)I™ (Cp, = 1,4,7-trimethyl-1,4,7-triaza-
cyclononane) (My/M, = 1.6).27 Thus we plotted the
time—molecular weight (M) relationship for polyeth-
ylene catalyzed by 5a/MAO to show an essentially linear
relation, and the values of My/M,, for each polyethylene
formed indicate rather narrow polydispersities and thus
clearly the living nature of polymerization (Figure 5).
In the conventional systems composed of MClaCpe (M
= Zr and Hf) and MAO, zirconocene is superior to
hafnocene in the activity. In our case, the niobium
complexes are superior to the corresponding tantalum
complexes as the catalyst precursors, as shown in Figure
4. Moreover, the polyethylene obtained by catalysts 1a
and 1lc at —20 °C has the narrowest polydispersity (M./
M, = 1.05) found to date.

We also found that bis-diene complexes 8—10 were
the active catalyst precursors for the polymerization of
ethylene (Table 4), whose activities were compared with
those of the corresponding mono-diene complexes, in-
dicating that mono-diene and bis-diene complexes gave
the similar catalytically active species. We have already
revealed the two different coordination modes (supine
and prone) of diene ligands in 8—10.1121 The diene
coordinated in the supine fashion has more o-character
than the prone one,!'* and the complex underwent

(25) (a) Thomas, B. J.; Theopold, K. H. J. Am. Chem. Soc. 1988,
110, 5902. (b) Theopold, K. H. Acc. Chem. Res. 1990, 23, 263. (c¢)
Thomas, B. J.; Noh, S. K,; Sculte, G. K.; Sendlinger, S. C.; Theopold,
K. H. J. Am. Chem. Soc. 1991, 113, 893. (d) Bhandari, G.; Kim, Y.;
McFarland, J. M.; Rheingold, A. L.; Theopold, K. H. Organometallics
1995, 14, 738.

(26) Brookhart, M.; Grant, B.; Volpe, A. F., Jr. Organometallics 1992,
11, 3920.

(27) Wang, L.; Lu, R. S.; Bau, R.; Flood, T. C. J. Am. Chem. Soc.
1993, 115, 6999.
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Table 4. Polymerization of Ethylene Catalyzed by
Bis—Diene Complexes/MAQO*

run time temp activity (kg h~!

no. complex (h) (°C) (molof metal) 1) My/10¢¢ My/My*
1 8 1 20 9.03 16.86 2.24
2 8 1 0 17.03 31.80 2.94
3 8 1 -20 7.55 27.14 4.13
4 9 1 20 24.65 3.07 1.18
5 9 1 0 21.95 2.82 1.13
6 9 1 —-20 12.48 1.42 1.06
7 10 6 20 3.39 0.40 2.00
8 10 6 0 1.44 0.96 1.30
9 10 6 —20 0.26 0.54 1.09

@ Polymerization reactions were carried out in toluene (1.44 x
1073 M of [metal}) in the presence of MAO (500 equiv). ® Polymer
was methanol-insoluble parts. ¢ GPC analysis.

selective ligand exchange reaction at the prone diene
ligand with the methyl group on aluminum of MAO to
generate a 14-electron catalytically active species simi-
lar to that obtained from the mono-diene complexes and
MAO. The catalyst efficiency can be estimated by using
the M, and M,/M, values of the polyethylene thus
obtained. When lc¢ and 9 were used for this purpose,
complex 9 (catalyst efficiency 78—92%) is threefold as
effective as complex le (catalyst efficiency 27—34%).
Thus, the bis-diene complexes are superior to the mono-
diene complexes as the catalyst presursors for ethylene
polymerization, which might be attributed to the stabil-
ity of the diene aluminum species generated by the
ligand exchange reaction.?® In the catalyst systems
obtained by combination of 10 with B(CgFs)3, with or
without alkylaluminum such as AlEts, the color of the
solution is different from that found for mono-diene
complex and no catalytic activity is observed. This
might be attributed to the ability of aluminum to
abstract the diene unit and to provide the required alkyl

group.

Conclusions

We have shown that the mono-diene complexes of
niobium and tantalum can be easily prepared by the
reaction of MClLy(#5-C5Rs) with methylated allyl Grig-
nard reagents. These mono-diene and bis-diene com-
plexes of niobium and tantalum with a combination of
MAQ are active catalyst precursors for the polymeri-
zation of ethylene. At —20 °C, the living polymerization
afforded the polyethylene with the narrowest polydis-
persity (M./M,, as low as 1.05) observed heretofore. The
combination of dimethyl complex 5a with B(C¢Fs)s
afforded 14 electron cationic species which are also
active for the polymerization of ethylene.

Experimental Section

General. All manipulations involving air- and moisture-
sensitive organometallic compounds were carried out by the
use of the standard Schlenk technique under argon atmo-
sphere. Toluene and benzene were purified by distillation
under argon after drying over sodium benzophenone ketyl.
THF was dried over sodium benzophenone ketyl and then
dried over Na/K alloy. MAO (prepared by the method of the
reaction of trimethylaluminum with hydrated CuSO,) was
purchased as a toluene solution from Toso-Akzo Co. Ethylene
was purchased from Seitetsu-Kagaku Co.

(28) Gardiner, M. G.; Raston, C. L. Organometallics 1993, 12, 81.
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Nuclear magnetic resonance ['H (400 and 270 MHz), 13C
(100 and 68 MHz)] spectra were measured on JEOL JNM-
GX400 and JEOL EX-270 spectrometers. Other spectra were
recorded by the use of the following instruments: IR, Hitachi
295 and Horiba FT-300; low- and high-resolution mass spectra,
JEOL D300 (70 eV); GPC analyses, Waters 150C equipped
with a column TSK-GMH-6 (2 ft x 2) eluted with 1,2,4-
trichlorobenzene at 135 °C. GPC columns were calibrated
against commercially available polystyrene standards (Poly-
mer Laboratories Ltd.) which ranged in molecular weight from
500 to 1.11 x 10° MW. Elemental analyses were performed
at Elemental Analysis Center, Faculty of Science, Osaka
University. Melting points of all complexes were measured
in sealed tubes and were not corrected, and those of polyeth-
ylene were measured by DSC analysis (Seiko I & E SSC580DS).

Preparation of NbCl.Cp*(y*-isoprene) (1b). To a solu-
tion of NbCl,Cp* (0.62 g, 1.67 mmol) in THF (25 mL) cooled
at —78 °C was added a solution of (2-methyl-2-butenyl)mag-
nesium chloride (3.17 mmol) in ether (6.5 mL) via syringe. The
reaction mixture was stirred for a period of 2 h at 20 °C. All
volatiles were removed under reduced pressure. The resulting
residue was extracted by hot hexane (60 mL). The combined
extract was concentrated and then cooled at —20 °C overnight
to afford 1b as light green crystals in 35% yield. The 'H NMR
(CeDg) spectrum was superimposable to that of the literature.!t

Similarly, complexes 1a and 1c were prepared in 4% and
22% yield, respectively.

Preparation of TaCl:Cp*(n*-butadiene) (2a). To a solu-
tion of TaCl,Cp* (0.786 g, 1.72 mmol) in THF (30 mL) cooled
at —78 °C was added a solution of 2-butenylmagnesium
chloride (3.46 mmol) in ether (4.7 mL) via syringe. The
reaction mixture was stirred for 4 h at 20 °C. All volatiles
were removed under reduced pressure. The resulting residue
was extracted with hot hexane (50 mL) at 50 °C. The
combined extract was concentrated and then cooled at —20
°C overnight to afford 2a as purple crystals in 37% yield. The
'H NMR (C¢Ds) spectrum was superimposable to that of the
literature.!12

Similarly, complexes 2b and 2¢ were prepared in 72% and
45% yield, respectively.

Preparation of TaCl,Cp(n*isoprene) (8b). To a solution
of TaCl,Cp (1.41 g, 3.61 mmol) in THF (50 mL) and HMPA
(1.0 mL) was added dropwise (2-methyl-2-butenyl)magnesium
chloride (6.50 mmol) in ether (13.2 mL) at —78 °C. After the
reaction mixture was stirred at —20 °C for 2 h, all volatiles
were removed and the resulting residue was extracted with
hot hexane (2 x 60 mL) at 50 °C. Recrystallization from a
mixture of toluene and hexane at ~20 °C afforded 3b as blue-
purple crystals in 18% yield. The 'H NMR (C¢Ds) spectrum
was superimposable to that of the literature.!l2

Similarly, complexes 3a and 3¢ were prepared in 8% and
26% yield, respectively.

Preparation of NbCl.Cp(7*-2,3-dimethylbutadiene) (4).
To a solution of NbCl,Cp (0.536 g, 1.79 mmol) in a suspension
of THF (30 mL) was added dropwise (2,3-dimethyl-2-butenyl)-
magnesium chloride (3.40 mmol) in ether (3.8 mL) at —78 °C.
Precipitated magnesium salts were removed by centrifugal
separation. After the reaction mixture was stirred at 20 °C
overnight, all volatiles were removed. The resulting residue
was extracted with hexane (8 x 50 mL). Recrystallization from
hexane at —20 °C afforded complex 4 as green crystals in 20%
vield. The 'H NMR (C¢Ds) spectrum was superimposable to
that of the literature.!!®

Preparation of TaCp*(p*-butadiene)Me, (5a). To a
solution of 2a (0.535 g, 1.21 mmol) in THF (50 mL) cooled at
—78 °C was added a solution of MeMgI (2.42 mmol) in ether
(2.3 mL) via syringe. The reaction mixture was stirred for 17
h at 20 °C. Precipitated magnesium salts were removed by
centrifugal separation, and then all volatiles were removed
under reduced pressure. The resulting residue was extracted
with hexane (50 mL, four times). The combined extract was
concentrated and then cooled at ~20 °C overnight to afford
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5a as dark-violet crystals in 32% yield, mp 162-164 °C
(decomp). 'H NMR (CsD5g): ¢ —1.08 (m, Hlany and H4,n), —0.43
(s, Ta—CHs), 0.09 (m, Hlyy, and Hi,), 1.81 (s, CsMes), 6.98
(m, H? and H3). 13C NMR (CsDg): 6 11.3 (CsMes, Jc-u = 127
Hz), 40.0 (Ta—CHg, Jc-u = 117 Hz), 56.5 (C! and C*, Jo-u =
147 Hz), 117.0 (C? and C?, Jc-y = 165 Hz), 119.2 (CsMes). Anal.
Calcd for Ci6HoiTa: C, 48.00; H, 6.80. Found: C, 47.49; H,
6.89. Mass spectrum for 8Ta m/z = 400 (M*).

Similarly, complexes 5b and 8¢ were prepared in 50% and
47% yield, respectively. 5b: mp 87—91 °C (decomp). 'H NMR
(CeDg): 6 —1.24 (m, Hl,), —0.60 and —0.49 (s, Ta-CHs), ~1.03
(m, H4anti), -0.35 (m, Hlsyn); 0.17 (m’ H4syn), 1.83 (S, C5M65);
2.66 (s, CHjy), 6.60 (m, H%). 13C NMR (Cg¢Dg): 6 11.3 (CsMes,
Jo-n = 127 Hz), 23.3 (CH3, Je-y = 126 Hz), 37.4 and 46.9 (Ta—
CHs, Jco-u = 118, 128 Hz), 58.0 (C!, Jo-n = 139 Hz), 59.7 (C4,
Je-u = 146 Hz), 114.0 (C3, Jc-u = 159 Hz), 118.9 (CsMes), 122.3
(C?). Anal. Caled for Ci7HgTa: C, 49.28; H, 7.16. Found:
C, 48.94; H, 7.03. Mass spectrum for 8'Ta m/z = 414 (M™).
5c: mp 92-94 °C (decomp). 'H NMR (CgDg): 6 —1.08 (m,
Hl. and Ham), —0.68 (s, Ta—CHjs), —0.22 (m, Hlyyn and H,yn),
1.84 (s, CsMes), 2.51 (s, CHj). 13C NMR (CgDg): 6 11.3 (CsMes,
Je-g = 127 Hz), 20.3 (CHs, Je-u = 126 Hz), 44.3 (Ta—CHj,
Jo-n = 118 Hz), 63.7 (C! and C4, Je-u = 145 Hz), 116.9 (C?
and C?), 118.5 (CsMe;). Anal. Caled for CisHsTa: C, 50.47;
H, 7.29. Found: C, 50.34; H, 7.36. Mass spectrum for '8'Ta
m/z = 428 (M*).

Preparation of TaCp(y-butadiene)Me; (6a). To a solu-
tion of TaCl,Cp (2.07 g, 5.33 mmol) in a mixture of THF (60
mL) and HMPA (0.79 mL) was added Mg(butadiene)(thf); (0.82
g, 5.33 mmol) suspended in THF (4.35 mL) at —78 °C. After
the reaction mixture was stirred at —20 °C for 2 h, 2 equiv of
MeMglI was added and then the mixture was stirred at room
temperature overnight. All volatiles were removed, and the
resulting residue was extracted with hexane (4 x 60 mL).
Recrystallization from a mixture of toluene and hexane at —20
°C afforded complex 6a as blue-purple crystals in 33% yield,
mp 146—148 °C (decomp). 'H NMR (C¢Ds): 6 —0.80 (m, Hlap
and H4,.,), —0.25 (s, Ta—CHj), 0.25 (m, Hlyyn and H4,), 5.95
(s, Cp), 6.92 (m, H? and H?). 13C NMR (CgDs): 6 38.0 (Ta—
CHs, Jc-g = 119 Hz), 51.9 (C!, Jo-u = 148 Hz), 110.6 (CsHs,
Jo-u = 176 Hz), 116.8 (C?, Jc-» = 167 Hz). Mass spectrum
for 181Ta m/z = 330 (M™).

Preparation of TaCp(n*2,3-dimethylbutadiene)Me;
(6¢). To a solution of TaCl,Cp (1.20 g, 3.09 mmol) in a mixture
of THF (50 mL) and HMPA (0.46 mL, 3.09 mmol) was added
2,3-dimethyl-2-butenylmagnesium chloride (5.69 mmol) in
ether (6.7 mL) via syringe at —78 °C. After the reaction
mixture was stirred at 20 °C for 4 h, the reaction solution was
cooled at —78° C, 2 equiv of MeMgl was added, and then the
mixture was stirred at room temperature overnight. All
volatiles were removed, and the resulting residue was ex-
tracted with hexane (4 x 60 mL). Recrystallization from
hexane at —20 °C afforded complex 6¢ as dark-violet crystals
in 7% yield, mp 84—85 °C (decomp). 'H NMR (CsDs): 0 —0.76
(m, H'unt and H,i, Jgem = 5.3 Hz), —0.52 (s, Ta—CHj), —0.08
{(m, Hl, and Héyy), 6.92 (m, CHg), 5.97 (s, Cp). ¥C NMR
(CeDs)Z 6 20.1 (CH3, JC—H =118 HZ), 42.4 (Ta—‘CH3, JC—-H =
125 Hz), 58.6 (C!, Jo-y = 144 Hz), 110.1 (CsH;, Jc-u = 176
Hz), 117.2 (C?). Mass spectrum for ¥'Ta m/z = 358 (M™).

Preparation of TaCp*(n*isoprene)(0S0:CF3)Me (7).
To a solution of 2b (0.572 g, 1.38 mmol) in toluene (40 mL)
cooled at —78 °C was added a solution of CF3sSO3H (1.38 mmol)
in toluene (5.1 mL) via syringe. The reaction mixture was
stirred for 1 h at 20 °C. All volatiles were removed under
reduced pressure. Recrystallization from a mixture of hexane
and toluene at —20 °C afforded complex 11 as red-violet
crystals in 39% yield, mp 134-136 °C (decomp). 'H NMR
(THF-dg): 6 —0.77 (d, Hlanti, Jgem = 8.7 Hz), —0.48 (d, Hlp),
—0.12 (t, H4anti, Jgem = 7.7 Hz), 0.08 (s, Ta—CHz), 1.14 (t, Hpm,
Jee = 8.0 Hz), 2.12 (s, CsMes), 2.45 (s, CHj), 6.33 (t, H?, Jirans
=17.5Hz). 3C NMR (THF-ds): 6 11.3 (CsMes, Jc-u = 128 Hz),
28.7 (CH3, Jo-u = 128 Hz), 47.4 (Ta—CHj, Jc-g = 120 Hz), 59.9
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Table 5. Crystallographic Data for 7

formula C17H2603F38Ta
548.39

cryst syst orthorhombic

space group P2,2,2;

a, A 13.388(6)

b, A 16.196(4)

c, A 9.214(4)

V4 4

Vv, A3 1998(1)

dealed, g cm™2 1.823

cryst size, mm3 0.6 x 0.2 x 0.2

abs coeff, cm~! 55.74

scan mode w—26

temp, °C 23

scan speed, deg min~! 8

scan width, deg 1.15+0.35tan 8

26max, deg 60.1

no. of data collected 3308

no. of unique data (I > 30(l)) 2191

no. of variables 211

R 0.041

R, 0.044

GOF 1.51

A eA-d 1.12 (max), —0.99 (min)

(04, JC—H = 148 HZ), 70.6 (Cl, JC—H = 146 HZ), 113.8 (Cs, JC—H
= 161 Hz), 119.6 (CF3, Jc-r = 321 Hz), 123.8 (CsMes), 133.0
(C?). Anal. Caled for Ci;HoeF30sSTa: C, 37.23; H, 4.78.
Found: C, 36.25; H, 4.70. Mass spectrum for 81Ta m/z = 548
(MH).

X-ray Structure Determination of 7. The X-ray study
was carried out by using a Rigaku AFC-5R automatic diffrac-
tometer. Intensity data were obtained by w—26 scans with
Mo Ka radiation (4 = 0.710 69). Lattice parameters were
obtained by a least-squares analysis of 25 reflections scattered
in reciprocal space, obtained from the automatic centering
routine. Intensities of three standard reflections were moni-
tored after every 100 data points. Background was measured
before and after each peak. The solution and refinement of
the structure were carried out on a VAX computer using the
TEXSAN package that includes subroutines for direct method
(Patterson), difference Fourier maps, full-matrix least-squares
refinements, and distance and angle calculations. The data
were corrected for Lorentz and polarization effects. Absorption
correction was made by the standard method using the
azimuthal scan of a reflection near 90°.

The solution and refinement of the structure were performed
with the TEXAN program package. The position of tantalum
atom was determined by a Patterson map. Subsequent least-
squares refinements (full-matrix) and difference Fourier maps
revealed the remaining non-hydrogen atoms. Hydrogen atoms
bonded to the carbon atoms were placed in calculated positions
and were not refined. All non-hydrogen atoms were refined
anisotropically. The crystal data and data collection param-
eters are summarized in Table 5. Final positional parameters
of non-hydrogen atoms are given in Table 6.

Polymerization of Ethylene Catalyzed by Mono-Diene
Complexes. General Procedure. To a solution of 2b (12.1
mg, 2.66 x 107% mol) in toluene (18.5 mL) was added MAO
(500 equiv) via syringe at —78 °C. The color of the solution
immediately changed from dark violet to yellow. After the
catalyst mixture was stirred at 20 °C for 10 min, ethylene
(atmospheric pressure) was introduced. After 6 h at 20 °C,
the polymerization of ethylene was quenched by the addition
of HC1-MeOH, and the activity was found to be 1.90 kg h™!
(mol of Ta)™L.

Polymerization of Ethylene Catalyzed by TaClL,Cp* in
the Presence of MAO. To TaCl.Cp* (12.2 mg, 2.66 x 1075
mol) suspended in toluene (18.5 mL) was added MAO (500
equiv) via syringe. After the catalyst mixture was stirred at
room temperature for 10 min, ethylene (atmospheric pressure)
was introduced. After 6 h at room temperature, the polym-
erization was quenched by the addition of HCl-MeOH, and
the activity was found to be 7.89 x 1072 kg h~! (mol of Ta)™'.
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Table 6. Atomic Positional Parameters for 7

atom x y z Beg
Ta 0.07917(4) 0.15042(3) 0.84829(5) 3.45(2)
S —-0.0728(4) 0.0447(4) 1.0811(5) 8.2(3)
F1 -0.224(1) -0.047(1) 1.126(2) 13(1)
F2 —0.159(2) —0.064(1) 0.926(2) 19(2)
F3 -0.232(2) 0.055(1) 0.960(2) 19.3(7)
01 —-0.0245(6) 0.0694(6) 0.942(1) 4.8(4)
02 -0.022(1) —0.026(1) 1.152(2) 15.6(6)
03 —0.108(1) 0.110(1) 1.167(2) 13.9(5)
C1 0.124(1) 0.2808(8) 0.857(2) 5.7(7)
C2 0.047(1) 0.2798(8) 0.965(2) 5.8(8)
C3 —0.044(1) 0.248(1) 0.931(2) 5.8(8)
C4 -0.057(1) 0.219(1) 0.783(2) 7(1)
Cb5 0.072(2) 0.3101(9) 1.118(2) 6.7(8)
C6 0.162(1) 0.1351(8) 1.054(2) 4.8(7)
Cc7 -0.173(3) -0.021(2) 1.020(3) 13(2)
Cl1 0.223(1) 0.082(1) 0.748(2) 5.1(7)
Ci12 0.142(1) 0.0255(8) 0.739(2) 4.8(7)
C13 0.076(1) 0.0596(8) 0.642(2) 5.0(6)
Ci14 0.113(1) 0.133(1) 0.594(1) 5.8(8)
C15 0.204(1) 0.1486(9) 0.656(2) 5.5(6)
C16 0.318(1) 0.060(2) 0.841(2) 10(1)
C17 0.134(1) —-0.0563(9) 0.814(2) 8(1)
C18 -~-0.020(2) 0.023(2) 0.588(3) 13(2)
C19 0.075(3) 0.188(2) 0.477(2) 13(2)
C20 0.280(2) 0.216(1) 0.629(2) 11(1)

Polymerization of Ethylene by Bis-Diene Complexes.
General Procedure. To a solution of NbCp*(2,3-dimethyl-
1,3-butadiene); (9) (5.2 mg, 1.33 x 1075 mol) in toluene (9.3
mL) was added MAO (500 equiv) via syringe at —78 °C. The
color of the solution immediately changed from brownish
yellow to yellow. After the catalyst mixture was stirred at 20
°C for 10 min, ethylene (atmospheric pressure) was introduced.
After 1 h at 20 °C, polymerization was quenched by the
addition of HC1-MeOH, and the activity was found to be 24.65
kg h~! (mol of Nb)~1. Gel permeation chromatography (GPC)
analysis of this sample showed that the molecular weight (M,
and the molecular weight distribution (M/M,) were 3.07 x
10* and 1.18, respectively.

Mashima et al.

Attempted Preparation of a Cationic Tantalum Com-
plex. The reaction of §b with B(C¢Fs5); at room temperature
resulted in the formation of a yellow solution of cationic
organometallic gpecies, which was characterized only by 'H
NMR since the cationic complexes were too unstable thermally
to be isolated. 'H NMR (CgDs): 6 —1.27 (1H, d, Hngi, J = 6.9
Hz), —1.06 (1H, t, H%,, J = 7.1 Hz), ~0.56 (6H, brs, CHj),
~0.08 (1H, d, H'), 0.39 (1H, t, H4y), 1.79 (15H, s, CsMes),
2.61 (3H, s, CHjy), 6.52 (1H, t, H3).

Polymerization of Ethylene Catalyzed by in Situ
Mixture of 5a and B(C¢F5)s. To a solution of 5a (7.8 mg,
0.019 mmol) in toluene (7.4 mL) was added dropwise a solution
of B(CeFs)s (9.7 mg, 0.019 mmol) in toluene via syringe at 20
°C, and then atmospheric pressure of ethylene was introduced.
After 1 h, polymerization was quenched by the addition of 1
N HCI and the activity was found to be 1.38 kg h™! (mol of
Ta)™1.

Similarly, polymerization of ethylene was carried out by a
system of 5a (3.7 mg, 0.0092 mmol) with B(Cg¢Fs)3 (1 equiv,
4.7 mg, 0.0092 mmol) and AlEt; (10 equiv, 10.5 mg, 0.092
mmol) to show an activity of 8.12 kg h~! (mol of Ta)~!, while
a system of 5a (7.2 mg, 0.018 mmol) and AlEt; (10 equiv, 20.6
mg, 0.18 mmol) had no activity at all.
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Organocopper compounds of the general formula (8-diketonate)Cu(7-t-BuO-NBD) where
7-t-BuO-NBD = 7-tert-butoxynorbornadiene and S-diketonate = 1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate (1), 1,1,1-trifluoro-2,4-pentanedionate (2), 2,4-pentanedionate (3), 4,4,4-
trifluoro-1-(2-thienyl)-1,3-butanedionate (4), 4,4,4-trifluoro-1-phenyl-1,3-butanedionate (5),
and 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedionate (6) were prepared by reaction
of CuCl with Na(g-diketonate) in the presence of 7-£-BuO-NBD. All compounds were
characterized by elemental analyses and 'H, 1°C, and 1°F NMR, IR, and mass spectra. Single-
crystal structures of compounds 1, 4, and 5 were determined by X-ray diffraction analyses
that showed mononuclear copper species with coordination of a chelating S-diketonate ligand
through two oxygen atoms and the 7--BuO-NBD through one C=C double bond and an
oxygen atom in the solid state. Variable-temperature 'H NMR spectral data of compound
2 in the solution are consistent with this structural nature. Hot-wall chemical vapor
deposition experiments revealed that compound 1 is suitable as a precursor to deposit copper
films in the temperature range 200—260 °C. Crystallographic data for compounds 1, 4, and
5: (hfac)Cu(7-t-BuO-NBD) (1) crystallizes in monoclinic system, space group P2i/c, a =
8.923(1) A, b = 19.558(4) A, ¢ = 10.495(3) A, B = 90.45(2)°, V = 1831.3(7) A3, Z = 4. (Ttfac)-
Cu(7-t-BuO-NBD) (4) crystallizes in monoclinic system, space group P2y/n, a = 10.689(6) A,
b =9.712(4) A, ¢ = 19.323(4) A, 8 = 97.22(3)°, V = 1990.2(15) A3, Z = 4. (Btfac)Cu(7-t-
BuO-NBD) (5) crystallizes in triclinic system, space group P1, a = 9.617(1) A, b = 9.894(4)
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A ¢ =11.322(2) A, a = 104.57(2)°, B = 95.50(1)°, y = 104.76(3)°, V = 993.4(5) A3, Z = 2

Introduction

Metal—organic chemical vapor deposition (MOCVD)
of metals has a large number of important applications
in the electronics and coatings industries.! For instance,
CVD of aluminum? and tungsten® thin films are com-
monly used to deposit interconnect layers in microelec-
tronic devices. The use of copper(I) compounds as
precursors of chemical vapor deposition of copper at-
tracts much research interest as the result of potential
applications in the microelectronic industry.*~® Lewis
base-stabilized (B-diketonate)copper(I) complexes re-
ceive the most attention because they deposit highly

* Author to whom correspondence should be addressed.

® Abstract published in Advance ACS Abstracts, April 15, 1995.
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pure copper films via the disproportionation reaction of
eq 1. Although such complexes have been known for

2(8-diketonate)CuL. —
Cu + Cu(f-diketonate), + 2L (1)

about 30 years,® relatively little structural information
is available.8»10-12 Therefore, it is valuable to system-
atically investigate the structural properties of these
compounds to provide insight into their volatility,
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stability, and reactivity, especially in relation with CVD.
Here, we report the syntheses and characterizations of
a series of new (8-diketonate)Cu(alkene) complexes with
coordination number 4, in which alkene = 7-tert-
butoxynorbornadiene (7-2-BuO-NBD) and g-diketonate
=1,1,1,5,5,5-hexafluoro—2,4-pentanedionate (hfac) (1),
1,1,1-trifluoro-2,4-pentanedionate (tfac) (2), 2,4-pen-
tanedionate (acac) (3), 4,4,4-trifluoro-1-(2-thienyl)-1,3-
butanedionate (Ttfac) (4), 4,4,4-trifluoro-1-phenyl-1,3-
butanedionate (Btfac) (5), and 2,2-dimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedionate (fod) (6), variable-tem-
perature 'H NMR spectroscopic studies of the title
compounds, single-crystal structures of compounds 1,
4, and 5, and the results of hot-wall CVD experiments
with compound 1 as a precursor.

Experimental Section

General Procedures and Starting Materials, All op-
erations were performed under an atmosphere of nitrogen
purified by passage through columns of activated BASF
catalyst and molecular sieves and using standard Schlenk
techniques!® in conjunction with a double manifold vacuum
line. All hydrocarbon and ethereal solvents were dried and
distilled from sodium benzophenone ketyl at atmospheric
pressure before use. Copper(I) chloride, sodium hydride,
1,1,1,5,5,5-hexafluoro-2,4-pentanedione, 1,1,1-trifluoro-2,4-
pentanedione, 2,4-pentanedione, 4,4,4-trifluoro-1-(2-thienyl)-
1,3-butanedione, 4,4,4-trifluoro-1-phenyl-1,3-butanedione, and
2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedione (Aldrich
Chemical Co.) were used without further purification. The
sodium salts of the A-diketones'® and the diene 7-tert-
butoxynorbornadienel* were prepared by the methods previ-
ously described in the literature. Elemental analyses and
mass spectral analyses were made at National Science Council
Southern Instrument Center (Department of Chemistry, Na-
tional Cheng Kung University). NMR data were recorded on
a Varian Gemini-200 NMR spectrometer by using the protio
impurities of deuterated solvents as references for the *H NMR
and the !3C signals of the solvents as references for 1*C NMR
spectroscopies. 9F NMR spectra were externally referred to
CFCl;. Infrared data were recorded on a Perkin-Elmer Model
16 PC FTIR spectrophotometer. Melting points were mea-
sured in sealed capillaries on a Thomas-Hoover Unimelt
instrument without calibration.

Synthesis and Characterization of (§-Diketonate)Cu-
(7--Bu0O-NBD). a. (hfac)Cu(7--BuO-NBD) (1). Addition
of 7-t-BuQ-NBD (6.2 mL, 32.3 mmol) to a 250-mL Schlenk flask
containing a solution of CuCl (3.21 g, 32.3 mmol) in diethyl
ether (50 mL) gave a white slurry solution. A solution of Na-
(hfac) (7.52 g, 32.7 mmol) in Et;O (50 mL) was transferred
into the reaction flask with stirring, and the reaction mixture
turned yellow immediately. The mixture was stirred for 4 h
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T. T.; Duesler, E. N. J. Organomet. Chem. 1993, 449, 181.
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at room temperature. The volatile components were removed
in vacuo (0.1 Torr), and hexane (80 mL) was added to dissolve
the product. After filtration and removal of hexane, a yellow
powder was obtained. Recrystallization of the compound from
hexane (10 mL) at 0 °C afforded yellow, crystalline (hfac)Cu-
(7-t-BuO-NBD) (10.2 g, 73% yield).

Anal. Caled for Ci6H1703FsCu: C, 44.19; H, 3.94. Found:
C, 44.31; H, 3.93.

NMR data (Cs¢Ds, 18 °C): H 6 6.27 (s, 1H, CH on hfac),
6.04 (m, 2H, noncoordinated CH=CH on 7-t-Bu0O-NBD), 5.02
(br, s, 2H, coordinated CH=CH on 7-t-BuO-NBD), 3.31 (br, s,
1H, bridge H on 7-t-Bu0O-NBD), 2.93 (br, s, 2H, bridgehead H
on 7-t-BuQ-NBD), 0.85 (s, 9H, C(CH3)3 on 7-t-BuO-NBD) ppm;
13C{1H} & 178.3 (q, Jrc = 33.7 Hz, CF3CO on hfac), 139.6 (s,
noncoordinated CH=CH on 7-t-BuO-NBD), 119.3 (q, Jrc =
284.5 Hz, CF;3 on hfac), 101.9 (s, coordinated CH=CH on 7-t-
BuO-NBD), 92.7 (s, bridge C on 7-t-BuO-NBD), 90.1 (s, CH
on hfac), 76.8 (s, (CH3)sC on 7-t-BuO-NBD), 56.0 (s, bridgehead
C on 7-t-BuO-NBD), 28.2 (s, (CH;3)sC on 7-¢-BuO-NBD) ppm;
1SF{1H} 6 —76.3 (s) ppm.

IR data (KBr disk): 3764 (w), 2986 (w), 1644 (s), 1574 (m),
1540 (m), 1488 (s), 1387 (m), 1262 (s), 1194 (s), 1144 (s), 1084
(s), 898 (w), 800 (m), 676 (m), 586 (w) cm™1.

Mass spectral data (FAB*, m/z); 434, 34.5 [Cu(hfac)(7-¢-
BuO-NBD)I'*; 378, 81.8 [Cu(hfac)(7-HO-NBD)I'*; 227, 39.4
[Cu(7-t-BuO-NBD)]**; 171, 23.8 [Cu(7-HO-NBD)I'*; 139, 100
[CF;C(O)CHC(O)HT+; 107, 50.2 [(7-O-NBD)I'+; 91, 62.7 [C:HI';
77, 47.5 [CeHs1™; 63, 17.9 [Cult; 57, 50.3 [C.Hgl'*.

Mp: 105 °C, sublimation temperature: 75 °C/0.1 Torr.

b. (tfac)Cu(7--BuO-NBD) (2) Pale yellow, crystalline
(tfac)Cu(7-t-BuO-NBD) was prepared in 60% yield with a
procedure analogous to that of synthesis of compound 1.

Anal. Caled for CigH2003F3Cu: C, 50.46; H, 5.29. Found:
C, 50.16; H, 5.28.

NMR data (CgDs, 18 °C): 'H 6 6.09 (m, 2H, noncoordinated
CH=CH on 7-t-BuO-NBD), 5.77 (s, 1H, CH on tfac), 4.96 (br,
s, 2H, coordinated CH=CH on 7-t-BuO-NBD), 3.40 (br, s, 1H,
bridge H on 7-t-BuO-NBD), 3.05 (br, s, 2H, bridgehead H on
7-t-BuO-NBD), 1.75 (s, 3H, CH; on tfac), 0.99 (s, 9H, C(CH3);
on 7-¢-BuO-NBD) ppm; 3C{'H} ¢ 197.9 (s, CHsCO on tfac),
171.4 (q, Jrc = 31.0 Hz, CF3CO on tfac), 139.8 (s, noncoordi-
nated CH=CH on 7-t-BuQ-NBD), 120.8 (q, Jrc = 284.1 Hz,
CF3 on tfac), 97.4 (s, coordinated CH=CH on 7-t-BuO-NBD),
95.3 (s, CH on tfac), 92.2 (s, bridge C on 7-t-BuO-NBD), 76.5
(s, (CH3)3C on 7-t-BuO-NBD), 55.9 (s, bridgehead C on 7-t-
BuO-NBD), 29.6 (s, CH; on tfac), 28.5 (s, (CH3)sC on 7-¢-BuO-
NBD) ppm; *F{'H} 6 —75.4 (s) ppm.

IR data (KBr disc): 3764 (w), 2980 (w), 1628 (s), 1518 (s),
1497 (m), 1360 (w), 1298 (s), 1233 (m), 1182 (s), 1136 (s), 1084
(s), 886 (w), 774 (w), 700 (w), 582 (w) cm™L.

Mass spectral data (FAB*, m/z): 380, 51.2 [Cu(tfac)(7-t-BuO-
NBD)J*; 324, 83.8 [Cu(tfac)(7-HO-NBD)]'*; 227, 83.6 [Cu(7-
t-BuO-NBD)I*; 216, 12.1 [Cu(tfac)]'t; 171, 50.5 [Cu(7-HO-
NBD)If; 141, 23.0 [Cu(CeHe)I'"; 107, 22.0 [(7-O-NBD)I't; 92,
39.3 [NBD]*; 91, 100 [C;H/]'*; 79, 10.7 [CeHAI'T; 63, 15.2 [Cul™;
57, 51.2 [C4Hgl"".

Mp: 110 °C dec, sublimation temperature: 75 °C/0.1 Torr.

c. (acac)Cu(7-£-BuO-NBD) (3). White, crystalline (acac)-
Cu(7-t-BuO-NBD) was prepared in 47% yield following a
procedure similar to that of synthesis of compound 1 except
that THF was used as the solvent for reaction.

Anal. Calced for C16H230:Cu: C, 58.79; H, 7.09. Found: C,
58.40; H, 7.14.

NMR data (CgDs, 18 °C): 'H 6 6.14 (br, s, 2H, noncoordi-
nated CH=CH on 7-t-BuO-NBD), 5.36 (s, 1H, CH on acac),
4.88 (br, s, 2H, coordinated CH=CH on 7-t-BuO-NBD), 3.47
(br, s, 1H, bridge H on 7-t-BuO-NBD), 3.16 (br, s, 2H,
bridgehead H on 7--BuQ-NBD), 1.94 (s, 6H, CH; on acac), 1.09
(s, 9H, C(CH3); on 7-t-BuQ-NBD) ppm; 13C{'H} ¢ 190.3 (s, CO
on acac), 139.9 (s, noncoordinated CH=CH on 7-t-BuO-NBD),
100.0 (s, CH on acac), 93.3 (s, coordinated CH=CH on 7-¢-BuO-
NBD), 91.6 (s, bridge C on 7-t-BuO-NBD), 76.1 (s, (CH3)sC on
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7-t-BuOQ-NBD), 55.8 (s, bridgehead C on 7-t-BuO-NBD), 28.9
(s, CH; on acac), 28.7 (s, (CH;3)sC on 7-t-BuO-NBD) ppm.

IR data (KBr disk): 3083 (w), 2976 (w), 1596 (s), 1514 (s),
1462 (m), 1406 (s), 1363 (m), 1320 (w), 1272 (w), 1232 (m),
1188 (m), 1090 (s), 1016 (m), 936 (w), 890 (w), 672 (m), 702
(m), 572 (w) cm™1.

Mass spectral data (EI*, m/z): 326, 10.7 [Cu(acac)7-t-BuO-
NBD)I'*; 270, 7.4 [Cu(acac)7-HO-NBD)I**; 261, 10.3 [Cu-
(acac),]'; 163, 13.0 [HCu(acac)]"*; 147, 9.1 [Cu(CH,02)]**; 108,
31.1 [(7-HO-NBD)I'*; 107, 18.8 [(7-O-NBD)'*; 91, 79.0 [C/HAT';
85, 15.9 [(C{HLO9)1*; 79, 50.9 [CeHAI**; 78, 19.6 [CeHel™; 63,
6.3 [Cul*; 57,100 [C:H]".

Mp: 115 °C dec, sublimation temperature: 90 °C/0.1 Torr.

d. (Ttfac)Cu(7-t-BuO-NBD) (4). Yellow, crystalline (Ttfac)-
Cu(7-t-BuO-NBD) was prepared in 66% yield by using a
procedure analogous to that of the synthesis of compound 1.

Anal. Caled for C19H2003F3CuS: C, 50.83; H, 4.49. Found:
C, 50.62; H, 4.47.

NMR data (Ce¢Ds, 18 °C): 'H 6 7.26 (d, 1H, J = 3.2 Hz,
thienyl H on Ttfac), 6.85 (d, 1H, J = 4.8 Hz, thienyl H on
Ttfac), 6.53 (m, 1H, thienyl H on Ttfac), 6.51 (s, 1H, methine
CH on Ttfac), 6.09 (br, s, 2H, noncoordinated CH=CH on 7-t-
BuO-NBD), 4.99 (br, s, 2H, coordinated CH=CH on 7-¢-BuO-
NBD), 3.39 (br, s, 1H, bridge H on 7-t-BuO-NBD), 3.06 (br, s,
2H, bridgehead H on 7-t-Bu0Q-NBD), 0.97 (s, 9H, C(CH3)3 on
7-t-BuO-NBD) ppm. 2C{'H} 6 183.0 (s, CO on Ttfac), 172.5
(q, Jrc = 32 Hz, CF3CO on Ttfac), 146.8 (s, thienyl C on Ttfac),
139.6 (s, noncoordinated CH=CH on 7--BuO-NBD) 132.7 (s,
thienyl C on Ttfac), 130.5 (s, thienyl C on Ttfac), 120.8 (q, Jrc
= 284 Hz, CF; on Ttfac), 98.2 (s, coordinated CH=CH on 7-¢-
BuO-NBD), 92.3 (s, bridge C on 7-t-BuO-NBD), 91.5 (s,
methine CH on Ttfac), 76.5 (s, (CH3)sC on 7-t-BuO-NBD), 55.9
(s, bridgehead C on 7-t-BuQ-NBD), 28.5 (s, (CHg)sC on 7-t-
BuO-NBD) ppm; *F{'H} 6 ~75.3 (s) ppm.

IR data (KBr disk): 3752 (w), 2976 (w), 1602 (s), 1536 (s),
1516 (m), 1464 (m), 1412 (m), 1354 (m), 1304 (s), 1232 (m),
1172 (s), 1144 (s), 1080 (s), 1036 (w), 930 (w), 888 (w), 782
(m), 728 (w), 688 (m), 668 (w), 584 (w) cm™1,

Mass spectral data (FAB*, m/z): 568, 12.2 [Cuy(Ttfac)]™";
448, 34.1 [Cu(Ttfac)7-t-BuO-NBD)I'*; 392, 85.2 [Cu(Ttfac)7-
HO-NBD)I'*; 285, 24.5 [HCu(Ttfac)]"*; 227, 67.3 [Cu(7-t-BuO-
NBD)I**; 171, 89.2 [Cu(7-HO-NBD)I*; 141, 18.0 [Cu(CeHg)]'*;
111, 21.8 [CsH3081+; 107, 18.8 [(7-0-NBD)I'; 92, 26.2 [NBDI'*;
91, 100 [C7H/I'*; 63, 7.0 [Cul'"; 57, 24.8 [C:Hgl".

Mp: 115 °C dec, sublimation temperature: 90 °C/0.1 Torr.

e. (Btfac)Cu(7-£-BuO-NBD) (5). Yellow, crystalline (Bt-
fac)Cu(7-t-BuO-NBD) was prepared in 63% yield by using a
procedure analogous to that of synthesis of compound 1.

Anal. Caled for Cz;Hz203F3Cu: C, 56.94; H, 5.01. Found:
C, 56.94; H, 5.02.

NMR data (CsDs, 18 °C): 'H 6 7.86 (m, 2H, phenyl H on
Btfac), 7.07 (m, 3H, phenyl H on Btfac), 6.59 (s, 1H, methine
CH on Btfac), 6.16 (br, s, 2H, noncoordinated CH=CH on 7-t-
BuO-NBD), 5.03 (br, s, 2H, coordinated CH=CH on 7-¢-BuO-
NBD), 3.43 (br, s, 1H, bridge H on 7-t-Bu0O-NBD), 3.12 (br, s,
2H, bridgehead H on 7-t-BuQ-NBD), 0.96 (s, 9H, C(CH3); on
7-t-BuO-NBD) ppm; ®C{1H} 6 189.9 (s, CéHsCO on Btfac),
173.0 (q, Jrc = 32.0 Hz, CF3CO on Btfac), 140.4 (s, phenyl C
on Btfac), 139.8 (s, noncoordinated CH=CH on 7-t-BuO-NBD),
132.6 (s, phenyl C on Btfac), 121.3 (g, Jrc = 284.3 Hz, CF3 on
Btfac), 97.9 (s, coordinated CH=CH on 7-t-BuO-NBD), 92.3
(s, methine CH on Btfac), 92.0 (s, bridge C on 7-t-BuO-NBD),
76.6 (s, (CH3)3C on 7-¢-BuO-NBD), 56.0 (s, bridgehead C on
7-t-BuO-NBD), 28.5 (s, (CH3)sC on 7-t-BuO-NBD) ppm; °F-
{IH} 6 —75.2 (s) ppm.

IR data (KBr disk): 3752 (w), 2982 (w), 1612 (s), 1587 (m),
1540 (m), 1482 (m), 1377 (w), 1292 (s), 1257 (m), 1178 (s), 1152
(s), 1088 (m), 898 (w), 764 (w), 686 (w), 658 (w), 596 (w) cm™L.

Mass spectral data (FAB*, m/z): 720, 12.4 [Cua(Btfac)s(7-
t-BuO-NBD)I**; 442, 59.6 [Cu(Btfac)7-t-BuO-NBD)]'t; 386, 100
[Cu(Btfac)7-HO-NBD)I**; 279, 51.4 [HCu(Btfac)]'t; 227, 87.2
[Cu(7-t-BuO-NBD)I'+; 216, 12.5 [HBtfacl'*; 171, 41.1 [Cu(7-
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HO-NBD)I'*; 141, 15.2 [Cu(Ce¢Hg)I'*; 107, 15.5 [(7-O-NBD)I'*;
92, 12.9 [NBDI'*; 91, 83.3 [C/H7]"*; 77, 9.5 [CeHs]; 63, 4.6
[Cul*; 57, 17.6 [C/Hg]".

Mp: 116 °C, sublimation temperature: 90 °C/0.12 Torr.

f. (fod)Cu(7-¢-BuO-NBD) (6). Yellow, crystalline (fod)-
Cu(7-t-BuO-NBD) was prepared in 53% with a procedure
analogous to that for compound 1.

Anal. Caled for C;H2603F-Cu: C, 48.23; H, 5.01. Found:
C, 48.10; H, 5.04.

NMR data (C¢Ds, 18 °C): 'H 6 6.15 (s, 1H, CH on fod), 6.10
(br, s, 2H, noncoordinated CH=CH on 7-t-BuO-NBD), 4.93 (br,
s, 2H, coordinated CH=CH on 7-t-BuO-NBD), 3.39 (br, s, 1H,
bridge H on 7-t-BuO-NBD), 3.03 (br, s, 2H, bridgehead H on
7-t-BuO-NBD), 1.10 (s, 9H, C(CHj); on fod), 0.97 (s, SH,
C(CH3)3 on 7-t-BuO-NBD) ppm; *C{'H} & 206.1 (s, (CH3)sCCO
on fod), 172.9 (t, Jrc = 22.6 Hz, CF:CO on fod), 139.8 (s,
noncoordinated CH=CH on 7-t-Bu0O-NBD), 123.0—104.9 (m,
CF3CF.CF; on fod), 97.5 (s, coordinated CH=CH on 7-t-BuO-
NBD), 92.4 (s, CH on fod), 92.1 (s, bridge C on 7-¢-BuO-NBD),
76.4 (s, (CHa)sC on 7-t-BuO-NBD), 55.9 (s, bridgehead C on
7-t-BuO-NBD), 43.0 (s, C(CHj3)s on fod), 28.6 (s, C(CHs)s on
fod), 28.5 (s, C(CH3); on 7-t-BuO-NBD) ppm; *F{*H} 6 —80.5
(s), —119.0 (s), —126.2 (s) ppm.

IR data (KBr disk): 2986 (m), 1627 (s), 1581 (m), 1511 (m),
1480 (s), 1401 (w), 1355 (m), 1231 (s), 1198 (s), 1125 (m), 1083
(s), 1028 (w), 918 (w), 793 (w), 697 (m), cm™*,

Mass spectral data (EI*, m/z): 522, 2.3 [Cu(fod)(7-t-BuO-
NBD)I'*; 466, 3.1 [Cu(fod X 7-HO-NBD))'; 359, 4.9 [HCu(fod)I'";
301, 15.7 [Cu(C3F,C(O)CH-C(0))1**; 239, 13.7 [C3F,C(O)CHC-
(O)I'*; 227, 10.0 [Cu(7-t-BuO-NBD)I**; 171, 7.4 [Cu(7-HO-
NBD)I't; 149, 7.6 [(7-(CH3).CO-NBD)I'*; 141, 5.4 [Cu(CsHeg)I'";
108, 37.1 [(7-HO-NBD)I'*; 107, 27.6 [(7-O-NBD)I'*; 92, 11.6
[NBDJ]*; 91, 97.0 [C7H7]’+; 79, 63.8 [C6H7]'+; 78, 21.0 [CeHs]'+;
77, 27.1 [CeHs1"*; 69, 24.4 [CFs]*t 63, 11.3 [Cul*; 57, 100
[C{Hgl.

Mp: 115 °C dec, sublimation temperature: 85 °C/0.1 Torr.

X-ray Single-Crystal Structural Determination. Three
examples of the title compounds were characterized structur-
ally in the solid state by single-crystal X-ray diffraction. All
diffraction data were collected on an Enraf-Nonius CAD-4
diffractometer with monochromated Mo Ko radiation (A =
0.709 30 A) using ©/20 scan mode. Crystal, collection, and
refinement data are summarized in Table 1.

a. (hfac)Cu(7--BuQ-NBD) (1). Bright yellow crystals of
(hfac)Cu(7-t-BuO-NBD) were grown by crystallization from
hexane solution at —20 °C, and a single crystal of dimensions
0.40 x 0.50 x 0.50 mm?® was selected for X-ray analysis. Cell
parameters were determined from a fit of 25 reflections (23.40
< 20 < 27.60 °). All data were corrected for Lorentz and
polarization effects and for effects of absorption. A total of
3228 reflections was collected, but only 2586 unique reflections
with I > 20(I) were used for structural solution and refinement.
The structure was solved by the heavy-atom method and
refined by full-matrix least-squares methods based on F
values. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The atomic scattering factors were taken
from International Tables for X-ray Crystallography.'®* The
final agreement factors are Ry = 0.042, R,, = 0.042 with w =
1/6¥F).

b. (Ttfac)Cu(7-£-BuO-NBD) (4). Light yellow crystals of
(Ttfac)Cu(7-t-BuO-NBD) were grown by crystallization from
hexane solution at —20 °C and a single crystal of dimensions
0.50 x 0.50 x 0.70 mm?® was selected for X-ray analysis. Cell
parameters were determined from a fit of 25 reflections (19.42
< 20 < 25.38°). All data were corrected for Lorentz and
polarization effects and for effects of absorption. A total of
3495 reflections was collected, but only 2481 unique reflections
with I > 20(]) were used for structural solution and refinement.
The structure was solved by the heavy-atom method and

(15) International Tables for X-ray Crystallography; Kynoch Press:
Birmingham, U.K,, 1974; Vol. IV.
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Table 1. Summary of Crystallographic Data for Compounds 1, 4, and 5
compd 1 4 5

emp form. C15H,505CuFg C19H2p03CuF3S C21H2203CuF3

form. wt 434.84 448.96 442 .94

cryst size (mm?) 0.40 x 0.50 x 0.50 0.50 x 0.50 x 0.70 0.35 x 0.50 x 0.65

space grp monoclinic; P2,/c monoclinic; P2,/n triclinic P1

a(d) 8.9227(12) 10.689(6) 9.6174(13)

b(A) 19.558(4) 9.712(4) 9.894(4)

c(A) 10.495(3) 19.323(4) 11.3223(19)

a(®) 104.574(24)

g 90.450(17) 97.22(3) 95.501(12)

y(®) 104.76(3)

V (A3) 1831.3(7) 1990.2(15) 993.4(5)

Z 4 4 2

d (caled) (g/em?) 1.577 1.498 1.481

A(A) 0.70930

T (K) 298.00

F(000) 880 922 457

26 range (deg) 23.40-27.60 19.42-25.38 18.92-30.48

scan type 6/20

scan speed (deg/min) 2.06—8.24

scan width 2(0.70 + 0.35 tan 0)

2'9ma: 50

u(em™1) 12.623 12.412 11.446

transmission 0.864: 1.000 0.882; 1.000 0.892; 1.000

index ranges -10<h <10 -12<h <12 =11 <h <10
0<k<23 0<k<1l1 0<k=<11
0<[l<12 0<l<22 -13<1<13

Rr; R.® 0.042; 0.042 0.051; 0.052 0.035; 0.035

goodness-of-fit? 3.47 2.47 2.25

weights scheme 1/o*(F,)

refine. prog. NRCVAX

no. of atoms 43 47 50

no. of params refined 268 245 254

largest Alo 0.0299 0.0255 0.0216

@ Rp = X(F, — F)XF, Ry= (Xw(F, — FVE(wF2)V2, * Goodness-of-fit = (Z[w(F, — F.)?/(no. of reflections — no. of parameters))'2.

heating tape

N
@//[ sut;t,rnte

precursor furnance

Figure 1. Schematic plot of hot-wall CVD reactor.

refined by full-matrix least-squares methods based on F
values. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The atomic scattering factors were taken
from International Tables for X-ray Crystallography.'> The
final agreement factors are Ry = 0.051, Rw = 0.052 with w =
1/6%F).

c. (Btfac)Cu(7-£-BuO-NBD) (5). Yellow crystals of (Bt-
fac)Cu(7-t-BuO-NBD) were grown by crystallization from
hexane solution at —20 °C, and a single crystal of dimensions
0.35 x 0.50 x 0.65 mm? was selected for X-ray analysis. Cell
parameters were determined from a fit of 25 reflections (18.92
< 20 < 30.48°). All data were corrected for Lorentz and
polarization effects and for effects of absorption. A total of
3499 reflections was collected, but only 2940 unique reflections
with I > 20(I) were used for structural solution and refinement.
The structure was solved by the heavy-atom method and
refined by full-matrix least-squares based on F values. All
non-hydrogen atoms were refined by full-matrix least-squares
based on F values. All non-hydrogen atoms were refined with
anisotropic thermal parameters. The atomic scattering factors
were taken from International Tables for X-ray Crystal-
lography.® The final agreement factors are Ry = 0.035, R, =
0.035 with w = 1/a%(F).

Chemical Vapor Deposition of Copper Films from
Compound 1. CVD experiments were conducted in the hot-

= to vacuum

liquid nitrogen trap

wall reactor shown in Figure 1. Substrates of two types, Si
(100) wafers coated with 1000 A of Pt and with 2000 A of
thermally grown SiO., were used. The substrates, typically
1.5 em x 1.5 cm?, were cleaned with deionized water, acetone,
and 1,1,1-trichloroethane and then heated to 100 °C for 20 min
before use. The CVD reactor was charged with (hfac)Cu(7-¢-
BuO-NBD) (approximately 0.5 g) and a substrate in a glovebox
with nitrogen atmosphere for each experiment. The assembled
reactor was attached to a U-trap that was cooled with liquid
N; and connected to a vacuum line. While the system was
evacuated (0.1 Torr), the deposition zone was preheated with
a furnance for 1 h to attain the deposition temperature and
the precursor remained at room temperature. The precursor
was then warmed to 80 °C with a heating tape to transfer into
the deposition zone and deposition was continued until all
precursor had evaporated. Deposition was undertaken over
a temperature range 140—260 °C at 30 °C intervals. No
carrier gas was used in these experiments. Film resistivities
were measured with a four-point probe.

Results and Discussion

1. Synthesis of (8-Diketonate)Cu(7-£-BuO-NBD)
Complexes. The title compounds were prepared from
reactions of CuCl with the corresponding $-diketonate



(B-Diketonate)(7-tert-butoxynorbornadiene)copper(l) Compounds

Organometallics, Vol. 14, No. 6, 1995 2645

Figure 3. ORTEP drawing of (Ttfac)Cu(7-t-BuO-NBD) (4).

salts of sodium in the presence of 7-£-BuO-NBD accord-
ing to eq 2. The reactions were carried out in ethereal

CuCl + Na(B-diketonate) + 7-¢-BuO-NBD —
(B-diketonate)Cu(7-£-BuO-NBD) + NaCl (2)

solutions at room temperature, and products were
isolated on extraction with hexane and removal of
volatile species in vacuo. A similar method was used
to prepare analogous complexes of 1,5-cyclooctadiene
(1,5-COD).!t  These compounds are yellow to white
solids that can be sublimed at temperatures above 75
°C under a reduced pressure (about 0.1 Torr). They are
thermally robust and moderately sensitive to air and
moisture. All compounds gave satisfactory elemental
analyses and were characterized by solution 1H, 13C, and
I9F NMR, IR, and mass spectroscopic methods.

2. Single-Crystal Structural Determination of
Compounds 1, 4, and 5. The molecular structures of
(hfac)Cu(7-t-BuO-NBD) (1), (Ttfac)Cu(7--BuO-NBD)
(4), and (Btfac)Cu(7-t-BuO-NBD) (5) were determined
in the solid state by single-crystal X-ray diffraction
analyses. ORTEP diagrams showing the atomic label-
ing scheme of these molecules are presented in Figures
2—4. The crystal, collection, and refinement data are
summarized in Table 1; selected bond lengths and bond
angles are given in Tables 2 and 3. Unlike the dinuclear
norbornadiene derivative, [(hfac)Culz(norbornadiene),!12
these compounds are mononuclear and the central
copper atom is coordinated by the chelating S-diketonate
ligand through two oxygen atoms and the 7-¢-BuO-NBD
through one C=C double bond and an oxygen atom. The
same coordination mode for the 7-£-BuO-NBD ligand is

Figure 4. ORTEP drawing of (Btfac)Cu(7-t-BuO-NBD) (5).

Table 2. Selected Bond Lengths (A) for
Compounds 1, 4, and 5

compd 1 4 5
Cu-0(1) 2.249(2) 2.344(3) 2.365(2)
Cu-0(2) 1.976(2) 1.943(3) 1.953(2)
Cu—-0(3) 1.988(2) 1.962(3) 1.966(2)
Cu—-C(1) 2.011(3) 1.991(5) 1.987(3)
Cu-C(2) 2.029(3) 2.014(4) 2.033(3)
C(1)-C(2) 1.346(5) 1.359(8) 1.354(4)
C(4)-C(5) 1.294(6) 1.299(8) 1.311(6)

Table 3. Selected Bond Angles (deg) for
Compounds 1, 4, and 5

compd 1 4 5

0(1)-Cu-0(2) 105.4(1) 104.2(1) 101.8(1)
O(1)-Cu-0(3} 109.2(1) 99.7(1) 104.4(1)
O(1)-Cu~C(1) 81.6(1) 81.8(2) 80.5(1)
0(1)-Cu—C(2) 81.2(1) 79.8(2) 81.3(1)
0(2)—Cu—0(3) 93.3(1) 95.2(1) 94.0(1)
0(2)-Cu—C(1) 152.7(1) 153.6(2) 159.3(1)
0(2)—-Cu—-C(2) 115.0(1) 115.2(2) 120.2(1)
0(3)-Cu-C(1) 109.5(1) 109.4(2) 105.4(1)
0(3)-Cu—C(2) 146.6(1) 149.0(2) 143.8(1)
C(1)-Cu—-C(2) 38.9(2) 39.7(2) 39.3(1)
Cu-0(1)-C(7) 99.6(2) 97.1(2) 96.3(1)
Cu—-C(1)-C(2) 71.3(2) 71.1(3) 72.2(2)
Cu~C(2)-C(1) 69.8(2) 69.3(3) 68.5(2)

reported in the structure of (7-¢-BuO-NBD);Mo(CO),.18
The bond distances and angles within the S-diketonate
ligand are similar to those of other S-diketonate copper-
(I) complexes according to previous reports.l0-12 The
coordination geometry about copper is best described as
a highly distorted tetrahedron that resembles that of
(hfac)Cu(1,5-COD).1'* The atoms O(2), O(8), C(1), and
C(2) are mutually coplanar, and the copper atom lies
slightly (for example, 0.091 A for compound 1) above
the plane. The O(1) atom occupies the fourth coordina-
tion site with a relatively weak interaction to copper
atom (Cu—O(1) distance = 2.249(2), 2.344(83), and
2.365(2) A for compounds 1, 4, and 5, respectively)
compared with bonding between copper and oxygens of
p-diketonate ligands in the same molecule (Cu—0(2),
Cu—0(3) bond distances are 1.94—1.99 A for compounds
1, 4, and §), and with Cu—O bonding in the molecule
(t-BuOCu), (average bond length is 1.85 A).17 Thus, the
structures are best described as “3 + 1” coordination of
the copper center also observed in the molecular struc-

(16) Chow, T. J.; Chao, Y.-S.; Liu, L.-K. J. Am. Chem. Soc. 1987,
109, 797.
(17) Greiser, T.; Weiss, E. Chem. Ber. 1976, 109, 3142.
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Table 4. Chemical Shifts® of Olefinic 'H and 13C
NMR Resonances for 7-£-BuQO-NBD and
Compounds 1-6

6 (Ad%) (ppm)
1 13
compd H C
7-t-BuO- 6.54 6.56 137.9 140.6
NBD

1 5.02 (—1.52) 6.04 (—0.52) 101.9(-36.0) 139.6 (—1.0)
2 4.96 (—1.58) 6.09(—0.47) 97.4(-40.5) 139.8 (—0.8)
3 4.88(—1.66) 6.14(—0.42) 93.3(—44.6) 139.9 (—0.7)
4 4.99 (-1.55) 6.09 (—0.47) 98.2(—39.7) 139.6(-1.0)
5 5.03 (~1.51) 6.16(-0.40) 97.9(-40.0) 139.8(-0.8)
6 4.93(-1.61) 6.10(-0.46) 97.5(-40.4) 139.8(-0.8)

¢ In CgDg. ® A6 = Op.diketonate compd ~ 07.+.BuO-NBD-

ture of (hfac)Cu(1,5-COD).11* Because hfac ligand pos-
sesses two electron-withdrawing CF; substituents, bond
distances between copper and oxygen atoms of S-dike-
tonate in compound 1 are longer than those in com-
pounds 4 and 5. To compensate for the electron
deficiency on the copper center, donation of more
electron density from O(1) to Cu, which resulted in a
shorter (approximately 0.1 A) Cu—O(1) bond in com-
pound 1 than in compounds 4 and 5, was observed. The
longer bonds of the coordinated olefins (C(1)—C(2) =
1.346(5), 1.359(8), and 1.354(4) A for compounds 1, 4,
and 5, respectively) than those of the noncoordinated
olefins (C(4)—C(5) = 1.294(6), 1.299(8), and 1.311(6) A
for compounds 1, 4, and 5, respectively) indicate the
existence of 7-backbonding between alkene and copper
centers in these compounds (see below). No other
distances and angles within the 7--BuO-NBD are
exceptional.

3. NMR Spectroscopic Studies of (8-Diketo-
nate)Cu(7-£-BuO-NBD) Complexes. The integrated
IH and '3C NMR spectra of the title compounds are
consistent with the empirical formula (§-diketonate)-
Cu(7-t-BuO-NBD) and exhibit olefinic resonances of the
two types presented in Table 4. Both resonances have
smaller chemical shifts than those of free 7--BuO-NBD.
The signal at higher field is associated with the coor-
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dinated olefinic 'H or 3C and the other is attributed to
the noncoordinated olefin. Comparisons of 'H and 13C
chemical shifts for the free alkene and the alkene
coordinating to the Cu(I) center were used to evaluate
the relative contributions of # and ¢ bonding in the
complexes.'®1® Variations of chemical shifts (Ad) of
olefinic protons and carbons for compounds 1—6 are
listed in Table 4 and are much larger than those for
other (8-diketonate)(alkene)Cu(I) compounds that were
found to be between +0.02 and —0.74 ppm and between
—8.14 and —29.04 ppm for 'H and 13C signals, respec-
tively.!® This feature implies the existence of relatively
stronger 7-backbonding between alkene and copper
center in the title compounds. Shieldings of both
coordinated olefinic '"H and !3C nuclei of these com-
pounds follow the increasing order of 3 > 2 > 1 in
agreement with electron donor capabilities of S-diketo-
nate ligands.

On the basis of the solid-state structures of com-
pounds 4 and 5, those containing an asymmetrically
substituted S-diketonate ligand (R = R’, see Scheme 1)
are expected to exhibit bridgehead [H(3), H(6)], coordi-
nated olefinic [H(1), H(2)], and noncoordinated olefinic
[H(4), H(5)] proton NMR signals of two types. This
structural feature is consistent with the variable-
temperature 'H NMR spectra of compound 2 in CD:Cl
solution are shown in Figure 5. The room-temperature
NMR spectrum exhibits single bridgehead, coordinated
olefinic, and noncoordinated olefinic proton signals at
0 3.37, 5.21, and 6.52 ppm, respectively, probably
resulting from rapid dynamic rearrangement of the
molecule in solution. Upon cooling, bridgehead and
coordinated olefinic proton resonances decoalesced each
into two signals of equal intensity. The activation
barrier AG% of dynamic rearrangement was estimated
to be 11.7 £ 0.5 kcal'mol™! from the coalescence tem-
perature (about 241 K, Av = 16.3 Hz) of bridgehead
protons. However, only one broad noncoordinated ole-
finic proton resonance was observed in these spectra
even at a temperature of 203 K. Similar variable-

Scheme 1
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Figure 5. Variable-temperature *H NMR spectra of

(tfac)Cu(7-t-BuO-NBD) (*, CD2Cly; 1, methine H on tfac;
and %, bridge H on 7--BuO-NBD).

temperature NMR measurements (down to 203 K) of
compounds 4—6 were made, but the low-temperature
limiting spectra were not attained. Two plausible
routes to undergo the dynamic rearrangement are
proposed in Scheme 1: (i) rotation of the Cu(B-diketo-
nate) moiety about the Cu—olefin bond and (ii) rotation
of the Cu(7-t-BuO-NBD) moiety about the bond between
Cu and one O atom of the g-diketonate ligand. Both
routes involve cleavage of the Cu—O bond. On the basis
of the structures of compounds 1, 4, and 5 in the solid
state, the bonds between Cu and O of 7--BuO-NBD are
more labile than those between Cu and O of the
p-diketonate in the title compounds. Exchange between
the free f-diketonate anion with the coordinated S-dike-
tonate of compound 2 has also been examined. Addition
of Na(tfac) to a CD2Cly solution of (tfac)Cu(7-t-BuO-
NBD) resulted in no exchange with coordinated tfac
ligand on the 'H NMR time scale at 303 K. Thus, it
appears that molecules of compound 2 can undergo
rearrangement via the rotation of Cu(S-diketonate)
moiety about the Cu—olefin bond.

4. Chemical Vapor Deposition of Copper from
(hfac)Cu(7--BuQ-NBD). Chemical vapor deposition
experiments in the hot-wall system were carried out
with (hfac)Cu(7-¢-BuO-NBD) as precursor over the
deposition temperature range 140—260 °C. The precur-
sor was sublimed at 80 °C under reduced pressure (0.1
Torr) and was transferred through the deposition zone.
Durations of deposition were 60—90 min, and the film
thicknesses were 1.5—3.5 um. Continuous copper films
with a metallic color and resistivities less than 6 uQ-<cm
were deposited on both SiOs- and Pt-coated substrates
at deposition temperatures above 200 °C. Hence, the

ﬂél?sgaum. T. H.; Larson, C. E.; May, G. J. Organomet. Chem. 1993,
(19) (a) Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc. 1973, 95,
}ggﬁ (b) Salomon, R. G.; Kochi, J. K. J. Organomet. Chem. 1974, 64,
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Figure 6. Scanning electron micrographs of copper films
deposited from (hfac)Cu(7-t-BuO-NBD) at (a) 230 °C and
(b) 140 °C.

Cu(I) precursor may undergo disproportionation to form
Cu metal and greenish-blue Cu(hfac); which was ob-
served on the cool end of the CVD reactor. The same
mechanism was proposed for the CVD reactions with
other B-diketonate complexes of copper(I) as precursors
by Hampden-Smith.6-8 All copper films had good adhe-
sion according to the Scotch tape test. The surface
morphology of the films was determined with SEM; a
typical example deposited on a Pt-coated Si substrate
at 230 °C appears in Figure 6a. The films deposited at
temperatures above 200 °C consist of continuous grains
similar to those in previous reports.6~81% The grain size
increases with increasing deposition temperature. X-
ray diffraction analyses of these films show the existence
of crystalline material. A diffraction pattern of a film
deposited on a SiOs-coated substrate at 200 °C (Figure
7) corresponds to cubic copper.

Films deposited at the temperatures below 170 °C
have a dark red color that is distinct from that of films
deposited at temperatures >200 °C. It is possible that
these films contain significant amount of impurities that
result in larger resistivities (> 1000 #Q-cm). These films
have a morphology (Figure 6b) apparently distinct from
those deposited at higher temperatures, which indicates
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Figure 7. XRD pattern of a film deposited on a SiOs-coated substrate at 200 °C.

a different composition. Although all title compounds
are volatile, compounds 2—-6 exhibited insufficient
thermal stability at sublimation temperatures to allow
CVD experiments.

In conclusion, we prepared new copper(I) complexes
of the general formula (5-diketonate)Cu(7-t-BuO-NBD).
All compounds were characterized by analytical and
spectral methods. Structural properties of three com-
pounds were determined by single-crystal X-ray diffrac-
tion analyses. 'H NMR spectra of all compounds in
solution at varied temperatures indicated rapid rear-
rangements of these flexible molecules. CVD experi-
ments using (hfac)Cu(7-t-BuO-NBD) as precursor dem-
onstrated deposition of pure copper films at temperatures
above 200 °C.
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Novel Synthetic Route to Vinylidenerhodium(I) and
-iridium(I) Complexes Using Vinyl Chlorides as
Substrates’!
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The bis(triisopropylphosphine)rhodium(I) and -iridium(I) compounds [RhCl(PiPrs),], (1)
and [IrCl(CsH14)(PiPr3).] (2) react with 2 equiv of RR’"C=CHCI and 2 equiv of Na in benzene
at room temperature to give the vinylidene complexes trans-[MCl(=C=CRR')(PiPr;).] (3—
7) in moderate to good yields. From 2, Ph,C=CHCI, and Na, the alkyne derivative trans-
[IrCI(PhC=CPh)(P:Prs).] (8) is obtained as the main product. Preliminary studies aimed to
elucidate the mechanism of the reaction indicate that from RR’'C=CHCI and Na a vinyl
radical RR'"C=CH?" is possibly formed which, depending on the substituents R and R’, either
reacts to give the alkyne RC=CR’, initiates polymerization, or attacks the metal center of
the starting material, to give the metal vinylidenes.

Whereas numerous vinylidene transition-metal com-
plexes of general composition [M(=C=CRR')L, ] with R
= H and R’ = alkyl or aryl are known, only a few
examples of corresponding uncharged derivatives where
both substituents R and R’ are alkyl or aryl have been
described in the literature.? Recently, Schubert and
Groenen have shown that cyclopentadienylmanganese
and (arene)chromium complexes of the type [(ring)M-
(=C=CR2)(CO)L] (R = Me, Ph; L = CO, PR3) can be
prepared from cyclopentadienyl— or arene—metal pre-
cursors and RoC=C(SiMe3)C], but this route could not
be extended to d® systems of the cobalt or nickel
subgroup. Attempts to use olefins RoC=CHCI for the
preparation of these complexes and instead of Me3SiCl
to eliminate HC] remained unsuccessful.* Following our
work on the synthesis of silyl- and stannyl-substituted
vinylidenerhodium compounds trans-{RhCl(=C=C(SiRj)-
R')}PiPr3)e] and trans-[RhCl(=C=C(SnPh3)R’}PiPr;);]
(R’ = alky! or aryl),’ we wish to report here that related
complexes trans-{MCl(=C=CRR')PiPr3):] for M = Rh
and Ir are accessible on a route using vinyl chlorides
and alkaline metals as substrates. This novel procedure
illustrates that not only terminal alkynes HC=CR and
their silyl or stannyl derivatives RREC=CR’ (E = Si, Sn)
but also chlore-substituted olefins without SiMes as a
further substituent can provide an entry into the
chemistry of transition-metal vinylidenes.

" Dedicated to Professor Karl-Heinz Thiele on the occasion of his
65th birthday.

® Abstract published in Advance ACS Abstracts, April 15, 1995.
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Results and Discussion

The starting materials 1 and 2 (the latter generated
in situ from [IrCl(CgHi4)2]: and PiPr3)® which have
already been used for the preparation of trans-[MCl-
(=C=CHR)(PiPr3);] (M = Rh,” Ir%) react with Me,-
C=CHCI1 and sodium sand (average diameter of the
particles 1 mm) in benzene at room temperature to give
3 and 4 in 50—55% yield (Scheme 1). Both compounds
are red-violet crystalline solids which are only slightly
air-sensitive and thermally stable to about 100 °C.
Related derivatives 5—7 are obtained in less satisfying
yield (20—30%) and, like 3 and 4, have been character-
ized by elemental analysis and NMR spectroscopy. The
most typical features are (1) the low-field signals in the
13C NMR spectra at 6 = 260—300 and 105—130 which
in analogy to previously obtained data are assigned to
the a-C and $-C vinylidene carbon atoms™® and (2) the
single 3P NMR resonance (singlet for 4 and 7 and
doublet for 8, 5, and 6) indicating that the phosphine
ligands are in trans-disposition.

With regard to the mechanism of formation of the
vinylidene complexes 3—7 from the starting materials
1 and 2 and vinyl chlorides RR"C=CHC] in the presence
of Na, we note that the ratio of metal vinylidenes to side
products considerably depends (1) on the vinyl substit-
uents R and R/, (2) on the amount of sodium used, and
(3) on the concentration of the reactants. As far as the
influence of the substituents is concerned, the best yield
of vinylidene complex has been obtained for R = R’ =
CH;. In contrast, if R and R’ is C¢Hs (and M = Ir), the
yield of trans-[MCl(=C=CPh;)(PiPr3);] is rather low

(6) Schulz, M. Diploma Thesis, Universitdt Wiirzburg, 1988,

(7)(a) Werner, H.; Garcia Alonso, F. J.; Otto, H.; Wolf, J. Z.
Naturforsch., B: Anorg. Chem., Org. Chem. 1988, 43, 722—-726. (b)
Werner, H.; Brekau, U. Z. Naturforsch., B: Anorg. Chem., Org. Chem.
1989, 44, 1438—1446. (c) Werner, H.; Rappert, T.; Wolf, J. Isr. J. Chem.
1990, 30, 377—384. (d) Rappert, T.; Niirnberg, O.; Mahr, N.; Wolf, J.;
Werner, H. Organometallics 1992, 11, 4156—4164. (e) Werner, H.;
Rappert, T. Organometallics 1998, 12, 1359—1364.

(8) (a) Hohn, A.; Otto, H.; Dziallas, M.; Werner, H. J. Chem. Soc.,
Chem. Commun. 1987, 852—854. (b) Héhn, A.; Werner, H. J. Orga-
nomet. Chem. 1990, 382, 255—272. (c) Werner, H.; Hohn, A.; Schulz,
M. J. Chem. Soc., Dalton Trans. 1991, 777-781.
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since among the reaction products the isomeric alkyne
compound 8 dominates. The formation of 8 is not
surprising because it has been proven by us that one of
the products of the reaction of PhyC=CHCI with Na is
PhC=CPh which reacts with 2 by ligand displacement
to yield 8.°

The influence of the amount of vinyl chloride and
sodium on the product ratio has been investigated in
the synthesis of 4. We found that in order to obtain a
yield of 50—55% it is necessary to use 2 equiv of
Me;C=CHCI and 2 equiv of Na. If more vinyl chloride
is employed, the rate of the reaction increases but not
the yield of vinylidene complex 4. If more sodium is
used, the yield of 4 decreases significantly, while after
chromatographic workup among the iridium-containing
products the carbonyl compound ¢rans-[IrCL({COXPi-
Pr3):]'¢ dominates.

Besides the ratio 2:Me;C=CHCI:Na, the concentra-
tion of the reactants also seems to be important for the
preferred formation of 4. Originally, we expected that
a higher yield of the vinylidene complex could be
obtained if dilute solutions of the starting materials 2
and Me;C=CHCI were used. However, instead of 4 the
amount of the side products increased. Our hypothesis
is that the vinyl radical Me,C=CH*, generated from
Me;C=CHCI and Na, attacks the metal center of 2 to
give the paramagnetic iridium(II) species [IrCl-
(CH=CMe)(PiPr3);] as an intermediate which reacts
with a second vinyl radical to yield 4 and isobutene. We

(9) Werner, H.; Héhn, A. J. Organomet. Chem. 1984, 272, 105—113.

(10) (a) Strohmeier, W.; Onoda, T. Z. Naturforsch., B: Anorg. Chem.,
Org. Chem. 1968, 23, 1377—-1379. (b) Werner, H.; Héhn, A, Z.
Naturforsch., B: Anorg. Chem., Org. Chem. 1984, 39, 1505—1509.

+ trans-[ICPhC=CPh)(PiPr3))
8

finally note that to use potassium instead of sodium does
not effect the rate of formation and the yield of 4 and
that potassium—graphite preferentially gives [IrH,Cl-
(PiPr3)e].1t

In summary, we have established a new route to
vinylidenerhodium and iridium complexes trans-[MCl-
(=C=CRR')(PiPr3)2] based on the formal elimination of
HCI from vinyl chlorides RR'C=CHCl. We are presently
trying to extend our methodology to other transition-
metal compounds and other olefinic substrates and will
report on these efforts in the near future.

Experimental Section

All experiments were carried out under an atmosphere of
argon using Schlenk tube techniques. The starting materials
11t* and [IrCl(CsH14)2]'2 were prepared as described in the
literature. Melting points were determined by DTA. For the
interpretation of the NMR spectra, the following abbreviations
were used: s, singlet; d, doublet; t, triplet; vt, virtual triplet;
m, multiplet.

Preparation of trans-[RhCl(=C=CMe:)}(PiPr;):] (3). A
solution of 1 (70 mg, 0.15 mmol for n = 1) in 10 mL of benzene
was treated with sodium sand (9.1 mg, 0.40 mmol) and
MeC=CHCI (90.6 mg, 1.00 mmol). After the reaction mixture
was vigorously stirred for 3 h, the solvent was removed in
vacuo. The residue was extracted twice with 5 mL of hexane,
and the solution was chromatographed on Al,O; (neutral,
activity grade V). With hexane, a violet fraction was eluted

(11) (a) Hietkamp, S.; Stufkens, D. J.; Vrieze, K. J. Organomet.
Chem. 1978, 152, 347-357. (b) Werner, H.; Wolf, J.; Hshn, A. J.
Organomet. Chem. 1985, 287, 395—407. (c) Werner, H.; Hohn, A;
Dziallas, M. Angew. Chem. 1986, 98, 1112—1114; Angew. Chem., Int.
Ed. Engl. 1986, 25, 1090—1092.

(12) van der Ent, A.; Onderdelinden, A. L. Inorg. Synth. 1973, 14,
92-95.
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which was concentrated in vacuo to ca. 5 mL and then stored
at —78 °C. Violet crystals precipitated which were filtered out,
washed with small quantities of pentane (—40 °C), and dried:
vield 40 mg (52%); mp 134 °C dec. Anal. Caled for CooHys-
CIP;Rh: C, 51.52; H, 9.43. Found: C, 51.52; H, 9.714. IR
(KBr): »(C=C) 1680 cm~!. 'H NMR (200 MHz, C¢Dg): 6 2.65
(m, PCHCHy), 1.69 [dt, J(RhH) = 0.6, J(PH) = 2.3 Hz, =C-
(CHs).], 1.29 [dvt, N = 13.3, J(HH) = 6.2 Hz, PCHCH;]. 13C
NMR (50.3 MHz, CsDg): 6 293.16 [dt, J(RhC) = 57.1, J(PC) =
16.7 Hz, Rh=C=C], 105.58 [dt, J(RhC) = 15.8, J(PC) = 5.9
Hz, Rh=C=C1, 23.54 (vt, N = 19.4 Hz, PCHCH3), 20.29 (s,
PCHCHjy), 6.56 [s, =C(CHj):]. 3'P NMR (81.0 MHz, CDCL):
0 42.48 [d, J(RhP) = 136.1 Hz].

Preparation of trans-[IrCl(=C=CMe;)(PiPr3).] (4). A
suspension of [IrCl(CsHi4)2]2 (100 mg, 0.11 mmol) in 10 mL of
benzene was treated first with PiPr; (72.0 mg, 0.45 mmol) and
then with sodium sand (10.4 mg, 0.45 mmol) and Me;C=CHCl
(90.6 mg, 1.00 mmol). The reaction mixture was vigorously
stirred for 5 h at room temperature and was then worked up
as described for 3. Red-violet crystals were obtained: yield
72 mg (54%); mp 169 °C. Anal. Caled for CooHysClIrPy: C,
43.88; H, 8.03. Found: C, 43.46; H, 8.29. IR (KBr): »(C=C)
1705 cm~!. 'H NMR (200 MHz, CDCl;): 6 2.78 (m, PCHCHjy),
2.14 [t, J(PH) = 2.2 Hz, =C(CH,);], 1.29 [dvt, N = 13.4, J(HH)
= 6.3 Hz, PCHCH;). 13C NMR (50.3 MHz, C¢Ds): 6 226.31 [t,
J(PC) = 13.2 Hz, Ir=C=C], 103.67 [t, J(PC) = 3.9 Hz,
Ir=C=C}, 22.78 (vt, N = 26.1 Hz, PCHCH3), 20.12 (s, PCHCHj),
—0.81 [t, J(PC) = 1.7 Hz, =C(CHj3),]. 'P NMR (81.0 MHz,
CDCl;): 6 30.41 (s).

Preparation of trans-[RhCl(=C=(Me)Ph)(PiPrs);] (5).
A solution of 1 (93 mg, 0.20 mmol for n = 1) in 7 mL of benzene
was treated with sodium sand (10.7 mg, 0.47 mmol) and Ph-
(Me)C=CHCI (145 4L, 0.94 mmol). After the reaction mixture
was vigorously stirred for 6 h, the solvent was removed in
vacuo. The residue was extracted with 30 mL of pentane, and
the extract was concentrated to ca. 3 mL and then chromato-
graphed on Al;O; (neutral, activity grade III). With hexane/
ether (5:1) first yellow and then violet fractions were eluted,
the latter of which was brought to dryness in vacuo. The
residue was dissolved in 2 mL of pentane, and after the
solution was stored at —78 °C for 18 h, violet crystals were
formed. They were filtered out, washed with small quantities
of pentane (—40 °C), and dried: yield 28 mg (24%); mp 119 °C
dec. Anal. Caled for Co7HsClP:Rh: C, 56.40; H, 8.77.
Found: C, 56.73; H, 8.63. MS (70 eV), m/z: 576 (M* for 3'Cl),
574 (M* for 25Cl). IR (KBr): »(C=C) 1648 cm~!. H NMR (200
MHz, C¢Dg): 6 7.37[d, J(HH) = 7.3 Hz, ortho-H of C¢H5], 7.19
[t, J(HH) = 7.3 Hz, meta-H of C¢Hs), 6.89 [t, J(HH) = 7.3 Hz,
para-H of C¢Hsl, 2.59 (m, PCHCH3), 2.06 [t, J(PH) = 2.1 Hz,
=CCH;], 1.26 [dvt, N = 13.5, J(HH) = 6.6 Hz, PCHCHj;). 13C
NMR (100.6 MHz, CDCl3): & 299.34 [dt, J(RhC) = 59.4, J(PC)
= 16.4 Hz, Rh=C=C], 128.59 (s, ipso-C of C¢Hj), 127.69, 124.37
and 123.97 (all s, CeHs), 114.73 [dt, J(RhC) = 14.1, J(PC) =
7.0 Hz, Rh=C=C], 23.94 (vt, N = 19.7 Hz, PCHCHj;), 20.25 (s,
PCHCH3), 3.36 (s, =CCHs). P NMR (81.0 MHz, Cg¢De): o
43.24 [d, J(RhP) = 135.2 Hz].
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Preparation of trans-[RhCl(=C=CCH;(CH;);CHj;)-
(PiPrs);] (6). A solution of 1 (132 mg, 0.28 mmol for n = 1)
in 7 mL of benzene was treated with sodium sand (15 mg, 0.65
mmol) and 1-(chloromethylene)cyclohexane (130 4L, 1.2 mmol).
After the reaction mixture was vigorously stirred for 2.5 h at
room temperature, the solvent was removed and the residue
extracted twice with 15 mL of benzene each. The extract was
evaporated in vacuo and the residue dissolved in 3 mL of
hexane. The further workup procedure was the same as
described for 5. Red-violet crystals were obtained: yield 46
mg (29%); mp 126 °C dec. Anal. Caled for CosH5:C1PsRh: C,
54.30; H, 9.48. Found: C, 54.32; H, 9.31. MS (70 eV), m/z:
554 (M* for 37Cl), 552 (M* for 35Cl). IR (KBr): »(C=C) 1687
em~!. 'H NMR (200 MHz, CDCly): 6 2.68 (m, PCHCH3), 2.27
(m, br, =CCH3(CH:);CHy), 1.30 [dvt, N = 13.3, J(HH) = 6.2
Hz, PCHCHj;); the signal of the (CH;); protons is probably
covered by the signals of the PiPr; protons. 3C NMR (100.6
MHz, CDCls): 6 290.88 [dt, J(RhC) = 59.7, J(PC) = 16.4 Hz,
Rh=C=C], 110.73 [dt, J(RhC) = 16.1, J(PC) = 6.4 Hz,
Rh=C=C], 25.98 and 25.77 [both s, (CHy)3], 23.07 (vt, N =19.3
Hz, PCHCH3), 20.02 (s, PCHCH3), 17.38 [t, J(PC) = 1.9 Hz,
=CCH(CH,);CH,]. 3'P NMR (81.0 MHz, CDCl;): 6 42.07 [d,
J(RhP) = 135.2 Hz].

Preparation of trans-[IrCl(=C=CPh,)(PiPrs):] (7). A
suspension of [IrC1(CsHi4)2]2 (100 mg, 0.11 mmol) in 10 mL of
benzene was treated first with PiPr; (72.0 mg, 0.45 mmol) and
then with sodium sand (10.4 mg, 0.45 mmol) and Ph,C=CHCI
(142 mg, 0.66 mmol). After the reaction mixture was vigor-
ously stirred for 6 h at room temperature, the solvent was
removed and the residue extracted twice with 5 mL of hexane
each. Chromatography on Al;O; (neutral, activity grade V)
with hexane gave first a yellow fraction (containing complex
8) and then a blue fraction which was worked up as described
for 8. Dark-blue crystals were obtained: yield 27 mg (17%);
mp 108 °C. Anal. Caled for CsoHs2ClIrPe: C, 52.92; H, 7.22.
Found: C,53.23; H, 7.40. IR (KBr): »(C=C) 1620, 1580 cm™.
H NMR (200 MHz, CDCl3): 6 7.32, 7.20 and 6.97 (all m, CsHs5),
2.73 (m, PCHCHsy), 1.25 [dvt, N = 13.7, J(HH) = 6.6 Hz,
PCHCH;]. '3C NMR (50.3 MHz, CDCls): 6 263.03 [t, J(PC) =
12.1 Hz, Ir=C=C}, 123.90 [t, J(PC) = 3.0 Hz, Ir=C=C], 128.11,
127.82, 124.90 and 122.00 (all s, C¢Hs), 23.86 (vt, N = 26.4
Hz, PCHCHj;), 20.05 (s, PCHCH;). 3P NMR (81.0 MHz,
CDCls): 6 30.41 (s). Complex 8 (yield 110 mg, 68%) was
identified spectroscopically (*H, 3P NMR) by comparison with
an authentic sample.
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The anion [HSi(O)NH]~ (2) has been produced in the source region of a tandem flowing
afterglow selected ion flow tube from phenylsilane, amide, and water and mass-selected for
further study. Its connectivity has been established from studies of its formation from
deuterated reactants and by chemical reactivity studies with CO,, COS, and CS,. A variety
of alcohols undergo interesting reactions with 2. In particular, reactions with fluore alecohols
are considered in terms of the energy content of the complex formed when a proton is
transferred from a fluoroalcohol to 2. A series of anions related to 2 have been studied by
ab initio methods. For a number of these, the silylene anion form is more stable than its
isomer (e.g. [Si(O)NH]~ (1) is more stable than [HSi(O)NH] (2)). Computational energies
suggest that Si—H deprotonation of HSi(X)Y (for X = O, NH, CH;) when Y = NH,, CH; is
favored over deprotonation at N—H or C—H, while O—H deprotonation is favored when Y =
OH. Charge density computations of a variety of neutrals and anions reveal the dominant
effect of silicon in determining charge density. The acidity (AGacq) of silaformamide has

been estimated by bracketing methods to be between 350 and 355 kcal mol™1.

Introduction

Low-valent silicon-containing compounds continue to
attract a great deal of attention in both experimental!—3
and computational studies.4® Neutral unsaturated spe-
cies having silicon—carbon, silicon—silicon, silicon—
oxygen, silicon—nitrogen, and silicon—phosphorus double
bonds are generally stable if substituted by sterically
demanding groups. Our understanding of such species
has markedly increased in recent years, although it
hardly compares with our understanding of analogous
carbon species.

Using flowing afterglow selected ion flow tube (FA-
SIFT) techniques, we have studied the ion—molecule
reaction chemistry of anions closely related to the
following low-valent silicon-containing molecules: (CHz)s-
Si® (CH3)eSi=CH,,” Si=CH,,® H,Si=0,° CH3SiHO,!?
CH30SiHO,! H,SiS,!! and HSiNH,.!! FA-SIFT studies
are particularly suited to the indirect study of such
compounds, since closely related, simple silicon-contain-
ing anions can be often be prepared in the gas phase,
even though their conjugate acids would be expected to
be exceptionally reactive in either the gas or condensed

* University of Colorado at Boulder.

* University of Colorado at Denver.
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phase. In studying the reaction chemistry of simple
anions unencumbered by bulky substituents in the gas
phase, we can explore not only the reactivity of such
anions but also, by indirect means, the properties of
their corresponding conjugate acids as well.}

The flowing afterglow selected ion flow tube technique
allows the selection of ions from complex reaction
mixtures.2~11 Because reaction chemistry studies occur
under single-collision conditions, stoichiometric rela-
tionships can be determined. In addition, we can
measure reaction rates and detect multiple reaction
pathways. In favorable cases, thermochemical proper-
ties such as heats of formation of anions and their
corresponding conjugate acids, electron affinities of
corresponding radicals, and gas-phase acidities of the
conjugate acids can be determined as well.1? In relating
the chemistry of anions and their conjugate acid species,
it is important to realize that the structure of the acid
is not always known. For example, the conjugate acid
of the anionic species containing two hydrogens, one
silicon, and one carbon (designated [Hs,Si,C]: see the
note at the end of this paragraph) could be HC=SiH,
H,C=Si, or C=SiH;. When we study the reactions of
[H,Si,C]- with acids, we are often uncertain of the
structure of the reaction product unless other informa-
tion is available.!! Linking our experimental studies
with computational work carried out both by other
workers and by us has proven advantageous in sorting
out structural questions for such species.®11-13 (General
formulations such as [H5,Si,C] and [H,Si,C]~ will be
used for compounds and anions whose compositions are
known but whose structures are not. When the struc-
ture is known, the connectivity of its atoms will be
clearly designated. For example, the [H2CSi] formula-
tion indicates that two hydrogens are bound to carbon
which is bonded to silicon. Similarly, [HSiO]~ repre-

(12) Schmidt, M. W.; Gordon, M. S. J. Am. Chem. Soc. 1991, 113,
5244—5248.

(13) Shimizu, H.; Gordon, M. S.; Damrauer, R.; O’'Hair, R. A. J.
Organometallics, in press.
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sents a typical anion where the negative charge location
is unknown but the connectivity is known. HSiO-
indicates known connectivity with negative charge
localization on oxygen.)

In this paper we describe experimental and compu-
tational studies on [Hg,Si,N,0]" and related species. The
work on the structure and reactivity of this anion and
its conjugate acid further probes the relationship be-
tween low-valent silicon analogs of important carbon
compounds, in this case between the silaformamide and
formamide. Of particular interest is the potential
ambident behavior of this anion. We have studied very
few species of this type in our previous work.

Experimental Section

Instrumental Details. All experiments were carried out
at room temperature in the flowing afterglow selected ion flow
tube (FA-SIFT). Although this instrument has been described
in detail previously,!4 a brief summary of its operation in these
experiments is appropriate for readers who are not familiar
with the technique. The FA-SIFT consists of four sections: a
flow tube for ion preparation (A), an ion separation and
purification region (B), a second flow tube for studying the
chemical reactions of the ions selected (C), and finally an ion
detection region (D). In the first flow tube (A), for example,
ions such as HoN~ (prepared by electron impact of NHs) are
entrained in a rapidly flowing helium stream (0.3 Torr). In
this study, phenylsilane and water are added downstream
through a movable inlet producing the m/z 62 ion by a complex
series of reactions that are summarized by eqs 1 and 2.

CeH,SiH, + H,N~ — H,NSiH,™ + C¢H, @

H,NSiH,” + H,0 — H,NSiH,0” + H, (2)
m/z 62

At the end of the first flow tube the ions are sampled
through a 2 mm orifice into the ion separation region (B), and
the helium and other neutrals are removed by pumping while
the ions are focused into a quadrupole mass filter by a series
of electrostatic lenses. This SIFT quadrupole can be tuned to
inject HoNSiH;0~ (m/z 62) into the second flow tube (C), where
it is again entrained in helium (0.5 Torr). Ions so injected
typically undergo thermalizing collisions with helium before
reaction and subsequent detection. At the end of the second
flow tube the requisite ion is sampled through a 0.5 mm orifice
and detected by an electron multiplier. To inject ions from
the low-pressure (10~% Torr) region of the SIFT quadrupole
into the higher pressure region of the second flow tube, they
must be extracted by an electrical potential. While this
potential imparts kinetic energy to the ions, they are generally
relaxed by multiple collisions with the helium buffer gas.
However, when this potential is made sufficiently high, some
ions can be induced to undergo collisionally induced dissocia-
tion (CID) to form new ions.® The m/z 62 ion produced above
is such an ion and is transformed into an ion of m/z 60 as
summarized in eq 3.

(14) Van Doren, J. M.; Barlow, S. E.; Depuy, C. H.; Bierbaum, V.
M. Int. J. Mass Spectrom. Ion Processes 1987, 81, 85—100.

(15) Chesnavich, W. J.; Su, T.; Bowers, M. T. J. Chem. Phys. 1980,
72, 2641—-2655.

(16) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J.
B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S;
Gonzalez, C.; Defrees, D. J.; Fox, D, J.; Whiteside, R. A.; Seeger, R,;
Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P;
Topiol, S.; Pople, J. A. Gaussian 90; Gaussian, Inc., Pittsburgh, PA,
1990.

(17) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb,
M. A,; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K,;
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian 92; Gaussian, Inc.,
Pittsburgh, PA, 1992.
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H,NSiH,0™ —>~ [H,,Si,N,0] + H, 3)

We have also prepared the m /z 60 ion directly in the first flow
tube without a separate CID step. Thus, [Hs,Si,N,01- (m/z
60) can be directly extracted from a mixture of NH;~, CsHs-
SiH3, and HoO. The direct route has been used in most of the
studies reported here. The connectivity of the silaformamide
anion was established by deuteration studies using both ND,~
and D30 in eqs 1 and 2. These experiments will be fully
discussed in the Results and Discussion.

All reactions were studied at 300 K at a helium buffer gas
pressure of 0.5 Torr and a flow of ~225 STP cm?® s7.
Branching ratios were determined as a function of reaction
distance and are reported as extrapolations to zero reaction
distance to eliminate any effects of differential diffusion among
the ions and of secondary reactions. Branching ratios were
also corrected for mass discrimination in the detection region
by directly measuring the detector response as a function of
ion current at the nose cone orifice. Rate coefficients were
determined under pseudo-first-order conditions by monitoring
the reactant ion density as a function of reaction distance
(which is proportional to time) using a measured flow of the
neutral reagent. Reported values are the average of three
measurements using different reagent flows and are reproduc-
ible to within 10%. Reaction efficiencies have been calculated
from ion—neutral collision rates using the variational transi-
tion state theory model of Bowers and co-workers.15

Gases were obtained from commercial sources and were of
the following purities: He (99.995%), NH; (99.99%), CO,
(99.5%), and COS (97.7%). Other reagents also were obtained
from commercial sources. The helium buffer gas was passed
through a liquid-nitrogen-cooled molecular sieve trap before
entering the flow tubes.

Computational Details. Ab initio calculations were car-
ried out with the Gaussian 90 and 92 programs.'617 Molecular
geometries were optimized using closed-shell restricted-Har-
tree—Fock (RHF) self-consistent-field (SCF) calculations at the
MP2/6-31+G(d,p) level. The structures determined in this
manner were verified to be minima by analytically calculating
and then diagonalizing the matrix of energy second derivatives
(hessian). The hessian is positive definite in all cases dis-

(18) Bader, R. F. W. Acc. Chem. Res. 1985, 18, 9—15.

(19) Wiberg, K. B.; Bader, R. F. W,; Lau, C. D. H. J. Am. Chem.
Soc. 1987, 109, 985—1001.

(20) Wiberg, K. B.,; Bader, R. F. W.; Lau, C. D. H. J. Am. Chem.
Soc. 1987, 109, 1001-1012.

(21) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J.
Chem. Phys. 1991, 94, 7221. This paper indicates that “for 125
energies the average absolute deviation at the G2 level is 1.21 keal/
mol compared to 1.53 kcal/mol for the G1 level”. It is not clear how
accurately G2 deals with compounds containing first- versus second-
row elements. The +3 kcal mol~! range given in the paper is the
commonly accepted range for G2 level computations (Gordon, M. S.,
personal communication).

(22) Damrauer, R.; Krempp, M. Organometallics 1995, 14, 170—-176.

(23) Bartmess, J. E. Mass Spectrom. Rev. 1989, 8, 297—343.

(24) Schmidt, M. W.; Gordon, M. S. J. Am. Chem. Soc. 1991, 113,
5244—5248.

(25) Froelicher, S. W.; Freiser, B. S.; Squires, R. R. J. Am. Chem.
Soc. 1984, 106, 6863—6864.

(26) We use “delocalized” and “silylene” to denote in a simple way a
grouping of species. We do not mean to imply that delocalized means
a delocalized anion any more than we mean that silylene is actually a
neutral silylene.

(27) Sulfur over oxygen ring closure is observed in all the studies
of low-valent silicon anions that we have carried out. These studies
are best summarized in ref 1.

(28) Bartmess, J. E.; Kiplinger, J. P. J. Org. Chemn. 1986, 51, 2173—
2176.

(29) Brickhouse, M. D.; Squires, R. R. J. Phys. Org. Chem. 1989, 2,
389-409.

(30) Freriks, 1. L.; de Koning, L. J.; Nibbering, N. M. M. J. Am.
Chem. Soc. 1991, 113, 9119-9124.

(31) Freriks, L. L.; de Koning, L. J.; Nibbering, N. M. M. Int. J. Mass
Spectrom. Ion Processes 1992, 117, 345—356.

(32) Freriks, I. L. Reactivity of Ambident Anions in the Gas Phase.
Dissertation, University of Amsterdam, Dec 1992.

(33) Wladkowski, B. D.; Wilbur, J. L.; Zhong, M.; Brauman, J. L. J.
Am. Chem. Soc. 1998, 115, 8833—8834.
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cussed here. The energies typically were determined using
the 6-3114++G(d,p) basis set with full fourth-order perturba-
tion theory (MP4). The computational results are presented
in Table 3 and are uncorrected. Zero-point corrections are
reported as well. We have also carried out both charge density
analyses using Bader’s atoms in molecules methodology!8-2
and several G22! computations to be discussed later.

Results and Discussion

The experimental and computational studies carried
out in this work on silaformamide are presented in the
following sections. These sections parallel the experi-
mental approach we have actually undertaken in that
they consider the preparation and characterization of
the silaformamide anion followed by studies of its
reactivity with a variety of different reagents. Compu-
tational work is also presented to provide a fuller
understanding of the silaformamide anion and a number
of closely related anions. Finally, the gas-phase acidity
of silaformamide is considered in the context of both
experimental bracketing studies of the silaformamide
anion and computational studies of several isomers of
silaformamide.

Connectivity of [H,Si,N,0]". The [H,3i,N,0]  ion
that has been produced in the source flow tube by
reaction of amide, phenylsilane, and water (see Experi-
mental Section) can be cleanly mass selected (m/z 60),
allowing the study of its reaction chemistry in the
second flow tube. Although computational studies to
be discussed later establish that [Si(O)NHz]~ (1) is more
stable than [HSi(O)NH]~ (2), they tell us nothing about
the identity of the experimentally produced anion.
Deuteration and reactivity studies, however, suggest a
connectivity for this anion [HSi(O)NH]~ (2). Equations
1 and 2 indicate that the m/z 62 anion, HoNSiH,0™, is
formed in the source, a result which is based on earlier
work exploring the reaction chemistry of silamides,
particularly H3;SiNH™, with deuterated alcohols and
D20.22 Collision-induced dissociation (CID) of the m/z
62 ion in the source produces m/z 60 as well. When
water is replaced by D2O and HyN~ by DoN-, anions
with m/z 64 and 61 are produced, suggesting the
formation of [DeNSiH0]~ (m/z 64) and the CID product
[HSi(O)ND]~ (m/z 61). Scheme 1 provides a mechanistic
rationale for the production of these anions. If DoO and
HoN~ react with CgHsSiH3 in the source, the monodeu-
terated anion [HDNSiHy(0)]~ (m/z 63) is obtained. Its
CID gives two anionic products with m/z 61 and 60 in a
2:1 ratio, indicating that Hs loss is favored over HD loss
under these CID conditions.

Hankin et al.

Scheme 1
C¢H;SiH; + D,N™ — [SiH;ND, + C;H; ]

[SiH,ND, + CgH, 1 SiH,ND~ + C,H,D
SiH,ND~ + D,0 — [SiH,ND, + DO
[SiH,ND, + DO~] — [SiH,ND,OD + H"]

[SiH,ND,OD + H™ ] — SiH,ND,O™ + HD
m/z 64

SiH,ND,0~ = [HSi(O)ND]™ + HD
miz 61

Reaction Chemistry Studies. General Consid-
erations. Reaction chemistry studies of low-valent
silicon-containing anions have established reactivity
patterns that are similar for various, quite different
anions.®%11 Many of these reactions are believed to
occur through cyclic intermediates, particularly for
reactions with CO;, COS, and CS;. Scheme 2 for the
reaction between [RSiX]™ and COS illustrates many of
the general features of the reaction pathways we have
observed for such reactions. Ion—molecule reactions are
initiated by the ion—dipole attraction between an ion
such as [RSiX]~ and the dipole of a neutral molecule
such as COS (giving a). The attractive forces are
typically quite large (~15—20 kecal/mol).22 Reaction
occurs when the initially formed ion—dipole complex a
is transformed into products. Depending on R, two
major reaction patterns have been observed. One
involves hydride transfer to COS (path A);? the other
involves formation of cyclic intermediates b and ¢ (or
possibly three-membered-ring analogs!'®), which can
dissociate as shown in pathways B—E. Cyclic interme-
diates analogous to b and ¢ have been proposed in the
reactions of [HCSi]~, [HSiO]~, [CH308i0]~, [CHsSi0T,
[HSiS]™, and [HSiNH].2-1! Both isotope labeling® and
computational studies!'®?* have clearly established that
such intermediates occur in reactions of this type. A
recent detailed computational study of the potential
energy surface of the [HSiO]~ reaction with CO; has
suggested the intermediacy of a four-membered-ring
species as an intermediate for oxygen exchange and a
three-membered intermediate leading to [HSiO3]~ plus
CO.13

Scheme 2°
/ » [RCOSI- + SiX (A)
- N [ x—siA ——— RSIS + COX (B)
RSX —=[RsiX | ==| | I ]
+CO8 cos £—5
K] —— [RSiXS}- + CO (C)
a b
a o . osx ©
J —— RSO + CSX (D)
L ——> [RSIXO] + CS (E)
c

*ForR=HandX=0,R=CH;0and X=0,R=CHz;and X=0,R=Hand X=S8,and R = H and X = NH.
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Scheme 3¢

[RSI(Y)CH,]
—

RSI(Y)CH,]
oS [RSI(Y)CH;]

Cos

Hy - -
c Y [(RSI(O)Y]
/
s s —
0 \R + CH,CS (A)
&y
Y -—
No [RSi(S)Y]
o= S —>
S R + CH,CO  (B)

cForR=CH;and Y=0,R=Hand Y=0, and R = CH3 and Y = CH..
Table 1. Important Reactions and Rate Data for Anion 2

branching rate coeff, in cm3
reactant products ratio (molecule)™! s~1 (efficiency)
CO, [HSiOg]- + HNCO 44 2.08 x 1011 (0.26)
adduct 16
[NCO]~ + H,Si0, 15
[HSiO3]- + HNC 13
[C,S81,03,N]~- + Hs 8
[Si,Hz,Oz,N]_ + CO 4
CS, [NCS]- + HSi(O)SH 83 very slow: av of 7 measurements
~4 x 10712 (very small)
[HS]- + HSi(O)NCS 9
[Si,Hp,N,0,8]- + CS 8
Ccos [HSi(0)S]~ + HNCO 62 1.36 x 1071 (0.10)
[HSi(S)NH}~ + CO 38
CH,FCH,0H F~ + [C5,81,H7,N,0q] 59 1.11 x 1072 (0.50)
[Co,S81,Hg,N,05]- + HF 24
[HSI(NH}F)O)~ + C,H,0 10
[C2,81,H5,N,0,,F]- + Hp 4
[CHy=CHO]"~ + [Si,H,,N,0,F] 3
CHF,CH;0H [Cq,Si1,H;5,N,02,F1- + HF 43 7.38 x 10719(0.38)
[CHF=CHO]- + [Si,H,,N,O,F] 30
F-+ [Cz,Si,H7,N,02,F] 10
[HSi(NH)(F)O1- + C.H3FO 10
adduct 7
CF3;CH;OH [C2,81,H¢,N,02,F2]1- + HF 40 1.77 x 1072 (0.88)
[CF=~CHO]~ + [Si,Hy,N,O,F] 29
[HSi(NH)F)O]~ + CoHoF,0 20
adduct 6
[CF3sCH:0]- + [8i,H3,N,0] 5
CF3CD;0OD [C2,8i,H,D2,N,02,F5]- + DF 33 1.14 x 10-°
[CFy=CDO]- + Si,H;,D;,N,O,F 52
[HSi(NHD)F)O]~ + C5D,F20 5
adduct 4
[CF3CD,0]1~ + [Si,D3,N,0] 6
CHsOH adduct
adduct + CH3;0H
CH;CH,0H [HSi(OH)(NH;)0"] + CH;=CH;
adduct
CH3CH,CH,OH [HSi(OH)NH3)0~] + CH;CH=CH,
adduct
(CH3).CHOH [HSi(OH)(NH3)0~] + CH;CH=CH,
adduct
CH;CH,CH,CH,OH [HSi(OH)NH,)0O") + CH;CH,CH=CH,
adduct
(CH3);COH [HSi(OH)(NH;)0~] + (CH3).C=CH;
adduct
(CH,3);CCH,0H adduct

@ The efficiencies (given in parentheses) are the ratios of the experimental to the computed rate coefficients. The latter are obtained
as k1, (Langevin) or kv, (variational), depending on whether the reactant has a permanent dipole moment. References to their calculation

are given in ref 15.

Potentially ambident anions such as [HSi(O)CH2)]~
and [CH3Si(O)CHz]™ react exclusively at their CH; site
with COg, COS, and CS; (Scheme 3). Although such
reactions have not been studied in nearly the detail as
those just discussed,”?5 the reactivity of such “delocal-
ized” anions?®® differs from that of the localized species
outlined by Scheme 2. Even in the two “delocalized”
cases where silicon bears an oxygen, there is no evidence
of ambident reactivity for the anions.

Reaction Chemistry of [HSi(O)NH]~ (2). Al-
though anion 2 reacts with standard neutral reagents
such as CO;, CS;, and COS by pathways that are
analogous to those of many silicon-containing anions,
its reactions with alcohols, particularly fluorinated
ethanols, are more complicated (Table 1). The standard
neutral and alcohol reactions will be discussed sepa-
rately.

Reactions of [HSi(O)NH]~ (2) and CO;, CS;, and
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Table 2. Product of Reaction of [HSi(O)NH]~ (2) with CFXYCH,OH"

yield with ield with yield with
anionic product 2-fluorcethanol 2,2-difluoroethanol 2,2,2-trifluoroethanol
(keyed to Scheme 4) X=Y=H),% X=HY=F),% X=Y=F)
adduct (A — B) 0 7 6
CFXYCH,0~ 0 0 6
F-(A—D—E) 59 10 0
HSi(F}NH)0-(A—D—F) 10 10 20
[XYC=CHO]"(A—-D—G—H) 3 30 29
[adduct — HFI-(A—D—G—1) 24 43 40
[adduct — Hj]- 4 0 0

aX =Y = H for 2-fluoroethanol; X = H, Y = F for 2,2-diflucroethanol; X = Y = F for 2,2,2-trifluoroethanol.

COS. We suggest that anion 2 displays ambident
reactivity in its reaction with COS (Table 1). Equation
4 gives a possible course for these reactions. In the more

o2 N\ / : o > (HSIO)S]
o] / AN
o NH + HNCO (4a)
H——Si:\e + COS i}
~ H )
2 NH \—» \ ,/0 [HSINH)S)
38% /S'\ >=°
H S + CO,  (4D)

favorable channel given by eq 4a, 2 reacts at its nitrogen
end, while in eq 4b it reacts at oxygen. In both cases
subsequent four-membered-ring formation takes place
through sulfur ring closure, despite the possibility of the
COS oxygen closing the ring.2?” There are now several
silicon anion reactions with COS in which preferential
sulfur ring closure has been observed.!:11,22

This represents the first example of ambident behav-
ior in a low-valent silicon anion of which we are aware,
although other non-silicon-containing ambident species
have been observed in the gas phase.22-33 In particular,
ambident behavior in formamide and other imidate
anions has been studied by Nibbering and co-wor-
kers,30-32

The reactions of 2 with CO, and CSs are somewhat
more complex (Table 1). They give no evidence of its
ambident character, although in the CO; reaction it is
masked by the probable reversible loss of CO;. Six
products are detected with CQOy, including an adduct
(16%) and three other products that arise from four-
membered intermediates analogous to those just dis-
cussed. These amount to 79% of the reaction. In
addition, we observe 13% of [HSi0s]™ plus [H,C,N] and
8% of [C,81,N,O3]~ plus Hy. Although eq 5 illustrates a

® o ®
(HSIONH] + CO, = “si{’ > open and \
H 2 H” l\N veclose / >==NH

H

——» [HSIOy + HNC
(5)

reasonable pathway for [HSiO3]~ formation, we are less
certain about the path leading to the 8% product. It
seems likely that Hs forms from initial loss of hydride
followed by proton abstraction, but that could occur from
more than one intermediate in the COs reaction.

Equation 6 shows the pathways that lead to 92% of
the products in the reaction of 2 and CS,. There is
ambiguity about whether the other channel leading to
[Hy,Si,N,0,S]~ plus CS (8%) derives from the four-
membered intermediate shown in eq 6 or the related
“ambident” intermediate that would form if 2 reacted
at its oxygen end.

[HS(ONH] + CS, —>
2

Na 3% .
/s|< >=s B INCS] + HSIO)SH  (6a)

INCS] + HSI(O)SH —Zm

[SH] + HSIO)SCN  (6b)

The rate coefficients of the reactions of 2 and CO; and
COS are 0.21 and 1.4 x 1071 cm? s~! (molecule)™},
respectively. The rate coefficient for reaction with CSs
is considerably smaller (approximately 4 x 10712 ¢m3
s~! (molecule)™!). The efficiencies of reaction for COq
and COS are 0.26 and 0.10, with that for CS; being
considerably smaller.!! Previously reported efficiencies
of low-valent silicon-containing anions reacting with
CO,, CSg, and COS indicate that oxygen and nitrogen
reactive sites react with similar efficiencies while the
sulfur species have somewhat attenuated reactivity:
[HSiO]~ (0.38, 0.55, and 0.20);° [HSiNH]~ (0.41, 0.35,
and 0.24);!! [HSiS]~ (0.043, 0.016, and 0.008).}! The
data presented for 2, while showing similar reactivity
with COq and COS, indicate that it is even less reactive
with CS; than are the other low-valent species.

Reactions of [HSi(O)NH]~ (2) and Fluorinated
Ethanols. Several products are observed for the reac-
tions of 2 with 2-fluoroethanol, 2,2-difluoroethanol, and
2,2,2-trifluoroethanol with the product distribution
depending dramatically on the particular fluoroethanol
(Tables 1 and 2). Two striking features of these reac-
tions are the decrease in the amount of fluoride and the
increase in the product that has the m/z value for an
adduct minus HF as the fluoroethanols become more
acidic. For 2-fluoroethanol, for example, fluoride totals
59% of the ionic products while the adduct minus HF
anion is observed in 24% yield. For 2,2,2-trifluoroet-
hanol, in contrast, fluoride is not observed and the
adduct minus HF anion totals 40%. In Scheme 4, we
present a general formulation of the pathways of the
fluorinated ethanols. Although speculative, it offers the
reader a sense of how the observed products might arise.
Scheme 4 forms the basis of a discussion of how they
might vary with fluoroethanol structure.

Complex d formed in A is central to Scheme 4. Its
formation is endergonic for 2-fluoroethanol (AG4eq = 364
kcal mol™!) and 2,2-difluoroethanol (AG,.q¢ = 359 kcal
mol~!) and nearly thermoneutral for 2,2,2-trifluoro-
ethanol (AGaca = 354 kecal/mol)3* (see subsequent dis-
cussion on the acidity of silaformamide, in which it is
estimated to be between 350 and 355 kcal mol~!). The
formation of such complexes is driven by ion—dipole
attraction,?® which leads to a gradation of energy
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Scheme 4

[HSIONH] + CFXYCH,OH — [ HSIOINH, } A)

» CFXYCH,0

d
d —> ADDUCT (B)
d — CFXYCH,O + HSI(O)NH, ©)

d —>» |F +CyHa XY O + HSi(O)NHZ} (D)
e

6 — > F 4+ CH,X.Y.0 + HSI(O)NH, (E)

e —> HSI(FINH)O + CoaHaXY.0 (F)

s —> [CXY=CHO_ + HSIO)NH, + HF] (@)
f

f —> CXY=CHO + HSIONH, + HF (H)

y -

] + HF {1
HzN/ \OCH=CXY

contents from the “cooler” 2-fluoroethanol complex to a
“hotter” one for 2,2,2-trifluoroethanol. The cooler com-
plex formed from 2-fluoroethanol is expected to yield
products that involve less interaction between its two
components, 2-fluoroethoxide and silaformamide. As a
result, the major pathway for 2-fluoroethanol produces
fluoride (A — D — E in Scheme 4; 59%) by the collapse
of 2-fluoroethoxide by internal (“intramolecular”) reac-
tion in the cool complex. Since the neutral components
in typical flowing afterglow experiments cannot be
identified, they are generally inferred by mechanistic
analysis based on thermochemical considerations and
reactivity precedents. In reaction E of Scheme 4, we
have formulated one neutral product as HSi(O)NHp. The
other, which would arise from 2-fluoroethoxide in
complex d, would have a [Ce,H4,0] composition. It could
be acetaldehyde, its enol, or ethylene oxide, although
acetaldehyde is the most stable thermodynamically.34

In complexes with a higher energy content such as
those formed from 2,2-difluoroethanol and 2,2,2-trifluo-
roethanol, the corresponding fluoroethoxide ions are
expected to be increasingly diverted from similar inter-
nal reaction pathways to ones where the complex
members interact. The pathway A —D — G — Iin
Scheme 4, for example, involves further reaction of
fluoride with neutral [C3,H2,X,Y,0]. As one goes from
2-fluoroethanol to 2,2-difluoroethanol to 2,2,2-trifluoro-
ethanol, the amount of fluoride (A — D — E) decreases
from 59 to 10 to 0% and the amount of adduct minus

(34) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data, Suppl. 1988, 17
(Supplement 1). This is the primary source for gas-phase acidity data.
Unless otherwise specified, all gas-phase acidities used in this paper
come from this source.
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HF (A — D — G — I) increases from 24 to 43 to 40%.
All the other products reported in Table 2 (with the
exception of the minor products in the bottom line)
increase as d and/or e become hotter. The products are
also consistent with the increasing likelihood that the
complexes will fly apart (A — C) or undergo further
reaction with increasing energy. Finally, studies with
CF3CDyOD are consistent with the mechanistic scheme
presented.

Reactivity of [HSi(O)NH]~ (2) and Aliphatic
Alcohols. The interesting and complicated reactions
of fluorinated alcohols lead us to comment briefly on the
reactions of 2 and aliphatic alcohols. These have proved
difficult to study because of large signal losses that we
are unable to explain. Nevertheless, the qualitative
nature of aliphatic alcohol reactivity can be obtained
from the data presented in Table 1 for the reactions of
2 and CH;0H, CH;CH20H, CH;CH,CH0H, (CH;3),CH-
OH, CH3CH;CH;CH;0OH, (CH3);COH, and (CH3);CCHa-
OH. The most interesting feature of these reactions is
that aliphatic alcohols having S-hydrogens undergo an
elimination reaction that is not observed with fluori-
nated alcohols. Thus, all of the aliphatic alcohols having
a B-hydrogen give an m/z 78 anion, as indicated in eq
7a for ethanol. Neither CH3;0H nor (CHj3);CCH;OH

) [HSI(OH)NH)O] + CHa=CH,  (72)
[HSI(OJNH] + CHCH,OH m/z 78

2 adduct (7b)

undergoes elimination, but they, like all the alcohols,
give adducts with 2 (eq 7b) as well as secondary
products that are alcohol—adduct clusters. Attempts to
unequivocally establish the S-elimination pathway by
labeling studies with deuterated ethanols have been
thwarted not only by the signal loss problem mentioned
but also by the appearance of a product inconsistent
with simple B-elimination. Thus, CH;CD2OH and CDj;-
CD20OD react to give HSi(OH)YNH2)O~ (m/z 78) and
HSi(OD)YINHD)O~ (m/z 80), as might be expected in a
simple B-elimination. On the other hand, CD;sCH;OH
and CH3;CH20D, which would be expected to give only
m/z 79 by B-elimination, actually yield mixtures con-
taining both m/z 78 and 79, even when special precau-
tions were undertaken to dry the deuterated alcchols.
Together, the labeling studies and the lack of an
elimination product channel for CH;O0H and (CHjs)s-
CCH:0H indicate the occurrence of a S-elimination
process, even though the labeling experiments suggest
that other processes are at work as well.

Computational Energies of Anionic Species.
Computational studies have been carried out to (1) help
elucidate the structure and reactivity of 2 and to (2)
examine the factors controlling the relative stability of
the “silylene” versus “delocalized” forms of a series of
anions related to 1 and 2. We have undertaken ab initio
studies of silylene and delocalized anions?® derived from
HSi(X)Y, varying X from O to NH to CH; and Y from
OH to NH; to CHs. Thus, 1 and 2 are the silylene and
delocalized anions obtained by removing a proton from
Si—H and the Y group, in this case NHjy, respectively.
The other anions that have been studied are [Si(O)OH]~
(3), [HSi(0)O]~ (4), [Si(0)CH;]~ (5), [HSi(O)CHz]~ (6),
[SiNH)OH]~ (7), [Si(NH)NH.]~ (8), [HSi(NH)NH]" (9),
[Si(NH)CHs]~ (10), [HSi(NH)CH_]~ (11), [Si(CH2)OH]~
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Table 3. Energies of Important Species Obtained by ab Initio Computational Methods

MP4(SDTQ)/6-311++G(d,p)// diff at MP4 level zero-point important
MP2/6-31+G{(d,p) (hartree) (kcal mol-1) correction geom value®

HSi(O)NH; (16) —420.590 24 0 0.038 76 Si-01.55
(G2 = —420.710 35)2 Si—N 1.69
Si—H 1.47
N-H 1.01
0-8i~-N 127.0
0-8i-H 126.0
N-Si-H 107.1
Si—-N-H 122.8
Si-N-H 123.4

Si(OH)NH; (18) —420.581 14 5.71 0.040 32
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HSi(OH)NH (19) —420.565 20 15.7 0.037 07
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[HSi(O)CHs]~ (6) —403.945 17 6.98 0.035 33
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[HSi(NH)O]~ (same as 2) —420.013 38 0 0.025 21 see 2 above

[SINH)OH]" (7) —419.998 50 9.33 N-H 1.02
N-8i 1.87
Si—-01.75
O-H 0.97
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MP4(SDTQ)/6-311++G(d,p)// diff at MP4 level zero-point important
MP2/6-31+G(d,p) (hartree) (kcal mol-1) correction geom value®

HSi(O)NH; (16) H-N-8i 109.8
N-8i-0105.2
Si—0—-H 106.8

[Si(NH)NH] (8) (trans) —400.129 78 0 0.039 24 N-H 1.02
Si—~N 1.68
Si—-N 1.79 (NHy)
N-H 1.01 (NHy)
N-H 1.02 (NHy)

[HSi(NH)NH]- (9) —-400.119 68 6.34 0.036 00 N-H 1.02
Si—N 1.66
Si—H 1.48
Si-N-H 116.3
H-8i~N 109.0
N-8i—-N 141.9

[Si(NH)CH,l- (10) —384.070 11 0 0.049 93 Si—N 1.69
Si—C 1.95
N-H 1.02
C-H1.08
C-H1.09
H-N-8i 109.9
N-8i-C 101.5
Si—-C—H 109.4
Si-C-H 111.1
H-C-H 109.2
H-C-H 109.8

[HSi(NH)CH,]~ (11) —384.051 40 11.7 0.045 99 Si—N 1.66
Si-C 1.75
Si—-H 1.49
N-H 1.02
C-H 1.08
C-H1.09
H-N-Si 115.2
N-Si—-H 110.5
N-8i-C 138.3
H-S8i-C111.2
Si—-C-H 124.9
Si—-C-H 119.6
H-C-H 115.5

[HSi(CH2)O]~ (same as 6) —403.945 17 0 0.035 32 see 6 above

[Si(CH2)OH] (12) —403.933 24 7.48 0.037 38 C-H 110
Si-C 1.77
C-H 1.09
8i-0 1.77
0-H 0.969
H-C-Si 126.4
H-C-H 113.4
Si~C-H 120.2
C-8i-0104.1
Si—-0-H 109.9

[Si(CH)NH:]~ (13) —384.062 21 0 0.049 77 Si—N 1.82

[HSi(CHz)NH}™ (same as 11) —384.051 39 6.79 0.045 99 see 11 above

[Si(CH»)CH;] (14) —368.010 22 0 0.060 92 C—H 1.09 (CHy)
Si~C 1.78 (CHy)
Si—C 1.97 (CHgy)

—H 1.10 (CHj)

—C-H 113.6 (CHy)

—C-8i 124.5 (CHy)

Q

C—-Si121.9 (CHy)
Si—C 100.9

@ Qmmm

i—C—H 111.7 (CHy)
i—C—~H 111.0 (CHy)
-C-H 108.2 (CHy)
-C-H

106.6 (CH3)

w0

C
C
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MP4(SDTQ)/6-311++G(d,p)//
MP2/6-31+G(d,p) (hartree)

diff at MP4 level

zero-point
(kcal mol™1)

correction

important
geom value®

[HSi(CH2)CHzl~ (15) —367.983 92

Si-C 1.75
Si—H 1.49
C-H 1.08
H-C-Si 124.5
H-C-Si 120.0
C-Si-H 112.5
C-8i-C 135.0
H-8i-C 1125
H-C-H 1155

16.5 0.0565 73

@ From MP2/6-31+G(d,p) optimizations; distances in A and angles in deg.
Table 4. Gas-Phase Acidities of Important Low-Valent Species

bracketing acid

AG°q,eq of C analog

compd AG®qciq (kecal mol™!)  anion abstracts H*  anion does not abstract H* ref (keal mol—1) ref
HSi(O)NH;, 350—355 see text . see text this work 353 34
H,SiO 356+ 8 CH;3NO; CH;C(0)CH; 9 386 34
CH3Si(0)CH; 356 + 4 CF;CH,0H CH;CHO 10 362 34
CH,=Si(CH3)CHs—H ~374 see ref see ref 6 383 34

(12), [HSi(CH3)O]~ (6), [Si(CH2)NH,]~ (13), [HSi(CHy)-
NH]J~ (11), [Si(CH2)CH3s]~ (14), and HSi(CH2)CH.]™ (15)
(Table 3).

Calculated energies at the MP4(SDTQ)/6-311++G-
(d,p)//MP2/6-31+G(d,p) level indicate that the silylene
isomer 1 is 5.53 kcal mol™! more stable than 2. At the
more highly correlated QCISD(T)Y6-31+G(d,p)/MP2-
(fully6-31+G(d,p) level, this energy gap increases to 7.5
kcal mol~!, suggesting that the qualitative result that
silylene 1 is more stable than 2 is unlikely to change,
even at better theoretical levels. We have also included
the G2 energies?! of 1, 2, and 16 in Table 3. These
results will be discussed in the next section.

Among the other anions studied, the most stable
anions result from Si—H deprotonation of HSi(O)CHs,
HSi(NH)NH,, HSi(NH)CH3;, HSi(CH2)NH,, and HSi-
(CH2)CHs, not from deprotonation at NH; or CHs. In
contrast, the delocalized HSi(X)O~ species, where X =
0O, NH;, and CHg, are the most stable anions from HSi-
(O)OH, HSi(NH)OH, and HSi(CH2)OH. Thus, depro-
tonation of HSI(X)OH, HSi(X)NHgz, and HSi(X)CHs,
where X = O, NH, and CHs, is favored at Si—~H for the
NH; and CHj species but at O—H for the three OH
compounds. This suggests that electronegativity effects
are controlling the site of deprotonation and that all
three HSi(X)O~ anions are favored over their silylene
isomers because the negative charge is best accom-
modated by the more electronegative oxygen.

To examine the reactivity of anion 2 from another
perspective, we have carried out charge density analyses
of several species from wave functions generated at the
MP2/6-31+G(d,p) level using Bader’s theory of atoms
in molecules.!8720 Charge densities for the neutral
silaformamide 16, the anions 1—15, and the precursor
anion [HySi(O)NH;z]~ (17) are given in Figure 1. All of
these species show the dominance of their electroposi-
tive silicon atom, no matter what other substitution
pattern they possess. Thus, hydrogen, oxygen, nitrogen,
and carbon atoms bonded to silicon are negatively
charged. The nearly equal charges on oxygen and
nitrogen in anion 2 suggest a simple explanation for its
ambident behavior. Interestingly, 2, 16, and the pre-
cursor anion 17 have similar electron densities on
silicon, hydrogen, oxygen, and nitrogen despite their
very different structures. There are, of course, more
subtle features of the charge densities. Precursor anion

17, which has four electronegative substituents attached
to silicon, balances the positive and negative charges
differently than the neutral 16; nevertheless, their
similarities are more striking than any subtle differ-
ences. In contrast with this are the different charges
on silicon in the various anions. Thus 1, 8, 5, 7, 8, 10,
12, 13, and 14, which in a formal valence bond sense
are silylene anions having negative charge localized on
silicon, have greatly attenuated positive charges com-
pared to species such as 2, 4, 6, 9, 11, and 15.
Important structural parameters for the computed
anions are also given in Table 3.

Gas-Phase Acidity Studies. The gas-phase acidity
of the parent of [HSi(O)NH]~ (2) has been difficult to
bracket because no sharp demarcation has been ob-
served with a variety of reference acids. For example,
while CF3CHs0OH (AG,sa = 354 keal mol~1)34 is consis-
tently deprotonated by 2 to a small extent (6%), other
more acidic acids either are deprotonated to only a very
small extent (e.g. CH3SH with AG..q = 351 kcal mol~1)
or not at all (e.g. N-methylformamide with AG..iq = 353
keal mol™1). (Since gas-phase acidities are always
endothermic, larger values of AH,.4 correspond to
weaker acids.) Still other reference acids such as
pyrrole (AGaciq = 351 keal mol 1), CD3sNO3 (AGauq & 350
kecal mol™1),3435 and (CH3)3CSH (AGaqa = 346 kcal
mol~!) deprotonate more extensively, but by no means
exclusively (never more than about 20% deprotonation).
These results suggest that the acidity of silaformamide
is between 350 and 355 kcal mol~!. We have used the
G2 method?! to estimate the acidity of silaformamide
computationally, obtaining a AGa.q at 298.15 K of 345
kcal mol~1.38 This result is consistent with the experi-
mental range we have reported, given the lack of a
sharp bracketing demarcation. The G2 energy values
have uncertainties of less than +3 kcal/mol.2!

The acidities corresponding to three other low-valent
silicon-containing anions whose carbon analogs are
known are presented in Table 4. In presenting the data

(35) The AGaeq value for CHaNO; is 349.7 kecal mol~!. Deuteration
effects on acidity are fairly small, leading to slightly weaker acids. See
ref 34 for examples.

(36) Thermal corrections (to 298.15 K) to the G2 results reported in
Table 3 were carried out as follows. Contributions of 3.08, 0.889, and
3.38 kcal mol~! were used as temperature corrections of the internal
energy of 2, H*, and 16, respectively. The enthalpy change at 298.15
K was obtained by adding a APV value of 0.59 keal mol~! (AnRT). We
estimated the TS value to be 7 keal mol~! to obtain AG,q.
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in Table 4, we use the convention adopted earlier for
the protonated parent species of an anion that might
have more than one isomeric structure, namely that the
protonated species is given as the most stable of the
isomeric species as determined by computational stud-
ies.l'!! This convention was adopted primarily for the
sake of simplicity and does not imply that protonation
necessarily occurs to give the most stable isomer. In
the case of [HSi(O)NH]~ (2), we refer to computations
we have carried out on the three [H3,Si,N,0] compounds
studied at the MP4(SDTQ)/6-311++G(d,p)//MP2/6-31+G-
(d,p) level of theory (Table 3). The silaformamide isomer
16 is 5.71 kcal mol~! more stable than silylene 18 and
15.7 kcal mol~! more stable than silanimine 19. These

T [ I

Si Si Si
/ \ \ H/ \NH

H NH, NH,

14
A=165

Figure 1. Charge densities of anions and neutrals and energy differences of pairs of anion isomers. The A value (kcal mol™) is the energy difference between each pair of

isomers and is placed under the isomer of lower energy.

16 18 19

computations show an interesting parallel to those of
the [H,Si1,0] isomers, in which HsSiO is more stable
than HSiOH by 2.7 keal mol™!, but only at the highly
correlated MP4/MC-311G(d,p) level.?37 Similarly, struc-
ture 16 is the most stable isomer only at the MP4 level 38
A related recent ab initio study of [H;,Si,N,0] by
Marshall indicates that 16 is the most stable of several
other isomers, including 19, studied at the MP4/6-311G-
(d,p)//MP2/6-31G(d) level.3® Thus, of a number of [Hs,-
Si,N,0] isomers, silaformamide 16 is the most stable,
and as the result of our convention, its acidity is listed
in Table 4.

Summary. Studies of [HSi(O)NH]™ (2) in a tandem
flowing afterglow selected ion flow tube have focused
on determining its structure and chemical reactivity
with a variety of neutral reagents. Related ab initio
computations probed the stability of 2 and its isomer
[Si(O)NH;]~ (1) as well as eight other related anionic
isomer pairs. The silylene anion isomers are the most
stable for Si—H deprotonation of HSi(X)Y (for X = O,
NH, and CHy and Y = NH; and CH3). However, O—H
deprotonation is favored when X = O, NH, and CH; and
Y = OH. Charge density computations have also been
carried out on a large number of neutrals and anions.
Silaformamide has a AGau4 value estimated to be
between 350 and 355 kcal mol 1,
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The potential energy surface (PES) for the reaction of the silaformyl anion (HSiO~) with
CO; was studied in detail using ab initio electronic structure theory. The calculated PES,
using fourth-order perturbation theory (MP4) energies with the 6-311++G(d,p) basis set,
obtained at MP2/6-31++G(d,p) geometries, shows that there are two important (low-energy)
paths leading to different products, SiO + HCO;~ and HSiO;~ + COs. There are, in addition,
two paths that correspond to oxygen exchanges. All four of these paths lie below the initial
reactants, HSiO~ + CO;. The calculated potential energy surface is in good agreement with

the available experimental data.

Introduction

The reactions of HSiO~ with CO;, COS, CSg, and SO.
have recently been studied by flowing afterglow experi-
ments.! On the basis of analyses using isotopic substi-
tutions, these four reaction systems have been proposed
to have similar reaction mechanisms. The proposed
mechanisms typically invoke four-membered rings that
may be intermediate complexes or transition states.
Similar reaction schemes may also apply to other
analogous ion—molecule reactions, such as those involv-
ing HSiS~ and HSiNH".2

The purpose of the current study is to use accurate
electronic structure theory methods to analyze the
detailed potential energy surface (PES) for a prototypi-
cal HSiO~ ion—molecule reaction, in order to gain some
insight into the mechanism. We chose HSiO~ + CO;
as a representative system. A similar set of calculations
on the reaction of HSiO~ with COS are in progress.?

Experimentaily, HSiO~ reacts with CO; to produce
HCO;~ + Si0 and HSiO,;~ + CO with a branching ratio
of 0.45:0.55. The use of isotopically substituted HSil80~
has established that oxygen atoms from HSiO~ and CO;
undergo partial exchange. The proposed reaction mech-
anism shown in Scheme 1, including the central role
played by a four-membered-ring structure, is consistent
with all of these observations. A similar four-membered

* Current address: Department of Chemistry, Kansas State Uni-
versity, Manhattan, KS 66506.

® Abstract published in Advance ACS Abstracts, May 1, 1995.

(1) Gronert, S.; O’Hair, R. A. J.; Prodnuk, S.; Siilzle, D.; Damrauer,
R.; DePuy, C. H. J. Am. Chem. Soc. 1990, 112, 997—1003.

(2) Damrauer, R.; Krempp, M.; O’'Hair, R. A. J. J. Am. Chem. Soc.
1993, 115, 1998.

(3) The MP2/6-31++G(d,p) potential energy surface of the HSiO~
+ COS system is under investigation by R. A. J. O’'Hair.

0276-7333/95/2314-2664$09.00/0

ring was proposed* for the reaction of silaacetylide anion
(HCSi™) with CO; and was verified to be an intermedi-
ate in the metathesis reactions for those two species.’
The simplified mechanism proposed in Scheme 1 also
involves an extrusion reaction, in which CO is elimi-
nated from the four-membered ring. Possible competing
mechanisms! include the formation of intermediate
three-membered ring species. The calculations de-
scribed here must account for the relative energetics of
the possible competing reactions, as well as the relative
stabilities of the proposed cyclic intermediates.

Computational Methods

All geometries were optimized with second-order perturba-
tion theory (MP2)8 using the 6-31++G(d,p)” basis set. In the
MP2 optimizations, no core orbitals were frozen. For all
stationary points the analytic Hessian was calculated and
diagonalized to confirm that they are minima (positive definite)
or transition states (only one vibrational mode with an
imaginary frequency). For preliminary Hartree—Fock (HF)/
6-31G(d) optimized transition states, the minimum energy

(4) Damrauer, R.; DePuy, C. H.; Barlow, S. E.; Gronert, S. J. Am.
Chem. Soc. 1988, 110, 2005—-2006.

(5) Schmidt, M. W.; Grodon, M. S. J. Am. Chem. 1991, 113, 5224~
5248.

(6) Mdller, C.; Plesset, M. S. Phys. Rev. 1984, 46, 618, Krishnan,
R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 1980, 72, 4244.

(7) (a) H: Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys.
1971, 54, 724—728. (b) C, O: Hehre, W. J.; Ditchfield, R.; Pople, J. A.
J. Chem. Phys. 1972, 56, 2257—-2261. (c) Si: Gordon, M. S. Chem.
Phys. Lett. 1980, 76, 163—168. (d) Standard polarizations were used.
H{(p=11),C(d=038),0(d=0.8),Si(d=0.395). (e) Standard
diffuse functions were used: H (s = 0.0860), C (1 = 0.0438), O (1 =
0.0845), and Si (1 = 0.0331), where | means an sp shell. See: Clark,
T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. J. Comput.
Chem. 1983, 4, 294—301.

© 1995 American Chemical Society
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Scheme 1. Proposed Reaction Paths for HSiO~ + CO;

HSIO" + CO,
‘ l Hydride Transfer
—— SiO + HCO,
[Hsio™ co, | o
—— HSi—0—C
N\
e
CO Extrusion
o)
H——Si CcC== HSiOy + CO
o)

paths® were followed to verify the minima connected by the
transition state.

The final energies, determined at the MP2/6-31++G(d,p)
geometries, were obtained with fourth-order perturbation
theory (MP4SDTQ) using the larger 6-311++G(d,p) basis set.?
This energy is denoted as MP4SDTQ/6-311++G(d,p)/MP2-
(full)/6-31++G(d,p). The energy differences corrected with
MP2 zero-point energies thus correspond to the enthalpy
differences at absolute zero, AH°(0). Energy differences
discussed in the remainder of the text refer to this highest
level of theory.

The Bader atoms in molecules analysis (AIM) was used to
interpret the bonding.!® According to this model, a saddle
point in the electron density between two atoms (referred to
as a “bond critical point”) is taken as an indication that a
chemical bond connects those two atoms. The electron density
©c at the bond critical point reflects the relative bond strength
for a given pair of atom types (e.g., C—C), and the bond critical
point is closer to the less electronegative atom of the two atoms
in the bond.

The majority of the calculations reported here were per-
formed using Gaussian92,!! following preliminary restricted
Hartree—Fock (RHF) geometry optimizations with GAMESS, 12
Some MP2 geometry optimizations were performed using
CADPAC4.2.13

Results and Discussion

1. Preliminary Considerations. The MP2/6-
31++G(d,p) geometries for all of the stationary points
found on the potential energy surface are summarized
in Figure 1, and schematics for the reaction mechanism
are presented in Figure 2 and Scheme 2. The total,
zero-point, and relative energetics are summarized in
Table 1. The main reaction channels, as illustrated in

(8) (a) Garrett, B. C.; Redmon, M. J.; Steckler, R.; Truhlar, D. G.;
Baldridge, K. K.; Bartol, D.; Schmidt, M. W.; Gordon, M. S. J. Phys.
Chem. 1988, 92, 1476—1488. (b) Gonzales, C.; Schlegel, H. B. J. Phys.
Chem. 1990, 94, 5523—5527. (c) Gonzales, C.; Schlegel, H. B. J. Chem.
Phys. 1991, 95, 5853—5860.

(9) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem.
Phys. 1980, 72, 650—-654.

(10) Bader, R. F. W. Acc. Chem. Rev. 1985, 18, 9.

(11) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W;
Wong, M. W,; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb,
M. A,; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K,;
Binkley, J. S.; Gonzalez, C.; Martin, R. L,; Fox, D. J.; Defrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian 92; Gaussian Inc.,
Pittsburgh, PA, 1992.

(12) GAMESS (General Atomic and Molecular Electronic Structure
System): Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K.
A.; Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. J. Comput.
Chem. 1993, 14, 1347-1363.

(13) Amos, R. D.; Rice, J. E. CADPAC: Cambridge Analytic Deriva-
tives Package, issue 4.2, 1989.

Figure 2 and Scheme 2, are (transition states are
indicated with a superscript 1)

1. hydride transfer
HSiO™ + CO, = a =d*~h = Si0 + HCO,~
2. oxygen transfer

HSiO™ +
CO,=c=g'=j=n'=¢=HSiO,” + CO

3. oxygen exchange

(a) four-membered-ring intermediate

et

HSIO- + cog/a o \/
NS

b)h=k=h

————

Note that intermediate & and transition state % are
both lower in energy than HSiO~ + COy, so that this
simple oxygen exchange reaction may occur with the
energy available from the reactants. This is consistent
with the experimental conclusions, noted earlier, based
on isotopic substitutions. Similarly, intermediates a, b,
and i and the transition states connecting them to each
other (e, f) are all lower in energy than the separated
reactants. Therefore, all of these species in the oxygen
exchange cycle are accessible with the energy available
from the reactants. As shown in Figure 2, all species
in the hydride transfer and oxygen transfer routes are
also lower in energy than the separated reactants.
Thus, from the perspective of the potential energy
surface all three routes summarized above are energeti-
cally feasible.

There are in addition two stationary points (I, m) that
lie above the initial reactants, HSiO~ + CO.. Structure
1 is a transition state that leads from the four-membered-
ring intermediate i to a cyclic carbene 0. Saddle point
m connects { with the complex g that leads to CO
extrusion. The high barriers (Table 1) predicted for /
(62.7 kcal'mol™1) and m (21.0 kcal'mol™!) suggest that
CO production from the four-membered ring is unlikely.
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Figure 1. MP2 optimized geometries.

2. Energetics. Hydride Transfer. As shown in
Table 1, all stationary points on the hydride transfer
reaction path (see also Scheme 2 and Figure 2) lie below
the reactants HSiO~ + CQq. The initial ion—molecule
complex a is 8.9 kcal'mol~! downhill. This complex a
may follow two competing paths, hydride transfer via
transition state d to form complex £, and four-membered-
ring formation (i via transition state ¢). The energy of
the hydride transfer transition state (d) is predicted to
be only 0.7 kcal'mol~! lower than the transition state
(e) that leads to four-membered-ring formation. Com-
plex A has the lowest energy on the potential energy

surface, lying 35.4 kcal'mol ! below the initial reactants.
No intervening barrier has been found between k2 and
the final products, HCOy~ + SiO. The energy of HCO5™
+ SiO is slightly higher than that of the hydride transfer
transition state (d), but these products are still ~4
kecal'mol~! below the reactants. Since this entire seg-
ment of the reaction surface is lower than the initial
reactants in energy, all species are energetically acces-
sible.

Oxygen Transfer. Complex ¢ is a few kcal'mol™! less
stable than the other two ion—molecule complexes (a,
b). The barrier at transition state g, that separates c
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Scheme 2. Calculated Reaction Paths for HSiO~ + CO.®
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¢ Labels adjacent to arrows refer to transition states.

HSIO" + CO,

Figure 2. Schematic potential surface ((MP4SDTQ/6-
311++G(d,p)/MPS(full)/6-31++G(d,p)] level).

from the three-membered ring j, is very small (0.1
kcal'mol~1); therefore, this transition state may well
disappear at higher levels of theory. Such an occurrence
would result in the direct formation of the three-
membered ring from the separated reactants. The

energy of the three-membered ring j is similar to that
of the four-membered ring i. Both structures are about
25 keal'mol~! below HSiO~ + CO;. The ring scission
reaction via transition state n, in which the three-
membered ring opens to form a complex (g) between
HSiO,~ and CO, has a small (5.0 kcal'mol™!) barrier.
The ion—molecule complex (g) in the exit channel is 8.0
kcal'mol™! lower in energy than the three-membered
ring, and the final products HSiOy~ + CO are only 3.2
keal'mol~! above q. There is apparently no barrier to
decomposition from g. As noted for the hydride transfer
path, all stationary points on the oxygen transfer path
are also lower in energy than the initial reactants.
Therefore, the observed branching ratio for the two
paths must be determined by the detailed dynamics of
the reaction.

Four-Membered-Ring Formation. There are two
routes!* to the four-membered ring i, starting from the

(14) In each route, at the MP2/6-31++G(d,p) level of theory, there
is an additional transition state and minimum (between a, e or b, f).
In each case, these additional stationary points disappear (that is, the
transition state falls below the minimum in energy) at the MP4/6-
311++G{(d,p) level of theory; these stationary points are likely to be
artifacts and are therefore not discussed in the text.
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Table 1. Energetics of the HSiO~ + CO; Reaction Network

MP2(full)/6—31-++G(d,p)//MP2(full)/6—31++G(d,p)

MP4SDTQ(fc)/6-311++G(d,p)//MP2(full)/6-31++G(d,p)

E/hartree ZPE/kcal'mol ! AH(0)kcal'mol 1 E/hartree AH(0)kcal'mol !
HSiO~ + CO. -552.783 97 12.2 0.0 —552.959 76 0.0
a —552.799 76 12.9 -9.1 —552.975 15 -89
b —552.798 41 12.7 -8.5 -552.973 33 -7.9
c —552.791 23 12.5 -4.2 —552.967 09 —4.2
d —552.790 97 12.5 —4.0 —552.967 55 -4.5
e —552.799 01 14.2 -74 —552.969 03 -3.8
f —552.798 82 14.0 =75 —552.968 01 -34
g —552.791 18 124 —4.3 —552.966 69 -4.1
h —552.861 38 16.6 —44.2 —553.023 26 —35.4
1 —552.842 39 15.5 -33.3 —553.007 56 —26.6
j —552.841 67 14.8 -33.6 ~558.003 74 -25.0
k —552.819 87 16.3 —18.4 —552.981 20 -9.3
l —552.700 56 12.2 52.4 —552.859 95 62.7
m —552.757 81 13.4 17.6 —552.928 16 211
n —552.827 77 13.5 -26.1 —552.993 73 -20.0
0 —552.839 80 14.8 —-32.4 —552.999 44 -22.2
p —552.812 44 13.2 —-16.8 —552.976 75 -9.6
q —552.845 67 12.4 —38.5 -553.012 75 —-33.0
SiO + HCOg™ —552.799 73 14.5 -7.6 —552.969 63 -3.9
HSiO,~ + CO —552.839 12 11.9 —34.9 —553.006 84 —-29.8

ion—molecule complexes a and b. These complexes are
nearly isoenergetic, as are the corresponding transition
states e and f. The barrier heights that lead from
complexes @ and b to the four-membered ring are 4—5
kcal'mol~1, and the ring is 26.6 kcal'mol~! below HSiO~
+ CO;. Once this ring has been formed, it can rearrange
to form the cyclic carbene o or extrude a CO via complex
g. As noted earlier, each of these last two processes
involves a large barrier (at [ and m, respectively); thus,
these reactions are not likely to occur, except at high
temperature. A more energetically accessible route to
CO production has already been discussed.

3. Structure and Bonding. The geometries for the
structures discussed in this work are summarized in
Figure 1, and the imaginary normal modes for the
saddle-point structures are shown in Figure 3. As noted
earlier, each minimum energy path, starting from the
direction indicated by the imaginary frequency at the
transition state, was traced to the connecting reactants
and products (at the Hartree—Fock level of theory) to
verify that these compounds do indeed connect.

It is interesting to compare the three HSiO~—CO;
complexes (a, b, and ¢) using the molecular electrostatic
potential map (MEP map) of HSiO~ shown in Figure 4.
The MEP map exhibits three negative maxima, indi-
cated by “a”, “b”, or “c” on the figure. These maxima
correspond to the points of interaction with CQOs, result-
ing in structures a, b, and ¢. Moreover, the ion—
molecule distances, as measured by the Si—C or O—C
distance, correlate with the magnitude of the potential,
the ion—molecule interaction increasing in the order ¢
< b < a. According to the Mulliken population analysis,
there is only nominal charge transfer from HSiO~ to
COy: 0.059, 0.051, and 0.044 for a, b, and ¢, respectively.
These results suggest that initial formation of the ion—
molecule complexes is mainly based on electrostatic
interactions and that the internal electronic structure
of each fragment remains essentially unchanged upon
complex formation, except for a slight bending of the
O—C-0 angle.

The structure of transition state d is closer to that of
a than to that of hA. This is consistent with the

Hammond Postulate,!® since k is much lower in energy
thana. The C—O length in d is not much different from
that in isolated COg, and the Si—H length is only 0.02
A longer than that in a. The electron densities g. at
the bond critical points are shown in Figure 5, for a, d,
and hA. The weak C30;2 bond in complex a and the weak
C3H, bond in transition state d are apparent from the
relatively small values for g. in these bonds. g, is also
small for the Si;—O5 bond in A.

In the intermediate A, Si is connected to an oxygen
(Os) that originally was in the CO2 molecule, with a Si—
Os distance of 1.88 A. Though this is quite long for an
Si—O single bond, it is shorter than the analogous
distances found in the complexes a, b, and c. The C—Os
distance of 1.32 A may be compared with the C—Og
distance of 1.22 A. These distances suggest that Os
forms partial bonds with both Si and C, and this is
supported by the large electron densities at the bond
critical points (Figure 5). For example, g. for Si;—0;
in A is about 50% of that for Si;—QOs, a nominal double
bond. In contrast, the very weak C30s bond in complex
a has a g. value which is only 5% of that for C50s.

A plot of the total density for the three-membered-
ring species j is shown in Figure 6. As expected for a
strained ring, the Si—C bond path is bent. As has been
illustrated for neutral analogs,!® the C~0O and Si—O
bond paths are less bent than the Si—C bond path.
Upon dissociation of C—0, Si—C stays weakly bound up
to the transition state n, while the C—O distance
changes from 1.39 to 1.94 A The product ¢ is an ion—
molecule complex connecting HSiOs~ and CO. The
geometries of both fragments in ¢ are very similar to
those in the product molecules.

The transition states (¢ and /) that lead to the
formation of the four-membered ring i from a and b,
respectively, differ mainly in their H—Si—0—C torsional
angles (Figure 1). In both e and f, the Si—O distance is
slightly longer than a normal Si—O single-bond length,
and the internal C—O distance is about 0.1 A longer

(15) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334.

(16) (a) Boatz, J. A.; Gordon, M. S. J. Phys. Chem. 1989, 93, 3025.
(b) Boatz, J. A.; Gordon, M. S.; Sita, L. R. J. Phys. Chem. 1990, 94,
5488—-5493.



2670 Organometallics, Vol. 14, No. 6, 1995

d 419.2i cm-! e

¢ 82.3i cm-1 k

m 876.0i cm-1 n

Figure 3. Reaction mode of each transition state.

Figure 4. Molecular electrostatic potential of HSiO-
(electrostatic potential was calculated for a +0.001 test
charge, and spacings between lines are 20 kcal'mol™1):
(solid line) positive; (widely spaced dotted line) zero;
(dashed line) negative.

than a normal C—O sgingle bond. Although the four-
membered ring i is 26.6 kcal'mol~! below HSiO~ + CO,

Shimizu et al.

192.6i cm-! f 251.5i cm-1

oCh

281.9i cm-! i 751.0i cm-!

267.8i cm-! p 410.7i cm-1

and therefore has a relatively stable structure, its Si—O
bonds are quite long (1.84 A).

At transition state m, connecting i with the HSiOy~—
CO complex g, one C—O bond is elongated to 2.17 A,
while the other stays at roughly a single-bond length.
One of the Si—O bonds is 1.65 A, and the other is 1.70
A. While a normal single Si—O bond is very strong and
the extrusion reaction is actually exothermic, at the
initial stage of the reaction there apparently is not
enough energetic gain from shortening the Si—O bonds
to compensate for the C—O bond breaking. As a result,
there is a large 47.7 kcal'mol~! barrier for this process.

Conclusion

The potential energy surface for the reaction system
of HSiO~ + CO; has been explored in detail. In general,
this surface has many characteristics that are typical
for ion—molecule reactions. Strong electrostatic inter-
actions between the ion and the neutral substrate lead
to the formation of ion—molecule complexes that may
be bound by as much as 10—30 kcal'mol-!. Once
formed, these ion—molecule complexes may rearrange
through intramolecular isomerizations to more stable
structures, leading eventually to dissociation into final
products. The ultimate fate of these compounds de-
pends on two factors: the initial energy available to the
reacting species and the heights of any barriers to the
rearrangements of the ion—molecule complex. If, as in
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the experiments related to the calculations presented
here, only thermal energies are available, any signifi-
cant barriers will be insurmountable. When the neutral
species have highly polar bonds, as in the case here, it
is likely that relatively stable cyclic intermediates will
form.
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The potential surface described in this work is in good
agreement with the experimental results. The main
path leading to HSiO2~ + CO is oxygen extraction by
HSiO~ via a three-membered-ring intermediate. The
reaction that produces HCOs~ + SiO is the single
hydride transfer. All stationary points (intermediates
and transition states) on both paths are lower in energy
than the initial reactants; therefore, both reactions can
take place easily. Exploration of the reaction dynamics
would be required to understand the observed branching
ratio. The formation of a four-membered-ring interme-
diate does not play an important role in determining
the final products, because there is a large (18 keal'mol™!)
barrier to CO extrusion from this intermediate. In-
stead, the four-membered ring acts as a oxygen ex-
change intermediate.

This paper once again highlights the importance of
carrying out accurate ab initio calculations to gain
mechanistic insights into the gas-phase ion—molecule
reactions of low-valent silicon species. Just as a previ-
ous theoretical® paper revealed a plausible new channel
for the reaction of HCSi~ with COS, this paper sheds
new light on the reaction of HSiO~ with COs. In
particular, this paper demonstrates that the originally
proposed mechanism needs some revision. Although the
four-membered-ring intermediate i is a key intermediate
in the oxygen scrambling process, contrary to the
original hypothesis, extrusion of CO from this interme-
diate is not energetically favored. Instead, the three-
membered-ring intermediate j, which can be formed
either directly from the reactants or indirectly via the
four-membered-ring intermediate, undergoes facile loss
of CO to form the observed products. Thus, the observed
partial scrambling process for the loss of CO is likely to
involve the following process (Scheme 2): HSiO~ + COq
—b—[fl—=i—[fl—b—c—[gN—i—n—qg—
HSiO;~ + CO. Oxygen exchange in the hydride transfer
reaction is equally fascinating, occurring via two com-
peting processes. The first process also occurs via the
four-membered-ring intermediate: HSiO~ + CO; — a
orb—[eforffl—i—[etl ~a—[df] —h—HCO; +
SiO. A novel second exchange process, occurring within
the product ion molecule complex 4, has been revealed
in this study: HSiO~ + COs —a —[d¥1—h — [k]—h
— HCOy~ + SiO, Without modeling the dynamics of
these competing processes, it is impossible to determine
which dominates the observed oxygen exchange.
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The kinetics of hydrogen abstraction from BusSnH and (Me3Si);SiH by a variety of acyl
radicals have been studied in nonpolar solvents over a range of temperatures by using
competing decarbonylation reactions. The relative preexponential factors are essentially
independent of the nature of the acyl radical and of the hydride; i.e. log(As/Amu) = 4.8. On
the other hand, the relative activation energies, i.e. Eq — Eumn, decrease by ca. 2 kcal mol™!
on going from primary to secondary and also on going from secondary to tertiary substituents
at the carbonyl moiety for a particular hydride. As one goes from BusSnH to (MesSi);SiH
for a particular acyl radical, the Eq — Eyy also decreases by ca. 2 keal mol~!. Combining
our relative kinetic data with the gas-phase Arrhenius parameters for the propanoyl radical
decarbonylation allows for the evaluation of the absolute Arrhenius expressions for the
reactions of acyl radicals with BuzSnH and (Me;Si);SiH and for the decarbonylation of
secondary and tertiary acyl radicals. Rate constants at 80 °C for the reactions of (Mes-
Si)3Si* and BusSn* radicals with acyl derivatives have also been estimated.

Introduction

In recent years free-radical reactions have proven to
be valuable in synthetic organic chemistry, due to their
selectivity and the mild conditions required.# In par-
ticular, the reduction of several functional groups and
the formation of new carbon—carbon bonds have suc-
cessfully been accomplished. Tri-n-butyltin hydride®
and tris(trimethylsilyl)silane® are the most widely used
reagents for these procedures, which utilize radical
chain reactions.

For a synthetically useful radical chain reaction the
intermediates must be disciplined. The concept of
discipline in free-radical reactions is strictly connected
with the kinetic information in each individual step,
although upon first consideration, the importance of
kinetic knowledge might be less apparent in planning
a synthetic strategy. Thus, for the design of new radical
reactions one is faced with the problem of simulta-
neously occurring carbon-centered radicals which must
have different duties. Therefore, it is of considerable
importance to know how rapidly different classes of
carbon-centered radicals abstract hydrogen from differ-
ent hydrides.”

In 1981 and 1991, rate constants and Arrhenius
parameters for the reaction of some carbon-centered

® Abstract published in Advance ACS Abstracts, April 1, 1995.
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radicals with BusSnH® and (Me3Si);SiH? (henceforth
(TMS)3SiH) were determined. The numerous citations
of the former article over the last decade undoubtedly
indicate the importance of these widely used data in
understanding and programming free-radical reac-
tions.*67 Furthermore, rate constants and Arrhenius
parameters for the reaction of benzyl radicals with Bus-
SnH1! g5 well as absolute rate constants for hydrogen
transfer reactions of the perfluoro-n-heptyl radical with
BuzSnH and (TMS);SiH have also been determined.!3

Acyl radicals are very important intermediates in
chemical synthesis, as demonstrated by the large num-
ber of related papers which have appeared in the last
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Soc. 1981, 103, 7739.
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56, 6399.
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51,19.

(11) Rate constants and Arrhenius parameters for the reaction of
phenyl, vinyl, cyclopropyl, and neopentyl radicals with BusSnH using
the corresponding acyl peroxides with light as the source of radical
formation have also been reported.'?2 However, recent measurements
on the decarboxylation processes indicated that some of these data are
not reliable.”

(12) Johnston, L. J.; Lusztyk, J.; Wayner, D. D. M.; Abeywickreyma,
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Soc. 1985, 107, 4594.
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few years.!* However, not much is known as to how
rapidly this class of carbon-centered radicals abstracts
hydrogen from various hydrogen donors. To our knowl-
edge, the only previously reported rate constants are
limited to the reaction of a benzoyl radical with ben-
zenethiol'®1® and to our preliminary report of the
present work.l” In order to overcome this gap of
information, we have used competing decarbonylation
reactions as timing devices (free-radical clocks”18 ) to
investigate the rates of primary, secondary, and tertiary
acyl radicals as a function of temperature with the above
common reducing agents.

Results and Discussion

Reduction of RC(0)C] and RC(0)SePh by Bug-
SnH and (TMS);SiH. Tri-n-butyltin hydride reacts
spontaneously at ambient temperature with acid chlo-
rides, RC(O)CI, to form Bu3zSnCl, RCHO, RC(O)OCH;R,
and a number of minor products.’® Lusztyk et al.?? have
shown, in disagreement with earlier conclusions,?! that
free radicals are not involved in such a spontaneous
reaction. When free radicals are deliberately generated
in the system, the nature of the products may be
changed.??2 In fact, the reproducibility of the product
distribution for the radical-initiated reactions is rela-
tively poor, the reason probably being that the free-
radical process and the spontaneous reaction occur
together.

Phenyl selenoesters, readily available from the cor-
responding carboxylic acids,?® have been reported by
Pfenninger et al.?* to undergo reduction to the corre-
sponding aldehydes and/or alkanes in the presence of
BusSnH. This methodology has successfully been ap-
plied to the synthesis of elaborate molecules via cycliza-
tion of intermediate acyl radicals.!4*£25 On the other
hand, it has been shown that no spontaneous reaction
occurs between acyl chlorides and (TMS)3SiH under
similar conditions and that, in the presence of a free-
radical initiator, a reaction takes place to give aldehydes
and/or alkanes depending on the reaction conditions.26

(15) Neville, A. G.; Brown, C. E.; Rayner, D. M.; Lusztyk, J.; Ingold,
K. U. J. Am. Chem. Soc. 1991, 113, 1869.

(16) Recently the reaction of propanoyl radical with tri-n-butyltin
deuteri