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Summary: Reaction of [FeaCO)ocp)ou-COXu-CSMe)]SOs-
CF5(1; cp = n-CsHj5) with Grignard reagents RMgCl (R
= benzyl, phenyl, isopropyl) forms the alkylidene com-
pounds [FexCO)x(cp)(CsHR)(u-CO)}{u-C(SMe)H}] (2)
and the corresponding cyclopentadiene complexes [Fey-
(CO)olcp)CsHsRNu-CO)Xu-CSMe)] (8). The latter com-
plexes are the intermediates in the formation of 2 which
are formed by hydrogen migration from the CsHsR ring
to the u-C carbyne carbon. The molecular structure of
[Fex(CO)s(cp)(CsH Bz)(u-CO){u-C(SMe)H}] has been de-
termined by X-ray crystallography. Spectroscopic prop-
erties of the complexes are also presented.

Extensive investigations on the chemistry of the
bridging thiocarbyne complex [Fea(CO)(cp)2(u-CO)(u-
CSMe)ISOsCF; (1; cp = n-CsHs)! with nucleophiles
have evidenced several reactivity patterns which in-
clude addition at the 4-C carbon,? NCO~ insertion into
the #-C—~S bond,? carbonyl substitution,’* and more
recently, carbyne—carbonyl migratory coupling pro-
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moted by nucleophilic attack at the CO ligand.? While
examining the reactions of dinuclear u-alkylidyne com-
plexes with carbon nucleophiles, we have found that
the reaction of 1 with BzMgCl at 0 °C forms two
compounds which have been separated by chromatog-

- raphy on an alumina column. The nature of the major

red product [Fea(CO)a(cp)(CsHyB2z)(u-CO){u-C(SMe)H} ]
(2a; 40%) has been ascertained by an X-ray struc-
tural study, which has shown that C—C bond forma-
tion has occurred at the cp ligand, accompanied by a
hydrogen migration at the u-C carbon.t The 7*-penta-
dienyl—alkylidyne nature of the second product,
[Fez(CO)o(cpXCsHsBz)u-COYu-CSMe)] (8a; 17%), spec-
troscopically ascertained, demonstrates well the nucleo-
philic addition at the cp ring, which is well-known in
mononuclear complexes,” including iron compounds,?
but, to our knowledge, has never been observed in
polynuclear species.

It has been previously reported?? that the addition of
BzMgCl to 1, at room temperature, results in an
exothermic reaction yielding, after silica gel column
chromatography, the alkylidene complex [Fex(CO)a(cp)s-
(u-CO){u-C(Me)Bz}]l. At this point, it is not clear why
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the different reaction conditions lead to such different
products; however, it seems reasonable that the lower
reaction temperature may result in a different reaction
pathway, directing the nucleophilic addition at the Cp
ring. Reactions of 1 with hydrides are known as well
to give different products under different conditions:
addition of NaBH, at room temperature occurred at the
bridging carbon,?2 whereas reaction with LIHBEt; at low
temperature involved the carbonyl, affording the alde-

hyde complex [FeI'I’e(CO)(cp)zw-CO)Lu-C(éMe)(CHO)}].5
In order to prove that our findings are of general
applicability, we have investigated the reaction with
other Grignard reagents (RMgCl; R = Ph, iPr): the
results are consistent with those obtained in the case
of R = Bz (Scheme 1).

Type 2 and 3 complexes have been characterized by
spectroscopy (IR and NMR).%1¢ The IR spectra of type
3 complexes exhibit a »(CO) band pattern (e.g. for 3a
in CHCl; at 1980 s, 1945 w, and 1790 m ¢cm™?!) that is
consistent with the presence of two terminal and one
bridging CO ligand. One single resonance, attributable
to the cp group, is observed in both the 'H and *C NMR
spectra (e.g. for 3a signals at 6 4.73 and 86.2). The
CsH;R ring carbons, being diastereotopic, give rise tofive
distinct signals in the 13C NMR spectra (e.g. for 3a 6
91.1, 87.5, 72.2, 69.2, and 59.0). The key feature in the
13C NMR spectra of 8 is the low-field resonance (for 3a
at 6 398.0) in the region typical of bridging thioal-
kylidyne carbons.!.2a5

A direct attack of R~ at the #5-CsH;s ring normally
occurs at the exo side of the ring, affording the L,M-n*-
exo-RCsHs, unless nucleophilic addition takes place at

(6) Crystal data for 2a: CgoH2oFexO3S, fw 476.14; triclinic, space
group P1 (No. 2),a = 6.833(2) A, b = 7.747(2) A, ¢ = 19.275(3) A, a =
93.26(2)°, 8 = 93.62(2)°, ¥ = 100.21(2)°, V = 999.8(4) A8, Z = 2, d(calcd)
= 1.582 Mg m~3; ambient temperature; crystal dimensions 0.28 x 0.22
x 0.05 mm; graphite-monochromated Mo Ko radiation; (Mo Ka) =
1.575 mm~!. Data were collected on an Enraf-Nonius CAD-4 diffrac-
tometer using the w-scan mode; 4350 independent reflections (+h,+k,+1)
were collected to 20z = 54° and corrected for absorption using the
azimuthal scan method. Direct methods (SHELXS-86) identified the
positions of the metal atoms and iterative cycles of least-squares
refinement (on F?), and difference Fourier syntheses located the
remaining non-hydrogen atoms. The non-hydrogen atoms were refined
anisotropically, and the carbene hydrogen was refined with fixed
isotropic displacement parameters. The remaining hydrogen atoms
were placed in calculated positions. Refinement on F2? (SHELXL93)
against 4344 data led to final convergence with R1 = 0.0437, wR2 =
0.1191, and S = 1.089 (F, > 40F,) for 232 refined parameters.

(7) (a) Davies, S. G.; Green, M. L. H.;. Mingos, D. M. P. Tetrahedron
1978, 34, 3047. (b) Maitlis, P. M. Chem. Soc. Rev. 1981, 10, 1.
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(b) Green, M. L. H.; Whiteley, R. N. J. Chem. Soc. A 1971, 1943. (c)
Liu, L. K; Luh, L. S. Organometallics 1994, 13, 2816. (d) Brown, D.
A.; Fitzpatrick, N. J.; Groarke, P. J.; Koga, N.; Morokuma, K.
Organometallics 1998, 12, 2521.
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Figure 1. Ortep drawing of [Fes(CO)x(cp)XCsHBz)(u-CO)-
{4-C(SMe)H}] (2a). Selected bond distances (A) and
angles (deg) are as follows: Fe(1)—Fe(2), 2.519(1); Fe(1)—
C(1), 1.982(3); Fe(2)—C(1), 1.957(3); Fe(1)—C(2), 1.903(4);
Fe(2)—C(2), 1.915(8); C(1)—H(1), 0.96(4); C(2)—0(2), 1.171-
(4); C(3)-0(3), 1.141(4); C(4)-0(4), 1.143(5); C(1)-S,

1.774(3); C(6)—-8, 1.761(6); C(1)—-S—C(5), 102.4(2);
S—-C(1)—H(1), 107(2); S—C(1)—Fe(2), 117.8(2); S—C(1)—Fe-
(1), 123.9(2).

the metal followed by a rearrangement to the cp ring
to yield the endo-RCsHs isomer. The IR criterion,
based upon the characteristic absorption of the cyclo-
pentadiene Hey, atom around 2750 em™1, provides a
reliable method for distinguishing between the iso-
mers.!! In our case the absence of the IR C—H,, band
suggests that a direct nucleophilic attack at the cp ring
has occurred.

Complexes 2a—c exhibit spectroscopic properties®10
gimilar to those of the previously reported bridgingm-
ethylidene complexes of the type [Fea(CO)q(cp)a(u-CO)-
{u-C(R)H}1.2212 In particular the methylidene proton
gives rise to the expected low-field resonance at about
0 11 and the methylidene carbon resonance occurs at
about 6 170. One single resonance is observed for the
cp as well as for the SMe group (e.g. for 2a at 6 4.90
and 2.87, respectively), indicating the existence, in
solution, of a single isomer, presumably that bearing
the SMe group on the less hindered CO side of the

(9) Synthesis and characterization of 2a and 8a: freshly prepared
BzMgBr (0.29 mmol) in thf solution was added to a stirred suspension
of 1 (0.14 g, 0.26 mmol) in thf (15 mL) cooled to 0 °C with an external
ice bath. The mixture was stirred for about 90 min, warmed to room
temperature, and then filtered on an alumina pad. The solution was
evaporated under reduced pressure, and the residue was chromato-
graphed on an alumina column with a CH3Cl,—hexane mixture (1:4,
viv) as eluent. A first green fraction was collected, evaporated to
dryness, and crystallized from CH,Cl; layered with pentane at —20
°C, yielding [Fea(CO)2(ep)(CsHsPh)(u-CO)(u-CSMe)] (8a; CsHsBz = #*-
benzylcyclopentadiene; yield 50 mg, 40%). Anal. Caled for CgHgo-
Fe 058: C, 55.50; H, 4.23. Found: C, 55.44; H, 4.27. IR (CH.Cly): +(CO)
1980 s, 1945 w, 1790 m ecm~1. 1H NMR (CD,Cl;): éy 7.28—7.04 (5 H,
m, Ph), 4.73 (5 H, s, ¢p), 4.65, 4.16, 3.70 (5 H, m, CsH;Bz), 3.09 (3 H,
s, Me), 2.08 (2 H, d, J = 2 Hz, CH,Ph). 13C NMR (CD.Cly): éc 398.0
(br, u-CSMe), 265.5 (u-CO), 221.7, 212.7 (CO), 139.8, 129.2, 128.5, 125.9
(Ph), 86.2 (cp), 91.1, 87.5, 72.2, 69.2, 59.0 (CsHsBz), 50.8 (CH.Ph), 33.2
(SMe). Further elution with CHyCly—hexane (1:1, viv) gave a red
fraction which yielded, by crystallization, [FexCO)x(cpXCsHBz)(u-CO)-
{u-C(SMe)H}](2a; 21 mg, 17%; CsH Bz = n®-benzylcyclopentadienyl).
Anal. Caled for CopHoFe203S: C, 55.50; H, 4.23. Found: C, 55.58; H,
4.32, IR (CH:Cly): »(CO) 1981 s,1943 w, 1779 m cm~1. 'H NMR (CD;-
CN): 6x11.55 (1 H, s, #-CH), 7.35 (6 H, m, Ph), 4.90 (5 H, s, ¢cp), 4.85,
4.78, 4.55 (4 H, m, CsH,Bz), 3.90 (1 H, d, Jag = 15 Hz, CH,Ph), 3.81
(1 H, d, Jas = 15 Hz, CH,Ph), 2.87 (3 H, s, Me). 13C NMR (CD3;CN):
dc 274.1 (u-CO), 212.5, 212.4 (CO), 171.3 (u-CHSMe), 140.8, 128.7,
128.6, 126.5 (Ph), 87.4 (cp), 105.9, 88.2, 86.9, 86.7, 67.2 (CsH,Bz), 33.5
(SMe), 25.1 (CH2Ph).
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molecule. This is the configuration found in the solid
state for 2a and [Fey(CO)y(cp)a(u-COMu-C(SMe)H} J%2
(see Figure 1). The latter structure is strictly compa-
rable with that of 2a, the only difference being the
benzyl appendage.

The migration of the R group from the metal to the
the cyclopentadienyl ring has been observed in [Fe(cp)-
(CO)R! (for R = COCHgs,'? SiMes,!* Bz!5 ). In the
complex [Fe(7*CsHsBz)(CO);] the opposite transfer of Bz
from the cyclopentadiene ring to the iron atom is also

(10) 2b: IR (CH2Cly) »(CO) 1981 s, 1944 w, 1780 m cm~!; 'H NMR:
(CDCl3) 8y 10.93 (1 H, s, u-CH), 7.41-7.19 (5 H, m, Ph), 4.53 (5 H, s,
cp), 5.20, 4.95, 4.81, 4.67 (4 H, m, CsH Ph), 2.50 (3 H, 5, SMe). 3b: IR
(CH3Clp) »(CO) 1982 s, 1947 w, 1790 m ¢cm~1; 'H NMR(CD:Cly) oy
7.22—-6.94 (5 H, m, Ph), 4.20 (5 H, s, cp), 4.87, 4.34, 3.94,3.71 (5 H, m,
CsH;sPh), 2.48 (3 H, s, Me). 2¢: IR (CHyCly) +(CO) 1979 s, 1941 w,
1779 m em™!; 'H NMR (CDCls) 6y 11.39 (1 H, s, u-CH), 4.74 (56 H, s,
cp), 4.90, 4.79, 4.09 (4 H, m, C;H,Ph), 2.82 (3 H, s, SMe), 2.90 (1 H, m,
CHMesy), 1.30 (6 H, d, CHMe,); 13C NMR (CD:Cle) 6¢ 274.2 (u-CO),
212.7, 212.2 (CO), 170.3 (u-CHSMe), 87.6 (cp), 114.2, 88.5, 87.0, 85.3,
85.2 (CsHyiPr), 27.3 (SMe), 23.5, 23.1 (iPr). 3¢: IR (CH:Clp) ®(CO) 1979
s, 1943 w, 1786 m cm~!; *H NMR (CDCl;) 6u 4.74 (6 H, s, cp), 4.63,
4.14, 3.79 (m, CsH5Pr), 3.13 (8 H, s, Me), 1.31 (1 H, m, CHMey), 0.72
(6 H, 5, br, CHMe,).

(11) (a) Davison, A.; Green, M. L. H.; Wilkinson, G. J. Chem. Soc.
1961, 3172. (b) White, D. A. Organomet. Chem. Rev. Sect. A 1968, 3,
497. (c) Khand, I. U.; Pauson, P. L.; Watts, W. E. J. Chem. Soc. C 1969,
2024. (d) Faller, J. W. Inorg. Chem. 1980, 19, 2857.

(12) Kao, S. C.; Lu, P. P. Y,; Pettit, R. Organometallics 1982, 1, 911.
(b) Casey, C. P.; Fagan, P. d.; Miles, W. H. J. Am. Chem. Soc. 1982,
104, 1134. (c) Aime, S.; Cordero, L.; Gobetto, R.; Bordoni, S.; Busetto,
L.; Zanotti, V.; Albano, V. G.; Braga, D.; Grepioni, F. J. Chem. Soc.,
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(13) Liebeskind, L. S.; Welker, M. E. Organometallics 19883, 2, 194.
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known!® to occur in connection with light-induced loss
of CO. Therefore, it is quite obvious to assume that
complexes 3 are formed vie hydrogen migration from
the cyclopentadiene ligand to the u-thioalkylidyne car-
bon. Conditions which favor this migration are cur-
rently under investigation: pure samples of 8 in CH,Cl;
solution do not exhibit appreciable conversion into 2
after 24 h. The relative amounts of the complexes 2and
3 does not.change appreciably upon chromatography on
an alumina column; however, we have found that, upon
treatment with silica gel, the conversion of 3 to 2
becomes significant.
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Summary: The new ligand NaQ3;S(CeH4)CHC(CH;-
PPhy)s (sulphos) has been synthesized. The application
of the zwitterionic Rh(I) complexes (sulphos)Rh(cod) and
(sulphos)Rh(CO); in liquid biphasic catalysis has been
demonstrated for the hydrogenation of styrene and the
hydroformylation of 1-hexene, respectively. The latter
reaction gives C; alcohols in an alcohol/hydrocarbon
system and C; aldehydes in an alcohol—water/hydro-
carbon system. All rhodium is recovered in the polar
phase at the end of the catalytic reactions.

In the field of liquid biphase catalysis, increasingly
endeavors are being directed toward the elaboration of
new techniques and new concepts in order to achieve
selective chemical transformations and easy and ef-
ficient catalyst/product recovery.

An exciting approach to biphasic reactions has re-
cently been developed by Horvath and Rabai.?2 The
method is based on the limited miscibility of fluorinated
solvents in hydrocarbons and the immobilization of the
metal catalyst in the fluorocarbon phase by means of
perfluoroalkylated phosphines (Teflon ponytails).

In this communication, we describe an alternative to
fluorous biphasic systems for facile catalyst separation
without water. Our strategy has involved the modifica-
tion of a phosphine ligand, the tripodal triphosphine
MeC(CHyPPhy);s (triphos) which has seen wide use in
catalysis,? so as to make its metal complexes exclusively
soluble in light alcohols (e.g. methanol) which have low
miscibility in hydrocarbons at room temperature.

The new ligand NaO3S(C¢H4)CH2C(CH2PPho); (sul-
phos) is basically a triphos ligand with a hydrophilic
tail attached to the bridgehead carbon atom. The
synthesis of sulphos is outlined in Scheme 1. The
procedure involves the treatment of benzyltris(chlorom-
ethyl)methane? with concentrated H2SO4 (96%) at 100
°C, which results in the regioselective para sulfonation
of the phenyl ring. Reaction of NaO3S(CsH4)CH2C(CHs-

@ Abstract published in Advance ACS Abstracts, October 15, 1995.
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Cl); with KPPhy in DMSO at 100 °C gives sulphos,
which is recovered as colorless needles after recrystal-
lization from hot ethanol (65% yield based on the
trichloride).?

The complexes (sulphos)Rh(cod)® (1; cod = 1,5-cyclooc-
tadiene) and (sulphos)Rh(CO).7 (2) have been prepared
by following the procedures used for the synthesis of
the analogous triphos complexes (Scheme 1). Because
of the distance of the negative charge from the phos-
phorus donors, the coordination properties of sulphos
do not significantly differ from those of triphos. How-
ever, the complexes which are cationic with triphos3
are zwitterionic with sulphos, as this ligand can act as
an internal counteranion itself. As a matter of fact, the
main spectroscopic characteristics (NMR, IR) of the
sulphos complexes are identical with those of the triphos

(5) Anal. Caled for Ci7H4eNaOsP3S (M, = 802.82): C, 70.32; H, 5.27;
P, 11.57. Found: C, 69.88; H, 5.10; P, 11.32. 3!'P{!H} NMR (24 °C,
CD;0D, 81.01 MHz): —29.5 ppm. 'H NMR (20 °C, CD;0D, 200.13
MHz): 2.21 ppm, s, br, 6H (CH;P); 2.81 ppm, s, 2H (PhCH,C); 7.11
ppm, d, 7 Hz, 2H (0-H of NaO3SPh); 7.18 ppm, s, br, ~30H (PPh); 7.57
ppm, d, 7 Hz, 2H (m-H of NaO3;SPh).

(6) Anal. Calcd for Cs55Hs,03PsRhS (M, = 990.21): C, 66.65; H, 5.50;
P,9.38. Found: C, 67.08;H, 5.40; P, 9.51. 3P{!H} NMR (20 °C, CD;-
Clg, 81.01 MHz): 5.80 ppm, d, Jrnp = 104.5 Hz. 'H NMR (20 °C, CDs»-
Cly, 200.13 MHz): 2.41 ppm, m, br, 4H (CH; of cod); 2.62 ppm, s, br,
6H (CHyP); 2.78 ppm, m, br, 4H (CH; of cod); 3.12 ppm, s, br, 2H
(PhCH,C); 4.05 ppm, s, br, 4H (CH of cod); 6.92 ppm, br, 12H (0-H of
PPh); 7.17 ppm, t, 5 Hz, 12H (m-H of PPh); 7.30 ppm, d, 8 Hz, 2H (0-H
of “O3SPh); 7.34 ppm, t, 5 Hz, 6H (p-H of PPh); 7.94 ppm, d, 8 Hz, 2H
(m-H of ~03SPh).

(7) Anal. Caled for C4H,205P3RhS (M, = 938.76): C, 62.69; H, 4.51;
P,9.90. Found: C, 62.50; H, 4.43; P, 9.70. 31P{IH} NMR (20 °C, CD,-
Clg, 81.01 MHz): 6.60 ppm, d, Jrne = 98 Hz. 'H NMR (20 °C, CD,Cl,,
200.13 MHz): 2.65 ppm, d, 8 Hz, br, 6H (CH3P); 3.27 ppm, s, br, 2H
(PhCH3C); 7.04 ppm, br, 12H (0-H of PPh); 7.15 ppm, t, 6 Hz, (m-H of
PPh); 7.27 ppm, t, 6 Hz, 6H (p-H of PPh); 7.35 ppm, d, 8 Hz, 12H (0-H
of ‘OSSP?); 8.01 ppm, d, 8 Hz, 2H (m-H of ~03SPh). IR: vco 1971
(sst) em~1L,

© 1995 American Chemical Society
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Table 1. Hydroformylation of 1-Hexene Catalyzed by 2°¢

product composition?

entry solvent hexane, %° aldehyde (amt, %) alcohol (amt, %)
1 methanol/isooctane (1:1, v:v) 24 heptanal (5) 1-heptanol (43)
2-methylhexanal (9) 2-methylhexanol (14)
2-ethylpentanal (3) 2-ethylpentanol (2)
2 HyO—methanol/isooctane (1:1:1, viviv) 46 heptanal (37) 1-heptanol (traces)

2-methylhexanal (17)

e Conditions: 80 °C, 5 h, 15 bar of CO, 15 bar of Hg, [cat] = 2.5 x 1074 mol~?, 1:100 catalyst to substrate ratio. * Analyzed as a unique
phase obtained by addition of THF. ¢ Mixture of hexenes: entry 1, hexane (2%), 1-hexene (10%), trans-2-hexene (49%), cis-2-hexene (24%),
trans-3-hexene (14%), cis-3-hexene (1%); entry 2, hexane (2%), 1-hexene (24%), trans-2-hexene (52%), cis-2-hexene (19%), trans-3-hexene

(8%), cis-3-hexene (1%).

complexes apart from the differences intrinsically due
to the ~03S(CeH4)CHj tail 32

The sulphos Rh complexes are not soluble in water,
hydrocarbons, or diethy! ether, whereas they dissolve
in light alcohols (MeOH, EtOH) or in 1:1 (v:v) alcohol—
water mixtures. Most importantly, an alcohol phase
containing either 1 or 2 (yellow color) is well-separated
from a hydrocarbon phase (e.g. n-heptane) at room
temperature, whereas a single homogeneous phase is
observed as the temperature of the biphasic system is
increased above 60 °C. Cooling the homogeneous solu-
tion back to room temperature gives phase separation
again.® This characteristic of sulphos complexes allows
the quantitative recovery of the metal in the polar phase
after 1 and 2 have been used as catalyst precursors in
liquid biphasic systems.

A preliminary investigation of the potential of 1 and
2 in liquid biphasic catalysis has been carried out.
Styrene is hydrogenated to ethylbenzene in the presence
of 1 in a 1:1 (v:v) mixture of methanol and n-heptane
(30 atm of Hg, 65 °C, 1:500 catalyst to substrate ratio,
3 h, conversion >90%). Complete disappearance of
styrene occurs after a further 2 h of reaction. After
cooling to room temperature, the separation of the two
phases does not give complete organic product separa-
tion, whereas all the rhodium in the form of a soluble
species, as yet unidentified,’ remains in the alcoholic
phase.l’ However, the simple addition of water leads
to the complete elimination of ethylbenzene (as well as
residual styrene, if any) from the alcoholic phase.
Interestingly, the same catalytic activity for the hydro-
genation of styrene is shown by 1 in pure methanol,
which confirms that truly a homogeneous phase forms
at the reaction temperature.

(8) In the absence of either 1 or 2, the methanol/n-heptane mixture
does not form a homogeneous phase at a temperature as high as 65
°C.

(9) Studies aimed at identifying the catalytically active species are
currently in progress.

(10) After the hydrocarbon layer was separated, the solvent was
removed in vacuo and the residue was analyzed by 31P NMR spectros-
copy and atomic absorption spectrometry. No appreciable amount of
either phosphorus compounds or rhodium was detected.

Table 1 summarizes the results obtained for the
hydroformylation of 1-hexene catalyzed by 2 in either
methanol/isooctane or methanol—water/isooctane. In
the absence of water, the reaction (15 atm of Hy, 15 atm
of CO, 80 °C, 5 h) gives alcohols (1-heptanol, 2-meth-
ylhexanol, and 2-ethylpentanol) and aldehydes (hepta-
nal, 2-methylhexanal, and 2-ethylpentanal) in an overall
ratio of 78:22. For longer reaction times only alcohols
are produced. The formation of alcohols is quite sur-
prising, since rhodium catalysts typically only produce
aldehydes (e.g. the triphos/Rh system).52 The typical
chemoselectivity is found in the presence of water, as
only aldehydes are formed (heptanal and 2-methylhexa-
nal in a 69:31 ratio), although with a lower turnover
frequency. Most importantly, in this latter case, it is
not necessary to add water for product separation as
only traces of aldehydes (as well as all the rhodium)!?
remain in the water/methanol phase after cooling to
room temperature.

To the best of our knowledge, the overall character-
istics of the present sulphos complexes have no prece-
dent in the literature.

Current investigations center on the use of 1 and 2
in other liquid biphasic catalytic processes (e.g. the
hydrogenation of carbonylic componds in light of the
capability of 1 to catalyze the reduction of aldehydes)
as well as the design of other tail-sulfonated polydentate
ligands, possibly bearing stereocenters for use in asym-
metric liquid biphase catalysis.
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Summary: The 60 VSE cubane cluster CpF';Mos-
Cos84CO)s (1), where CpE = CsMe Et, reacts with Xp
to give the 58 VSE clusters Cp®'sM03C03S(X)2 (X = SPh
(2), I (8), Cl (4), Br (5)). Structures and magnetic
susceptibility data are reported for 2—4, and a catalytic
desulfurization reaction of 1 with PhSH is described.

Molybdenum sulfur compounds are important in the
desulfurization of organic sulfur compounds,’ including
the commercially important hydrodesulfurization (HDS)
catalytic reaction,? as well as in biological catalysis, e.g.
nitrogenases® and hydrogenases.* We have been inves-
tigating the reactions of Mo/Co/S containing clusters,
principally Cp’eMo2Co02S3(CO)4, as related to the com-
mercially important “CoMoS” HDS catalyst.5~7 This
cluster reacts with a variety of organic sulfur compounds
to give the cubane cluster Cp'sMo02C02S4(CO); and the
desulfurized organic radical. We have now observed
that the cubane cluster is also an active agent for the
desulfurization of certain sulfur donors, e.g. thiiranes
and thietanes. The organometallic product of these
desulfurization reactions is a black, insoluble powder
whose elemental analysis agrees well with the formula
Cp’sMo2C02S5, which we believe to consist of Cp’sMos-
Co38S, cubes linked with sulfide bridges.f In this com-
munication, we report a study of oxidative substitution
reactions of the heterometallic cubane-type cluster
CpftaMo02C02S4(CO)e (1),° where Cp®t = CsMe4Et, as
models for the sulfur-bridged clusters obtained in the
desulfurization reactions. These studies have also
revealed the first catalytic desulfurization reaction with
a Mo/Co/S cluster.!?

® Abstract published in Advance ACS Abstracts, November 1, 1995,
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Cluster 1 reacts with PhSSPh to give the new,
paramagnetic, 58-electron cluster Cp®t,MosCo2S4(SPh),
(2) (Scheme 1).1! An alternate route to 2 is the reaction
of 1 with PhSH in refluxing toluene. Cluster 2, in turn,
was found to react with CO to regenerate 1 along with
PhSSPh, thus permitting a catalytic cycle for the
conversion of PhSH to PhSSPh and H; (Scheme 2).
When this catalytic cycle was attempted, 1 was allowed
to react with an excess of PhSH under 1000 psi of CO.12
The observed products were PhSSPh (171%) and PhS-
(CO)Ph (161%) and 2 (56% isolated yield, all yields
based on 1). The cluster 2 and PhSSPh were the
expected products, but the phenyl thiobenzoate product
must result from a catalytic desulfurization of the
benzene thiol, followed by insertion of CO into an
intermediate product. The noncatalytic formation of
PhSC(0O)Ph has been observed previously in a similar
reaction.’

Cluster 2, along with a series of halide clusters
prepared from 1 and the corresponding halogen, have
been structurally characterized as models for the in-
soluble, sulfide-bridged clusters formed from 1 and
sulfur donors (Figure 1). Thus, cluster 1 reacted with
an equivalent quantity of I, in toluene at room temper-
ature to afford CpEt;Mo2Co2S4(I)2 (8) as an analytically
pure crystalline material.!31* Similarly, Cp®t;Mos-
C02S4(Cl)g (4)15 and Cp¥tyMo2C0284(Br)s (5)16 were pre-
pared and characterized.

The most striking structural feature of these clusters
is the variation in Co—Co distance upon going from the
60 VSE, electron-precise cubane, 1, to the 58 VSE,
electron-deficient cubanes, 2—5. Cluster 1 has a Co—
Co bond distance of 2.571(3) A which corrresponds
favorably to the Co—Co single bond distance of 2.665 A

(10) A solution of cluster 1 (0.059 g, 0.0744 mmol) and PhSSPh
(0.018 g, 0.0824 mmol) in toluene (30 mL) was refluxed for 1 h and
then filtered hot through Celite. Recrystallization from toluene/hexane
at —18 °C gave 0.041 g (58%) of dark, needlelike crystals. No NMR
was possible due to paramagnetism. Anal. Caled for CssH4Coo-
MosSs: C, 42.77; H, 4.64. Found: C, 42.49; H, 4.55. Mass spectral
analysis was not possible due to loss of integrity of the cluster upon
ionization.

{11) Bianchini et al. have recently observed the first homogeneously
catalyzed HDS reaction with a (triphos)iridium complex: (a) Bianchini,
C.; Meli, A.; Peruzzini, M.; Vizza, F.; Frediani, P.; Herrera, V.; Sanchez-
Delgado, R. A. J. Am. Chem. Soc. 1998, 115, 2731. (b) Bianchini, C.;
Jimenez, M. V.; Meli, A.; Moneti, S.; Vizza, F.; Herrera, V.; Sanchez-
Delgado, R. A. Organometallics 1995, 14, 2342.

(12) A solution of 1 (0.095 g, 0.120 mmol) and PhSH (2.0 mL, 19.5
mmol) in toluene (50 mL) was prepared in a 300 mL Parr pressure
reactor, which was subsequently charged with CO (1000 psi) and
heated at 150 °C for 46 h. The vessel was depressurized, and the
contents were transferred to a 100 mL Schlenk flask. The solvent and
volatiles were distilled off, and a GC/MS analysis showed only excess
PhSH present. PhSSPH and PhS(CO)Ph were sublimed from the
reaction mixture after removal of solvent and volatiles and analyzed
by GC/MS and NMR spectroscopy. Recrystallization of the reaction
mixture from toluene/hexane gave 2.

© 1995 American Chemical Society
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in [Co(CO)3BusPle.l” The Co—Co bond distance in-
creases to 2.934(3) A in 8 and 2.953(3) A in 4. Harris
has published a qualitative molecular orbital study of
heterometallic cubane-type clusters with an MooM2S4
core (M = Fe, Co, Ni), describing the HOMO as a
tetrahedral, metal—metal bonding orbital and the LUMO
as a metal—metal antibonding orbital.!® The lengthen-
ing of the Co—Co distance observed upon oxidation of
the Mo2Co2S4 cubane is consistent with the removal of
a pair of electrons from the HOMO of 1, thus reducing
the Co—Co bond order to zero. This behavior is quite
different from that observed in the homometallic cluster
CpsMo4S4, which undergoes two, successive one-electron

(13) CpEt;Mo2CoS,(I)2: Rectangular black crystals in 83% yield from
dichloromethane—isobutanol. !H-NMR (CDCls): 4 3.07 (br s, 6H), 2.88
(br s, 6H), 2.01 (br t, 3H), 1.88 (br q, 2H), 5.30 (s, CHCly). Anal. Caled
for 022H34002M028412‘1/2CH2C121 C, 26.17; H, 3.42. Found: C, 26.19;
H, 3.21. HRMS (m/z). predicted, 981.6433; obsd, 981.6432.

(14) CgoH34CooMo02S4I2: monoclinic, C2/c; Z = 8; a = 39.540(7), b =
10.737(2), ¢ = 16.485(2) A; g = 106.95(1)°; V = 6694(2) A3 T=205K;
R = 0.0329; R, = 0.0388 based on 3489 reflections for (F,) 2 no(F,) (n
=3).

(15) Cluster 1 (0.146 g, 0.184 mmol) was dissolved in 100 mL of
CH,Cly, and Cl; (5 mL, 0.223 mmol) was added using a gastight
syringe. The reaction mixture was stirred for 2 h at room temperature
and then filtered through Celite. Recrystallization from CH;Clyhexane
gave 0.071 g (48%) of black, rectangular crystals. 'H-NMR (CDCly):
6 2.77 (br s, 6H), 2.56 (br s, 6H), 1.95 (mult, 5H), 5.30 (s, CH,Clp). MS
(EI) (m/z): 808 (P*), 771 (P* — Cl), 734 (P* — 2Cl). Anal. Calcd for
C22H34COQM0284012'I/QCHQCIQI C, 3180, H, 4.15. Found: C, 3180, H,
4.12

(16) To a solution of cluster 1 (0.132 g, 0.167 mmol) in CHCl, was
added Br; (0.6 mL of a 0.291 M solution in CH;Cls, 0.174 mmol) via
syringe. The reaction mixture was stirred for 15 min at room
temperature and then filtered through Celite. Recrystallization from
CH,Clyhexane gave 0.101 g (68%) of black rectangular crystals. 'H-
NMR (CDCls): 6 2.90 (br s, 6H), 2.69 (br s, 6H), 1.98 (mult, 5H), 5.30
(s, CH2Cl2). MS (ED) (m/z): 896 (P*), 815 (P* — Br), 735 (P* — 2Br).
Anal. Caled for CgeH34CosMo2S4Bry: C, 29.48; H, 3.82. Found: C,
29.13; H, 3.70.

(17) Ibers, J. A. J. Organomet. Chem. 1968, 14, 423.

(18) Harris, S. Polyhedron 1989, 8 (24), 2843.
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Figure 1. ORTEP plot of CyH3ziCosMo02S4(SPh); (2),
showing 50% probability thermal ellipsoids.

oxidations with essentially no structural changes.!®
Similarly, CpsMosFe(SH)Ss;, a 58 VSE cluster, has
essentially the same bond lengths as found in the 60
VSE, all metal—metal-bonded cluster CpsMosCo(CO)-
S4.20 Thus, it appears that in the MosCos clusters, the
HOMO is more localized in the Co—Co bond, whereas,
in the Mo, and MosFe clusters, the HOMO is at most
weakly metal—metal bonding and more delocalized over
the cluster.19:2!

In contrast to the Co—Co distances in the two halide
cluster, 3 and 4, the Co—Co distance in the thiolato
cluster 2 is 2.741(1) A, a value nearly identical to that
in the radical anion of 1 in which a Co—Co bond order
of /2 has been assigned.?? The variation in the length
of the Co—Co distance is also related to the magnetic
behavior of these complexes (see below). The Mo—Mo
and Mo—Co distances in the oxidized clusters change
very little from the value in the electron-precise clus-
ter, 1. Thus, the Mo—Mo bond length is 2.831(1) Ain
1 and 2.8156(3), 2.803(1), and 2.804(1) A in 2-4,
respectively. The Co—Mo distance varies from 2.712-
(1) Ain 1 to 2.733(3), 2.738(5), and 2.756(6) A in 2—4,
respectively.

The solution H-NMR behavior of these oxidized
clusters is puzzling. At room temperature, the iodo
cluster 3 showed a clean NMR pattern, corresponding
to that expected for the CpEt ligand on a diamagnetic
cluster. At lower temperatures (to —40 °C), there was
no shift in the resonances, only slight broadening.
Analogous behavior was seen for 4 and 5, but the
thiolato cluster 2 behaved as a paramagnetic system
and no 'H-NMR spectrum was cbserved.

The magnetic susceptibility of the clusters was mea-
sured on a SQUID magnetometer. As expected, cluster
2 exhibited paramagnetic behavior. A plot of 1/y vs T
is a straight line, the slope of which gives an effective
magnetic moment of 3.49 ug. This value is in the range

(19) (a) Davies, C. E.; Green, J. C.; Kaltsoyannis, N.; MacDonald,
M. A,; Qin, J.; Rauchfuss, T. B.; Redfern, C. M.; Stringer, G. H,;
Woolhouse, M. G. Inorg. Chem. 1992, 31, 3779. (b) Bandy, J. A;
Davies, C. E.; Green, J. C.; Green, M. L. H.; Prout, K.; Rodgers, D. P.
S. J. Chem. Soc., Chem. Commun. 1983, 1395.

(20) Curtis, M. D.; Riaz, U.; Curnow, O. J.; Kampf{, J. W.; Rheingold,
A. L.; Haggerty, B. S. Organometallics, in press.

(21) Williams, P. D.; Curtis, M. D. Inorg. Chem. 1986, 25, 4562—4570.

(22) Druker, S. H. Ph.D. Thesis, The University of Michigan, 1995.
The Co—Co distance in Na[CpEt,Mo02C0284(C0O)q] is 2.735(1) A.
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observed for S = 1 spin systems.?®> The EPR silence of
2 is also consistent with an integer spin state. Contrary
to the expectation based on the NMR spectrum, how-
ever, 3 also exhibited paramagnetic behavior. A plot
of 1/y vs T (Figure 2) is not linear. At higher temper-
atures (125—300 K), the plot appears linear with ues =
4.79 ug, consistent with an S = 2 spin system. In the
low-temperature regime (5—100 K), pesr = 3.07 ug, a
value consistent with an S = 1 spin system. These
results suggested that the cluster behaves as a spin
ladder, with increasing number of unpaired electrons
with increasing temperature. Accordingly, the data
were fit with the Van Vleck equation shown as follows:
AE,

2(28,- +1) exp(—- —)
: kT

1
= +C
D) 3 (28, +1) ( AEi)
; , exp|— —
(28; + Dy exp| =~ o
_Nﬂizﬂz
%= T3RT

This fit showed the population of S = 1, 2, and 3 levels
near room temperature. The final best fit for 1/ycorr vs
T was given by

3+5 exp(— %) +7 exp(— %)

3.34 + 14.34 expl- 2] + 42(- 2]

where a = AE+/k = 292.3 K and b = AEyk = 985.6 K.
Hence, AE; = 2.43 kJ/mol or 203 cm™! and AE; = 8.20
kJ/mol or 686 cm~!. Corresponding to these values, the
ground state is a triplet, and the occupations of the
excited S = 2 and S = 3 levels are 37.5% and 3.7% at
room temperature. The corresponding values for 4 and
5 are AE; = 318 em™! and 282 cm™!, and AE; = 1655
cm~! and 1140 cm™1, respectively. As the z-donor
ability of X (Cl, Br, or I) increases, the energies of the
higher spin states increase. Thus, the simple paramag-
netism observed for 2 (X = SPh) may mean simply that
the S = 2 state is not thermally populated at the
temperatures studied.

The observation of paramagnetism for 3—5 seemed
to be inconsistent with their diamagnetic-appearing
NMR spectra and suggested different magnetic behavior
in solution than in the solid state. The Evan’s method
for magnetic susceptibility?4 was used to extract solution
magnetic data. The effective moments obtained for 2—5

1

=6.61+T
XenlT)
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Figure 2. Plot of 1/ycor vs temperature for CpFt,Co,Mo2Sy-
(I); (8). The points are experimental values; the solid line
is calculated as described in the text.

at room temperature were u.s = 2.36, 3.24, 1.84, and
2.52 ug, respectively. These values are all lower than
their corresponding solid-state values. At this time, we
have no good explanation for the anomalous NMR
behavior of the halide clusters nor for the differences
in the solid and solution states.

The electron-deficient, oxidized cubane clusters de-
scribed here appear to be good models for products
formed during the desulfurization of thiiranes and
thietanes by 1. These results also suggest that oxidized
cubanes may be desulfurization catalysts in their own
right, and work is in progress to determine the struc-
ture and catalytic behavior of the sulfided cubane
clusters.
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Summary: 2-Pyridyl esters react with a source of ClIr-
{Pr(i-Prjs]s in a net elimination reaction to give n*(C,0)-
bound ketene complexes 4 in the case of diaryl- or aryl-
(alkyl)-substituted ketenes and n*(C,C)-bound isomers 3
in the case of monosubstituted ketenes, explainable by
invoking an electronic preference for 8 which can be
sterically overridden (4). The mechanism by which 3
or 4 is formed appears to involve the spectroscopically
detectable acyl 8, from oxidative addition of Ir(I) to the
ester acyl—oxygen bond, followed by metal-induced B-hy-
dride elimination.

Metal—ketene complexes' have received attention
because of their potential as models of reactions of CO
and COg activation or reduction (e.g. the Fischer—
Tropsch process)? and because of the altered reactivity
of the ketene ligand in a bound state.? Putative mono-
nuclear ketene complexes of group 6 metals generated
from carbene complexes by thermal* or photochemical®
means have found increasing utility as intermediates
in enantioselective organic synthesis, but their struc-
tures and the factors responsible for enantioselectivity
are unknown. The factors governing binding to late
transition metals are not completely understood.’* Isol-
able ketene complexes, however, are mainly made by
direct reaction between a ketene ligand and a metal
fragment,! a process essentially restricted to diaryl- or
aryl(alkylketenes because of slower dimerization or
polymerization. Free ketenes have been reported as the
organic product in the reaction of Ru(0)% or Pt(0)% com-
plexes with acid chlorides. In contrast, here we report
that Ir—ketene complexes, the first examples involving
a group 9 metal, are formed from interaction of ClIr-
[P(i-Pr)3)s” with 2-pyridyl esters.® Depending on sub-
stitution, either #2(C,0)- or #%(C,C)-bound examples are
isolated, pointing to the importance of steric factors in
ketene binding.

® Abstract published in Advance ACS Abstracts, November 1, 1995.
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Chem. 1993, 58, 538.

(6) (a) Hommeltoft, S. I.; Baird, M. C. J. Am. Chem. Soc. 1985, 107,
2548. (b) Ishii, Y.; Kobayashi, Y.; Iwasaki, M.; Hidai, M. J. Organomet.
Chem. 1991, 405, 133.
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Decarbonylation of 2-pyridyl formate by Rh(I) releases
2-pyridone and forms a CO ligand on Rh.? In analogy
to this, reaction of 2-pyridyl esters 1 (Scheme 1) with 1
mol of ClIr[P(i-Pr)s;]; was anticipated to give 2-pyridone
and the ketene ligand in 3 or 4 after N-complexation
(2). The fragment ClI¥[P(i-Pr)sl; and its Rh analog are
competent in C—H bond activation,’d giving products
which predictably have the two bulky P(i-Pr); ligands
trans-disposed. In NMR tube experiments, P(i-Pr); was
added to a mixture of 1 and [Ir(u-Cl)(cyclooctene)s]s in
C¢Dg at room temperature.!® The rapid formation of 2
was suggested by immediate broadening of the reso-
nance for H6.1! Over a period of time, resonances for
the products!2 in Table 1 appeared. However, because
of the irreversible formation of 5!% (Scheme 1), 2 mol of
metal was required to consume 1.

Ester 1a afforded ketene complex 4a, in which C,0
binding was assigned on the basis of inequivalence of
the two phenyl rings in 'H and !3C NMR spectral!b14
and 2C resonances for the CCO unit. A summary of
yield, IR, and 3P and !3C NMR data for ketene
complexes appears in Table 1.12 C,0 binding is con-
firmed by the crystal structure of 4a (Figure 1).15 Of
note is the slightly distorted square-planar geometry (if
the #2%(C,0)-coordinated ketene is taken as occupying

(7)(a) In our hands, NMR spectra of solutions of [Ir(u-CD-
(cyclooctene)s)e (0.5 mol) and P(i-Pr)s (2 mol) in CeDg show several
hydride resonances upfield of 6 0 ppm. In a footnote,”™ evidence in a
thesis is cited for formation of ClIr[P(i-Pr)s;lx(cyclooctene) from these
reagents, but for simplicity we use ClIr[P(i-Pr)s]; to refer to the species
derived from the above reagents. (b) Reference 12 in: Werner, H.;
Héhn, A.; Schulz, M. J. Chem. Soc., Dalton Trans. 1991, 777. (¢)
Binger, P.; Haas, J.; Glaser, G.; Goddard, R.; Kriiger, C. Chem. Ber.
1994, 127,1927. (d) Werner, H.; Hohn, A.; Dziallas, M. Angew. Chem.,
Int. Ed. Engl. 1986, 25, 1090.

(8) Dutta, A. S.; Morley, J. S. J. Chem. Soc. C 1971, 2896.

(9) Suggs, J. W.; Pearson, G. D. N. Tetrahedron Lett. 1980, 21, 3853.

© 1995 American Chemical Society
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Table 1. Isolated Yields of Products from 1 and ClIr[P(i-Pr);l.

yields based on Ir® (%) key spectral data for 3/4
entry no. ester  time® (h) 3/4 5¢ 81IP{IH} (CeDg¥ IR (KBr;em™!)  183C (CgDg; C=C=0, C=C=0)¢
1 la 55 4a, 45 (46) 48 (48) 20.90 (s) 1636, 1589 74.26 (s), 143.39 (t, 3.2)
2 1b 55 4b 47 (47) 20.76 (s) 1632, 1589 73.38 (s), 143.19 (t, 4.0)
4b’, 47 (47 20.03 (s) 1632, 1588 73.03 (s), 143.29 (t, 4.2)
3 1c 156/ 4c, 30 (32) 34 (34) 22.31 (s) 1661, 1589 72.82 (s)£ 157.42 (t, 3.6)
4 1d* 110 3d, 20 (20) 25 (25) 25.43 (d, 323.5) 1763, 1460 —-33.03 (dd),f 198.18 (t, 2.9)

23.30 (d, 323.5)

@ NMR yields, in parentheses, for those compounds whose signal(s) could be integrated reliably. Separation was performed with a
Chromatotron over SiO; under Ny or Ar. ® Time required for disappearance of 1/21! at 25 °C. ¢ Combined yield for 5§ and 5'.1% ¢ In ppm
(multiplicity, J in Hz). ¢ Combined yield for 4b and 4b’ (4b:4b’ = 1:1). f Reaction was only ~80% complete at the time indicated. ¢ In
CDCl;. For 3d, the signal at —33.03 is not well-resolved, consisting of two slightly broad lines with equal intensities ca. 1.3 Hz apart.
% Combined yield for 6d, 6d’, and 6d” is 42% (6d:6d":6d” ~ 3:2:1) and for 7d is 2%.2°

Cuf)

Figure 1. Molecular structure of 4a, shown with 30%
thermal ellipsoids. Key bond lengths (A) and angles
(deg): Ir—Cl, 2.285(2); Ir—03, 2.092(4); Ir—C3a, 1.972(5);
C3a—03, 1.286(6); C3a—C3b, 1.348(6); C3b—C3a—03, 136.6-
(6); P1-1Ir—P2, 168.0(1).
one coordination site): the mutually trans phosphines
are tilted away from the Ph ring nearer the ClIr[P-
(i-Pr)sls unit (P-Ir—P angle 168.0(1)°). The C~C-0O
angle of 136.6(6)° is consistent with a significant degree
of back-bonding to the C=0 bond.

From 1b, equimolar amounts of separable diastere-
omers 4b and 4b’ were formed, whereas from 1c, only

(10) In a typical reaction, a J. Young NMR tube was charged with
[ClIr(cyclooctene)q]; (50.1 mg, 55.9 x 1073 mmol) and [(CH3)3Si1,C (2.3
mg, 7.5 x 1073 mmol, as internal standard) in a glovebox, and Cg¢Ds
(~0.6 mL) was added to give a suspension. To this was added 1a (16.1
mg, 55.6 x 103 mmol), and additional C¢Ds (~0.1 mL) was used to
wash down any residue left on the top of the NMR tube. P(i-Pr); (44
uLi, 226 x 1073 mmol) was then added into the mixture via syringe.
Upon the addition of P(i-Pr)s, a clear brownish yellow solution was
formed. Additional C¢Ds (~0.1 mL) was used to rinse the walls of the
NMR tube. The tube was sealed and shaken to mix the contents well
before removal from the glovebox. The tube contents were further
degassed by two successive freeze—pump—thaw cycles, and the tube
was kept at room temperature, protected from light with Al foil. The
reaction was followed by 'H or 3'P{!H} NMR spectra and was
considered to be complete when there was no detectable 2-pyridyl ester.
TLC analysis of the final reaction mixture was conducted in a glovebox,
and the reaction mixture was then subjected directly to radial
chromatography (Chromatotron, 1 mm SiO, plate, gradient elution
starting with 1:50 EtOAc—hexanes) to yield (in order of elution)
complex 4a as a red solid, complex 5 as a pale yellow solid, and 5’ as
a pale yellow solid. If a residue was obtained after the removal of
solvent on a high-vacuum line, it was recrystallized at —25 °C in a
glovebox.

(11) The altered resonance for H6 in 2 was broad (w1 = ca. 45 Hz)
and shifted at least 1 ppm downfield from that of 1; other resonances,
all sharp, were shifted from those of 1 to a lesser extent.

4c¢ was isolated.1® Consistent with C,0 binding in these
disubstituted examples for which R! = R2, a singlet is
seen in S1P{!H} NMR spectra.!” Significantly, from
monosubstituted ester 1d, the ketene complex 3d,
bearing two inequivalent 3P nucleil” with a large
mutual coupling indicative of trans orientation, was
obtained. These data and resonances for the ~CH=C=0
unit!® are consistent with C,C binding in 3d. The #2-
(C,C)-bound complex 3e,'° with key spectroscopic data
similar to those of 8d, was obtained from le as well.
Some insight into the formation of 3/4 and 5 may be
gleaned from other products and their behavior. Ester
1d (entry 4, Table 1) not only gives 8d but also is
diverted to a mixture of four complexes (Scheme 1; 6,
7,12 each bearing all of the atoms of the 2-pyridyl ester.
The major components are the three isomeric mono-
phosphine alkyl complexes 6d, 6d’, and 6d”,?° and the
minor component is the bis(phosphine) acyl complex
7d.?! Particularly striking in the NMR spectra of 6d,
whose structure has been confirmed by X-ray diffrac-
tion,!2 is the coupling from P to H6 (indicative of a P(i-
Pr); ligand trans to N) and the coupling of P to only
one of the methylene protons.?? In the 13C NMR spectra
of 6d’ and 6d”, large couplings between P and the

(12) All new compounds were characterized by NMR, IR, and
elemental analysis. See the Supporting Information for experimental
procedures and data not provided in the footnotes, including the erystal
structure of 6d.

(13) (a) Only 5% is isolated from rapid reactions of 1, but 5
isomerizes to 5’ at the rate of ca. 1% per day. (b) Grotjahn, D. B.; Lo,
H.; Groy, T. L. Acta Crystallogr., Sect. C, in press.

(14) 4a: 'H NMR (CgDg) 6 8.63 (d, J = 7.2 Hz, 2H), 7.63 (d, J = 7.2,
2H), 7.33 (t, J = 7.6, 2H), 7.29 (t, J = 8.0, 2H), 7.09 (t, J = 7.2, 1H),
7.03 (t,J =17.1, 1H), 2.45 (m, 6H), 1.19 (q,J = 7.1, 18H), 1.16 {(q, J =
7.2, 18H). _

(15) At 20 °C: triclinie, space group P1 with a = 8.647(2) A, b =
11.140(2) A, ¢ = 18.735 55 o = 93.32(3)°, § = 102.96(3)°, y =
107.82(3)°, V = 1658.7(6) A3, Z = 2, dyqea = 1.486 g cm~2, u(Mo Ka) =
4.224 mm™!, R = 2.96, and R, = 3.95 for 3909 reflections with F >
40(F).

(16) Irradiation of the ketene methyl of 4¢ (6 2.62, s) led to 11.3%
enhancement of the signals for i-Pr methyl.!? The proximity of an aryl
substituent to the metal appears to cause strong deshielding of the
ortho protons: ¢ 8.63 (4a), 8.56 (4b), 8.65 (4b’). In contrast, the
chemical shifts of the Ph protons of 4¢ are unexceptional: § 7.69 (d,
2H), 7.33 (t, 2H), 6.99 (t, 1H).

(17)For a ketene with R! # R2 #2%C,C) binding will lead to
inequivalence of the two trans 3!P nuclei; see 3d in Table 1.

(18) 3d: 'H NMR (CgDe) 6 7.76 (d, J = 6.5 Hz, 2H), 6.90—7.07 (m,
3H), 3.51 (dd, J = 6.5, 11.1, 1H, O=C,=Cy(H)Ph), 2.54 and 2.26 (two
octet of d, J = 7.2 (3Jyyg = “Jup), 14.4 (3Jyp), each 3H), 1.27-1.33 (m,
36H).

(19) (a) 3e: 'H NMR (CgDg) 6 2.19 (m, 1H), 1.05 (d, J = 7.8 Hz,
3H); 3'P{'H} NMR 6 20.93, 20.50 (two d, J = 285.3). (b) Reaction of
le with ClIr[P(i-Pr)3}, gave e, 5, 6e, and Te, where 8e and 6e have
not yet been isolated in a pure state. The slow conversion of 3e (and
3d) to phosphine cyclometalation products is under investigation.

(20) 6d’ isomerizes to 6d over days at 25 °C in CgDs.

(21) The orientation of the four non-phosphine ligands in 7d is
assumed to be the same as that in crystallographically characterized
7e: Grotjahn, D. B.; Lo, H. C.; Groy, T. L. Acta Crystallogr., Sect. C,
in press.
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benzylic CH; (and, remarkably, coupling to all carbons
of the benzyl ligand) indicate the benzyl and P(-Pr)s
ligands are trans-disposed.23

In the reactions of 1 with less hindered R! and R2
groups (e.g. 1d,e), we see the buildup and decay of a
chromatographically unstable intermediate, tentatively
identified as 8 (Scheme 2). Spectral data for the
intermediate from 1d2* include a !3C resonance at o
197.60 (t) with small splitting (6.2 Hz), consistent with
an acyl cis to two phosphines, as in 7d (acyl carbon ¢
196.10 (t, J = 5.6)). However, two inequivalent 3!P
nuclei with a small mutual coupling (10.7 Hz) are
inconsistent with trans disposition, and coupling of one
31P nucleus to H62* suggests that one P and N are trans
as in 6d. The disposition of N, acyl C, and both P atoms
in 8 follows from these data, although the O and Cl
atoms might be interchanged. Acyl 8 would be the
product of oxidative addition of Ir(I) to the C—O bond
of 1, usually a difficult reaction for esters.?s

The strain implied in structure 8 (cis-oriented phos-
phines) could be released by isomerization to 7, or by
phosphine loss, allowing alkyl migration to give 6. In
confirmation, the appearance of 6d,d’,d” was sup-
pressed by addition of excess P(i-Pr)s; to a mixture of
1d and ClIr[P(-Pr)sls, and 7d,e showed no sign of
forming 6 in pure CgDg (25 °C, 2—3 days). Further
observations clarify the relationship of isomeric acyls 7
and 8 to products 3—5. Acyls 7d,e are stable in the
presence of ClIr{P(-Pr)s)s (25 °C, 3 days), showing that
7 is not a precursor to 83—5. In contrast, in reactions of
1d,e with ClIr[P(i-Pr)s]s, if less than 2 mol of Ir/mol of
1is used, a significant amount of 8d or 8e persists until
the proper amount of metal is added. Thus, 8 could bind
to a second mole of ClIr[P(i-Pr)s]z, perhaps on the acyl
oxygen, triggering formation of 8 or 4 and 5 by -hydride
elimination, a rare process for acyls.?® That this 8-hy-

(22) (a) A version of the Karplus relationship may apply; see footnote
9 oft Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc.
1993, 115, 9858. (b) Methylene protons on 6d (CsDs): 6 3.69 (dd, J =
4.6 (3JHP), 9.5 Hz (ZJHH), 1H, CHHPh), 3.35 (d, J =95 (2JHH); 3JHP =
0, 1H, CHHPh).

(23) (a) 3C NMR (CDCl;) for CHsPh of 6d, 6d’, and 6d”: ¢ 11.18
(d, J =29 Hz), 25.26 (d, J = 75.7), 31.06 (d, J = 52.7). (b) 3-5Jpc for
CgHj; carbons of 6d'/6d” (in Hz): ipso (5.2/5.6), ortho (2.0/3.4), meta
(3.3/2.2), para (2.5/3.4). (c) "Jpc has been reported in organic sys-
tems: Kalinowski, H.-O.; Berger, S.; Braun, S. °C-NMR-Spektroskopie;
Georg Thieme Verlag: Stuttgart, Germany, 1984; p 537.

(24) Other data for 8d: 3'P{!H} NMR & —13.36, —18.53 (two d,J =
10.7 Hz); 'H 6 7.98 (m, 1H, H6), 5.38 and 4.53 (two d, J = 17.1, each
1H, CHyPh). Irradiation of the 3P resonance at 6 —18.53 led to
simplification of the 'H signal for H6 to dd, J = 1.2, 5.2 Hz, confirming
H6-P coupling as seen in spectra of 6d. IR spectroscopy on the
mixture was not informative.

(25) (a) Grotjahn, D. B.; Joubran, C. Organometallics, in press. (b)
Review: Yamamoto, A. Adv. Organomet. Chem. 1992, 34, 111. (c) For
the influence of steric effects, see: Ittel, S. D.; Tolman, C. A.; English,
A. D.; Jesson, J. P. J. Am. Chem. Soc. 1978, 100, 7577.

(26) Only one acyl complex has been reported to undergo A-H
transfer, giving a free ketene.%2
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dride elimination does not depend strongly on phosphine
loss from 8 is suggested by qualitative observation that,
in the presence of added phosphine, the rate at which
3d is formed from 1d does not change, yet the formation
of 6d,d’,d” is suppressed. The relative rates of forma-
tion and fragmentation of 8 could be determined by the
steric and electronic nature of R! and R?, with fragmen-
tation being faster in the case of at least one aryl
group®™ (8a—c were not detected). Evidence against
formation of 3/4 by expulsion of free ketene®2-282 from 8
and subsequent trapping by ClIr[P(-Pr)s;ls?%® comes
from the unaltered ratio of 4a to 5 in the reaction of 1a
with ClIr[P(i-Pr)s]; in CgDg saturated with HyO (calcu-
lated to be 1 equiv). Considering the high reactivity of
diphenylketene toward water,% either free ketene is not
formed to a significant extent or, if it is, ClIx[P(i-Pr)sls
traps it faster than water.

The method described here affords the first isolable
complexes of monosubstituted C,C-bound ketenes (3d,e),
which are chiral species. Contradictory theoretical and
experimental work summarized by Hofmann'? focused
on electronic factors in determining ketene binding.
From the examples of 3/4 isolated so far, disubstituted
and monosubstituted ketenes give C,0- and C,C-
complexes respectively, suggesting that steric factors are
also important.?® At present, we do not know which
isomer is the kinetic product from reactions of 1 and
ClIr[P(i-Pr)3)e.?® Future topics under investigation in
our laboratories will include the interconversion of 8 and
4, the stereospecificity of transformation of 1 to 3,27 and
the ability of the 16-electron complexes 3/4 to bind un-
saturated molecules and facilitate bond-forming reac-
tions. As it stands, the fragmentation reported here is
the first method for generating ketene complexes under
essentially neutral conditions from carboxylic acid
esters.
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(27) (a) Reaction of the ester 1 derived from (S)-2-methylbutanoic
acid seemed to stop at the stage of 2. (b) The ester from (S)-2-
methoxypropionic acid gave products other than 8 or 4, whose
structures are still under investigation.

(28) Khimtaveeporn, K.; Alper, H. J. Am. Chem. Soc. 1994, 116,
5662.

(29) It appears that Ni(PPhs), gives C,0- and C,C-bound ketene
complexes with Ph(R)C=C=0 and H,C=C=0, respectively: Miyashita,
A.; Sugai, R.; Yamamoto, J. J. Organomet. Chem. 1992, 428, 239 and
references to earlier work.

(30) The fluxional behavior of ketenes on a single metal center has
not been reported; for #%C,0)—Ni(0) complexes, a binuclear ketene
exchange reaction with coordination mode switching has been pro-
posed.?® For allenes, see: Foxman, B.; Marten, D.; Rosan, A.; Raghu,
S.; Rosenblum, M. J. Am. Chem. Soc. 1977, 99, 2160.
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Summary: The first structurally characterized mono-
meric bis(cyclopentadienyl)titanium(II) hydride, (Cs-
PhMey)oTiH (4), was synthesized by hydrogenolysis of
(CsPhMey.TiMe (5). Hydride 4 was found to be a
monomeric bent sandwich by X-ray diffraction methods,
and the pentamethylcyclopentadienyl analogue (CsMes)s-
TiH (8) is concluded to possess a similar molecular
structure by comparison between the spectroscopic and
reactivity data for 3 and 4.

Titanocene hydrides are intriguing compounds, often
postulated as intermediates in catalytic reactions.}-?
They also have relevance in olefin polymerization as the
products of chain-terminating S-hydride transfer reac-
tions.? Furthermore “titanocene” was proposed to be a
dimeric fulvalene-bridged titanium complex with bridg-
ing hydrides [u-7°:5-C10Hs][(7>-C5sHs)Ti(u-H)] (1),* which
was recently confirmed by an X-ray structure determi-
nation.? Bercaw and Brintzinger were the first to
isolate a titanocene(III) hydride, [(CsHs)TiH]s (2),
despite its marginal stability.® This structure was,
however, never confirmed by X-ray crystallography.

During an investigation of (CsMes):TiR (R = alkyl,
aryl) compounds at our laboratory,?” (CsMes).TiH (8)
was synthesized by hydrogenolysis of (CsMe5):TiR,®

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

(1) Reviews of titanocene chemistry: (a) Bottrill, M.; Gavens, P. D.;
McMeeking, J. In Comprehensive Organometallic Chemistry; Wilkin-
son, G., Stone, F., Abel, E. W., Eds.; Pergamon Press: New York, 1982;
Chapter 22. (b) Pez, G. P.; Armor, J. N, Adv. Organomet. Chem. 1981,
19, 1-50.

(2) (a) Akita, M.; Yasuda, H.; Nagasuna, K.; Nakamura, A. Bull.
Chem. Soc. Jpn. 1988, 56, 554—558. (b) Akita, M.; Yasuda, H,;
Nakamura, A. Bull. Chem. Soc. Jpn. 1984, 57, 480—487. (c) Broene,
R. D.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 12569—12570.
(d) Lee, N. E.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 5985—
5986. (e) Willoughby, C. A.; Buchwald, S. L. J. Am. Chem. Soc. 1992,
114,7562-7564. (f) Willoughby, C. A.; Buchwald, S. L. J. Org. Chem.
19938, 58, 7627-7629. (g) Willoughby, C. A.; Buchwald, S. L. J. Am.
Chem. Soc. 1994, 116, 11703—17714. (h) Carter, M. B.; Schigtt, B.;
Gutiérrez, A.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 11667—
11670. (i) Cesarotti, E.; Ugo, R.; Kagan, H. B. Angew. Chem., Int. Ed.
Engl. 1979, 18, 779—780. (j) Halterman, R. L.; Vollhardt, K. P. C.
Organometallics 1988, 7, 883—892. (k) Halterman, R. L.; Vollhardt,
K. P. C.; Welker, M. E; Blaser, D.; Boese, R. J. Am. Chem. Soc. 1987,
109, 8105—8107. (1) Luinstra, G. A.; Teuben, J. H. J. Am. Chem. Soc.
1992, 114, 3361—3367.

(3) Burger, B. J.; Thompson, M. E.; Cotter, W. D.; Bercaw, J. E. J.
Am. Chem. Soc. 1990, 112, 1566—1577 and references therein.

(4) (a) Brintzinger, H. H.; Bercaw, J. E. J. Am. Chem. Soc. 1970,
92,6182—6185. (b) Davison, A.; Wreford, S. S.J. Am. Chem. Soc. 1974,
96, 3017—-3018.

(5) Troyanov, S. I.; Antropiusova, H.; Mach, K. J. Organomet. Chem.
1992, 427, 4955,

(6) Bercaw, J. E.; Brintzinger, H. H. J. Am. Chem. Soc. 1969, 91,
7301-7306.

(7) (a) Pattiasina, J. W.; Heeres, H. J.; Van Bolhuis, F.; Meetsma,
A.; Teuben, J. H.; Spek, A. L. Organometallics 1987, 6, 1004—1010.
(b) Luinstra, G. A.; Ten Cate, L. C.; Heeres, H. J.; Pattiasina, J. W_;
Meetsma, A.; Teuben, J. H. Organometallics 1991, 10, 3227—3237 and
references therein.
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Figure 1. ORTEP drawing of (CsPhMey);TiH (4) with 50%
probability ellipsoids. Hydrogens bonded to carbon are
omitted for clarity.

extensively characterized, and, in contrast with 2,
formulated as a monomeric titanocene(III) hydride.
X-ray crystal structure determinations were hampered
by poor crystal quality. An ordinary bent-sandwich
geometry, in analogy with (CsMes).TiR, seems most
likely for 3, but a fulvene—dihydride structure ((Cs-
Me; )(178-CsMesCHo)TiHz) cannot be ruled out.? To lower
the symmetry of the ligand environment, 1-phenyl-
2,3,4,5-tetramethylcyclopentadienyl!® was employed,
resulting in the synthesis and X-ray structure determi-
nation of bis(1-phenyl-2,3,4,5-tetramethylcyclopentadi-
enyl)titanium(III) hydride. (C;PhMey):TiH (4) is the
first structurally characterized monomeric bis(cyclopen-
tadienyl)titanium(III) hydride.

A red-brown solution of 4 is formed quantitatively
within minutes after exposing a green pentane solution
of (CsPhMey)oTiMe (5) to 1 atm of Hy at room temper-
ature.!! Beautiful red-brown crystals of 4 separate after
cooling to —20 °C. A single-crystal X-ray diffraction

(8) (a) Teuben, J. H. In Fundamental and Technological Aspects of
Organo-f-Element Chemistry; Marks, T. J., Fragala, I. L., Eds;
Reidel: Dordrecht, The Netherlands, 1985; pp 195—227. (b) Bercaw,
J. E.; Marvich, R. H,; Bell, L. G.; Brintzinger, H. H. J. Am. Chem. Soc.
1972, 94, 1219-1238. (c) Bercaw, J. E. J. Am. Chem. Soc. 1974, 96,
5087—5094.

(9) When 3 is reacted with 1 atm of Dy at room temperature, not
only the deuteride (C;Mes).TiD is formed but H/D scrambling into the
methyl groups of the Cp* rings also occurs.®2 This facile deuteration
of the Cp* rings distinguishes 3 from analogous (CsMes)}:MH com-
pounds (M = Sc, Y, Lu), where the metal deuteride can be prepared
without simultaneous H/D scrambling of the Cp* protons. (a) Thomp-
son, M. E.; Bercaw, J. E. Pure Appl. Chem. 1984, 56, 1-11. (b) Den
Haan, K. H.; Wielstra, Y.; Teuben, J. H. Organometallics 1987, 6,
2053—2060. (c) Booy, M.; Deelman, B.-d.; Duchateau, R.; Postma, D.
S.; Meetsma, A.; Teuben, J. H. Organometallics 1993, 12, 3531—-3540.
(d) Watson, P. L. J. Chem. Soc., Chem. Commun. 19883, 276—2717.

(10) (a) Fischer, B.; Wijkens, P.; Boersma, J.; van Koten, G.; Smeets,
W. J. J.; Spek, A. L.; Budzelaar, P. H. M. J, Organomet. Chem. 1989,
376, 223—233. (b) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem.
1977, 136, 1—-5.
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analysis determined the molecular structure shown in
Figure 1,122

4 is a monomeric bent sandwich, in which the Cs-
PhMe, ligands behave as regular cyclopentadienyl
ligands.!? The phenyl rings are pointing away from
each other, and their planes are at angles of 49.61(9)
and 53.66(9)° with the respective Cp planes. The
CpPeentroia—Ti—Cpeentroid angle is very large (150.84°),
which apparently is allowed by the fact that the hy-
dride is very small. The Ti—H distance (1.768(15) A)
is comparable to other monomeric ((CsMes)(CsMey-
CHa(CsHsMeN))TiH!3 (Ti—H = 1.70(4) A), CpTi(CO)s-
(dmpe)H (1.75(7) A), CpTi(dmpe).H!5 (1.96(6) A)) and
dimeric titanium hydrides (15 (Ti-H., = 1.73 A),
[u-CsH(CHs)2(CHy)oJ[(CsHMe)Ti(u-H)1o'6 (1.81 A), rac-
[(C2H4(n5-tetrahydroindenyl)s)Ti(u-H)1,!7 (1.90 A)).

The position of the hydride ligand with respect to the
plane defined by Ti and both centers of gravity of the

(11) Experimental details are as follows: General comments. All
manipulations of air-sensitive compounds were carried out under Ny,
using standard Schlenk-line and glovebox techniques. 1-Phenyl-
2,3,4,5-tetramethylcyclopentadiene was prepared according to pub-
lished procedures.1%2 A small portion of all new paramagnetic Ti(II)
compounds was oxidized with PbCly?3 to the corresponding diamagnetic
Ti(IV) compounds for facile characterization by 'H NMR. Synthesis
of (CsPhMe,);TiCl. A 3.59 g amount of TiCl;-3THF (9.70 mmol) was
added to a suspension of 4.06 g of LiC;PhMe, (20.0 mmol) in 150 mL
of THF and stirred at RT (room temperature) for 10 min. The dark
green solution was heated under reflux for 48 h, yielding a blue-green
solution. The solvent was evaporated, and the residue was extracted
with toluene. After concentration and cooling to —80 °C, a dark blue
crystalline solid was obtained. Yield: 3.29 g (71%). 'H NMR (C¢De):
6 —4.6 (s, 12H, CsPhMe;Me;, WHM = 1320 Hz), 2.0 (m, 2H, p-Ph),
5.21 (s, 4H, o-Ph, 100 Hz), 7.89 (s, 4H, m-Ph, 115 Hz), 12.0 (s, 12H,
CsPhMesMe,, 4430 Hz). Oxidation with PbCl; yielded purple-red (Cs-
PhMey):TiCly. 1% H NMR (CDCl3): 6 1.89, 2.05 (s, 12H, C;PhMe;Mey),
7.4 (m, 10H, C;PhMe,). Synthesis of (CsPhMey);TiMe (5). A 4.5
mL amount of 1.33 M MeLi in ether (5.99 mmol) was added to a
solution of 2.70 g of (CsPhMe,).TiCl (5.66 mmol) in 75 mL of THF at
—30 °C. The reaction mixture was allowed to warm to RT under
stirring, yielding a green solution. The solvent was evaporated, and
the residue was extracted with toluene. After evaporation of toluene
the green product was dissolved in pentane and cooled to —~80 °C. Dark
green crystals (1.80 g (70%)) were isolated. 'H NMR (C¢Dg): 6 —20.5
(s, 3H, Ti—-Me, WHM = 3390 Hz), 1.0 (m, 4H, 0-Ph), 1.9 (s, 12H, C;-
PhMesMe,, 500 Hz), 6.16 (s, 2H, p-Ph, 64 Hz), 8.11 (s, 4H, m-Ph, 100
Hz), 20.0 (s, 12H, CsPhMe;Mez, 4525 Hz). Oxidation with PbCl,
yielded brown-orange (C;PhMey):Ti(Me)Cl. 'H NMR (CgDg): 6 0.60
(s, 3H, Ti—Me), 1.66, 1.83, 1.87, 1.93 (s, 6H, CsPhMeMes), 7.0 (m, 10H,
CsPhMe,). Synthesis of (CsPhMey),;TiH (4). A dark green solution
of 1.83 g of § (4.01 mmol) in 175 mL of pentane was exposed to 1 atm
of Hp, and within 2 min the solution turned brown-red. After cooling
of the solution to —80 °C, brown-red crystals were isolated. Yield: 1.47
g (83%). 'H NMR (C¢De): ¢ 2.0 (s, 4H, 0-Ph, WHM = 300 Hz), 4.87 (s,
2H, p-Ph, 26 Hz), 6.33 (s, 12H, C;PhMesMeg, 190 Hz), 7.80 (s, 4H, m-Ph,
34 Hz), 25.2 (s, 12H, C;PhMeoMey, 465 Hz). IR (em~1): 2955 (s), 2857
(s), 2726 (w), 1599 (m), 1505 (s), 1466 (s), 1377 (8), 1179 (w), 1074 (m),
1026 (m), 916 (m), 760 (s), 704 (s), 588 (m), 455 (m). UVivis (THF):
Amax = 480 nm (¢ = 78 Lemol~!cm~!), 575 (sh). ESR (pentane) (RT
and —100 °C): singlet (g = 1.976, a(Ti) = 8.9 G, peak to peak width
3.5 G). Magnetic susceptibility (corrected for diamagnetism): uerr =
1.79 up. Anal. Caled for CsHasTi: C, 81.25; H, 7.96; Ti, 10.80.
Found: C, 81.11; H, 7.99; Ti, 10.72. Oxidation with PbCl; yielded
orange-brown (CsPhMe,);Ti(H)Cl: *H NMR (CgDs) 6 1.87, 1.89, 1.95,
1.98 (s, 6H, CsPhMeMey), 5.16 (s, 1H, Ti—H), 7.1 (m, 10H, Ph).

(12) (a) Crystal data for 4: C3oH35Ti, triclinic, space group P1 with
a=9.097(1) A, b=121021) A, c = 12.317(1) 1&, o = 76.646(4)°, § =
72.618(4)°, y = 69.643(4)°, V = 1201.0(2) A3, degieq = 1.226 g cm~?, and
Z = 2. Data were collected on an Enraf-Nonius CAD-4F diffractometer
at 130 K with Mo Ka (1 = 0.710 73 A). The structure was solved by
Patterson methods. Difference Fourier synthesis resulted in the
location of all hydrogen atoms, which positions were included in the
refinement. Rp = 0.033 with wR = 0.041 for 4633 unique reflections
with I = 2.50(I) and 422 parameters. (b) Ti—Cen(1), 2.0298(8) A,
C—C.,(1), 1.4244 A, ring slippage(1), 0.035 A. Ti-Cen(2), 2.0305(8)
A; C~C,(2), 1.4230 A; ring slippage(2), 0.070 A.

(13) Pattiasina, J. W.; Van Bolhuis, F.; Teuben, J. H. Angew. Chem.,
Int. Ed. Engl. 1987, 26, 330—331.

(14) Frerichs, S. R.; Stein, B. K.; Ellis, J. E. J. Am. Chem. Soc. 1987,
109, 5558—-5560.

(15) You, Y.; Wilson, S. R.; Girolami, G. S. Organometallics 1994,
13, 4655—4657.
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cyclopentadienyl rings deserves special attention. On
the basis of extended Hiickel calculations, Lauher and
Hoffmann predicted that the Ti—H axis will be about
35° outside this plane in a d* CpeTiH complex.!® In a
recent paper however, Bercaw and Goddard performed
ab initio calculations on Cl;TiH and concluded that the
hydride will reside in the plane through Ti and both
ring centroids.!® In 4 the hydride is found only 2.8(5)°
outside the plane, supporting the theoretical consider-
ations of Bercaw and Goddard.

We assume that the pentamethyl analogue 8 has a
molecular structure identical to 4, because of the close
resemblance in spectroscopic and experimental data.8?
Both 8 and 4 are 4! 15 electron paramagnetic complexes.
The 'H-NMR spectrum of 4 only shows resonances of
the CsPhMe, ligands, which are considerably narrower
than for the corresponding methyl compound 5. No
hydride resonance could be detected for either 3 or 4.20
In the IR spectrum a band at 1505 cm™! is assigned to
v(Ti—H), which shifts to 1092 cm™! after deuteration of
4 via reaction with 1 atm Ds. Simultaneously, H/D
scrambling of the methyl and the o-phenyl protons of
the CsPhMe, ligands is observed. The UV/vis spectrum
of 4 shows an absorption at 480 nm, comparable to an
absorption at 483 nm for 3, resulting in a red-brown
color for both compounds.?! The ESR spectrum of a
pentane solution of 4 shows a singlet (g = 1.976) with
hyperfine coupling to Ti isotopes (a(Ti) = 8.9 G) at both
room temperature and —100 °C.22 No coupling with the
hydride nuclear spin is observed. In contrast with 4,
the ESR spectrum of a pentane solution of 3 only shows
a poorly resolved doublet (g = 1.973, a(H) = 10 G) at
room temperature. Below —100 °C a singlet (g = 1.976)
is observed. Thermolysis of 3 yields the fulvene complex
(CsMes)Ti(78-CsMesCHy).2b™ On thermolysis of 4, only
the methyl protons of the CsPhMey ligand are activated,
producing a mixture of two isomers ((CsPhMey)Ti(Cs-
1-CHj-2-Ph-3,4,5-Me;3) and (CsPhMey)Ti(Cs-1-CH;-3-Ph-
2,4,5-Mes)). No products due to activation of the phenyl
protons of the CsPhMe,s ligand were observed. A
convenient way to characterize paramagnetic Ti(III)
complexes consists of oxidation with PbCly to the
corresponding diamagnetic Ti(IV) chloride compounds.2?
As expected, oxidation of 4 with PbCly yields (Cs-
PhMey):Ti(H)Cl, while 3 gives (CsMes) Ti(H)Cl. Both
3 and 4 catalyze the hydrogenation of 1-hexene to
hexane and the dimerization of phenylacetylene.

It was reported that 3 is not capable of ethene
polymerization,” Instead, only one insertion of ethene

(16) Troyanov, S. I.; Mach, K.; Varga, V. Organometallics 1993, 12,
3387-3389.

(17) Xin, S.; Harrod, J. F.; Samuel, E. J. Am. Chem. Soc. 1994, 116,
11562-11563.

(18) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729—
1742.

(19) Bierwagen, E. P.; Bercaw, J. E.; Goddard, W. A. J. Am. Chem.
Soc. 1994, 116, 1481—1489.

(20) This may be explained by either a very broad hydride resonance
or by a fast H/D exchange with the solvent.

(21) Upon oxidation with air to Ti(IV) species, these absorption
bands disappear.

(22) Any trace of N; needs to be rigorously removed, otherwise on
cooling to —100 °C a doublet (g = 1.992, a(H) = 11.9 G) appears in the
ESR spectrum of 4 at the expense of the intensity of the singlet at g =
1.976, due to formation of a dinitrogen adduct, (CsPhMey)oTi(H)Ny.
Because of the lower symmetry of this adduct, mixing occurs between
the orbital in which the unpaired electron resides and the Ti—H
bonding orbital, resulting in the observation of a doublet.

(23) Luinstra, G. A.; Teuben, J. H. J. Chem. Soc., Chem. Commun.
1990, 1470—1471.
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occurred, producing (CsMe;)eTiEt for which compound
a -H agostic interaction was anticipated on the basis
of IR spectroscopy. Similarly, 4 reacts with only 1 equiv
of ethene, but the IR spectrum of the paramagnetic d!
product does not show any 3-H agostic interaction. The
structure and reactivity of this complex is being studied
at the moment.

The phenyltetramethylcyclopentadienyl ligand proves
to be a very useful ligand for the investigation of
titanocene chemistry, resulting in formation of well-
crystallizable products. The molecular structure of the
first monomeric bis(cyclopentadienyltitanium(III) hy-
dride, (CsPhMey);TiH, was determined to be a bent-
sandwich. Since the spectroscopic and experimental
data of (CsPhMey)oTiH and-Cp*;TiH are very similar,

Communications

Cp*.TiH is assumed to have a bent-sandwich geometry
as well. We are currently exploring the chemistry of
(phenyltetramethylcyclopentadienyl)titanium compounds
further.

Supporting Information Available: Text giving details
of the structure determination of 4 and tables of crystal data,
thermal displacement parameters, atomic coordinates, bond
lengths, and bond angles (17 pages). This material is con-
tained in many libraries on microfiche, immediately follows
this article in the microfilm version of the journal, can be
ordered from the ACS, and can be downloaded from the
Internet; see any current masthead page for ordering informa-
tion and Internet access instructions.

OM9507787
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Novel Example of Thermally Induced Metal—Metal Bond
Homolysis in a Bimetallic Fulvalene Complex, the New
Dichromium Compound (%:75-C10Hs)Cr:(CO)4(PMezPh).

Istvan Kovécs' and Michael C. Baird*

Department of Chemistry, Queen’s University, Kingston, Ontario, Canada K7L 3N6

Received September 8, 1995%

Summary: Treatment of the fulvalene compound FuCro-
(CO)PMesPh)sH, with 2 molar equiv of trityl radicals
(Ph3C) results in hydride hydrogen atom abstraction
and formation of triphenylmethane and the new chro-
mium—chromium-bonded dimer trans-FuCroCO){PMe,-
Ph)s (4). Chemical reactivity patterns and variable-
temperature IR and ‘H, 13C{!H}, and 3!P{!H} NMR
investigations of 4 suggest that this 18-electron com-
pound exists in thermal equilibrium with its 17-electron,
biradical isomer PMesPh(CO)sCr(u-Fuv)Cr(CO)sPMegPh,
at room temperature.

The chemistry of 17-electron organotransition-metal
radicals continues to attract interest,! with particular
attention being paid in recent years to the cyclopenta-
dienylchromium carbonyl system, in which the 18-
electron chromium—chromium-bonded dimer exists in
facile thermal equilibrium with the corresponding 17-
electron monomer (eq 1),12b2

[CpCr(CO);), = 2CpCr(CO);’ (1)

It has also been found that bulky substituents, either
on the Cp ligand (Me, Ph) or in place of a CO ligand
(phosphines, phosphites) greatly enhance the extent of
homolysis of the chromium—chromium bond.b:2d-h3

* NATO Science Fellow; Research Group for Petrochemistry of the
Hungarian Academy of Sciences, Veszprém, Hungary.

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

(1) Some most recent advances: (a) Huber, T. A.; Macartney, D. H.;
Baird, M. C. Organometallics 1995, 14, 592. (b) Richards, T. C.; Geiger,
W. E.; Baird, M. C. Organometallics 1994, 13, 4494. (c) Kuksis, IL;
Baird, M. C. Organometallics 1994, 13, 1551. (d) Koeslag, M. D.; Baird,
M. C. Organometallics 1994, 13, 11. (e) Creutz, C.; Song, J.-S.; Bullock,
R. M. Pure Appl. Chem. 1995, 67, 47. (f) Kiss, G.; Nolan, S. P.; Hoff, C.
D. Inorg. Chim. Acta 1994, 227, 285. (g) Balla, J.; Bakac, A.; Espenson,
J. H. Organometallics 1994, 13, 1073. (h) Zhu, Z.; Espenson, J. H.
Organometallics 1994, 13, 1893. (i) Atwood, C. G.; Geiger, W. E. J.
Am. Chem. Soc. 1994, 116, 10849. (j) Milukov, V. A,; Sinyashin, O. G.;
Ginzburg, A. G.; Kondratenko, M. A.; Loim, N. M.; Gubskaya, V. P,;
Musin, R. Z.; Morozov, V. I; Batyeva, E. S.; Sokolov, V. L. J. Organomet.
Chem. 1995, 493, 221. (k) Huang, Y.; Carpenter, G. B.; Sweigart, D.
A.; Chung, Y. K.; Lee, B. Y. Organometallics 1995, 14, 1423. (1) Avey,
A.; Nieckarz, G. F.; Keana, K.; Tyler, D. R. Organometallics 1995, 14,
2790. (m) Lang, R. F.; Ju, T. D.; Kiss, G.; Hoff, C. D.; Bryan, J. C;
Kubas, G. J. J. Am. Chem. Soc. 1994, 116, 7917. (n) Tilset, M. Inorg.
Chem. 1994, 33, 3121. For reviews of earlier results, see: (o) Baird,
M. C. Chem. Rev. 1988, 88, 1217. (p) Trogler, W. C., Ed. Organometallic
Radical Processes; J. Organomet. Chem. Library 22; Elsevier: Am-
sterdam, 1990; p 49.

(2) (a) Adams, R. D.; Collins, D. E.; Cotton, F. A. J. Am. Chem. Soc.
1974, 96, 749. (b) Madach, T.; Vahrenkamp, H. Z. Naturforsch. 1979,
34B, 573. (¢} McLain, 8. J. J. Am. Chem. Soc. 1988, 110, 643. (d) Goh,
L.Y.; Lim, Y. Y. J. Organomet. Chem. 1991, 402, 209. (e) Fortier, S.;
Baird, M. C.; Preston, K. F.; Morton, J. R.; Ziegler, T.; Jaeger, T. J.;
Watkins, W. C.; MacNeil, J. H.; Watson, K. A.; Hensel, K.; LePage,
Y.; Charland, J.-P.; Williams, A. J.J. Am. Chem. Soc. 1991, 113, 542.
(f) Watkins, W. C.; Jaeger, T.; Kidd, C. E.; Fortier, S.; Baird, M. C,;
Kiss, G.; Roper, G. C.; Hoff, C. D. J. Am. Chem. Soc. 1992, 114, 907.
(g) O’Callaghan, K. A. E,; Brown, S. J.; Page, J. A,; Baird, M. C,;
Richards, T. C.; Geiger, W. E. Organometallics 1991, 10, 3119. (h) Yao,
Q.; Bakac, A.; Espenson, J. H. Organometallics 1993, 12, 2010. (i)
McConnachie, C. A.; Nelson, J. M.; Baird, M. C. Organometallics 1992,
11, 2521,
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Surprisingly, however, while the metal—metal bonds
in the very similar fulvalene complexes FvMy(CO)s (M
= Cr, Mo, W)* are all longer than that of [CpCr(CO)3],22
there has been reported no direct evidence for homolysis
of the metal—metal bonds in these fulvalene complexes
(eq 2), either thermally or photochemically.4df

‘M(CO)
Q\ /Q ~— @

(CORM——M(CO) (CORM-

We therefore decided to investigate the possible
effects of CO substitution by bulky phosphines in these
compounds and have recently reported the preparation
and properties of several (fulvalene)dimolybdenum car-
bonyl dimers, FvMogo(CO)4Ls (L = PPhj, PCy; (Cy =
cyclohexyl), PXys; (Xy = 3,5-dimethylphenyl)).> In no
cases do these compounds undergo thermal molybde-
num—molybdenum bond homolysis. We now report
preliminary results on the preparation and chemistry
of a chromium analogue, FvCry(CO)4«(PMesPh)s, which
would be expected to have a weaker metal—metal bond
than the molybdenum analogues'® and which indeed
does undergo spontaneous thermal homolysis.

The new hydride FvCry(CO)4(PMesPh);H; was syn-
thesized essentially as reported previously for the
molybdenum analogues FvMoy(CO)sLsHs (L = PMes,
PPhs).5 The carbonylate salt (EtJN)s[FvCra(CO)g] (1)8:7
was protonated with glacial acetic acid in hexane—
toluene (1:3) solution, forming the unstable dihydride
FvCry(CO)sH; (2).57 Subsequent in situ reaction of 2
with PMeoPh at room temperature resulted in the
formation of yellow, crystalline FvCry(CO)4(PMezPh).H;

(8) (a) Goh, L.-Y.; D’Aniello, M. J., Jr.; Slater, S.; Muetterties, E.
L.; Tavanaiepour, I.; Chang, M. L; Fredrich, M. F.; Day, V. W. Inorg.
Chem. 1979, 18, 192. (b) Cooley, N. A.; MacConnachie, P. T. F.; Baird,
M. C. Polyhedron 1988, 7, 1965. (c) Watkins, W. C.; Hensel, K.; Fortier,
S.; Macartney, D. H.; Baird, M. C.; McLain, S. J. Organometallics 1992,
11, 2418. (d) Hoobler, R. J.; Hutton, M. A.; Dillard, M. M.; Castellani,
M. P,; Rheingold, A. L.; Rieger, A. L.; Rieger, P. H.; Richards, T. C,;
Geiger, W. E. Organometallics 1993, 12, 1186.

(4) (a) Abrahamson, H. B.; Heeg, M. J. Inorg. Chem. 1984, 23, 2281,
(b) Drage, J. S.; Vollhardt, K. P. C. Organometallics 1986, 5, 280. (c)
Moulton, R.; Weidman, T. W.; Vollhardt, K. P. C.; Bard, A. J. Inorg.
Chem. 1986, 25, 1846. (d) McGovern, P. A ; Vollhardt, K. P. C. Synlett
1990, 493. (e) Tilset, M.; Vollhardt, K. P. C.; Boese, R. Organometallics
1994, 13, 3146. (f) The compound [CpCr(CO)s); catalyzes the 1,4-
dihydrogenation of conjugated dienes*e via CpCr(CO); and the hydride
CpCr(CO)sH,*4¢ and thus indirect evidence for the diradical isomer
of FvCry(CO)g is found in observations that this compound and the
corresponding dihydride effect similar chemistry: Vollhardt, K. P. C.,
private communication. (g) Miyake, A.; Kondo, H. Angew. Chem., Int.
Ed. Engl. 1968, 7, 631.

(5) (a) Kovdcs, I.; Baird, M. C. Organometallics 1995, 14, 4074. (b)
Kovdcs, 1.; Baird, M. C. Organometallics 1995, 14, 4084.

(6) The compounds (Et,N)[FvCra(CO)s] and FvCra(CO)sHs have also
been prepared elsewhere: McGovern, P. A.; Volihardt, K. P. C., private
communication.
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(3) in good yield. Attempted substitutions of 2 failed
with the bulkier PPhsMe and PPh; but proceeded
smoothly with the smaller PMe3.# Room-temperature
IR and NMR spectra’ of 8 were fully consistent with its
formulation, which was confirmed by elemental and
mass spectroscopic analyses.?

Treatment of 3 with trityl radical (PhsC, 1:2 molar
ratio) in toluene at room temperature resulted in a rapid
color change from yellow to yellow-brown. The complete
consumption of 3 and the concomitant formation of a
single heat- and light-sensitive organometallic product
were established by spectroscopic methods. The IR
spectrum of the reaction mixture exhibited absorbances
at 1926 (s) and 1850 (vs) cm™1, at positions very similar
to those of 8 but with different relative intensities.” The
'H NMR spectrum of a reaction mixture in toluene-ds
exhibited broad resonances attributable to PMe (5 1.68),
fulvalene (6 3.69 and 3.92), and phenyl protons, all
significantly different from those of 3,7 and a singlet at
6 5.37 attributable to PhsCH. In addition, the UV—vis
spectrum exhibited a strong do — do* transition at 460
nm, indicative of a metal—metal bond in the product
which, on the basis of comparisons with data for the
(fulvalene)molybdenum dimers ¢rans-FvMog(CO)4Le (L
= PPhj, PCys;, PXys),5 is tentatively identified as the
chromium—chromium-bonded dimer trans-FvCro(CO),-
(PMegPh) (4). Thus, as anticipated,® the reaction
between trityl radicals and 3 took place according to eq
3.

FvCr,(CO),(PMe,Ph),H, + 2Ph,C’ —
FvCr,(CO),(PMe,Ph), + 2Ph,CH (3)

Since 4 was found to be too unstable to be isolated
analytically pure, it was also obtained in an alternative
way, by the treatment of 8 with 1,3,5-hexatriene. It has
been demonstrated that hydrogenation of a number of
conjugated dienes by CpM(CO)sH (M = Cr, Mo, W) can

(7) Spectroscopic data are as follows. 1: IR (THF) v¢o 1889 (vs), 1800
(vs, br), 1717 (vs, br) em™1; 'H NMR (200 MHz, acetone-ds) 6 1.36 (tt,
J1=1T7Hz, J, =2 Hz, 24H, CHjy), 3.42 (q, J = 7 Hz, 16H, CH,N), 4.13
(“t”, 4H, F'v), 4.61 (“t”, 4H, Fv); 13C{*H} NMR (100.6 MHz, acetone-ds)
6 7.7 (s, CHs), 52.8 (s, CH3N), 80.0 (s, Fv), 81.7 (s, Fv), 100.9 (s, C-1
Fv), 247.4 (s, CO). 2: IR (hexane) vco 2014.5 (s), 1948 (s, sh), 1940
(vs) em~!; TH NMR (200 MHz, toluene-ds) & —5.46 (s, 2H, CrH), 4.08
(“t”, 4H, Fv), 4.34 (“t”, 4H, Fv); 3C{1H} NMR (100.6 MHz, toluene-ds)
6 83.7 (s, Fv), 85.9 (s, Fv), 99.8 (s, C-1 Fv), 234.7 (br 5, CO). 3: IR
(toluene) vco 1924.5 (vs), 1856 (vs), 1846 (sh) cm~1; 'H NMR (200 MHz,
toluene-ds) 6 —6.07 (d, Jpu = 73 Hz, 2H, CrH), 1.26 (d, Jpy = 8.5 Hz,
12H, PCH3), 4.04 (“q”, 4H, Fv), 4.35 (“q”, 4H, Fv), ~7.06 (m, 6H, m p-
Ph), 7.30 (“t”, 4H, 0-Ph); 13C{1H} NMR (100.6 MHz, toluene-ds) 6 83.7
(s, Fv), 84.8 (s, Fv), 99.9 (s, C-1 Fv), 128.5 (d, Jpc = 8.5 Hz, m-Ph),
129.2 (s, p-Ph), 129.6 (d, Jpc = 8.8 Hz, 0-Ph), 143.0 (d, Jpc = 36 Hz,
ipso-Ph) (no PMe and CO resonances were observed); 31P{'H} NMR
(162 MHz, toluene-dg) 6 59.9. 4: IR (toluene) vco 1926 (s), 1850 (vs)
cm~L; UV—vis (THF) Apax(do — do*) 460 (vs) nm; 'H NMR (200 MHz,
toluene-ds) 6 1.68 (br s, 12H, PCHj,), 3.69 (br m, 4H, Fv), 3.92 (br m,
4H, Fv), ~7.05 (br m, 4H, Ph), 7.41 (br m, 6H, Ph); 13C{*H} NMR (100.6
MHz, acetone-ds, 25 °C) 6 88.4 (s, Fv), 82.6 (s, Fv), 129.3, 130.0, 130.6
(s, all Ph) (no quaternary or PMe resonances were observed); 13C{tH}
NMR (100.6 MHz, acetone-ds, —50 °C) 6 18.7 (d, Jpc = 32 Hz, PMe),
82.5 (s, Fv), 87.3 (s, C-1 Fv), 88.1 (s, Fv), 129.0, 129.7, 129.8 (s, all
Ph), 143.8 (d, Jpc = 33.5 Hz, ipso-Ph), 254.8 (d, Jpc = 35 Hz, CO);
31P{1H} NMR (162 MHz, toluene-ds, —40 °C) 6 66.0.

(8) Kovacs, I.; Baird, M. C., unpublished results.

(9) Anal. Caled for C3H3Cr:O4P2: C, 57.88; H, 5.18. Found: C,
57.30, H, 5.33. EI-MS (m /z (%)): no [M]" appeared; [M — 2H — COJ*,
592 (0.2); [M — 2H — 2COJ*, 564 (0.8); [M — 2H — 3COJ, 538 (2.2);
[M - 2H - 4COJ*, 508 (0.5); [M — 2H — PMe,Ph], 482 (0.4); [M — 2H
~ PMegPh — COl, 454 (0.2); [M — 2H — PMeyPh — 2COJ+, 426 (0.2);
[M — 2H — PMe;Ph — 3COJ*, 398 (0.2); [M — 2H — PMe,Ph — 4COJ*,
370 (3.3); [FvCrH]*, 181 (11); [O=PMe.Phl]*, 154 (69); [PMePhH]*,
139 (100); [PMe,Phl*, 138 (58); [Fv]*, 128 (33).
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Figure 1. Stacked variable-temperature 3'P{1H} NMR
spectra (toluene-dg) of compound 4.

be utilized to prepare the corresponding dimers, [CpM-
(CO)sly, in excellent yields.3b4e10

Interestingly, the 'H, 13C{lH}, and 3P{!H} NMR
spectra of 4 are all strongly temperature-dependent. A
variable-temperature 'H NMR experiment revealed that
both the fulvalene and the PMe resonances shifted
downfield and broadened significantly as the tempera-
ture was raised from —80 to +80 °C. Although decom-
position became evident above 50 °C, the line broaden-
ing and the chemical shift changes were both clearly
reversible. Similar effects, resulting from dissociation
to paramagnetic monomer, are observed in the 1H NMR
spectrum of [CpCr(CO)g]s.2d4

The room-temperature 3C{'H} NMR spectrum of 4
in acetone-dg exhibited only tertiary carbon resonances
in both the fulvalene (6 82.3, 87.5) and the phenyl
regions. The quaternary carbon (C-1 Fv, ipso-Ph, CO)
and PMe resonances were not observed at room tem-
perature but were at —50 °C.” Furthermore, the 3'P-
{'H} NMR spectrum of 4 exhibited no phosphorus
resonance at room temperature, but a very broad
resonance appeared at 6 66.0 at 10 °C and gradually
sharpened upon further cooling to appear as a normal
3IP{1H} NMR spectrum at —40 °C (Figure 1).

A complementary variable-temperature IR experi-
ment was also carried out in the temperature range 25—
80 °C. As the temperature was raised, the absorbances
of 4 at 1926 (s) and 1850 (vs) cm™! weakened and two
new vco bands emerged at 1949 (s) and 1800 (s, br)
em™!, very similar to those of CpCr(CO)(PMeyPh) (1925
(s) and 1807 (m, br) cm~1).3> Only the new absorbances
were present at 80 °C.

The most plausible rationale for the temperature
dependence of the IR and NMR spectra is that the
chromium—chromium-bonded form of 4 exists in a facile

(10) Miyake, A.; Kondo, H. Angew. Chem., Int. Ed. Engl. 1968, 7,
880.
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equilibrium with its biradical isomer, as shown in eq 4.

\ /
Cr—Cr
MesPhP~” /> 1\\ PMePh
c. lc
c oc ©
o o

v——
—_————

o]
0c § PMePh

Y4
[ @) (4
c.
MezPhP/ \;'co
0

While the NMR studies established that rapid ex-
change between the 18-electron dimer and 17-electron
biradical occurs above —40 °C, at least, as in eq 4, the
IH NMR and IR studies demonstrate that the equilib-
rium is shifted considerably to the right above room
temperature such that the predominant species in
solution at higher temperatures is the biradical isomer.
Thus, 4 behaves much like [CpCr(CO)3l;,2d! although
the changes in the 'H NMR spectrum (downfield shifts
of ~1 ppm) are much smaller.

The radical-like properties of 4 were further sup-
ported by studies on its reactions with activated alkyl
halides. It has been shown that the solution chemistry
of [CpCr(CO)s)e is dominated by the reactivity of the
small amount of monomer present in solution and that
[CpCr(CO)3l; takes part in halogen atom abstraction
reactions with a wide variety of alkyl bromides and
iodides. The primary products are CpCr(C0O)3X (X =
Br, I) and CpCr(CO)sR (R = alkyl) if the starting halide
contains no S-hydrogen atom(s);!»2411 the halochromium
product arises from initial halogen abstraction by one
chromium-centered radical and the alkylchromium prod-
uct from coupling of the resulting alkyl radical with a
second chromium-centered radical. We have found that
4 reacts instantaneously at room temperature in the
dark with ICH,;COqEt, allyl iodide, CHBr3;, BrCH2CN,
and CCly, but only slowly (several hours) with PhCHs-

(11) (a) Cooley, N. A.; Watson, K. A.; Fortier, S.; Baird, M. C.
Organometallics 19886, 5, 2563. (b) Goulin, C. A.; Huber, T. A.; Nelson,
d. M.; Macartney, D. H.; Baird, M. C. J. Chem. Soc., Chem. Commun.
1991, 798. (¢) Huber, T. A.; Macartney, D. H.; Baird, M. C. Organo-
metallics 1998, 12, 4715.
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Br and BrCH2COsMe. Reactions with unactivated alkyl
iodides occur very slowly (1 day), in the order EtI < i-Prl
< t-Bul. IR and 'H and 3'P{'H} NMR spectroscopic
studies showed that the major or sole products in the
fast reactions were the dihalides FvCrs(CO)4(PMes-
Ph):X, (X = Cl, Br, I), identified spectroscopically.?

There remains the question of why fulvalene com-
pounds, with very long metal—-metal bonds, do not
undergo spontaneous thermal homolysis as do analo-
gous cyclopentadienyl compounds with much shorter
metal—metal bonds. The factors inducing compounds
with metal—metal bonds to undergo spontaneous ther-
mal homolysis are not well understood, as there are as
yet few examples of homologous series from which to
draw conclusions.?f Mention has already been made of
the effects of steric factors, metal—metal bonds often
being destabilized with respect to homolytic dissociation
on substitution of small ligands by more sterically
demanding ligands, e.g. CO by tertiary phosphines and
75-CsHs by 5®-CsMe; and #5-CsPhs. While it seems
implicit in this apparent correlation that the principal
factor at play here is weakening of metal bonds through
steric strain, in fact such does not appear to be the case
with [CpCr(CO);]; and [Cp*Cr(CO)s]e. X Although the
latter has a much longer Cr—Cr bond and dissociates
much more extensively in solution, the enthalpies of
dissociation of the two dimers in toluene are identical
within experimental error and the differing degrees of
dissociation are related primarily to entropic factors.
Thus, dissociation of [Cp*Cr(CO)3l; apparently gives rise
to a much greater release of steric strain than is the
case with [CpCr(CO)3l;, making possible degrees of
ligand rotational motion in monomeric Cp*Cr(CO)3 not
possible in [Cp*Cr(CO)3]o.2f This type of increase in
entropy would be much less of a factor in the fulvalene
complexes under consideration here. While increased
rotation of the ML3 fragments relative to the cyclopen-
tadienyl rings would occur, as with [CpCr(CO)sls, the
increase in rotational motion around the fulvalene
central C—C bond would not be equivalent to the effect
of dissociation of [CpCr(CO)sle, nor would there be
entropic factors equivalent to the probable increase in
methyl rotational effects in [Cp*Cr(CO)3la.
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Summary: Reaction of (MesP)sRhCl with (THF)3LiSi-
(SiMes); generates the thermally unstable complex
(MesP)sRhSiMesSiMe(SiMes)s (1), probably via a series
of 1,2- and 1,3-migrations. The analogous iridium
reaction results in a similar rearrangement to give the

iridacycle ( MegP)g(H)I[rSiMeg,SiMe( SiMeg)SiMeng 2 as
a mixture of diastereomers (2a,b), which is catalytically
converted to an equilibrium mixture by hydrogen.

Intramolecular 1,2- and 1,3-migrations appear to
pervade transition metal—silicon chemistry and are
thought to mediate many important pathways for
silicon—element bond reactivity.! For example, such
processes have been invoked in proposed mechanisms
for metal-mediated redistributions at silicon? and silane
dehydrocoupling.? Although neither type of migration
has been directly observed, convincing evidence for such
steps has been amassed by Pannell, Ogino, and Turner
for reactions involving the Cp(CO)Fe fragment.* These
photochemically-driven processes result in rearrange-
ment of silyl ligands, possibly by series of migration
steps as generalized in eq 1. An interesting example of

‘ 1,2-mig ,SiRy 1,3-mig SR,
LM=SIRSIRy === LM = L, < (1)
SiR, SiR,R'

this chemistry is the photochemical conversion of Cp-
(CO)Fe(SiMey)sSiMe; to Cp(CO)FeSi(SiMes)s, for which
1,2- and 1,3-migrations are inferred.** In recent work

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

(1) (a) Tilley, T. D. In The Chemistry of Organic Silicon Compounds;
Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Chapter 24, p
1415. (b) Tilley, T. D. In The Silicon-Heteroatom Bond; Patai, S.,
Rappoport, Z., Eds.; Wiley: New York, 1991; Chapters 9 and 10, pp
245 and 309. (c)Pannell, K. H.; Sharma, H. K. Chem. Rev. 1995, 95,
1351,

(2) (a) Curtis, M. D.; Epstein, P. S. Adv. Organomet. Chem. 1981,
19, 213. (b) Kobayashi, T.; Hayahi, T.; Yamashita, H.; Tanaka, M.
Chem. Lett. 1988, 1411. (c) Okinoshima, H.; Yamamota, K.; Kumada,
M. J. Organomet. Chem. 1971, 27, C31.

(3) Tilley, T. D. Comments Inorg. Chem. 1990, 10, 37.

(4) (a) Pannell, K. H.; Cervantes, J.; Hernandez, C.; Cassias, J.;
Vincenti, S. Organometallics 1986, 5, 1056. (b) Pannell, K. H.; Rozell,
J. M., Jr.; Hernandez, C. J. Am. Chem. Soc. 1989, 111, 4482. (c)
Pannell, K. H.; Wang, L.-J.; Rozell, J. M. Organometallics 1989, 8, 550.
(d) Jones, K. L.; Pannell, K. H. J. Am. Chem. Soc. 1993, 115, 11336.
(e) Hernandez, C.; Sharma, H. K.; Pannell, K. H. J. Organomet. Chem.
1993, 462, 259. (f) Pannell, K. H.; Brun, M.-C.; Sharma, H.; Jones,
K.; Sharma, S. Organometallics 1994, 13, 1075. (g) Tobita, H.; Ueno,
K.; Ogino, H. Bull. Chem. Soc. Jpn. 1988, 61, 2797. (h) Ueno, K,;
Tobita, H.; Ogino, H. Chem. Lett. 1990, 369. (i) Haynes, A.; George,
M. W.; Haward, M. T.; Poliakoff, M.; Turner, J. J.; Boag, N. M.; Green,
M. J. Am. Chem. Soc. 1991, 113, 2011. (j) Pannell, K. H.; Sharma, H.
Organometallics 1991, 10, 954. (k) Ueno, K.; Hamashima, N.; Shimoi,
M.; Ogino, H. Organometallics 1991, 10, 959.
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of Berry, the 1,3-migration of methyl groups in Cp,W-
(SiMe3)(SiR’;OTf) complexes has been probed.®

In attempts to study this important and fundamental
rearrangement chemistry, we have sought to observe
isolated migrations that might be amenable to further
scrutiny. One approach involves the generation of
coordinatively unsaturated silyl derivatives which could
rearrange to more stable 18-electron, silyl—silylene
complexes via a 1,2-migration. We have previously
employed a related strategy in the synthesis of 2-silene
complexes.® Here we report an attempt to observe such
transformations in rhodium and iridium systems of the
type LsM—SiR3, which has led to observation of rather
dramatic migratory rearrangements.

Reaction of (THF);LiSi(SiMes)s” with (MesP);RhC1® in
pentane resulted in a deep red solution, from which dark
red crystals were obtained in 53% yield. Complete
characterization of this compound was complicated by
its thermal instability (¢1» ~ 6 h in benzene-dg), but the
NMR data strongly support formulation of the com-
pound as (MesP);RhSiMesSiMe(SiMes)s (1, eq 2).° A

-3THF
(MesP)sRhCI + (THF),LISi(SiMeg); —
-Lic!
PMes  siMe(SiMeg),
Me 3P —Rh—Si..,,
| N 'Me ()
PMe; Me

1

single resonance at 1.16 ppm is assigned to the fluxional
PMe; ligands.l® The SiMe groups give rise to reso-
nances at 0.73, 0.44, and 0.36 ppm, in a relative
intensity ratio of 2:6:1. The 29Si{!H}NMR spectrum
contains resonances at 6 —80.7, —11.9, and —4.9, which
may be attributed to the 3, y, and o silicon atoms,
respectively, on the basis of relative intensities and
published chemical shift data.l.!! Compound 1 decom-
poses to several uncharacterized products (by NMR
spectroscopy), but the appearance of a resonance in the
hydride region (6 —9.63) suggests that a major decom-
position pathway involves metalation of the silyl ligand.

The analogous reaction of “(Me3P)3IrCl”, generated in
THF by addition of PMe; to [(COE)IrCl]y (COE =

(5) Pestana, D. C.; Koloski, T. S.; Berry, D. H. Organometallics 1994,
13, 4173.

(6) Campion, B. K.; Heyn, R. H.; Tilley, T. D. JJ. Am. Chem. Soc.
1988, 110, 7558.

(7) Gutekunst, G.; Brook, A. G. J. Organomet. Chem. 1982, 225, 1.

(8) Jones, R. A.; Real, F. R.; Wilkinson, G.; Galas, A. M. R
Hursthouse, M. B.; Malik, K. M. A. J. Chem. Soc., Dalton Trans. 1980,
511.

© 1995 American Chemical Society
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cyclooctene),!? also gave a deep red solution; however,
the color dissipated over a period of 3 h. Workup of the
solution produced colorless crystals from pentane, which
were subsequently characterized as a mixture of dia-
stereomers 2a,b (Scheme 1). The observed ratio of
diastereomers in isolated material is variable but gener-
ally close to 1:1. Crystals of 2a contain enantiomeric
pairs related by a crystallographic inversion center
(Figure 1). The substitution pattern about Ir is the

same as that observed previously for (Me3P)3Ir(CeH4)Si-
Phy(H), which forms via orthometalation of (MesP)s-
IrSiPh3.’® The hydride ligand was located and refined
at a distance of 1.74(3) A from Ir, and the Ir—Si bond
length of 2.441(3) A is quite normal.! This silairidacycle
is strongly folded, such that the angle between the
C(81)—Ir—Si(1) and the C(81)—Si(3)—Si(2)-Si(1) planes
is 124.7°.

A likely mechanism for the formation of 2, shown in
Scheme 1, involves rearrangement. of an initially formed

(9) Selected data are as follows. 1: 'H NMR (benzene-ds, 400 MHz)
& 0.36 (s, 3H), 0.44 (s, 18 H), 0.73 (s, 6 H), 1.16 (s, 27 H); 13C{'H}
NMR (benzene-dg, 100.6 MHz) ¢ —6.20 (s, 8-SiMe), 1.86 (s, y-SiMe),
9.92 (s, a-SiMe), 22.88 (m, PMe;); 3'P{'H} NMR (benzene-ds, 162.0
MHz) 6 20.00 (d, 'Jpgy, = 145 Hz); #¥Si{'H} NMR (benzene-dg, 59.63
MHz) & —80.7 (s, f-5i), —11.9 (s, y-Si), —4.9 (s, a-5i). 2 (more stable
diastereomer): 'H NMR (benzene-ds, 300 MHz) 6 —12.46 (dt, 2Jup =
136 Hz, 17.6 Hz, 1 H), —0.25 (m, 1 H), —0.01 (m, 1 H), 0.42 (s, 3 H),
0.49 (s, 3 H) 0.51 (s, 9 H) 0.70 (s, 3 H), 0.77 (d, *Juyp = 3 Hz), 0.86 (d,
4Jyp = 3 Hz), 1.06 (d, 2Jup = 7.2 Hz), 1.09 (d, 2Jyp = 7.2 Hz), 1.25 (d,
2Jyp = 7.8 Hz); *P{'H} NMR (benzene-ds, 121.5 MHz) 6 —64.22 (dd,
2Jep = 19.0 Hz, 15.7 Hz), —59.58 (dd, %Jpr = 14.9 Hz), —57.19 (t). 2
(less stable diastereomer): 'H NMR (benzene-dg, 300 MHz) 6 —13.41
(ddd, %Jup = 140 Hz, 18.2 Hz, 17.0 Hz, 1 H), =0.24 (m, 1 H), —0.04 (m,
1 H),0.45(s,3 H),0.46 (s, 9 H) 0.58 (s, 3 H) 0.63 (s, 3 H), 0.66 (d, *Jup
=3 Hz), 0.69 (d, *Juyp = 3 Hz), 1.16 (d, %Jyp = 7.4 Hz), 1.20 (d, 2Jyp =
7.4 Hz), 1.31 (d, 2Jyp = 8.0 Hz); ¥'P{'H} NMR (benzene-ds, 121.5 MHz)
6 —69.30 (dd, %Jpp = 24.0 Hz, 18.2 Hz), —66.29 (dd, %Jpp = 16.2 Hz),
—65.75 (dd). Anal. (C, H). 3: 3P{'H} NMR (toluene-ds, 162.0 MHz,
—83°C) d —20.50 (d, 2Jpp = 30 Hz), —14.5 (t). '"H NMR resonances for
3 were largely obscured by those for the product.

(10) A similar observation was made for (MesP);RhSiPhs: Thorn,
D. L.; Harlow, R. L. Inorg. Chem. 1990, 29, 2017.

(11) Williams, E. A. Annu. Rep. NMR Spectrosc. 1983, 15, 235.

(12) (a) Bleeke, J. R.; Haile, T.; Chiang, M. Y. Organometallics 1991,
10, 19. (b) Herskovitz, T.; Guggenberger, L. J. JJ. Am. Chem. Soc. 19786,
98, 1615.

(13) Aizenberg, M.; Milstein, D. Angew. Chem., Int. Ed. Engl. 1994,
33, 317.

(14) Crystal data for 2a: C,sHsrP;Siy, fw = 668.1, colorless,
triclinic, P1, a = 10.585(3) A, b = 10.822(3) A, ¢ = 14.692(5) A, a =
83.82(3)°, f = 84.99(3)°, y = 77.16(2)°, V = 1627.9(9) A3, Z = 2, u(Mo
Ko)=44.0cm™!, T =298 K. Of 4553 empirically absorption corrected
data (20, = 45°), 3380 were independent and observed. The H atom
bonded to Ir was located and refined. R(F) = 3.76%; R(wF) = 4.01%.
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Figure 1. Molecular structure of 2a. Selected bond
lengths (A) and angles (deg): Ir—Si(1) 2.441(3), Ir—C(81)
2.216(9), Ir—H(1) 1.74(3), Ir—P(1) 2.355(3), Ir—P(2) 2.333(3),
Ir—P(3) 2.296(3), Si(1)—Si(2) 2.354(4), Si(2)—Si(3) 2.345(4),
Si(3)-C(81) 1.852(8); Si(1)—Ir—C(81) 79.4(2), Ir—C(81)—
Si(3) 115.8(5), Ir—Si(1)—Si(2) 103.3(1), Si(1)—Si(2)—Si(3)
93.9(1), Si(2)-Si(3)—C(81) 103.3(3).

silyl complex (Me3P)sIrSi(SiMes)s (3) to (MesP)sIrSiMes-
SiMe(SiMe3)2 (4) via 1,2- and 1,3-migration steps and
silyl (silylene) intermediates. Intramolecular metala-
tion then produces the observed products 2a,b. At-
tempts to trap a silylene intermediate with PhC=CPh!
or [BuyNICl failed to change the course of the reaction.
Monitoring the reaction at —80 °C by *'P NMR spec-
troscopy revealed the formation of an intermediate
which exhibited two resonances (6 —20.5 (d) and —14.5
(t), J = 32 Hz, 2:1 ratio) consistent with square-planar
substitution about Ir. We tentatively assign this spec-
trum to the Ir(I) silyl complex 3.

Variations in the observed ratio of diastereomers 2a,b
(depending on reaction conditions) indicate that the
distribution of products obtained is kinetically deter-
mined. Attempts to equilibrate the mixtures with
heating (80 °C in benzene-dg) resulted only in decom-
position. Interestingly, isomerization of the diastereo-
meric mixtures is catalyzed by hydrogen at room
temperature. Under 1 atm of hydrogen, a 1.3:1 ratio of
diastereomers (in benzene-dg solution) is converted to
a ratio of 1:9 within 12 h. Longer reaction times under
hydrogen or nitrogen do not change this ratio, indicating
that it represents the thermodynamic equilibrium. We
are not sure which isomer is more stable, but we assume
that it is 2a, which has the —SiMes group furthest
removed from the Ir(H)PMe;)s fragment (see Figure 1).
A proposed mechanism for isomerization (illustrated for
the conversion of 2b to 2a) is shown in Scheme 2.
Presumably, 2b is in equilibrium with the Ir(I) silyl
complex 4, and thermal isomerization (slow at room
temperature) would be accomplished via rotation about
the Si,—Sig bond of 4. Given the relatively rapid effect
of hydrogen, we conclude that an open coordination site
is made readily available by C—H reductive elimination
to form 4. The slow rate of thermal isomerization thus
implies that k.t < k—1. Apparently, rotation about this
Si—Si bond is facilitated by formation of an intermediate
H; adduct (which was not observed by NMR spectros-
copy), for which Siz—Sisz bond rotation is competitive
with Hj reductive elimination (Scheme 2).
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The silyl group rearrangement reported here (Scheme
1), like the ones observed by Pannell for Cp(CO).Fe
complexes, undoubtedly occurs via intramolecular pro-
cesses. Because conclusive mechanistic data is still
lacking in both systems, alternative mechanisms cannot
be definitively ruled out. However other pathways, for
example ones involving disilene intermediates or Si—
Si/Si—C oxidative additions of Si(SiMes), derivatives,
seem less likely to us.! Interestingly, the rearrange-
ment of (MesP);IrSi(SiMes)s to (MesP)sIrSiMesSiMe-
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(SiMe)s represents the elongation of a polysilyl chain,
in contrast to what has typically been observed by
Pannell.* In one case, however, Pannell’s group has
observed the Cp(PhsP)}:RuMe-catalyzed isomerization
of Me3Si(SiMeg)sH to a mixture of (MesSi)sSiH and
(Me3sSi).SiMeSiMesH, which probably also occurs via a
M-—SiMe;SiMe(SiMes); intermediate. Formation of a
metalated, trivalent iridium center may provide some
driving force for stabilizing the Ir product, but this is
apparently not required for the analogous Rh rear-
rangement (to 1). Thus, while it is yet to be determined
whether this difference has electronic and/or steric
origins, the implications is that migrations of this kind
might be used to produce linear polysilanes.

Acknowledgment is made to the National Science
Foundation for support of this work.

Supporting Information Available: Text giving experi-
mental procedures and characterization data for compounds
and tables of crystal, data.collection, and refinement param-
eters, atom positional and U parameters, bond distances and
angles, and anisotropic displacement parameters (11 pages).
Ordering information is given on any current masthead page.
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Summary: The reaction of Cu(NCMe){O3SCF3) with
LiC=CBu' and 2,2"-bipyridine in an approximate 5/2/4
molar ratio leads to the formation of [Cus(Bu!C=C);-
(bpy)J[CF3803]s. The solid-state structure shows that
the cation contains a nearly planar array of five copper
atoms held together solely by two bridging alkynyl
ligands.

As part of a long-term investigation of transition-
metal complexes of alkynes,! we have discovered an
unusual class of multimetal, cationic alkynylcopper(I)
derivatives stabilized by bipyridine (bpy) ligands. Re-
ported here are the syntheses of compounds containing
the unusual cationic organocopper group [Cus(alkynyl)e-
(bpy)4J¥*, which contain a nearly planar Cus central core
held together by two bridging alkynyl ligands. The
compound [Cus(ButC=C)s(bpy)4[CF3S03l3:CH;Cl; has
been characterized in the solid state by X-ray crystal-
lography. A second class of complexes containing a
cation with the empirical formula [Cus(alkynyl)(bpy)s]2*
has also been prepared.

Treatment of a THF solution of Cu(NCMe)4(O3SCF3)
with LiC=CBu® and 2,2’-bipyridine in an approximate
5/2/4 molar ratio leads to the precipitation of [Cus-
(ButC=C)2(bpy)4[CF3803]3.2 The solid-state structure
of the CH3Cl, solvate has been determined crystallo-
graphically.? A PLUTO diagram of the cationic part of
the compound, showing the two coordinated CF3SOj3
groups, is shown in Figure 1. The five copper(I) atoms
are arranged in a nearly planar array. The Cul and
Cu3 atoms are 0.14 A on one side of the least-squares

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

(1) (a) Reger, D. L. Acc. Chem. Res. 1988, 21, 229. (b) Reger, D. L,;
Klaeren, S. A,; Lebioda, L. Organometallics 1988, 7, 189. (c) Reger,
D. L.; Huff, M. F. Organometallics 1990, 9, 2807. (d) Reger, D. L,;
Huff, M. F. Organometallics 1992, 11, 69.

(2) Cu(NCMe)4(O3SCF;3) (0.50 g, 1.3 mmol) was dissolved in THF (8
mL). This solution was treated dropwise by cannula transfer with a
THF (5 mL) solution of LiC=CBut (0.047 g, 0.53 mmol) and 2,2'-
bipyridine (0.17 g, 1.1 mmol). A yellow solid precipitated while the
mixture was stirred overnight. This solid was collected and washed
with hexanes (3 x 5 mL; 0.21 g, 0.14 mmol, 51%). Slow diffusion of
hexanes into a saturated CHCl; solution provided crystals which were
collected and dried (crystals turn into a powder) to yield [Cus(bpy)s-
(C=CBu!):][03SCF315-0.5CH,Cl; (0.18 g, 0.11 mmol, 43%); mp 158—
165 °C. Half an equivalent of CH,Cl; is retained by the compound, as
determined by 'H NMR and elemental analysis. !H NMR (acetone-
de): 0 8.97, 8.51, 8.22, 7.71 (br, d, J = 8.0 Hz, m, m; 8, 8, 8, 8; bpy);
5.63 (s; 1; CH3Cly); 1.56 (s; 18; C(CHj3)3). 3C NMR (acetone-dg): ¢
152.3, 150.3, 140.9, 127.4, 122.8 (bpy); 122.3 (q; OsSCF3); 98.6
(C=CBuY); 88.8 (br; C=CBu"); 32.9 (C(CHj)3); 32.1 (C(CH3)3). Anal.
Caled for C55H5()CU5F9N30983'0.5CH2012: C, 41.81; H, 3.22; N, 7.03.
Found: C, 41.15; H, 3.23; N, 6.75.
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plane and the Cu2 and Cu4 atoms 0.15 A on the other
side, with Cu5 only 0.010 A out of the plane. The
Cul:+Cu5---Cu3 angle is 172.4(1)°, and the Cu2--
Cub-++Cu4 angle is 173.3°. The Cul-+Cu5 and Cu3--:
Cub separations are similar at 2.482(2) and 2.458(2) A
and shorter than the Cu2-:-Cu5 and Cu4++-Cu5 separa-
tions of 2.810(2) and 2.707(2) A.

Four of the copper atoms, Cul—4, are bonded to
bipyridine ligands that are arranged in parallel pairs
on each side of the cation. Cul and Cu3 are also weakly
coordinated to one oxygen atom from the CF3SOj3 anions.
The cation is held together by the two bridging ButC=C
ligands. The terminal carbon atoms of the two alkynyl
ligands symmetrically bridge the shorter Cu---Cu dis-
tances. The Cul—C43 and Cu3—C49 distances of 1.966-
(8) and 1.976(8) A are just slightly longer than the Cu5—
C43 and Cu5—C49 distances of 1.924(9) and 1.942(10)
A. Cub is two-coordinate, bonded only to C43 and C49
with a nearly linear C43—Cu5—C49 bond angle of 178.2-
(4)°. The Cu2 and Cu4 atoms are held in the cation
solely by symmetrical n-bonding interactions to the
carbon—carbon triple bonds, with typical Cu—C dis-
tances averaging 2.02 A4 The C—C alkyne distances
are 1.245(11) and 1.211(12) 4, just slightly longer than
the normal distances of 1.21 A in free alkynes and
typical of alkynes bonded to transition metals that do
not strongly back-bond.!® The C43—C44—C45 and
C49—C50—C51 bond angles are 156.4(8) and 159.3(8)°,
again typical of Cu(I)~#2-alkyne structures.* The draw-

(8) A single crystal, grown from CH,Clyhexane, of [Cus(bpy)s-
(C=CBut);][03SCF3]5+CH,Cl; was mounted, immediately upon removal
from the mother liquor (crystals degrade rapidly when dry, even under
Ng), with epoxy cement at the end of a glass fiber. All specimens
studied diffracted weakly, in keeping with the ionic composition of the
compound. Photographic characterization revealed no symmetry
greater than triclinic. Data collection was performed at 298 K on a
Siemens P4 diffractometer with Mo Ko graphite-monochromated
radiation (1 = 0.7107 A). A total of 7430 reflections (4 < 20 < 48°)
were collected, with 4685 being observed having I > 40. Corrections
for absorption were applied using a semiempirical procedure (trans-
mission ratio 1.24). Direct methods were used to locate the metal
atoms. Due to the large number of parameters refined (549), blocked
methods were used. Only atoms with atomic numbers of 7 or greater
were refined with anisotropic thermal parameters, and hydrogen atoms
were idealized (R(F) = 5.14; R(F) = 6.23). All computations used the
SHELXTL 4.2 library of programs (G. Sheldrick, Siemens XRD,
Madison, WI). Crystal data for CseHs3ClaCusFoNgOgSs: fw = 1648.0,
triclinic, space group P1,a = 11.570(3) A, b = 15.650(4) A, ¢ = 19.072-
(6) A, o =86.76(2)°, B = 73.42(2)°, y = 79.18(2)°, V = 3250(1) A3, Z =
2, Deare = 1672 gem™3, 4 = 18.7 cm™1.

(4) (a) Reger, D. L.; Huff, M. F.; Wolfe, T. A.; Adams, R. D.
Organometallics 1989, 8, 848. (b) Pasquali, M.; Leoni, P.; Floriani,
C.; Gaetani-Manfredotti, A. Inorg. Chem. 1982, 21, 4324.
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Figure 1. Pluto drawing of [Cus(bpy)s(C=CBut)s(O;-
SCF3)2]" showing the atomic labeling scheme. Selected
distances (A): Cul--Cu5 = 2.482(2), Cu2---Cu5 = 2.810-
(2), Cu3+++Cub = 2.458(2), Cu4++-Cub = 2.707(2), Cul---C43
= 1.966(8), Cu2—C43 = 2.018(8), Cu2—C44 = 2.010(8),
Cu3-C49 = 1.976(8), Cud—C49 = 2,038(8), Cud—C50 =
2.016(8), Cu5—C43 = 1.924(9), Cu5—C49 = 1.942(10),
C43—C44 = 1.245(11), C49—C50 = 1.211(12), Cul-01 =
2.327(8), Cu3—-04 = 2.267(11). Selected angles (deg):
Cul++Cub5+-Cu2 = 85.6(1), Cul:*«Cu5:+Cu3 = 172.4(4),
Cul-+Cub--Cud = 94.4(1), Cu2:+-Cu5---Cu3 = 90.3(1),
Cu2::+Cub---Cud = 173.3(1), Cu3::-Cu5-+-Cud = 90.5(1),
C43—Cu5—-C49 = 178.2(4), C43—C44—C45 = 156.4(8),
C49—-C50—C51 = 159.3(8).

Chart 1

0 /
(Sa—fSa™)
Cu

N N
(“:':,CU\ —G‘lu.\n
4

Chart 2

ing in Chart 1 depicts the bonding of the central Cus
core and the donor atoms bonded to it.

This structure represents the second example of a
cationic organocopper(I) complex. The first is the tri-
metallic cation [CusPhy(PMDTA),]* (PMDTA = N,N,-
N',N”,N”-pentamethyldiethylenetriamine).? A drawing
of the CugCsNg core of this cation is shown in Chart 2.
The structure is remarkably similar to the linear Cus-
(u-C)z part of the Cus cation that runs from the top left
to the bottom right of Chart 1. Even the terminal
copper atoms are bonded to three other donor atoms.

(5) He, X.; Ruhlandt-Senge, K.; Power, P. P.; Bertz, S. H. .J. Am.
Chem. Soc. 1994, 116, 6963.
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In the cation [CusPha(PMDTA).]*, the Cu---Cu distances
are 2.444 A, less than 0.03 A shorter than the average
of the Cul++Cu5 and Cu3++*Cub separations. The Cu—C
distances of 2.006(7), 1.989(5), 1.980(7), and 2.064(5) A
are slightly longer, with the shorter distances to the
central copper atom as observed in the Cus cation,
These slightly longer Cu—C bonds are explained by the
fact that the bridging carbon atoms in this structure
are sp2-hybridized, whereas in the structure of [Cus-
(ButC=C),(bpy)s]** the bridging carbon atoms are sp-
hybridized. The main difference in the two structures
is that the presence of the two C—C triple bonds in [Cus-
(ButC=C)a(bpy)4J** allows the coordination of two ad-
ditional (bipyridine)copper(I) groups.

Two other compounds containing the [Cus(RC=C)g-
(bpy)s]** cation have been prepared.® A reaction similar
to that described above using Cu(NCMe)4(PFs) with
LiC=CBu' and 4,4-dimethylbipyridine yields, after
crystallization from CHyCly/hexane, [Cus(Mesbpy)s-
(C=CBu")2J[PFgl5*0.5CH5Cls. Reaction of Cu(NCMe),-
(SbFg) with LiC=CPh and 4,4’-dimethylbipyridine yields
[Cus(Megbpy)s(C=CPh)2l[SbF¢ls. Both of these com-
pounds have been characterized in the solid state by
X-ray crystallography, but the structures suffered dis-
order problems. In both cases the structures of the
cations were clearly identified and are essentially the
same as that observed for [Cus(Bu'C=C)y(bpy)4l[CF3-
SOa]a'CHgClz.

Surprisingly, a similar reaction using Cu(NCMe),-
(PFs) with LiC=CBu* and 2,2"-bipyridine yields a com-
pound with an entirely different empirical formula,
[Cus(bpy)s(C=CBu")|[PFsl2:0.5CH2Cly.” Repeated at-
tempts to grow single crystals of this compound that
are suitable for a crystallographic study have not proven
successful. A reasonable structure would have the three
copper atoms, two bpy ligands, and the bridging alkynyl
ligands arranged as in the top of Chart 1. The Cus-
(alkynyl)(bpy)z group would be removed from the bottom
of the drawing and replaced with a bpy ligand bonded
to the central copper atom. This synthesis indicates
that additional cationic alkynylcopper(I) compounds
stabilized by chelating nitrogen donor ligands are pos-
sible.

(6) [Cus(Mezbpy)s(C=CBu');][PFg]; was prepared as described in ref
2 (0.34 g, 0.21 mmol; 77%) using Cu(NCMe),PFg (0.50 g, 1.3 mmol),
LiC=CBu* (0.047 g, 0.53 mmol), and 4,4"-Me;bpy (0.20 g, 1.1 mmol).
Crystallization from CH:Cly/hexanes provided analytically pure
[Cus(Mezbpy)y(C=CBu'):)| PFgl;+0.5CH2Cl,. 'H NMR (acetone-dg): 8.77,
8.35, 7.54 (s, s, 8; 8, 8, 8; bpy); 5.63 (s; 1; CH:Cly); 2.52 (s; 24; (H3C)z-
bpy); 1.57 (s; 18; C(CH3)3). Anal. Caled for CstsCl:sF;aNsPs'UﬁCHz-
Cly: C, 42.89; H, 3.99; N, 6.61. Found: C, 42.88; H, 4.03; N, 6.69.
[Cus(Me;bpy)(C=CPh),][SbFel; was prepared as described in ref 2 from
Cu(NCMe),SbF; (0.500 g, 1.08 mmol), 4,4-Me;bpy (0.16 g, 0.86 mmol),
and LiC=CPh (0.047 g, 0.43 mmol) in THF (30 mL). The yellow
powder that formed over ca. 2.5 h was filtered and dried overnight in
vacuo (0.221 g, 0.113 mmol, 52%). 'H NMR (acetone-ds): 6 8.59, 8.31,
7.43 (s, s, s; 8, 8, 8; bpy); 7.90, 7.58 (d; m; J = 8 Hz; 4, 6; CgHs); 2.49
(s; 24; (H3C)zbpy).

(7) [Cus(bpy)s(C=CBu")][PFg]; (0.37 g, 0.36 mmol, 80%) was pre-
pared by treating a THF (10 mL) solution of Cu(NCMe),PFg (0.50 g,
1.3 mmol) and 2,2'-bipyridine (0.21 g, 1.3 mmol) with a THF (5 mL)
solution of LiC=CBut (0.039 g, 0.45 mmol) by slow cannula transfer.
After the mixture was stirred overnight, the product was isolated as
described above for [Cus(bpy)(C=CBu')2][03sSCF3ls; mp 210-215 °C.
Crystallization from CHzCly/hexanes provided analytically pure
[Cus(bpy)s(C=CBu")][PFgly-0.5CH2Cls. 'H NMR (acetone-dg): o 8.98,
8.59,8.27,7.73 (brd,J = 7.1, m, m; 6, 6, 6, 6: bpy); 5.63 (s; 1: CH,Clo):
1.66 (s; 9; C(CHj3)3). 13C NMR (acetone-dg): ¢ 152.5, 150.3, 140.8, 127.5,
122.9 (bpy); 88.7 (C=CBu'); 34.2 (C(CHa)s); 32.9 (C(CHa)s). Anal. Caled
for CanssCllaF],stPz'U.beHgC]g: C, 40.87; H, 3.19; N, 7.83. Found:
C, 40.45; H, 3.21; N, 7.46.
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Summary: The chelating diamide complexes (BDAP)Zr-
(NMey)s (2), (BDAP)ZrCly(py)s (4), (BDAP)ZrR; (5a, R
= CHPh; 5b, R = Me), (BDAP)Zr(?-Cp)Cl (5¢), and
(BDAP)Zr(n*(N,C)-NCsHJ(CH;CMesPh) (5d) (BDAP =
ArNCHCH:;CH NAr; Ar = 2,6-‘Pro-CsHs) have been
prepared. An X-ray study of (BDAP)Zr(n*(N,C)-NCsH -
(CH;CMesPh) (5d) revealed an n?-pyridyl moiety bound
to zirconium. Proton and carbon NMR data suggest that
the pyridyl moiety in 5d is rotating rapidly about the
Zr—C bond on the NMR time scale.

Homogeneous “single site” olefin polymerization cata-
lysts have developed rapidly in the last 15 years. Initial
studies! on the polymerization activity of CpsZrMe:
(methylaluminoxane (MAO) cocatalyst) gave way to the
ingeniously designed bridged-metallocene catalysts (e.g.,
[rac-ethylenebis(n5-tetrahydroindenyl)1ZrCls? and [iso-
propyl(7®-cyclopentadienyl)(5-1-fluorenyl)1ZrClz®). Re-
cent interest in constrained-geometry catalysts (e.g.,
[(75-C5Meq)SiMes(NCMes)IML,; M = Ti, Zr, Hf, Sc; L =
halide, alkyl)*=® that contain a linked cyclopentadien-
ylamide ligand”~? prompted us to investigate the chem-
istry of group 4 chelating diamide complexes. In fact,
the bis(amide) complex [(Me3Si)o:N1oZrCly!? is reported
to polymerize propylene to 90% isotactic poly(propylene)
when activated with MAO.!! A number of chelating
diamide complexes of group 4 have been prepared;1?-16
however, most contain silyl substituents at nitrogen. We
are particularly interested in the steric and electronic
effects of diamide ancillaries that incorporate the volu-
minous 2,6-diisopropylphenyl moiety.l?” We report here

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

(1) Sinn, H.; Kamingky, W.; Vollmer, H. J.; Woldt, R. Angew. Chem.,
Int. Ed. Engl. 1980, 19, 390.

(2) Kaminsky, W.; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P.
Angew. Chem., Int. Ed. Engl. 1985, 24, 507.

(3) Ewan, J. A.; Jones, R. L.; Razavi, J. A. J. Am. Chem. Soc. 1988,
110, 6255.

(4) Shapiro, P. J.; Bunel, E.; Schaefer, W. P.; Bercaw, J. E.
Organometallics 1990, 9, 867.

(5) Stevens, J. C.; Timmers, F. J.; Wilson, D. R.; Schmidt, G. F,;
Nickias, P. N.; Rosen, R. K.; Knight, G. W.; Lai, S. Y. (Dow) European
Patent Application EP-416-815-A2, March 13, 1991,
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12, 1936.

(9) Mu, Y.; Piers, W. E.; MacGillivray, L. R.; Zaworotko, M. J.
Polyhedron 1995, 14, 1.

(10) Anderson, R. A. Inorg. Chem. 1979, 18, 2928.
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12162, July 23, 1992.
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150, 215.

(14) Burger, H.; Beiersdorf, D. Z. Anorg. Allg. Chem. 1979, 459, 111.

(15) Biirger, H.; Geschwandtner, W.; Liewald, G. R. J. Organomet.
Chem. 1988, 259, 145.

(16) Herrmann, W. A,; Denk, M.; Albach, R. W.; Behm, J.; Herdtweck,
E. Chem. Ber. 1991, 124, 683.
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the synthesis of d° alkyl complexes of zirconium stabi-
lized by a new bulky chelating diamide ligand.

The reaction of 2 equiv of LINHAr (Ar = 2,6-Pro-
CgHs) with 1,3-dibromopropane yields the diamine
ligand (BDAP)H; (1),® as a viscous oil (eq 1). The

THF/tmeda/0—25 °C
—-2LiBr
ArHN(CH,),NHAr (1)
1

9LiNHAr + Br(CH,),Br

tmeda = Me,NCH,CH,NMe,

aminolysis reaction between (BDAP)H; and Zr(NMey),*
provides 2 equiv of HNMe; and the mixed-amide
complex (BDAP)Zr(NMes); (2), in high vield (eq 2).

Toluene/110°C

ArHN(CHz)aNHAr + Zr(NMe:
( 1z):s (NMez)s ~2 HNMe,

NAr

\zr___\“NMe2 2
/ \NMez
2

NAr

Characteristic second-order patterns are observed for
the methylene protons (NCH; and NCHCHy) of the
coordinated BDAP ligand in the proton NMR spectrum
of complex 2.2 Additionally, the isopropy! methyl
groups of the arene are diastereotopic, which we inter-
pret as a consequence of restricted rotation about the
N-Cipso bond 172

Chloride derivatives were desired as precursors to
alkyl derivatives. Compound 2 reacts with 2 equiv of
[MesNH,ICI to afford the octahedral dimethylamine
adduct (BDAP)ZrClo(NHMes): (8).18 We do not observe
protonolysis of the BDAP ligand, although other amide
donors are prone to this reaction.’® Compound 8 is
unstable toward loss of dimethylamine, possibly due to
steric congestion about the zirconium center. The bis-
(pyridine) adduct proved to be more stable. Reaction
of complex 2 with 2 equiv of [MesNH¢]Cl in the presence
of excess pyridine affords a single bis(pyridine) geo-
metrical isomer, (BDAP)ZrClypys (4), in good yield.

(17) Guérin, F.; McConville, D. H.; Vittal, J. J. Organometallics
1995, 14, 3154.

(18) See the Supporting Information for experimental and spectro-
scopic details.

(19) Bradley, D. C.; Thomas, 1. M. Proc. Chem. Soc., London 1959,
225.

(20) (BDAP)Zr(NMey); (2): 'H NMR 6 7.20 (m, 6H, Ar), 3.78 (sept,
4H, CHMey), 3.55 (m, 4H, NCH.), 2.64 (s, 12H, NMey), 2.44 (m, 2H,
NCH.CH>), 1.34 (d, 12H, CHMe,), 1.32 (d, 12H, CHMe;); 13C{!H} NMR
& 146.4, 145.8, 125.2, 124.1, 59.1, 41.8, 32.3, 28.3, 26.2, 25.0. Anal.
Caled for C3;HsoNyZr: C, 65.09; H, 9.16; N, 9.79. Found: C, 64.75; H,
9.19; N, 9.65.

(21) With the exception of 5b, the proton NMR spectra of compounds
2-5 display temperature-independent signals for diastereotopic iso-
propyl methyl groups.

© 1995 American Chemical Society
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Scheme 1. Alkylation of Compound 4¢
2 \CHzPh NA' .\Me
/ CHzPh /
x NAr

(BDAP)ZrClgpyz

. 4
) (i)
|N =
/ CHgCMegPh

¢ Reagents and conditions: (i) 2 equiv of PhACH,MgCl, Et,0,
—20 °C to room temperature, 18 h; (ii) 2 equiv of MeMgCl,
Et;0, —20 °C to room temperature, 18 h; (iii) 1 equiv of
NaCp(DME), toluene, room temperature, 18 h; (iv) 2 equiv of
PhMe,CCH:MgCl, THF, —20 °C to room temperature 18 h.

(BDAP)Zr(NMe,),, +
2

py/CH,Cl/—178 to +25 °C
—4HNMe;
(BDAP)ZrCly(py), (3)
4

2[Me,NH,]ICI

The 'H NMR spectrum of compound 4 displays a
downfield shift for the ortho protons and an upfield shift
for the meta and para protons of the coordinated
pyridine.!® The C3, symmetry of compound 4 neces-
sitates a cis,trans arrangement (as opposed to cis,cis)
of the chlorides and pyridines about zirconium; however,
the specific arrangement is not possible to deduce from
the available spectroscopic data.

With the aim of preparing zirconium alkyl derivatives,
the reaction of compound 4 with various alkylating
reagents has been investigated (Scheme 1). The addi-
tion of 2 equiv of PhCH;MgCl to an ether suspension of
compound 4 yields the formally 12-electron dibenzyl
complex (BDAP)Zr(CHoPh), (5a). The proton NMR
spectrum?? of complex 5a displays a resonance at 1.95
ppm for the benzylic protons; however, more interest-
ingly the ortho protons of the CsHs ring appear as a
high-field doublet at 6.65 ppm. In the carbon NMR
spectrum, the Zr—CHyPh resonance is observed at 64.2
ppm with !Jo_y = 124 Hz. Although the coupling
constant for the CHoPh group is low, these data are
consistent?® with some #2-benzyl character in the bond-
ing with zirconium.?24-28 Perhaps the steric bulk of the
BDAP ligand prevents the close approach of the ipso
carbon to zirconium, thus lowering the observed C—H
coupling constant.

The white crystalline dimethyl derivative (BDAP)-
ZrMe, (8b) was isolated from the reaction of compound

(22) (BDAP)Zr(CH,Ph); (5a): 'H NMR 4 7.19 (m, 6H, Ar), 7.01 (tt,
4H, Ph), 6.82 (tt, 4H, Ph), 6.65 (dd, 2H, Ph), 3.78 (sept, 4H, CHMe),
3.49 (m, 2H, NCH,), 2.31 (m, 2H, NCH,CHy), 1.95 (s, 2H, CH;Ph), 1.32
(d, 12H, CHMe,), 1.27 (d, 12H, CHMey); 13C{1H} NMR 6 145.9, 145.1,
145.0, 130.1, 126.6, 126.5, 124.7, 122.7, 64.2 (CH,Ph, Jcx = 124 Hz),
58.8, 29.1, 28.4, 26.6, 25.1. Anal. Caled for C,4HsyNoZr: C, 73.93; H,
8.17; N, 4.21. Found: C, 73.54; H, 8.33; N, 4.27.

(23) Latesky, S. L.; McMullen, A. K,; Niccolai, G. P.; Rothwell, I.
P.; Huffman, J. C. Organometallics 1985, 4, 902.

(24) Wolczanski, P. T.; Bercaw, J. E. Organometallics 1982, 1, 793.

(25) Lubben, T. V.; Wolczanski, P. T.; Van Duyne, G. D. Organo-
metallics 1984, 3, 977.

(26) Jordan, R. F.; Lapointe, R. E.; Baenziger, N.; Hinch, G. D.
Organometallics 1990, 9, 1539.

(27) Crowther, D. J.; Jordan, R. F.; Baenziger, N.; Verma, A.
Organometallics 1990, 9 2574.

(28) Fryzuk, M. D.; Mao, S. S. H,; Duval, P. B.; Rettig, S. J.
Polyhedron 1995, 14, 11.
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4 with 2 equiv of MeMgBr. The 'H and 3C{'H} NMR
spectra?® of complex 5b display a Zr-CH; resonance at
0.42 ppm and a Zr—-CHjs signal at 39.9 ppm. These data
are comparable to those for the closely related complex
[(Me3Si)oNlsZrMe; (Zr—CHs, 6 0.94 ppm; Zr—CHs, &
48.8 ppm)!? and others.30-32 Additionally, the proton
NMR spectrum of the dimethyl derivative 5b is tem-
perature-dependent. Above 35 °C the resonances at-
tributed to the diastereotopic isopropyl methyl groups
of the BDAP ligand sharpen to a single resonance, which
we interpret as rapid rotation about the N—Cigys, bond.

Compound 4 reacts with 1 equiv of NaCp(DME)32 to
yield the 16-valence-electron cyclopentadienyl complex
(BDAP)Zr(5#5-Cp)Cl1 (Be). The proton and carbon NMR
spectral® of compound 5c are consistent with a pseudo-
tetrahedral geometry and local C; symmetry about
zirconium. The remaining chloride in complex 5e¢ can
be metathesized with alkylating reagents such as
MeMgBr, PhCH;MgCl, and LiCH2SiMes to afford the
alkyl derivatives (BDAP)Zr(#5-Cp)R (R = Me, CH,Ph,
CH3SiMe3).3* The local C; symmetry is retained in
these compounds.

The reaction of the dichloride complex 4 with 2 equiv
of PhMe;CCHMgCl in THF did not give the anticipated
dineophyl complex but rather the #2-pyridyl compound
(BDAP)Zr(72(N,C)-NC5H4)(CH2CMegPh) (5d). Spectro-
scopic data®® suggest that compound 5d has C; sym-
metry, as evidenced by the AB pattern observed for the
BDAP methylene protons (NCH; and NCHzCH3). The
IH NMR resonances for the n%-pyridyl moiety are
comparable to those for other known complexes.36~38 We
have observed nearly identical 2-pyridyl resonances (by
1'H NMR) in the reaction of compound 4 with 2 equiv of
LiCH;SiMes but were unable to isolate pure product.
We are exploring the use of other bases to stabilize the
“BDAP)ZrCly” fragment.

Colorless single crystals of 5d suitable for an X-ray
analysis were grown from a saturated pentane solution
at —30 °C.%® The molecular structure of complex 5d and
selected bond distances and angles are shown in Figure
1. Overall the structure is best described as a capped
tetrahedron with the pyridyl nitrogen occupying the

(29) (BDAP)ZrMe; (6b): H NMR (20 °C) 6 7.17 (m, 6H, Ar), 3.75
(sept, 4H, CHMey), 3.47 (m, 2H, NCH,), 2.25 (m, 2H, NCHchz) 1.36
(m, 12H, CHMez) 1.34 (m, 12H, CHMe,), 0.42 (s, 6H ZrMey); BC{'H}
NMR (20 °C) 4 145.6, 143.2, 126.8, 124.5, 59.4, 39.9 (ZrMez), 29.9, 28.6,
25.8. Anal, Caled for ngH46N22r: C, 67.78; H, 9.02; N, 5.45. F‘ound:
C, 88.04; H, 9.27; N, 5.40.

(30) Anderson, R. A. Inorg. Chem. 1979, 18, 1724.

(31) Jordan, R. F.; Dasher, W. E.; Echols, S. F. J. Am. Chem. Soc.
1986, 108, 1718.

(32) Cummins, C. C.; Baxter, S. M.; Wolczanski, P. T. J. Am. Chem.
Soc. 1988, 110, 8731.

(33) Smart, J. C,; Curtis, C. J. Inorg. Chem. 1977, 16, 1788.

(34) Scollard, J. D.; McConville, D. H. To be published.

(35) (BDAP)Zr(n*N,C)-NCsH X CHCMegPh) (5d): 'H NMR 6 7.33—
7.10 (m, 10H, Ar, Ph, py), 6.88 (m, 1H, Ph), 6.78 (tt, 1H, py), 6.72 (m,
2H, Ph), 6.35 (ddd, 1H, py), 4.26 (sept, 2H, CHMey), 3.82 (m, 2H,
NCHy), 3.58 (m, 2H, NCH,), 3.26 (sept, 2H, CHMe,), 2.76 (m, 1H,
NCH,CHy), 2.64 (m, 1H, NCH,CHy), 1.70 (s, 2H, CH;CMezPh), 1.59
(d, 6H, CHMe,), 1.47 (d, 6H, CHMe,), 1.18 (d, 6H, CHMe,), 1.17 (s,
6H, CMe,Ph), 0.64 (d, 6H, CHMe,); 1*C{'H} NMR 4 153.9, 149.7, 145.5,
144.6, 144.5, 134.8, 129.3, 128.1, 125.3, 125.1, 125.1, 124.7, 124.0, 123.8,
68.0, 59.6, 41.0, 35.5, 31.7, 28.3, 28.1, 27.0, 26.6, 25.2, 24.1. Anal. Calcd
for C4Hs7NaZr: C, 72.57; H, 8.26; N, 6.04. Found: C, 72.85; H, 8.61;
N, 5.95.

(36) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J;
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P; Bercaw, J. E. J. Am.
Chem. Soc. 1987, 109, 203.

(37) den Haan, K. H.; Wielstra, Y.; Teuben, J. H. Organometallics
1987, 6, 2053.

(38) Jordan, R. F.; Taylor, D. F.; Baenziger, N. C. Organometallics
1990, 9, 1546.
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Figure 1. (top) ORTEP drawing of 5d. (bottom) Chem 3D
Plus representation of the core of 5d. Selected bond
distances (A) and angles (deg): Zr1—N1 = 2.050(9), Zr1—
N2 = 2.031(9), Zr—C1 = 2.268(12), Zr1-C30 = 2.219(12),
Zr1-N3 = 2.260(10); N1-Zr1-N2 = 95.4(4), C30—Zrl1—
Cl = 113.2(4), N1-Zr1-C1 = 103.9(4), N1-Zr1-C30 =
120.8(4).

capping position. The Zr1—N3—C30 ring is structurally
similar to the Zr—N—C ring in the cationic complex [Cpo-
Zr(n?-picolyl(PMe3)(BPhy).?8 Each amide donor in 5d
is sp2-hybridized, as evidenced by the sum of the angles
about each nitrogen (N1, 360.0°; N2, 359.8°). The solid-
state C; symmetry of compound 5d coupled with the
spectroscopically observed C; symmetry in solution
suggests that rapid rotation about the Zr1—C30 bond
is occurring on the NMR time scale.

It is interesting that the pyridyl complex 5d is formed
only with a large alkylating reagent. A preliminary
investigation into the mechanism of formation of com-
pound 5d is presented.** Two possible pathways for this

(39) X-ray data for 5d. Data were collected at 25 °C on a Siemens
P4 diffractometer using graphite-monochromated Mo Ko radiation. A
total of 6209 reflections were collected in the 6 range 2.0—23°, of which
5405 were independent (Rin: = 0.0558). The structure was solved by a
combination of Patterson and difference Fourier techniques. Non-
hydrogen atoms were refined anisotropically except for two phenyl ring
carbon atoms. In the final least-squares refinement cycle on F?, the
model converged at R = 0.0951, R, = 0.2287, and GOF = 1.014 for
2999 reflections with F,, 2 40(F,) and 289 parameters. Crystal data
are a = 10.146(2) A, b = 12.336(2) A, ¢ = 16.723(2) A, a = 81.00(6)°,
8 =174.99(10)°, y = 76.24(9)°, V = 1953.6(6) A3, space group P1,Z = 2,
mol wt 695.13, and p(caled) = 1.182 g/cm?.
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Scheme 2. Possible Mechanisms for the Formation

of Compound 5d
Path A Path B
NAr NAr
N AN
/ZrC'z(ds-py)z /ZrClg(ds-py)z
NAr NAr
Rz MezPh 1 + 2 CIMgCH,CMe,Ph
NAr NAr
N N
Zr(=CHCMe,Ph)(ds-py)n /Zr(CHzCMezPh)z(ds-py)..
NAr NAr

- DCH,CMezPh

dy dy
NAr ( e NAr “(/
< \z!'::::|N_) \Zr:‘.‘.nN—)
“ «

reaction are depicted in Scheme 2. Substituting (BDAP)-
ZrCly(ds-py)s for (BDAP)ZrClo(py)s readily discriminates
between these two mechanisms. Path A outlines the
formation of the pyridyl complex via an intermediate
zirconium alkylidene*! complex. Transferring a deute-
rium from coordinated ds-pyridine to the alkylidene
yields a di-neophyl group. Alternatively (path B), the
pyridyl complex could result from neophyl abstraction
of deuterium from coordinated ds-pyridine.?® In this
case the retained neophyl group would show no deute-
rium incorporation. The reaction of (BDAP)ZrCly(ds-
py)2 with 2 equiv of PhMesCCH2MgCl yields a single
pyridyl species, (BDAP)Zr(n3(N,C)-NC;sD4)(CHsCMeyPh)
(d4-5d) (as confirmed by NMR spectroscopy), suggesting
that the mechanism in path B is operative.

The new chelating diamide ligand BDAP has been
shown to stabilize 4° dialkyl derivatives of zirconium.
The rigid coordination of the ligand and enforced
location of the aryl isopropyl groups creates a “pocket”
opposite the ligand and necessarily protects the metal
above and below the zirconium—diamide plane. We are
currently exploring the catalytic olefin polymerization
chemistry of putative cationic derivatives of compounds
5a,b (e.g., (BDAP)ZrR]"). In addition, we are preparing
other chelating diamide complexes of groups 4 and 5
with different substitution on the arene ring.
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(40) We are pursuing routes to base-stabilized alkylidenes of the
form (BDAP)Zr(=CHR)(L), (L = PRj3). We thank a reviewer for
suggesting the deuterium labeling experiment.

(41) Fryzuk, M. D.; Mao, 8. S. H.; Zaworotko, M. J.; MacGillivray,
L. R. J. Am. Chem. Soc. 1993, 115, 5336.
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Summary: Reaction of (CsMes)(CsMesCH)TiCl and (2-
methylally)MgBr leads to (75-CsMes)[n®:n?-CsMe,CHo-
CMe(CHy),JTi (2), a bent metallocene complex wherein
a four-membered metallacycle is tethered to a tetra-
methyl Cp ligand by a methylene bridge. Thermolysis
of 2 gives a new fulvene compound: (CsMesCHy)(n:n!-
CsMe,CH.CMesCH)Ti (4).

Fulvene complexes of the early transition metals are
easily accessible through thermolysis of alkyl or hydride
complexes.! These very reactive organometallics un-
dergo coupling reactions with oxygen- or nitrogen-
containing unsaturated substrates (ketones or nitriles)
to yield functionalized Cp ligands, which are tethered
to the metal by an alkoxide or amide bridge.2 Asym-
metric ketones are inserted with high regioselectivity
resulting in one pair of diastereomers only.22b3 It would
be desirable to extend this high-yield C—C coupling to
a wider range of unsaturated reactants. Unfortunately,
coupling of the fulvene exo methylene group with olefins
or alkynes to give either alkyl or alkenyl bridges has
not been observed, except for the insertion of butadiene
in the Zr—C of the cationic fulvene complex (CsMe5)[Cs-
Me,CHg)Zr.* We have been studying allyl(fulvene)-
titanium complexes of generic type Cp*FvTi(y3-CHy-
CR=CH,)® (Cp*, %-CsMes; Fv, C;Mes,CH,) with a view
toward the possibility that allyl ligands—with orbitals
of comparable symmetry and energy as fulvene frag-
ments—might engage in a reaction with the fulvene
exocyclic methylene group.®

The orange Cp*FvTi(73-CH,CH=CHy) (1), which con-
tains an n%-coordinated allyl fragment, is not stable at
room temperature: it slowly isomerizes to Cp*FvTi(5!-
CH=CHMe), apparently by a C—H activation of the

@ Abstract published in Advance ACS Abstracts, November 1, 1995.

(1) (a) Bercaw, J. E.; Marvich, R. H.; Bell, L. G.; Brintzinger, H.-H.
J. Am. Chem. Soc. 1972, 94, 1219. (b) Schock, L. E.; Brock, C. P.;
Marks, T. J. Organometallics 1987, 6, 232. (¢) Den Haan, K,; Teuben,
J. H. J. Chem. Soc., Chem. Commun. 1986, 682. (d) Luinstra, G. A,;
Teuben, J. H. J. Am. Chem. Soc. 1992, 114, 3361. (e) Booij, M,;
Meetsma, A.; Teuben, J. H. Organometallics 1991, 10, 3246.

(2) (a) Pattiasina, J. W.; Hissink, C. E.; De Boer, J. L.; Meetsma,
A.; Teuben, J. H.; Spek, A. J. Am. Chem. Soc. 1985, 107, 7758. (b)
Erker, G.; Korek, U. Z. Naturforsch. 1989, 44B, 1593. (c) Fandos, R.;
Meetsma, A.; Teuben, J. H. Organometallics 1991, 10, 2665. (d)
Fandos, R.; Meetsma, A.; Teuben, J. H. Organometallics 1991, 10, 1637.
(e) Pattiasina, J. W. Thesis, University of Groningen, 1989.

(3) Luinstra, G. A.; Dros, A. C.; Eshuis, J. W,; Meetsma, A.; Teuben,
J. H. Manusecript in preparation.

(4) Horton, A. D. Organometallics 1992, 11, 3271.

(5) Brinkmann, P. H. P.; Luinstra, G. A. Manuscript in preparation.

(6) The bonding of the fulvene ligand can be described in either of
two ways: as a 6, neutral ligand (#5-FvM) or as a dianionic, o,7 ligand
(7%,m3-FvM2*). The formal oxidation state of the metal thus differs by
two. Accordingly, the reaction between the exocyclic CH; group and
an unsaturated substrate is an oxidative coupling or an insertion,
respectively.

0276-7333/95/2314-5481$09.00/0

central carbon atom.? To explore this type of C—H
activation further, we tried to prepare the corresponding
2-methylallyl derivative, Cp*FvTi(#3-CH2CMe=CHy), by
reaction of Cp*FvTiCl and CHy=CMeCH;MgBr. A red
compound (2) was obtained, which showed all the
anticipated NMR signals for Cp*FvTi(n3-CH;CMe=CH,).”
The fulvene exocyclic methylene carbon has, surpris-
ingly, a 1J(C—H) of 132 Hz, characteristic for an sp®-
hybridized center, rather than an sp? carbon as in 1,
where a coupling constant of 153 Hz was found. A
determination of the molecular structure by X-ray
crystallography (Figure 18) revealed that a C—C cou-
pling had taken place between the fulvene exocyclic
methylene carbon and the central carbon of the meth-
ylallyl fragment (Scheme 1), resulting in a tethered
metallacyclobutane ligand, #%:72-CsMe,CHsCMe(CHb)..
The binding of the new ligand yields a highly symmetric
molecule: a nearly perfect plane is formed by C(1),
C(11), C(24), C(22), and Ti (deviation < 0.0026 A). The
distances of C(23) and C(21) to that plane are about
equal (1.17 and 1.18 A). The Ti—C distances of about
2.19 A are in the usual range.® The Cp* ligand is planar
(deviation from least square plane < 0.0013 A) with the
ring methyl groups pushed slightly out of the plane of
the ring (deviation < 0.33 A for C(16)—C(20)).1° The
same is observed for the tetramethylneopentadiyl-
substituted Cp ring (deviation of the ring carbon atoms
from the least square plane < 0.011 A); the ring methyl
groups are pushed away from the metal (deviation <
0.28 A), except for C(11) which points toward the metal
(by 0.33 A). In this way C(23) and C(21) can bind in

(7)'H NMR (250 MHz, benzene-ds): 6 = 1.17 (d, 2J(H-H) = 7.8
Hz, 2H; CHy), 1.308 (s, 3H; Me), 1.31 (d, 2J(H-H) = 7.8 Hz, 2H; CHy),
1.6 (s, 6H; 2Me), 1.68 (s, 156H; Cp*), 1.87 (s, 6H; 2 Me), 2.6 (s, 2H;
CHjy). Yield: 490 mg (1.31 mmol, 83%). 13C NMR (62.9 MHz, benzene-
de): 6 =11.3 and 15.1 (q, 'J(C—H) = 126 Hz; Me), 12.2 (q, }J(C-H) =
126 Hz; Cp*), 26.1 (s; C metallacycle), 29.1 (q, :J(C—H) = 125 Hz; Me),
37.4 (t, WJ(C—H) = 128 Hz; CH,~Ti), 75.4 (t, 1J(C—H) = 132 Hz; CH,),
118.2 (s; Cp*), 115 and 117.6 and 119.3 (s; C ring).

(8) Crystal data and structure refinement for 2: Cy4Hj36Ti, 0.3 x
0.2 x 0.15 mm, monoclinic, P2i/c,a = 12.476(6) A, b = 8.657(4) A, ¢ =
19.608(9) A, B = 90.61(4)°, V = 2118(2) A3, Z = 4, 1.63 < 6 < 26.52°,
Mo Ko A =0.710 73 A, Wyckoff type scan, T = 293 K, 4393 reflections
collected, 4214 independent with F > 27, 4209 reflections refined, data
collection with Siemens Nicolet P3R3, solution by direct methods using
SHELXL-93 software, 226 parameters, all non-hydrogens refined
anisotropically, hydrogens refined by a riding model, R = 0.0766, wR?
= 0.1894, full-matrix least-squares treatment on F?, residual electron
density of 1.123 e A3,

(9) (a) Atwood, J. L.; Hunter, W. E,; Alt, H.; Rausch, M. D. .JJ. Am.
Chem. Soc. 1976, 98, 2454. (b) Atwood, J. L.; Hunter, W.; Hrncir, D.
C.; Samuel, E.; Alt, H.; Rausch, M. D. Inorg. Chem. 1975, 14, 1757. (¢c)
Green, M. L.; Hazel, N. J.; Grebenik, P. D.; Mtetwa, V. S. B.; Prout,
K. J. Chem. Soc., Chem. Commun. 1983, 356. (d) Gémez-Sal, M. P;
Mena, M.; Royo, P.; Serrano, R. J. Organomet. Chem. 1988, 358, 147.

(10) This has been noticed before: Pattiasina, J. W.; Heeres, H. J.;
van Bolhuis, F.; Meetsma, A.; Teuben, J. H.; Spek, A. L. Organome-
tallics 1987, 6, 1004 and references therein.

© 1995 American Chemical Society
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Figure 1. ORTEP drawing of 2, showing thermal el-
lipsoids (50% probability level). Selected bond lengths
(A): Ti—CE1 2.102, Ti—CE2 2.096, Ti—C(21) 2.190(5), Ti—
C(23) 2.187(4), C(23)—C(24) 1.538, C(24)—C(21) 1.547(7),
C(11)—C(24) 1.549(6), C(1)-C(11), 1.497(5). Selected bond
angles (deg): C(23)-Ti—C(21) 65.3(2), Ti—C(21)—C(24)
88.4(3), C(21)—C(24)—C(23) 99.9(3), CE1-Ti—CE2 141.6
(CE1: centroid C(1) — C(5), CE2: C(6) — C(10)).

Scheme 1

Cp*FVTiCl + CHp=CMeCH,MgBr —_—
-MgCIBr

the equatorial plane (torsion angle CE2-Ti—C(21)—
C(23) is 90.2°). In contrast to other structurally char-
acterized titanacyclobutanes, which are planar,l a
strongly puckered ring is found in 2 (the dihedral angle
between Ti, C(21), C(23), C(24) is 44.4°).

Titanacyclobutanes may ring-open to give an olefin
and a titanium carbene.!’? However no evidence for
opening of the puckered metallacycle was found. Com-
pound 2 does not react with but-2-yne, and no formation
“ of an analog of Tebbe'’s reagent was observed when 2
was treated with dimethylaluminum chloride or with
trimethylaluminum,!3

When 2 is treated with 1 equiv of HCl in toluene, one
Ti—C bond is cleaved selectively to yield Cp*[Cs;Me;-

(11) Lee, J. B.; Gajda, G. J.; Schaefer, W. P.; Howard, T. R.;
Ikarariya, T.; Straus, D. A.; Grubbs, R. H. J. Am. Chem. Soc. 1981,
103, 7358. Beckhaus, R.; Flatauy, S.; Trojanov, S.; Hofmann, P. Chem.
Ber. 1992, 125, 291.

(12) (a) Straus, D. A.; Grubbs, R. H. Organometallics 1982, 1, 1658,
(b) Anslyn, E. V.; Grubbs, R. H. J. Am. Chem. Soc. 1987, 109, 4880.
(c) Katz, T. J. Adv. Organomet. Chem. 1977, 16, 283.

(13) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc.
1978, 100, 3611, Compound 2 does not react with MesAl, Reaction of
2 with 2 equiv of MegAlIC] gave a complex NMR spectrum with no

evidence for the formation of a vinylic entity. See: Ott, K. C.; Lee, J.
B.; Grubbs, R. H. J. Am. Chem. Soc. 1982, 104, 2942.
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Scheme 2
2
1
\
Tive HCH Ti..nlC‘
n/ A/ »
ol Cp cl Cp cl
/ 3
4
Scheme 3

CH2C(Me):CH2]TiCl (8). In the reaction of 2 with 2
equiv of HC1 (=30 °C) the second Ti—C bond is cleaved
as well to give Cp*(CsMesCH2CMe3):TiCls (Scheme 2).
This provides an attractive, high-yield route to mixed
bent sandwich complexes of titanium.

Thermolysis of 2 in toluene at 70 °C results in the
formation of (CsMesCHy)Ti(n5:51-CsMesCHoCMe,CHy)
(4) (Scheme 3). Compound 4 was identified by its NMR
spectra. Inthe H NMR, 8 singlets are observed for the
ring-bound methyl groups, one singlet of double inten-
sity for the CHoCMesCH group, and three CH; groups
with diastereotopic protons (each as doublet with 2J(H—
H) = 4, 11.6, and 13 Hz, for the fulvene methylene
group, Ti—CH;, and C;Me CH2CMesy, respectively).
After this thermal rearrangement, the molecule again
has two reactive centers. Complex 4, like 2, reacts with
HCI at low temperature to form 3 (Scheme 2).

It is unclear how the thermolysis of 2 proceeds. Cp*s-
TiRg complexes (R = alkyl, aryl) usually decompose in
a concerted 2; + 25 process, with the intermediate
formation of a reactive species like a benzyne, or a
carbene, which is formed by a ligand C—H abstraction
reaction from either a Ti—Ph or Ti—alkyl entity in the
equatorial plane.b* In this case, such a pathway seems
unlikely since no easily accessible C—H bonds are
present in the equatorial plane. The detailed decom-
position pathway is still under investigation.
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Summary: The tetranuclear acetylide compounds
Cp*WOs3(C0);(CCR) (R = Ph, Bu, CH;OMe), depend-
ing on the substituents of the acetylide ligand, undergo
reversible C—C bond scission and C—H activation to
afford the carbido—alkylidyne cluster Cp*WQOs3s(CO);o-
(us-C)u-CPh) and the carbido—vinylidene clusters
Cp*WOss(CO)o(us-CXu-H)(u-CCHR') (R’ = Pr, OMe),
respectively.

The chemistry of metal acetylide complexes has been
the subject of intense study in recent years.! Condensa-
tion with terminal alkynes,? phosphinoacetylenes,® and
mononuclear acetylide complexes* has provided versa-
tile synthetic entries for a variety of such complexes.
Their successful synthesis has not only led to the
observation of fascinating structural chemistry but also
formed a basis for understanding the reactivity of
chemisorbed acetylides on metal surfaces.5 Attention
is now focused on their novel chemical transformation,
which requires multisite interaction of the polynuclear
frameworks.® Of particular interest in this regard is
the conversion between acetylides and alkylidyne car-
bides.” This transformation represents a possible path-
way for the conversion of interstitial carbides to hydro-

* National Tsing Hua University.

£ National Taiwan University.

® Abstract published in Advance ACS Abstracts, November 15, 1995.
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carbon fragments of higher carbon content, a process
which has been recognized to play an important role in
the CO reduction and activation of hydrocarbons on
catalytic surfaces.® Here we report the results of our
investigation on the reactivity of unique WOs; acetylide
clusters which offers an informative comparison.

The butterfly cluster Cp*WOs3(CO);1(CCPh) (1), which
contains a hinge W atom and a multisite-bound acetyl-
ide ligand (Scheme 1), was obtained directly from
combination of the triosmium cluster Os,(CO);o(NCMe);
and the mononuclear acetylide complex Cp*W(CO);-
(CCR) according to the published method.® When a
solution of 1 was allowed to react with 1.1 equiv of
anhydrous Me3sNO in dichioromethane/acetonitrile solu-
tion at room temperature (30 min), followed by heating
in refluxing toluene (10 min), a stable orange product
(2) was formed in 80% yield, which was purified by
chromatography followed by recrystallization from a
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Figure 1. Molecular structure of 2 and the atomic
numbering scheme. Selected bond lengths (A): W—0s(1)
= 2.896(3), W—0s(2) = 2.974(3), Os(1)—0s(2) = 2.751(2),
0s(1)—0s(3) = 2.899(2), 0s(2)—0s(3) = 2.850(3), W—C(11)
= 2.10(4), 0s(1)—C(11) = 2.22(4), 0s(2)—-C(11) = 2.12(4),
0Os(3)—-C(11) = 1.81(4), W—C(12) = 1.89(3), 0s(1)—C(12)
= 2.22(4). Selected bond angles (deg): W—C(11)-0s(3) =
175(3), Os(1)—C(11)—0s(2) = 79(1), W—C(12)-C(13) = 142-
(3).

mixture of chloroform and methanol.!® The stoichiom-
etry was initially confirmed by FAB mass analysis,
‘which gave a parent ion at m/z 1276, showing that this
complex contains one CO less than its precursor. The
loss of CO ligand strongly suggested the formation of
carbide and alkylidyne species via fission of the acetyl-
ide C—C bond. Thus, an X-ray diffraction study was
carried out to reveal the identity of this compound.
Crystals of 2 contain two crystallographically distinct,
but structurally similar, molecules in the asymmetric
unit.!! A perspective view of one of these molecules is
depicted in Figure 1. The overall structure consists of
a butterfly WOs3 arrangement with an acute dihedral
angle (99.5(1)°). The W atom is located at a wingtip
position. A similar skeletal arrangement has been
observed in the carbide clusters CpWRus(CO)11(us-C)-
(u-H)2? and CpWOs3(CO)11(us-C)u-SMe)!?® and in the

(10) Spectral data for 2: MS (FAB, 3W, 1920s) m/z 1276 (M™*); IR
(CgH12) v(CO) 2078 (s), 2040 (vs), 2021 (s), 2003 (s), 1981 (m, br), 1976
(vw), 1958 (w), 1950 (vw), 1922 (vw, br) em~!; tH NMR (CDCls, 294 K)
0 2.51—2.47 (m, 3H), 7.37 (t, 2H, Juy-g = 7.3 Hz), 1.99 (s, 15H, C;Mes);
13C NMR (CDCl3, 258 K) 8 357.0 (44-C, Jw_c = 104 Hz), 293.9 (u-CPh,
Jw-¢ = 150 Hz), 226.7 (CO, Jw-c = 178 Hz), 187.2 (CO, br), 182.1
(2C0), 181.3 (CO), 179.4 (CO), 178.8 (CO, br), 175.1 (CO, br), 173.3
(CO), 164.9 (CO), 155.8 (i-CsHs), 130.1 (0,m-CgHs), 129.8 (m,0-CgHp),
128.6 (p-Ce¢Hs), 107.1 (CsMes), 11.0 (CsMes). Anal. Caled for
CasH200100s3W: C, 26.46; H, 1.59. Found: C, 26.52; H, 1.63.

(11) Crystal data for 2: CagHg00100s3W, M, = 1270,90, orthorhom-
bic, space group Pca21, a = 30.773(5) A, b = 9.678(2) A, ¢ = 20.561(3)
A,V =6124(2) A3, Z = 8, peaied = 2.757 g cm™3, F(000) = 4518, i(Mo
Ka) = 0.7107 A, T = 298 K, # = 163.0 em~L. The intensities were
measured on a Nonius CAD4 diffractometer on a crystal with dimen-
sions 0.20 x 0.20 x 0.25 mm. Of the 5546 unique reflections collected,
3139 reflections with I > 20(I) were used for the refinement. The
structure was solved by using the NRCC-SDP-VAX package and
refined to Rr = 0.053, Ry, = 0.047, and GOF = 1.21 for 757 parameters,
weighting scheme w~! = o%(F,) + 0.00002F,2, and highest A/o ratio
0.07. A difference map following convergence showed residual electron
density within the range —1.49 to +2.24 e/A® (min—max). In addition,
this crystal belongs to the noncentric space group Pca2;. The presence
of two crystallographically distinct molecules in the asymmetric unit
doubles the number of variables used in the refinement, which gives
a relatively poor data-to-parameter ratio (4.2:1) and undesired large
standard deviations for the bond distances and angles.
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carbonyl clusters Cp*MRug(CO);1(us-COYu-H) (M = Mo,
W), with a quadruply bridging CO ligand.!4 The carbido
atom C(11), liberated from the acetylide fragment, is
bound to the cluster with short M(wingtip)—C distances
(average 1.96(4) A) and long M(hinge)~C distances
(average 2.17(4) A), typical for such carbides in a
butterfly environment.!® The alkylidyne ligand bridges
the W—0s(1) edge with angles W—C(12)—C(13) = 142-
(3)°, 0s(1)—C(12)—C(13) = 127(3)°, and W—-C(12)—Os-
(1) = 89(1)°. Since these structural features invoke a
trigonal-planar carbon atom, a substantial degree of
W-—C double-bond interaction is indicated (W—C(12) =
1.89(3) A).

In accordance with the solid-state structure, the 13C
NMR spectrum showed two signals at 4 357.0 (Jw-c =
104 Hz) and 293.9 (Jw-c¢ = 150 Hz), which were
assigned to the carbido and alkylidyne carbon atoms,
respectively. Moreover, the 13C NMR spectrum recorded
at 253 K showed one W—CO signal at 6 226.7 and eight
Os—CO resonances in the region ¢ 187.2—-164.9 with
one signal at 6 182.1 possessing intensity equivalent to
two CO ligands. When the temperature was raised to
338 K, the signal at 6 164.9 broadened substantially and
the seven Os—CO signals in the range 6 187.2—-173.3
coalesced to one broad signal centered at § 181.3.
Although this exchange pattern supports the onset of
alkylidyne migration from one W—0Os edge to the second
via the formation of a us-alkylidyne intermediate on the
WOs; plane (Scheme 1), it is possible that this migration
requires a higher reaction temperature.

The related n-butyl-substituted acetylide complex 8
and its isomer 4, in which the W atom resides at the
wingtip position, were prepared and subjected to the
same decarbonylation reaction in attempts to extend the
scope of the reaction. Unexpectedly, both complexes 3
and 4 slowly eliminated two CO ligands in refluxing
toluene solution (30 min) to afford the vinylidene
complexes Cp*WOs3(CO)g(us-C)u-H)Yu-CCH"Pr) as a
mixture of two isomers (5a:5b = 4:3) in 75% yield.18
Their identities were revealed on the basis of the NMR
data, and they are obviously caused by the asymmetric
nature of the vinylidene fragment. In the 'H NMR
spectrum, two sets of signals are observed at 6 4.08 and
—24.23 and at 6 4.15 and —24.29, indicating the pres-
ence of a C=CH"Pr vinylidene ligand and a bridging
hydride ligand (Scheme 1). The 13C NMR spectrum was

(12) Chi, Y.; Chuang, S.-H.; Chen, B.-F.; Peng, S.-M.; Lee, G.-H. J.
Chem. Soc., Dalton Trans. 1990, 3033.

(13) Gong, J.-H.; Tsay, C.-W.; Tu, W.-C.; Chi, Y.; Peng, S.-M.; Lee,
G.-H. J. Cluster Sci. 1995, 6, 289.

(14) (a) Chi, Y.; Wu, F.-J; Liu, B.-J.; Wang, C.-C.; Wang, S.-L. J.
Chem. Soc., Chem. Commun. 1989, 873. (b) Chi, Y.; Su, C.-J.; Farrugia,
L. J.; Peng, S.-M.; Lee, G.-H. Organometallics 1994, 13, 4167.

(15) (a) Bradley, J. S. Adv. Organomet. Chem. 1982, 22, 1. (b) Harris,
S.; Bradley, J. S. Organometallics 1984, 3, 1086. (¢) Hriljac, J. A.;
Harris, S.; Shriver, D. F. Inorg. Chem. 1988, 27, 816.

(16) Spectral data for 5: MS (FAB, 18W, 1920g) m/z 1228 (M*); IR
(CeH12) ¥(CO) 2075 (m), 2044 (vs), 2008 (s), 2002 (m), 1995 (s), 1976
(w), 1959 (m), 1946 (vw), 1931 (vw, br) cm~1; 'H NMR (CDCl3, 294 K)
isomer a 4 4.08 (t, CH, Jy-g = 7.4 Hz), 2.10 (s, 15H, CsMes), 1.69 (m,
1H), 1.56 (m, 1H), 1.00 (t, CH;, Jy-g = 7.4 Hz), and —24.23 (s, 1H)
isomer b 6 4.15 (t, CH, Jy-u = 7.4 Hz), 2.15 (s, 15H, CsMes), 1.68 (m,
1H), 1.48 (m, 1H), 1.02 (t, CH;, Ju-u = 7.4 Hz), and —24.29 (s, 1H);
13C NMR (CDCls, 294 K) isomer a 6 343.1 (u4-C, Jw-c = 100 Hz), 273.1
(CCHIPr, Jw-¢ = 100 Hz), 222.6 (CO, Jw-¢ = 169 Hz), 186.7 (CO),
180.2 (CO), 175.6 (CO), 172.5 (CO), 166.0 (CO), 106.4 (CsMes), 65.1
(CCHIPr), 36.2 (CHy), 26.9 (CHy), 13.3 (CHj3), and 11.0 (CsMe;) isomer
b 0 345.7 (us-C, Jw—_c = 100 Hz), 269.5 (CCH"Pr, Jw_c = 100 Hz), 221.2
(CO, Jw-c = 169 Hz), 187.3 (C0O), 179.5 (CO), 175.3 (CO), 173.3 (CO),
166.1 (CO), 106.5 (CsMes), 65.0 (CCHIPr), 34.2 (CHy), 27.4 (CHy), 13.5
(CHa), 11.2 (C5M€5) Anal. Caled for 025H2409053W3 C, 2455, H, 1.98.
Found: C, 24.53; H, 2.02.
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Figure 2. Molecular structure of 7a and the atomic
numbering scheme. Selected bond lengths (A): W—0s(1)
= 2.840(2), W—0s(3) = 2.985(1), Os(1)—0s(2) = 2.815(1),
0s(1)—0s(3) = 2.883(1), Os(2)—0s(3) = 2.857(1), W—C(10)
= 2.02(2), Os(1)-C(10) = 2.13(1), 0s(2)—C(10) = 1.91(2),
0s(3)—-C(10) = 2.18(1), W—C(11) = 1.93(2), 0s(1)—-C(11)
= 2.18(2), 0s(1)-C(12) = 2.27(2), C(11)—-C(12) = 1.36(2).
Selected bond angles (deg): W—C(10)—0s(2) = 174.4(8),
0s(1)-C(10)—0s(3) = 84.0(5), W—C(11)—C(12) = 163(1).

interpreted accordingly. In addition to the carbide and
the W—CO resonances, the 18C resonances arising from
the a- and S-carbons of the vinylidene group in 5a
appeared at 6 273.1 (Jw-c = 100 Hz) and 65.1, while
those of b occurred at 6 269.5 (Jw-c = 100 Hz) and
65.0. We propose that the dominant isomer §a contains
the exo hydrogen, while the less abundant 5b has an
endo hydrogen atom, as a positive NOE enhancement
(23.6%) was observed for the hydride signal of 5b upon
irradiating the respective vinylidene hydrogen signal.

The identification of the previously mentioned vi-
nylidene complexes was further confirmed by the char-
acterization of the two methoxy derivatives Cp*WOs;-
(CO)o(us-CXu-H)Yu-CCHOMe) (7a,b), which were obtained
from the thermolysis of the acetylide derivative
Cp*WOs3(C0O)1;(CCCH20Me) (6).}7 The methoxy de-
rivatives 7a,b were isolated in pure form by TLC
separation and recrystallization. An X-ray diffraction
study on 7a confirmed that the molecule possesses the
WOs; butterfly arrangement with dihedral angle 104.24-
(3)° (Figure 2),18 which is essentially identical with that
of 2. The hydride, which is located on the difference
Fourier map, spans the slightly elongated hinge Os—Os
bond. The vinylidene ligand, containing a linear
W-—C—C skeleton and an endo hydrogen atom, is best
visualized as possessing a W=C double bond and as
m-bonding to the adjacent Os atom. These parameters

(17) Su, P.-C.; Chiang, S.-J.; Chang, L.-L.; Chi, Y.; Peng, S.-M.; Lee,
G.-H. Organometallics 1995, 14, 4844.

(18) Crystal data for 7a: Ca3Hz2001008:W, M, = 1210.84, monoclinic,
space group P2y/n, a = 10.666(5) A, b = 14.779(3) A, ¢ = 18.540(5) A,
B =103.62(3)°, V= 2841&2) A8, Z = 4, peatea = 2.831 g cm~2, F(000) =
2139, A(Mo Ka) = 0.7107 A, T= 298 K, 4 = 175.7 em™L. The intensities
were measured on a crystal with dimensions 0.25 x 0.30 x 0.50 mm.
Of the 4998 unique reflections collected, 3635 reflections with I > 20-
(I) were used for the refinement. The structure was refined to Rr =
0.037, Ry, = 0.037, and GOF = 1.83 for 339 parameters, weighting
scheme w™! = 0%(F,) + 0.00005F,2, and highest A/oc ratio 0.008. A
difference map following convergence-showed residual electron density
within the range ~1.38 to +2.49 ¢/A3 (min—max).
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are in agreement with those observed for the “side-on”
coordinated vinylidene ligands of dinuclear and poly-
nuclear systems.!?

The pathways leading to the formation of vinylidene
from acetylide ligands were easily established (Scheme
1), which consist of (i) cluster skeletal rearrangement,
(ii) C—C bond cleavage, and (iii) C—H bond activation.
Our previous experiments suggested that the W atom
in this butterfly system can undergo migration between
the wingtip and the hinge sites through a process
involving reversible cleavage of the M—M bond.!” After
the occurrence of cluster skeletal rearrangement, the
acetylide complexes then liberate one CO ligand to
induce the scission of the C~C bond and to afford the
carbide and alkylidyne fragments. If the acetylide
ligands contained a methylene group adjacent to the Cs
fragment, the reaction proceeded further to the produc-
tion of vinylidene via hydrogen activation, a process
which is akin to that observed in the metal clusters and
crystal surfaces.?’ In the present system, two configu-
rations are anticipated due to the poor selectivity in
abstracting the diastereotopic methylene hydrogen at-
oms.

Finally, in view of these pronounced changes starting
from the coordinated acetylide, it is even more remark-
able that the carbide in both 2 and 5 can be transformed
back to the acetylide upon addition of CO. Thus,
exposure of 2 to CO (110 °C, 5 min) resulted in the
formation of 1 in 85% yield, whereas the reaction of 5
proceeded much more slowly (40 min, 65% completion)
to afford 8 and 4 in 61% combined yield and a trace
amount of the trinuclear acetylide cluster Cp*WOss-
(CO)s(CCBu) due to fragmentation.® This rarely re-
ported pattern of reactivity highlights the exciting
chemistry of carbide in reacting with small organic
hydrocarbon fragments.?! An extensive investigation
regarding C—C bond formation with these carbido
cluster compounds will be described in the future.
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Summary: A new type of chiral oxazolinylferrocene—
phosphine hybrid is a very effective ligand for Rh(I)-
catalyzed asymmetric hydrosilylation of simple ketones
to give the corresponding sec-alcohols (91% ee) after acid
hydrolysis. Similar reactions also proceed highly selec-
tively (96% ee) by use of Ir(I) catalyst, but the configu-
ration of the products is completely reverse.

Molecular design of a chiral ligand is essential for
obtaining highly enantiomerically pure compounds in
transition-metal-catalyzed asymmetric reactions, and
there has been much effort devoted to prepare efficient
ligands.! The enantioselective reduction of prochiral
ketones is an important reaction, because the optically
active aleohol products are useful intermediates in
synthetic organic chemistry.?2 We now envisage the
preparation of newly designed chiral ligands and their
use in the rhodium(I)- and iridium(I)-catalyzed asym-
metric hydrosilylation of ketones. Preliminary results
are reported here.

A new type of chiral ligand, an oxazolinylferrocene—
phosphine hybrid ligand, was designed because the
ligand could be easily prepared from reactions of either
ferrocenecarboxylic acid or ferrocenecarbonitrile with
chiral amino alcohols and also ferrocenes with planar
chirality were known to be useful ligands for asym-
metric reactions.® At first, the four ligands 1,4eb 242 8,
and 42 were prepared and applied to the hydrosilylation
of acetophenone with diphenylsilane in the presence of
a catalytic amount of [Rh(COD)Cl]; in Et20 at 25 °C.
The enantiomeric excesses of 1-phenylethanol obtained
by acid hydrolysis of the hydrosilylation product were
60% ee (R), 48% ee (R), 37% ee (R), and 13% ee (R),
respectively. Generally, in hydrosilylation, oxidative
addition of hydrosilane to the rhodium(I) complex takes
place first and coordination of the carbonyl group of the
ketone to vacant sites of the complex follows. Therefore,

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

(1) For reviews, see: (a) Ojima, 1., Ed. Catalytic Asymmetric
Synthesis; VCH: New York, 1993. (b) Noyori, R. Asymmetric Catalysis
in Organic Synthesis; Wiley: New York, 1994.

(2) For examples: (a) Ohkuma, T.; Ooka, H.; Hashiguchi, S.; Ikariya,
T.; Noyori, R. J. Am. Chem. Soc. 1995, 117, 2675. (b) Noyori, R.;
Ohkuma, T.; Kitamura, M.; Takaya, H.; Sayo, N.; Kumobayashi, H.;
Akutagawa, S. J. Am. Chem. Soc. 1987, 109, 5856. (¢) Kitamura, M.;
Ohkuma, T.; Inoue, S.; Sayo, N.; Kumobayashi, H.; Akutagawa, S.;
Ohta, T.; Takaya, H.; Noyori, R. J. Am. Chem. Soc. 1988, 110, 629. (d)
Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh, V. K. J.
Am. Chem. Soc. 1987, 109, 7925. (e) Noyori, R.; Tomino, I.; Tanimoto,
Y. J. Am. Chem. Soc. 1979, 101, 3129. (f) Dumont, W.; Poulin, J. C,;
Dang, T.-P.; Kagan, H. B. J. Am. Chem. Soc. 1973, 95, 8295.

(3) For example: Sawamura, M.; Ito, Y. Chem. Rev. 1992, 92, 867.

(4) (a) Nishibayashi, Y.; Uemura, S. Synlett 1995, 79. (b) Richards,
C. J.; Damalidis, T.; Hibbs, D. E.; Hursthouse, M. B. Synlett 1995, 74.
(c) Sammakia et al. have also reported the highly diastereoselective
ortho-lithiation of chiral oxazolinylferrocenes: Sammakia, T.; Latham,
H. A.; Schaad, D. R. J. Org. Chem. 1995, 60, 10.
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the bulkiness and the position of substituents on an
oxazoline ring might affect the stereoselectivity.

With the intention of obtaining a much higher selec-
tivity, we then designed and prepared the ligand 5,
(8,8,8)-[2-(4,5-diphenyloxazolin-2-yl)ferrocenylldiphe-
nylphosphine. It was abbreviated as (S,S,8)-DIPOF and
separated from its diastereoisomer (S,S,R)-DIPOF (6)
(Scheme 1). Hydrosilylation of several ketones with
diphenylsilane was then investigated in the presence
of a catalytic amount of [Rh(COD)Cl]; and 5 (Scheme
2).5 As shown in Table 1, the reaction proceeded highly
stereoselectively. The reactions with aryl methyl ke-
tones gave a high enantioselectivity (runs 1—3), but
those with propiophenone and a-chloroacetophenone
were slow and the enantioselectivity was quite low (runs
5 and 6), in contrast to hydrosilylation using nitrogen-
containing chiral ligands such as Pybox, Pythia, etc.®
Interestingly, the ligand 5 acted effectively not only for
aryl methyl ketones but also for alkyl methyl ketones
(runs 7 and 8; 87—89% ee), the ee values being the
highest among those obtained so far in the hydrosily-
lation of these alkyl methyl ketones.”® Even the simple
dialkyl ketone, 2-octanone, afforded moderate enanti-
oselectivity (run 9; 60% ee).

(5) After [Rh(COD)Cl); (0.0025 mmol) and the ligand 5 (0.005 mmol)
were stirred in Et;0 (3 mL) at 25 °C, acetophenone (1 mmol) and then
diphenylsilane (1.3 mmol) were slowly added to the mixture, the
temperature being kept at 25 °C. After the mixture was stirred for
suitable time at 25 °C, the addition of 1 N aqueous HCI (§ mL) and
the general workup procedure afforded 1-phenylethanol quantitatively
with 91% ee. The optical purity was determined by GLC or HPLC with
a chiral phase. The absolute configuration was determined by an optical
rotation. The ee value obtained by similar treatment with the ligand
6 was moderate.

(6) For example: (a) Brunner, H.; Becker, R.; Roepl, G. Organome-
tallics 1984, 3, 1354. (b) Nishiyama, H.; Kondo, M.; Nakamura, T;
Itoh, K. Organometallics 1991, 10, 500. (c) Nishiyama, H.; Yamaguchi,
S.; Kondo, M,; Itoh, K. J. Org. Chem. 1992, 57, 4306.

(7) With the chiral aminophosphine ligand AMPHOS, 72% ee was
obtained in the hydrosilylation of tert-butyl methyl ketone: Payne, N
C.; Stephan, D. W. Inorg. Chem. 1982, 21, 182.

(8) With the trans-chelating diphosphine n-BuTRAP, 80% ee was
obtained in the hydrosilylation of cyclohexyl methyl ketone: Sawa-
mura, M.; Kuwano, R.; Ito, Y. Angew. Chem., Int. Ed. Engl. 1994, 33,
111.

© 1995 American Chemical Society



Communications

Scheme 1°
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o Conditions: (a) SOCl;, 50 °C, 54%; (b) (1R,2S)-(—)-2-
amino-1,2-diphenylethanol, EtsN, room temperature, 40%; (c)
SOCl;, —78 to 0 °C then 20% KoCOs(aq), 0 °C, 51%; (d) s-Buli,
—78 °C, PPh,Cl, reflux, 68% (5/6 = 35/65), 5 isolated (24%)
with column chromatography (SiOy).

Scheme 2
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Surprisingly, in the presence of [Ir(COD)Cl]; as a
catalyst in place of [Rh(COD)Cl]),, hydrosilylation of
acetophenone with the ligand 5 at 0 °C for 20 h afforded
1-phenylethanol of the opposite configuration (S) with
high enantioselectivity (96% ee) almost quantitatively
(Scheme 3). Although similar phenomena have been
observed in a few cases, only low enantioselectivity has
been obtained to the best of our knowledge.® This is
also the first example of highly enantioselective Ir-
catalyzed asymmetric hydrosilylation of ketones. We
are making efforts to apply this DIPOF/Ir(I) system to
other ketones, the results of which will be reported in
due course.!?

In conclusion, we designed and prepared a new type
of chiral oxazolinylferrocene—phosphine hybrid ligand,

(9) The enantioselectivity of the Ir(I)-catalyzed hydrosilylation of
acetophenone was up to 32% ee: (a) Faller, J. W,; Chase, K. J.
Organometallics 1994, 13, 989. (b) Kinting, A.; Kreuzfeld, H.-J.; Abicht,
H.-P. J. Organomet. Chem. 1989, 370, 343.

(10) The preliminary results for several ketones are as follows:
propiophenone (100%, 92% ee), pheny! n-propyl ketone (100%, 91% ee),
and p-chloroacetophenone (97%, 88% ee).
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Table 1. Asymmetric Hydrosilylation of Various
Ketones Catalyzed by Rh(I)—(S,S,S)-DIPOF (5)°

alcohols
yield(%)® ee(%)° config.

Orgcn w0 o x
0
CE™ » w
o R
100 90 R

run ketones

r—

[+

w

5 Ph—ﬁ—Csz 12 23 s
0
6 Ph—ﬁ—CHzCl 19 8 )
0
7 O—g—c»—«a 45 89 R
o}
BUl_C—CHg )
8 8 100 87 R
9 Y w0 g
o}

@ All the reactions were carried out in the presence of
[Rh(COD)Cl]; (0.25 mol %) and (S,S,S)-DIPOF (5) (0.5 mol %) with
diphenylsilane (1.5 mmol) and ketones (1.0 mmol) in Et;0 at 25
°C for 15—25 h. ? Isolated yield. ¢ The ee was determined by HPLC
and GLC.

(S,8,8)-DIPOF (5), for the Rh(I)-catalyzed asymmetric
hydrosilylation of simple ketones lacking a secondary
coordinating functional group. This ligand was found
to be a very effective ligand for the reduction of aryl
and alkyl methyl ketones to the corresponding sec-
alcohols with R configuration after acid hydrolysis. On
the other hand, enantioselective hydrosilylation of ac-
etophenone with the (S,S,S)-DIPOF/Ir(I) system oc-
curred highly selectively (96% ee) to give the alcohol
with an S configuration.
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and by a Fellowship (to Y.N.) of the Japan Society for
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Synthesis and Structural Characterization of
{LiN(SiMes):MMes}.. (M = Al, Ga): Amido Ligands
Isoelectronic to the Alkyl Group —C(SiMes)s

Mark Niemeyer and Philip P. Power*

Department of Chemistry, University of California, Davis, California 95616

Received September 29, 1995%

Summary: The synthesis and structural characterization
of the lithium salts {LiN(SiMeg)osMMes}.. (M = Al (1),
Ga (2)) are described. The compounds are essentially
isostructural and are associated into infinite chains that
involve bridging by the lithium ion to an aluminum or
gallium methyl group of a neighboring molecule.

The ligands —C(SiMes); and —N(SiMes)2AlMe; are
isoelectronic. Yet, there are very few examples of
structurally characterized compounds in which the
properties of these two ligands can be directly compared
(vide infra).l? The alkyl group —C(SiMes); has been
employed throughout the periodic table and has been
shown to be effective in stabilizing low coordination
numbers and unusual oxidation states in a variety of
elements.?2"* Its lithium salt LiC(SiMes); is of key
importance in the synthesis of most of these derivatives.
When crystallized in the presence of THF, it exists as
the “ate” complex [Li(THF),J[Li{C(SiMe3)3}2],* but as a
solvent-free species it exists as the dimer {LiC(SiMes)s}o.
The structure of the related amide LiN(SiMej3)s (either
unsolvated® or solvated by various donors?) has been
well studied, and it exists as the trimer {LiN(SiMe3)s}3
when uncomplexed.® The simple addition of trimeth-
ylaluminum to LiN(SiMes)s affords a species LiN(SiMeg)o-
AlMes which is isoelectronic to LiC(SiMegs)s. It is
therefore of some interest to examine the relationship
between their structures. In this paper the synthesis
and structure of LiN(SiMes)AlMe; and its gallium
analogue are now reported.

The compounds {LiN(SiMes)sMMes}.. (M = Al (1), Ga
(2)) were isolated® in high yield as colorless, isomor-
phous crystals by the addition of trimethylaluminum
or -gallium to LiN(SiMe3); in toluene solution. X-ray
crystallographic data® for 1 and 2 show that the
structures are composed of infinite chains in which
monomeric units of LIN(SiMes)eMMes (M = Al, Ga) are
linked by an interaction between the lithium ion and a

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

(1) Boncella, J. M.; Andersen, R. A. Organometallics 1985, 4, 205.

(2) Eaborn, C.; Hitchcock, P. B.; Izod, K.; Smith, J. D. J. Am. Chem.
Soc. 1994, 116, 12071.

(3) (a) Al-Juaid, S. S.; Eaborn, C.; Hitchcock, P. B.; McGeary, C. A;
Smith, J. D. J. Chem. Soc., Chem. Commun. 1989, 273. (b) Buttrus,
N. H.; Eaborn, C.; Hitchcock, P. B.; Smith, J. D.; Sullivan, A. C. J.
Chem. Soc., Chem. Commun. 1985, 1380.

(4) Eaborn, C.; Hitchcock, P. B.; Smith, J. D.; Sullivan, A. C. J.
Chem. Soc., Chem. Commun. 1983, 827.

(5) Hiller, W.; Layh, M.; Uhl, W. Angew. Chem., Int. Ed. Engl. 1991,
30, 324.

(6) Mootz, D.; Zinnius, A.; Bottcher, B. Angew. Chem., Int. Ed. Engl.
1969, 8, 378.

(7) (a) Lappert, M. F.; Slade, M. J.; Singh, A.; Atwood, J. L.; Rogers,
R. D.; Shakir, R. J. Am. Chem. Soc. 1983, 105, 302. (b) Engelhardt,
L. M.; May, A. S,; Raston, C. L.; White, A. H. J. Chem. Soc., Dalton
Trans. 1983, 1671. (c) Power, P. P.; Xu, X. J. Chem. Soc., Chem.
Commun. 1984, 358. (d) Engelhardt, L. M.; Jolly, B. S.; Punk, P. C.;
Raston, C. L.; White, A. H. Austr. J. Chem. 1986, 39, 1337.
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Figure 1. Thermal ellipsoidal plot (30%) of 1 illustrating
the coordination of the Li* ion.

methyl group (i.e. C(1a)) from the MMe;s moiety in the
neighboring molecule. The structure of 1 is illustrated
in Figure 1, and further structural details are provided
in Table 1. From these data it can be seen that the two
structures are almost identical. Each Li* ion interacts
most strongly with the amido nitrogen and with C(3)
and C(1a) methyl groups such that the nitrogen and two
carbong define an approximately trigonal planar coor-
dination sphere for the metal. The strong!? interaction
between Lit and the C(3) methyl group is consistent
with M—C(3) bonds that are longer (by ca. 0.06 A) than

(8) All manipulations were carried out under anaerobic and anhy-
drous conditions. Al;Megin PhMe (2 M), GaMes, and HN(SiMe3); were
obtained from commercial suppliers and used as received. LiN(SiMejs),
was generated in solution by the addition of 1 equiv of 1.6 M n-BuLi
in hexane and was purified by sublimation. With stirring at room
temperature a 2 M solution of AlMe; (5.25 mL, 10.5 mmol) in PhMe
was added dropwise via a syringe to LiN(SiMegs); (1.75 g, 10.5 mmol)
in toluene (30 mL). Within 5 min colorless crystals began to precipi-
tate. These were partly redissolved by warming with a heat gun.
Stirring was then discontinued, and the solution was cooled to room
temperature over several hours to give large crystals of the product 1
that were suitable for X-ray crystallographic studies. A further crop
of crystals was obtained by cooling in a —30 °C freezer overnight. The
synthesis of 2 as colorless crystals was accomplished in a similar
manner with use of GaMes (0.78 g, 6.8 mmol) and LiN(SiMej3); (1.12
g, 6.8 mmol) and ca. 20 mL total volume of PhMe. Data for 1, with
those for 2 in braces, are as follows: Yield 2.11 g (84%) {1.50 g (79%)},
mp 175—177 °C {129-130 °C}; 'H NMR (C¢Dg) 6 0.21 {0.19} (SiMe;,
18H), —0.55 {—0.33} (MMe;, 9H); 13C NMR (Cq¢Dg) 6 6.1 {6.0} (SiMej),
2.6 {—0.9} (MMe3); "Li NMR (CgDg) 6 —2.3 {—2.2}; IR (Nujol, em~1)
2175 w, 1923 w, 1862 w, 1616 w, 1402 m, 1294 sh, 1264 sh, 1252 vs,
1208 5, 1189 s, 1108 s, 930—580 vs br, 521 s, 465 5, 403 m, 371 m, 340
m-s; {2210 w, 1920 w, 1858 w, 1625 w, 1397 m, 1290 sh, 1262 sh, 1250
vs, 1204 m-s, 1193 s, 1124 s, 947 vs br, 876—727 vs br, 677 vs, 634
m-s, 609 vs, 527 vs, 482 vs, 402 m, 350 sh, 330 m-s}.

(9) Crystal data at 130 K with Cu Ko (4 = 1.541 84 A) radiation: 1,
CoHy7AINSI;, @ = 12.334(3) A, b = 15.563(3) A, ¢ = 16.449(3) A,
orthorhombic, space group Pbea, Z = 8, R = 0.048 for 1622 (I > 20(I))
data; CoH27GaNSis, 2, a = 12.336(3) A, b = 15.563(3) A, ¢ = 16.434(3)
A, orthorhombic, space group Pbca, Z = 8, R = 0.062 for 1745 (I >
20(1)) data.
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Table 1. Selected Distances (A) and Angles (deg)

inland 2
compd
1(M=Al 2 (M =Ga)

Li(1)-N(1) 2.027(7) 2.014(12)
Li(1)- - -C(1) 2.252(8) 2.233(13)
Li(1)- - -C(3) 2.157(8) 2.205(13)
M(1)-N(1) 1.944(3) 2.038(4)
N(1)-Si(1) 1.741(3) 1.742(4)
N(1)-S8i(2) 1.749(3) 1.727(4)
M(1)-C(1) 2.005(4) 2.022(6)
M(1)-C(2) 1.974(4) 1.987(7)
M(1)-C(3) 2.032(4) 2.044(6)
Li(1)-N(1)-M(1) 82.4(2) 81.7(3)
Li(1)-N(1)—Si(1) 102.5(3) 101.4(4)
Li(1)—-N(1)-Si(2) 106.5(2) 107.9(4)
N(1)-M(1)—-C(1) 114.6(2) 112.4(2)
N(1)-M(1)-C(2) 117.3(2) 117.1(2)
N(1)-M(1)—-C(3) 103.0(2) 101.9(2)
N(1)-Li(1)-C(1a) 129.9(4) 129.2(6)
N(1)-Li(1)-C(3) 96.0(3) 97.4(5)
C(1la)-Li(1)—C(3) 128.5(4) 126.6(5)

the M—C(2) bonds which involve terminal methyl
groups bound solely to Al or Ga. In addition, the longer
M-C(1) distances are in agreement with the role of this
methyl group in bridging the LiN(SiMez):MMe; moi-
eties. The interaction between the Li* ion and the
methyl groups can also be expressed in the form of
Li- - -H distances. For this purpose the hydrogensin 1
were located on a difference map and refined isotropi-
cally. The Li—H(1AA, AB, and AC) distances are 2.05-
(4), 2.25(4), and 2.10(4) A, whereas the corresponding
distances for Li- - -H(3A and C) are 2.15(4) and 2.11(4)
A. The Li—N bond lengths are slightly longer than that
observed (Li—N = 2.00 A) in the unsolvated trimer
{LiN(SiMes)2}3.6 The only significant differences be-
tween the structures of 1 and 2 involve the M—N and
Li- - -C(3) distances which are respectively ca. 0.09 and
0.05 A longer in the case of the gallium derivative. This
difference is probably due to the weaker Lewis base
character of GaMes!! and the lowered ionic effects in
the Ga—N and Ga—C bonding owing to the higher
electronegativity of gallium in comparison to alumi-
num.1? *

Why are structures of {LiN(SiMejz)oAlMes}.. (1) and
{LiC(SiMej3)s}2 (8) different? The answer may lie in the
difference in the strengths of the interaction between
the Li* ion and the methyl groups in the two molecules.
These are very much stronger in the nitrogen derivative,
ca.2.16 and 2.25 A in 1 (marginally weaker in 2) versus
ca.2.47 and 2.54 A in 8.5 Significantly, both Li- - -CH;
interactions in 1 involve aluminum methyl rather than
silyl methyl groups. Apparently the more electroposi-

(10) The Li- - -C distances in 1 and 2 are similar to those observed
in many typical organolithium structures in which there is a direct
interaction between the Lit and a carbanionic center: Setzer, W. N.;
Schleyer, P. v. R. Adv. Organomet. Chem. 1985, 24, 353.

(11) This compound is a monomeric liquid at room temperature
whereas trimethylaluminum is associated as dimers.

(12) The Allred—Rochow electronegativity values for aluminum and
gallium are 1.47 and 1.82, respectively.
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tive aluminum center!? induces a greater 6— charge on
its methyl substituents which causes the stronger
Li- - -CHj3 interaction. In addition, the fact that the
Al—-N and Ga—N bonds are dative ones and are probably
weaker than the corresponding C—Si bond in 8 may
permit greater flexibility in the orientation of MMes
moieties. As a result of this, the N(1)—Al(Ga)—C(8)
angles are at least 10° narrower than the corresponding
angles involving C(1) and C(2). By the same token the
Li* ion is displaced toward the C(3) carbons so that the
Li—N—M angles are only ca. 82° in each compound.
Nonetheless, interaction of Lit with just one of the
methyl groups is insufficient to saturate the Li* coor-
dination sphere and a second strong Li- - -CHj interac-
tion is not possible within a dimeric structure due to
the fact that the AlMe; groups would adopt a trans-
orientation with respect to the LisNs ring plane. In
other words, the polymeric structure in 1 occurs in order
to preserve two strong Li- - -CHj3 interactions involving
the aluminum methyl groups. Increased crowding is
also probably involved in determining the structure.
This is due to the fact that the Li—N and N—Si bonds
are shorter than corresponding Li—C and C—Si bonds
so that a dimeric arrangement which had a structure
similar to 3 would be more sterically encumbered. The
polymeric structure seen in 1 and 2 has not been
previously observed for amides; however, polymeric
structures with a different Li- - -N- - -Li- - -N backbone
are known for {LiN(i-Pr):}.!® and {(TMEDA)LiN(-
Pr)e}s.14 The species {LiCH(SiMes)s}-!® also has a
polymeric backbone, and in this case it is composed of
a Li- - -C- - -Li- - -C array.

It remains to be seen if the differences in structure
between 1 or 2 and 8 will be observed in other metal
derivatives. Only one other pair of compounds is
currently available for comparison—the species Yb-
{N(SiMeas)2AlMe3z}s! and Yb{C(SiMe3)3}2.2 The struc-
tures of these two compounds bear a very close simi-
larity and have comparable Yb- - -Me interactions in
each compound. It is possible in this case that the large
size of the Yb2* ion ensures a sterically more relaxed
species in which almost equal Yb- - -Me contacts can
occur in each compound. Investigations of other metal
—N(SiMe3)AlMej3 derivatives are in hand.

Acknowledgment. We are grateful to the National
Science Foundation for financial support.

Supporting Information Available: Tables of data col-
lection parameters, complete atom coordinates and U values,
distances and angles, and anisotropic thermal parameters (18
pages). Ordering information is given on any current mast-
head page.

OM950771P

(13) Barnett, N. D. R.; Mulvey, R. E.; Clegg, W.; O'Neil, P. A. J.
Am. Chem. Soc. 1991, 113, 8187.

(14) Bernstein, M. P.; Romesberg, F. E.; Fuller, D. J.; Harrison, A.
T.; Collum, D. B.; Liu, Q.-Y; Williard, P. G. J. Am. Chem. Soc. 1992,
114, 5100.

(15) Atwood, J. L.; Fjeldberg, T.; Lappert, M. F.; Luong-Thi, T.;
Shakir, R.; Thorne, A. J. J. Chem. Soc., Chem. Commun. 1984, 1163.




Subscriber access provided by American Chemical Society

- ___0000__000__]
Synthesis of the Cationic Silyleneiron Complex
[(.eta.-C5H5)Fe(C0)2: SiMe{2-(Me2NCH2)C6H4}]PF6 by Hydride
Abstraction from a (Hydrosilyl)iron Complex with Ph3CPF6
Hideki Kobayashi, Keiji Ueno, and Hiroshi Ogino
Organometallics, 1995, 14 (12), 5490-5492+ DOI: 10.1021/0m00012a014 « Publication Date (Web): 01 May 2002
Downloaded from http://pubs.acs.org on March 9, 2009

More About This Article

The permalink http://dx.doi.org/10.1021/0m00012a014 provides access to:

. Links to articles and content related to this article
. Copyright permission to reproduce figures and/or text from this article

ACS Publications

W High quality. High impact. Organometallics is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036


http://dx.doi.org/10.1021/om00012a014

5490 Organometallics 1995, 14, 5490—5492

Synthesis of the Cationic Silyleneiron Complex
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Summary: A cationic intramolecular base-stabilized si-
lyleneiron complex, [(n-CsHz)Fe(CO);=SiMe{2-(Mes-
NCH,)CeH }JPFs, was synthesized by hydride abstrac-
tion from the (hydrosilyl)iron complex (n-CsHs)Fe-
(CO)2SiHMe{2-(MesNCH)CsH,y} with PhsCPFg Reac-
tion of the silylene complex with MeOH afforded the
methoxysilyl complex [(n-C;H3z)Fe(CO)3SiMeOMe{2-
(MesN(H)CH2)CsH }]PFs in good yield. The molecular
structures of the silylene and methoxysilyl complexes
were determined by X-ray crystal structure analysis.

One of the useful synthetic routes for carbene com-
plexes is abstraction of a leaving group from the carbon
atom of an alkylmetal complex with an electrophile.! A
similar strategy, i.e., abstraction of a leaving group from
the silicon atom of a silylmetal complex, seems ap-
plicable for the synthesis of silylene complexes. How-
ever, such attempts to prepare silylene complexes have
failed, principally due to the occurrence of secondary
reactions.? For example, reaction of FpSiCly (Fp =
CpFe(CO)s; Cp = #-CsHs) with 3 equiv of AgBF caused
fluorination of the silyl group and FpSiF; was isolated
(eq 1).22 In 1987, Tilley and his colleagues succeeded
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Fe-SiCly + AgBF; —— Fe-SiF; (1)
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in obtaining the cationic silylene complex [Cp*(Me3P)s-
Ru=SiPhy-NCMe]BPhy (Cp* = 5-CsMes) by the abstrac-
tion method.? They selected Cp*Ru(PMe3)2SiPh,OTf as
a precursor complex, which contains the good leaving
group OTf and the electron-rich ruthenium fragment
Cp*Ru(PMes)s, to stabilize the generated silylene ligand.

In addition, they used a mild electrophile which does
not contain a fluorine source, NaBPhy, to prevent
undesirable secondary reactions. Their result clearly
shows that selection of the leaving group and the
electrophile, especially the counteranion in the electro-
phile, is important for the preparation of the silylene
complex by the abstraction method.

Many hydrosilyl complexes have been prepared so
far.* Thus, it would be worthwhile to find a new
synthetic route to silylene complexes using hydrosilyl
complexes as precursors. This prompted us to investi-
gate hydride abstraction from the hydrosilyl complex
by electrophiles. Our efforts, at first, were focused on
finding substituents for the silicon atom which suf-
ficiently stabilize the cationic silylene complex gener-
ated by hydride abstraction. We employed an ArN group
(ArN = 2-(MegNCH3)CsHy) for the substituent on the
silyl ligand, since the generated silylene ligand may be
effectively stabilized by the intramolecular base.>® We
then attempted to abstract the hydride from FpSiMe-
HArN (1)7 with several electrophiles and finally found
that the reaction of the (hydrosilyl)iron complex 1 with
Ph3;CPFg resulted in the formation of the cationic
silylene complex [Fp=SiMeAr¥]PFg (2). This is a sur-
prising result, since the cationic silylene complex is
stable enough even in the presence of PF¢~ ions. Here
we report the details of the synthesis of the cationic
silyleneiron complex by hydride abstraction and the
reactivity of the silylene complex.

An initial attempt to carry out the hydride abstraction
from the silyl group of FpSiHMeAr™ (1) with Ph3CBF,
was unsuccessful. For example, reaction of FpSiH-
MeArY (1) with 1 equiv of Ph3CBF; in dichloromethane
at room temperature afforded a complex reaction mix-
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ture. NMR investigation revealed that the mixture
contained PhsCH, BF;, and compounds with Si—F
bonding. This result suggests that hydride abstraction
occurred during the reaction but was followed by
secondary reactions. Our attention then turned to Phs-
CPFg, since fluoride ion affinity toward PFj5 is consider-
ably greater than that toward BFs.8

The reaction of FpSiHMeArN (1) with PhsCPFs in
dichloromethane afforded complex 2 and PhyCH.® Com-
plex 2 crystallized out as an air-sensitive yellow solid
when the reaction mixture was cooled to —30 °C. The
28i NMR spectrum of 2 in acetonitrile-ds showed a
singlet peak at 6 118.3 ppm, which appears at much
lower field than that of the precursor complex 1 (6 13.4
ppm) and at comparable field to those of the known
silylene complexes stabilized by the ArN group (5 110—
145 ppm).5¢ The fact that the ?Si NMR gave a singlet
peak and the SiMe signal in the 'H NMR spectrum was
observed as a singlet peak at 6 0.92 ppm shows that
fluorination of the silicon did not take place during the
reaction. From the spectroscopic and mass spectral data
as well as the elemental analysis, complex 2 was
identified as a cationic silylene complex with PFg~,
[Fp=SiMeArN]PF; (2; eq 2). The existence of PF¢~ ions
was also confirmed by °F NMR and IR spectroscopy.
The structure of the complex 2 was unequivocally
confirmed by X-ray crystal structure analysis.

MezN
ﬁ\ PhaCPFs
Fe—Si —_—
oc/  \'Me - PheCH
oc 1 H CH:Cla
Me, *
e
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2

Figure 1 shows an ORTEP drawing of the cationic
silyleneiron moiety [Fp=SiMeAr"1* in complex 2.1° The
short Fe—Si bond distance (2.2659(11) &) of 2 suggests
the unsaturated character of the Fe—Si bond, which is
shorter than those of the usual silyliron complexes
(2.32—-2.37 A)* and comparable to those of the known
base-stabilized silyleneiron complexes (2.21—2.29 A) 621314
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Figure 1. ORTEP drawing for the cationic silyleneiron
moiety [Fp=SiMeAr¥]* in 2. Atoms are represented by
thermal ellipsoids at the 50% probability level. Selected
bond lengths (A) and angles (deg): Fe—Si, 2.2659(11); Fe—
C(1), 1.748(5); Fe—C(2), 1.748(5); Fe—C(Cp), 2.097 (av); Si—
C(3), 1.867(4); Si—C(4), 1.871(4); Si—N, 1.949(3); O(1)—C(1),
1.148(5); O(2)—C(2), 1.149(5); C(1)—Fe—Si, 89.85(14); C(2)—
Fe—8i, 87.92(14); C(1)—Fe—C(2), 93.4(2); N—Si—Fe, 118.53-
(10); C(3)—Si—Fe, 116.6(2); C(4)—Si—Fe, 120.02(12); C(3)—
Si—C(4), 107.0(2).

The Si—N bond distance (1.949(3) A) is longer than the
normal values of Si—N o-bonds (1.70—-1.76 A) and much
shorter than the sum of the van der Waals radii (3.2
A).615 Interestingly, the Si—N distance is shorter than
that of the dative bonding in HySi—NH; (2.06 A)
obtained by ab initio calculations!® and those of other
silylene complexes stabilized by the Ar™ group (1.962—
2.046 A).562 The sum of bond angles of the three
covalently bonded substituents at silicon (343.6°) is also
slightly smaller than those of other silylene complexes
stabilized by the ArN group (346.7—351.3°).562 These
results suggest that the Si—N dative interaction in 2
is relatively strong, which is expected due to the high
electrophilicity of the silylene ligand imparted by the
presence of a monopositive charge on complex 2. The
strong coordination of NMe; to the silylene ligand is also
revealed by a VT 'H NMR experiment. The silyleneiron
complex 2 shows a rigid coordination of the dimethyl-
amino group to silicon even at 80 °C in CD3CN solution
(300 MHz); i.e., no broadening of the diastereotopic
Me:N signals and the AB pattern signals of the CHoy
group was observed. This is in contrast to Zybill’s
silylene complex (OC);Cr=SiPhArN, which shows si-
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multaneous coalescence of both MeoN and CHj; signals
at 95 °C.5 It is noteworthy that the cationic silyleneiron
complex coexists with the fluorine-containing anion,
PFs~. The surprising inertness of the cationic complex
2 toward the PFg~ ion even at elevated temperature
could be attained by the strong intramolecular coordi-
nation of the dimethylamino group in ArN to the highly
electrophilic silylene ligand.

Some reactivity studies of complex 2 were carried out.
Heating a CD3CN solution of complex 2 in a sealed tube
at 95 °C for 3 days afforded ArNSiMeF3, Fp~, and Fpa,
which would be generated by a reaction including
fluorination of the silylene ligand by PFs~ and succes-
sive cleavage of the silicon—iron linkage by PF5.22 Thus,
the stabilization of the silylene ligand by the ArN group
is critical for the reactivity toward PFs.

The silylene complex shows particular susceptibility
to nucleophiles. Reaction of 2 with 1 equiv of MeOH
led to the formation of the cationic methoxysilyl complex
[FpSiMeOMeArNH]PFg (8, ArNH = 2-{MeyoN(H)CHg}-
CeHy; eq 3).17 The 29Si NMR signal of 3 appeared at

+

Me,
ﬁ N
O | MeOH
_eun

_fe=st PFg™
ogc/ e CDLCN
2
+
.-H
ﬁ MO “NMe,
/\Fe—sli PFs ()
oc”/ |
oc M

much higher field (6 7.40 ppm) than that of the silylene
complex 2, indicating the loss of unsaturated character
of the Fe—Si bond. The complex 8 showed a broad 'H
NMR signal at 8.8 ppm, which is assignable to the
proton in the dimethylammonium group. The signals
of the diastereotopic MeaN and the CHj groups appeared
as two doublets and an ABX pattern, respectively, due
to the spin—spin coupling with the proton on the
nitrogen atom. )

Figure 2 shows an ORTEP drawing of the cationic
(methoxysilyl)iron moiety [FpSi(OMe)MeArNH]* of com-
plex 3.18 The Fe—Si bond distance of 8 (2.305(2) A) is
longer by 0.04 A than that of the silylene complex 2 but
is still shorter than those of the known (alkylsilyl)iron
complexes (2.32—2.37 A).# The relatively short Fe—Si
distance of 3 may be attributed to the presence of the
electron-withdrawing methoxy substituent on the silicon
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= 5.3 Hz, 3H, NMe), 3.02 (d, 3Jgy = 5.1 Hz, 3H, NMe), 3.65 (s, 3H,
OMe), 4.17 (dd, Z2Jyy = 12.7 Hz, %Jun = 7.4 Hz, 1H, CHy), 4.55 (dd,
2Jun = 12.7 Hz, 3%Juyy = 4.3 Hz, 1H, CH,), 4.97 (s, 5H, Cp), 7.38—7.68
(m, 4H, Ar), 8.78 (br, 1H, NH). 28Sj NMR (59.6 MHz, CD,Cly): 6 74.0
(s). 13C NMR (75.5 MHz, CD:Cly): 6 7.4 (SiMe), 41.9, 43.8 (NMey),
52.0 (OMe), 63.9 (CHy), 85.1 (Cp), 130.2, 130.3, 133.3, 133.7, 135.0,
146.1 (Ar), 214.9, 215.7 (CO). 1°F NMR (282 MHz, CD;Cly): 6 —72.0
(d, WJer = 701 Hz, PFg™). IR (CH:Cly): ¥ (cm™1) 2002 (s), 1946 (s) (vco),
849 (s) (PFg~, vpr), 557 (m) (PFg~, 6rpr). MS (FAB, Xe, NBA): m/z
917 (10, 2M™* — PFg), 386 (100, M* — PF¢), 208 (16). Anal. Calcd for
Ci1sH24FeFeNO3PSi-0.8CHCly: C, 37.68; H, 4.31; N, 2.34. Found: C,
37.67; H, 4.28; N, 2.55.

Communications

Figure 2. ORTEP drawing for the cationic (methoxysilyl)-
iron moiety [FpSi(OMe)MeArN]* in 8. Atoms are repre-
gented by thermal ellipsoids at the 50% probability level.
Selected bond lengths (A) and angles (deg): Fe—Si, 2.305-
(2); N--+03, 2.721(8); Fe~C(1), 1.723(10); Fe—~C(2), 1.761-
(11); O(1)-C(1), 1.156(10); O(2)—C(2), 1.121(10); Si—0(3),
1.670(5); Si—C(4), 1.878(8); Si—C(5), 1.889(8); Fe—C(Cp),
2.071 (av); C(4)—Si—C(5), 108.3(4); O(3)—Si—Fe, 114.3(2);
C(4)—Si—Fe, 112.3(3); C(5)—8Si~Fe, 114.8(2); C(1)—Fe—-
C(2), 94.5(5); C(1)—Fe~—Si, 87.5(3); C(2)—Fe—Si, 88.3(3);
0(3)—-8i—C(4), 104.7(3); C(3)—0(3)—Si, 123.3(5); O(1)—
C(1)-Fe, 177.6(10); 0(2)—C(2)-Fe, 179.2(10).

atom.* The Si—O0(3) bond distance lies within the range
for a covalent bond (1.670(5) A).1® The sum of the
C—8i—C and two C—Si—Fe bond angles in 3 (335.4°) is
smaller than that of 2 (343.6°), indicating the sp®
character of the silicon atom in 8. The N—H(N) bond
in the dimethylammonium unit is directed toward
oxygen O(3) (N+++O(8) = 2.74(1) A) by hydrogen bonding
(N—H(N)---0(3)).

The cationic silyleneiron complex 2 reacts with some
nucleophiles, such as HMPA, HCl, HyO, and PMe;.
Further studies on the reactivity of the silylene complex
2 and related complexes are in progress.
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Summary: Third-order molecular optical nonlinearities
of a systematically varied series of (cyclopentadienyl)-
bis(phosphine)ruthenium arylacetylide complexes have
been determined by Z-scan and degenerate four-wave
mixing techniques: the influence on the nonlinear
response of replacing the acetylide by a chloro ligand,
varying the phosphine, extending the acetylide chain
length, or modifying the substituent at the 4-position of
the arylacetylide has been studied.

New materials exhibiting large nonlinear optical
(NLO) responses are required for applications in pho-
tonics. Organometallic compounds have been attracting
attention recently, but the vast majority of such studies
have been concerned with quadratic optical non-
linearities—third-order responses have been little in-
vestigated.? In particular, very little is known of the
effect of systematic structural variation on cubic hyper-
polarizability. We have recently commenced a detailed
investigation of the NLO behavior of organometallic
compounds® and report herein the results of studies on
the third-order hyperpolarizabilities of systematically
varied (cyclopentadienyl)ruthenium complexes.

The complexes studied are of general formula RuX-
(L)2(n-CsHs) (L = PPhg, PMeg; X = Cl, C=CR (R = C¢Hs,
4-C6H4Br, 4-CGH4N02, (E)-4,4'-CsH4CH=CHCeH4N02,
4,4’-C¢H,C=CCgHNO2)) and were synthesized by either
literature procedures* or extensions thereof (full details
of the synthesis, spectroscopic properties, and X-ray
structural characterization of complexes 4a.,b, 5, and 6
will be reported elsewhere);!3® the numbering scheme
used in the subsequent discussion is shown in Table 1.
The third-order nonlinearities were evaluated by the
Z-scan technique® with some additional experiments
performed using degenerate four-wave mixing (DFWM).
Z-scan does not provide information on the temporal

* To whom correspondence should be addressed.
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behavior of the NLO response. It does, however, have
a significant advantage over DFWM: the signs of the
NLO susceptibility components (both real and imagi-
nary) are accessible without the need to carry out
measurements on many solutions with a wide range of
concentrations. A combination of both techniques is
therefore an advantage. Measurements were performed
at 800 nm using a system consisting of a Coherent Mira
Ar-pumped Ti—sapphire laser generating a mode-locked
train of approximately 100 fs pulses and a home-built
Ti—sapphire regenerative amplifier pumped with a
frequency-doubled Q-switched pulsed YAG laser (Spec-
tra Physics GCR) at 30 Hz and employing chirped pulse
amplification.

Results of the measurements are given in Table 1. A
number of conclusions from comparisons across these
data can be made. The observed responses are not
simply the sums of components of the complexes; y for
4b is much larger than that for 1b and 4-nitrophenyl-
ethyne (20 x 1073 esu), indicating that electronic
communication between the ligated metal and acetylide
fragments is important. The cubic nonlinearities of the
chloro complexes are quite low, and the stated values
incorporate a substantial error margin; for comparison,
y values for titanocene and zirconocene halides are also
very low (25 x 1073 esu) by third-harmonic genera-
tion.® Phosphine ligand replacement causes little dif-
ference in y, as shown by 4a,b, where there is a
substantial variation in donor power of the phosphine;
the possibility of varying the ligand environment to tune
nonlinear optical response is a potential benefit of
organometallic materials, but the result here does not
support that idea. Not surprisingly, extension from a
one-ring chromophore (4a) to an extended-chain two-
ring chromophore (5) leads to a large increase in y,
which parallels results from the “all-organic” system.
Minor variation in the acetylide ligand (replacement of
4-H by 4-Br in proceeding from 2 to 3) has no discernible
effect on y. However, replacement of H by the strongly
withdrawing NO (2 to 4a) makes a significant differ-
ence in the cubic nonlinearity; a similar increase was
observed in proceeding from styrene to its 4-nitro
derivative.! The real component of y is the same for

(5) Sheikh-bahae, M.; Said, A. A.; Wei, T.; Hagan, D. J.; van
Stryland, E. W. IEEE J. Quantum Electron. 1990, 26, 760.

(8) Myers, L. K.; Langhoff, C.; Thompson, M. E. J. Am. Chem. Soc.
1992, 114, 7560.
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Table 1. Cubic Hyperpolarizabilities of Ru(R)(PR’;)2(n-CsH;) Complexes® from Z-Scan and DFWM
Measurements

.Ru—R
R,P [
R3P
¥ (10736 gsu)?
DFWM Z-scan
complex R R real part real part imag part Amax’
la Cl Ph 50 £ 20 150 + 100 348
1b Cl Me 80 + 30 <80 346
2 C=CPh Ph <150 311
3 C=CCgH,Br-4 Ph <150 325
4a C=CCgHsNOs-4 Ph —260 + 60 —210 + 50 <10 461
4b C=CCgHsNO:-¢4 Me —230+ 70 74 + 30 480
5 (E)-4,4-C=CCgH,CH=CHCsHsNO: Ph —450 + 100 210 + 100 476, 346
6 4,4’-C=CCcH4C=CCsHNO; Ph —450 + 100 =20 447, 346

@ Measurements at 800 nm (all complexes are optically transparent at this wavelength) for tetrahydrofuran (THF) solutions. ? All
results are referenced to the hyperpolarizability of THF, y = 1.6 x 1073 esu. ¢ All as THF solutions.

the ene-linked complex 5 and the yne-linked complex
6, but the former has a substantial imaginary compo-
nent which results in a larger vectorial sum; for these
complexes, the cubic hyperpolarizability increases faster
with chain length for the ene-linked organometallic
chromophore compared to the yne-linked analogue,
paralleling our observations on computationally derived
quadratic optical nonlinearities in this system.!

Complexes 1la,b, 2, and 8 have positive y values,
whereas the nitro complexes 4a,b, 5, and 6, presumably
incorporating a strong donor—acceptor interaction, have
negative y values. It was of interest to ascertain the
origin of the negative responses, the first reports of
negative v values for organometallic complexes. Inves-
tigations on 4a and 4b by femtosecond time-resolved
DFWM confirm that the negative y values are not due
to thermal lensing; the observed response of solutions
shows a concentration dependence characteristic for a
negative real part of y of the solute, while the DFWM
signal retains its femtosecond response. The observa-
tion of a negative real component of y together with a
complex component (as evident for complexes 4b and
5) is suggestive of electronic resonance enhancement,
with the imaginary part relating to nonlinear absorp-
tion. It is perhaps significant that negative y is
observed for complexes with An.x longer than 400 nm
and positive y for complexes with Anmax shorter than 400
nm, consistent with the dispersion effect of two photon
states contributing to the observed responses, and we
favor this explanation at present, although the possibil-
ity of negative static hyperpolarizabilities (for the
acetylide complexes bearing nitro substituents) cannot
be dismissed.

Off-resonant negative y is rather unusual; however,
results thus far do not permit us to eliminate this
possibility (measurements at other wavelengths may
resolve this issue). Off-resonant electronic third-order
optical susceptibility has been discussed for organic
systems.”"® A simplified three-level model has been

(7) Kuzyk, M. G.; Dirk, C. W. Phys. Rev. A 1990, 41, 5098.

(8) Dirk, C. W,; Cheng, L.-T.; Kuzyk, M. G. Int. J. Quantum Chem.
1992, 43, 27.

(9) Dirk, C. W.; Caballerro, N.; Kuzyk, M. G. Chem. Mater. 1993, 5,
733.

applied with success to a variety of molecular types,
including conjugated donor—acceptor dipolar molecules
with a large second-order susceptibility B, organic
compounds similar to the organometallic complexes
considered here; off-resonance susceptibilities are pre-
dicted to be positive-definite for such molecules, but it
has not been shown that a simplified three-level model
is justifiable for an organometallic complex. According
to this model, negative susceptibilities are only observ-
able in simple organic systems such as charged poly-
methine dyes with an odd number of atoms in the
conjugative unit,? or in molecules with little or no bond-
length alternation in conjugated bridges. For the latter,
Marder et al. have demonstrated the solvent dependence
of y for polyene structures capped by donor and acceptor
groups;'% changes in molecular geometry from a highly
bond-length-alternated form in nonpolar solvents to one
with little bond-length alternation in polar solvents
resulted in a change from positive y to negative y.
Similarly, polarization by external point charges re-
sulted in decreased bond-length alternation and nega-
tive .11 In the organometallic complexes considered
here, there is no evidence for variation in bond-length
alternation (from an arylacetylide structure to one with
quinoidal vinylidene character) on modifying solvent
polarity. In 4b, for example, Amax shifts dramatically
(440 nm (cyclohexane), 480 nm (tetrahydrofuran), 505
nm (dimethylformamide)) on increasing the solvent
polarity, but solvatochromism is normally considered to
reflect electron polarization without atomic displace-
ment.!? Infrared data from key structural elements in
the organometallic chromophore provide a better indica-
tion of changes in molecular geometry; v(C=C) does not
decrease significantly (2060 cm~! (cyclohexane), 2047
em™! (tetrahydrofuran), 2041 cm™! (dimethylforma-
mide)) on varying solvent polarity, indicating that the
arylacetylide structure is maintained, and indeed mini-
mal bond-length variation for arene-containing chro-
mophores would be predicted due to the potential loss

(10) Marder, S. R.; Perry, J. W.; Bourhill, G.; Gorman, C. B;
Tiemann, B. G.; Mansour, K. Science 1993, 261, 186.

(11) Gorman, C. B.; Marder, S. R, Proc. Natl. Acad. Sci. U.S.A. 1993,
90, 11297. E

(12) Paley, M. S.; Harris, J. M.; Looser, H.; Baumert, J. C.;
Bjorklund, G. C.; Jundt, D.; Twieg, R. J. J. Org. Chem. 1989, 54, 3774.
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of aromatic stabilization energy. We do not believe that
bond-length-alternation effects are operative in giving
rise to negative y values for these donor—acceptor
organometallic acetylides.

Few comparisons of cubic molecular nonlinearities
with other organometallic complexes are possible, given
the paucity of extant data; it should also be stressed
that comparisons between systems examined by differ-
ent techniques are very difficult. Ferrocene (16 x 10736
esu) and some cyclopentadienyl-ring-substituted deriva-
tives ((85—305) x 10738 esu) were investigated by
DFWM;!3 interestingly, dimeric and oligomeric deriva-
tives gave larger responses ((504—1550) x 10736 esu),
but overall the ferrocenyl group itself made little
contribution to nonlinearity. 1,8-Bis(ferrocenyl)octatet-
rayne has a reported y value of 110 x 10738 esu (by dc
electric field induced second-harmonic generation).4 A
series of titanium and zirconium acetylide complexes
are reported to have y values of (50—100) x 10736 esu
(by third-harmonic generation, THG) with the larger
values being bis(acetylide) complexes; these studies
showed that the response can be tuned by metal

(13) Ghosal, S.; Samoc, M.; Prasad, P. N.; Tufariello, J. T. J. Phys.
Chem. 1990, 94, 2847,

(14) Yuan, Z.; Taylor, N. J.; Sun, Y.; Marder, T. B. J. Organomet.
Chem. 1993, 449, 217.
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replacement.? Oligomeric group 10 metal acetylides
have also been investigated (y = (56—856) x 10736 esu
by THG and DFWM); the type of metal, arene spacer,
and conjugation length were all important.2® The
present investigation is important in that, by employing
a systematically varied series of complexes, it estab-
lishes the significance of (i) phosphine ligand substitu-
tion and (ii) variation in acetylide substituent, (iii) it
suggests that chain lengthening by ene linkage is the
most effective method for maximizing y in acetylide
complexes, and (iv) it reports the first negative y value
for organometallic complexes; thermal lensing and bond-
length-alternation effects have been rejected as the
cause of negative y, and two-photon dispersion seems
likely, but a negative static hyperpolarizability is also
possible. Further studies with systematically varied
molecules are currently underway.
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Synthesis, Characterization, and Homopolymerization
and Copolymerization Behavior of the Silicon-Bridged
[1]Chromarenophane Cr(5-C¢Hj;)2SiMe;
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The silicon-bridged [1]lchromarenophane Cr(y-C¢Hs).SiMe; (7) was synthesized by the
reaction of [Cr(n-CeHsLi)} ' TMEDA (TMEDA, N, N,N N-tetramethyl-1,2-ethylenediamine)
with Me;SiCl; in hexanes. The molecular structure of 7 was determined by single-crystal
X-ray diffraction and was shown to be strained, with an angle between the planes of the
arene rings of 16.6(3)°. In addition, significant distortion from planarity was detected in 7
for the arene carbon atom bonded to the bridging silane moiety, with angles between the
planes of the arene ligands and the C(arene)—Si bonds of 37.9(4)° and 38.2(4)°. Compound
7 does not undergo thermal ring-opening polymerization at temperatures approaching 180
°C, but instead decomposes to yield chromium metal and PhoSiMe,. This behavior contrasts
with that of silicon-bridged [1}ferrocenophanes such as Fe(-CsH,)2SiMe; (1), which readily
thermally polymerize to yield poly(ferrocenylsilanes) at 130 °C and above. However, thermal
treatment of equimolar mixtures of 7 and 1 at 140 °C for 72 h resulted in the formation of
the air-sensitive, heterobimetallic copolymer [Cr(n-C¢Hs)2SiMesl.[Fe(n-CsH,4)oSiMes], (9a),
which was identified by 'H, 13C, and 2°Si NMR. Treatment of equimolar mixtures of 7 and
1 in THF with anionic initiators such as BuLi/hexanes resulted in the formation of an
analogous copolymer 9b. 'H NMR integration and, after selective cleavage of the silicon—
arene bonds in the copolymers by treatment with methanol, analysis of the residual
ferrocenylsilane segments by GPC allowed an estimate of the molecular weights of 9a and
9b. These results indicated that the minimum value of M, for 9a was ca. 2.4 x 10% and

that for 9b was ca. 1.2 x 104

Introduction

Well-defined, high molecular weight, transition-metal-
containing polymers currently are a topic of considerable
interest due to their interesting properties and potential
applications.}2 In 1992, we reported® that strained,
ring-tilted, silicon-bridged [1]ferrocenophanes (e.g., 1)
undergo ring-opening polymerization (ROP) to yield

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

(1) (a) Pittman, C. U,, Jr.; Carraher, C. E,, Jr.; Reynolds, J. R. In
Encyclopedia of Polymer Science and Engineering; Mark, H. F., Bikales,
N. M., Overberger, C. G., Menges, G., Eds.; Wiley: New York, 1989;
Vol. 10, p 541. (b) Mark, J. E.; Allcock, H. R.; West, R. Inorganic
Polymers; Prentice Hall: Englewood Cliffs, NJ, 1992. (c) Allcock, H.
R. Adv. Mater. 1994, 6, 106. (d) Manners, [. Adv. Mater. 1994, 6, 68.

(2) For recent examples of transition-metal-based polymeric materi-
als, see the following: (a) Fyfe, H. B., Mlekuz, M.; Zargarian, D.; Taylor,
N. J.; Marder, T. B. J. Chem. Soc., Chem. Commun. 1991, 188. (b)
Tenhaeff, S. C.; Tyler, D. R. Organometallics 1992, 11, 1466. (c)
Davies, S. J.; Johnson, B. F. G.; Khan, M. S.; Lewis, J. J. Chem. Soc.,
Chem. Commun. 1991, 187. (d) Lewis, J.; Khan, M. S.; Kakkar, A.
K.; Johnson, B. F. G.; Marder, T. B.; Fyfe, H. B.; Whittmann, F.; Friend,
R. H.; Dray, A. E. J. Organomet. Chem. 1992, 425, 165. (e) Nugent,
H. M.; Rosenblum, M.; Klemarczyk, P. J. Am. Chem. Soc. 1993, 115,
3848. (f) Dembek, A. A.; Fagan, P. J.; Marsi, M. Macromolecules 1993,
26, 2992. (g) Brandt, P. F.; Rauchfuss, T. B. J. Am. Chem. Soc. 1992,
114,1926. (h) Roesky, H. W.; Liicke, M. Angew. Chem., Int. Ed. Engl.
1989, 28, 493. (i) Bayer, R.; Péhlmann, T.; Nuyken, O. Makromol.
Chem., Rapid Commun. 1998, 114, 6246.

(3) Foucher, D. A,; Tang, B. Z.; Manners, 1. J. Am. Chem. Soc. 1992,
114, 6246.
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high molecular weight poly(ferrocenylsilanes) 2.4-6 These
silicon-bridged [1]ferrocenophanes have also been shown
to undergo anionic ring-opening oligomerization and
polymerization in solution in the presence of anionic
initiators to produce, in some cases, living systems.?7
In addition, transition-metal-catalyzed ROP of species
such as 1 has recently been reported.! We have also
described the successful extension of this ROP meth-
odology to related species, such as other [l]ferro-
cenophanes and hydrocarbon-bridged [2]metalloceno-
phanes 3.%10 In all cases in which ROP has been shown

(4) Manners, 1. Adv. Orgenomet. Chem. 1995, 37, 131.

(5) (a) Foucher, D. A.; Ziembinski, R.; Tang, B.-Z.; Macdonald, P.
M.; Massey, J.; Jaeger, C. R.; Vancso, G. J.; Manners, I. Macromolecules
1993, 26, 2878. (b) Foucher, D.; Ziembinski, R.; Petersen, R.; Pudelski
J.; Edwards, M.; Ni, Y.; Massey, J.; Jaeger, C. R.; Vancso, G. J.;
Manners, I. Macromolecules 1994, 27, 3992. (c) Rulkens, R.; Ni, Y;
Manners, I. J. Am. Chem. Soc. 1994, 116, 12121. (d) Foucher, D. A,;
Honeyman, C. H.; Nelson, J. M.; Tang, B. Z.; Manners, 1. Angew.
Chem., Int. Ed. Engl. 1993, 32, 1709.

(6) For the work of other groups on poly(ferrocenylsilanes) and
related materials, see the following: (a) Rosenberg, H. U.S. Patent 3,-
426,053, 1969. (b) Tanaka, M.; Hayashi, T. Bull. Chem. Soc. Jpn. 1993,
66, 334. (c) Nguyen, M. T.; Diaz, A. F.; Dement’ev, V. V.; Pannell, K.
H. Chem. Mater. 1998, 5, 1389.

(7) Rulkens, R.; Lough, A. J.; Manners, 1. J. Am. Chem. Soc. 1994,
116, 7917.

(8) Ni, Y.; Rulkens, R.; Pudelski, J. K.; Manners, I. Makromol.
Chem., Rapid Commun. 1995, 16, 637.
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Silicon-Bridged [1]Chromarenophane Cr(n-CeH3)2SiMey
to take place, the monomers have been found to possess

strained structures in which the cyclopentadienyl ligands
are tilted substantially by ca. 18—31° 41112
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The first silicon-bridged [1]chromarenophane, Cr(y-
CsH5)2SiPhe (4), was synthesized in 1990 by Elschen-
broich and co-workers.!? An X-ray diffraction study of
this species indicated that this compound possesses a
strained structure with a tilt angle between the planes
of the arene ligands of ca. 14°. Related compounds such
as 5 and 6 have also been characterized, and these also
have strained, ring-tilted structures. These results
suggest that [n]metalloarenophanes may also function
as precursors to novel transition-metal-based polymers
via ROP. In this paper, we report on the synthesis,
molecular structure, and polymerization behavior of Cr-
(n-CsHs)2SiMes (7), the chromarenophane analog of 1.14
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Results and Discussion

Various silicon-bridged [1Jmetalloarenophanes have
previously been synthesized and structurally character-
ized. For example, the previously mentioned species 4
was found to possess a substantially ring-tilted struc-
ture with a tilt angle of 14.4°.13 In addition, the silicon-
bridged [1lvanadarenophanes 5 and 6 were found to
possess tilt angles of 20.8° 15 and 19.9°,!6 respectively.

(9) (a) Nelson, J. M.; Rengel, H.; Manners, 1. J. Am. Chem. Soc. 19983,
115,7035. (b) Nelson, J. M.; Lough, A. J.; Manners, I. Angew. Chem.,
Int. Ed. Engl. 1994, 33, 989.

(10) Foucher, D. A,; Edwards, M.; Burrow, R. A,; Lough, A. J;
Manners, 1. Organometallics 1994, 13, 4959.

(11) (a) Stoeckli-Evans, H.; Osborne, A. G.; Whiteley, R. H. Helv.
Chim. Acta 1976, 59, 2402. (b) Stoeckli-Evans, H.; Osborne, A. G,;
Whiteley, R. H. J. Organomet. Chem. 1980, 194, 91. (c) Seyferth, D.;
Withers, H. P. Organometallics, 1982, 1, 1275. (d) Butler, I. R.; Cullen,
W. R.; Einstein, F. W. B.; Rettig, S. J.; Willis, A. J. Organometallics
1983, 2, 128. (e) Fischer, A. B; Bruce, J. A.; McKay, D. R.; Maciel, G.
E.; Wrighton, M. S. Inorg. Chem. 1982, 21, 1766. (f) Osborne, A. G.;
Whiteley, R. H.; Meads, R. E. J. Organomet. Chem. 1980, 193, 345.

(12) Pudelski, J. K.; Gates, D. P.; Rulkens, R.; Lough, A. J.; Manners,
1. Angew. Chem., Int. Ed. Engl. 1995, 34, 1506. :

(13) Elschenbroich, C.; Hurley, J.; Metz, B.; Massa, W.; Baum, G.
Organometallics 1990, 9, 889.

(14) Elschenbroich and co-workers have mentioned in a footnote in
a paper published in 1990 that they have prepared compound 7, but
no characterization data were reported (see ref 13, footnote 16). After
this manuscript was submitted, we were informed by Professor
Elschenbroich that the characterization data are described in a Ph.D.
Thesis (Hurley, J. Doktorarbeit, Philipps-Universitit Marburg, 1989).

(15) Elschenbroich, C.; Bretschneider-Hurley, A.; Hurley, J.; Massa,
W.; Wocadio, S.; Pebler, J.; Reijerse, E. Inorg. Chem. 1993, 32, 5421.
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The structures of these species are strikingly similar
to those of silicon-bridged [11}ferrocenophanes, and this
suggests that similar ROP behavior might be antici-
pated. To study the ROP behavior of these silicon-
bridged chromarenophanes, we targeted the chromar-
enophane analog of the ferrocenophane 1 rather than
phenylated 4, as'the ferrocenophane analog of the latter
yields a poly(ferrocenylsilane) that is insoluble and
difficult to characterize.3:52

Synthesis and Characterization of the Silicon-
Bridged [1]Chromarenophane Cr(5-C¢Hs)2SiMe;
(7). The [llchromarenophane 7 was prepared as a
maroon crystalline material in 56% yield via the reac-
tion of [Cr(y-CgHsLi)2' TMEDA with MegSiCl; in hex-
anes, a route analogous to that previously reported by
Elschenbroich and co-workers for the synthesis of 4.13
The synthesis [Cr(7-C¢HsLi)2] TMEDA was carried out
by reaction of bis(benzene)chromium with BuLi/TMEDA
in refluxing cyclohexane.

hexanes

cr *TMEDA + MejSiCl; —————»  Cr SIS

-78°C 1o RT
&S

The identity of 7 was confirmed by 'H, '3C, and 2°Si
NMR and mass spectrometry, which gave data consis-
tent with the assigned structure. Significantly, the 13C
NMR spectroscopic data for 7 indicated that this species
is significantly strained. Thus, an upfield 3C NMR
chemical shift for the ipso-arene carbons bonded to
silicon was found (39.5 ppm) compared to bis(benzene)-
chromium (73.2 ppm).}” By comparison, a similar trend
has been found for strained, ring-tilted [1]ferroceno-
phanes (e.g., 1), where the ipso-cyclopentadienyl carbon
atom bonded to silicon is shifted 35—60 ppm upfield
compared to analogous unstrained species.!® To allow
a comparison of the molecular structure of compound 7
with those of related species, a single-crystal X-ray
diffraction study was carried out.

Discussion of the X-ray Structure of 7. Maroon-
colored single crystals of 7 suitable for an X-ray diffrac-
tion study were obtained from a solution of the com-
pound in hexanes at —30 °C. Two alternative views of
the molecular structures of 7 are shown in Figure 1a,b.
A summary of cell constants and data collection param-
eters is included in Table 1, the fractional coordinates
are listed in Table 2, and important bond lengths and
angles are listed in Table 4 of the supporting informa-
tion for 7. The angles @, 3, 8, and é used in discussing
the structures are defined in Figure 2.1%

The most interesting structural feature of 7 is the tilt
of the virtually planar arene ligands with respect to one
another (Figure 1). The tilt angle of 16.6(3)° in 7 is
slightly larger than that in the previously characterized
phenylated analog 4 (o = 14.4°). The degree of tilting
in 7 can also be appreciated by considering the arene-

(16) Elschenbroich, C.; Bretschneider-Hurley, A.; Hurley, J.; Be-
hrendt, A.; Massa, W.; Wocadlo, S.; Reijerse, E. Inorg. Chem. 1995,
34, 743.

(17) Elschenbroich, C.; Koch, J. J. Organomet. Chem. 1982, 229, 139.

(18) Osborne, A. G.; Whiteley, R. H.; Meads, R. E. J. Organomet.
Chem. 1980, 193, 345.
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Figure 1. (a) Molecular structure of 7 and (b) alternative
view of the molecular structure of 7 (vibrational ellipsoids
at the 50% probability level; hydrogen atoms are shown
as small spheres for clarity).

(centroid)—Cr—arene(centroid) angle (6), which is 167.6-
(3)° compared to 180° in bis(benzene)chromium.'® The
tilting of the arene rings results in a displacement (away
from silicon) of the chromium atom from the line joining
the two centroids of the arene ligands of 0.173(8) A.
Additionally, the tilting of the arene ligands in 7 results
in a significant distortion from planarity at the arene
carbon bonded to silicon, with angles between the planes
of the arene ligands and the C(arene)—Si bonds (8) in 7
of 37.9(4)° and 38.2(4)°, which are slightly smaller than
that for 4 (40.8°). This substantial deviation from
planarity also helps to explain the large upfield 13C
NMR shift associated with the arene carbon atom
bonded to silicon. The C(arene)—Si—C(arene) angle 6
in 7 [92.9(3)°] is smaller than that of 4 [96.0(2)°] and in
both cases is substantially less than the ideal angle for
a spi-hybridized silicon atom. The smaller 6 angle
results in a slight scissoring effect at silicon, with a
widening of the C(R)—Si—C(R) [7, C(R) = Me; 4, C(R)
= Ph] angle to values of 111.0(4)° in 7 and 110.9(2)° in
4. The Si—C(arene) bond lengths in 7 [1.868(8) and
1.881(8) A] are essentially identical to those in 4 [1.882-
(4) Al. The Cr—Si distance in 7 of 2.906(1) A is longer
than both the sum of the covalent radii (2.42 A)2° and
the corresponding value in 4 [2.842(2) Al. These
distances indicate that any interaction between the Cr
center and silicon is weak at best. The arene ligands
in 7 are essentially eclipsed with a staggering angle of
0.1(8)°. There is an appreciable variance in the C—C
bond lengths associated with the arene ligands. The

(19) Keulen, E.; Jellinek, F. J. Organomet. Chem. 1965, 5, 490.
(20) Stark, J. G.; Wallace, H. G. Chemistry Data Book; John
Murray: London, 1975.
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Table 1. Summary of Crystal Data and Intensity
Collection Parameters®

7
empirical formula C1sH16CrSi
M. 264.36
crystal class orthorhombic
space group Pbca
a (A) 13.773(2)
b(A) 10.829(3)
cd) 16.180(3)
V(43 2413.2(9)
zZ 8
Dealed (g cm™3) 1.455
#(Mo K) (ecm™1) 0.10
F(000) 1104
w scan width (deg) 0.57
range 8 collected (deg) 3.47-25.0
total no. rflns 1981
no. of unique flns 1981
refinement coefficient F?
no. of data used 1981
no. of obsd data [I > 20(])] 1066
weighting a, b 0.0282, 0.00
Ry {I > 20(D)] 0.067
Ry (all data) 0.144
GOF 1.03
(A/O)mex in last cycle 0.00
no. of params refined 150
Ag (max)in final AF map (e A~3) 0.43

¢ Definition of R indices: Ry = Sw(F, — FVL(F,); Ruz = {Z[wF,?
— FAOPZ[wF A2,

Figure 2. Distortions in arenophanes defining angles a,
B, 8, and 6.

Table 2. Final Fractional Coordinates (x10%) and
Equivalent Isotropic Displacement Coefficients
(A? x 103) for the Non-Hydrogen Atoms of 7

x y z Uleq)
Cr 1120(1) 732(1) 6462(1) 22(1)
Si 1286(2) 1245(2) 8219(1) 28(1)
C(1) 457(5) 1824(7) 7381(5) 25(2)
C(2) 898(5) 2611(7) 6778(5) 25(2)
C(3) 722(5) 2476(8) 5929(5) 31(2)
C(4) 57(8) 1575(7) 5641(5) 35(2)
C(5) —422(5) 833(8) 6228(5) 36(2)
C(8) —235(5) 941(8) 7071(5) 33(2)
C(7) 1964(5) 214(7) 7497(4) 23(2)
C(8) 2565(5) 835(7) 6899(4) 23(2)
CH9) 2598(5) 458(8) 6057(5) 29(2)
C(10) 2041(5) —535(8) 5777(5) 34(2)
c(1n 1466(5) —-1195(7) 6348(5) 36(2)
C(12) 1440(5) —839(7) 7190(5) 30(2)
C(13) 622(6) 371(8) 9026(5) 45(2)
C(14) 2048(5) 2478(7) 8688(5) 35(2)

bond lengths for the carbon atoms directly bonded to
the ipso-carbons [C(1)—C(6) = 1.441(10) A, C(1)-C(2)
= 1.431(10) A] are significantly longer than the other
C—C bond lengths [e.g., C(2)—C(3) = 1.403(10) Al. This
lengthening is consistent with the substantial deviation
from sp? hybridization for the arene carbon atom bonded
to silicon.
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Thermal and Anionic Homopolymerization Be-
havior of 7. Attempts to thermally polymerize 7
involved heating this species in the melt in a manner
analogous to that used to successfully polymerize 1.
However, when 7 was heated in an evacuated tube at a
temperature of 180 °C for 1 h, a substantial amount of
lustrous metallic chromium coated the sides of the tube
and no increase in viscosity was detected. Analysis of
the tube contents by 'H and 2°Si NMR, as well as by
mass spectrometry, showed only the presence of Phy-
SiMez.

Anionic ROP has previously been reported for cyclic
tetrasilanes?! and also for the ROP of the [1lferro-
cenophane 1.5%7 Similar anionic ROP methods were
investigated in an attempt to induce 7 to polymerize
under more mild conditions.

Initial experiments focused on stoichiometric ring-
opening reactions of 7. When a solution of 7 in THF
was treated with 1 molar equiv of MeLi in diethyl ether
followed by quenching of the reaction with MesSiCl,
examination of the reaction products by NMR spectros-
copy provided evidence for the formation of the bis-
[(trimethylsilyl)benzenelchromium species 8. A H
NMR spectrum (in CgDs) of the products revealed that,
in fact, no monomer remained and displayed only broad
resonances at 4.33—4.25 (br's, arene) and 0.25 (s, SiMe3)
ppm. Further evidence for the formation of 8 was
provided by a ?°Si NMR (in C¢Ds) spectrum, which
displayed a sharp resonance at 1.9 ppm that was
identical to that of an authentic sample of 8 prepared
via reaction of [Cr(y-CsH;sLi) TMEDA with MesSiCl in
hexanes. The formation of 8 demonstrated that 7 can
indeed be ring-opened stoichiometrically by anionic
reagents. To explore whether oligomerization or po-
lymerization could be induced, the reaction of 7 with
low concentrations (10%) of alkyllithium reagents was
investigated. However, only uncharacterized mixtures
of products were formed in these reactions according to
298i NMR analysis. GPC analysis was unsuccessful,
presumably as a consequence of the acute air and
moisture sensitivity of the material. Mass spectral
analysis also provided no useful information in the form
of peaks assignable to monomeric or oligomeric frag-
ments. In an attempt to yield products that were
amenable to characterization, the thermal and anionic
copolymerization reactions of 7 with the silicon-bridged
[1lferrocenophane 1 were explored.

Thermal and Anionic Copolymerization of 7
with 1. A sealed tube containing an equimolar ratio of
7 and 1 was heated for 3 h at 140 °C. No significant
increase in viscosity was detected. Analysis of the tube
contents by 'H NMR and GPC showed a significant
amount of the two starting monomers and small quanti-
ties (yield = 10%) of the poly(ferrocenylsilane) 2. Under
identical conditions, as a control, a pure sample of 1
underwent ROP to yield poly(ferrocenylsilane) 2 in
greater than 80—90% yield.?2 Extended heating (72 h)
of a 1:1 molar mixture of 1 and 7 at 140 °C in a sealed
Pyrex tube produced an immobile black solid, which

(21) Cypryk, M.; Gupta, Y.; Matyjaszewski, K. JJ. Am. Chem. Soc.
1991, 113, 1046,

(22) Interestingly, in other experiments it was found that the
addition of 10—25% of 7 to 1 led to an effective inhibition of the
thermally induced ROP process, with dramatic reductions in both yield
and molecular weight. In contrast, polymerizations of 1 carried out
in 1:1 molar ratios with bis(benzene)chromium showed no signs of
significant inhibition. See the Experimental Section for details.
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Figure 3. 'H NMR spectrum of copolymer 9b in C¢Ds.
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showed partial solubility in hexanes and good solubility
in C¢Dg. Analysis of this material by multinuclear (*H,
2981, 18C) NMR afforded data consistent with the forma-
tion of a cooligomer or copolymer 9a, presumably mixed
with poly(ferrocenylsilane) 2 on the basis of the results
of the 3 h experiment.?®> Treatment of an equimolar
amount of 7 and 1 in THF with 10 mol % n-Buli in
THF yielded an analogous copolymer 9b. The 'H NMR
spectra of the poly(ferrocenylsilane)—poly(chromarenos-
ilane) copolymers displayed broad resonances at 4.2—
4.3 ppm assigned to both arene and Cp protons, 4.1—
4.2 ppm assigned to Cp protons, and 0.5-0.6 ppm
assigned to SiMe; protons (see Figure 3 for 9b). The
integration ratio for the arene and cyclopentadienyl
regions of the 'H NMR spectrum showed that the ratios
of Cr:Fe in the copolymers were ca. 1:4.6 in 9a and 1:1.6
in 9b. Further structural characterization of 9a and
9b was provided by 2°Si and 3C NMR spectroscopy.
Analysis of the copolymers by 2°Si NMR (in Cg¢Ds)
showed resonances for the ferrocenyldimethylsilane
units at —6.4 ppm? and a broad resonance for chromar-
enodimethylsilane segments at +3.7 ppm and also
revealed a small peak for a SiMe; crossover group
between the ferrocenyldimethylsilane and chromareno-
dimethylsilane segments at —1.3 ppm (see Figure 4 for
9b).

Very little information has been published concerning
the 29Si NMR shifts of ring substituted bis(benzene)-
chromium compounds, and to provide additional support
for our assignments, we synthesized the bis(dimeth-
ylphenylsilane)-substituted species 10 by reaction of [Cr-
(7-CeHsLi)2* TMEDA with Me;PhSiCl in hexanes. Com-
pound 10 was found to display a 2°Si NMR resonance
at +0.7 ppm. As uncomplexed PhyoSiMe; displays a 2°-
Si NMR resonance at —7.9 ppm, a comparison suggests
that complexation of both phenyl groups in PhySiMe;
chromium would result in a significant downfield chemi-
cal shift from +0.7 ppm, which is reasonably consistent
with our value for a ring-opened chromarenosilane
segment in 9a and 9b at +3.4 ppm.

The 13C NMR spectra of 9a and 9b were also consis-
tent with the assigned copolymer structure. Further
evidence for the copolymeric nature of these materials
was provided by mass spectrometric analysis of samples,
which were heated under vacuum at 100 °C in the mass
spectrometer probe, and the thermal decomposition

(23) Elemental analysis data for 9a and 9b were repeatedly low for
C (e.g., for 9b Anal. caled C, 61.10; H, 5.89. Found: C, 53.70; H, 5.64).
Similar problems have been noted for Cr—arene compounds (see
footnote 13 in ref 15),
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Figure 4. 2°Si NMR spectrum of copolymer 9b in C¢De.

products were found to contain the oligomer species
CeH5SiM€2((77-C5H4)Fe(77-C5H4)SiMez)xC(;H5 (x = 1—4).

GPC analysis of the molecular weights of the copoly-
mers 9a and 9b was not possible due to the acute air
sensitivity of the materials. An alternative method to
measure the molecular weights of the copolymers 9a
and 9b involved treatment with methanol, which is
known to cleave arene—silicon bonds in these bis-
(benzene)chromium-based systems to afford CsHg and
SiOH groups.!32¢ This resulted in partial, but controlled
decomposition of the copolymer to leave the ferroce-
nyldimethylsilane segments intact. Similar partial
decomposition techniques using UV light were previ-
ously used to confirm the nature of poly(ferrocenylsi-
lane)—poly(silane) copolymers.?® GPC analysis of 9a
after methanolysis provided a minimum molecular
weight estimate (assuming a block copolymer) and gave
an approximate weight-average molecular weight (M)
of 2.0 x 10° and a number-average molecular weight
(M) of 0.9 x 103, This suggests that the M,, for the
copolymer 9a is at least 2.4 x 10° on the basis of the
Cr:Fe ratio from 'H NMR integration. The polymeric
nature of this methanolysis product was confirmed by
'H NMR spectroscopy, which showed characteristic
resonances associated with the poly(ferrocenyldimeth-
ylsilane) (2).5> An analogous procedure for 9b showed
that the value of M, is at least 1.2 x 104, The lower
molecular weight for the thermally derived copolymer
9a is also consistent with the partial solubility of this
material in hexanes, which is a nonsolvent for 9b and
2.

(24) In an attempt to estimate of the molecular weights of 9a and
9b, these materials were first oxidized with [Fe(y-CsHs):][PFs] in THF.
However, analysis of the oxidized materials by GPC showed only peaks
with My, < ca. 2000, which trailed into that of the solvent. Presumably
due to the ionomeric nature of oxidized 9a and 9b, the use of GPC
analysis with polystyrene standards provides a poor estimate of the
molecular weight.

(25) Fossum, E.; Matyjaszewski, K.; Rulkens, R.; Manners, 1.
Macromolecules 1995, 28, 401.
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Summary and Conclusions

The silicon-bridged [1]chromarenophane 7 has been
synthesized and structurally characterized. Unlike the
silicon-bridged [1lferrocenophane 1, this compound is
resistant to thermal and anionic homopolymerization
via ROP; however, through thermal and anionic copo-
lymerization with polymerizable 1, the bimetallic air-
sensitive oligomeric/polymeric materials 9a and 9b have
been prepared.

Recent work has shown that the thermal ROP of
silicon-bridged [1]ferrocenophane occurs by cleavage of
the cyclopentadienyl carbon-bridging atom (i.e., silicon)
bond via a process that is probably heterolytic in
nature.? The difference in polymerization behavior
observed for the [1]lchromarenophane 7 compared to the
analogous [1]ferrocenophane 1 can be attributed to the
lower Cr—arene bond energy, which is ca. 170 kJ mol !
compared to ca. 220 kJ mol~! for a Fe—Cp bond.?” Thus,
at elevated temperatures (e.g., 180 °C) exclusive extru-
sion of Cr is detected. At lower temperatures (ca. 140
°C), this extrusion process is much slower and it is
possible to induce copolymerization with 1. Analogous
air- and moisture-sensitive copolymers were also formed
by anionic copolymerization of 7 with 1.

We are now investigating the synthesis and polym-
erization behavior of other strained, transition-metal-
containing rings, and our results will be the subject of
future publications.

Experimental Section

Materials. Dimethyldichlorosilane (MeySiCly), dimeth-
ylphenylchlorosilane (Me,PhSiCl), trimethylchlorosilane (Mes-
SiCl), 1.6 M butyllithium in hexanes, 1.4 M methyllithium in
diethyl ether, tetramethylethylenediamine (TMEDA), ferro-
cenium hexafluorophosphate, and chromium(III) chloride were
purchased from Aldrich. Bis(benzene)chromium, dilithio[bis-
(benzene)chromium]- TMEDA, and dilithioferrocene-TMEDA
were synthesized by literature procedures.5213

Equipment. All reactions and manipulations were carried
out under an atmosphere of prepurified nitrogen using either
Schlenk techniques or an inert-atmosphere glove box (Vacuum
Atmospheres). Solvents were dried by standard methods,
distilled, and stored under nitrogen over activated molecular
sieves. 'H NMR spectra (200 MHz) and '3C NMR spectra (50.3
MHz) were recorded on either a Varian Gemini 200 or a Varian
XL 400 spectrometer, respectively. The 79.4 MHz 2°Si NMR
spectra were referenced externally to SiMes (TMS) and were
recorded on a Varian XL 400 spectrometer utilizing either a
normal (proton-coupled) or a DEPT pulse sequence (proton-
decoupled) with a 2Jgi—y coupling of 6.7 Hz. All NMR spectra
were performed in benzene-dg, which was dried over sodium
and stored under nitrogen over activated molecular sieves, and
were referenced internally to TMS. Mass spectra were ob-
tained with the use of a VG 70-250S mass spectrometer

(26) Pudelski, J. K.; Manners, L. J. Am. Chem. Soc. 1995, 117, 7265.

(27) (a) The Cr—(5-C¢Hs) bond energy of Cr(n-CgHe)z is ca. 170 kJ/
mol, and the Fe—(y-CsHs) bond energy of Fe(y-CsHs)2 is ca. 220—270
kd/mol [see Elschenbroich, C.; Salzer, A. Organometallics; VCH:
Weinheim, Germany, 1992].
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operating in an electron impact (EI) mode. Molecular weights
were estimated by gel permeation chromatography (GPC) by
using a Waters Associates liquid chromatograph equipped with
a 510 HPLC pump, U6K injector, and ultrastyragel columns
packed with high-performance, fully porous, highly cross-
linked styrene—divinylbenzene copolymer particles, with a
pore size between 10% and 105 A, and a Waters 410 differential
refractometer. A flow rate of 1.0 mI/min was used, and the
eluent was a solution of 0.1% tetra-n-butylammonium bromide
in THF. Polystyrene standards were used for calibration
purposes.

Synthesis of the Silicon-Bridged [1]Chromarenophane
7. To a suspension of [Cr(7-CsHsLi)e TMEDA (242 g, 7.2
mmol) in hexane (40 mL) was added MeySiCl; (0.93 g, 7.4
mmol) at —78 °C. The reaction mixture was stirred at this
temperature for 3 h and was then allowed to warm to room
temperature over a 12 h period. Removal of solvent under
vacuum left 7 as a black powder that was isolated and purified
by recrystallization from hexanes at —20 °C (yield, 1.04 g
(56%)). 'H NMR (200 MHz) (CDCl3): 6 4.7 (t, ®Juyy = 5.3 Hz,
2H, p-C¢Hs), 4.5 (t, °Jun = 5.4 Hz, 4H, m-CeHs), 3.9 (d, 3Jyn =
5.1 Hz, 4H, 0-CgHs), 0.3 (s, 6H, SiMe). 3C NMR (CDCl3): ¢
82.7 (p-CeHs), 79.1 (0-CeHjs), 75.4 (m-CeHs), 39.5 (ipso, CpSi),
—4.9 (SiMe). 2°Si NMR (79.5 MHz) (C¢De): 6 21.0. MS (EI,
70 eV): m/z 264 (M*, 100), 249 (M* — CH,;, 39), in good
agreement with isotopic abundance calculations. HRMS
calculated for C14H;¢%2Cr?8Si 264.0426, found 264.0427.

Synthesis of Bis[(trimethylsilyl)benzenelchromium
(8). To a suspension of [Cr(y-CsH;Li):]* TMEDA (0.20 g, 0.6
mmol) in cyclohexane (40 mL) was added Me3SiCl (0.40 g, 3.2
mmol) at —20 °C. The reaction mixture was stirred at this
temperature for 3 h and was then allowed to warm to room
temperature over a 12 h period. Removal of solvent under
vacuum left 8 as a black powder that was isolated and purified
by sublimation at high vacuum (70 °C/0.005 mmHg) to give
very air-sensitive dark brown crystals (yield, 0.15 g (72%)).
'H NMR (200 MHz) (CsDg): 6 4.33—4.25 (br s, 10H, C¢Hs),
0.25 (br s, 18H, SiMe;). 2°Si NMR (79.5 MHz) (C¢Ds): 6 1.9
(s, SiMe;). MS (EIL, 70 eV): m/z 352 (M*, 35), 280 (M+ —
SiMes, 12), 135 (SiPhMe;, 100), in good agreement with
isotopic abundance calculations.

Synthesis of Bis[(dimethylphenylsilyl)benzene]-
chromium (10). To a suspension of [Cr(#-C¢HsLi):]* TMEDA
(0.22 g, 0.7 mmol) in cyclohexane (40 mL) was added PhMe;,-
SiCl (0.34 g, 3.2 mmol) at —20 °C. The reaction mixture was
stirred at this temperature for 3 h and was then allowed to
warm to room temperature over a 12 h period. Removal of
solvent under vacuum left 9 as a black powder that was
isolated and purified by sublimation at high vacuum (70 °C/
0.005 mmHg) to give very air-sensitive dark brown crystals
(yield, 0.21 g (72%)). H NMR (200 MHz) (CgDs): 6 7.77 (m,
2H, SiPh), 7.16—7.19 (m, 3H, SiPh), 4.38 (br s, 3H, C¢Hs), 4.28
(br s, 2H, CgHj), 0.25 (br s, 6H, SiMes). 2°Si NMR (79.5 MHz)
(CeDg): 6 0.7 (s, SiPhMey). MS (EI, 70 eV): m/z 476 (M*, 38),
341 (M* — SiPhMe;, 9), 135 (SiPhMe,, 100), in good agreement
with isotopic abundance calculations. HRMS calculated for
C25H32520r28 Siz 476.1448, found 476.1450.

Attempted Thermal ROP of 7. Samples of 7 (ca. 120 mg,
0.43 mmol) were heated in evacuated, sealed Pyrex glass tubes
at temperatures of 180 °C for 1 h, resulting in the production
of chromium metal and Ph,;SiMe;, as confirmed by *H and -
Si NMR and mass spectrometry. 'H NMR (200 MHz) (C¢Dg):
0 7.45 (m, 4H, SiPh), 7.15—-7.19 (m, 6H, SiPh), 0.41 (br s, 6H,
SiMe,). 2°Si NMR (79.5 MHz) (CsDs): 6 —7.9 (s, MesSiPhy).
MS (EI, 70 eV): m/z 212 (M*, 26), 197 (M™ — Me, 9), 135
(SiPhMe,, 12). No increase in melt viscosity was noted, and
analysis of the tube contents by mass spectrometry and GPC
in THF showed that no high molecular weight (M,, > 1000),
GPC-active material was present.

(28) Sheldrick, G. M. SHELXA-90, Program for Absorption Correc-
tion; University of Géttingen: Gottingen, Germany, 1994,
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Anionic Ring-Opening Reactions of 7. (a) To a solution
of 7 (30 mg, 0.11 mmol) in 2 mL of THF was added 0.08 mL
(0.11 mmol) of a 1.4 M solution of MeLi in diethyl ether The
reaction mixture was stirred for 1.5 h and quenched with an
excess of MesSiCl. Analysis of the reaction mixture by 'H and
2531 NMR showed resonances consistent with the formation
of bis[(trimethylsilyl)benzenelchromium (8). 'H NMR (200
MHz) (CgDs): 6 4.33—4.25 (br s, 10H, C¢Hs), 0.25 (br s, 18H,
SiMes). #Si NMR (79.5 MHz) (CgDe): 6 1.9 (s, SiMes).

(b) To a solution of 7 (100 mg, 0.38 mmol) in 3 mL of THF
was added 0.027 mL (0.038 mmol) of a 1.4 M solution of MeLi
in diethyl ether. The reaction mixture was stirred for 1.5 h
and quenched with 0.04 mL of Me;3SiCl (0.38 mmol). 'H NMR
(200 MHz) (CgDg): & 4.40—4.10 (br s, arene), 0.54 (br s). 2°Si
NMR (79.5 MHz) (C¢Ds): 6 30.6, 7.6, and 4.8. Analysis of this
solid by GPC was not possible due to the acute air sensitivity
of the material.

(c) To a solution 7 (100 mg, 0.38 mmol) in 3 mL of THF was
added 0.023 mL (0.037 mmol) of a 1.6 M solution of BuLi/
hexanes. The reaction mixture was stirred for 1.5 h and
quenched with 0.04 mL of Me3SiCl (0.38 mmol). 'H NMR (200
MHz) (CeDg): 6 4.40—4.10 (br s, arene), 0.54 (br s). #°Si NMR
(79.5 MHz) (C¢Dsg): 6 27.5, 7.6, and 4.6. Analysis of this solid
by GPC was not possible due to the acute air sensitivity of
the material.

Attempted Thermal Copolymerization of 7 with the
[1]1Ferrocenophane 1. (a) A mixture consisting of a 1:1
molar ratio of 7 (100 mg, 0.38 mmol) and 1 (90 mg, 0.37 mmol)
was heated at 140 °C for (i) 1, (ii) 3, (iii) 47, and (iv) 72 h. In
the cases of i—iii, no significant increase in melt viscosity was
noted, and analysis of the tube contents by 'H and 2°Si NMR
revealed that a varying amount of the poly(ferrocenylsilane)
2 was either (i) not detectable, (ii) ca. 10% and (iii) 50% based
on 'H NMR integration together with the two starting
monomers. In the case of iv, heat treatment resulted in the
formation of an immobile black solid, which was analyzed by
multinuclear (*H, 2°Si, 13C) NMR and found to possess reso-
nances consistent with the formation of a poly(ferrocenylsi-
lane)—poly(chromarenosilane) copolymer 9a. For 9a: 'H NMR
(200 MHz) (CsDs) 6 4.28 (br s), 4.11 (br s), 0.55 (br s); 13C NMR
(50.3 MHz) (CeDs) 6 79.1 (s, arene), 76.5 (s, arene), 74.8 (s,
arene), 74.1 (s, ipso-arene), 73.7 (s, Cp), 71.9 (s, ipso-Cp), 71.4
(s, Cp), —0.5 (s, CpSiMeysCp), —1.0 (s, CpSiMe;s-arene), —1.6
(s, arene-SiMey-arene); 2Si NMR (79.5 MHz) (C¢Dg) 6 3.4 (br
s, arene-Si-arene), —1.3 (br s, CpSi-arene), —6.4 (br s, CpSiCp).
This material was treated with methanol (20 mL) and filtered,
and the solvent was removed in vacuo, leaving a brown
residue. Analysis of this material by 'H NMR in CsDs showed
resonances at 4.28 (br s, 4H, -CsH,), 4.11 (br s, 4H, -CsHy),
and 0.56 (br s, 6H, SiMe) ppm, consistent with the formation
of poly(ferrocenylsilane) 2. Analysis of this solid by GPC
revealed that this material possesses a weight-average mo-
lecular weight (M) of ca. 2.0 x 10° and a number-average
molecular weight (M,) of ca. 0.9 x 10%. On the basis of 'H
NMR integration, this suggests that a minimum estimate of
molecular weight for this material is ca. 2.4 x 102

(b) A mixture consisting of a 1:4 molar ratio of 7 (20 mg,
0.076 mmol) of 1 (70 mg, 0.29 mmol) was heated for (i) 3 and
(ii) 47 h at 140 °C. In each case, no increase in melt viscosity
was noted, and analysis of the tube contents by 'H and 2°Si
NMR and GPC revealed that a small to moderate amount of
the poly(ferrocenylsilane) 2 was present: (i) ca. 10%, M,, =
6.6 x 103, M, = 4.7 x 103, polydispersity (M/M,) = 1.4; (ii)
55%, My = 5.5 x 108, M,, = 4.3 x 103, polydispersity (M./M,)
= 1.4. The two starting monomers were also identified by 'H
NMR.

Influence of Bis(benzene)chromium on the Thermal
ROP of the [1]Ferrocenophane 1. A mixture consisting of
a 1:1 molar ratio of bis(benzene)chromium (50 mg, 0.24 mmol)
and 1 (58 mg, 0.24 mmol) was heated for 10 min at 150 °C, at
which point a considerable increase in viscosity was noted and
the tube contents became immobile. Analysis of the tube
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contents by 'H NMR revealed that the poly(ferrocenylsilane)
2 (approximately 10% based on NMR integrations) was present
along with the two starting monomers. For polymer 2: M,, =
3.6 x 105, M, = 2.3 x 10%, polydispersity (M./M,) = 1.6.

Anionic Copolymerization of 7 with the [1]Ferro-
cenophane 1. To a 1:1 molar mixture of 7 (50 mg, 0.19 mmol)
and 1 (45 mg, 0.19 mmol) in 10 mL of THF was added 0.01
mL (0.016 mmol) of a 1.6 M solution of BuLi in hexanes. The
reaction mixture was stirred for 1.5 h and quenched with 0.02
mL of Me3SiCl (0.16 mmol). Analysis of the black reaction
product 9b by 'H and #°Si NMR showed resonances consistent
with the formation of a poly(ferrocenylsilane)—poly(chromar-
enosilane) copolymer. *H NMR (200 MHz) (CsDg): 6 4.37 (br
s, arene), 4.26 (br s, Cp), 4.10 (br s, Cp), 0.54 (br s, SiMey). 13C
NMR (50.3 MHz) (C¢Ds): 6 79.1 (8, arene), 76.5 (s, arene), 74.8
(s, arene), 74.1 (s, ipso-arene), 73.7 (s, Cp), 71.9 (s, ipso-Cp),
71.4 (s, Cp), —0.5 (s, CpSiMezCp), —1.0 (s, CpSiMez-arene),
—1.6 (s, arene-SiMes-arene). 2°Si NMR (79.5 MHz) (CsDs): 6
3.4 (br s, arene-Si-arene), —1.3 (br s, CpSi-arene), —6.4 (br s,
CpSiCp). MS (EI, 70 eV): m/z 1180 (((Fe(y-CsHy)o-
SiMeg)a(CeHs)2SiMe,, 8), 938 ((Fe(n-C:sHq)2SiMes)s(CeHs)a-
SiMey), 4), 726 ((Fe(y-CsHy):SiMes)s, 30), 696 ((Fe(n-CsHy)o-
SiMez)z(Cst,)zSiMEZ), 5), 528 ((CGHs)ZcI‘SiMez)Z), 36), 502
((Fe(n-CsH5)(n-CsHy)(SiMeOSiMes)(Fe(n-CsHy)(n-CsHs)), 75),
484 ((Fe(n-CsHy)2SiMes)s, 36), 454 ((Fe(n-CsHy)2SiMea)((CeHis)e-
SiMez), 100), 428 ((Fe(ﬂ-05H4)2SiM92(Fe(ﬂ-05H4)2, 6), 363
((Fe(77-C5H4)2SiMe2(77-CsH4)Fe, 14), 243 ((Fe(n-C5H4)ZSiMe2 +
H, 33), 197 (PhySiMe, 18), 186 ((Fe(y-CsHs)z, 12), 135 (PhSiMes,
49). This material was treated with methanol (20 mL) and
filtered, and solvent was removed in vacuo, leaving a brown
residue. Analysis of this material by 'H NMR in C¢Dg showed
resonances at 4.28 (br s, 4H, #-CsHy), 4.11 (br s, 4H, 5-CsHy),
and 0.56 (br s, 6H, SiMe) ppm, consistent with the formation
of poly(ferrocenylsilane) 2. Analysis of this solid by GPC
revealed that this material possesses a weight-average mo-
lecular weight (M) of ca. 7.5 x 10% and a number-average
molecular weight (M,) of ca. 6.7 x 103. On the basis of 'H
NMR integration, which showed a 1:1.6, Cr:Fe ratio, this
suggests that a minimum estimate of molecular weight for this
material is ca. 1.2 x 104

X-ray Structural Determination Technique. Intensity
data were collected on an Enraf-Nonius CAD4 (Siemens P4)
diffractometer at 173 K, using graphite monochrominated Mo
Ko radiation (2 = 0.710 73 A). The w scan technique was
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applied with variable scan speeds (4 to 45 deg/min in w). The
intensities of three standard reflections measured every 97
reflections showed no decay. The data were corrected for
Lorentz and polarization effects. A semiempirical absorption
correction was carried out using SHELXA-9028 (in SHELXL-
93). The program used for absorption correction was SHELXA-
90,28 which uses AF refinement for corrections. The structure
was solved by direct methods. Non-hydrogen atoms were
refined with anisotropic thermal parameters by full-matrix
least squares to minimize Yw(F, — F.)?, where W-! = o%(F,) +
(aP)? + bP, where P = (F,? + 2F.2)/3. Hydrogen atoms were
included in calculated positions (C—H distance of 0.96 A) with
Usso of 0.030(6) A2 for ring hydrogens and 0.01(2) A2 for methyl
hydrogens. Crystal data, data collection, and least-squares
parameters are listed in Table 1. All calculations were
performed and structural diagrams were created by using
SHELXTL PC? on a 486-66 personal computer. Atomic
coordinates are listed in Table 2; other data concerning the
crystal structure are given in the supporting information.
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Thermal Ring-Opening Polymerization (ROP) of
Strained, Ring-Tilted, Phosphorus-Bridged
[1]Ferrocenophanes: Synthesis of
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A series of phosphorus(III)-bridged [1}ferrocenophanes Fe[(-CsHsR)(#-C;HsRMPX (X =
Ph,R=R =H@);X=CLR=R=H4);X=Ph, R=H,RR="Bu(§); X=Ph,R=R’
= SiMe; (6)) have been synthesized via the reaction of Fe[(n-C;HsRLi)(n-CsH3R'Li) - nTMEDA
with PXCl; (X = Cl, Ph). The reaction of 6 with an excess of elemental sulfur resulted in
the quantitative formation of the phosphorus(V)-bridged species Fe[yn-CsH3SiMe;s]:P(S)Ph
(7). The new compounds 4—7 were characterized by multinuclear NMR, by mass spectrom-
etry and, in the cases of 4, 6, and 7, by single-crystal X-ray diffraction and elemental analysis.
Ring-tilt angles (o) for 4 and 6 were found to be typical of phosphorus(III)-bridged
[1lferrocenophanes (4, 27.0(6)°; 6, 27.5(6)°) whereas in the case of the phosphorus(V)-bridged
species 7 the tilt angle was slightly less (o = 25.3(3)°). The thermal ring-opening
polymerization of 3, 5, and 6 at 120250 °C yielded the poly(ferrocenylphosphines) 8—10,
respectively. These materials were characterized by multinuclear NMR and by elemental
analysis. The molecular weight of the trimethylsilyl-substituted polymer 10 was determined
by GPC in THF versus polystyrene standards to be M,, = 66 000, PDI = 1.98, whereas 8
and 9 failed to elute from the GPC column. The phosphorus(V)-bridged species 7 also
underwent thermal ring-opening polymerization to yield the poly(ferrocenylphosphine sulfide)
13 which was analyzed by GPC (M, = 22 000, PDI = 1.24); thermally-induced elimination
of S(SiMes); from the ring-opened polymer was identified as a side reaction. The macro-
molecular reactions of 8—10 with elemental sulfur yielded the poly(ferrocenylphosphine
sulfides) 11—13. These were structurally characterized by multinuclear NMR and elemental
analysis and their molecular distributions were analyzed by GPC (M, = 18 000—65 000,
PDI = 1.5-2.3).
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structure are of current interest as a result of their novel
physical and catalytic properties.!~®> However, the
synthesis of well-defined, high molecular weight, and
soluble examples of these materials has posed a con-
siderable synthetic challenge. With this in mind, we
recently reported the discovery that strained ring-tilted
[1]ferrocenophanes (e.g. 1) undergo thermal ring-open-
ing polymerization (ROP) to yield high molecular weight
poly(ferrocenylsilanes) (e.g. 2).5 Subsequent studies
have focused on the interesting properties of these
materials.257-19 We have also recently described that,
in the presence of anionic initiators in solution, silicon-
bridged [1]ferrocenophanes yield linear oligo(ferrocen-
ylsilanes). Moreover, in the presence of small quantities

® Abstract published in Advance ACS Abstracts, November 1, 1995.
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of an initiator such as "Buli, living anionic ROP is
possible.ll This allows for the preparation of poly-
(ferrocenylsilanes) with controlled molecular weights
and end group structures and also permits access to
novel block copolymers.!! Recently, transition metal-
catalyzed ROP of silicon-bridged [1lferrocenophanes
in solution at ambient temperatures has also been
achieved.!2
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We have also described the extension of the ROP
approach to germanium-bridged [1lferrocenophanes.'314
ROP of these species yields poly(ferrocenylgermanes)
which have been shown to possess similar electrochemi-
cal and thermal transition behavior to their silicon
analogues.?15 Strained, ring-tilted hydrocarbon-bridged
[2lmetallocenophanes also undergo thermally-induced
ROP to yield new classes of organometallic polymers,
poly(metallocenylethylenes).16

As part of our efforts to further extend this ROP
methodology, we have studied the polymerization be-
havior of phosphorus-bridged [1]ferrocenophanes.!” Poly-
mers derived from these species are of interest as they
possess phosphorus(III) centers which could function as
coordination sites for the complexation of transition
metals and as crosslinking sites through deriva-
tization.!®19 In this paper we report our studies of the
thermal ring-opening polymerization behavior of [1fer-
rocenophanes which possess either a phosphorus(III) or
phosphorus(V) unit in the bridge.

Experimental Section

Equipment. Reactions and manipulations were carried out
strictly under an atmosphere of prepurified nitrogen (Canox)
using either Schlenk techniques or an inert-atmosphere glove-
box (VAC Atmospheres) where required. Solvents were all
dried and distilled using standard methods, and all reactions
were carried out with solvents that had been stored under an
inert (N2) atmosphere. 'H and 13C NMR spectra were obtained
using either a Varian XL 400 (400 and 100.5 MHz, respec-
tively) or a Varian Gemini 200 spectrometer (200 and 50.3
MHz, respectively) and were referenced to SiMe, (TMS). 3P
NMR spectra were obtained using a Gemini 300 spectrometer
(121.5 MHz) and were referenced externally to 85% H3sPO, in
DsO. 2°Si NMR spectra were obtained on a Varian XL 400
spectrometer (79.4 MHz) using either a normal or a DEPT
pulse sequence and were referenced externally to TMS. Mass
spectra were obtained with the use of a VG 70-2508 mass
spectrometer using an 70 eV electron impact ionization source.
Molecular weights were determined by GPC (Waters 410
refractometer, Waters 510 HPLC pump, Waters 710 data
module) on the basis of a comparison to polystyrene standards
using a two column system in THF with 0.1% ["BusN]Br (w/
w) with Waters Ultrastyragel columns (1 x 105, 1 x 108).

Materials. All reagents purchased from Aldrich were used
as received (ferrocene, butylferrocene, 1.6 M butyllithium in
hexanes, dichloro(phenyl)phosphine, TMEDA, S(SiMe3)., and
Grignard reagents). Inert-atmosphere nitrogen was supplied
by Canox as prepurified No. Trichlorophosphine was supplied
by BDH Inc. and was used without further purification.
Elemental sulfur was supplied by BDH and was sublimed

(11) Rulkens, R.; Ni, Y.; Manners, I. J. Am. Chem. Soc. 1994, 116,
12121.

(12) Ni, Y.; Rulkens, R.; Pudelski, J. K.; Manners, I. Makromol.
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1993, 14, 63.
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Manners, 1. Organometallics 1994, 13, 4959.
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ners, 1. Inorganic and Organometallic Polymers II; Wisian-Neilson, P.,
Allcock, H. R., Wynne, K. J., Eds.; American Chemical Society:
Washington, DC, 1994; p 449.
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Chem., Int. Ed. Engl. 1994, 33, 989.
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34 (1), 330.
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before use. 1,1’-Bis(trimethylsilyl)ferrocene was synthesized
using a literature procedure.?’

Synthesis of Fe(-C;Hy):PPh (3). This procedure was
adapted from that previously described by Seyferth and
Withers.1®

Fe[(7-CsH4)Lile'nTMEDA (2.33 g, 7.34 mmol) was slurried
in 150 mL of hexanes with stirring and was cooled to —78 °C.
To this mixture was added a 40 mL solution of PhPCl; (1.0
mL, 7.36 mmol) in hexanes dropwise by cannula. Stirring was
continued as the reaction solution was slowly warmed to ca.
15 °C over which period (2.5 h) the color had become dark red.
The resulting reaction solution was then filtered, the solvent
was removed from the filtrate in vacuo, and the residue was
dried overnight under high vacuum. The resulting solid was
extracted with hexanes until the extracts were colorless. The
washings were combined and concentrated by the removal of
solvent under vacuum. The solution was cooled to —50 °C
which resulted in the formation of red crystals. Yield of 3:
1.0 g (48%). These dark red crystals were identified as 3 by
H, 13C, and *'P NMR spectroscopy and by MS which afforded
data in excellent agreement with those found in the litera-
ture.1?

Data for 3: 3P NMR (CH:Cly) 6 = 13.1 ppm; ‘H NMR (C¢D5)
6 = 7.7-17.5 (m, 0-Ph, 2H), 7.3-7.0 (m, p,m-Ph, 3H), 4.6-4.5
(m, Cp, 2H), 4.4—-4.3 (m, Cp, 2H), 4.3—4.1 (m, Cp, 4H); 13C
NMR (CgDg) 6 = 18.6 (d, ipso Cp, Jpec = 54.5 Hz), 78.2 (s, Cp),
77.3 (d, Cp, Jpc = 33.6 HZ), 77.6 (d, Cp, Jpc =176 HZ), 77.2 (d,
Jpc = 8.0 Hz), 137.9 (d, ipso Ph, Jpc = 10.9 Hz), 130.7 (d, 0-Ph,
2Jpc = 13.9 Hz), 128.8 (d, m-Ph, 3Jpc = 3.4 Hz), 127.7 (s, p-Ph)
ppm.

Synthesis of Fe(n-CsH,):PCl (4). Fe[r-CsH Lilo-nTMEDA
(11.34 g, 36.1 mmol) was slurried in 700 mL of freshly distilled
hexanes with stirring, and the suspension was cooled to —78
°C. To this mixture was added a solution of PCl; (4.5 mL, 40
mmol) in 100 mL of hexanes dropwise by cannula. The
resulting mixture was allowed to slowly warm (to ca. 15 °C)
at which point it was filtered. The dark red filtrate was
immediately cooled to —78 °C and stored at this temperature
overnight. This resulted in the formation of a fine red powder
which was decanted and dried under vacuum and found to be
highly reactive to both air and moisture. This red powder
which was found to decompose rapidly in solution (ca. 30 min)
at room temperature was subsequently identified as 4 by 'H,
13C, and 3'P NMR and MS. Yield: 4.67 g (52%). Brick-red
colored crystals of 4 suitable for a single-crystal X-ray diffrac-
tion study were grown from hexanes at —78 °C over several
days.

Data for 4: 3P NMR (CsDsg) 0 = 86.9 ppm; *C NMR (C¢De)
6 = 19.2 ppm (d, ipso, Jpc = 77.9 Hz), 72.2 (d, Cp, 37.3 Hz),
75.7 (d, Cp, 3.7 Hz), 77.8 ppm (d, Cp, 7.4 Hz), 79.4 ppm (s,
Cp); 'H NMR (CgDs) 6 = 4.0 (m, Cp, 4H), 4.2 (m, Cp, 2H), 4.6
(m, Cp, 2H) ppm; MS (EI, 70 eV) m/z (%) = 250 (M*, 100%),
214 (M*+ — HCI, 90%).

Synthesis of Fe[(-CsHy"Bu)(7-C;H,)IPPh (5). This spe-
cies was prepared in a similar manner to 3 using Fe[(7-CsHz"-
BuLi)(n-CsH,Li)'-nTMEDA. However, since the product, which
consisted of a mixture of isomers, proved to be a liquid even
at low temperature (ca. —70 °C), 5 was isolated in vacuo as a
red liquid, yield 6.0 g (71%). Purification beyond ca. 95% from
n-butylferrocene impurity was not possible.

Data for 5: 3P NMR (CH;Cly) 6 = 15.6, 14.0, 12.0, 10.2 ppm;
'H NMR (CDCls) 6 = 7.8—7.2 (br, Ph, 5H), 4.7—-3.7 (br, Cp,
7H), 1.8—1.1 (br, CH; (butyl), 6H), 1.1-0.7 (br, CH3, 3H) ppm;
MS (EI, 70 eV) m/z (%) 348 (M*, 100), 333 (M* — CHj, 8), 319
(M* — C;Hs, 25), 305 (M+ — C3Hy, 27), 291 (M* — C,H, 13),
271 (M* — Ph, 10), 240 (M* — PPh, 18); HRMS (m/z) CaHz,%-
FeP caled 348.0730, found 348.0745.

Synthesis of Fe[7-CsHsSiMe3].PPh (6). This species was
prepared in a similar manner to 3 using Fe[#-CsH;SiMes-
Lil;:nTMEDA? except that the reaction solution was filtered

(20) Brown, R. A.; Houlton, A.; Roberts, R. M. G.; Silver, J,;
Frampton, C. S. Polyhedron 1992, 11, 2611.
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and the solvent was then removed using high vacuum. The
residue was placed under high vacuum for 3—4 h at 80 °C
ensuring that all TMEDA and Fe(y-CsHSiMe3), had been
removed. The resulting dark-red oil was redissolved in a
minimum of hexanes and cooled to. =70 °C for 3 d. This
resulted in the formation of a fine red powder. The product
was filtered off at —70 °C resulting in the isolation of 2.0 g
(yield 16%) of a fine rose-colored powder. Dissolution of this
powder in hexanes and cooling to —70 °C for 3 d resulted in
the formation of dark red-purple crystals suitable for a single-
crystal X-ray diffraction study.

Data for 6: 3P NMR (CD.Cl;) 6 = 10.0 ppm; 2°Si NMR
(CDCl3) 6 = —4.4(s), —4.2 (s) ppm; *C NMR (CDCl3) 6 = 137.0
(d, ipso Ph, Jpc = 50.5 Hz), 130.3 (d, 0-Ph, 2Jpc = 13.9 Hz),
128.5 (d, m-Ph, 3Jpc = 3.6 Hz), 127.5 (s, p-Ph), 83.9 (s, ipso
C—Si), 82.0 (s, ipso C—Si), 82.9 (s, Cp), 82.8 (d, Cp, Jrc = 6.6
Hz), 81.7 (s, Cp), 81.6 (d, Cp, Jpc = 8.1 Hz), 79.2 (4, Cp, Jpc =
2.9 Hz), 79.0 (d, Cp, Jpc = 2.9 Hz), 21.8 (d, ipso Cp—P, Jpc =
50.5 Hz), 21.3 (d, ipso Cp—P, Jpc = 49.8 Hz), —0.03 (s, SiMej3),
—0.04 (s, SiMeg) ppm; ‘H NMR (C¢Dg) 8 = 7.7 (tt, 0-Ph, 3Jpu =
13.3 Hz, %Jgu = 6.7 Hz, *Juny = 1.5 Hz, 2H), 7.3-7.0 (m, m-
and p-Ph, 3H), 4.7 (m, Cp, 1H), 4.6 (m, Cp, 1H), 4.56 (m, Cp,
1H), 4.5 (m, Cp, 1H), 4.3 (m, Cp, 1H), 4.2 (m, Cp, 1H), 0.2 (s,
SiMes, 9H), 0.1 (s, SiMes, 9H) ppm; MS (EI, 70 eV) m/z (%) =
436 (100, M™), 421 (38, M — CHs); HRMS (m/z) CooHgo%FeP2-
Si, caled 436.0895, found 436.0905. Anal. Caled: C, 60.54; H,
6.70. Found: C, 60.12; H, 6.60.

Synthesis of Fel[n-C;H;SiMe;s1l,P(S)Ph (7). 6(3.06 g,6.9
mmol) was dissolved in 100 mL of THF, and an excess of
elemental sulfur, 0.5 g (15.6 mmol), was added. After being
stirred under nitrogen for 24 h, the solution was filtered. A
31 NMR spectrum of this reaction solution showed the
sulfurization to be quantitative. The solvent was then re-
moved by vacuum, and the product was recrystallized from
hexanes twice. This resulted in the isolation of a fine red
powder, yield 2.2 g (68%). Bright red crystals suitable for
single-crystal X-ray diffraction study were obtained by subli-
mation at 90 °C (0.02 mmHg) following recrystallization from
a toluene/hexanes (1:2) mixture at —15 °C.

Data for 7: 3P NMR (CD:Cly) 6 = 46.1 ppm; 2Si NMR
(CeDg) 6 = —4.2 (s, SiMes), —4.4 (s, SiMes) ppm; 3C NMR
(CeéDs) 6 = 134.8 (d, ipso Ph, Jpc = 87.9 Hz), 132.1 (d, p-Ph,
4Jpc = 3.0 Hz), 129.7 (d, m-Ph, 3Jpc = 12.5 Hz), 129.3 (d, 0-Ph,
2Jpc = 14.0 Hz), 86.6 (d, Cp ipso Si, 3Jpc = 7.3 Hz), 85.3(d, Cp
ipso Si, %Jpc = 5.8 Hz), 84.9 (d, Cp, Jpc = 11.7 Hz), 83.7 (d,
Cp, Jpc = 9.5 Hz), 81.7 (d, Cp, Jrc = 15.4 Hz), 79.0 (d, Cp, Jrc
= 2.9 Hz), 78.9 (d, Cp, Jpc = 2.9 Hz), 76.6 (d, Cp, Jpc = 11.0
Hz), 34.9 (d, P ipso Cp, Jpc = 34.4 Hz), 34.2 (d, P ipso Cp, Jpc
= 35.1 Hz), —0.1 (s, SiMes), —0.2 (s, SiMes) ppm; 'H NMR
(C¢Dg) 6 = 7.9 (m, 0-Ph, 2H), 7.3—7.0 (m, m- and p-Ph, 3H),
5.2 (m, Cp, 1H), 5.13 (d, Cp, J = 1.5 Hz, 1H), 4.4 (m, Cp, 1H),
4.3 (m, Cp, 1H), 4.0 (m, Cp, 1H), 3.9 (m, Cp, 1H), 0.2 (s, SiMe;,
9H), 0.1 (s, SiMes, 9H), ppm; MS (EI, 70 eV) m/z (%) = 468
(100, M*), 453 (21, M* — CHy), 436 (11, M* — S); HRMS (m/z)
C22H9%8FeP32828Si, caled 468.0616, found 468.0606. Anal.
Caled: C, 56.40; H, 6.24. Found: C, 56.22; H, 6.17.

Reaction of 4 with PhMgBr. Alternative Synthesis of
3. A cold (—78 °C) solution of 4 (3.7 g, 15.0 mmol) in 50 mL of
ether was made as described above and used in situ. Once
this solution had warmed to 15 °C, PhMgBr in ether (9.0 mL,
2.0 M, 18.0 mmol) was added quickly by syringe. A 3'P NMR
spectrum of the reaction solution at this point revealed 2
singlet resonances at 6 = 86.9 and 13.0 ppm assigned to 4 and
8, respectively. After 20 min reaction time SiMesCl (0.2 mL,
1.6 mmol) was added to destroy any remaining lithiated
ferrocene products and/or excess Grignard reagent. The
resulting solution was then filtered, and the solvent was
removed in vacuo. The residue was extracted with dry
hexanes until the washings were colorless. These washings
were then combined and solvent was removed in vacuo to give
3.8 g (75%) of 8 which was identified by 3'P NMR spectroscopy
and mass spectrometry.

Thermal Ring-Opening Polymerization of 3 and 5-7.
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A general procedure was used for the thermal ROP of 3 and
5—7. The procedure for the synthesis of polymer 9 serves as
a representative example.

A Pyrex tube was charged with 5 (1.50 g, 4.3 mmol) and
was sealed under vacuum (0.01 mmHg). This was then heated
in an oven to 175 °C for 2 h. The initially molten sample
became immobile after 10 min. The tube was allowed to cool
and was then opened, and the contents were dissolved in 50
mL of THF. The resulting solution was filtered, and the volume
of THF was reduced to 5—6 mL using a water aspirator. The
concentrated polymer solution was then slowly added to stirred
hexanes (500 mL) which resulted in the formation of a fine
tan powder precipitate (1.24 g, 83%). The precipitate was
identified as 9 by 3'P and 'H NMR spectroscopy.

Data for polymer 8: Thermal ROP conditions for 3 with 1
h at 120 °C, 15 min at 130 °C, precipitation into hexanes; 3!P
NMR identical to literature.t® 'H NMR (CD:Cly) 6 = 7.9-6.8
(br, Ph, 5H), 4.7-3.6 (br, Cp, 8H) ppm. Polymer 8 was found
not to elute from the GPC column. However GPC was
performed on the sulfurized derivative 11, which confirmed 8
was polymeric indirectly. Yield: 60%.

Data for polymer 9: Thermal ROP conditions for 5 with 2
h at 175 °C, precipitation into hexanes; 3'P NMR (CH;Clg) 6
= —30.0 to —33.0 ppm; 'H NMR (CsDg) 6 = 8.2—6.8 (br, Ph, 5
H), 4.8—3.1 (br, Cp, 7 H), 2.5—0.5 (br, "Bu, 9 H) ppm. Anal.
Caled: C, 68.99; H, 6.08. Found: C, 67.78; H, 6.13. Polymer
9 was found not to elute from the GPC column. However GPC
was performed on the sulfurized derivative 12, which con-
firmed 9 was polymeric indirectly. Yield: 83%.

Data for polymer 10: Thermal ROP conditions for 6 with 1
h at 250 °C, precipitation into MeOH; ?'P NMR (CD,Clp) 6 =
—27.0 to —31.0 ppm; 'H NMR (CDyCl,) 6 = 8.3—6.6 (br m, Ph,
5 H), 5.2—3.5 (br m, Cp, 6 H), 0.9 to —0.3 (br, SiMes, 18 H)
ppm; ¥C NMR (CDCl3) 6 = 140.0 (br, ipso Ph), 137.0—134.0
(br, p-Ph), 130.0—129.0 (0-, m-Ph), 87.3—73.0 (br, Cp), 0.9 (br,
SiMes) ppm; 2°Si NMR (CDCly) 6 = —2.2 to —3.3 (br, SiMes)
ppm; GPC M., = 66 000, PDI = 1.98. Anal. Calcd: C, 60.54;
H, 6.70. Found: C, 59.82; H, 6.44. Yield: 66%.

Data for polymer 18: Thermal ROP conditions for 7 with
15 min at 250 °C, precipitation into MeOH; 3P NMR (CD,-
Clp) 6 = 38 (br) ppm; GPC M,, = 22 000, PDI = 1.24. For full
characterization, see polymer prepared by sulfurization of 10.

Note: The thermal ROP of 4 was attempted at 250 °C and
resulted in the detonation of the sample. Extreme care should
be exercised if this experiment is to be repeated!

Reaction of the Poly(ferrocenylphosphines) 8—10 with
Elemental Sulfur: Synthesis of the Poly(ferrocenylphos-
phine sulfide)s 11-13. All reactions were carried out in a
similar fashion, and that for 10 serves as a representative
example.

Polymer 10 (250 mg, 0.6 mmol, M, = 66 000, PDI = 1.98)
was dissolved in 2—3 mL of dry dichloromethane with stirring.
To this solution was added an excess of elemental sulfur (100
mg, 0.4 mmol of Sg). This reaction solution was allowed to
stir overnight. There was no noticeable color change of the
reaction solution over this time. The reaction mixture was
then filtered, and solvent was removed. The resultant product
was then redissolved in a minimum of CH,Cly and filtered
again. A 3'P NMR spectrum of this product revealed a broad
resonance centered at 6 ca. 38 ppm characteristic of 13 (similar
to the polymer produced via thermal ROP of 7). The molecular
weight of 13 produced in this manner was M, = 65 000, PDI
= 1.90. The yield was quantitative (ca. 100%) as was indicated
by 3P NMR spectroscopy. The isolated yield was 95%.

Data for polymer 11: 3P NMR (CDyCly) 6 = 37.5 ppm; 'H
NMR (CD.Cly) 6 = 9.1-7.5 (br, Ph, 5 H), 5.6—3.0 (br, Cp, 8 H)
ppm; M,, = 18 000, PDI = 1.52. Anal. Found: C, 58.77; H,
4.04. Caled: C, 59.28; H, 4.05. Yield: 95%

Data for polymer 12: 3'P NMR (CDyCl,) 6 = 38.1 ppm; '3C
NMR (CDyCly) 6 = 135.5—133.0 (br, ipso-Ph), 132.6~130.5 (br,
Ph), 129.0—128.5 (br, Ph), 94.7 (br, Cp ipso Jpc = 100 Hz),
82-69 (br, Cp), 35.0—33.3 (br, CpCHy), 29.5—27.8 (br, CH»),
23.5—-22.0 (br, MeCH,), 14.6—13.2 (br, CH3) ppm; H NMR
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(CDyCly) 6 = 8.1-6.9 (br, Ph, 5 H), 4.5-3.5 (br, Cp, 7 H), 2.6—
2.0 (br, P—-CH,, 2 H), 1.8—1.0 (br, CH;, 4H), 1.0—0.8 (d, CH;,
3H) ppm; M,, = 19 000, PDI = 2.26. Anal. Caled: C, 63.17;
H, 5.57. Found: C, 62.50; H, 5.57. Yield: 90%.

Data for polymer 13: %P NMR (CH,Cly) 6 = 36—39 (br)
ppm; H NMR (CD.Clz) 6 = 8.2—7.1 (br, Ph, 5 H), 5.1—-4.5 (br,
Cp, 6 H), 1.0 to —0.4 (br, SiMes, 18 H) ppm; *C NMR (CD-
Cly) 6 = 134—130 (br, Ph), 130.0—127.0 (br, Ph), 84.0-70.0
(br, Cp), 3.5 to —2.0 (br, SiMes3) ppm; M,, = 65 000, PDI = 1.90.
Anal. Caled: C, 56.40; H, 6.24. Found: C, 55.51; H, 6.06.
Yield: 95%.

Elimination of S(SiMes); from (A) the Thermal ROP
of 7 and (B) the Thermal Decomposition of Polymer 13.
(A) From Thermal ROP of 7. A Pyrex tube was charged
with 7 (0.5 g, 1.1 mmol) and was sealed under vacuum (0.01
mmHg). This was heated to 250 °C for 1 h. The tube was
then opened under a nitrogen atmosphere, and the clear liquid
contents were collected (ca. 10 4L). Subsequent characteriza-
tion of this liquid by ?°Si and 'H NMR spectroscopy and mass
spectrometry confirmed it was S(SiMeg)s.?’

(B) From Thermal Decomposition of Polymer 13. A
small glass capillary was loaded with ca. 5 mg of polymer 13.
This was then placed into the mass spectrometer sample head
and heated under vacuum to approximately 150 °C. Ions
ascribable to S(SiMes): appeared as well as other peaks
identifiable as polymer decomposition products. The residual
sample was insoluble in THF, MS (EI, 70 eV) [m/z (%)l
S(SiMes)e, 178 (10, M™), 163 (33, M* — Me), 105 (10, M* -
SiMes); other polymer decomposition products, 256 (100, Fe[(3-
C5H38iME3)(7]-C5H3)D, 192 (55, Fe[(n-C5HgsiMea)]).

Single-Crystal X-ray Diffraction Technique. Intensity
data for 4 and 6 were collected on an Enraf-Nonius CAD-4
diffractometer whereas 7 was collected on a Siemens P4
diffractometer using graphite-monochromated Mo Ka radia-
tion (1 = 0.710 73 A) with o scans. In each case the intensities
of 3 standard reflections measured periodically showed no
decay. Data were corrected for Lorentz and polarization effects
and for absorption. The absorption corrections for all com-
pounds were carried out using the SHELXA-90 routine in
SHELXL. The structures were solved by direct methods. All
structures were refined anisotropically by full-matrix least
squares. For all structures the hydrogen atoms were visible
in difference Fourier maps and were included in idealized
positions. Crystal data and data collection parameters are
listed in Table 2. All calculations were performed and all
diagrams were created using SHELXTL-PC? and SHELXL-
93?° on a 486-66 personal computer.

Results and Discussion

Phosphorus-bridged [1llferrocenophanes were first
reported in 1980 by Osborne et al.2! and by Seyferth
and co-workers.?2 Important studies in this area have
also been reported by Cullen.?? These species were
prepared via the reaction of dilithioferrocene:-nTMEDAZ2¢
with dichloroorganophosphines PR’Cly; (R = Me, Ph)
in nonpolar solvents such as hexanes (Scheme 1).
Single-crystal X-ray diffraction studies have shown that
phosphorus-bridged [1lferrocenophanes such as 3 pos-
sess highly strained structures with tilt angles between
the planes of the cyclopentadienyl rings of ca. 26—
27°2325 These compounds have been shown to undergo
facile stoichiometric ring-opening reactions with aryl-
lithium reagents.?? Moreover, Seyferth et al. have
reported that in the presence of small amounts of
anionic initiator oligo(ferrocenylphosphines) with 2—5

(21) Osborne, A. G.; Whiteley, R. H.; Meads, R. E. J. Organomet.
Chem. 1980, 193, 345.

(22) Withers, H. P.; Seyferth, D. Organometallics 1982, 1, 1275.

(23) Butler, I. R.; Cullen, W. R.; Einstein, F. W. B.; Rettig, S. J;
Willis, A. J. Organometallics 1983, 2, 128,
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repeat units are formed. However, attempts to generate
high molecular weight poly(ferrocenylphosphines) via
anionic ROP by using small quantities of initiator were
reported to be unsuccessful and led only to the same
oligomeric products. Low molecular weight poly(ferro-
cenylphosphines) were also formed (instead of the
[1]ferrocenophane 3) by condensation polymerization
reactions when the reaction of dilithioferrocene-n TMEDA
with PPhCl; was carried out in ether solvents rather
than in hexanes.!® In addition, under certain condi-
tions, these polycondensation reactions were reported
to yield surprisingly?¢ high molecular weight materials.

As part of our program to develop ROP as a route to
transition metal-based macromolecules we initially
focused on the [1Merrocenophane 8 for our thermal
polymerization studies.

Synthesis and Thermal ROP of Fe(5-CsH4)2PPh
(8). The synthesis of 3 was accomplished by the
reaction of PPhCly with 1,1’-dilithioferrocene-nTMEDA
in hexanes.!® This yielded red crystalline 3 in 48% yield,
and the product gave 3P and !H NMR and mass spectra
in excellent agreement with those in the literature.?2 A
Pyrex tube was charged with 8 and then sealed under
vacuum. The tube was then heated to 120 °C for 1 h
and then to 130 °C for 15 min. During this time the
tube contents melted and then became viscous and
subsequently immobile. The tube contents were then
dissolved in CHCl; over 24 h. A 31P NMR spectrum of
the solution exhibited two broad resonances, one of high
intensity at 6 = —30.5 to ~31.2 ppm, which was
assigned to the internal phosphorus atoms of 8, and one

(24) Reaction of 2 equiv of BuLi and ferrocene in the presence of 2
equiv of TMEDA produces dilithioferrocene'nTMEDA, A crystal
structure has been reported for the species n = 1.5. However, the value
of n in the isolated bulk product is not necessarily the same as in the
crystal structure. See: Butler, I. R.; Cullen, W. R.; Ni, J.; Rettig, S. J.
Organometallics 1985, 4, 2196 and references therein. For the
purposes of this paper we have assumed that n = 1.

(25) Stoeckli-Evans, H.; Osborne, A. G.; Whiteley, R. H. J. Organ-
omet Chem. 1980, 194, 91.

(26) The formation of high molecular weight products via polycon-
densation reactions using dilithioferrocene-nTMEDA as a difunctional
monomer would be highly unexpected as this reagent, which is
generated via the reaction of ferrocene with n-butyllithium-TMEDA,
is generally only 90—95% pure. A major impurity is monolithiofer-
rocene which serves as a polymer chain capping agent and therefore .
favors the formation of only low molecular weight products. On the
basis of the hindsight provided by the recent discovery of the anionic
ROP of silicon-bridged [1]ferrocenophanes, it appears far more likely
to us that the high molecular weight poly(ferrocenylphosphines) are
not formed by polycondensation but instead arise via a chain growth
reaction, namely the anionically (i.e. lithiated ferrocene) induced ROP
of the phosphorus-bridged [1]ferrocenophane 8 which is generated in
situ. See: Manners, I. Adv. Organomet. Chem. 1995, 37, 131-136 and
153—-154.
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of low intensity at 6 = —26.3 ppm, which was assigned
to the phosphorus atoms at the chain terminii. These
assignments agree with those for the oligomers and
polymers 8 generated by condensation routes.!® Pre-
cipitation into hexanes yielded 8 as a fluffy, tan-colored
solid in 60% yield. A 'H NMR spectrum of 8 (in CD»-
Cly) showed broad resonances in the correct integration
ratio for the Ph and Cp protons. However, an estima-
tion of the molecular weight of 8 could not be obtained
by gel permeation chromatography (GPC) as found
previously by Seyferth and co-workers.!® After injection
onto the GPC column, no polymer was detected in the
eluted solvent at any time. This result suggests that
significant polymer—column interactions may be inter-
fering with normal elution based on size exclusion. We
were subsequently able to obtain molecular weight
information for the sulfurized derivative of 8 (Scheme
2) which was found to be GPC-analyzable (see below).

Synthesis and Characterization of Fe(y-CsH,).-
PCl1 (4). The synthesis of phosphorus-bridged [1}fer-
rocenophanes from dilithioferrocene-nTMEDA involves
reaction with dichlorophosphines PR”’Cly. Of these,
only PPhCl; is readily available at reasonable cost, and
this species, together with the other more expensive
examples (especially alkyl derivatives), is extremely
malodorous and toxic. We were therefore interested in
investigating whether an alternative and potentially
general approach to the synthesis of phosphorus-bridged
[1)ferrocenophanes might be possible. An attractive
approach would be to use readily available PCl; to react
with dilithioferrocene:n TMEDA to form the chloro-
derivative 4 and to subsequently react this with organ-
ometallic nucleophiles to form P-substituted derivatives
(Scheme 1). ‘

The synthesis of 4 involved the addition of PCl; in
hexanes to a slurry of dilithioferrocene:nTMEDA in
hexanes at —78 °C. However, once formed in solution
this [1]ferrocenophane was found to quickly decompose
at temperatures above —20 °C. Nevertheless, under
certain conditions and appreciable care 4 can be isolated
in moderate yield (ca. 50%). The structure of 4 was
assigned on the basis of 3P and !H NMR spectroscopy
as well as mass spectrometry. Once isolated, it was
found that large brick red crystals of 4 could be grown
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by first dissolving the species in hexanes at —20 °C and
then cooling further to —78 °C. This permitted further
characterization of 4 via a single-crystal X-ray diffrac-
tion study (see below).

Reaction of 4 with PhMgBr. Alternative Syn-
thesis of 3. In order to investigate whether nucleo-
philic substitution of the chlorine substituent in 4 could
be achieved, this species was reacted with PhMgBr in
ether. The reaction was monitored in solution by 31P
NMR spectroscopy which showed that 8 (6 = 13.0 ppm)
was formed from 4 (6 = 86.9 ppm) quantitatively.
Furthermore, the isolated yield of 8 (75%) indicated that
this type of reaction sequence might, in principle, be
used in the future to generate a wide range of substi-
tuted phosphorus-bridged [1]ferrocenophanes.

Synthesis and ROP of Fe[(n-CsHs*Bu)(n-CsHy)]-
PPh (5). One possible explanation for the GPC-
inactivity of 8 is the fairly poor solubility of this polymer
in THF which might lead to adsorption to the GPC
column. We therefore aimed to prepare a more soluble
derivative via the attachment of alkyl chains to the
cyclopentadienyl ligands. The synthesis of the monomer
Fel(y-CsH3"Bu)(%-CsH4)JPPh (8) was therefore investi-
gated.

The synthesis of 5 involved the dilithiation of n-
butylferrocene and the subsequent reaction of the
product with PPhCls. This led to an overall crude yield
of 71% of 5 which was isolated as a red liquid. A 3P
NMR spectrum of 5 (in CH2Cl,) revealed four unique
resonances at 6 = 15.6, 14.0, 12.0, and 10.2 with the
two lower field peaks of greater intensity than the
others. This result was consistent with the formation
of four different structural isomers. The formation of
these isomers can be explained by the lithiation of the
n-butylferrocene at both the « and S positions in
combination with the possible cis or trans relation of
the Ph group to that of the n-butyl group in 5. The
formation of isomers with the Ph and *Bu groups trans
to one another is likely to be favored (Figure 1). Further
characterization of 5 was achieved by high-resolution
mass spectrometry, which showed the expected molec-
ular ion, and 'H NMR, which clearly showed broad
resonances in the correct intensity ratios which were
assigned to the Ph, Cp, and to the n-butyl group,
respectively.

When 5 was heated in an evacuated Pyrex tube to
175 °C for 2 h, the sample immediately became free
flowing and then increasingly viscous and finally im-
mobile. The tube was then opened under nitrogen, and
the entire contents were dissolved in THF. Purification
vielded 9, which presumably contains a mixture of
monomer units derived from the various isomers of 5,
as a light brown powder in 83% yield. The poly-
{ferrocenylphosphine) 9 was characterized by 3P and
1'H NMR spectroscopy. The 5P NMR spectrum of 9 (in
CH;Cl;) consisted of a single, broad resonance at 6 =
—30 to —33 ppm which was similar to that for polymer
8. The 'H NMR spectrum of 9 (in CgDs) consisted of
broad resonances in the correct integration ratio for the
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Figure 2. 'H NMR spectrum of 10 in CDyCl,.

phenyl, Cp, and alkyl regions. Polymer 9, which showed
good solubility in polar solvents, formed well-defined but
brittle films when cast from a solution in CH:Cls.
However, attempts to estimate the molecular weight of
9 by GPC were unsuccessful as in the case of 8. Again,
sulfurization provided a GPC-analyzable derivative (see
below) which confirmed that 9 was indeed polymeric.

Synthesis and ROP of Fe[n-CsH3;SiMe;s].PPh (6).
An alternative precursor to more soluble poly(ferrocen-
ylphosphines), the bis(trimethylsilyl)-substituted species
Fe[n-CsH3SiMesloPPh, 6, was also synthesized. This
was accomplished by the dilithiation of 1,1’-bis(tri-
methylsilyl)ferrocene with 2 equiv of BuLi:TMEDA in
hexanes and the subsequent reaction of the product with
1 equiv of PPhCly. The [1}ferrocenophane 6 was isolated
as a rose-colored solid which was characterized by 5P,
2981, 18C, and 'H NMR and high-resolution mass spec-
trometry. The spectroscopic data were all consistent
with the assigned structure for 6. However, in contrast
to the situation for 5, the NMR data indicated the
presence of a single structural isomer. For example, a
single 3P NMR resonance at 10.0 ppm (in CD:Cly) was
detected for both the bulk product and for that of the
single crystals of 6. The formation of a single structural
isomer is consistent with the previously noted regiospe-
cifically 8- and stereospecifically anti-dilithiation of 1,1’
bis(trimethylsilyl)ferrocene which has been attributed
to the bulky nature of the SiMe; groups.?® Additional
characterization of 6 was obtained by X-ray diffraction
(see below).

The thermal ROP of 6 was carried out at 250 °C over
1 h. A 3P NMR spectrum of the products showed a
small singlet resonance at 6 = 10 ppm assigned to
unreacted 6 and a very broad resonance from 6 = —27
to —31 ppm which was assigned to the polymer 10.
Precipitation into methanol resulted in the isolation of
a tan solid in a 66% yield. A 'H NMR spectrum of this
polymer revealed broad resonances for the Ph, Cp, and
SiMe; groups in the correct intensity ratios (Figure 2).
As noted above and by others previously,’® molecular
weight analysis of poly(ferrocenylphosphines) by GPC
techniques has until now been complicated by the fact
the polymers do not elute from the column properly.1®
However, we found that the introduction of the tri-
methylsilyl groups allowed us to overcome this difficulty
and a GPC investigation of 10 in THF revealed that the
material possessed a My, of 66 000 and a polydispersity
(PDI) of 1.98 versus polystyrene standards.

Synthesis and Polymerization Behavior of Fe-
[7-CsH3SiMesl:P(S)Ph (7). In order to investigate
whether phosphorus (V)-bridged [1lferrocenophanes
would also undergo thermally-induced ROP, we syn-
thesized the phosphine sulfide 7 via the reaction of 6

Honeyman et al.

with an excess of Sg in THF. The reaction was moni-
tored by 3P NMR which after 24 h showed a single, .
new singlet resonance at 6 = 44 ppm. Species 7 was
isolated as a red powder and was characterized by
multinuclear NMR and high-resolution mass spectrom-
etry. As in the case of 6, each hydrogen atom bound to
the cyclopentadienyl (Cp) ligands was found to be
unique. Thus 6 signals were observed in the Cp region
of the TH NMR spectrum, and a set of 10 resonances
were assigned to the Cp carbons in the 3C NMR
spectrum. As with other strained, ring-tilted [1]ferro-
cenophanes, the Cp—P ipso carbon 13C NMR resonances
are considerably upfield at 6 = 34.9 (d, Jpc = 34.4 Hz)
and 34.2 ppm (d, Jpc = 35.1 Hz) whereas the other 8
Cp resonances appear in the typical region between 76
and 87 ppm. Further characterization of 7 was achieved
by single-crystal X-ray diffraction (see below).

In a manner similar to that for the other [1lferro-
cenophanes, 7 was sealed in an evacuated Pyrex tube
and was then heated (to 250 °C). The sample became
molten, viscous, and then immobile after 15 min.
However, only a small fraction of the tube contents were
found to be soluble in THF. Furthermore, a clear
colorless liquid was observed within the Pyrex tube
before the products were analyzed. Isolation and char-
acterization of this liquid showed it to be the sulfide,
S(SiMes)e. This was confirmed by mass spectrometry
and a comparison of the 2°Si and 'H NMR spectra of
this species to those of an authentic sample.?’” The
soluble polymer fraction exhibited a broad 3P NMR
resonance centered at 4 = 38 ppm. The insoluble
material was presumably crosslinked polymer having
further P-Cp bonds. However, this has not been
established and the insoluble products may be poorly
defined decomposition products. Studies of polymer 13
synthesized by an alternative route (i.e. the sulfuriza-
tion of 10) have shown that the elimination of S(SiMes)s
occurs at temperatures below that needed to generate
polymer by thermal ROP (see below).

Sulfurization of the Poly(ferrocenylphosphines)
8-10 with Elemental Sulfur. Synthesis of the
Poly(ferrocenylphosphine sulfides) 11-13. In or-
der to investigate the ability of 8 to undergo macromo-
lecular reactions and in order to attempt to obtain a
derivative that could be analyzed by GPC, we reacted
8 with an excess of elemental sulfur in THF. The
reaction was monitored by 2'P NMR which showed a
singlet resonance at ¢ = ca. 37 ppm which was dramati-
cally downfield shifted from that of 8 (§ = ca. —30 ppm).
The polymer product was identified as 11 by 3'P and
'H NMR and elemental analysis. Furthermore, analy-
sis by GPC showed that this species successfully eluted
from the column and that it possessed M, = 18 000 and
PDI = 1.52.

The poly(ferrocenylphosphines) 9 and 10 were simi-
larly reacted with sulfur to yield 12 and 13, respectively.
Similar ca. 60 ppm downfield shifts in the 3!P NMR
spectra of the sulfurized polymers were noted. 'H and
13C NMR spectroscopy and elemental analysis provided
additional characterization for 12 and 13. Both poly-

(27) The elimination product exhibited chemical shifts as follows:
'H NMR (CgDg) 6 = 0.28 ppm (0.28); 2°Si NMR (CgD¢) 6 = 14.3 ppm
(14.3). Those of the authentic sample are in parentheses.

(28) Sheldrick, G. M. SHELXTL-PC, Siemens Analytical X-ray
Instruments Inc., Madison, W1, 1990.

(29) Sheldrick, G. M. SHELXL-93. Program for the Refinement of
Crystal Structures. University of Géttingen, Germany, 1994,
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Figure 3. Alternative views of the molecular structure of
4 with thermal ellipsoids at the 50% probability level.

Table 1. Selected Structural Data for
Phosphorus-Bridged [1]Ferrocenophanes, with
Esd’s in Parentheses (Where Available)

compd
3 4 6 7
Fe-P dist (A) 2.774(8) 2.715(6) 2.784(2) 2.688(2)
Fe displacement (A) 0.277(8) 0.291(7) 0.259(2)
ring tilt o (deg) 26.7 27.0(6)  27.5(6) 25.3(3)
Blav) (deg) 32.5 31.9(7)  32.0(3) 385.0(4)
6 (deg) 90.6(3)  90.L(7)  95.7(4) 95.02)
4 (deg) 159.8 160.4(6) 159.5(3) 161.8(2)

Cipso_C’ipso(A) 2619(12) 2606(17) 2638(9) 2673(7)

Table 2. Summary of Crystal Data and Intensity
Collection Parameters for 4, 6, and 7

4 6 7
formula C10HgCIFeP CgHggFePSis CogHaogFePSisS
M, 250.4 436.5 468.5
cryst class monoclinic  triclinic monoclinic
space group P2y/c Pl P2y/e
temp, K 292 223 173
a, A 7.306(1) 8.0748(8) 11.580(2)

b, A 19.442(8) 11.4391(14)  13.472(2)
c, A 7.421(1) 12.7716(17)  15.314(3)
a, deg 90 103.46(1) 90

B, deg 118.870(12) 93.87(1) 90.89(1)
v, deg 90 97.51(1) 90

vV, A3 923.1(4) 1131.54(24)  2388.8(7)
VA 4 2 4

Dealed, g cm™3 1.802 1.281 1.303
(Mo Ka), mm~! 2.036 0.846 0.891
A(Mo Ka), A 0.709 30 0.710 73 0.710 738
Rint, % 3.43 0.00 5.23
R*% 5.08 5.90 4.98
Ru*2 % 4.23 7.55 8.74

abs cor 1.175/0.843 1.1640/0.8120 0.9353/0.6018

@ Definition of R factors: R = Y A/Y(F(obs)). Ry = [2(weight x
AT (weight x F(obs)?)]'2, where A = [F(obs) — F(cale)l.
(ferrocenylphosphine sulfides) were also found to elute
from the GPC column (12, M, = 19 000, PDI = 2.26;
13, M, = 65 000, PDI = 1.90). In the case of 11 and 12
the GPC activity allowed an estimation of the molecular
weights of their poly(ferrocenylphosphine) precursors 8
and 9. Comparison of the value for 13 (M,, = 65 000,
PDI = 1.90) with that for the sole example of a GPC-
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Table 3. Atomic Coordinates (x10*) and
Equivalent Isotropic Displacement Coefficients
(A? x 10°) for the Non-Hydrogen Atoms of 4 with

Esd’s in Parentheses

atom x y z Uleq)®
Fe 7382(3) 8960(1) 1938(3) 28(1)
Cl 12953(6) 8414(2) 6333(5) 53(2)
P 10731(7) 8069(2) 3492(7) 46(2)
C(1) 10070(21) 8870(8) 1988(20) 30(7)
C(2) 8454(24) 8857(8) —98(22) 41(8)
C(3) 7310(23) 9465(7) —547(22) 40(8)
C(4) 8265(21) 9875(8) 1214(22) 39(9)
C(5) 9949(20) 9536(7) 2750(21) 32(7)
C(6) 8362(23) 8157(7) 3760(22) 38(9)
C(7) 6389(23) 7981(7) 1932(22) 36(9)
C(8) 4884(23) 8449(8) 1890(22) 39(9)
C(9) 5779(27) 8874(8) 3556(26) 53(10)
C(10) 7889(24) 8706(7) 4743(20) 26(7)

@ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

Table 4. Bond Lengths (&) for 4 with Esd’s in

Parentheses

Fe-P 2.755(5) Fe—~C(1) 1.954(17)
Fe—C(2) 2.019(20) Fe—C(3) 2.068(18)
Fe—~C(4) 2.052(16) Fe—C(5) 2.011(14)
Fe—C(6) 1.960(14) Fe~C(7) 2.036(15)
Fe—-C(8) 2.063(18) Fe—C(9) 2.050(24)
Fe—C(10) 1.992(16) Cl-P 2.055(5)

P-C(1) 1.840(15) P-C(6) 1.843(20)
C(1)-C(2) 1.423(17) C(1)-C(5) 1.431(21)
C(2)-C(3) 1.393(21) C(3)-C4) 1.397(20)
C(4)—~C(5) 1.376(17) C(6)-C(7) 1.465(17)
C(6)—-C(10) 1.427(23) C(7)—-C(8) 1.415(24)
C(8)—-C(9) 1.364(22) C(9)—-C(10) 1.396(22)

analyzable poly(ferrocenylphosphine) precursor 10 (3,
= 66 000, PDI = 1.98) is significant. This suggests
sulfurization occurs without significant molecular weight
decline assuming that the hydrodynamic volumes of
each species are similar. This suggests that GPC
analysis of the sulfurized derivatives provided a good
method for evaluating the molecular weights of poly-
(ferrocenylphosphines) which adsorb to the GPC column
and removes the necessity of resorting to the use of light
scattering (or other) techniques which are considerably
more time consuming,

The facile formation of soluble 13 via the sulfurization
of 10 compares favorably with the small amount of
soluble material formed in the thermal ROP of the
phosphine sulfide 7 discussed previously. In the latter
reaction the other products were S(SiMes): and insoluble
material. The possibility that S(SiMeg), was formed by
the thermal decomposition of the ring-opened polymer
13 was investigated by heating a well-characterized
sample of 13, prepared by the sulfurization of 10, from
25 to 150 °C under vacuum. The formation of the
sulfide S(SiMe3); was detected by simultaneous mass
spectrometry. Furthermore, the resulting polymeric
product was rendered insoluble. Thus, the thermal
treatment of the soluble polymer 13 might allow the
introduction of controlled degrees of crosslinking.

Discussion and Comparison of the X-ray Struc-
tures of 4, 6, and 7. Crystals of 4 suitable for a single-
crystal X-ray diffraction study were obtained from
hexanes at —78 °C. Two views of the molecular struc-
ture of 4 are shown in Figure 3. Table 1 gives selected
structural data for important features for this and
related [1]ferrocenophanes. The angles a, 3, and 6 are
defined in Figure 6.

The summary of the crystal data and collection
parameters is found in Table 2. Tables of the fractional



5510 Organometallics, Vol. 14, No. 12, 1995

() Q- 7\\“
[ﬂaﬁ\
cta) /.'.\\Q'

2
S 2

Figure 4. Alternative views of the molecular structure of
6 with thermal ellipsoids at the 50% probability level.

Table 5. Selected Bond Angles (deg) for 4 with
Esd’s in Parentheses

Cl-pP-C(1) 101.1(4) P-C(6)—-C(7) 115.7(13)
C1-P-C(6) 100.2(5) P-C(6)-C(110) 126.6(11)
C(1)-P-C(6) 90.1(7) C(2)-C(1)-C(5) 105.6(12)
P-C(1)-C(2) 118.8(11) C(7)-C(6)-C(10) 106.0(13)
P-C(1)-C(5) 125.0(12)

coordinates, bond lengths, and selected angles for 4 are
found in Tables 3—5, respectively. X-ray diffraction
quality crystals of 6 were grown from hexanes at —70
°C over several days. Views of the molecular structure
of 6 are shown in Figure 4. Fractional coordinates, bond
lengths, and selected angles can be found in Tables 6—8,
respectively. Suitable crystals of 7 were grown by
vacuum sublimation. Views of the molecular structure
are shown in Figure 5, and fractional coordinates, bond
lengths, and selected bond angles can be found in Tables
9-11, respectively.

The single-crystal X-ray diffraction studies confirmed
the structures of 4, 8, and 7 as phosphorus-bridged
[1]ferrocenophanes. Although both 6 and 7 consisted
of a single structural isomer, both are chiral. Two
enantiomers were found for each species in the crystals
as indicated by the symmetries of the unit cells (6, P1,
Z =2; 7, P2/c, Z = 4). The most notable features of
the phosphorus(I1I)-bridged [1]ferrocenophanes 4 and
8 are the large ring tilt angles (a) of ca. 27° compared
to their silicon-bridged analogs (o = ca. 21°). This
phenomenon has been previously noted and analyzed
by Cullen?? and by Osborne.®? A significant difference
between the structures of the molecules is the larger 6
angle for the trimethylsilyl-substituted species 6 and 7
compared to 4. Average 6 angles for phosphorus(III)-
bridged [1lferrocenophanes are normally within the
range 90.5—91.5° (e.g. for 3, 6 = 90.7(2)°). However,
none exceed 94° and values of this magnitude are more

Honeyman et al.

Table 6. Atomic Coordinates (x10% and
Equivalent Isotropic Displacement Coefficients
(A2 x 10%) for the Non-Hydrogen Atoms of 6 with

Esd’s in Parentheses

atom x y z Uleq)®
Fe 2190(1) 8521(1) 1744(1) 34(1)
P —296(3) 10003(2) 2026(2) 47(1)
Si(1) 3465(3) 7034(2) —768(2) 47(1)
Si(2) 4708(3) 7617(2) 3716(2) 43(1)
/09)] 413(9) 8883(7) 2717(6) 41(3)
C(2) 56(9) 7628(8) 2125(6) 47(3)
C(@3) 1410(9) 7047(7) 2362(6) 43(3)
C4) 2659(9) 7893(7) 3127(6) 39(3)
C(5) 2026(9) 9006(7) 3342(6) 39(3)
C(6) 1473(10) 9858(7) 1162(6) 42(3)
C(n) 1312(10) 8784(7) 309(6) 45(3)
C8) 2939(10) 8394(7) 166(6) 44(3)
C(9) 4087(10) 9292(7) 976(7) 48(3)
cao 3193(10) 10172(7) 1587(6) 45(3)
Ca11) 443(9) 11443(8) 3025(7) 48(3)
C(12) 1174(11) 12440(8) 2711(8) 58(4)
C(13) 1561(12) 13567(9) 3459(9) 68(4)
C(14) 1145(12) 13692(10) 4514(9) 71(4)
C(15) 407(12) 12720(9) 4827(8) 64(4)
C(16) 38(10) 11603(9) 4082(7) 58(4)
C21) 1909(14) 5692(8) —728(9) 93(5)
C(22) 5653(12) 6847(10) —365(8) 81(5)
C(23) 3333(11) 7183(8) —2187(7) 62(4)
C(31) 5378(12) 6247(9) 2825(8) 77(5)
C(32) 6284(10) 8962(8) 3794(7) 62(4)
C(33) 4476(11) 7399(10) 5097(7) 75(5)

¢ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

o /:‘
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Figure 5. Alternative views of the molecular structure of
7 with thermal ellipsoids at the 50% probability level.

common in silicon-bridged ferrocenophanes. Both 6 and
7 have 6 values greater than 94° (6, 95.7(4)°; 7, 95.0(2)°).

The tilt angle () of 6 was found to be 27.5(6)° whereas
the o angle of 7 was significantly smaller (25.3(3)°).
Interestingly, this difference was not accompanied by
a significant change in the 6 angle in the two complexes.

(30) Stoeckli-Evans, H.; Osborne, A. G.; Whiteley, R. H. J. Orga-
nomet. Chem. 1980, 194, 91.



Polymerization of [1]Ferrocenophanes

Table 7. Bond Lengths (A) for 6 with Esd’s in
Parentheses

Fe-P 2.784(2) S8i(2)—-C(31) 1.868(9)
Fe—-C(1) 1.987(7) Si(2)-C(32) 1.859(9)
Fe—C(2) 2.033(7) Si(2)-C(33) 1.859(9)
Fe—C(3) 2.067(8) C(1)-C(2) 1.447(10)
Fe—C(4) 2.086(7) C(1)-C(5) 1.455(9)
Fe—-C(5) 2.004(6) C(2)-C(3) 1.406(11)
Fe—C(6) 1.980(8) C3-C4) 1.436(8)
Fe—C(7) 2.024(7) C(4)-C(5) 1.420(10)
Fe—-C(8) 2.123(7) C(6)-C(7) 1.425(9)
Fe—-C(9) 2.084(8) C(6)-C(10) 1.425(9)
Fe—C(10) 2.009(7) C(71)-C(8) 1.443(10)
P-C(1) 1.846(8) C(8)-C(9) 1.447(9)
P-C(6) 1.869(7) C(9)—-C(10) 1.423(10)
P-C(11) 1.831(7) C(11D-C(12) 1.379(12)
Si(1)-C(4) 1.864(7) C(11)-C(16) 1.379(11)
Si(1)-C(21) 1.860(9) C(12)-C(13) 1.389(11)
Si(1)-C(22) 1.845(8) C(13)-C(14) 1.378(14)
Si(1)—-C(23) 1.851(9) C(14)-C(15) 1.360(14)
Si(2)-C(8) 1.842(7) C(15)-C(16) 1.379(11)

Table 8. Selected Bond Angles (deg) for 6 with
Esd’s in Parentheses

C(1)-P-C(6) 90.5(3) C(21)-Si(1)-C(22) 108.5(4)
C(1)-P-C(11) 102.8(3) C(31)-Si(2)-C(33) 109.6(4)
C(3)-8i(1)-C(22) 108.2(3) P-C(1)-C(2) 116.9(5)
C(3)-8i(1)-C(21) 111.0(4) P-C(1)-C(5) 123.4(5)
C(6)-P—-(C)11 102.03) P-C(6)-C(7) 116.5(5)
C(9-8i(2)-C(31) 109.2(3) P-C(6)-C(10) 125.8(5)
C(9)-8i(2)-C(33)  108.6(4)

Figure 6. Definition of structural parameters for [1Jmet-
allocenophanes.

However, a significant increase in the S angle was
observed. This angle, which represents a distortion
from planarity for the ipso carbon atoms of the cyclo-
pentadienyl rings bonded to phosphorus, increased from
32.0(3)° in 6 to 35.0(4)° in 7. The difference in the g
angle may be a consequence of the change in the length
of the ipso carbon—phosphorus bonds which shorten
from an average value of 1.857(8) A in 6 to a value of
1.799(5) Ain 7.

Previous structural studies on [l]ferrocenophanes
have provided evidence for a possible dative interaction
between the iron center and the bridging element.
Further evidence for this Fe+-'E interaction has also
been provided by physical methods such as Mossbauer
spectroscopy.®182 A comparison of the structures of 6
and 7 offers some additional insight. The sulfurization
of 6 to yield 7 formally alters the oxidation state of the
phosphorus center. Thus an increase in the magnitude
in the dative interaction between the iron atom and the
phosphorus center might be expected. Indeed, the
Fe---P distance in 7 (2.688(2) A) is shorter than in 6
(2.784(2) A). By comparison, in the previously studied
phosphorus(IIT)-bridged [1]ferrocenophanes the Fe+:-P
distances range from 2.715(6) to 2.784(2) A. This
shortening of the Fe---P distances in 7 relative to 6 was
also accompanied by a decrease in the displacement of
the Fe (in an opposite direction to the phosphorus atom)

(31) Clemance, M.; Roberts, R. M. G.; Silver, J. J. Organomet. Chem.
1983, 243, 461.

(32) Silver, J. J. Chem. Soc., Dalton Trans. 1990, 3513.

(33) Pudelski, J. K.; Foucher, D. A.; Honeyman, C. H.; Lough, A. J.;
Manners, L; Barlow, S.; O'Hare, D. Organometallics 1995, 14, 2470.
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Table 9. Atomic Coordinates (x10%) and
Equivalent Isotropic Displacment Coefficients
(A2 x 10%) for the Non-Hydrogen Atoms of 7 with
Esd’s in Parentheses

atom x y z Uleg)
Fe 2470(1) 446(1) 2348(1) 27(1)
Si(1) 2393(2) 1337(1) 131(L) 42(1)
Si(2) —292(2) 798(1) 3217(1) 55(1)
P 4350(1) -337(1) 3135(1) 25(1)
S 5922(1) 155(1) 3125(1) 35(1)
C 3686(4) —534(4) 2069(3) 25(1)
C(2) 3735(4) 295(4) 1461(3) 30(1)
C@3) 2672(4) 385(4) 992(3) 32(1)
C4) 1970(4) —414(4) 1285(3) 32(1)
C(5) 2578(4) -972(4) 1937(3) 31(1)
C(6) 3264(4) 529(4) 3502(3) 27(1)
C(7) 3190(5) 1501(4) 3112(3) 31(1)
C(8) 2010(5) 1744(4) 2987(3) 32(1)
C@®) 1301(5) 933(4) 3286(4) 38(2)
C(10) 2089(4) 207(4) 3603(3) 32(1)
C(11) 4099(4) —-1436(4) 3756(3) 26(1)
C12) 3974(4) —2367(4) 3380(4) 30(1)
C(13) 3762(4) —3188(4) 3881(4) 35(1)
C(14) 3701(4) —3096(4) 4764(4) 38(2)
C(15) 3869(5) —2200(4) 5158(4) 41(2)
C(16) 4049(5) —1363(4) 4661(3) 32(1)
C@2n) 3312(7) 1014(5) -821(4) 92(3)
C(22) 873(6) 1281(6) —198(5) 114(4)
C(23) 2783(5) 2571(4) 538(4) 50(2)
C(31) —847(6) 1574(5) 2323(5) 102(3)
C(32) —938(6) 1188(7) 4245(5) 112(3)
C(33) —653(5) -507(5) 2997(5) 67(2)

¢ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

Table 10. Bond Lengths (A) for 7 with Esd’s in

Parentheses

Fe—-C(1) 1.981(5) Fe—C(6) 1.984(5)
Fe—C(10) 2.005(5) Fe—C(7) 2.013(5)
Fe—~C(5) 2.015(5) Fe—C(2) 2.024(5)
Fe—C(4) 2.072(5) Fe—C(8) 2.078(5)
Fe—C(3) 2.094(5) Fe—C(9) 2.095(5)
Fe+P 2.688(2) Si(1)—-C(22) 1.824(6)
Si(1)—C(23) 1.829(6) Si(1)-C(3) 1.864(6)
Si(1)—-C(21) 1.869(7) Si(2)—C(32) 1.831(7)
Si(2)~-C(31) 1.831(7) Si(2)—C(33) 1.838(7)
Si(2)-C(9) 1.855(6) P-C(11) 1.785(5)
P-C(6) 1.811(5) P-C(1) 1.814(5)
P-S 1.938(2) C(1)—-C(5) 1.424(6)
C(1)—-C(2) 1.455(7) C(2)-C(3) 1.421(6)
C(3)-C4) 1.426(7) C(4)-C(5) 1.426(7)
C(6)—C(10) 1.439(7) C(6)-C(7) 1.443(7)
C(7)—-C(8) 1.415(7) C(8)—-C(9) 1.444(7)
C(9)-C(10) 1.417(7) C(11)-C(12) 1.387(7)
C(11)-C(16) 1.392(6) C(12)—-C(13) 1.370(7)
C(13)-C(14) 1.360(7) C(14)-C(15) 1.361(7)
C(15)-C(16) 1.378(7)

Table 11. Selected Bond Angles (deg) for 7 with
Esd’s in Parentheses

C(1)-P-C(6) 95.02) C(2D-Si(1)-C(22) 109.5(4)
C(1)-P-C(11) 106.8(2) C(31)—-Si(2)—-C(33)  109.4(3)
C(3)-8Si(1)-C(22) 108.8(3) P-C(1)—-C(2) 116.3(4)
C(3)-Si(1)-C(21) 107.3(3) P-C(1)-C(5) 123.8(4)
C(6)-P-C(11) 104.4(2) P-C(6)-C(7) 119.6(4)
C(9)-8i(2)-C(31) 108.9(3) P-C(6)-C(10) 120.1(4)
C(9)-8i(2)-C(33) 109.1(3) C(1)-P-8 115.3(2)

from the line joining the Cp centroids. Thus, in 7 this
displacement is 0.259(2) A, significantly less than in 6
(0.291(7) A). This also provides evidence that the
phosphorus(V) center in 7 may be acting as a better
acceptor of electron density than the phosphorus(III)
center in 6. However, it should be noted that the
decreased length of the ipso carbon—phosphorus bonds
in 7 relative to 6 mentioned above would also be
expected to decrease the Fe-+-P distance. Thus, as noted
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elsewhere,3® the different structural parameters in
[1)ferrocenophanes are interrelated and it is difficult to
distinguish definitively between which structural change
is a “cause” which is an “effect”.

Cullen has suggested that the ring strain in phos-
phorus-bridged [1]ferrocenophanes is manifest in dif-
ferent structural distortions compared to their silicon
or germanium analogues.22 Thus, on the basis of an
analysis of the structures available at that time, it was
noted that phosphorus-bridged [1]ferrocenophanes ex-
hibit higher tilt angles (o) whereas the silicon and
germanium complexes have higher 6 and 3 angles. It
is therefore interesting to note that, while the charac-
teristics of 4 agree with this assessment, the 6 and S
angles for 6 and in particular 7 are between those
typically found in silicon-bridged and phosphorus-
bridged [1]ferrocenophanes. Thus, the 6 and § angles
in 7 (8 = 95.0(2)°, § = 35.0(4)°) are intermediate
between those found in 3 (8 = 90.6(3)°, § = 32.5°) and
Fe(-C5Hy)2SiPhy (8 = 99.2(5)°, 8 = 40.0(9)°).

Summary

A series of strained, ring-tilted phosphorus(III)-
bridged [1]ferrocenophanes have been shown to undergo
thermal ROP to yield poly(ferrocenylphosphines). Sul-
furization of these materials yielded poly(ferrocenylphos-
phine sulfides) which were GPC-analyzable and which

Honeyman et al.

were completely characterized. The phosphorus(V)-
bridged [1]ferrocenophane 7 also underwent thermally-
induced ROP, but the resulting polymer partially de-
composed under the thermolysis conditions.

Future work will be focused on detailed studies of the
properties of the polymers, and we recently reported
electrochemical studies of @ which showed that the iron
centers interact with one another in a similar manner
to those in poly(ferrocenylsilanes) and poly(ferrocen-
vlgermanes).2 We are also investigating alternative
methods for the initiation of the ROP of phosphorus-
bridged [1]ferrocenophanes, and our results of this study
will be reported in the near future.
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The salts of [EtsNH][(¢-RE)u-CO)Fex(CO)s] (1) react with SoCly to give double-cluster
complexes [(u-RE)Fes(CO)slo(u-S—S-u) (2a—1) (2a, RE = EtS; 2b, PhS; 2¢, n-BuS; 2d, t-BuS;
2e, PhSe; 2f, p-CH3CgH,Se), whereas the salt of [EtsNHI[(4-PhSe)(u-CO)Fex(CO)g] reacts
with CS; followed by treatment with diverse organic halides to afford single-cluster complexes
(4-PhSe)(u-ZSC=S)Fey(CO)s (3a—c) (3a, Z = PhCHy; 8b, PhCOCH,; 8¢, EtO;CCHz), double-
cluster complexes [(u-PhSe)Fex(CO)gly(1,3-(u-S=C—SCHy)2CsH,] (8d) and [(u-PhSe)Fey(CO)gls-
[1,4-(u-S=C—SCH;):C¢H,41 (8e), and triple-cluster complex [(u-PhSe)Fes(CO)gls[1,3,5-(u-
S=C—SCH,);C¢H;] (3f). The crystal structure of 8a was determined by X-ray diffraction
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techniques.

Introduction

Over the past decade, the chemical reactivities of
triethylammonium salts of the (u-RS)u-CO)Feq(CO)g
anions have been studied extensivelyl™1* relative to
those of their Li,2 Na*,5 and Mg*X!5 salts, as well as
Et;N*tH salts of the (u-RSe)(u-CO)Fex(CO)s anions.®
Reactions of such salts with most electrophiles can be
rationalized in terms of their action as iron-centered
nucleophiles and may fall into two categories according
to the nature of the electrophiles. In one category,
reactions with the electrophiles having a leaving group

® Abstract published in Advance ACS Abstracts, October 15, 1995,
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gave neutral products in which the organic group
replaced the 4-CO ligand, such as is shown in ref 5, or
the u-CO ligand remains untouched, which was found
only in ref 14. In the other category, however, reactions
with the electrophiles that have no leaving group
initially gave the corresponding salts of other anions and
finally gave the neutral products by protonation of the
anions from their counterion Et;N*tH? or by interaction
of the anions with extra electrophiles further added.?
In order to develop the chemistry of such salts, particu-
larly the Se analogs, we initiated the study on the
reactions of the EtsNTH salts of (u-RE)(u-CO)Fes(CO)s
(E = 8, Se) with SoCl; and with CSy. Herein we report
the interesting results.

Results and Discussion

Reactions of salts [EtsNHI[(u-RE)(u-CO)Fes(CO)6] (E
= S, Se) (1) prepared from Fe3(CO)19, EtsN, and RSH
or RSeH with S¢Cl; in an approximate molar ratio 2:1
resulted in the formation of the S—S-bonded, double-
cluster complexes 2. The products 2 could be produced
via an intermediate M1 formed by nucleophilic attack
of the negatively charged iron in 1 at sulfur atoms in
SaCly, followed by the intramolecular displacement of
two u4-CO groups by the S—S moiety in M1, as shown
in Scheme 1. 2a and 2b were previously prepared by
another route and identified by comparison of their IR
and 'H NMR spectra to those of authentic samples. 617

(16) Seyferth, D.; Kiwan, A. M.; Sinn, E. J. Organomet. Chem. 1985,
281, 111,

(17) Song, L.-C.; Kadiata, M.; Wang, J.-T. Youji Huaxue 1990, 10,
270.

© 1995 American Chemical Society
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Scheme 1
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2¢—f are new and their constitutions were proven by
combustion analysis, IR, YH NMR spectroscopy, and EI
mass spectrometry. The latter showed the molecular
ion M* for 2f, M*-nCO for 2¢ and 2d, and the largest
fragment (CO).Fe;SSePh for 2e. According to the
orientations of the S—S and C—E bonds to the subclus-
ter core, FesSE (E = S or Se), there are essentially 10
different conformation isomers in all for double-cluster
repulsion interactions between R and subcluster (u-RE)-
(u-S)Feg(CO)6.1819 It is interesting to note that 'H NMR
spectroscopy can provide information about the presence
of those isomers, which was developed on the basis of
the study on the relationship between the structure of
(u-CoH58)Feg(CO)e?° and King’s 'H NMR data.?! The
IH NMR spectrum of 2a showed one axial ethyl group
signal at 6cu, 1.92 ppm?2 and one equatorial ethyl group
signal at dcy, 2.44 ppm,?? with an integration ratio of
3:1; therefore, 2a could not exist as one isomer ii (acee)
or iv (eaea), but should be a mixture of two or more
isomers, such as i (aeea) and iii (eeee) or i and vi (eaae)
in a ratio of 3:1 (Chart 1). Similarly, since the 'TH NMR
spectrum of 2d showed one axial t-Bu signal at 6,5, 1.17
ppm?2 and one equatorial signal at 6.5, 1.42 ppm,22 and
due to the unequal integrations of two ¢-Bu signals (4:
1), 2d also exists as a mixture, such as i and iii or i
and vi with a ratio of 4:1. The 'H NMR spectrum of 2f
only showed one signal for p-CHj at 6 2.34, which means
that the two p-CH3CgH, are bonded to E atoms via one
type of bond. Thus, 2f may exist as one either i, iii, or
vi. Unfortunately, the TH NMR spectra of 2b, 2¢, and
2e showed complicated multiplets for their phenyl
groups and n-Bu groups attached to E atoms, which did
not provide any useful information for the identification
of their isomers. Although the double clusters of type
2 with E = S were prepared previously by oxidative
coupling of the monoanion [(4-RS)(u-S)Fea(CO)sl~ with
S0:C1,,'617 the double clusters of type 2 with E = Se
were first prepared by this new method from the
corresponding salts of complexes 1. However, the yields
of such double clusters prepared by this method are

(18) Shaver, A; Fitzpatrick, P.; Steliou, K.; Butler, I. S. J. Am. Chem.
Soc. 1979, 101, 1313.

(19) Seyferth, D.; Henderson, R. S.; Song, L.-C. Organometallics
1982, 1, 125,

(20) Dahl, L. F.; Wei, C.-H. Inorg. Chem. 1968, 2, 328.

(21) King, R. B. J. Am. Chem. Soc. 1962, 84, 2460.

5';22) De Beer, J. A,; Haines, R. J. J. Organomet. Chem. 1970, 24,

757.

usually low, which is possibly due to the formation of
the corresponding byproduct (u-RE)2Fea(CO)s.

It is known that salts of type 1 with E = S react with
CS; and diverse halides to form dithioformate cluster
complexes.? To compare the reactivity of the salts of
type 1 (E = Se) toward CS; with that of E = S analogs,
and to prepare the novel cluster complexes containing
both bridged alkylselenido and dithioformate ligands,
we carried out the reaction of [EtsNH][(u-PhSe)(u-CO)-
Fes(CO)e] with CS,, followed by in situ reaction with
various organic halides. It was observed that the
solution turned cherry red with brisk gas evolution
when CSy was added to the red-brown solution of [Ets-
NH][(#-PhSe)(u-CO)Fex(CO);] prepared from Fez(CO);o,
PhSeH, and EtsN. This means that the 4-CO group was
replaced by CSg, and the selenium salt intermediate M2
was formed in which dithioformato acted as a bridging
group. Treatment of the intermediate M2 solution with
organic mono-, di-, or trihalides followed by further
workup gave the corresponding single-cluster complexes
3a—c, double-cluster complexes 3d—e, and triple-cluster
complex 3f, as shown in Scheme 2.

The cluster complexes 3a—f are all new and were
characterized by combustion analysis and IR, 1H NMR,
and mass spectroscopies. Their IR spectra all exhibited
two groups of bands: one group consisted of four or five
strong peaks in the region of 1960—2100 cm™! and the
other had one medium peak around 1000 cm~!. The
former was attributed to terminal carbonyls and the
latter to the bridged thiocarbonyl C=S group. The C=S
vibrational band in free CS; is situated at 1533 em™,
but in CS; complexes it is usually shifted to the region
of 860—1120 em™1.2% As seen from the IR spectra of 3a—
f, the nature of the organic moiety attached to the exo
sulfur atom may affect the C=S vibrational band. The
C=S band in 3a and 3d—f is at 999 and 1007 cm™,
respectively, while that in 8b and 8¢ is at 1015 cm™L.
This is possible due to the stronger electron-withdraw-
ing effects of the benzoyl and ethoxycarbonyl groups in
3b and 3c than those of the corresponding organic
groups in 3a and 8d—f. The 'H NMR spectra of 3a—f
indicated the proton signals for their respective organic

(23) Patin, H.; Mignani, G.; Mahe, C.; Le Marouille, J.-Y.; Southern,
T. G.; Benoit, A.; Grandjean, D. J. Organomet. Chern. 1980, 197, 315.
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groups, and the mass spectra showed the fragment ions,
such as M™ — nCO for 3a—c and smaller fragment ions
for 3d—f£.

With the phenyl groups attached to Se atoms as axial
or equatorial groups, there are two possible conforma-
tion isomers for 8a—c, three for 3d,e, and four for 3f.
Since 'H NMR data for the phenyl groups could not
provide information for the identification of isomers (due
to their complicated multiplets), an X-ray crystal dif-
fraction analysis for 3a was undertaken.

The data collection and processing parameters, atomic
coordinates, equivalent isotropic thermal parameters,
and selected bond lengths and angles are listed in
Tables 1-3. Figure 1 shows the ORTEP representation
of the molecule. As seen from Figure 1, the structure
of 8a is very similar to that of u-(thioferrocenylmethyl-
methane thiomethylene-C1-8%)-1,1,1,2,2,2-hexacarbonyl-
u-methylthiodiiron (abbreviated as Tf hereafter),2? where
both contain a butterfly core with Fe;E and Fe,SC as
two wings, with E = Se for 8a and E = S for Tf. The
dihedral angle between the two wing planes in 3a is
89.3°, which is smaller than the corresponding one in
Tf (91°).23 The six-coordinate atoms or groups around
each iron atom display as a distorted octahedron. The
Fe—Fe distance in 3a is 2.648(3) A, which is slightly
longer than that of Tf (2.62 A),23 but much longer than

(C0), (CO),

7] e 23

Fe—Fe
(CO), (CO),

(ix) aaee

(€0), (CO),

(vi) eaae (vii) aaaa

R—E

>\<1ie(co>3 >\<li“e(CO)3
/Fe(c())3 R S/Fe(CO)3
|
]
7
Fe~—Fe

(CO)5 (COY,

(x) aaea

those in complexes containing two thioalkyl or thioaryl
bridges, 242

The angle of S(1)-+-Se(1)—C(7) = 160.2° reveals that
the phenyl group attached to the selenium atom is at
an equatorial position, namely, 3a is an e-type isomer,
which can be seen from Figure 1 intuitively. The two
Fe—Se distances are almost the same [Fe(1)—Se(1) =
2.380(2) A, Fe(2)—Se(1) = 2.368(3) Al. Similar to Tf,
the thiocarbonyl C(13)=S(1) in the S(2)—C(13)=S(1)
moiety is bridged to Fe(1) via a o bond [Fe(1)—C(13) =
1.98(1) A] with a carbene character®® and to Fe(2) via
the donation of an unshared electron pair from S(1) [Fe-
(2)—S(1) = 2.307(5) Al. In comparison with a typical
C=S double bond in CS; (1.554 A),26 the bond length of
the double bond C(13)=S(1) extends to 1.63(1) A [cor-
responding C—S length is 1.658(4) A in Tf],23 but is still
much shorter than that of the single bond S(2)—C(13)
[1.72(1) A; the corresponding length in Tf is 1.698(4)

A].ze.
Experimental Section

1. General Comments. All reactions were carried out
under an atmosphere of prepurified tank nitrogen. Tetrahy-

(24) Le Borgne, G.; Grandjean, D.; Mathieu, R.; Poilblance, R. J.
Organomet. Chem. 1977, 131, 429.

(25) Henslee, W.; Davis, R. E. Crystallogr. Struct. Commun. 1972,
1, 403.
(26) Butler, 1. S.; Fenster, A. E. J. Organomet. Chem. 1974, 66, 161.
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drofuran (THF) was distilled under nitrogen from sodium/
benzophenone ketyl, triethylamine from potassium hydroxide,
sulfur(I) chloride from elemental sulfur, and carbon disulfide
from phosphorus pentoxide. Ethyl, n-propyl, n-butyl, and ter¢-
butyl mercaptans, thiophenol, benzyl bromide, ethyl bromo-
acetate, and bromoacetophenone were of commercial origin and
used without further purification. 1,3-Bis(bromomethyl)-
benzene, 1,4-bis(bromomethyl)benzene, 1,3,5-tris(bromometh-
yDbenzene,? triiron dodecacarbonyl,2® and benzeneselenol??
were prepared by literature procedures.

The progress of all reactions was monitored by thin-layer
chromatography (TLC). Products were purified by column

(27) Werner, W. J. Org. Chem. 1952, 17, 523.

(28) King, R. B. Organometallic Syntheses; Academic Press: New
York, 1965; Vol. 1, Transition-Metal Compounds, p 95.

(29) Foster D. G. Organic Syntheses; Wiley: New York, 1955;
Collect. Vol. III p 771.

(€0), (CO),

(CO), (CO)y

3d

chromatography (30 x 2.4 cm, 200—300 mesh silica gel) and
by TLC (20 x 25 x 0.025 cm, silica gel G). Chromatography
was completed without the exclusion of atmospheric oxygen
or moisture. The eluents were light petroleum ether (60—90
°C) and methylene chloride, which were chemical reagents and
used without further purification. Solid products were recrys-
tallized from deoxygenated, mixed solvents of CH;Cly/petro-
leum ether.

Melting points were determined on a Yanaco MP-500
melting point apparatus and were uncorrected. Combustion
analysis was performed on a 240C Model analyzer. Proton
NMR spectra were recorded on a JEOL FX-90Q spectrometer
with a CDCl;3 solvent and a TMS internal standard. Infrared
spectra were obtained on a NICOLET FT-IR 5DX spectropho-
tometer with a KBr disk. Mass spectra were obtained with a
HP 5988A spectrometer.

2. Reaction of [Et;NH][(#-RE)(u-CO)Fez(CO)ql (1) with
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Table 1. Data Collection and Processing Parameters for 3a

molecular formula
molecular weight
color and habit
crystal size (mm?)
crystal system
space group

unit cell parameters

density (caled, g cm™3)

Rigaku R-AXIS II

camera length (mm)

frame number

exposure time (min)

radiation

absorption coefficient (mm~1)
collection range

unique data measured

R (from merging of equiv reflections)
obs data with |F,| = 100(|F,)), n

no. of variables, p

weighting scheme

Ry = 2||Fo| — |F|[/2IF )

R, = [Zw(IFo! - chl)z/ZwlFoIZ]m

S = [Zw(|F,| — |Fe)*(n — p)}2

largest and mean A/o

residual extrema in final difference map (eA-3)

Table 2. Atomic Coordinates (x10%) and
Equivalent Isotropic Temperature Factors® (<104
A2 for Se and Fe; x10° A2 for Others) for 3a

atom x y z Ugq
Se(1) 2957(2) 339(1) 3626(2) 549(5)

Fe(1) 1354(2) —412(1) 2675(2) 543(7)
Fe(2) 3884(2) —205(1) 2078(2) 571(8)
S 4292(4) -922(2) 3623(4) 61(1)
S(2) 1956(4) —1463(2) 4721(4) 63(1)
o) 764(12) -1453(4) 993(10) 81(2)
0(2) —1016(11) —514(5) 4069(11) 93(2)
0(3) —294(11) 483(5) 1071(10) 81(2)
o4 4056(12) —1173(5) 289(12) 100(2)
O(5) 6756(11) 32(5) 2381(12) 102(2)
0(6) 2746(12) 597(5) 67(11) 91(2)
C) 987(14) —1028(7) 1653(13) 61(2)
C(2) —85(15) —466(6) 3582(15) 70(2)
C3) 362(13) 128(7) 1679(13) 58(2)
C4) 3998(15) —800(7) 1021(15) 69(2)
C(5) 5669(15) 98(7) 2290(16) 79(2)
C(6) 3183(14) 299(6) 889(13) 59(2)
C(7) 2407(14) 1141(6) 3131(13) 58(2)
C(8) 3323(15) 1529(6) 2572(15) 72(2)
C9) 3013(16) 2133(7) 2389(16) 83(2)
C(10) 1814(17) 2387(7) 2703(16) 90(2)
can 917(17) 2029(6) 3229(14) 77(2)
C(12) 1225(186) 1418(6) 3416(15) 76(2)
C(13) 2621(13) -969(5) 3744(12) 51(2)
C(14) 3464(14) —1882(7) 5517(13) 67(2)
C(15) 3030(13) —2269(6) 6483(13) 55(2)
C(16) 2761(15) —2877(7) 6346(15) 75(2)
can 2334(17) —3250(7) 7246(15) 84(2)
C(18) 2326(15) —2981(7) 8356(16) 77(3)
C19) 2599(16) —2380(7) 8574(16) 84(3)
C(20) 2981(16) —2025(8) 7628(16) 86(3)

@ Ugq is defined as one-third of the trace of the orthogonalized
U tensor.

Sulfur(I) Chloride. A 100 mL three-necked round-bottomed
flask equipped with a stir-bar, a N; inlet tube, and serum caps
was charged with 1.50 g (2.98 mmol) of Fe3(CO),; and 40 mL
of THF. To the resulting green solution were added 0.50 mL
(3.58 mmol) of triethylamine and about 3 mmol of the corre-
sponding mercaptan, thiophenol, or areneselenol. The solution
immediately turned red-brown and was stirred for 10 min in

CaoH;2Fes06S2Se

603.08

red plate

0.05 x 0.10 x 0.10

monoclinic

P24/n (No. 14)

a=9.5842)A

b=21.8714) A
=11.061(2) A

B =98.92(3)°

Z=4

V =2291(1) A3

F(000) = 1192

1.749

imaging plate size, 200 x 200 mm

69.95 (start angle —20.0°)

24 (oscillation angle 6°)

16

graphite-monochromatized Mo Ka, A = 0.710 73 A

3.071

0<sh=12,0sk <25, -183 <[ <18;20 =55°

4101

0.074

1746

256

w = 1/02 (F)

0.066

0.066

291

0.24 and 0.04

+0.92 to —0.44

Table 3. Selected Bond Lengths (A) and Bond
Angles (deg) for 3a ‘

atom distance atom distance
Fe(1)-Fe(2) 2.648(3) Fe(1)—Se(1) 2.380(2)
Fe(1)-C(1) 1.76(2) Fe(1)-C(2) 1.83(2)
Fe(1)-C(3) 1.79(1) Fe(1)-C(13) 1.98(1)
Fe(2)—Se(1) 2.368(3) Fe(2)—-S(1) 2.307(5)
o-C(1) 1.18(2) 0(3)-C(3) 1.15(2)
0(5)-C(5) 1.12(2) Se(1)-C(7) 1.89(1)
S(1)~-C(13) 1.63(1) S(2)-C(13) 1.72(1)
S(2)-C(14) 1.82(1) C(14)—-C(15) 1.47(2)
atom angle atom angle
Se(1)—Fe(1)—Fe(2) 55.9(1) Se(1)-Fe(1)-C(1) 149.8(5)
Fe(2)-Fe(1)-C(1) 94.0(5) Se(1)—-Fe(1)-C(2) 107.0(5)
Fe(2)—Fe(1)—-C(2) 160.8(5) C(1)-Fe(1)-C(2) 102.1(7)
Se(1)—-Fe(1)—-C(3) 93.5(4) Fe(2)—Fe(1)-C(3) 98.8(5)
Se(1)~Fe(1)—-C(13) 82.3(4) Fe(2)-Fe(1)-C(13) 75.7(4)
Se(1)—Fe(2)-Fe(1) 56.3(1) Se(1)—Fe(2)—-S(1) 81.1(1)
Fe(1)-Fe(2)—-5(1) 75.9(1) Se(1)-Fe(2)-C4) 156.7(5)
Fe(1)~-Fe(2)-C(4) 101.1(5) S(1)—-Fe(2)~-C(4) 88.2(5)
Se(1)—Fe(2)—-C(5) 100.1(5) Fe(1)—Fe(2)-C(5) 155.6(6)
Se(1)—-Fe(2)—-C(6) 94.7(5) Fe(1)—Fe(2)—C(6) 92.0(5)
S(1)—Fe(2)~-C(6) 167.5(8) Fe(1)—C(1)-0(1) 178(1)

Fe(2)-C(4)-0(4) 177(1) Fe(1)—Se(1)-Fe(2) 67.8(1)
Fe(1)—8e(1)-C(7) 112.4(4) Fe(2)—Se(1)-C(7) 112.1(5)
Se(1)-C(7)—-C(8) 121(1) Fe(2)-8(1)-C(13) 92.7(5)
C(13)-8(2)-C(14) 106.1(7) Fe(1)—-C(13)-8(1)  115.6(7)
Fe(1)-C(13)-S(2)  120.7(7) S(1)-C(13)—-8(2) 123.8(8)

S(2)-C(14)-C(15)  110(1)

the case of areneselenol and for 30 min in the case of
mercaptan and thiophenol. The resulting [EtsNHI[(u-RE)u-
CO)Fes(CO)s] reagent (1) then was utilized in situ without
further purification.

2.1. Preparation of 2a. The THF solution of 1 (RE = EtS)
prepared by using EtSH as above was cooled to —78 °C with
a dry ice/acetone bath, to which was added 0.13 mL (1.6 mmol)
of sulfur(I) chloride. The reaction mixture was maintained
for 10 min at —78 °C and then allowed to warm to room
temperature and stirred for an additional 2 h. TLC analysis
of the reaction mixture indicated the formation of two major
orange-red products. The solvent was removed in vacuo to
give a dark red residue, which was purified by column
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Figure 1. ORTEP view of 3a as drawn with 35% prob-
ability ellipsoids.

chromatography. Elution with 1:9 (v/v) CHyCly/petroleum
ether gave a red oil, which was further purified by TLC.
Elution with 1:18 (v/v) CHyCly/petroleum ether gave two red
bands. The first red band gave 0.076 g (4%) of (u-EtS);Fes-
(CO)e, which was identified by comparison of its melting point
and 'H NMR spectrum with those given in the literature.” The
second major red band gave 0.331 g (30%) of [(u-EtS)Fea(CO)gls-
(u-S—S-u) (2a) as a slightly air-sensitive red crystal, which was
also identified by comparison of its melting point and 'H NMR
spectrum with those of an authentic sample.’

2.2, Preparation of 2b. The same procedure as in section
2.1 was followed, but 1 where RE = EtS was replaced by 1
where RE = PhS and gave two major products. The first
orange band gave 0.349 g (24%) of (u-PhS):Fex(CO)s, which
was identified by comparison of its melting point and *H NMR
spectrum with those given in the literature.?® The second red
band gave 0.080 g (6%) of [(4-PhS)Fex(CO)sla(u-S—S-u) (2b) as
a slightly air-sensitive red solid, which was also identified by
comparison of its melting point and 'H NMR spectrum with
those of an authentic sample.!® ‘

2.3. Preparation of 2c. The same procedure as in section
2.1 was followed, but 1 where RE = EtS was replaced by 1
where RE = n-BuS and gave two major products. The first
red band gave 0.054 g (4%) of (u-n-BuS)sFea(CO)s, which was
identified by comparison of its 'H NMR spectrum with that
given in the literature.?2 The second major red band gave
0.294 g (30%) of [(u-n-BuS)Fex(CO)ela(u-S—S-u) (2¢) as a
slightly air-sensitive red solid (mp 85—-86 °C). Anal. Caled
for CooH1sFe 01284 C, 29.95; H, 2.26. Found: C, 29.90; H,
1.98. IR (KBr disk): terminal C=0 2065(vs), 2049(vs), 1991-
(vs) cm™!. 'H NMR (CDCls): ¢ 0.60—2.70 (m, 18H, 2CH,CHo-
CH,CHj3). MS (EI) m/z (relative intensity): 718 [(M —~ 3CO)*,
0.6], 662 [(M — 5CO)*, 0.4], 578 [(M — 8CO)*, 0.6], 550 [(M —
9CO)*, 0.5], 522 [(M — 10CO)*, 3.0], 494 [(M - 11CO)", 8.2],
466 [(M — 12C0O)*, 1.8], 402 [(CO)¢FeSH-SBu-n*, 2.6], 374
[(CO)sFeSH-SBu-n*, 5.2], 346 [(CO)sFe:SH-SBu-n*, 8.1], 318
[(CO)sFeSH-SBu-n", 19.7], 233 (FezS-SBu-n*, 8.0), 201 (Feq-
SBu-n*, 4.0), 176 (FesSo*, 24.3), 144 (FepS™, 11.4), 112 (Fe,™,
4.8), 90 (n-BuSH", 6.1), 57 (n-But*, 21.6), 56 (Fe®, 100), 41
(CH,=CHCH,", 85.6).

2.4, Preparation of 2d. The same procedure as in section
2.1 was followed, but 1 where RE = EtS was replaced by 1
where RE = ¢-BuS and gave two major products. The first
red band gave 0.058 g (4%) of (u-t-BuS);Fey(CO)s, which was
identified by comparison of its melting point and 'H NMR
spectrum with those given in the literature.?2 The second
major red band gave 0.616 g (52%) of [(u-t-BuS)Fea(CO)glo(u-
S—8-u) (2d) as a slightly air-sensitive red crystal (mp 140 °C
(dec)). Anal. Caled for CooHisFe 0128s: C, 29.95; H, 2.26.
Found: C, 29.77; H, 2.23. IR (KBr, disk): terminal C=0
2065(s), 2032(vs), 2008(s), 1983(vs) cm™!. 'H NMR (CDCls):
0 1.17 [s, a-C(CHas)sl, 1.42 [s, e-C(CHa)s), a/e = 4:1. MS (EI)
m/z (relative intensity): 522 [(M — 10CO)*, 0.7], 494 [(M —

(30) Nametkin, N. S.; Tyurin, V. D.; Kukina, M. A. J. Organomet.
Chem. 1978, 149, 355.
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11CO)*,-1.8], 466 [(M — 12CO)%, 0.5], 409 (Fe S,Bu-t*, 0.7),
352 (Fey ST, 2.0), 233 (Fe2S-SBu-t, 2.6), 177 (FexS'SHT, 7.1),
176 (FeaSq*, 1.1), 144 (FepS™, 0.6), 112 (Fept, 1.2), 90 (2-BuSHT,
16.8), 89 (¢-BuS*, 0.6), 57 (¢-Bu*, 37.3), 56 (Fe*, 33.7), 41
(CHy=CHCH_,*, 100).

2.5. Preparation of 2e. The same procedure as in section
2.1 was followed, but 1 where RE = EtS was replaced by 1
where RE = PhSe and gave two major products. The first red
band gave 0.337 g (19%) of (u-PhSe):Fes(CO)s, which was
identified by comparison of its melting point and 'H NMR
spectrum with those of an authentic sample.? The second red
band gave 0.122 g (9%) of [(u-PhSe)Fex(CO)sla(u-S—S-u) (2e)

" as a slightly air-sensitive red solid (mp 190 °C (dec)). Anal.

Caled for Cz4H10Fe401szSezi C, 30.80; H, 1.08. Found: C,
30.75; H, 0.98. IR (KBr, disk): terminal C=0 2082(s), 2057-
(vs), 2032(vs), 1991(vs), 1975(vs) cm~!. H NMR (CDCls): &
7.16—6.80 (m, 10H, 2CsH;). MS (EI, #Se) m/z (relative
intensity): 413 [(CO)FesS:SePh*, 98.6], 357 [(CO).Fe,S:-
SePht, 12.4], 301 (Fe2S-SePht, 5.6), 269 (FeSePh™, 3.7), 224
(FegS-Se*, 8.8), 196 (FesSe™, 4.7), 144 (FeyS™, 4.8), 112 (Fest,
8.2), 77 (C¢Hs™, 8.6), 56 (Fe*, 26.8).

2.6. Preparation of 2f. The same procedure as in section
2.1 was followed, but 1 where RE = EtS was replaced by 1
where RE = 4-CH;CsHSe and gave two major products. The
first red band gave 0.439 g (24%) of (u-4-CH3C¢H,Se).Fey(CO)s
as an air-stable red solid. It is a new compound (mp 96—98
°C). Anal. Caled for ConMFezOsSez: C, 38.75; H, 2.28.
Found: C, 38.83; H, 2.22. IR (KBr disk): terminal C=0
2032(s), 2000(vs), 1967(vs) em™:. 'H NMR (CDCl;): 6 2.20 (s,
6H, 2CHj3), 6.88, 6.96, 7.08, 7.18 (AA’BB’ quartet, 8H, 2CgH,).
MS (EI, 80Se) m/z (relative intensity): 622 (M*, 0.9), 566 [(M
— 2C0)*, 1.2], 538 [(M ~ 3CO)*, 0.8], 510 [(M — 4CO)*, 0.4],
482 [(M — 5CO)*, 14], 454 [((M — 6CO)*, 8.2], 363 (Feq-
SeSeCe¢H CHj-4%, 1.2), 272 (FegSeo™, 21.7), 283 (FeSeCgH,-
CHs-4%, 1.5), 269 (FeySeCgHs™, 7.1), 192 (FesSe™, 9.4), 182
(CH3C¢H,CeH4CH3", 26.7), 167 (C¢HsSe™, 18.4), 112 (Feo™, 3.8),
91 (C¢H,CHj3™, 100), 56 (Fe™, 16.5). The second red band gave
0.095 g (7%) of [(u-4-CH3CsH,Se)Fex(CO)glo(u-S—S-u) (2f) as a
slightly air-sensitive red solid (mp 105 °C (dec)). Anal. Caled
for CogHi14Fes0125:8ey: C, 32.40; H, 1.46. Found: C, 32.19;
H, 1.43. IR (KBr disk): terminal C=0 2082(s), 2057(vs),
2032(vs), 1991(vs) em™:. 'H NMR (CDCl;): & 2.34 (s, 6H,
2CHjy), 7.09, 7.18, 7.33, 7.44 (AA'BB’ quartet, 8H, 2C¢Hy). MS
(EL, ®Se) m/z (relative intensity): 315 (FesS-SeCeH,CHj-4",
1.3), 282 (FesSeC¢H4CHs-4%, 1.4), 224 (FesS+Se™, 3.5), 192 (Fes-
Set, 2.1), 171 (4-CH3CsH4Se*, 23.2), 144 (FesSt, 3.2), 112 (Fest,
1.9), 91 (CeHs;CH,*, 100), 56 (Fe™, 11.7).

3. Reactions of [EtsNH][(z-PhSe)(u-CO)Fez(CO)] with
Carbon Disulfide. Standard in Situ Preparation of [Ets-
NH1{(u-PhSe)(u-SC=S)Fe2(CO)¢] (M2). A 100 mL three-
necked flask equipped with a magnetic stir-bar, a N; inlet, and
serum caps was charged with 1.50 g (2.98 mmol) of Fe3(CO)12
and 40 mL of THF. To the resulting green solution were added
0.50 mL (3.58 mmol) of triethylamine and 0.32 mL (3.03 mmol)
of benzeneselenol, which was stirred for 10 min. When 0.60
mL (10.0 mmol) of CS; was added to this THF solution of [Ets-
NHXu-PhSe)(u-CO)Fex(CO)], gas evolution was observed and
the color of solution changed from red-brown to cherry red in
30 min. The [EtsNH][4-PhSe)(u-S=C—S")Fex(CO)s] (M2) solu-
tion was thus prepared and utilized in situ without further
purification.

3.1. Preparation of 3a. To the solution prepared as above
was added 0.72 mL (6.0 mmol) of benzyl bromide. The reaction
mixture was stirred for 2 h at room temperature. TLC
analysis indicated that two main red products were formed.
The solvent was removed in vacuo to give a red residue, which
was subjected to column chromatography. Elution with 1:9
(v/v) CHzCly/petroleum ether followed by evaporation of the
solvent gave 0.322 g (18%) of (u-PhSe);Fey(CO), which was
identified by comparison of its melting point and 'H NMR
spectrum with those of an authentic sample,® and 1.016 g
(57%) of (u-PhSe)(u-PhCH2SCS)Fey(CO)s (3a) as a red air-
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stable solid (mp 116—117 °C). Anal. Calcd for CaeH;3FesO6S;-
Se: C, 39.83; H, 2.01. Found: C, 39.79; H, 2.03. IR (KBr
disk): terminal C=0 2065(s), 2016(vs), 1983(s), 1867(s) cm ™},
C=S 999(m) cm~!. 'H NMR (CDCls): § 4.35 (s, 2H, CHy),
7.08—-7.64 (m, 10H, 2C¢H;). MS (EI, 8Se) m/z (relative
intensity): 520 {(M — 3CO)*, 1.0], 492 [(M — 4CO)*, 0.7], 436
(M — 6C0O)*, 3.3], 345 (FeSePhCS,*, 1.9), 301 (FeyS-SePht,
4.0), 269 (FeySePh™, 6.1), 224 (FesS-Se™, 6.0), 192 (FeySet, 3.7),
157 (PhSe*, 11.7), 144 (FepSt, 2.3), 91 (CsH;CH,*, 100), 77
(CeHs*, 15.6), 56 (Fe*, 2.9).

3.2. Preparation of 3b. A procedure similar to that in
section 3.1 was followed, but 0.995 g (5.0 mmol) of bromo-
acetophenone was used instead of benzyl bromide. Elution
with 1:18 (v/v) CHCly/petroleum ether yielded 0.310 g (18%)
of (u-PhSe)2Fex(CO)s. Further elution with 3:7 (v/v) CH,Cly/
petroleum ether afforded 0.906 g (48%) of (u-PhSe)(u-PhCOCH,-
SCS)Fex(CO)s (3b) as a red air-sensitive solid (mp 38—40 °C).
Anal. Caled for Ca1HioFe 0:8:8e: C, 39.97; H, 1.92. Found:
C, 40.36; H, 1.78. IR (KBr disk): terminal C=0 2065(s),
2024(vs), 2000(s), 1983(s) cm™!, C=0 1680(m) cm™!, C=S
1015(m) em~1. 'H NMR (CDCl;): ¢ 4.74 (s, 2H, CHy), 7.34—
8.20 (m, 10H, 2C¢H;). MS (EI, #8Se) m/z (relative intensity):
548 [(M — 3CO)*, 0.4], 520 [(M — 4CO)*, 0.4], 464 [(M — 6CO)*,
2.1], 301 (FesS-SePh*, 1.7), 269 (Fe;SePht, 4.2), 224 (Fe,SSet,
4.1), 192 (FeySe™, 5.2), 157 (PhSe™, 24.7), 144 (FepS*t, 3.5), 119
(PhCOCH_*, 1.9), 105 (PhCO™, 69.9), 91 (C¢H5sCH,*, 22.8), 77
(CgHs™, 100), 56 (Fe™, 9.5).

3.3. Preparation of 3c. A procedure similar to that in
section 3.1 was followed, but 0.56 mL (5.0 mmol) of ethyl
bromoacetate was used instead of benzyl bromide. Elution
with 1:18 (v/v) CHsCly/petroleum ether yielded 0.392 g (22%)
of (u-PhSe)sFex(CO). Further elution with 1:4 (v/v) CHyCly/
petroleum ether afforded 0.836 g (47%) of (u-PhSe)(u-EtOqs-
CCH:SCS)Fex(CO)s (3¢) as a red air-stable solid (mp 74—75
°C). Anal. Caled for Ci7H1:Fe20sSsSe: C, 34.09; H, 2.02.
Found: C, 34.19; H, 2.13. IR (KBr disk): terminal C=0
2065(s), 2032(vs), 2008(s), 1983(s), 1951(s) cm™!, C=0 1721
em™1, C=S8 1015(m) cm~1. 'H NMR (CDCls): 6 1.20 (t, J =
7.2 Hz, 3H, CHj3), 3.91 (s, 2H, CH,CO), 4.16 (q, J = 7.2 Hz,
2H, CHy), 7.04—17.80 (m, 5H, CeH;). MS (EI, #Se) m/z (relative
intensity): 544 [(M — 2C0)*, 2.0], 516 [(M — 3CO)*, 21.7], 488
[(M - 4CO)*, 14.4], 460 [(M — 5CO)", 0.9], 432 [(M = 6CO)*,

58.3], 387 (FesSePh-SCSCH,CO", 5.3), 359 (Fe:SePh-SCSCH,*,

2.8), 346 (Fe;SePh-SCSH*, 100), 345 (FexSePh-SCS™, 13.9),
301 (FexSePh-S+, 18.5), 269 (FesSePh™, 33), 192 (FesSe™, 61.7),
157 (PhSe™, 52.7), 144 (Fe,St, 28.2), 112 (Feo™, 14.7), 77 (CeHs ™,
62.1), 56 (Fe™, 42.1).

3.4. Preparation of 3d. A procedure similar to that in
section 3.1 was followed, but 0.370 g (1.4 mmol) of 1,3-bis-
(bromomethyl)benzene was used instead of benzyl bromide.
Elution with 1:18 (v/v) CH,Cly/petroleum ether yielded 0.403
g (23%) of (u-PhSe);Fex(CO). Further elution with 1:4 (v/v)
CH,;Cly/petroleum ether afforded 0.501 g (30%) of [(4-PhSe)-
Fex(CO)6la[1,3-(u-SCSCH2):CsH,] (8d) as a red air-stable solid
(mp 44—46 °C). Anal. Calcd for C3.H15Fe 0128:Se2: C, 36.20;
H, 1.61. Found: C, 36.58; H, 2.01. IR (KBr disk): terminal
C=0 2065(s), 2024(s), 2000(s), 1983(s) cm™!, C=S 1007(m)
cm™l. 'H NMR (CDCl;): 6 3.96—4.20, 4.24—4.48 (m, m, 4H,
2CHy), 7.12—7.72 (m, 14H, 2C¢Hs, CeHy). MS (EI, 2°Se) m/z
(relative intensity): 157 (PhSe*, 94.8), 105 (CH3C¢H,CH,",
16.7), 104 (CHyCsH,CH.", 97.5), 91 (CesH;CH.*, 29.3), 78
(CeHe™, 84.6), 77 (CeHs*, 100).
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3.5. Preparation of 3e. A procedure similar to that in
section 3.1 was followed, but 0.370 g (1.4 mmol) of 1,4-bis-
(bromomethyl)benzene was used instead of benzyl bromide.
Elution with 1:9 (v/v) CH;Cly/petroleum ether yielded 0.303 g
(17%) of (u-PhSe);Fes(CO)s and then gave 0.503 g (30%) of [(u-
Phse)Fez(CO)s]z[1,4-(#-SCSCH2)2CGH4] (3e) as a red air-stable
solid (mp 52—-54 °C). Anal. Caled for C3.H;5Fes01284Ses: C,
36.20; H, 1.61. Found: C, 36.26; H, 1.54. IR (KBr disk):
terminal C=0 2065(s), 2024(vs), 2000(s), 1983(s) em™!, C=S
1007(m) em~!. 'H NMR (CDCl,): 6 4.16, 4.41 (s, s, 4H, 2CHy),
7.12—7.60 (m, 14H, 2C¢Hs, C¢Hy). MS (EI, 8Se) m/z (relative
intensity): 269 (FesSePh™, 0.3), 192 (Fe2Se*, 0.2), 157 (PhSe™,
35.9), 105 (CH3CgH,CH,*, 21.8), 104 (CH,CgH4CH,™, 100), 78
(CeHst, 26.3), 77 (CsHs™, 36.8).

3.6. Preparation of 3f. A procedure similar to that in
section 3.1 was followed, but 0.358 g (1.0 mmol) of 1,3,5-tris-
(bromomethyl)benzene was used instead of benzyl bromide.
Elution with 1:18 (v/v) CH2Cly/petroleum ether gave 0.334 g
(19%) of (u-PhSe)oFex(CO)s. Further elution with 1:5 (v/v) CHa-
Cly/petroleum ether yielded 0.259 g (16%) of [(u-PhSe)Fe,-
(CO)els[1,3,5-(u-SCSCHy)3CsHs] (3f) as a red air-stable solid
(mp 78—80 °C). Anal. Calcd for C4sHosFes0155:Ses: C, 34.88;
H, 1.46. Found: C, 34.76; H, 1.39. IR (KBr disk): terminal
C=0 2065(s), 2032(vs), 2000(s), 1983(s) cm™!, C=S 1007(m)
cm~l. 'H NMR (CDCls): 6 3.94—4.12, 4.16—4.48 (m, m, 6H,
3CHy), 7.04—7.60 (m, 18H, C¢H;, 3C¢H;). MS (EI, #Se) m/z
(relative intensity): 346 (FexSePh-SCSHT, 0.3), 314 (Fe;SePh--
SCH*, 37.5), 301 (FexSePhS+, 0.4), 269 (FexSePht, 0.7), 224
(FegSe-ST, 1.3), 192 (FeSe™, 0.8), 157 (PhSe*, 91.4), 144 (Fe ST,
0.9), 117 [CeH3(CHy)s*, 15.7], 104 (CH,C¢H,CH,", 1.8), 91
(CsH;CH.™, 19.4), 78 (Ce¢Hs™, 16.4), 77 (C¢Hs*, 100), 56 (Fe™,
2.3).

4. Crystal Structure Determination of 3a. Details of
crystal parameters, data collection, and structure refinement
are given in Table 1. Raw intensities were collected on a
Rigaku R-AXIS II camera with a rotating anode source (50
kV, 150 mA) at room temperature (294 K). Patterson super-
position yielded the positions of all non-hydrogen atoms, which
were subjected to anisotropic refinement. All hydrogens were
generated geometrically (C—H bonds fixed at 0.96 A) and
allowed to ride on their respective parent C atoms; they were
assigned the same isotropic temperature factors (U = 0.08 A2)
and included in the structure factor calculations. Computa-
tions were performed using the SHELXTL PC program pack-
age on a PC 486 computer. Analytical expressions of atomic
scattering factors were employed, and anomalous dispersion
corrections were incorporated.3!
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The synthesis and characterization (including crystallographic data) of several cobaloxime-
substituted 1,3- and 1,2-dienes are reported here. Diels—Alder reactions of some of the 1,3-
dienyl complexes are then reported along with reactions which demonstrate that the cobalt—
carbon bonds in the Diels—Alder cycloadducts can be cleaved so that cobalt complexes as
well as functionalized organic cycloadducts are recovered.

Introduction

We recently reported that pyr(glyoxime),Co anions (1)
react via a Sy2’' pathway with simple, unsubstituted
allenic electrophiles (2: R = H, X = OTs, Cl) and a
monosubstituted allenic electrophile (2: R = Me, X =
OAc) to produce cobalt-substituted 1,3-dienes.! Tada

R

2— X (L)DMG),Co
[(L)(DMG)ZCO]/'Na‘ + [ B ——

g SN

R
1 2 3

and Shimizu have also reported an alternative prepara-
tion of a cobalt-substituted 1,3-butadiene complex? as
well as a 3-furylmethyl)cobaloxime.?* This transition-
metal substitution enhanced the reactivity and con-
trolled the diastereoselectivity of 1,3-dienes in cycload-
dition reactions. In the present paper, we first report
reactions of a variety of substituted allenic electrophiles
(4) with cobaloxime anions (1). Depending upon allene

Rs

R4
By X R
(LXDMG);Co o

[(LXDMG),Col'Na* + %
Ry Rz R3

——

xf
Rs

1 4 5

substitution and reaction conditions, we isolate either
1,3- (5) or 1,2-dienes in all cases. Diels—Alder reactions
of the 1,3-dienes (5) are then reported, followed by a
discussion of how to cleave the cobalt—carbon bonds in

the cycloadducts so that cobalt complexes as well as
functionalized organic cycloadducts are recovered.

Experimental Section

General Considerations. All nuclear magnetic resonance
(NMR) spectra were obtained using a Varian VXR-200 FT
NMR. All absorptions are expressed in parts per million
relative to tetramethylsilane. Infrared (IR) spectra were
obtained using a Perkin-Elmer 1620 FTIR. All elemental
analyses were performed by Atlantic Microlab, Inc., of Nor-
cross, GA. High-resolution mass spectral analyses were
performed by the Midwest Center for Mass Spectrometry,
University of Nebraska—Lincoln. Low-resolution EI mass
spectra were obtained on a Hewlett-Packard 5989 GC/MS
system. Melting points were determined on a Mel-Temp
apparatus and are reported uncorrected.

Alumina (80—200 mesh) for column chromatography was
purchased from Fisher Scientific and deactivated with an
acetone/water mixture (90/10 immediately prior to use. Flash
silica gel (40 um) was purchased from Universal Scientific Inc.
Cobalt chloride hexahydrate was purchased from Strem
Chemicals and used as received. 4-Chloro-2-butyn-1-0l,® 5-(p-
tolylsulfonyl)-2,3-pentadiene (16¢),'® 2-acetoxy-3,4-pentadiene
(16a),'t 2-(trimethylacetoxy)-3,4-pentadiene (16b),'* 2-acetoxy-
5-methyl-3,4-hexadiene (16f),"* 2-methyl-3,4-pentadien-2-ol
(15d),* (dmg)CoCly,5 (3E)-(1,3-pentadien-2-yl)}pyridine)bis-
(dimethylgloxyimato)cobalt(III) (17a),'* and 1-ethynyl-7-oxa-
bicyclo[4.1.0]heptane (12)® were prepared according to previ-
ously described methods.

2-{(1,2,3,4-Tetrahydropyranyl)oxy]l-3-butyne (7). This
compound was prepared in 90% yield on a 50 g scale according
to the method of Landor et al.” 'H NMR data (CDCls) were
not previously reported: major diastereomer 4.87—4.94 (m,
1H), minor 4.71—4.76 (m, 1H), 4.56-4.35 (m, 1H), 4.05—-3.75
(m, 2H), 3.43—3.56 (m, 2H), minor 2.38 (d, J = 2Hz, 1H), major
2.35 (d, J = 2Hz, 1H), 1.90—1.50 (m, 4H), minor 1.46 (s, 3H),
major 1.43 (s, 3H).

* Henry Dreyfus Teacher-Scholar Awardee (1994—1999). E-mail:
welker@wfu.edu.
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(1) (a) Smalley, T. L.; Wright, M. W.; Garmon, S. A.; Welker, M. E;
Rheingold, A. L. Organometallics 1993, 12, 998. (b) Wright, M. W ;
Smalley, T. L.; Welker, M. E.; Rheingold, A. L. J. Am. Chem. Soc. 1994,
116, 6777.

(2) (a) Tada, M.; Shimizu, T. Bull. Chem. Soc. Jpn. 1992, 65, 1252.
(b} Tada, M.; Mutoh, N.; Shimizu, T. J. Org. Chem. 1995, 60, 550.

0276-7333/95/2314-5520$09.00/0

(3) Brandsma, L.; Verkruijsse, H. D. Synthesis of Acetylenes, Allenes,
and Cumulenes; Elsevier: New York, 1981; p 65.

(4) Gelin, R.; Gelin, S.; Albrand, M. Bull. Chim. Soc. Fr. 1972, 720.

(5) Burkhardt, E. W.; Burmeister, L. Inorg. Chim. Acta 1978, 27,
115,

(6) Alexakis, A.; Marek, I.; Mangeney, P.; Normant, J. F. Tetrahe-
dron 1991, 47, 1677.

(7) Landor, P. D.; Landor, S. R.; Pepper, E. S. J. Chem. Soc. C 1967,
185.

© 1995 American Chemical Society



Cobaloxime 1,3- and 1,2-Diene Complexes

4-[(1,2,3,4-Tetrahydropyranyl)oxy]-2-pentynl-ol (8). By
a modified literature procedure,” 7 (22.92 g, 0.149 mol) was
added to anhydrous Et;O (200 mL) and cooled (~78 °C).
n-Butyllithium (65.0 mL of 2.5 M BuLi in hexanes, 0.163 mol)
was added dropwise, and the mixture was stirred (0.75 h).
Paraformaldehyde (7.0 g, 0.078 mol) was added quickly, and
the mixture was stirred (0.5 h) and then warmed slowly to 25
°C to afford a golden colored solution which was refluxed (2.5
h). The mixture was cooled (25 °C), and ice water (45 mL)
was added; it then was extracted with Et,0 (2 x 25 mL). The
extracts were dried (MgSO,), and the solvent was removed by
rotary evaporation. The resulting oil was vacuum-distilled to
afford a clear, viscous liquid (8: bp 110—120 °C, 1 mmHg; yield
22.92 g, 0.125 mol (84%)). 'H NMR data (CDCl;) were not
previously reported: 4.86—4.95 (major) (m, 1H), 4.76—4.70
(minor) (m, 1H), 4.60—4.36 (m, 1H), 4.23 (s, 2H), 4.00—3.68
(minor) (m, 2H), 3.55—3.40 (major) (m, 2H), 2.60—2.90 (broad
s, 1H), 1.78—1.45 (m, 6H), 1.37 (major) (d, J = 6 Hz, 3H).

2,3-Pentadien-1-o0l (9). Compound 8 (22.60 g, 0.123 mol;
dissolved in anhydrous Et,O (40 mL.)) was added dropwise over
1.5 h to a slurry of LiAlH, (5.68 g, 0.150 mol) in anhydrous
Et,0 (300 mL) at 0 °C. The mixture was stirred (0.5 h) and
then warmed to 25 °C over 0.75 h. The mixture was refluxed
(2 h) and then cooled to 0 °C, and ice—water (28 mL) was added
dropwise to quench the remaining hydride. Et;O was removed
by decantation, and the resulting off-white salts were washed
with EtoO (3 x 25 mL). The Et,0 extracts were combined and
dried (MgS0,). Solvent was distilled at 760 mmHg, and the
remaining solution was vacuum-distilled to afford a clear,
viscous liquid (bp 50—53 °C at 20 mmHg;" yield 6.74 g, 0.080
mol (65.3%)). 'H NMR data (CDCl;) were not previously
reported: 5.28-5.08 (m, 2H), 4.05 (dd, J = 6, 2 Hz, 2H), 2.10
(broad s, 1H), 1.66 (dd, J = 6, 2 Hz, 3H).

1-Acetoxy-4-chloro-2-butyne (10). This compound was
prepared according to the method of Colonge and Poilane.? 'H
NMR data (CDCl3) were not reported previously: 4.69 (t,J =
1.98 Hz, 2H), 4.14 (t, J = 1.98 Hz, 2H), 2.07 (s, 3H).

1-Acetoxy-2-methyl-2,3-butadiene (11). Methyllithium
(85.0 mL of a 1.4 M solution, 0.119 mol) was added dropwise
to a suspension of Cul (11.456 g, 0.06 mol) in anhydrous Et,0O
(300 mL) at —20 °C. After the mixture was stirred at —20 °C
for 30 min, 10 (8.0 g, 0.054 mol) in Et;O (56 mL) was added
dropwise. The reaction mixture was warmed to just below 25
°C, and ice—water (150 mL) followed by saturated aqueous
NH,C1 (100 mL) was added slowly. The solution was extracted
with Et;0 (3 x 100 mL), and the extracts were dried (MgSO,).
The solvent was removed via rotary evaporation at 25 °C, and
the residue was vacuum-distilled to afford 11 (bp 30—40 °C
at 12 mmHg; yield 4.9 g, 0.0389 mol (72.0%)). ‘H NMR
(CDCl;): 4.73 (apparent q, J = 2.4 Hz, 2H), 4.52 (t, J = 2.4
Hz), 2.08 (s, 3H), 1.72 (t, J = 2.41 Hz, 3H). IR (CDCl;) 3154.6,
2987.9, 2947.2, 2864.5, 1962.1, 1735.1, 1440.8, 1381.5, 1244.1
cm™l. HRMS: m/z caled for C7H0O2 126.0681, found 126.0681.
This compound was mentioned by Huche,? but no experimental
procedure or data were reported.

Preparation of 2-Ethenylidene-1-cyclohexanol (13).
The acetylenic epoxide 126 (5.75 g, 0.047 mol) was dissolved
in anhydrous Et;0 (200 mL) and cooled to 0 °C. DIBAL-H
(56.6 mL of a 1.0 M solution in cyclohexane; 0.0566 mol) was
added dropwise, and the solution was warmed to 25 °C and
stirred (1 h). Water (100 mL) was added slowly, the ether was
removed by decantation, and the remaining white gelatinous
material was extracted with Et;O (5 x 25 mL). The ether
extracts were dried (MgSO,) and the ether removed by rotary
evaporation at 0 °C. The remaining liquid was distilled to
afford the alcohol 13 (bp 45—50 °C at 12 mmHg; yield 3.641

(8) (a) Colonge, J.; Poilane, G. Bull. Chim. Soc. Fr. 1955, 502. (b)
For an alternate preparation of this compound see: Voronkov, M. G;
Shirchin, B.; Golovanova, N. 1.; Albanov, A. 1. Russ. Bull. Div. Chem.
Sci. (Engl. Transl.) 1984, 838—841.

(9) Huche, M. Bull. Soc. Chim. Fr. 1975, 2369.
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g, 0.029 mol (62%)), identical by spectroscopic and bp com-
parison with literature data.”

Preparation of 1-Acetoxy-2-ethenylidenecyclohexane
(14). The acetylenic epoxide 12 (8.598 g, 0.070 mol) was
reduced with DIBAL-H as described above, and the crude
product after solvent removal via rotary evaporation was
added slowly to acetic anhydride (19 mL) containing sodium
acetate (0.065 g). The solution was refluxed 6 h after addition,
and the acetate 14 was removed by distillation (bp 84—86 °C
at 20 mmHg, 5.253 g, 0.032 mol (46%) for two steps). 1H NMR
(CDCl;): 5.25 (m, 1H), 4.82 (m, 1H), 4.78 (m, 2H), 2.38 (m,
1H), 2.18 (m, 1H), 2.10 (s, 3H), 1.95—-1.49 (m, 6H). 13C NMR
(CDCls): 202.8,170.0, 101.3, 76.1, 71.0, 32.0, 28.8, 26.0, 22.7,
21.1. IR (CDCly): 2944, 2862, 1728, 1646, 1559, 1468, 1381,
1248, 1168, 1097 cm™!. Anal. Caled for C;0H1402: C, 72.26;
H, 8.49. Found: C, 72.47; H, 8.57.

1-(p-Tolylsulfonyl)-2,3-pentadiene (16c). This com-
pound was prepared in a manner analogous to that which we
have reported previously for an allenic tosylate'® from 2,3-
pentadien-1-ol (9; 1.74 g, 0.021 mol) and p-toluenesulfonyl
chloride (3.82 g, 0.020 mol) to afford a white, waxy solid (3.78
g, 0.018 mol (89.0%)). Mp: <25 °C. H NMR (CDCl3): 7.79
(d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 5.16 (m, 2H),
4.52 (dd, J = 5.0, 2.1 Hz, 2H), 2.44 (s, 3H), 1.62 (dd, J = 7.0,
3.4 Hz, 3H). '3C NMR (CDCls): 207.0, 144.7, 133.4, 129.8,
127.8, 88.1, 85.0, 69.1, 21.6, 13.5. IR (CDCls): 3154, 2956,
1540, 1308, 1212 cm~!. This tosylate decomposed rapidly at
25 °C, and multiple attempts to obtain a satisfactory elemental
analysis were unsuccessful. HRMS showed only M+ — CsHs
at m/z 172.0195.

1-Diethyl 2,3-Pentadienyl Phosphate (16d). This com-
pound has been prepared previously from 2,3-pentadien-1-ol
(9) using pyridine and diethyl chlorophosphate in CH,Cl,.1°
2,3-Pentadien-1-0l (9; 1.01 g, 12.0 mmol) was placed in dry
THF (25 mL) and the solution cooled to —15 °C. Methyllithium
(9.0 mL of a 1.4 M solution in Et,0, 12.6 mmol) was added
over 20 min, and the resultant mixture was stirred for 2 h.
Diethyl chlorophosphate (2.29 g, 13.3 mmol) was added
quickly, and the resultant solution was stirred for 2 h after
warming slowly to 25 °C. Saturated aqueous NaHCO; (75 mL)
was added to the solution, and this mixture was extracted with
CH.Cl; (2 x 25 mL). The extracts were dried (MgSO,) and
excess solvent removed under reduced pressure to yield an
orange liquid (2.21 g, 10.0 mmol (84.0%)) spectroscopically
analogous to that prepared by the alternative method men-
tioned above.!®

(8E)-(1,3-Pentadien-2-yl)(4-cyanopyridine)bis(dimeth-
ylglyoximato)cobalt(III) (17d). 4-Cyanopyridine (0.150 g,
1.4 mmol) and diene 17a (0.140 g, 0.32 mmol) were combined
in CHCl;3 (2 mL) and refluxed (4 h). The solvent was removed
under vacuum, and the residue was chromatographed on silica
(EtOAc). The orange band was collected (0.059 g, 0.13 mmol
(39.8%)), Mp: 181—-183 °C dec. 'H NMR (CDCl3): 8.86 (d, J
= 6.7 Hz, 2H), 7.53 (d, J = 6.7 Hz, 2H), 6.07 (dq, J = 14.9, 1.7
Hz, 1H), 5.25 (dg, J = 14.9, 6.6 Hz, 1H), 4.41 (s, 1H), 4.24 (s,
1H), 2.07 (s, 12H), 1.48 (dd, J = 6.6, 1.7, 3H). IR (CDCly):
3152.0, 3055.6, 2960.2, 2930.0, 2850.2, 1811.7, 1792.2, 1610.1,
1561.1, 1503.8, 1482.0, 1465.6, 1447.8, 1431.0, 1392.2, 1383.5,
1375.7,1090.4 cm™!. Anal. Caled for C1oH25:0:N5Co: C, 49.57;
H, 5.47. Found: C, 49.65; H, 5.49.

(3E)-(1,3-Pentadien-2-yl)(diphenylmethylphosphine)-
bis(dimethylglyoximato)cobalt(III) (17e). At 25 °C, diphe-
nylmethylphosphine (0.24 mL, 1.3 mmol) was added dropwise
to diene 17a (0.303 g, 0.7 mmol) in CHCl;3 (12 mL) and the
solution was stirred overnight. The solvent was removed
under vacuum and the pyridine and excess phosphine were
removed with repeated washings of 50/50 ether/hexane to yield
an orange-yellow solid (0.351 g, 0.631 mmol (90.6%)). Mp:
157—158 °C. *H NMR (CDCly): 7.55—7.25 (m, 10H), 6.12 (d,
J = 14.3 Hz, 1H), 5.15 (dq, J = 14.3, 7.1 Hz, 1H), 4.50 (d,

(10) Djahanbini, D.; Cazes, B.; Gore, J. Tetrahedron 1984, 40, 3645.
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J('P—-1H) = 17.8 Hz, 1H), 4.55 (d, J°'P~H) = 7.1 Hz, 1H),
1.85 (d, J = 8.9 Hz, 3H), 1.75 (s, 12H), 145 (d, J = 7.1 Hz,
3H). IR (CDCl;): 3607.6, 3397.1, 3155.3, 3062.1, 2987.5,
2922.6, 1794.3, 1557.8, 1475.9, 1439.9, 1380.4, 1235.6 cm ™.
Anal. Caled for CosH3404N4pCo: C, 56.12; H, 6.16. Found: C,
55.96; H, 6.21.
(3E)-(1,3-Pentadien-2-yl)(tributylphosphine)bis(di-
methylglyoximato)cobalt(IIT) (17f). At 25 °C, tributylphos-
phine (0.6 mL, 2.4 mmol) was added to diene 17a (0.500 g,
1.2 mmol) in toluene (15 mL), and the solution was refluxed
(8 h). Solvent was removed under vacuum, and the residue
was chromatographed on silica (Et20) to yield the product as
a yellow oil (0.158 g, 0.28 mmol (23.7%)). 'H NMR (CDCls):
6.12 (d, J = 18.8 Hz, 1H), 5.10 (m, 1H), 4.54 (d, JC'P—-'H) =
15.4 Hz, 1H), 4.43 (d, J*'P—'H) = 6.2 Hz, 1H), 2.08 (s, 6H),
2.10 (s, 6H), 1.47 (d, J = 7.7 Hz, 3H), 1.25 (m, 18H), 0.85 (t, J
= 7.1 Hz, 9H). IR (CDCl;): 3689.2, 2963.1, 1604.9, 1556.3,
1482.5, 1459.9, 1235.0 cm™!. Anal. Calcd for CosHysO4Ny-
PCo: C, 53.76; H, 8.66. Found: C, 53.50; H, 8.57.
(4-Cyanopyridine)bis(dimethylglyoximato)cobalt-
(ITI) Chloride (18a). CoCly(dmg).® (1.065 g, 3.01 mmol) was
suspended in 95% ethanol (10 mL) at 25 °C; then NaOH (0.312
g, 3.9 mmol) as a 50% aqueous solution was added dropwise.
The solution was stirred for 10 min; then 4-cyanopyridine
(0.305 g, 2.93 mmol) was added. The brown product was
collected by vacuum filtration 30 min later and dried to yield
18a (1.101 g, 2.4 mmol (79.5%)). Mp: >200 °C. 'H NMR
(CDCly): 8.52 (d, J = 6.1 Hz, 2H), 7.48 (d, J = 6.1 Hz, 2H),
2.39 (s, 12H). IR (CDCly): 3689.7, 3607.4, 3154.3, 3106.6,
3061.8, 2981.3, 2901.7, 1793.7, 1616.3, 1562.4, 1503.6, 1466.1,
1243.2 em™!. Anal. Caled for C;4H1504N¢ClCo: C, 39.22; H,
4.23. Found: C, 38.35; H, 4.30.
(4-Ethyl-2,6,7-trioxa-1-phosphatricyclo[2.2.2]octane)-
bis(dimethylglyoximato)cobalt(III) Chloride (18b). This
complex was prepared in a manner analogous to that reported
for 18a above using CoCly(dmg)® (1.506 g, 4.3 mmol) and
4-ethyl-2,6,7-trioxa-1-phosphatricyclo[2.2.2]octane (Strem; 1.137
g, 7.0 mmol) to yield a yellow product (1.504 g, 3.13 mmol
(72.9%)). Mp: >200 °C. 'H NMR (CDCl;): 4.17 (d, J = 4.9
Hz, 6H), 2.26 (s, 12H), 1.16 (q, J = 7.6 Hz, 2H), 0.691 (t, J =
7.6 Hz, 3H). 13C NMR: 151.74, 36.86, 36.21, 22.38 (J(°'P) =
2.4 Hz), 12.94, 7.13. IR (CDCly): 3152.3, 2977.6, 2948.0,
2926.8, 2901.2, 2867.1, 1563.3, 1463.3, 1382.9, 1375.5, 1348.9,
1248.4, 1184.8, 1152.4, 1100.6 cm~!. Anal. Caled for
C14H250:N4PCICo: C, 34.55; H, 5.18. Found: C, 34.39; H, 5.25.
(8E)-(1,3-Pentadien-2-yl)(4-cyanopyridine)bis(dimeth-
ylglyoximato)cobalt(ITI) (17d). At —20 °C, NaBH, (0.087
g, 2.3 mmol) in water (0.3 mL) was added to a suspension of
cobalt chloride 18a (1.0 g, 2.2 mmol) in degassed THF (20 mL).
Acetate 16a (0.230 g, 2.09 mmol) was added dropwise, and
the solution was warmed to 25 °C overnight. The THF was
removed under reduced pressure; then the product was redis-
solved in EtOAc and washed with water. The EtOAc extracts
were dried with MgSO,, and solvent was removed under
vacuum. The resulting solid was redissolved in a minimum
amount of CHyCl; and cooled to —78 °C and precipitation
induced with pentane. The orange product was collected by
vacuum filtration (0.512 g, 1.1 mmol, 51.2%) and was identical
by spectroscopic comparison with 17d prepared by the alter-
nate method described above.
(3E)-(1,3-Pentadien-2-yl)(4-ethyl-2,6,7-trioxa-1-phos-
phatricyclo[2.2.2]octane)bis(dimethylglyoximato)cobalt-
(IIT) (17g). This complex was prepared from 18b in a manner
analogous to that described for 17d just above to yield diene
17g (0.226 g, 0.436 mmol, 20.7%). 'H NMR (CDCl;): 6.12 (bd,
J =15.3 Hz, 1H), 5.21 (dq, J = 15.3, 6.8 Hz, 1H), 4.90 (d, J =
17.0 Hz, 1H), 4.68 (d, J = 10.2 Hz, 1H), 4.10 (d, J = 5.1 Hz,
6H), 2.12 (s, 6H), 2.14 (s, 6H), 1.51 (apparent dt, J = 6.8, 3.0
Hz, 3H), 1.19 (q, J = 7.5 Hz, 2H), 0.78 (t, J = 7.5 Hz, 3H). IR
(CDCl3): 3689.0, 3606.5, 3154.7, 2975.9, 2945.9, 2897.9,
1605.7, 1560.3, 1238.4, 1092.0, 1035.2 cm™!. Repeated puri-
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fication attempts involving chromatography or recrystalliza-
tion failed to yield analytically pure material.
Isomerization of (3E)-(1,3-Pentadien-2-yl)(pyridine)-
bis(dimethylglyoximato)cobalt(III) (17a). Pure diene 17a
(0.250 g, 0.574 mmol) was added to MeOH (13 mL) and the
solution degassed with No. NaBH, (0.087 g, 2.296 mmol) was
added and the solution refluxed (1.5 h). There was a color
change from orange to green that faded back to orange after
10 min, and the solution became homogeneous while green.
The reaction mixture was cooled and stirred for 8 h at 25 °C.
The volume was reduced to about 8 mL via rotary evaporation,
and the remaining liquid was poured into water (25 mL)
containing pyridine (3—4 drops). The orange precipitate was
collected and washed with water (3 x 20 mL) and Et,0 (2 x
15 mL). After vacuum drying, a 1:1 mixture of dienes 17a
and 20 (0.177 g, 0.407 mmol (71%)) was obtained. Diene 20’s
structure was proposed on the basis of 'H NMR data (CDCl3):
8.64 (d,JJ = 6.2 Hz, 2H), 7.72 (app t, J = 6.2 Hz, 1H), 7.33 (d,
J = 6.2 Hz, 2H), 6.62 (ddd, J = 16.7, 11.0, 8.8 Hz, 1H), 5.87
(broad d, J = 11.0 Hz, 1H), 4.87 (dd, J = 16.7, 2.7 Hz, 1H),
4.63 (dd, J = 8.8, 2.7 Hz, 1H), 2.04 (s, 12H), 1.65 (d, J = 2.7
Hz, 3H). NOE data are discussed in the text.
(3-Methyl-1,3-butadien-2-yl)(pyridine)bis(dimethyl-
glyoximato)cobalt(IIl) (21). At 0 °C, CoCly-6H,0 (0.662 g,
2.78 mmol) and dmg (0.648 g, 5.6 mmol) were added to
degassed DMF (13 mL). NaOH (0.5 g, 6.25 mmol) was added
as a 50% aqueous solution (0.5 g, 6.25 mmol) followed by
pyridine (0.23 mL, 2.84 mmol). After 1 h, NaOH (0.260 g, 3.25
mmol) was added as a 50% aqueous solution followed by
NaBH, (0.036 g, 0.95 mmol) in H20 (0.25 mL) at —20 °C. After
0.75 h, acetate 11 (0.356 g, 2.82 mmol) was added dropwise to
the brick red solution, which was warmed to 25 °C overnight.
Water (100 mL) was added, and an orange solid precipitated.
The precipitate was removed by filtration and subsequently
washed with water and then pentane. The filtrate was
extracted with CH3Cl; until the extracts were colorless. The
CH.Cl; extracts were washed with water (5 x 200 mL) to
remove the DMF. The CHyCls extracts were dried (MgSQOy)
and then concentrated under reduced pressure. Both solid
from the filtrate and residue from the filtration were combined
and washed with ether to yield an orange solid (0.589 g (49%)).
Mp: 172-173 °C dec. 'H NMR (CDCl3): 8.58 (d, J = 5.2 Hz,
2H), 7.32 (t, J = 5.2 Hz, 1H), 7.29 (t, J = 5.2 Hz, 2H), 4.70—
4.63 (m, 1H), 4.44 (s, 1H), 4.18 (d, J = 2.9 Hz, 1H), 4.12 (s,
1H), 2.12 (s, 12H), 1.71 (s, 3H). 13C NMR (CDCl3): 154.05,
150.01, 149.84, 137.52, 125.08, 114.79, 108.12, 24.26, 12.38.
IR (CDCls): 3155.9, 2982.8, 2921.2, 2337.5, 1817.5, 1793.9,
1605.7, 1562.3, 1471.7, 1450.2, 1382.0, 1235.6, 1166.3 cm™L.
Anal. Caled for C1sH2604N5Co: C, 49.66; H, 6.02. Found: C,
49.76; H, 6.02.
(3-Methyl-1,3-butadien-2-yl)[4-(dimethylamino)py-
ridine]bis(dimethylglyoximato)cobalt(III) (22a). Diene
21 (0.400 g, 0.91 mmol) and DMAP (0.112 g, 0.91 mmol) were
refluxed in degassed MeOH (10 mL) for 1.5 h. Solvent was
removed under vacuum, and the product was triturated with
EtO (10 mL) to yield 22a (0.425 g, 0.88 mmol, 97%). Mp:
185-187 °C dec. 'H NMR (CDCl;): 8.03 (d, J = 6.7 Hz, 2H),
6.37 (d, J = 6.7 Hz, 2H), 4.65—4.60 (m, 1H), 4.40 (s, 1H), 4.17
(s, 1H), 4.12 (d, J = 3.5 Hz, 1H), 2.95 (s, 6H), 2.11 (s, 12H),
1.69 (br s, 3H). 3C NMR (CDCly): 154.49, 154.08, 149.34,
148.62, 114.31, 107.37, 107.26, 39.02, 24.71, 12.33. IR
(CDCl;):  3155.9, 3072.0, 2921.6, 2358.0, 2336.8, 1819.9,
1793.9, 1622.0, 1562.7, 1562.7, 1537.8, 1475.8, 1469.2, 1447.2,
1387.2,1376.4 cm~!. Anal. Caled for C30H3;04NgCo: C, 50.21;
H, 6.53. Found: C, 50.35; H, 6.48.
(3-Methyl-1,3-butadien-2-yl)(methyldiphenylphos-
phine)bis(dimethylglyoximato)cobalt(IIl) (22b). Diene
21 (0.293 g, 0.67 mmol) was dissolved in degassed MeOH (7
mL). Diphenylmethylphosphine (0.15 mL, 0.80 mmol) was
added and the solution stirred overnight at 25 °C. The
resulting yellow-orange precipitate was collected by vacuum
filtration. Excess diphenylmethylphosphine was removed with
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repeated pentane washes to yield 22b (0.328 g, 0.59 mmol
(87.6%)). Mp: 137—-140 °C dec. *H NMR (CDCl3): 7.40 (m,
10H), 4.60—4.54 (m, 1H), 4.41 (d, J(®*'P-'H) = 8.7 Hz, 1H),
4.34 (d, JC'P-'H) = 1.5, 1H), 4.01 (s, 1H), 1.88 (d, J'P—-1H)
= 8.5 Hz, 3H), 1.79 (s, 6H), 1.77 (s, 6H), 1.65 (s, 3H). IR
(CDCls): 3153.5, 3065.6, 2981.5, 2923.9, 1817.3, 1792.6,
1601.7, 1558.0, 1485.0, 1474.2, 1465.6, 1436.3, 1385.5, 1378.4,
1339.3, 1293.9, 1235.9, 1170.3, 1093.5 cm~'. Anal. Caled for
C26H3.04NPCo: C, 56.12; H, 6.16. Found: C, 56.13; H, 6.27.

Preparation of (1-Vinylcyclohexen-2-yl)(pyridine)bis-
(dimethylglyoximato)cobalt(IIl) (23a). This complex was
prepared in MeOH in a manner analogous to that reported
above for 21, using acetate 14 (1.00 g, 6.02 mmol), CoCl;*6H:0
(1.43 g, 6.02 mmol), dmg (1.40 g, 12.05 mmol), NaOH (0.904
g, 0.026 mol), and NaBH, (0.096 g, 2.54 mmol) to produce 23a
as a yellow-orange solid (1.571 g, 3.30 mmol, 55%). Mp: 118—
121 °C dec. 'H NMR (CDCl;): 8.58 (br d, J = 6.5 Hz, 2H),
7.70 (t, J = 6.5 Hz, 1H), 7.30 (t, J = 6.5 Hz, 2H), 4.94 (br m,
1H), 4.40 (s, 1H), 4.07 (s, 1H), 2.11 (s, 12H), 1.91 (m, 2H), 1.73
(m, 2H), 1.50 (m, 4H). 3C NMR (CgDs): 150.3, 149.6, 146.8,
137.2, 124.8, 120.0, 115.5, 31.1, 26.7, 24.0, 22.8, 11.9. IR
(CDCly): 2982, 2932, 2857, 1731, 1605, 1561, 1469, 1385, 1236
cm™l. Anal. Caled for CyHeNsO4Co: C, 53.05; H, 6.36.
Found: C, 52.77; H, 6.46.

Preparation of (1-Vinylcyclohexen-2-yl)[4-(dimethyl-
amino)pyridine]bis(diphenylglyoximato)cobalt(III) (23b).
This complex was prepared in DMF in a manner analogous to
that described for 21 using CoCly-6H50 (1.36 g, 5.27 mmol),
acetate 14 (0.950 g, 5.27 mmol), diphenylglyoxime (2.75 g, 11.0
mmol), DMAP (0.70 g, 5.72 mmol), NaOH (0.860 g, 21.5 mmol),
and NaBH, (0.109 g, 2.86 mmol). The crude yellow-orange
product obtained after CHyCly removal was suspended in Et;O
(100 mL) and cooled to 0 °C. Pentane (100 mL) was then
added, and the yellow-orange precipitate was isolated by
vacuum filtration (3.00 g, 3.92 mmol, 74%). Mp: 189-191 °C
dec. 'H NMR (CDCly): 8.38 (d, J = 7.5 Hz, 2H), 7.38—7.05
(m, 20H), 6.52 (d, J = 7.5 Hz, 2H), 5.38 (m, 1H), 4.92 (s, 1H),
4.42 (s, 1H), 3.03 (s, 6H), 2.27 (m, 2H), 1.85 (m, 2H), 1.56 (m,
4H). 3C NMR (CDCls): 154.2, 150.7, 148.5, 146.5, 130.3,
129.5, 128.6, 127.6, 119.8, 115.0, 107.6, 39.0, 31.0, 25.9, 23.5,
22.2. IR (CDCly): 3063, 2929, 1671, 1623, 1537, 1479, 1445,
1386, 1286, 1135, 1012 cm~!. HRMS FAB: m/z caled for
C43H43Ng04Co 766.2677, found 766.2647.

Preparation of (1-Vinylcyclohexen-2-yl)[4-(dimethyl-
amino)pyridine]bis(dimethylglyoximato)cobalt(I1I) (23c).
This complex was prepared via ligand exchange in MeOH as
described above previously using complex 23a (0.375 g, 0.782
mmol) and DMAP (0.105 g, 0.859 mmol) to produce 23¢ as a
yellow-orange solid (0.231 g, 0.446 mmol (57%)). Mp: 198-
200 °C dec. 'H NMR (CDCly): 8.06 (d, J = 7.5 Hz, 2H), 6.39
(d, J = 7.5 Hz, 2H), 4.90 (m, 1H), 4.38 (m, 1H), 4.12 (m, 1H),
2.98 (s, 6H), 2.12 (s, 12H), 1.90 (m, 2H), 1.75 (m, 2H), 1.62 (m,
2H), 1.50 (m, 2H). IR (CDCl;): 2987, 2928, 1622, 1539, 1471,
1382, 1234, 1167, 1094 cm™!. Anal. Caled for C23H3sNgO.Co:
C, 53.18; H, 6.98. Found: C, 53.35; H, 6.79.

Preparation of (1-Vinylcyclohexen-2-yl)[4-(dimethyl-
amino)pyridinelbis(diphenylglyoximato)cobalt(ITl) (23b)
via Ligand Exchange. This complex was prepared from the
dpg pyr diene complex (170 mg, 0.0235 mmol) and DMAP (32
mg, 0.0262 mmol), which were refluxed in MeOH (5 mL) under
N; for 3 h. The solution was then cooled to 0 °C, and the
orange precipitate was isolated by vacuum filtration (0.059 g,
0.0077 mmol, 33%). This material was identical by spectro-
scopic comparison with the material (23b) reported above.

Preparation of (3E)-(1,3-Pentadien-3-yl)(pyridine)bis-
(dimethylglyoximato)cobalt(III) (24a). CoCly-6H:0 (1.35
g, 5.68 mmol) and dmg (1.32 g, 11.34 mmol) were dissolved in
degassed MeOH (40 mL). The rapidly stirred mixture was
degassed throughout the addition of subsequent reagents.
NaOH (0.45 g, 11.25 mmol) dissolved in water (1 mL) was
added dropwise. Pyridine (0.47 g, 5.9 mmol) was then added
slowly. The mixture was stirred at 25 °C for 10 min and then
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cooled to —15 °C. NaOH (0.23 g, 5.7 mmol) dissolved in water
(1 mL) was added very slowly. NaBH, (0.054 g, 5.70 mmol)
dissolved in water (1 mL) was added very slowly over 5 min
to avoid heating the solution. 1-(p-Tolylsulfonyl)-2,3-penta-
diene (16¢; 1.5 g, 7.07 mmol) was added quickly and the
mixture warmed to 25 °C overnight. The reaction volume was
reduced by 25% by rotary evaporation, and the mixture was
poured into water (200 mL, 0 °C) which contained pyridine
(about 2 mL). The precipitate was collected by vacuum
filtration and vacuum-dried to yield an orange solid (24a; 1.49
g, 3.4 mmol (43.0%)). When amounts used above were held
constant but the solvent was changed to DMF, the yield
increased to 56.3%. Mp: 183 °C dec. 'H NMR (CDCls): 8.60
(d, J = 6.2 Hz, 2H), 7.67 (t, J = 6.2 Hz, 1H), 7.28 (t, J = 6.2
Hz, 2H), 6.04 (dd, J = 15.2, 11.4 Hz, 1H), 4.93 (dd, J = 11.4,
2.3 Hz, 1H), 4.87 (q, J = 6.2 Hz, 1H), 4.55 (dd, J = 15.2, 2.3
Hz, 1H), 2.10 (s, 12H), 1.72 (d, J = 6.2 Hz, 3H). 3C NMR
(CDCls): 149.9, 149.6, 149.5, 141.1, 137.4, 125.0, 122.2, 110.9,
16.7, 12.3. IR (CDCls): 3155, 2902, 2854, 1994, 1604, 1297,
1038, 922 cm~!. Anal. Caled for C1sHy6N504Co: C, 49.66; H,
6.02. Found: C, 49.38; H, 5.94.

Complex 24a was also synthesized using 1-diethylphospho-
nate-2,3-pentadiene (16d) (1.5 g, 7.07 mmol) keeping all other
reagents constant. The reaction was run in DMF rather than
MeOH so a work-up analogous to that reported for 21 above
was used to yield 24a (0.750 g, 1.73 mmol, 30%). This material
proved identical by spectroscopic comparison to the material
(24a) isolated above.

Preparation of (3E)-(1,3-Pentadien-3-yl)[4-(dimethyl-
amino)pyridine]bis(dimethylglyoximato)cobalt(III) (24b).
This complex was prepared on the same scale as 24a in DMF
above except that (dimethylamino)pyridine (DMAP; 1.10 g, 9
mmol) was used instead of pyridine to yield a light orange solid
after purification by silica chromatography (EtOAc) (2.09 g,
6.1 mmol (63%)). Mp: 192 °C dec. "H NMR (CDCl3): 8.03 (d,
J = 6.1 Hz, 2H), 6.35 (d, J = 6.1 Hz, 2H), 6.03 (dd, J = 17.2,
10.5 Hz, 1H), 4.87—4.77 (m, 2H), 4.48 (dd, J = 17.2, 3.2 Hz,
2H), 2.93 (s, 6H), 2.07 (s, 12H), 1.67 (d, J = 6.7 Hz, 3H). 13C
NMR (CDCly): 154.1,149.1, 148.9, 141.6,121.9, 110.4, 107 .4,
39.0, 16.8, 12.2. IR (CDCly): 3155, 2985, 2902, 1794, 1624,
1472, 1385, 1094 cm™!. Anal. Caled for CooH3;04NgCo: C,
50.21; H, 6.53. Found: C, 49.95; H, 6.49.

Preparation of (3E)-(1,3-Pentadien-3-yl)[4-(dimethyl-
amino)pyridine]bis(diphenylglyoximato)cobalt(III) (24c).
This compound was prepared on the same scale as for 24b
above, except diphenylglyoxime (1.65 g, 14.2 mmol) was used
instead of dmg to yield an orange-red solid after purification
by chromatography on silica (1/1 ethyl acetate/pentane) (2.35
g, 3.31 mmol (70%)). Mp: 130-132 °C dec. 'H NMR
(CDCls): 8.39 (d, J = 7.2 Hz, 2H), 7.29~7.06 (m, 20H), 6.51
(d,J = 7.2 Hz, 2H), 6.41 (m, partially obscured by neighboring
aromatic H, 1 J of 10.7 Hz observable, 1H), 5.27 (quartet, J =
6.6 Hz, 1H), 5.12 (dd, J = 10.7, 3.3 Hz, 1H), 4.89 (dd, J = 17.3,
3.3 Hz, 1H), 3.03 (s, 6H), 1.88 (d, J = 6.6 Hz, 3H). 3C NMR
(CDCls): 154.4, 150.8,149.0, 141.0, 130.4, 129.9, 129.7, 128.7,
122.7, 114, 111.4, 107.8, 39.1, 17.2. IR (CDCl3): 3155, 2985,
2902, 1794, 1623, 1472, 1385, 1094 cm™!. LRMS (m/z) found
for C33H2s04NsCo: M + 1 — DMAP 605.2(33), 538(100), 299-
(20), 179(63). Anal. Calcd for C4H3s04NgCo: C, 66.11; H,
5.41. Found: C, 64.46; H, 5.62.

Preparation of (3E)-(1,3-Pentadien-3-yl)[4-(dimethyl-
amino)pyridine]bis(dimethylglyoximato)cobalt(Ill) via
Ligand Exchange (24b). Complex 24a (0.25 g, 0.58 mmol)
was added to degassed MeOH (20 mL) with DMAP (80 mg,
0.66 mmol). The mixture was stirred (2 h) and then cooled to
0 °C. The resulting precipitate was vacuum-filtered and
washed with cold Et;0. The yellow-orange solid was vacuum-
dried (0.22 g, 0.449 mmol, 78.1%)) and proved identical by
spectroscopic comparison with 24b reported above.

Preparation of (3E)-(1,3-Pentadien-3-yl)(methyldiphe-
nylphosphine)bis(dimethylglyoximato)cobalt(III) (24d).
Complex 24a (0.13 g, 0.29 mmol) was added to degassed MeOH
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(20 mL). Methyldiphenylphosphine (75 mg, 0.38 mmol) was
added to the solution and stirred (2 h). The mixture was cooled
to 0 °C and vacuum-filtered to obtain a dark orange solid,
which was vacuum-dried (0.150 g, 0.27 mmol (94%)). Mp:
162—-163 °C. '*H NMR (CDCls): 7.44—7.26 (m, 10 H), 6.05 (dd,
J =17.2,10.8 Hz, 1H), 4.89—4.78 (m, 2H), 4.42 (apparent dt,
J =17.2, 3.2 Hz, 1H), 1.84 (d, J(*P—-'H) = 9.2 Hz, 3H), 1.75
(s, 6H), 1.74 (s, 6H), 1.66 (d, J = 6.6 Hz, 3H). 3C NMR (CDCls;
all J couplings reported to 3'P): 148.1 (d, J = 2.8 Hz), 140.4,
131.3(d,J =89 Hz),129.9(d,J = 2.4 Hz), 129.4 (d, J = 30.4
Hz), 128.1 (d, J = 9.0 Hz), 120.1, 111.0 (d, J = 5.3 Hz), 17.1
(d,J = 7.8 Hz), 11.8(d,J = 1.7 Hz), 6.6 (d, J = 21.0 Hz). IR
(CDCls): 3745, 3155, 2986, 1797, 1470, 1383, 1095, 947 cm 1.
Anal. Caled for C21H3:N4OPCo: C, 55.91; H, 6.50. Found,
C, 56.16; H, 6.40.

Preparation of (3E)-(1,3-Pentadien-3-yl)(dimethylphe-
nylphosphine)bis(dimethylglyoximato)cobalt(IIl) (24e).
Complex 24e was prepared using the same method described
for 24d above, except that dimethylphenylphosphine (52 mg,
0.38 mmol) was used to yield a bright yellow solid (0.120 g,
0.25 mmol (85%)). Mp: 170—172°C. H NMR (CDCl;): 7.36~
7.26 (m, 3H), 7.14—7.04 (m, 2H), 6.05 (dd, J = 17.4, 10.7 Hz,
1H), 4.88 (dq, J(®'P) = 8.7 Hz, J = 6.6 Hz, 1H), 4.79 (dd, J =
10.7, 3.2 Hz, 1H), 4.38 (apparent ddd, J = 17.4, 3.2, J('P) =
1.2 Hz, 1H), 1.88 (s, 6H), 1.86 (s, 6H), 1.65 (d, J = 6.6 Hz,
3H), 1.37 (d, J(®'P) = 9.3 Hz, 6H). 3C NMR (CDCl3; all J
couplings reported as coupled to 3'P): 147.4 (d, J = 2.3 Hz),
140.6, 131.3, 130.6, 129.6 (d, J = 7.8 Hz), 128.0 (d, J = 9.0
Hz), 119.9, 110.5 (d, J = 5.1 Hz), 17.1 (d, J = 7.8 Hz), 11.9,
8.0 (d,J =20.3 Hz). IR(CDCl3): 3856, 3690, 2986, 2904, 1797,
1469, 1383 cm~. Anal. Caled for C2 H3:N4OPCo: C, 51.02;
H, 6.52. Found: C, 51.24; H, 6.53.

Preparation of (3E)-(1,3-Pentadien-3-yl){(4-tert-butylpy-
ridine)bis(dimethylglyoximato)cobalt(III) (24f). Complex
24a (0.130 g, 0.29 mmol) was added to degassed MeOH (20
mL) along with 4-tert-butylpyridine (75 mg, 0.38 mmol) and
the mixture was stirred overnight at 25 °C. The solvent was
removed by rotary evaporation and the remaining solid
triturated with cold Et;O (20 mL) and then vacuum-dried to
yield a dark orange solid (24f; 0.34 g, 0.27 mmol (89%)). Mp:
178—181 °C dec. *H NMR (CDCl;): 8.41(d, J = 6.7 Hz, 2 H),
7.22 (d, J = 6.7 Hz, 2H), 6.05 (dd, J = 17.5, 10.5 Hz, 1H), 4.90
(dd, J = 10.5, 3.5 Hz, 1H), 4.85 (q, J = 6.3 Hz, 1H), 4.54 (dd,
J =175, 3.5,1H),2.10 (s, 12H), 1.70 (d, J = 6.3 Hz, 3H), 1.26
(s, 9H). 13C NMR (CDCl;): 161.7, 149.6, 149.4, 141.3, 122.3,
110.9, 34.8, 30.2, 16.8, 12.4. IR (CDCls): 3154, 2971, 1794,
1560, 1471, 1384, 1234, 1094 cm~!. HRMS FAB for CooH34Ns-
04Co: m/z caled 491.1942, found 491.1926.

Crystallography Experimental Details for Complex
24f, Crystal data collection and refinement parameters are
given in Table 5. The unit-cell parameters were obtained by
the least-squares refinement of the angular settings of 24
reflections (19° < 26 < 24°).

Axial photographs and unit-cell parameters indicate that
this crystal system is monoclinic. Occurrence of equivalent
reflections and systematic absences are consistent with the
space groups C2/c and Cec. E statistics suggest a centrosym-
metric space group, and solution of the structure in C2/c gave
chemically reasonable results.

The structure was solved using direct methods and refined
by full-matrix least-squares procedures. The asymmetric unit
consists of two independent molecules, one in a general
position and one on a crystallographic 2-fold axis containing
Co(1), N(8), C(23), C(28), and C(29). C(14) and C(18) are
disordered over two positions with an occupancy of 60/40. All
atoms with the exception of C(14), C(18), and C(23)—C(32)
were refined with anisotropic displacement coefficients. Hy-
drogen atoms were treated as idealized contributions. Cor-
rections for absorption were not required.

All software and sources of scattering factors are contained
in either SHELXTL (5.1) or the SHELXTL PLUS (4.2) program
libraries (G. Sheldrick, Siemans XRD, Madison, WI).

Stokes et al.

1-[(Pyridine)bis(dimethylglyoximato)cobaltio(II1)]-4-
methyl-2,3-pentadiene (26). Polar Aprotic Solvent Con-
ditions. Pyr(dmg);CoCl!! (0.200 g, 0.506 mmol) was added
to Na(Hg) (0.58 g, 2.53 mmol of Na) and THF (100 mL) with
rapid stirring at —30 °C. The solution was heterogeneous for
about 5 min and then turned dark purple, indicating anion
formation. After the solution was stirred for 2 h, 5-(p-
toluenesulfonyl)-2-methyl-2,3-pentadiene (16e; 0.130 g, 0.515
mmol) was added and the reaction mixture warmed to 25 °C
and stirred for 8 h. The solution was decanted from the spent
amalgam, which was washed with THF (3 x 10 mL). Water
(10 mL) was added to the combined THF extracts and the THF
removed by rotary evaporation. The dark brown aqueous
solution was extracted with CHsCl; (3 x 20 mL). The
combined organic layers were washed with water (50 mL).
After drying with MgSOQy, the solvent was removed to yield
26 (0.100 g, 0.223 mmol (44%)), identical by spectroscopic
comparison with previously reported material.'b

(32)-(1,3-Pentadien-2-yl)(pyridine)bis(dimethylglyoxi-
mato)cobalt(III) (32). At —20 °C, NaBH, (0.138 g, 3.64
mmol) in Hz0 (0.1 mL) was added to cobalt chloride 18 (L. =
pyr; 1.500 g, 3.71 mmol) in ethanol (20 mL). Enyne 31 (Wiley)
was added at —20 °C after 45 min and the solution warmed
to 25 °C and stirred for 2 h. The solution was poured into
ice~water (100 mL). The resulting orange precipitate was
collected by filtration and vacuum-dried (1.271 g, 70%, >20:1
Z:E by 'H NMR analysis). The filtrate was extracted with
CH:Cl; to yield a mixture of 32Z and 32E (1.66:1; 0.126 g (8%)).
Mp for 32Z: 195-196 °C. 'H NMR (CDCl;): 8.62(d,J =5.7
Hz, 2H), 7.69 (t,J = 7.6 Hz, 1H), 7.28 (t, J = 7.6 Hz, 2H), 6.00
(dq, J = 11.3 Hz, 1.7 Hz, 1H), 5.3 (m, 1H), 4.77 (s, 1H), 4.13
(s, 1H), 2.07 (s, 12 H), 1.30 (dd, J = 6.7, 1.7 Hz, 3H). 3C
NMR: 149.953, 149.666, 138.302, 137.488, 125.108, 119.332,
116.579, 13.800, 11.993. IR (CDCls): 3688.3, 3582.7, 3078.4,
3006.8, 2929.1, 1828.1, 1562.1, 1490.6, 1452.4, 1377.4, 1235.3
cm~!, Anal. Caled for CisHCoN;O4: C, 49.66; H, 6.02.
Found: C, 49.55; H, 6.04.

Preparation of [cis- and trans-1-(1-Oxoethyl)-2-meth-
yl-8-cyclohexen-4-yl](4-cyanopyridine)bis(dimethylgly-
oximato)cobalt(III) (36d, 37d). At 25 °C, diene 17d (0.045
g, 0.097 mmol) was dissolved in THF (8 mL). Methyl vinyl
ketone (0.10 mL, 1.20 mmol) was added dropwise, and the
solution was refluxed for 8 h. Additional methyl vinyl ketone
(0.10 mL, 1.20 mmol) was added, and the solution was refluxed
for 16 h before the solvent was removed under reduced
pressure. The residue was dissolved in CHCI; and cooled to
—78 °C and precipitation induced with pentane. The product
was a yellow solid (0.039 g, 0.073 mmol (76%)). 'H NMR
(CDCl;): 8.89 (d, J = 6.9 Hz, 2H), 7.55 (d, J = 6.9 Hz, 2H),
5.10—5.0 (m, 1H) major, 4.95—4.85 (m, 1H) minor, 2.75-2.15
(m, 3H), 2.11 (s, 6H), 2.10 (s, 6H), 2.02 (s, 3H, overlapping
acetyl methyls), 2.0-1.5 (m, 3H), 0.79 (d, J = 6.9 Hz, 3H)
minor, 0.63 (d, J = 6.9 Hz, 3H) major. IR (benzene): 4066.5,
4051.8,.2325.7, 1961.0, 1826.7, 1808.2, 1708.9, 1558.1, 1528.1,
1236.7 ecm™!. FAB HRMS: m/z for Co3H3:CoNgOs (M + H)Y)
531.1766, found 531.1780.

Preparation of [cis- and trans-1-(1-Oxoethyl)-2-meth-
yl-3-cyclohexen-4-yll(tributylphosphine)bis(dimeth-
ylglyoximato)cobalt(IIT) (36f, 37f). At 25 °C, methyl vinyl
ketone (0.10 mL, 0.86 mmol) was added to diene 17f(0.162 g,
0.29 mmol) in degassed THF (10 mL). The solution was
refluxed (8 h) and then the solvent was removed via rotary
evaporation. The residue was chromatographed on silica
(ether) to yield the adduct (0.103 g, 1.6 mmol, 54.2%) as a
yellow oil. TH NMR (CDCl;): 5.12 (m, 1H), major, 4.95 (m,
1H) minor, 2.70—-2.15 (m, 3H), 2.11 (s, 6H), 2.09 (s, 6H), 2.06
(s, 3H) minor, 2.05 (s, 3H) major, 2.0—1.65 (m, 3H), 1.40—1.05
(m, 18HO, 1.85 (t,J = 7.92 Hz, 9H), 0.745 (d, J = 7.45 Hz, 3H)
minor, 0.57 (d, J = 7.45 Hz, 3H) major. IR (CDCl;): 3686.0,

(11) Schrauzer, G. N. In Inorganic Syntheses; Jolly, W. L., Ed.;
McGraw-Hill: New York, 1968; Vol. XI, pp 61-70.
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3600.8, 2960.9, 2871.0, 1703.7, 1605.6, 1553.6, 1457.0, 1373.3,
1234.2 cm™'. FAB HRMS: m/z for CosH5.CoN4OsP (M + H)*)
629.3242, found 629.3253.

Preparation of [cis- and trans-1-(1-Oxoethyl)-2-meth-
y1-3-cyclohexen-4-yll(diphenylmethylphosphine)bis-
(dimethylglyoximato)cobalt(III) (36e, 37e). Cobalt diene
17e (0.097 g, 0.17 mmol) and methyl vinyl ketone (0.05 mL,
0.60 mmol) were combined in degassed THF (10 mL). The
solution was refluxed (15.5 h), and the solvent was removed
under vacuum. The crude product was chromatographed on
silica (EtOAc) to yield a yellow solid (0.059 g, 0.09 mmol
(54.1%)). *H NMR (CDCl3): 7.50—7.24 (m, 10H), 5.15 (m, 1H)
major, 4.95 (d, J = 7.8 Hz, 1H) minor, 2.71-2.06 (m, 3H), 2.05
(s, 3H) minor, 2.00 (s, 3H) major, 1.85 (d, J = 7.8 Hz, 3H),
1.75 (apparent t, J = 3.9 Hz, 12H), 1.65—1.45 (m, 3H), 0.75
(d, J = 7.84 Hz, 3H) minor, 0.57 (d, J = 7.84, 3H) major. IR
(CDCl;): 3689.6, 3155.4, 3062.9, 2959.1, 2925.4, 2337.2,
1699.7, 1557.7, 1484.4, 1468.0, 1436.1, 1382.8, 1375.2, 1234.0
cm™!. Anal. Caled for Cs0HsOsN4Co: C, 57.51; H, 6.43.
Found: C, 57.23; H, 6.51.

Synthesis of (syn- and anti-4,4,7,7,8,9-hexahydro-4-
methyl-1,3-dioxoisobenzofuran-5-yl)(methyldiphenylphos-
phine)bis(dimethylglyoximato)cobalt(IIT) (38a, 39a). Di-
ene 24d (175 mg, 0.32 mmol) and maleic anhydride (124 mg,
1.26 mmol) were added to degassed THF (4 mL) in a sealed
tube which has heated to 100 °C for 2 h. The mixture was
cooled to 25 °C, and the solvent was removed by rotary
evaporation. The remaining black oil was purified by silica
chromatography (1:1 ethyl acetate/pentane) to yield a dark
yellow waxy solid (38a, 39a; 28 mg, 0.04 mmol (14%)). Mp:
132-134 °C. 'H NMR (CDCls). 7.46—7.30 (m, 10 H), 5.70—
5.58 (m, 1H) minor, 5.40—5.38 (m, 1H) major, 3.22 (m, 1H),
3.04 (m, 1H), 2.62 (dd, J = 10.4, 5.6 Hz, 1H), 2.56—2.45 (m,
2H), 1.84 (d, J = 8.4 Hz, 3H), 1.73 (d, J = 3.5 Hz, 6H), 1.71 (d,
J = 3.5 Hz, 6H), 0.83 minor (d, J = 6.9 Hz, 3H), 0.57 major
(d,J = 6.9 Hz, 3H). IR (CDCls): 3688, 3156, 2984, 1783, 1469,
1382, 1231, 1095 cm™!, FAB MS: m/z caled for M + 1 — H,
(CgoH37O7N4PCO) 655.1, found 655.1.

Synthesis of (syn- and anti-4,4,7,7,8,9-hexahydro-4-
methyl-1,3-dioxoisobenzofuran-5-yl)(dimethylphenylphos-
phine)bis(dimethylglyoximato)cobalt(III) (38b, 39b). Di-
ene 24e (160 mg, 0.32 mmol) and maleic anhydride (63.5 mg,
0.65 mmol) were added to degassed THF (3 mL) in a sealed
tube which was heated to 100 °C for 2 h. The mixture was
cooled to 25 °C and solvent removed by rotary evaporation.
The remaining black oil was purified by silica chromatography
(1:1 EtOAc/pentane) to yield a yellow waxy solid (38b, 39b;
65 mg, 0.011 mmol (34%)). Mp: 96-100 °C. 'H NMR
(CDCly): 7.42—17.26 (m, 3H), 7.22—7.05 (m, 2H), 5.71-5.55 (m,
1H) minor, 5.46—5.32 (m, 1H) major, 3.19 (m, 1H), 3.04 (m,
1H), 2.60 (dd, 1H, J = 10.6, 5.6 Hz), 2.54—2.42 (m, 2H), 1.97
(d, 6H,J = 9.4 Hz), 1.89 (s, 6H), 1.87 (s, 6H), 0.84 (d, 3H, J =
7.0 Hz) minor, 0.55 (d, 3H, J = 7.0 Hz) mgjor. IR (CDCl;):
3156, 2985, 2905, 1794, 1558, 1471, 1383, 1096 cm™!. FAB
HRMS: m/z caled for M + 1 (CoCosH3,07N4P) 593.1575, M +
1 found 593.1550.

Synthesis of (syn- and anti-4,4,7,7,8,9-hexahydro-4-
methyl-1,3-dioxoisobenzofuran-5-yl)[4-(dimethylamino)-
pyridine]lbis(dimethylglyoximato)cobalt(IIl) (38c, 39c¢).
Complex 24b (200 mg, 0.42 mmol) and maleic anhydride (82
mg, 0.84 mmol) were added to degassed toluene (3 mL) in a
sealed tube which was heated to 50 °C for 5 h. The mixture
was cooled to 25 °C, and pentane (15 mL) was added. The
product was collected by vacuum filtration and vacuum-dried
to give a yellow powder (38¢, 39¢; 230 mg, 0.41 mmol (98%)).
Mp: decomposes at 110-112 °C. 'H NMR (CDCl;): 8.01 (d,
J = 7.1 Hz, 2H), 6.37 (d, J = 7.1 Hz, 2H), 5.37 (apparent t, J
= 5.8 Hz, 1H), 3.08 (dd, J = 9.9, 5.6 Hz, 1H), 2.96 (s, 6H), 2.69
(dd, J = 9.9, 5.6 Hz, 1H), 2.54—2.47 (m, 2H), 2.10 (s, 6H), 2.08
(s, 6H), 0.88 (d, J = 8.0 Hz, 3H) minor, 0.62 (d, J = 8.0 Hz,
3H) major. !3C NMR (CDCl;): 175.6, 172.6, 154.2, 149.8,
149.79, 149.71 (2 dmg C=N), 148.6, 123.3, 107.5, 47.5, 39.0,
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38.9, 35.9, 23.3, 13.7, 12.10, 12.05 (2 dmg Me). IR (CDCl;):
3691, 3156, 1785, 1624, 1469, 1384, 1095, 936 cm™!. Analysis
calculated for CqsH3307NsCo: C, 48.94; H, 5.89. Found: C,
49.13; H, 5.87.

Lewis Acid Mediated Cleavage of the Cobalt—Carbon
Bond in 38c and 39¢ To Yield syn- and anti-4-4,7,7,8,9-
hexahydro-4-methyl-1,3-dioxoisobenzofuran. Complexes
38c and 39¢ (150 mg, 0.266 mmol) were dissolved in dry THF
(10 mL), and the solution was cooled to 0 °C. AlMe; in hexanes
(0.27 mL of a 2 M solution, 0.532 mmol) was added. After 0.5
h, the ice bath was removed and the mixture was warmed to
25 °C and stirred for 12 h. Ice—water (10 mL) was added and
the mixture extracted with CH,Cls (4 x 25 mL). The CHyCl;
extracts were combined and dried over MgSO,. The solvent
was removed under vacuum and the resultant orange oil
vacuum-dried. The crude product was microdistilled under
vacuum (Kugelrohr) to give the white solid 40 (20 mg, 0.12
mmol, 45.1%), identical by spectroscopic comparison with an
authentic sample prepared from (E)-piperylene and maleic
anhydride.’? The remaining orange solid in the distillation
flask was found to be methyl [4-(dimethylamino)pyridine]bis-
(dimethylglyoximato)cobalt(III) (41; 78 mg, 0.18 mmol (68.8%)),
which was proven to be identical with an authentic sample
prepared by the method of Schrauzer et al.!! Mp: 177-180
°C dec. 'H NMR (CDCl;): 8.06 (d, J = 7.1 Hz, 2H), 6.39 (d, J
= 7.1 Hz, 2H), 2.95 (s, 6H), 2.10 (s, 12H), 0.68 (s, 3H). 3C
NMR (CDCl3): 154.2, 148.8, 148.4, 107.4, 39.0, 11.9. IR
(CDCls): 3155, 2986, 2902, 1793, 1472, 1384, 1094 cm~!. Anal.
Caled for CoC,6H2704Ne: C, 45.07; H, 6.38. Found: C, 45.06;
H, 6.36.

Cycloaddition between the 3-Cobaltio-(3E)-1,3-penta-
diene Complex 24b and Methyl Vinyl Ketone. Complex
24b (510 mg, 1.07 mmol) was dissolved in methyl vinyl ketone
(6 mL) and heated to 75 °C in a sealed tube (90 h). The
mixture was cooled to 25 °C, and excess dienophile was
removed by rotary evaporation. The resultant dark red-brown
oil was purified by silica chromatography (ethyl acetate/diethyl
ether (1:1)) to give an orange-red waxy solid (42a,b and 43a,b;
550 mg, 1.03 mmol (96.2%)) as a mixture of regioisomers and
diastereomers: 1:3.4:1.2:3.3 ortho-trans (43b), meta-trans
(42a), meta-cis (42b), and ortho-cis (43a) (meta products 2.95:1
(trans:cis), ortho products 3.4:1 (cis:trans)). 'H NMR (CDCls;
cyclohexenyl ring methyls only are reported): 0.90 (J = 6.7
Hz, ortho-trans), 0.79 (J = 6.6 Hz, meta-trans), 0.66 (J = 7.0
Hz, meta-cis), 0.52 (J = 6.7 Hz, ortho-cis).!3® IR (CDCl;): 3156,
2925, 1622, 1540, 1383, 1236, 1093 cm™1.

Lewis Acid Mediated Cleavage of the Cobalt—Carbon
Bond in 42a,b and 43a,b To Yield trans- and cis-1-(1-
Oxoethyl)-5-methyl-3-cyclohexen-1-yl (44a,b) and cis-
and trans-1-(1-Oxoethyl)-2-methyl-3-cyclohexen-1-yl
(45a,b). The mixture of 42a,b and 43a,b (550 mg, 1.03 mmol)
from the cycloaddition described above was dissolved in dry
THF (20 mL) and the solution cooled to 0 °C. AlMe; (0.75 mL,
2 M in hexanes, 1.5 mmol) was added and the solution stirred
(1 h). The dark orange mixture was then warmed to 25 °C
slowly and stirred for 15 h. Ice—water (10 mL) was added
and the mixture extracted with CHxClp (5 x 25 mL). The CHo-
Clg extracts were combined and dried over MgSQO,, and the
solvent was removed by rotary evaporation to yield an orange
waxy solid. The solid was chromatographed on silica (1:1 Et,0/
pentane), and the solvent was removed by rotary evaporation
(15 °C bath) to afford a pale yellow oil (44 and 45; 112 mg,
0.811 mmol (78.7%)). ‘H NMR (CDCls; cyclohexenyl ring
methyls only are reported): 0.955 (J = 7.2 Hz, meta-cis (minor,
44b)), 0.943 (J = 7.0 Hz, meta-trans (major, 44a)), 0.867 (J =
7.0 Hz, ortho-trans (minor, 45b)), 0.771 (J = 7.0 Hz, ortho-cis

(12) (a) Brocksom, T. J.; Constantino, M. G. J. Org. Chem. 1982,
47, 3450. (b) Brocksom, T. J.; Constantino, M. G. An. Acad. Bras.
Cienc. 1982, 54, 655.
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(major, 45a)).!* 133C NMR (CDCls; diagnostic peaks only
(alkene peaks and C(2) or C(5) (carbon with Me subst.)
reported): meta-cis (44b), 133.2, 124.3, 47.87; meta-trans
(44a), 132.4, 124.2, 43.7; ortho-trans (45b), 132.3, 125.2, 55.4;
ortho-cis (45a), 131.7, 126.2, 51.2. The organometallic complex
was removed from the silica using EtOAc. The solvent was
removed by rotary evaporation and high vacuum to afford an
orange solid, 41 (274 mg, 0.64 mmol, (62.4%)), which was
identical by spectroscopic comparison with the sample char-
acterized above.

Preparation of trans- and cis-1-(1-Oxoethyl)-5-methyl-
3-cyclohexen-1-yl (44a,b) and cis- and trans-1-(1-Oxoet-
hyl)-2-methyl-3-cyclohexen-1-yl (45a,b) via Thermal Re-
action of (E)-Piperylene and MVK, trans-Piperylene (380
mg, 5.59 mmol) and methyl vinyl ketone (1.00 g, 14 mmol)
were placed in a sealed tube and heated (150 °C) for 15 h.1%
The mixture was cooled, and a yellow gel formed. The gel was
chromatographed on silica (1:1 Et;O/pentane). The solvent
was removed by rotary evaporation (15 °C bath) to yield a pale
yellow liquid (44 and 45; 439 mg, 3.18 mmol (56.9%)) as a
mixture of regioisomers and diastereomers. The products were
spectroscopically identical with reported 'H NMR data for cis
and trans 1,2- and 1,3-compounds.’® The products have an
overall ratio of 1:4 meta:ortho (44:45) products. The ratio of
total products was meta-trans:meta-cis:ortho-trans:ortho-cis
=1.0:1.6:3.1:4.5.

Results and Discussion

The preparation of the allenic electrophiles required
to test the scope and limitations of the Sy2’ reaction
presented in the Introduction was straightforward.
Most of the simple allenic alcohol precursors to the
allenic electrophiles were known.”? All reported yields
are of isolated, purified materials which have been
prepared on a multigram scale. All allenic electrophiles,
except the tosylates, appear to be stable for at least 1
month at —20 °C. Terminally unsubstituted allenic
electrophiles are prepared from propargyl chloride,
whereas terminally substituted allenes are prepared
from substituted propargyl alcohols (6). Preparation of
2,3-pentadien-1-0l (9) is presented as a representative
example:

R 1)DHP R 1) BuLi
—_ [ A - — . —_—
H—= \ R T H—ﬁ'— R 2) R,C(O)R,
OH oTHe  VHO
6 7 R=H, R'=Me, 90%
R ___ R o
R e—
2 OH
QTHP
8 R'=Me, R=R|=Ry=H, 79%
1)LiAIH, Ry R
2) NaOH, H,0R2 ) CH=°=<

OH
9 R'=Me, R=R,=R,=H, 65%

1-Acetoxy-2-methyl-2,3-butadiene (11) was prepared
(72%) by addition of a methyl cuprate reagent to
1-acetoxy-4-chloro-2-butyne (10). 2-Ethenylidene-1-cy-
clohexanol (13) was prepared via Sx2’ hydride opening
of the alkynyl epoxide 12, and then the alcohol 13 was
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Table 1. Preparation of Allenic Electrophiles (16)
from Allenic Alcohols (15)

allenic electrophile

allenic alcohol

compd vield compd
Ri,Re,R3, Ry  no. conditions X (%)  no.
Me,H,H,H 9 tosylCVKOH/Et:O -OTs 89 16¢c
Me,H,H.H 9 CIP(O)OEt)y/MeLi OP(OXOEt), 84 16d

H,HMe,Me 15d°
@ Neither the chloride nor the tosylate could be prepared cleanly.

Table 2. (3E)-1,3-Pentadiene Complexes from in
Situ Generated Anionic Cobalt Complexes

entry allenic yield
no. L glyoxime solvent electrophile (%) product
1 pyr dmg  MeOH 16a 59 17a
2  pyr dmg  MeOH 16b 56 17a
3  DMAP dmg  MeOH 16a 45 17b
4  pyr dpg MeOH 16a 35 17¢
5  pyr dpg MeOH 16b 40 17¢
6 pyr dpg DMF 16a 73 17¢
7  pyr dpg DMF 16b 66 17¢

acetylated. The chloride or acetate of 2-methyl-3,4-
pentadien-2-0l (15d, R; = Rz = H, R3 = Ry = Me)* could
not be prepared cleanly, presumably due to the acid and/
or aqueous sensitivity of these tertiary alcohols and
electrophiles. Table 1 summarizes the conditions used
to prepare all acyclic allenic tosylates, acetates, piv-
alates, and phosphates (except as described above or
described previously: 16a, Ri-3 = H, Ry = Me, X =
OAC;1 16b, R1_3 = H, R4 = Me, X= OPiV;1 168, Rl,z =
Me, R3,4 = H, X= OTS;1 ].Gf, R1—3 = Me, R4 = H, X=
OAc!) used in the preparation of dienyl complexes.

_ OAc  Me,Culi :<_
—— =C
Cl OAc

10 11 (72%)
DibalH Q Ac,0 Q
OH OAc
0 Euo e NaOAc ;
62% 46% from 12
12 13 14

R, H R, H

——c—<X OH . y—(—<X X
RZ R R R2
3 4 R3 R4
15 16

Preparation of 2-Cobalt-Substituted (3E)-1,3-
Pentadienes (17a—g). We prepared these dienyl
complexes (17) with axial ligands other than pyridine
by one of three routes;!4 (1) via reactions of anionic
cobalt complexes generated in situ with allenic electro-
philes, (2) via axial ligand exchange from 2-(pyr-
(dmg)2Co)-(3E)-1,3-pentadiene (17a), or (3) via reduction
of a cobalt chloride (18) to the anion, which is then
treated with allenic electrophiles. For complexes pre-
pared by route 1, we found acetates and pivalates to be
virtually interchangeable as electrophiles (Table 2,
entries 1 and 2, 4 and 5, 6 and 7). Increasing the size
of the equatorial ligands from dimethylglyoxime (dmg)

(13) (a) Guner, O. F.; Ottenbrite, R. M.; Shillady, D. D.; Alston, P.
V.J. Org. Chem. 1988, 53, 5348. (b) Bonnesen, P. V.; Puckett, C. L.;
Honeychuck, R. V.; Hersh, W, H. J. Am. Chem. Soc. 1989, 111, 6070.
(c) Smith, D. A.; Sakan, K.; Houk, K. N. Tetrahedron Lett. 1986, 27,
48717.

(14) For previously reported examples of these types of reactions
see refs 1b and 11 in addition to: (a) Bulkowski, J.; Cutler, A.; Dolphin,
D.; Silverman, R. B. Inorganic Syntheses; 1980, 20, 127. (b) Bigotto,
A.; Costa, C.; Mestroni, G.; Pellizer, G.; Puxeddu, A.; Reisenhofer, E.;
Stefani, L.; Tauzher, G. Inorg. Chim. Acta Rev. 1970, 4, 41.
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L + 2glyoxime + CoCl,.6H,0 + NaOH + NaBH, ———
solvent
2) =C_\(
X
(L)(glyoxime),Co
™
17
(pyr)(dmg),Co + L (L)(dmg),Co
solvent
= SN
17a )
L solvent yield (%) (#)
DMAP MeOH 95 17b
p-CN pyr CHCl3 40 17d
PMePh; CHCl3 91 17¢
PBuj3 Toluene 24 17f
L(dmg),CoCl

18a L = p-CNpyr
18b L = 4-ethyl-2,6,7-trioxa-1-phosphatricyclo{2.2.2]octane

D NaBHy THE ; \ 4me),Co

2) =C=\( .
X

L = p-CN pyr, 51% (17d)

L= o0 21%079)

to diphenylglyoxime (dpg) significantly lowered the
yields of diene complexes obtained in polar protic
solvents (Table 2, entries 4 and 5). It is less convenient
to perform these reactions in DMF, since an extraction
is required, but with the bulkier dpg, the polar aprotic
solvent is necessary in order to obtain yields of diene
complexes >50%.142

Complexes with axial ligands other than pyridine
(17b,e) are conveniently prepared via ligand exchange
(route 2) for strongly electron donating ligands such as
DMAP or PMePh;.1* When an axial ligand which is less
electron donating than pyridine, such as 4-cyanopyri-
dine, is desired, then the complex is best prepared via
reduction of the preformed chloride 18 (route 3). The
E double-bond stereochemistry is determined by J(H3—
Hy), which is >14 Hz in all complexes. The C; H’s show
coupling to 3'P in the phosphine complexes (17e,f,g).

In order to obtain E double-bond isomers (17) cleanly,
one must carefully follow our protocols with respect to
concentration, hydride reducing equivalents present,
and temperature. In our previously reported protocol,!
the anionic cobalt complex 1 was generated (0.262 M)
in methanol at —10 °C using 1.1 equiv (based on Co) of
NaBH4 and then the allenic acetate (16a) was added
and the solution was warmed to 25 °C overnight. The
crude product contained traces of Z isomer (19) and
2-substituted diene (20), which were removed by one
recrystallization from MeOH (entry 1, Table 3). In-
creasing the amount of NaBH, to 2.0 equiv caused
essentially no change. However, maintaining the tem-
perature at —10 °C after allenic electrophile addition

(15) (a) Trogler, W. C.; Marzilli, L. G. Inorg. Chem. 1975, 14, 2942,
(b) Dodd, D.; Johnson, M. D. Organomet. Chem. Rev. 1978, 52, 1.
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Pyr + 2dmg + CoCl,.6H,0 ———
+ NaOH + NaBH, MeOH, temp
1Y
OAc

18%

LM LM L.M N He
\i‘ + </ + H3

LM = (pyr)(dmg),Co
17a 19 20

followed by addition of water containing a few drops of
pyridine provided 17a as the clean E isomer without
recrystallization (entry 3). When the concentration is
reduced by a factor of 4, the percentage of 20 present
increases significantly and is independent of hydride
over the range 1.1—4 equiv (entries 4 and 5). Further
dilution by a factor of 2 and refluxing the MeOH solution
prior to aqueous workup have little additional effect
(entry 6). Heating pure 17a in methanol (1.5 h)
produced a 77:23 mixture of 17a and 19 but no 20.
Treatment of pure 17a with a large excess of NaBH,
(16 equiv) and refluxing in MeOH (1.5 h) produced a
1:1 mixture of 17a and 20. DMAP diene 17b showed
no evidence of double-bond isomerization over a period
of 5 days at 25 °C in CDCl; or 1 day in THF. Pyridine
diene 17a does isomerize slowly under these conditions
with an E:Z ratio of 28:1 being observed by 'H NMR
after 3.5 days in CDCl; at 25 °C. Heating in THF, as
for MeOH, accelerated isomerization rapidly. DMAP
diene 17b is a 3.2:1 mixture of E:Z isomers after 4 h,
and this ratio is 2.5:1 after 8 and 24 h at reflux.
Likewise, complex 17a is a 2.6:1 mixture of E:Z isomers
after 24 h reflux in THF. Isolated yields for all these
reactions are in the 55—75% range (except for entry 3,
30—40%).

A detailed investigation of this isomerization will be
reported in a forthcoming manuscript, but several
comments relevant to the preparation of E diene com-
plexes discussed in this paper are in order. The E diene
complex 17a appears to be the kinetic product of this
reaction (entry 3). The cobalt and hydrogen 1,3-
transpositions are hydride rather than polar protic
solvent or NaOMe mediated, since heating 17a alone
in methanol (1.5 h) produces a 77:23 mixture of 17a to
19 but no 20 and heating 17a with 16 equiv of NaOMe
in MeOH (1.5 h) produced a 84:16 mixture of 17a to 19
with no 20 observed. Only one double-bond isomer of
20 is produced, and the E geometry is postulated on the
basis of the observation that the methyl to Hy NOE is
much larger than the methyl to H3 NOE.

Preparation of 2-Cobalt-Substituted 3-Methyl-
1,3-Butadienes and 2-Cobalt-Substituted 1-Vinyl-
cyclohexenyl Complexes. The (pyr)(dmg)>Co anion
generated in situ in DMF reacted with 1l-acetoxy-2-
methyl-2,3-butadiene (11) to produce the 2-cobalt-
substituted 1,3-butadiene 21. None of this diene com-
plex (21) could be isolated when this same reaction was
performed in MeOH. The DMAP (22a) and Me(Ph);P
(22b) complexes of this same diene were prepared via
ligand exchange in MeOH from the pyr complex 21, as
mentioned above for the (3E)-pentadiene complex 17a.
Likewise, the exocyclic allenic acetate 14 reacted cleanly
with the pyr(dmg)2Co anion and the DMAP(dpg); cobalt
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Table 3. Effect of Concentration, Reducing Agent,
and Temperature on the Ratio 17a:19:20

amt of

entry molarity NaBH,; temp amt of product (%)
no. (CoClp)  (equiv) (°C) 17a 19 20
1 0.262 11 25 90 5 5

2 0.262 2.0 25 90 5 5

3 0.262 20 -10 100 <1 <1
4 0.075 1.1 25 75 10 15

5 0.075 4.0 25 85 <1 15

6 0.035 2.0 Al5h 80 6 14

anion to produce complexes 23a,b. DMAP complexes
23b,c were also available via ligand exchange from the
pyridine complexes.

Pyr + 2dmg + CoCl,.6H,0 + NaOH + NaBH,

DMF
2) =c=§

OAc
{Pyr}tdmg)zcii
21
(pyr)(dmg),Co
+ L ——
:\( methanol

21

22a, L = DMAP, 97%
22b, L = PMePh;, 88%

L + 2glyoxime + CoCl,.6H,0 + NaOH + NaBH,

o (L)(gly),Co
o= [
14

OAc

23a L = pyr, gly = dmg, 55%
23b L = DMAP, gly = dpg, 74%

(pyr)(L),Co (L'(L),Co.
+ L' ——

methanol

23¢ L =dmg, L'=DMAP 57%
23b L =dpg, L' = DMAP 33%

Preparation of 3-Cobalt-Substituted (3E)-1,3-
Pentadienes. The (pyr)(dmg):Co anion was generated
in situ in both MeOH and DMF and treated with
tosylate (16¢) to produce the 3-cobalt-substituted 1,3-
pentadiene 24a as the only isolated complex in 43% and
56% yields, respectively (Table 4). In both cases, only
the E geometry in the alkene was observed. Refluxing
these dienes (24) in THF, CHCl;, or methanol for
extended periods led to some (30—50%) diene decom-
position, but no other alkene isomers were observed. The
DMAP(dmg),Co anion and the DMAP(dpg):Co anion
react similarly in DMF to produce the corresponding
diene complexes 24b,c in 63 and 71% yields. A phos-
phate (16d) could be used in place of the tosylate;
however, the yield of dienyl complex 24a was signifi-
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Figure 1. Molecular structure of complex 24f.

Table 4. 3-Cobaltio-(3E)-1,3-pentadiene Complexes
from in Situ Generated Anionic Cobalt Complexes

entry yield
no. L glyoxime solvent electrophile (%) product
1 pyr dmg MeOH 16¢c 43 24a
2 pyr dmg DMF 16¢c 56 24a
3 pyr dmg DMF 16d 30 24a
4 DMAP dmg DMF 16¢c 63 24b
5 DMAP dpg MeOH 16¢c 70 24¢

cantly lower and there was no effect on alkene geom-
etry.! The DMAP, Me(Ph);P, (Me);PhP, and 4-tert-
butylpyridine complexes (24b,d—f) of this same diene
could all also be prepared via ligand exchange in MeOH
from the pyr complex 24a.

L + 2glyoxime + CoCl,.6H,0 + NaOH + NaBH,

———=  (L)glyoxime),Co

solvent i
2) \=ca' =~_H,'
lecord 24 .

(pyr)(dmg),C AN + L
=~

MeOH

(L)(dmg),Co Z

S

L yield (%) (#)
DMAP 78 24b
PMePh; 94 24d
PMe;Ph 85 24e
4-tBuPyr 89 24f

We postulated an E double-bond stereochemistry and
more s-cis- than s-trans-like diene conformation initially
on the basis of NOE data, in which irradiation of H,"
produced a 2.2% enhancement of the pentadiene methyl
and no enhancement of the dmg methyls. This postu-
late about diene geometry was subsequently proven by
an X-ray crystallographic analysis of the tert-butylpy-
ridine complex 24f. The ORTEP drawing of this com-
plex is provided in Figure 1, and data collection and
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Table 5. Crystallographic Data for C;;H3,CoN;O,4

(a) Crystal Parameters
formula CgH3CoNsOs V, A3 7383(4)
fw 491.5 Z 12

cryst monoclinic cryst dimens, mm 0.21 x 0.26 x 0.34
syst
space C2/c cryst color orange-red

D(cale), g cm™3 1.326
u(Mo Ko), em™! 7.33
temp, K 240

group
a, 29.313(9)
b A 15.033(3)
c, A 17.856(7)
B,deg  110.24(2)

(b) Data Collection

diffractometer Siemens P4
monochromator graphite
radiation Mo Ko (A = 0.710 73 A)
26 scan range, deg 4-52
data collected (A,k,0) +33, +18, +22
no. of rflns collected 7493
no. of indpt rflns 7243
no. od indpt obsd rflns, F, = 40(F,) 4974
std/rfln 3 std/197 rflns
(c) Refinement?
R(F), % 7.70 Afp), e A3 0.69
R(WF), % 11.28 NN, 12.3
A/o (max) 0.273 GOF 1.76

¢ Quantity minimized: YwA?% R = SAX(F.); Rw) = TAwY?/
Z(Fowl/z); A= ‘(Fc - Fc)l

Table 6. Selected Bond Lengths and Bond Angles
for Co(dmg)z(4-¢-Bu(py))(0-C;Hy) (24f)

Bond Lengths (A)
Co(2)-N(1) 1.876(6) Co(2)—N(2) 1.889(6) Co(2)—N(3) 1.877(6)
Co(2)—-N(4) 1.877(6) Co(2)—N(5) 2.064(4) Co(2)—-C(16) 2.019(6)
N(1)-0(1) 1.350(9) N(1)-C(1) 1.308(10) N(2)—-0(2) 1.324(9)
N(2)-C(2) 1.294(9) N(3)-0(3) 1.361(9) N(3)-C(6) 1.288(9)
N(4)-0(4) 1.326(9) N(4)—C(5) 1.286(10) C(14)—C(15) 1.539(23)
C(15)—C(16) 1.428(12) C(16)—C(17) 1.375(12) C(17)—C(18) 1.513(34)

Bond Angles (deg)

N(1)—Co(2)—N(2) 81.3(3) N(1)—Co(2)—N(3) 178.1(2)
N(2)-Co(2)—-N(3) 98.2(3) N(1)-Co(2)—N(4) 99.1(3)
N(2)-Co(2)-N(4) 177.9(2)  N(3)—Co(2)—N(4) 81.4(3)
N(D)—-Co(2)—-N(5) 90.9(2) N(2)—Co(2)—N(5) 91.3(2)
N(8)—Co(2)—-N(5) 90.9(2)  N(4)—Co(2)—N(5) 90.8(2)
N(1)-Co(2)-C(16) 87.5(2) N(2)-Co(2)-C(16) 87.9(2)
N(3)-Co(2)-C(16) 90.6(2)  N(4)—Co(2)-C(16) 90.0(2)
N(5)—Co(2)-C(16) 178.3(2) C(14)-C(15)-C(16)  118.7(13)
Co(2)-C(16)-C(15)  116.7(5)  Co(2)-C(16)-C(17)  117.8(6)
C(15)-C(16)-C(17)  125.5(6) C(16)-C(17)—-C(18) 123.1(17)

refinement parameters as well as selected bond lengths
and angles are provided in Tables 5 and 6. The cobalt
to dmg nitrogen (N(1)—N(4)) and cobalt to N(5) bond
lengths are all very similar to those we have observed
previously in related dienyl complexes.! The cobalt—
C(16) bond length (2.019(6) A) is the longest cobalt to
sp? carbon bond length we have seen in a dienyl complex
to date.! C(14) and C(18) of the diene portion of this
molecule are disordered over two positions with oc-
cupancies of 60/40; therefore, comparisons of C—C bond
lengths within this dierie to those in our other crystal-
lographically characterized dienyl complexes are not
meaningful. The C(18)—C(17)—C(16)—C(15) torsion
angle (diene torsion angle) is 56°, within the range of
torsion angles we have previously observed.!
Preparation of 1-Cobalt-Substituted 4-Methyl-
2,3-pentadiene and 3-Cobalt-Substituted 2-Methyl-
2,4-hexadienes. The terminally disubstituted allenic
tosylate 16e proved to be the only instance where we
observed an Sx2 rather than Sy2' product from the
reaction of a cobalt nucleophile with an allenic electro-
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phile. This reaction was initially performed in MeOH,
where hydrogen bonding increases the effective size of
the cobalt nucleophile such that Sy2 dominated over
Sn2’. However, performing the same reaction in THF!4
still produced only the Sx2 product 26 (44%). With a
terminally disubstituted secondary rather than primary
allenic electrophile (16f), reaction with the cobalt anion
25 once again produced the Sny2’ product 27. Surpris-
ingly, this reaction failed in all attempts in polar aprotic
solvents and failed using the pivalate 16g rather than
the acetate 16f, possibly due to the fact that E2 or E2’
is the dominant reaction in those solvents with these
hindered electrophiles (16f,g).

oT
4 S olvent  Pyr(DMG),Co™
+ — C

Pyr(DMG),Co'Na*
-10°C

sol = MeOH, 62%

sol = THF, 44%
25 16e 26
?, OAc J
Pyr(DMG),CoNa* + CI MeOH o
P -10°C  Pyr(DMG),Co
29%, 2:1 Z.E
25 16f 27

4 + 2 Cycloaddition Reactions of Cobalt-Substi-
tuted 1,3-Diene Complexes. We had previously
shown that complexes 17a—c reacted with a variety of
disubstituted dienophiles in exo selective Diels—Alder
reactions performed at 25 °C, where no double-bond
isomerization is taking place.'* However, we also noted
that these same complexes (17a—c) reacted with methyl
vinyl ketone (MVK) with poor endo:exo selectivity rang-
ing from 5.0:1 for 17a to 2.1:1 for 17f. Unlike the
cycloadditions with dienophiles containing two electron-
withdrawing groups, these reactions had to be per-
formed in refluxing solvents where double-bond isomer-
ization is occurring simultaneously with cycloaddition.
What effect does this double-bond isomerization have
on the endo:exo selectivity of the cycloadditions? Clean
17aE reacted with maleic anhydride (28) in THF at 25
°C to provide a 2.3:1 mixture of anti:syn cycloadducts
(29:30). A 2.4:1 mixture of E:Z isomers of 17a also
reacted with maleic anhydride (28) in THF at 25 °C to
provide a 2.3:1 mixture of anti:syn cycloadducts (20:30).
The same two reactions performed in CDCl; produced
identical results. Qualitatively, by 'H NMR spectros-
copy in CDCl3, we can say that the rate constant for
the E isomer cycloaddition is faster than Z to E
isomerization, since the relative E:Z amount of 17a
dropped from 2.4:1 to 1:1 after 5 min. We conclude that
the rate of Z isomer cycloaddition must be much slower
than E cycloaddition and Z:E isomerization. To prove
this, we independently prepared the Z isomer 32 from
the enyne 81,18 and we found that it (82) isomerized
slowly at 25 °C and faster in refluxing THF (16 h, 2.4:1
E:Z). Treatment of initially pure Z isomer 32 with
maleic anhydride (28) (5 h reflux in THF) produced the
same ratio of cycloadducts (29:30) as the E isomer of
17a. To check for the unlikely possibility that the Z
isomer was reacting through an endo transition state

(16) Pasto, D. J.; Timmers, D. A. Inorg. Chem. 1984, 23, 4117.



5530 Organometallics, Vol. 14, No. 12, 1995

(0]
ﬁ ‘ C" —
PyDMG),Co S

17a 28
M
:Eo M%o
Pyr(DMG),C : =
yr( 12Co Ho Pyr(DMG),Co HO
anti syn
29 30
£
25 + ﬁ —  Pyr(DMG),Co
31 32 (70%)

with the same selectivity that the E isomer had for an
exo transition state, we treated 32 with MA under
conditions where the Z isomer 32 did not isomerize (0
°C, CDCl;). The reaction required 10 days to go to
completion and produced a 1:1 mixture of anti and syn
cycloadducts (29:30). We therefore conclude (since the
E isomer is so much more reactive in cycloaddition) that
even if we perform cycloadditions under conditions
where the E double bond isomerizes, the cycloaddition
product ratios that we observe have not been affected
by this concurrent isomerization.

As shown in Table 7, we next surveyed a variety of
solvents and temperatures for the reaction of the pyr-
{dmg).Co diene 17a with MVK. Performing the cy-
cloaddition under conditions where the diene isomerized
(THF reflux) or not (CHCls, 25 °C, —22 °C) has little
effect on syn:anti (endo:exo) selectivity (consistent with
the results reported for MA). Selectivity also changes
little in going from nonpolar to polar aprotic to polar
protic solvents.

0 Me o Me o
A < -
17a + jO +
Pyr(DMG),Co Pyr(DMG),Co
syn (endo) anti (exo)
33 34 35

The effect of changes in axial ligand on syn:anti
selectivity were investigated on the basis of literature
precedent that electron-withdrawing axial ligands lead
to shorter cobalt—carbon bonds!? (better exo selectivity?)
and electron-donating ligands lead to longer cobalt—
carbon bonds!? (better endo selectivity?). Phosphines
as axial ligands were known to distort the equatorial
glyoximes up toward the cobalt—carbon bond in related
alkyl cobaloxime chemistry,!” and this could be expected
to influence the stereochemical outcome of subsequent
4 + 2 cycloadditions. The results of these cycloadditions

(17) For reviews of structural aspects of cobaloxime and related
complexes see: (a) Randaccio, L.; Bresciani Pahor, N.; Zangrando, E.;
Marzilli, L. G. Chem. Soc. Rev. 1989, 18, 225. (b) Bresciani-Pahor,
N.; Forcolin, M.; Marzilli, L. G.; Randaccio, L.; Summers, M. F,;
Toscano, P. J. Coord. Chem. Rev. 1983, 63, 1. (c) Toscano, P. J;
Marzilli, L. G. Prog. Inorg. Chem. 1984, 31, 105,

Stokes et al.

Table 7. Reactions of 17a with MVK

entry no. conditions 34:35 yield (%)
1 THF/reflux 5.0:1 95
2 CHCl3, 25 °C 2.7:1 98
3 CHCl;, —22°C 3.8.1 99
4 95% EtOH, 25 °C 4.2:1 87
5 acetone/reflux 2.2:1 94
6 toluene/reflux 4.8:1 47

Table 8. Axial Ligand Variation on syn:anti
(36:37) Ratios

L ratio (37:37) vield (%)
pyr (17a) 5.0:1 95
DMAP (17b) 3.0:1 85
4-CN-pyr (17d) 42:1 76
PBus (17) 2.1:1 54
PPhoMe (17e) 2.8:1 54

are presented in Table 8. None of these axial ligand
changes had a tremendous impact on syn:anti selectiv-
ity. Syn (endo) selectivity decreased with phosphine
substitution, probably due to phosphine-induced out-
of-plane distortion of the dmgs up toward the diene.
Assignment of syn and anti stereochemistry was done
by 'H NMR spectral analogy to cycloadducts whose
stereochemistry had previously been rigorously proven.!®
The 'H NMR signal for the methyl on the cyclohexene
ring in the syn isomer is always further upfield than
that for the anti isomer.

0
4
LA
L(DMG);Co

A
17 33

Me o Me 0

W ~
oN .o

L(DMG)Co L(DMG)Co

syn {endo) anti (exo)

36 37

Dienyl complexes containing cobalt and carbon sub-
stituents on internal diene carbons (21—23) unfortu-
nately proved unreactive in Diels—Alder reactions under
a variety of conditions with several different dienophiles.
Pyridine complex 21 proved to be unreactive toward MA
in refluxing THF or in a sealed tube (85 °C, 13 h).
Unreacted 21 was recovered nearly quantitatively. At
temperatures above 100 °C there is significant decom-
position of 21. Complexes 21 and 22a proved unreactive
toward MVK in neat refluxing MVK, and 21 did not
react with dimethyl fumarate which had been precom-
plexed with AlCls at —20 °C. The DMARP dienyl complex
22a proved less thermally stable than 21, and when
heated with maleic anhydride in THF, we noted sig-
nificant diene decomposition with the remaining mate-
rial (29%) being unreacted 22a. Diphenylmethylphos-
phine complex 22b proved to be the most thermally
sensitive. This complex was unreactive toward MA,
N-phenylmaleimide and MVK at 25 °C in THF and
rapidly decomposed when refluxed in neat MVK.

The vinylcyclohexenyl complexes 23 proved to be more
thermally robust than the methyl-substituted dienes 21
and 22, but they were equally unreactive in Diels—Alder
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reactions. The pyridine and DMAP dmg complexes
23a,c proved to be unreactive toward benzoquinone and
diethyl acetylenedicarboxylate when heated in a sealed
tube at 120 °C in THF, toluene, or 1,2-dichloroethane.
The DMAP dpg complex 23b was slightly more ther-
mally sensitive than 23a or 23c and proved to be
unreactive toward benzoquinone or MA when heated at
80 °C for 24 h in THF (sealed tube). Likewise a Lewis
acid catalyzed reaction of 28b with MVK (AlMe3z, CH,-
Cly, —45 °C, 24 h, iPrOH/H20 —45 °C quench) also
yielded only recovered 28b. Lewis acid catalyzed at-
tempts must be done at low temperature only, since at
—10 °C and above Lewis acids cleave the cobalt—carbon
bond in these complexes.!

The 3-cobalt-substituted (3E)-1,3-pentadiene com-
plexes (24) proved less reactive in Diels—Alder reactions
than the 2-cobalt-substituted dienes 17. The position
of the methyl in the 3-cobalt-substituted dienes 24
should hinder attaining an s-cis diene conformation.
Initially, we tried benzoquinone with pyridine complex
24a. No cycloadduct was seen, and significant diene
decomposition was noted (35—55%) in refluxing THF or
CHCl;3 (6—12 h). DMAP dmg diene 24b proved equally
unreactive toward benzoquinone but more thermally
robust. We recovered 95% of unreacted 24b after
heating 24 h with benzoquinone in a sealed tube in
toluene at 50 °C. The DMAP diene complex 24b did
react with MA, as did the methyldiphenyl- and phe-
nyldimethylphosphine complexes 24d,e. The DMAP
diene 24b reacted with excellent syn (exo) selectivity
(38¢:39¢ = 17.5:1). These reaction conditions are much
milder than those typically used for (Z)-piperylene,!?
and again with transition-metal-substituted dienes and
a disubstituted dienophile we see predominantly prod-
ucts which arise via reaction through exo transition
states.!819 Since the mass balance of the phosphine
diene cycloadditions 24d,e was low, we hesitate to
compare diastereoselectivities with 24b. However, the
anti (exo) selectivity noted here for DMAP complex 24b
(17.5:1) is significantly better than the selectivity we
observed with 2-cobalt-substituted (3E)-pentadienes 17.
Presumably in the case of complex 24b, the methyl
substituent on the diene and the metal’s equatorial
ligands provide steric hindrance to an endo transition
state.

The relative stereochemistry in 38c was proven by
cleavage to anhydride 40, which had a '!H NMR spec-
trum identical with that of an authentic sample.!? The
cobalt with ligand set intact (41) is also recovered (69%)
in a form which can be recycled into preparation of the
dienyl complex. Complex 24b proved unreactive toward
citraconic anhydride or cyclohexenone under similar

(18) For some other recent examples of stoichiometric reactions of
transition-metal complexes in Diels—Alder reactions see: (a) Sabat,
M.; Reynolds, K. A,; Finn, M. G. Organometallics 1994, 13, 2084. (b)
Gilbertson, S. R.; Zhao, X,; Dawson, D. P.; Marshall, K. L. J. Am. Chem.
Soc. 1993, 115, 8517. (c) Laschat, S.; Noe, R.; Riedel, M.; Kruger, C.
Organometallics 1998, 12, 3738. (d) Wulff, W. D.; Powers, T. S. J.
Org. Chem. 1998, 58, 2381, (e) Rahm, A.; Wulff, W. D_; Rheingold, A.
L. Organometallics 1998, 12, 597. (f) Uemura, M.; Hayashi, Y,
Hayashi, Y. Tetrahedron: Asymmetry 1993, 4, 2291. (g) Anderson, B.
A.; Wulff, W. D.; Powers, T. S.; Tribbitt, S.; Rheingold, A. L. J. Am.
Chem. Soc. 1992, 114, 10784. (h) Bhaduri, D.; Nelson, J. H,; Day, C.
L.; Jacobson, R. A.; Solyjic, L.; Milosavljevic, E. B. Organometallics
1992, 11, 4069. (i) Park, J.; Kang, S.; Whang, D.; Kim, K. Organo-
metallics 1992, 11, 1738. (j) Muller, G.; Jas, G. Tetrahedron Lett. 1992,
33, 44174420,

(19) For a recent report of an alternative approach to achieving exo
selective Diels—Alder reactions, see: Maruoka, K.; Imoto, H.; Yama-
moto, H. J. Am. Chem. Soc. 1994, 116, 12115,
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conditions but did react with MVK (neat, 75 °C, 72 h)
to produce a mixture of regio- and sterecisomers (42a,b
and 43a,b) in 96% yield. The regio- and stereoisomeric
mixture (44a,b and 45a,b) obtained was also proven
after cobalt—carbon bond cleavage via 'H NMR spectral
comparison with authentic samples.!> Cobalt complex
41 was also recovered from this cleavage reaction. The
regio- and stereochemical outcome of the thermal Diels—
Alder reaction of this cobalt-substituted diene (24b) with
MVK is very different from the outcome of the reaction
of (E)-piperylene with MVK. 1,2-Disubstituted cyclo-
hexenes 45 are the major products of the (E)-piperylene
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reaction, and there is a preference for the 1,2-product
45a resulting from an endo transition state. In contrast,
cobalt-substituted diene 24b yielded 1,3-disubstituted
cyclohexenes (44) as the major products. Presumably,
this gives an indication of the electron-donating effect
of the transition-metal complex in comparison to the
electron-donating effect of an alkyl substituent on the
diene. The major 1,3-product 42a results from reaction
through an endo transition state. With monosubsti-
tuted dienophiles, we had previously observed this endo
preference for other related cobalt dienes (i.e. the bulk
of the complex is not sufficient to override the endo
Diels—Alder preference for small dienophiles).! How-
ever, the major 1,2-product (43a) was the result of
reaction through an exo transition state. Presumably,
the bulk of the cobalt’s equatorial ligands in conjunction
with the methyl on the diene have caused this exo
preference for the 1,2-product. While we have reported
many cases of exo-selective Diels—Alder reactions of
cobalt dienes with disubstituted dienophiles, this is the
first exo-selective result for a monosubstituted dieno-
phile.

Conclusions

A variety of cobaloxime-substituted 1,3-dienes can be
conveniently prepared via reactions of cobaloxime an-
ions with allenic electrophiles. Ligands axial to the
diene are easily exchanged. When cobalt is in the
2-position of a 1,3-diene, substituents can be stereospe-
cifically placed in the 1- or 4-position of the diene
(complexes 24 and 17) and these dienes will participate
in 4 + 2 cycloadditions under conditions which are much
milder than their organic counterparts ((E)- and (Z
piperylenes). When dienophiles contain two electron-
withdrawing substituents, preference for Diels—Alder
reactions through exo transition states can be quite
high. Unfortunately, syn:anti Diels—Alder selectivity

Stokes et al.

for monosubstituted dienophiles is low regardless of
which commercially available glyoxime (dmg or dpg) or
axial ligand is used, and this problem will probably be
solved via modified glyoxime synthesis in conjunction
with Lewis acid catalysis. The regiochemical outcome
of the Diels—Alder reaction between 24b and MVK hints
that, with the right ligand set and conditions, we might
gain clean access to 1,3-disubstituted (meta) cyclo-
hexenes which are not accessible via standard Diels—
Alder chemistry. 1,3-Dienes substituted by cobalt and
carbon in the 2- and 3-positions (21—28) proved unre-
active in Diels—Alder reactions. The solution to this
problem will probably require synthesis of analogous
dienes with cobalt substituents in the 1-position.

Acknowledgment. We thank the National Science
Foundation (Grant No. CHE-9321454), the Wake Forest
University Research and Creative Activities Fund, the
donors of the Petroleum Research Fund, administered
by the American Chemical Society, the Exxon Education
Foundation, and the Camille and Henry Dreyfus Foun-
dation (Henry Dreyfus Teacher-Scholar Award to M.E.W,
1994-1999) for their support. Low-resolution mass
spectra were obtained on an instrument purchased with
the partial support of the NSF (Grant No. CHE-
9007366). The Midwest Center for Mass Spectrometry
{(Grant No. NSF DIR9017262) performed high-resolution
mass spectral analyses. M.W.W. and H.L.S. acknowl-
edge Sigma Xi for student grants-in-aid of research.

Supporting Information Available: Tables of atomic
coordinates, thermal parameters, bond distances, and bond
angles for 24f (7 pages). This material is contained in many
libraries on microfiche, immediately follows this article in the
microfilm version of the journal, can be ordered from the ACS,
and can be downloaded from the Internet; see any current
masthead page for ordering information and Internet access
instructions.

OM950499J



Organometallics 1995, 14, 5533—5536 5533

Synthesis of a Novel Cyclic Germanium Enamine from
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A novel cyclic germanium(IV) enamine 3 has been prepared by the reaction of a germylene,
bis[bis(trimethylsilyl)aminatolgermanium(II) (1), and 2-vinylpyridine (2). The aldol type
reaction of the resulting enamine with various aldehydes 4 gave condensation products of
4,5-disubstituted 1l-oxa-2-germacyclopentane derivatives 5. The reaction proceeds in a
stereoselective manner to give trans products when aliphatic aldehydes were used as
electrophiles. In the case of using aromatic aldehydes, cis isomers predominate. The
preferential formation of a cis or trans isomer was explained by assuming an acyclic transition

state for the aldol type reaction.

Introduction

Enamines have greatly contributed to the progress
of synthetic organic chemistry because of their high
reactivity toward various electrophiles.! Especially,
lithoenamines have most frequently been utilized as
nucleophiles in cross aldol reactions, alkylations, and
asymmetric syntheses.? In recent years, the develop-
ment of a C—C bond-forming reaction which proceeds
via a novel organometallic intermediate having a central
metal of higher atomic number is of growing interest
in organic synthesis. Much attention has been paid to
the structure and reactivity of organogermanium species
as reactive intermediates. Although there are several
reports on germanium enolate formation and their
reactivities,35 little is known about the synthesis and
reactivity of germanium enamines. Normally, a ger-
manium enamine is obtained only as the tautomer of
an N-germylimine prepared by the reaction of tetrava-
lent halogermanes and iminolithium derivatives;® there
has been no report of the preparation of a germanium
enamine starting from a divalent germanium compound
(germylene).

Recently, in the course of our investigations on the
development of new polymerizations using germylene

@ Abstract published in Advance ACS Abstracts, November 1, 1995.
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species,” we found that a stable germylene, bis[bis-
(trimethylsilyl)aminatolgermanium(II),® undergoes a
rapid addition reaction to various a,3-unsaturated car-
bonyl compounds with s-cis conformation to give the
corresponding cyclic germanium enolate.* We have also
demonstrated the synthesis of a poly(germanium eno-
late) by using a cyclic a,f-unsaturated ketone with
s-trans conformation.’ Here, we report synthesis of a
novel bicyclic germanium(IV) enamine 3 by the reaction
of the germylene 1 and 2-vinylpyridine (2). The aldol
type reaction of the resulting enamine with various
aldehydes 4 gives rise to 4,5-disubstituted 1-oxa-ger-
macyclopentane derivatives 5.°

Results and Discussion

Synthesis of Germanium Enamine 3. The addi-
tion reaction of the germylene 1 to 2-vinylpyridine (2)
occurred instantaneously at room temperature to afford
the corresponding germanium(IV) enamine 3 in 95%
yield (Scheme 1). The resulting enamine has a novel
bicyclic structure fused by a 1-aza-2-cyclogermapent-4-
ene ring (five-membered) and a 1-azacyclohexa-3,5-diene
ring (six-membered).

The reaction was carried out in benzene-dg in an NMR
sample tube, and the formation of the enamine was
directly confirmed by !H NMR spectroscopy. The 'H
NMR spectrum of the resulting enamine showed a
signal at 6 4.33 ppm ascribable to the olefinic proton in
the 1-aza-2-cyclogermapent-4-ene (five-membered) moi-
ety. The peak at 6 1.84 ppm can be assigned to the
methylene protons adjacent to the germanium atom.
The signals at 6 0.36 and 4.3—7.1 are due to the protons

(7) (a) Kobayashi, S.; Iwata, S.; Abe, M.; Shoda, S. J. Am. Chem.
Soc. 1990, 112, 1625. (b) Kobayashi, S.; Cao, S. Chem. Lett. 1993, 25.
(c) Kobayashi, S.; Cao, S. Chem. Lett. 1993, 1385. (d) Kobayashi, S,;
Iwata, S.; Hiraishi, M. J. Am. Chem. Soc. 1994, 116, 6047. (e)
Kobayashi, S.; Iwata, S.; Abe, M.; Shoda, S. J. Am. Chem. Soc. 1995,
117, 2187.

(8) (a) Harris, D. H.; Lappert, M. F. J. Chem. Soc., Chem. Commun.
1974, 895. (b) Gynane, M. J. S,; Harris, D. H,; Lappert, M. F.; Power,
P. P.; Riviére, P.; Riviére-Baudet, M. JJ. Chem. Soc., Dalton Trans.
1977, 2004.

(9) The present study was previously presented in part: Kobayashi,
S.; Shoda, S.; Iwata, S. Annu. Meet. Chem. Soc. Jpn. Prepr. 1991, 61,
1818.
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Table 1. Aldol Reaction of Cyclic Germanium
Enamine 3 with Various Aldehydes®

aldol diasteromer
entry aldehyde product yield (%)® ratio® cis:trans
1 CCl3sCHO 5a 87 4:96
2 MeCHO 5b 82 26:74
3 EtCHO 5c¢ 79 35:65
4 PhCH.CHO 5d 78 28:72
5 PhCHO 5e 90 75:25
6 m-CIPhCHO 5f 90 75:25
7 m-CIPhCHO 5f 87 76:24
8 m-CIPhCHO 5f 89 71:29

@ Reaction was carried out in toluene at room temperature under
argon. b Isolated yield. ¢ Determined by 'H NMR.

of the trimethylsilyl groups and the olefins in the
1-azacyclohexa-3,5-diene (six-membered ring) moiety,
respectively. The 123C NMR spectrum also supported the
bicyclic germanium enamine structure 8. These results
clearly show that germylene 1, having a bulky electron-
donating group on the germanium atom, has a strong
nucleophilicity toward the carbon—carbon double bond
conjugated with the pyridine ring. It is to be noted that
the pyridine structure is destroyed and transformed to
the bicyclic enamine structure as a result of the ger-
manium~—carbon bond formation at the terminal vinyl
carbon of 2-vinylpyridine and the germanium—nitrogen
bond formation.

Aldol Type Reaction of 3 with Aldehydes. The
germanium enamine 8 showed nucleophilic reactivity,
which is characteristic of a metal—enamine compound.
When the enamine 3 was treated with an aldehyde 4
which acts as an electrophile in toluene at room tem-
perature, an aldol type reaction took place smoothly to
afford a 1-oxa-2-germacyclopentane derivative 5 having
a pyridyl group and an alkyl group at the 4 and 5
positions, respectively (Scheme 2).

The yield of the aldol reaction and the diastereomer
ratio (cis:trans) of the condensation product 5 are
summarized in Table 1. All the reactions proceeded
smoothly at room temperature to give 5 in good yield
(78—90%). The nucleophilic attack at the aldehyde
takes place regioselectively at the carbon—carbon double
bond in the five-membered ring of 8. At the same time,
cleavage of the germanium—nitrogen bond occurs, re-
generating the pyridine ring. It is assumed that the
stabilization due to the aromaticity of the pyridine is
an important driving force to promote the aldol reaction.
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Table 2. NMR Parameters and NOE for the Cis or
Trans Isomer of Aldol Product 5

13C NMR
aldol NOE (%) at chem shift
product irradiated H H! H3 H¢ J(H3-H*% of GeCHa(ppm)
S5a
cis H3 5.0 8.2 6.9 23.3
H* 6.2
trans H3 2.6 1.0 8.6 33.7
5b
cis B3 7.5 5.7 6.4 21.0
H¢ 4.9
trans H3 5.3 10.1 29.9
5¢
cis H3 6.1 a 6.3 22.2
H4 0.7
trans Hs 3.1 10.1 30.0
5d
cis Hs 4.3 7.5 6.3 23.2
H¢ 9.2
trans Hs 2.4 1.6 10.2 30.6
H¢ 1.7
Se
cis H3 6.0 9.9 6.2 23.1
H4 11.0
trans Hs3. 2.9 1.8 9.9 30.1
H¢ 1.8
5f
cis H3 5.3 10.3 6.6 22.7
H¢ 10.6
trans H3 1.1 1.1 9.9 30.2
H¢ 2.5

2 NOE was not detected because of the short distance between
H? and H

The aldol reaction was found to proceed in a stereo-
selective manner. When aliphatic aldehydes were used
as electrophiles, trans isomers were obtained preferen-
tially (entries 1—4). Especially, a product of higher
diastereoselectivity (cis:trans = 4:96) was obtained with
chloral (trichloroacetaldehyde) as the electrophile (entry
1). Treatment of 3 with aromatic aldehydes (benzalde-
hyde and m-chlorobenzaldehyde) also gave the corre-
sponding condensation products in good yield. In this
case, the cis isomers were obtained predominantly
(entries 5—8). The diastereomeric ratio of the aldol
product was determined by comparing the integral
values of the peaks due to the methyne proton (4
positions) of 5 in the 'H NMR spectrum of the mixture
of cis and trans isomers (cis isomer, & 3.59—3.93; trans
isomer, 6 2.93—3.52). The resulting 1-oxa-2-germacy-
clopentane derivative 5 was found to be stable at room
temperature, and each diastereomer can be separated
by silica gel column chromatography without decompo-
sition.

Structure Determination of Aldol Product 5.
The relative configuration (cis:trans) between the py-
ridyl group at the 4 position and the alkyl group at the
5 position of the product 5 was determined by a nuclear
Overhauser effect (NOE) measurement on the tH NMR
spectra (Table 2). For example, when the signal derived
from the proton on carbon 4 (denoted by H® in Figure
1) of product 5e was irradiated, the spectrum of the
main isomer showed a larger NOE between H3 and H*
(9.9%). Irradiation of the proton on carbon 5 (denoted
by H* in Figure 1) also caused a large NOE (11.0%)
observation between H2 and H%, These results clearly
indicate that proton H? and proton H* are located close
each other, suggesting that these substituents on the 4
and 5 positions of the main isomer have a cis relation-
ship. On the other hand, the minor isomer showed a
smaller NOE (1.8%) between H® and H*, indicating that
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the relative configuration of these substituents is trans.
The structure determinations of other products (5a—d
and 5f) were carried out in a similar manner.

In addition to the NOE measurements, the coupling
constant between H? and H* (J(H3—H?)) as well as the
13C chemical shift of the methylene carbon adjacent to
the germanium atom (GeCHbs) also give useful informa-
tion about the structure of cis and trans isomers (Table
2). The coupling constants (J(H3—H%)) of the trans
isomer are 8.6—10.2 Hz, whereas those of cis isomer
show smaller values of 6.2—6.9 Hz. The chemical shifts
for the carbon atoms adjacent to the germanium atom
in the two isomers show a remarkable difference; the
chemical shift values for the cis isomer are 21.0—23.3
ppm whereas those of trans isomer are 29.9—33.7 ppm.
These NMR parameters are especially useful to confirm
the relative configuration of the product 5¢ whose NOE
can only be partly detected.

Reaction Mechanism. At present, the formation of
the 1l-oxa-2-germacyclopentane skeleton 5 may be ex-
plained as follows (Scheme 3). The nucleophilic attack
of germanium enamine 3 on the aldehyde takes place
regioselectively at the carbon atom on the five-mem-
bered ring to give a corresponding zwitterionic inter-
mediate 7 (or 9) having an alkoxide ion and a germa-
nium cation, Then, this intermediate undergoes a
nucleophilic intramolecular attack of the alkoxide ion
at the germanium cation giving rise to the cyclic aldol
product 5.
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Concerning the stereoselectivity of the present reac-
tion, the preferential formation of the trans isomer can
be explained by assuming an acyclic transition state 6,10
where a chelate formation between Ge and oxygen does
not occur because of the lower Lewis acidity of the
germanium atom having bulky electron-donating groups.
As mentioned above, the use of benzaldehyde or m-
chlorobenzaldehyde as the electrophile affords the cis
isomer preferentially. These results suggest that the
reaction proceeds via a different transition state in the
case of an aromatic aldehyde. The transition state 8
may be preferable due to the z—x interaction between
the 1-azacyclohexa-3,5-diene part of the enamine and
benzene ring of the aldehyde, leading to the preferential
formation of the cis isomer via the intermediate 9.

Conclusion

The oxidative addition of 2-vinylpyridine to the ger-
mylene bis[bis(trimethylsilyl)aminato]germanium(II) gave
a novel bicyclic germanium enamine having a 1-azacy-
clohexa-3,5-diene structure. The resulting enamine was
successfully condensed with various aldehydes via an
aldol type reaction giving rise to the corresponding 4,5-
disubstituted 1-oxa-2-germacyclopentane derivatives in
good yield. To our best knowledge, the present reaction
is the first example of a carbon—carbon bond-forming
reaction using a cyclic germanium enamine species
which can be constructed by a redox process starting
from a divalent germanium compound, a germylene. It
is also to be noted that the aldol product is a new 1-oxa-
2-germacyclopentane derivative having a pyridyl group
and an alkyl group at the 4 and 5 positions, respectively,
where the stereochemistry of these groups can be fairly
well controlled. The skeleton of the resulting 4,5-
disubstituted 1-oxa-2-germacyclopentane is very dif-
ficult to construct by the conventional methodology of
using a germanium(IV) compound as starting material.

Experimental Section

General Procedure. The germylene bis[bis(trimethylsi-
lyD)aminatolgermanium(Il) (1) was prepared according to the
literature.® 2-Vinylpyridine and aldehydes were distilled over
calcium hydride. Toluene was purified by distillation from
benzophenone ketyl before use. All reactions were carried out
under an argon atmosphere. Column chromatography was
performed with silica gel 60 (70—230 mesh) (Merck). NMR
spectra (‘H and '3C) were recorded on a Brucker AM-250T
spectrometer.

Preparation of Germanium Enamine 3. A solution of
bis[bis(trimethylsilyl)Jaminato]lgermanium(II) (1) (65 mg, 0.17
mmol) in CsDg (0.2 mL) was added to a solution of 2-vinylpy-
ridine (2) (17 mg, 0.16 mmol) in CeDs (0.3 mL) at room
temperature under argon. The reaction mixture was trans-
ferred to a NMR sample tube, and the formation of the
germanium enamine 8 was directly confirmed by NMR spec-
troscopy (95% yield determined by 'H NMR): 'H NMR (C¢De)
6 0.36 (s, SiMes, 36H), 1.84 (d, J = 3.6 Hz, CH,, 2H), 4.33 (t,
J = 8.6 Hz, —CH,CH=C, 1H), 4.3—7.1 (m, olefin, 4H); 1*C NMR
(CeDg) 6 5.9 (SiMes), 25.4 (CHy), 84.6 (—CH,CH=C), 101.0,
121.4, 128.0, 137.8, 148.6.

Aldol Type Reaction of 8 with Aldehydes. To a toluene
solution (1.6 mL) of the germylene 1 (0.631 g, 1.60 mmol) was
added a toluene solution (1.6 mL) of 2-vinylpyridine (2) (0.173
g, 1.64 mmol) at 0 °C, and the reaction mixture was stirred

(10) Noyori, R.; Nishida, I.; Sakata, J. J. Am. Chem. Soc. 1983, 105,
1598.
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for 15 min. To this mixture was added a toluene solution (1.6
mL) of chloral (0.240 g, 1.63 mmol) in toluene (1.6 mL) at 0
°C. After being stirred for 15 min, the reaction mixture was
concentrated to dryness. The residue was dissolved in CDCls,
and an 'H NMR spectrum of the condensation products was
taken in order to determine the diastereomer ratio (cis:trans).
After recovery of the products, each diastereomer was sepa-
rated by silica gel column chromatography (eluent:n-hexane/
diethyl ether = 5/1) to give 0.041 g of the cis isomer and 0.882
g of the trans isomer.

Aldol Product 5a. Cis isomer: 'H NMR (CDCl3) 6 0.30
(s, SiMes, 18H), 0.33 (s, SiMes, 18H), 1.41 (dd, Jag = 13.1 Hz,
Jex = 6.8 Hz, —CHaHp, 1H), 2.44 (dd, Jas = 13.1 Hz, Jax =
13.7 Hz, CH,Hg, 1H), 3.91 (ddd, Jax = 13.7 Hz, Jpx = 6.8 Hz,
Jxy = 6.9 Hz, —CH,CHx—, 1H), 4.83 (d, Jxy = 6.9 Hz, CHy—
0, 1H), 7.1-8.7 (m, pyridyl, 4H); 3C NMR (CDCls) 6 5.5
(SiMe3), 23.3 (CHy), 50.2 (CHzCH), 86.5 (OCH), 102.6 (CCly),
122.2, 123.1 (Py, C3, C5), 135.9 (py, C4), 149.0 (py, C6), 159.0
(py, C2).

Trans isomer: 'H NMR (CDCl3) 6 0.31 (s, SiMe;, 18H), 0.32
(s, SiMes, 18H), 1.57 (dd, Jap = 13.6 Hz, Jpx = 13.2 Hz, CHaHj,
1H), 2.16 (dd, Jag = 13.6 Hz, Jax = 7.2 Hz, CH,Hp, 1H), 3.52
(ddd, Jax = 7.2 Hz, Jpx = 13.2 Hz, Jxy = 8.6 Hz, CH,CHx,
1H), 5.02 (d, Jxy = 8.6 Hz, OCH, 1H), 7.1—8.6 (m, pyridyl, 4H);
13C NMR (CDCls) 6 5.30, 5.66 (SiMes), 33.7 (CHy), 49.7
(CH,CH), 88.3 (OCH), 103.6 (CCls), 121.3, 123.2 (py, C3, C5).
Anal. Caled for Co1H44Cl3GeN3OSiy: C, 39.05; H, 6.87; N, 6.51;
Cl, 16.47. Found: C, 39.00; H, 6.96; N, 5.92; Cl, 16.61.

Aldol type reaction using other aldehydes were carried out
in a similar manner to afford the corresponding condensation
products.

Aldol Product 5b. Cis Isomer: ‘H NMR (CDCl3) J 0.30
(s, SiMes, 18H), 0.31 (s, SiMe;, 18H), 0.72 (4, J = 6.4 Hz, CH,,
3H), 1.34 (dd, Jap = 12.9 Hz, Jpx = 6.3 Hz, CHsH3, 1H), 1.93
(dd, Jas = 12.9 Hz, Jax = 13.0 Hz, CHsHp, 1H), 3.59 (ddd, Jax
= 13.0 Hz, Jzx = 6.3 Hz, Jxy = 6.4 Hz, CH,CHy, 1H), 4.58
(dq, Jxv = 6.4 Hz, Jye-uvy = 6.4 Hz, OCHy, 1H), 7.1-8.6 (m,
pyridyl, 4H); 13C NMR (CDCl;) 6 5.53, 5.66 (SiMes), 18.7 (Me),
21.0 (CH,), 49.8 (CH,CH), 73.4 (OCH), 121.3, 122.1 (py, C3,
C5), 136.0 (py, C4), 149.2 (py, C86), 161.5 (py, C2). Anal. Caled
for Co1H47GeN3OSiy: C, 46.49; H, 8.73; N, 7.74. Found: C,
46.06; H, 8.84; N, 7.63.

Trans isomer: 'H NMR (CDCl3) 6 0.29 (s, SiMes, 36H), 1.13
(d, J = 5.9 Hz, CH3, 3H), 1.68 (dd, Jas = 13.5 Hz, Jsx = 12.8
Hz, CHxHg, 1H), 1.77(dd, Jas = 13.5 Hz, Jax = 7.2 Hz, CHxHp,
1H), 2.93 (ddd, Jax = 7.2 Hz, Jex = 12.8 Hz, Jxy = 10.1 Hz,
CH.CHyx, 1H), 4.00 (dq, Jxy = 10.1 Hz, Jyme-uy = 5.9 Hz, OCHy,
1H), 7.1-8.5 (m, pyridyl, 4H); *C NMR (CDCl;) 6 5.4, 5.7
(SiMes), 21.4 (CHs), 29.9 (CH2), 55.1 (CH,CH), 75.0 (OCH),
121.3, 122.4 (py, C3, C5), 136.1 (py, C4), 149.5 (py, C6), 163.1
(py, C2). Anal. Calcd for C21H4/GeN3OSis: C, 46.49; H, 8.73;
N, 7.74. Found: C, 46.49; H, 8.56; N, 7.65.

Aldol Product 5¢. Cis isomer: 'H NMR (CDCl;) 6 0.27
(s, SiMegs, 18H), 0.29 (s, SiMe;, 18H), 0.77, 0.79 (CH;, 3H), 0.9—
1.1 (m, MeCH,, 2H), 1.35 (dd, Jap = 12.9 Hz, Jpx = 6.8 Hz,
GeCHsHg, 1H), 1.89 (dd, Jap = 12.9 Hz, Jax = 12.7 Hz,
GeCHsHg, 1H), 3.64 (ddd, Jax = 12.7 Hz, Jpx = 6.8 Hz, Jxy =
6.3 Hz, CH,CHy, 1H), 4.19 (m, OCHy, 1H), 7.1~8.6 (m, pyridyl,
4H); 13C NMR (CDCl) 6 5.48, 5.69 (SiMes), 10.8 (CHay), 22.2
(GeCHz), 25.6 (MeCHy), 49.6 (CH,CHy), 78.6 (OCH), 121.3,
122.3 (py, C3, C5), 135.9 (py, C4), 149.2 (py, C86), 161.6 (py,
C2). Anal. Caled for szH49GBN3OSi4Z C, 47.48; H, 8.87; N,
7.55. Found: C, 47.08; H, 8.87; N, 7.35.

Trans isomer: *H NMR (CDCls) 6 0.29 (s, SiMes, 36H), 0.93
(t, CHs, 3H), 1.2—1.4 (m, MeCH,, 2H), 1.62 (dd, Jag = 13.3
Hz, Jx = 13.0 Hz, GeCH,Hg, 1H), 1.81 (dd, Jas = 13.3 Hz,
Jax = 6.8 Hz, GeCHHz, 1H), 2.97 (ddd, Jax = 6.8 Hz, Jpx =
13.0 Hz, Jxy = 10.1 Hz, CH.CHx, 1H), 3.77 (m, Jxy = 10.1 Hz,
OCHy, 1H), 7.1-8.5 (m, pyridyl, 4H); 3C NMR (CDCly) 5.4,
5.7 (SiMe3), 11.0 (CH,), 28.6, 30.0 (CHy), 53.5 (CH:CHx), 80.1
(OCH), 121.3, 122.4 (py, C3, C5), 136.0 (py, C4), 150.0 (py, C6),
163.2 (py, C2). Anal. Caled for CH4eGeNsOSiy: C, 47.48;
H, 8.87; N, 7.55. Found: C, 47.29; H, 9.02; N, 7.38.

Aldol Product 5d. Cis isomer: 'H NMR (CDCls) 6 0.24
(s, SiMes, 18H), 0.29 (s, SiMe;, 18H), 1.48 (dd, Jap = 13.2 Hz,
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Jex = 6.7 Hz, CHaHg, 1H),1.99 (dd, Jag = 13.2 Hz, Jax = 11.2
Hz, CH\H3, 1H), 2.24 (dd, Jap = 14.2 Hz, Jsx = 3.5 Hz, CHAHp-
Ph, 1H), 2.46 (dd, Jas = 14.2 Hz, Jax = 9.2 Hz, CH,HgPh,
1H), 3.72 (ddd, Jax = 9.2 Hz, J5x = 3.5 Hz, Jxy = 6.3 Hz, OCHy,
1H), 7.1-8.6 (m, pyridyl, phenyl, 9H); 13C NMR (CDCl;) 6 5.5,
5.6 (SiMey), 23.2 (GeCHy), 39.2 (CH,Ph), 49.6 (CH:CHy), 77.9
(OCHy), 121.4, 122.6 (py C3, 5), 125.3, 127.6, 129.1 (Ph, C2-
6), 135.9 (py, C4), 140.0 (Ph, C1), 149.2 (py, C6), 161.3 (py,
C2).

Trans isomer: 'H NMR (CDCls) 8 0.09 (s, SiMes, 18H), 0.29
(s, SiMes, 18H), 1.60 (dd, Jap = 13.4 Hz, Jsx = 13.2 Hz, CHuHp,
1H), 1.85 (dd, Jag = 13.4 Hz, Jax = 6.9 Hz, CHxHs, 1H), 2.65
(dd, Jag = 13.7 Hz, Jpx = 8.5 Hz, CH,HgPh, 1H), 2.72 (dd,
JAB =13.7 HZ, Jax = 2.5 HZ, CHAHBPh, lH), 3.09 (ddd, Jax =
6.9 Hz, Jsx = 13.2 Hz, Jxy = 10.2 Hz, CH,CHy, 1H), 4.14 (ddd,
Jax = 2.5 Hz, Jpx = 8.5 Hz, Jxy = 10.2 Hz, OCHy, 1H), 7.1—
8.6 (m, pyridyl, phenyl, 9H); C NMR (CDCls) § 5.3, 5.7
(SiMe3y), 30.0 (GeCHy), 41.6 (CHyPh), 53.1 (CH:CHy), 79.6
(OCHy), 121.4, 122.5 (py, C83, 5), 125.5, 127.6, 129.6 (Ph, C2-
6), 136.2 (py, C4), 140.0 (Ph, C1), 149.6 (py, C6), 163.0 {(py,
C2).

Aldo! Product 5e. Cis isomer: ¢ 0.33 (s, SiMes, 18H), 0.34
(s, SiMes, 18H), 1.35 (dd, Jag = 12.7 Hz, Jpx = 5.8 Hz, CHsHS,
1H), 1.76 (dd, Jp = 12.7 Hz, Jax = 12.4 Hz, CHxHp, 1H), 3.93
(ddd, Jax = 12.4 Hz, Jpx = 5.8 Hz, Jxy = 6.2 Hz), 547 (d, Jxy
= 6.2 Hz, OCHy, 1H), 6.6—8.6 (m, pyridyl, phenyl, 9H); 3C
NMR (CDCly) 6 5.4, 5.5 (SiMes), 23.1 (CHy), 51.3 (CH:CHy),
79.4 (OCHy), 121.3, 122.0 (py, C3, C5), 126.3, 126.8, 126.9 (Ph,
C2-6), 135.5 (py, C4), 141.2 (Ph, C1), 148.8 (py, C6), 160.1 (py,
C2); IR 1582, 1461, 1426, 1399, 1249, 1021, 895, 869, 769, 734,
702, 672, 647 ecm~!. Anal. Caled for CyHy9GeN3OSis: C,
51.65; H, 8.17; N, 6.95. Found: C, 51.32; N, 8.27; N, 6.67.

Trans isomer: 'H NMR (CDCls) 0.32 (s, SiMes, 18H), 0.35
(s, SiMe;s, 18H), 1.88 (dd, Jap = 13.3 Hz, Jpx = 12.9 Hz, CHsH3,
1H), 2.00 (dd, Jap = 13.3 Hz, Jsx = 6.9 Hz, CH:Hs, 1H), 3.13
(ddd, Jax = 8.9, Jpx = 12.9, Jxy = 9.9 Hz, CH.CHx, 1H), 4.96
(d, Jxy = 9.9 Hz, OCHy, 1H), 6.6—8.6 (m, pyridyl, phenyl, 9H);
13C NMR (CDClz) & 5.43, 5.73 (SiMey), 30.1 (CHy), 56.0
(CH,CHy), 81.2 (OCHy), 121.3, 123.6 (py, C3, C5), 126.3, 126.7,
127.5 (Ph, C2-6), 135.7 (py, C4), 143.8 (Ph, C1), 149.4 (py, C6),
161.8 (py, C2); IR 1581, 1428, 1250, 1010, 876, 854, 761, 701,
672 cm™. Anal. Caled for CosHieGeN3OSis: C, 51.65; H, 8.17;
N, 6.95. Found: C, 51.59; H, 8.14; N, 6.94.

Aldol Product 5f. Cis isomer: 'H NMR (CDCls) 6 0.33 (s,
SiMes, 18H), 0.36 (s, SiMeg, 18H), 1.35 (dd, Jap = 12.7 Hz,
Jex = 5.7 Hz, CHaHp, 1H), 1.73 (dd, Jag = 12.7 Hz, Jax = 12.8
Hz, CH Hg, 1H), 3.92 (ddd, Jax = 12.8 Hz, Jax = 5.7 Hz, Jxy
= 6,6 Hz, CH;CHx 1H), 5.44 (d, Jxy = 6.6 Hz, OCHy, 1H), 6.7—
8.5 (m, pyridyl, phenyl, 9H); 3C NMR (CDCl;) 6 5.4, 5.5
(SiMes), 22.7 (CHy), 51.2 (CH,CH), 79.0 (OCH), 121.5, 121.9
(py, C3, C5), 125.0, 126.5, 126.7, 128.1 (Ph, C2, 4, 5, 6), 133.3
(Ph, C1), 135.7 (py, C4), 143.7 (Ph, C3), 148.9 (py, C6), 160.5
(py, C2). Anal. Caled for CpsHssClGeN3OSiy: C, 48.87; H,
7.57; N, 6.58; Cl, 5.55. Found: C, 48.44; H, 7.86; N, 6.44; Cl,
5.62.

Trans isomer: *H NMR (CDCls) 6 0.32 (s, SiMes, 18H), 0.35
(s, SiMe;, 18H), 1.85 (dd, Jap = 13.5 Hz, Jpx = 13.3 Hz, CHasHsp,
1H), 2.00 (44, Jap = 13.5 Hz, Jax = 6.7 Hz, CHaHz, 1H), 3.07
(ddd, Jax = 6.7 Hz, Jpx = 13.3 Hz, Jxy = 9.9 Hz, CH:CHx,
1H), 4.98 (4, Jxy = 9.9 Hz, OCHy, 1H), 6.7—8.6 (m, pyridyl,
phenyl, 9H); 1¥C NMR (CDCl;) 6 5.4, 5.7 (SiMes), 30.2 (CHy),
56.0 (CH.CH), 80.5 (OCH), 121.8, 123.6 (py, C3, C5), 124.3,
126.4, 126.8, 128.7, (Ph, C2, 4, 5, 6), 133.6 (Ph, Cl), 135.8 (py,
C4),146.3 (Ph, C3), 149.6 (py, C6), 161.4 (py, C2). Anal. Caled
for Co6H4sClGeN3OSiy: C, 48.87; H, 7.57; N, 6.58; Cl, 5.55.
Found: C, 48.36; H, 7.77; N, 6.49; Cl, 5.85.
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Q2[ZH(S-S)2] or [SnMeg(S-S)] (Q = NBu4 or PPN, S-S= SzC6H4, SzCeH3CH3, or 0385 (dmlt))
reacts with trans-[Au(Cg¢F5)Cly(tht)] affording trinuclear species [Au(CsF5)(S-S)ls (1-8). When
[AuXs(tht)] (X = CI or Br) are used instead, [AuBr(S-S)], (4—6) and [AuCl(dmit)], (7) are
obtained. Complex 1 further reacts with PPhj to give [Au(CsFsXS.CeHo)(SCsHSPPh3)].
Complexes 1—3 react with neutral (pyridine) or anionic (Cl, Br, or SCN) ligands affording
[Au(CeF5)(S-S)py)l (9a—c) or QIAu(CeF;)(S-S)X] (10a—c—12a—c) complexes. The structures
of 1 and 8 have been established by X-ray crystallography. Complex 1 shows a six-membered
AusS; ring which adopts a chair configuration and shows a gold—gold distance of 3.515 A.
Complex 8 is a mononuclear square-planar gold(III) complex with a new SC¢H,SPPhj; thiolate

ligand, the P—S bond length being 2.058(5) A.

Introduction

The synthesis of gold complexes containing Au—S8
bonds has attracted considerable attention in recent
years because of their potential applications in various
areas such as medicine,! mainly as antiarthritic drugs,
deposition of gold films in electronic devices, and the
glass industry? or as gold thiol interfaces.® Recent
discoveries showing that aurothiolates have some in-
hibitory effects on HIV-1 (the etiologic agent of AIDS),*
cytotoxicity, and anticancer activity® have encouraged
the research activity in these areas.

Au-—S complexes are known in oxidation states I, II,
or I1I and in complexes formally containing gold(IV),$
which prebably contain gold(ITI) with partially oxidized
ligands. Most are mononuclear, but there are notewor-
thy exceptions such as the dinuclear gold(II) complexes,’
the recently reported [S(AuPRj);] (PRs = PPhj, PPhy-
Me, PMe;3),® [S(AuPR3)s] (PR3 = PPhj),® [Auy(S-S)-
(PEts)g] (S-S = 1,2-S5CsH, or 8,4-S5CeH3CHs), 1011 [Aus-
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(S-S)(PR3)s]*,*2 [Auy(u-(C3Ss)2(u-dppm)z],'8 or the ben-
zenehexathiol derivative “golden wheel” [{CSAu(P-
Phy)}sl.¢ Only a few examples of dinuclear gold(III)
complexes have been reported such as [Aug(CHo-
PPhyCHg)o(S2CeHa)21'5 and [AugMes(SR):] (R = Ph,182
COCHj;,16b Etlée),

In this paper we report the synthesis of the trinuclear
gold(IIT) derivatives [AuX(S-S)ls (S-S = 1,2-benzene-
dithiolate (S2CgHy), 3,4-toluenedithiolate (S2CsH3sCHsg),
and 2-thioxo-1,3-dithiole-4,5-dithiolate (C3Ss, dmit); X
= Br, Cl, or CgF5) by dithiolate ligand transfer from Q.-
[Zn(S-S);] and [SnMey(S-S)]. The reaction of the tri-
nuclear derivatives with various neutral or organic
ligands breaks the thiolate bridge, affording [Au(C¢Fs)-
(S-S)L] (L = PPh; or py) or Q[Au(CgF5)(S-S)X] (X = Cl,
Br, SCN; Q = NBuy or PPN). The reaction of PPh; with
[Au(CeF5)(S2CeHy)ls leads to the expected addition
product, but a side reaction involves an unprecedented
thiolate—phosphine coupling, affording [Au(CgFs)-
(S2CeH4)(SC¢H4SPPh3)] as a byproduct. The molecular
structures of [Au(CeF5)(SeCsHy)ls and [Au(CeFs)-
(S2CeH4XSCsH4SPPh3)] have been established by single-
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Figure 1. Molecule of compound 1 in the crystal with view
direction (approximately) along the crystallographic 3-fold
axis. Ellipsoids correspond to 50% probability levels.
Hydrogen radii are arbitrary. The asymmetric unit and the
equivalent atom S1’ are labeled.

crystal analysis, showing a six-membered AusS; ring in
the former and the above-mentioned combination of
dithiolate and triphenylphosphine in the latter.

Results and Discussion

Recently!” we have shown that dithiolate complexes
[SnMex(S-S)] or Qa[Zn(S-S).] [S-S = 1,2-benzenedithi-
olate (S2CgHy), 3,4-toluenedithiolate (S:CgH3;CHs), and
2-thioxo-1,3-dithiole-4,5-dithiolate (dmit); @ = NEt4 or
PPh;=N=PPh; (PPN)] transfer dithiolate groups to gold
centers, on reaction with gold(IIT) complexes cis-[Au-
(CgF5)CLoL] (L. = phosphine or arsine ligand) (eq 1).

[SnMey(S-S)]

+ [Au(C.F)CLL] —
Y, Qo[ Zn(S-S),] [Au(Cely)CLL]

+ SnMe,Cl,
+ '/,Q,[ZnCl,]

The analogous reaction starting from cis- or trans-
[Au(CeF5)Cly(tht)] (tht = tetrahydrothiophene), in ac-
etone or dichloromethane, and S-S = 1,2-SoCcH, affords
a brown complex 1, and from the mother liquors SnMe,-
Cly or (PPN)o[ZnCly] can be recovered. The reaction
thus proceeds in a similar way to the previous one!” (eq
1), but the spectroscopic properties of complex 1 indicate
that there are important differences (eq 2). Thus 'H
NMR shows only signals assignable to the dithiolate
ligand and no tetrahydrothiophene resonances, in ac-
cordance with the stoichiometry [Au(CgF5)S2CsHy)l
deduced by elemental analysis. 1°F NMR of complex 1
shows five signals of equal intensity, which can be
assigned to one type of CgFs; with hindered rotation
around the ipso-carbon atom.

A polymeric formulation for complex 1 is further
evidenced by mass spectrometry (FAB+); it shows peaks
at m/z 1512 (80%), which can be assigned to [Au(CsF5)-
(82C6H4)1s™, and species lacking 1, 2, or 3 C¢Fs groups
of the parent ion (75%, 40%, 35%, respectively).

Final proof of the structure of complex 1 was fur-
nished by X-ray diffraction (Figures 1 and 2). Atomic
coordinates are given in Table 2 and selected bond
lengths and angles in Table 3.

[Au(CF,)(S-S)L] 1)

Cerrada et al.

Figure 2. Molecule of compound 1 in the crystal (side
view, arbitrary radii, H and F atoms omitted for clarity).

Table 1. Details of X-ray Structure Analyses for
Compounds 1 and 8

compd
1 8:2CH,Cl;

formula CaeleAu3F15Ss C33H27AHC14F5PS4
M, 1512.72 1076.57
cryst habit dark red tablet pink platelet
cryst size (mm) 0.60 x 0.27 x 0.12  0.25 x 0.15 x 0.02
space group P3 pP1
temp (°C) -130 -100
cell constants

a(d) 16.005(2) 12.677(3)

b(4) 16.005(2) 13.288(3)

¢ (A) 9.384(2) 13.534(3)

o (deg) 90 72.02(2)

B (deg) 90 82.19(2)

y (deg) 120 67.72(2)
V (A% 2081.8(6) 2006.1(8)
Z 2 2
Dy (Mg m™3) 2.413 1.782
F(000) 1392 1052
u (mm™1) 10.9 4.23
transm factors 0.44—-0.98 0.38-0.73
20max (deg) 55 50
no. of reflens

measd 5848 7087

indpdt 3190 6727
Rint 0.052 0.117
wR(Fy, all reflens) 0.098 0.114
R(F,F > 40(F)) 0.039 0.066
no. of params 181 228
no. of restraints 160 107
S 1.05 0.76
max Ao 0.001 <0.001
max Ap (e A~3) 1.9 1.4

The molecule displays crystallographic 3-fold sym-
metry. The immediate environment of each gold atom
consists of one carbon atom and three sulfur atoms in
a slightly distorted square-planar arrangement (root-
mean-square deviation of five atoms 0.04 A). One sulfur
atom (S(1)) of each benzenedithiolate ligand bridges a
pair of gold atoms and is thus three-coordinate, whereas
the other (S(2)) only coordinates to one gold. The central
six-membered AusS;3 ring adopts a chair configuration
(Figure 2) analogous to that reported in [Au(CHj)s-
NH,]5;'8 all three C¢Fs groups lie on one side of the ring
and all three dithiolate rings on the other side. The
gold—gold distance is 3.515 A, very similar to the 3.563
and 3.545 A in [Au(CH3);NH,]5!® and longer than in
dinuclear gold(III) derivative [Aus(u-CH)(u-CHyPPhs-

(18) Grassle, U.; Strihle, J. Z. Anorg. Allg. Chem. 1985, 531, 26.
(19) Bardaji, M.; Gimeno, M. C.; Jimenez, J.; Laguna, A.; Laguna,
M. J. Organomet. Chem. 1992, 441, 339.
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Table 2. Atomic Coordinates (x10*) and Equivalent
Isotro‘{;ic Displacement Parameters
(A2 x 109 for Compound 1

x y z Uleqr
Au 4720.7(2) 6955.6(2) 2811.9(3) 17.5(1)
S 3629.3(11) 5634.5(12) 4202(2) 18.7(3)
S(2) 5113.8(13) 5961.1(13) 1587(2) 25.1(4)
C(11) 3973(5) 4764(5) 3783(7) 20.1(13)
C(12) 4627(5) 4929(5) 2659(8) 23.0(14)
C(13) 4870(5) 4225(5) 2384(8) 25.4(14)
C(14) 4494(6) 3406(5) 3208(8) 33(2)
C(15) 3854(6) 3250(5) 4315(8) 31(2)
C(16) 3600(5) 3936(5) 4605(7) 23.8(14)
C(21) 5671(5) 8007(5) 1483(7) 24.7(14)
C(22) 6604(5) 8655(5) 1890(8) 26.6(15)
C(23) 7275(5) 9326(6) 989(9) 34(2)
C(24) 7024(6) 9357(6) —416(8) 38(2)
C(25) 6105(6) 8719(5) —857(8) 32(2)
C(26) 5442(5) 8065(5) 89(8) 27.3(15)
F) 6903(3) 8604(3) 3228(5) 34.2(10)
F2) 8179(3) 9937(4) 1420(8) 52.1(14)
F(@3) 7670(4) 9976(4) —1334(6) 57(2)
F(4) 5846(4) 8732(3) —2213(5) 44.0(13)
F(5) 4543(3) 7448(3) ~398(5) 34.1(10)

@ U(eq) is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 3. Selected Bond Lengths (A) and Angles
(deg) for Compound 1¢

Au-C(21) 2.035(7) Au-5(2) 2.292(2)

Au-S5(1) 2.352(2) Au—-5(1) 2.395(2)

S(1)-C(11) 1.779(7) 5(2)-C(12) 1.750(7)
C(21)-Au—-5(2) 85.2(2) C(21)-Au—-5(1) 174.6(2)
S(2)-Au—S(1) 89.55(6) C(2L)—Au-S(1) 95.7(2)
S(2)—Au—5(1") 176.73(6)  S(1)—Au-S(1") 89.70(8)
C(11)-S(1)-Au  101.5(2) C(11)-8(1)-Au”  108.1(2)
Au-S(1)-Au” 95.53(6) C(12)-S(2)—Au 102.7(2)

@ Symmetry transformations used to generate equivalent at-
oms: ()—y+1l,x—y+1z()—x+y —x+1,z

CHy)2(CeF5)o]'® at 8.113 A, Although metal—metal
interactions with gold(III)—gold(I) distances of 3.470 A2
(av) have been postulated, we believe that in our
complex the mentioned Au-+*Au distance is imposed by
the six-membered ring.

The three Au—S bond lengths differ significantly. As
expected, those to the bridging S (Au—S(1) and Au—
S(1") are longer (2.352(2) and 2.395(2) A) than Au—S(2)
(2.292(2) A). Tt is surprising that Au—S(1’) (trans to S)
is longer than Au—S(1) (trans to C) in view of the
appreciable expected ¢trans influence of carbon ligands
at gold; however, a comparison of Au—S bond lengths
in [Au(dmit)s]~ 2122 and [Au(dmit)(CeF's)21 22 shows no
significant differences. The shorter distance Au—S(2)
is very similar to those observed in other dithiolate gold-
(II1) complexes with two-coordinate sulfur, such as [Au-
(C6F5)(1,2-S2CeH)(PPhy)]'7 (2,314(1) and 2.299(1) A)
and [Au(1,2-S,CeHy)s] (2.305 A),$ and shorter than in
related gold(I) derivatives, e.g. [Aug(1,2-S;C¢HaY(PPhg)s]
(2.325(3) and 2.316(3) A).1011 The Au—C bond of 2.035
A is similar to those in [Au(1,2-SsCeH)(C6F5)(PPhj)1l7
(2.061(4) A) or [Au(CeFs)2{S:CN(CH3Ph)2}124 (2.047(6)
and 2.049(6) Al.

(20) Bovio, B.; Calagero, S.; Wagner, F. E.; Burini, A.; Pietroni, B.
R. J. Organomet. Chem. 1994, 470, 275.

(21) Matsubayashi, G.; Yokozawa, A. J. Chem. Soc., Dalton Trans.
1990, 3535.

(22) Cerrada, E.; Gimeno, M. C.; Jones, P. G.; Laguna, M. Z.
Kristallogr. 1994, 209, 827.

(23) Cerrada, E.; Jones, P. G.; Laguna, A.; Laguna, M. Unpublished
results.
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The formation of 1 can be represented as shown in
process 2.

—tht

3[SnMe,(S,CcH,)1 + 3trans-[Au(CgF;)Cly(tht)] —
[Au(C4F;5)(8-S)]; + 3SnMe,Cl, (2a)
1

—tht

%,QIZn(S,CeH,),] + 3trans-[Au(CyF5)Cly(tht)] —
[Au(CgF5)XS-9)]; + %/,Q,[ZnCl,] (2b)
1

When reaction 2 is carried out with the toluene analog
3,4-S3C¢H3CHj, a brown complex 2 is formed, for which
analysis and mass spectra indicate the same type of
trinuclear derivative [Au(CgF5)(S2C¢H3CH3)l3; however
1H NMR (two singlets for the Me groups) and 1°F NMR
(two types of nonrotating CgFs groups) show that
probably it is a mixture of isomers, because the dithi-
olate ligand is not symmetrical. The mass spectrum
shows the trinuclear parent peak at m/z 1554 (55%) and
the loss of 1, 2, or 3 CgF's groups at m/z 1387 (55%), 1220
(20%), and 1066 (20%), respectively.

Reaction 2 proceeds in a similar way with 2-thioxo-
1,3-dithiole-4,5-dithiolate (dmit) as ligand, affording a
dark purple product [Au(CgFs5)(dmit)], (8) that has an
uninformative mass spectrum, with no peaks assignable
to [Au(CeF5)(dmit)],*. Its 1°F NMR shows one type of
CeFs group, for which only three signals are present
because both ortho-F and meta-F are equivalent. Al-
though the reactivity of complex 3 (see below) is very
similar to that shown by complexes 1 and 2, we do not
have conclusive data to propose a trinuclear structure
for complex 3.

Process 2 can be extended to the synthesis of halo—
gold derivatives starting from [AuXs(tht)] (X = Cl, Br),
but in these cases the reaction is not a general proce-
dure; only with the dmit ligand does the reaction work
as intended with the tin and zinc derivatives and X =
Cl or Br. In contrast, when 1,2-SsCgH, or 3,4-S2CgHjs-
CH; are used, only the bromide derivatives can be
isolated by the reaction of the tin complex (eqs 3 and 4)

[SnMey(S-S)] + [AuBry(tht)] —
[AuBr(S-S)l,
S-S = 1,2-8,C¢H, (4),
3,4-S,C,H,CH, (5)

+ SnMe,Br, (3)

[SnMe,(dmit)] "
(NEt,),{Zn(dmit),] T [AuXs(tht)]

. + SnMeX,
(Un)[AuX(dmit)], 2 @
X = Br(@);, Cl (7) | NEta)slZnX,]

1H NMR of complexes 4 and § shows only dithiolate
resonances, in accordance with their formulation. We
have only analytical data for complexes 6 and 7, because
their insolubility precludes spectroscopic techniques.
Only the mass spectrum of 4 shows the trinuclear
parent peak (m/z 1512, 15%); complexes 5—7 give a very
poor ionization pattern with the lack of signals of the
trinuclear species. We presume that complexes 4 and

(24) Us6n, R.; Laguna, A.; Laguna, M.; Castrilla, M. L.; Jones, P.
G.; Meyer-Bise, K. J. Organomet. Chem. 1987, 336, 453.
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Figure 3. Molecule of compound 8 in the crystal. El-
lipsoids correspond to 50% probability levels. Hydrogen and
carbon radii are arbitrary.

(probably) 5 present trinuclear structures similar to 1,
but in the case of the dmit derivatives, 6 and 7, only
polynuclear structures can be proposed.

Complexes 1—8 react under very mild conditions
(diethyl ether, room temperature, reaction times of the
order of minutes) with neutral ligands such as PPh;
(goldNigand ratio 1:1) to give the previously known
complexes [Au(CeF5)(S-S)(PPh3)].l7 When complex 2 is
involved, the resulting product shows one 3P NMR
signal, one 1H NMR resonance for the methyl group,
and three resonances in the 1°F NMR spectra, as
reported for [Au(CeF5)(S2CsH3CH3)(PPh3)]'? in accor-
dance with a formulation of 2 as a mixture of isomers.
When S-S = S2CsH, is used, a small quantity of a pink
complex 8 precipitates and can be easily recovered.
Analytical data and the mass spectrum are in ac-
cordance with the composition “[Au(CeF5)(SeCeHy)o-
(PPh3)T” (m/z = 906 [M*], 32%). The apparent presence
of two dithiolate ligands and a pentafluorophenyl group
would indicate five negative charges; however, the base
peak (SCgH4SPPh;) (m/z = 403) in the spectrum sug-
gested that this modified ligand might be present in the
complex.

The molecular structure of complex 8 was resolved
by an X-ray study of its bis(dichloromethane) solvate
(Figure 3), confirming its formulation as [Au(CeFs)-
(SeCeH4)(SCgH4SPPh3)]. Atomic coordinates are given
in Table 4 and selected bond lengths and angles in
Table 5. The complex is mononuclear and exhibits
square-planar geometry (mean deviation of five atoms
0.04 A); one benzenedithiolate acts as a chelating anion,
and a new thiolate ligand is observed, formed by an
unprecedented coupling of triphenylphosphine and one
S terminus of dithiolate. It is noteworthy that the [Au-
(CeF'5)(S2CeHy4)] fragment in this complex is very similar
to the recently reported [Au(CeF5)(S2CeH4)(PPh3)].l7 The
Au—S(dithiolate) bond lengths are Au—S(1) = 2.314(4)
and Au—S(2) = 2.299(4) A, the longer being trans to the
CsFs, but Au—S(3), the bond to the new ligand, is longer
again at 2.338(4) A. The P—S(4) bond length of 2.058-
(5) A is consistent with its formulation as a formally

(25) Pinchuk, V. A.; Miiller, C.; Fischer, A.; Thénnessen, H.; Jones,
P. G.; Schmutzler, R.; Markowsky, L. N.; Shermolovich, Y. G.; Pinchuk,
A. M. Phosphorus, Sulfur Silicon, submitted for publication.
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Table 4. Atomic Coordinates (x10*%) and
Equivalent Isotropic Displacement Parameters (A2
x 103) for Compound 8

x y z Uleq)®
Au 8874.2(6) 3305.6(7) 2629.0(6) 24.8(2)
P 4399(3) 5919(3) 2934(3) 25.6(10)
S(1) 8901(3) 4310(3) 3745(3) 26.9(10)
S(2) 10257(3) 1723(4) 3573(3) 34.8(12)
S(3) 7554(4) 4829(4) 1495(3) 33.7(12)
S(4) 5989(3) 5377(3) 3539(3) 30.4(10)
C(11) 9863(7) 3244(7) 4710(6) 27(4)
C(12) 10458(8) 2162(8) 4605(8) 32(4)
C(13) 11210(7) 1355(6) 5367(7) 37(4)
C(14) 11366(7) 1629(7) 6234(6) 41(4)
C(15) 107717 2711(8) 6339(5) 35(4)
C(16) 10019(7) 3519(6) 5577(7) 23(4)
C(21) 8869(11) 2350(12) 1679(10) 37(5)
C(22) 8200(10) 1704(10) 1900(10) 28(4)
C(23) 8167(11) 1052(11) 1275(10) 34(4)
C(24) 8745(11) 1126(13) 350(11) 41(4)
C(25) 9464(12) 1724(12) 119(12) 45(5)
C(26) 9500(11) 2308(12) 811(10) 32(4)
F() 7551(7) 1627(7) 2782(6) 45(2)
F(2) 7470(7) 452(7) 1515(6) 50(3)
F(3) 8708(7) 550(7) —268(6) 55(3)
F(4) 10061(7) 1780(7) —~779(6) 55(3)
F(5) 10157(7) 298%(7) 468(6) 47(3)
C(31) 7258(7) 6093(5) 1859(7) 15(3)
C(32) 6567(7) 6352(6) 2702(6) 23(4)
C(33) 6291(6) 7407(7) 2865(5) 31(4)
C(34) 6707(7) 8202(6) 2183(7) 25(4)
C(35) 7398(7) 7943(6) 1340(6) 33(4)
C(36) 7673(6) 6888(7) 1177(5) 34(4)
C(41) 4357(7) 6404(7) 1540(5) 24(4)
C(42) 4050(7) 5838(6) 984(7) 30(4)
C(43) 4026(7) 6218(7) =95(7) 47(5)
C(44) 4309(8) 7164(8) ~617(5) 41(4)
C(45) 4616(7) 7729(6) —-6L(7) 40(4)
C(46) 4640(7) 7349(7) 1017(7) 26(4)
C(51) 3352(7) 7030(7) 3396(7) 30(4)
C(52) 3480(6) 7169(7) 4344(7) 28(4)
C(53) 2622(8) 7984(8) 4731(6) 40(4)
C(54) 1636(7) 8660(7) 4169(7) 47(5)
C(55) 1508(6) 8522(7) 3221(7) 42(5)
C(56) 2366(8) 7707(8) 2834(6) 34(4)
C(61) 4058(8) 4661(6) 3454(6) 24(4)
C(62) 3074(7) 4658(6) 4048(7) 30(4)
C(63) 2857(6) 3658(8) 4456(6) 32(4)
C(64) 3623(8) 2659(6) 4268(7) 34(4)
C(65) 4607(7) 2662(6) 3673(7) 38(4)
C(66) 4824(6) 3662(8) 3266(6) 40(5)
C(98) 3242(22) 508(22) 2804(20) 146(11)
CK1) 3594(6) 296(6) 1561(7) 154(3)
Cl(2) 4322(6) -1(6) 3592(7) 156(3)
C(99) 8697(15) 5485(15) 8550(14) 77(6)
CK3) 7296(4) 6491(4) 8549(4) 75(2)
Cl(4) 8817(4) 4426(4) 8086(4) 72(2)

@ U(eq) is defined as one-third of the trace of the orthogonalized
Uj; tensor.

single bond (cf. standard P=S bond length of ca. 1.95
A), although there are few examples of P—S single bonds
at four-coordinate phosphorus (2.0737(9) A in a recently
measured NCoPS system?5).

The yield of complex 8 can be increased using a higher
gold/PPhj ratio; the best result (11%) is obtained with
the ratio 1:1.5. Neither other phosphines as PPhyMe
or PPhMe; nor AsPhg give coupling thiolate-ligand
complexes; only the known!? [Au(CgF5)(SeCeH4)L] (L =
PPh;Me, PPhMe;, AsPhs) are obtained. Complex 8 is
only formed when the reaction takes place in diethyl
ether, probably because of its insolubility in this solvent.
When the reaction is done in dichloromethane, the 5P
NMR shows that [Au(CsFs)(S2CeH4)(PPhs)] is the only
gold product containing PPhs. Complex 8 is not an
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intermediate in the formation of [Au(CsF5)(S2CeHy)-
(PPhs)] because when a solution is stirred in diethyl
ether or dichloromethane, the starting complex is
recovered without change. We do not have the evidence
of the formation mechanism of complex 8, but a way
could be the attack of PPh; on one nonbridging S atom
and the reduction of one gold center giving rise with
one extra triphenylphosphine to [Au(CgF5)(PPhg)], which
can be detected by %'P and F NMR in the reaction
solvent, and complex 8. The third Au appears as [Au-
(C6F5)(S2CesHa)(PPh3)]. A possible reaction is presented
in eq 5.

[Au(S,CH,)(CFy)l; + 3PPhy — [Au(CeF,)(PPhy)] +
[Au(C,F,)(S,CeH,)(PPhy)] +
[Au(CF,)(S,CoH,)(SC.H,SPPhy)] (5)
8

The reaction of polynuclear complexes 1—3 with
pyridine, a ligand with limited affinity for gold(III),
breaks the dithiolate bridge, affording mononuclear
complexes 9a-c (eq 6).

S-S = 1,2-8,C.H, (9a),
3,4-8,C4H,CH, (9b),
dmit (9¢)

The analytical data and spectroscopic properties of
complexes 9a—c are in accordance with their formula-
tion. 'H NMR shows pyridine protons in a 1:1 ratio,
and 1°F NMR show in all cases three signals indicating
one type of C¢F5 group with free rotation around the
C-ipso atom. The mass spectra show the parent peak
as follows: 9a (m/z 583, 50%) and 9b (m/z 597, 45%).

The reaction with pyridine to give complexes 9a—c
demonstrates the ease of breaking the sulfur bridges.
This makes the complexes 1-8 an excellent starting
point to extend gold(III) dithiolate chemistry. As an
example we have carried out reactions with various
halides and pseudohalogenides affording anionic com-
plexes 10—12 (eq 7).

[Au(CgF5)(S-9)]; + 3XQ —
QIAU(C4F5)(S-S)X]
X = Br, @ = NBu, (10a—c¢) (7)
X=Cl,Q=PPN (11a—c)
X =SCN, Q = PPN (12a—c)

Complexes 10a,b, 11a,b, and 12a,b are violet, and
10¢, 11c, and 12¢ are yellow-green solids. They show
conductivities of 95—110 Q™1 cm2 mol~! characteristic
of 1:1 electrolytes, in agreement with their formulation.
The 'H NMR spectra show the ligand and cation
resonances in the expected ratio. 1°F NMR again shows
three resonances assignable to one CgFs group, as
expected for the monuclear complexes. The toluene-
dithiolate complexes 10b, 11b, and 12b only show one
absorption assignable to the Me group, as is usual in
mononuclear complexes, although the two isomers
should be present. Their mass spectra (FAB—) show
peaks assignable to the parent anions as follows (m/z):
10a (583, 100%), 10b (598, 50%), 10c (640, 15%), 11a
(539, 55%), 11b (533, 5%), 12a (562, 55%), 12b (576,
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Table 5. Selected Bond Lengths (A) and Angles
(deg) for Compound 8

Au-C(21) 2.07(2) Au-8(2) 2.299(4)
Au-8(1) 2.314(4) Au-8(3) 2.338(4)
P-C(51) 1.786(7) P-C(61) 1.793(7)
P-C(41) 1.797(7) P-S(4) 2.058(5)
S(1)-C(11) 1.784(7) S(2)—-C(12) 1.753(7)
8(3)~C(31) 1.784(7) 5(4)—-C(32) 1.757(7)
C(21)~Au—-S(2) 87.5(4) C21)-Au—-5(1) 177.8(4)
S(2)—-Au—-S(1) 90.5(2) C(21)-Au~8(3) 86.4(4)
S(2)—-Au-8(3) 173.0(2) S(1)-Au—S(3) 95.6(2)
C(51)-P—-C(61) 108.6(5) C(51)-P—-C(41) 106.5(5)
C(61)-P—-C(41) 112.5(5) C(51)-P-8(4) 113.7(4)
C(61)—-P-5(4) 100.7(4) C(41)-P-S4) 114.8(3)
C(11)-8(1)-Au 102.0(3) C(12)-S(2)—Au 102.7(4)
C(31)-8(3)—Au 109.6(3) C(32)~-S(4)-P 102.1(3)

100%), 12¢ (618, 15%). 1lc does not show the parent
anion, but [M — Cl1]™ is present at m/z = 560 (10%).

Experimental Section

The starting materials [Sn(CH3)o(S-S)},'7 (PPN)[Zn(S-S);1.17
(NEtyz[Zn(dmit):),2® [Au(CeF5)Cla(tht)],?” and [AuXs(tht)]*®
were prepared as described previously. All other reagents
were commercially available.

The C, H, N, and S analyses were carried out on a Perkin-
Elmer 2400 microanalyzer. Conductivities were measured in
approximately 5 x 107% mol dm™3 acetone solutions, with a
Jenway 4010 conductimeter. The infrared spectra were
recorded (4000—200 cm™!) on a Perkin-Elmer 599 spectropho-
tometer, using Nujol mulls between polyethylene sheets. The
NMR spectra were recorded on Varian UNITY 300 and Bruker
ARX 300 spectrometers, in CDCls, except for complexes 11 and
12 in HDA. Chemical shifts are cited relative to SiMe, (*H),
85% H3PO, (external 3!P), and CFCl; (1°F). Mass spectra were
recorded on a VG Autospec, with the FAB technique using
3-nitrobenzyl alcohol as the matrix.

Syntheses. [Au(C¢F;5)(S-8)];5 [S-S = 1,2-S,C¢H,4 (1), 3,4-
S:CeHsCH; (2)]. Method a. To a dichloromethane (30 cm?)
solution of [Sn(CHj)x(1,2-S3Ce¢H4)] (0.029 g, 0.1 mmol) or [Sn-
(CH3)2(3,4-S3C¢H3CH3)] (0.030 g, 0.1 mmol) was added [Au-
(CeF5)Cly(tht)] (0.052 g, 0.1 mmol), and the resulting solution
was stirred for 1 h. Evaporation of the solvent to 5 cm? and
addition of hexane (20 cm?3) resulted in the precipitation of
brown complexes. Yield (%). 84 (1), 86 (2). Method b. Toa
dichloromethane (30 cm?) solution of (PPN)s{Zn(1,2-S3CeHy)z]
(0.076 g, 0.05 mmol) or (PPN)3[Zn(3,4-S2C¢H3CHs).] (0.077 g,
0.05 mmol) was added [Au(CgF5)Cls(tht)] (0.052 g, 0.1 mmol).
After being stirred for 3 h, the solution was concentrated to 5
cm3. Addition of diethyl ether (15 cm?) gave a white precipitate
(PPN)[ZnCly]. The solution was filtered through 1 cm of
diatomaceous earth and the solvent removed to 5 cm?. Addi-
tion of hexane (20 cm?) led to the precipitation of brown solids.
Yield (%): 84 (1), 86 (2). Data for 1 are as follows. Anal. Caled
for CssH12AusF158¢: C, 28.6; H, 0.8; S, 12.7. Found: C, 28.4;
H, 0.85;S,123. Ax: 5 Q7' cm? mol~!. 'H NMR: § = 7.42
and 7.04 (m, 4H, S;CeHy). °F NMR: 6 = —111.4 (m, 1F, F,),
—-120.65 (m, 1F, F,), —155.5 (t, 3Jpppm = 23.6 Hz, 1F, F,),
—158.15 (m, 1F, F,,), —158.7 (m, 1F, F,,). Data for 2 are as
follows. Anal. Caled for CsgHisAusF158¢: C, 30.15; H, 1.2; S,
12.35. Found: C, 30.35; H, 1.25; S, 12.3. Am: 22 Q7! cm?
mol~!. TH NMR: 6 = 7.20 and 6.82 (m, 3H, S,C¢H3;CHs), 2.28
(s, 3H, S;Ce¢H3CHa3). °F NMR: 6 = —111.7 (m, 1F, F,), —120.5
(m, 1F, F,), —122.1 (m, F,), —=156.2 (t, *Jr,r, = 20.0 Hz, F,),
~157.1 (t, 3Jpr, = 19.3 Hz, 1F, F,), —159.15 (m, 1F, F,),
—159.5 (m, 1F, F,), —159.7 (m, Fn).

(26) a) Steimecke, G.; Kirmse. R.; Hoyer, E. Z. Chem. 1975, 15, 28.
(b) Valade, L.; Legros, J. P.; Bosseau, M.; Cassoux, P.; Barbauskas,
M.; Interrante, L. V. J. Chem. Soc., Dalton Trans. 1985, 783.

(27) Usén, R.; Laguna, A.; Bergareche, B. J. Organomet. Chem.
1980, 184, 411.

(28) Allen, E. A.; Wilkinson, W. Spectrochim. Acta 1972, 28A, 2257.
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[Au(CeF5)(dmit)], (8). Method a. To an acetone (30 cm?)
solution of [Sn(dmit}XCHj)] (0.034 g, 0.1 mmol) was added [Au-
(CeF'5)Cly(tht)] (0.052 g, 0.1 mmol), and the resulting solution
was stirred for 4 h. Evaporation of the solvent to 5 cm® and
addition of hexane (20 cm?) resulted in the precipitation of the
dark purple complex 8. Yield: 65%. Method b. To an
acetone (30 cm?®) solution of (NEty)o[Zn(dmit),] (0.071 g, 0.1
mmol) under dinitrogen was added [Au(CsF5)Cla(tht)] (0.104
g, 0.2 mmol). After being stirred for 3 h, the solution was
concentrated to 1 cm®. Addition of diethyl ether (15 cm?) left
a white solid (PPN),[ZnCl.]; the solution was filtered through
1 cm of diatomaceous earth and solvent removed to 5 cm3.
Addition of hexane (20 cm?®) led to the precipitation of dark
purple solid 3, which was washed with water and dried in
vacuo. Yield: 65%. Anal. Caled for CsAuF;sSs: C, 19.3; S,
29.3. Found: C, 1945 ; S, 28.6. F NMR: 6 = —121.0 (m,
2F, F.), —154.1 (t, 3Jr,r,, = 19.8Hz, 1F, F,), —159.7 (m, 2F, F,n).

[AuBr(S-8)]s [S-S = 1,2-S;C¢H4 (4), 3,4-S;C¢H3CH; (5)1.
Method a. To a dichloromethane (30 cm?) solution of [Sn-
(CH3)2(1,2-S2CeHy)] (0.029 g, 0.1 mmol) or [Sn(CHsj)e(3,4-
S2CsH3CH3)1(0.030 g, 0.1 mmol) was added [AuBrs(tht)] (0.052
g, 0.1 mmol), and the resulting solution was stirred for 1 h.
Evaporation of the solvent to 5 cm® and addition of diethyl
ether (20 cm?®) resulted in the precipitation of dark brown
complexes. Yield (%): 55 (4), 48 (5). Data for 4 are as follows.
Anal. Caled for CisHi2AusBrsSe: C, 17.3; H, 0.95; S, 15.35.
Found: C, 17.5; H, 1.0; S, 16.0. 'HNMR: 6 = 7.70~7.04 (m,
4H, S;CgH,). Data for 5 are as follows. Anal. Caled for Co;-
HisAusBrsSg: C, 19.5; H, 1.4; S, 14.9. Found: C, 19.8; H, 1.6;
S, 15.5. 'H NMR: & = 7.62, 7.34 and 6.82 (m, 3H, S;CeHs-
CHs), 2.21(s, 3H, S;CsH3CHs).

[Au(X)(dmit)], [X = Br (6), Cl (7)]. Method a. To an
acetone (30 cm?®) solution of [Sn(dmit)(CHjs),] (0.034 g, 0.1
mmol) was added [AuCls(tht)] (0.039 g, 0.1 mmol) or [AuBr;-
(tht)] (0.052 g, 0.1 mmol). Immediately black solids 6 and 7
precipitated, which were filtered off and dried in vacuo. Yield
(%): 90 (8), 74 (7). Method b. To an acetone solution under
dinitrogen of (NEt4)s[Zn(dmit)z] (0.071 g, 0.1 mmol) was added
[AuCly(tht)] (0.078 g, 0.2 mmol) or [AuBrs(tht)] (0.104 g, 0.2
mmol). Black solids 6 and 7 appeared immediately, which
were filtered off, washed with water, and dried in vacuo. Yield
(%): 97 (6),90(7). Anal. Caled for C3AuBrS;: C, 7.6; S, 33.8.
Found: C, 7.7; S, 31.55.Anal. Calcd for C3AuCIS;: C, 8.4; S,
37.3. Found: C, 9.0; S, 36.45.

[Au(CeF5)(S:CeH,) (SCeH,SPPh3)] (8). To a diethyl ether
(30 cm?) solution of 1 (0.015 g, 0.05 mmo]l) was added PPh;
(0.059 g, 0.225 mmol), and the resulting solution was stirred
for 1 h. A pink solid appeared, which was filtered off and
washed with diethyl ether (2 x 5 cm?®). Yield: 11%. Anal.
Calced for CisHosAuFsPSys: C, 47.7; H, 2.55; S, 14.1. Found:
C,47.9;H,2.6;S,14.6. Am: 7TQ 1em2mol . 3IPNMR: 6 =
44.1 (s). F NMR: ¢ = —120.8 (m, 2F, Fo), —159.1 (t, %Jr,r,,
= 19.5 Hz, 1F, F}), —162.7 (m, 2F, F,,).

[Au(CgF5)(S-S)py] [S-S = 1,2-S,CH (9a), 3,4-S:C¢HsCH;
(9b), dmit (9¢)]. To a diethyl ether (30 cm?) solution of 1
(0.151 g, 0.04 mmol) or 2 (0.155 g, 0.04 mmol) or to an acetone
(30 em?) of 3 (0.168g, 0.1 mmol) was added excess pyridine.
After being stirred for 2 h, the solutions were concentrated to
5 cm®. Addition of hexane (20 cm?) led to the precipitation of
pink (9a, 33%; 9b, 60%) or dark brown (9¢, 65%) solids. Data
for 9a are as follows. Anal. Caled for C17HoAuFsNS,: C, 35.0;
H, 1.55;N,2.4;8,11.0. Found: C,35.4;H,1.3; N, 1.9; S, 11.7.
Am: 5 Q7' em? mol~l. 'H NMR: 6 = 8.97 (m, 1H, py), 8.70
(m, 1H, py), 7.96 (m, 1H, py), 7.65 (m, 3H, py and S,C¢Hy),
7.22 (m, 2H, S;CgHy), 6.98 (m, 1H, S;CeHy). ¥F NMR: 6 =
—-122.3 (m, 2F, F,), —157.2 (t, 3JFme =19.4 Hg, 1F, F;), —161.7
(m, 2F, F,,). Data for 9b are as follows. Anal. Caled for Cys-
H;,AuFsNS;: C, 36.2; H, 1.85; N, 2.35; S, 10.75. Found: C,
36.4; H, 1.25; N, 2.35; S, 10.55. Am: 3 Q7! em? mol™. H
NMR: 6 = 8.95 (m, 1H, py), 8.60 (m, 1H, py), 7.94 (m, 1H,
py), 7.50 (m, 2H, py), 7.05 (m, 2H, S;CsH3CH3), 6.80 (m, 1H,
S.CsH3CHsy), 2.25 (s, 3H, CHs). F NMR: 6 = —122.3 (m, 2F,

Cerrada et al.

Fe), —157.3 (t, 3Jr,z, = 19.5 Hz, 1F, F;), —161.7 (m, 2F, Fp,).
Data for 9¢ are as follows. Anal. Caled for Ci4H;AuF;NS;:
C, 26.3; H, 0.8; N, 2.2; S, 25.1. Found: C, 26.15; H, 0.8; N,
2.6; S, 23.85. 'H NMR: & = 7.35 (i, 2H), 7.75 (t, 2H), 8.7 (m,
1H). F NMR: § = —121.0 (m, 2F, F,), ~154.1 (t, 3J¥,r,, =
19Hz, 1F, F,), —159.7 (m, 2F, F,,).

QIAU(CsF5)X(S-S)]1 [Q = NBuy, X = Br, S-S = 1,2-S,CgH,
(10a), 3,4-S:C¢HsCHs; (10b), dmit (10¢); Q = PPN, X = Cl,
S-S = 1,2-S,CgH, (11a), 3,4-S,CeH3CH; (11b), dmit (11c¢);
Q =PPN, X =SCN, S-S = 1,2-S,C¢H, (12a), 3,4-S,CcH;CH;
(12b), dmit (12¢)]. To an acetone (30 cm?) solution of 1 (0.151
g, 0.1 mmol), 2 (0.155 g, 0.1 mmol), or 3 (0.168 g, 0.1 mmol)
was added NBu,Br (0.096 g, 0.3 mmol), PPN(CI) (0.172 g, 0.3
mmol) or PPN(SCN) (0.178 g, 0.3 mmol). After being stirred
for 4 h, the solutions were concentrated to 5 cm?. Addition of
hexane (20 ¢cm®) led to the precipitation of violet (10—12a,b)
or yellow-green (10—12¢) solids. Data for 10a are as follows.
Yield: 41%. Anal. Calcd for CosHyoAuBrFsNS;: C, 40.7; H,
49; N, 1.7, S, 7.75. Found: C, 40.9; H, 4.9; N, 1.9; S, 6.85.
Aym: 111 Q7 'em? mol~!. 'H NMR: 6 = 7.06 and 6.76 (m, 4H,
S2CeHy), 3.07, 1.50, 1.36 and 0.94 (m, 9H, NBuy). °F NMR:
6 = —120.7 (m, 2F, F,), —158.8 (t, ®Jy,r,, = 19.9 Hz, 1F, F,),
-162.35 (m, 2F, F,). Data for 10b are as follows. Yield: 68%.
Anal. Caled for CooH42AuBrFsNSy: C, 41.45; H, 5.05; N, 1.65;
S, 7.85. Found: C, 41.6; H, 5.25; N, 1.65; S, 7.0. Am: 113
Q7! em?2 mol~l. 'H NMR: & = 6.94 and 6.65 (m, 3H, SyCeHs-
CHjy), 3.02, 1.45, 1.31 and 0.91 (m, 9H, NBu,), 2.19 (s, 3H,
S:CeH3CH3). F NMR: 6 = —120.7 (m, 2F, F,), —158.85 (1,
3Jr,r, = 19.9 Hz 1F, F;;), —162.35 (m, 2F, F,), 2.19 (s, 3H,
SoC¢H3CH3). Data for 10c¢ are as follows. Yield: 85%. Anal.
Caled for CosHseAuBrFsNSs: C, 34.0; H, 4.1; N, 1.6; S, 18.2.
Found: C,34.6;H,4.4;N,1.7;S,16.8. Am: 123 Q7! em? mol™L,
9F NMR: ¢ = —121.4 (m, 2F, F,), —157.6 (t, *Jp,r,, = 19.9 Hz,
1F, F,), —162.0 (m, 2F, F,,). Data for 11a are as follows.
Yield: 60%. Anal. Caled for CysHsAuClFsNP,S,: C, 53.45;
H,3.2;N,1.3;S,5.95. Found: C,53.65;H,3.2;N, 1.2; S, 5.55.
Ay 94 Q71 em? mol™l. 'H NMR: 6 = 7.63—-7.41 (m, 30H,
PPN), 7.06 and 6.76 (m, 4H, S;C¢Hy). *F NMR: 6 = —120.3
(m, 2F, F,), —160.1 (t, SJrr, = 20.05 Hz, 1F, F,), —168.0 (m,
2F, F,,). Data for 11b are as follows. Yield: 64%. Anal. Calcd
for C4oH3AuClIFsNP:S,: C, 53.9; H, 3.3; N, 1.3; S, 5.85.
Found: C, 53.15; H, 3.45; N, 0.95; S, 5.65. Am: 99 Q7! cm?
mol~!. 'HNMR: & = 7.62—7.41 (m, 30H, PPN), 7.10 and 6.50
(m, 3H, S;CsH3CHj3), 2.15 (s, 3H, S:CeHs;CH3). °F NMR: 6 =
—120.2 (m, 2F, F.), —160.2 (t, 3Jrr, = 20.1 Hz, 1F, F,), —163.0
(m, 2F, F,,). Data for 11¢ are as follows. Yield: 70%. Anal.
Calced for C4sH30AuClFsNP,Ss: C,47,6; H, 2.7; N, 1.2; S, 14.1.
Found: C,47.6;H,3.2;N,1.5;S,12.3. Am: 120 Q! cm?mol 2.
%F NMR: 6 = —120.1 (m, 2F, F,), —158.1 (t, 3Jrr, = 20Hz,
1F, F;), —162.05 (m, 2F, F,,). Data for 12a are as follows.
Yield: 89%. Anal. Caled for CioH3sAuFsNoPsSs: C, 53.45; H,
3.1; N, 2.25; S, 8.75. Found: C, 53.4; H, 3.45; N, 2.1; S, 8.2.
Ay: 115 Q71 ecm? mol~!. 'H NMR: é = 7.72-7.30 (m, 30H,
PPN) 7.10 and 6.80 (m, 4H, S;CsH,). *F NMR: 6 = —119.7
(m, 2F, F,), —158.5 (t, 3%Jr,r, = 20.5 Hz, 1F, F;), —162.3 (m,
2F, F,,). Data for 12b are as foliows. Yield: 44%. Anal. Caled
for CsoHssAuFsNoP2Ss: C, 53.85; H, 3.25; N, 2.5; S, 8.65.
Found: C,534;H,3.4;N,2.2;S,83. Am: 107 Q! em2mol™L.
H NMR: 8 = 7.65—7.33 (m, 30H, PPN), 6.94 and 6.63 (m,
3H, S:CsH3CHj). Data for 12¢ are as follows, Yield: 83%.
Anal. Caled for C46H30A11F5N2PQSGZ C, 47.75; H, 2.6; N, 2.4;
S, 16.6. Found: C, 48.2; H, 2.4; N, 2.35; S, 14.4. Ay 113
Q7! em? mol~t. F NMR: 6 = —120.7 (m, 2F, F,), —157.0 (1,
Jr F, = 20 Hz, 1F, F,), —161.7 (m, 2F, Fy,).

X-Ray Structure Determinations. Compound 1. Data
collection: Data were measured with Mo Ka radiation on a Stoe
STADI-4 diffractometer fitted with a Siemens LT-2 low-
temperature device. Cell constants were refined from tow
values of ca. 50 reflections in the 26 range 20—23°. Absorption
corrections were based on y-scans. Structure solution: heavy-
atom method. Structure refinement: anisotropic on F? (pro-
gram SHELXL-93, G. M. Sheldrick, Univ. of Géttingen) using
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all reflections; H atoms using riding model. Other details are
given in Tables 1-3.

Compound 8. The structure was determined as for com-
pound 1 except for the following. Data collection: Siemens P4
diffractometer, cell constants refined from setting angles,
absorption correction using SHELXA (G. M. Sheldrick, un-
published). Structure refinement: C atoms isotropic, phenyl
rings idealized. Other details are in Tables 1, 4, and 5.
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Preparation of Five-Membered Nickelacycles of N-Donor
Ligands by Activation of C—X Bonds (X = F, Cl, or Br).
X-ray Crystal Structure of
[NiBr{2-(CH=NCH:Ph)C¢H,}(2,4,6-Me3CsH:2N)]
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The five-membered metallacycles [Ni(C—N)XL] (L = 2-picoline, 2,4-lutidine, or 2,4,6-
collidine, X = Cl or Br) have been prepared by reaction of [Ni(cod);] with ortho halo-
substituted imines or N,N-dimethylbenzylamines in toluene or tetrahydrofuran, in the
presence of an aromatic amine as stabilizing ligand. The molecular structure of [NiBr{2-
(CH=NCHyPh)CcH4}{2,4,6-Me3(CsH:N)}] has been determined by a single-crystal X-ray
crystallographic study. The reaction of [Ni(cod):] with ortho halo-substituted imines or with
CsClsCH2NMes, in toluene or THF, in the presence of dimethylphenylphosphine, gave the
metalated compounds [NiX(C~N)(PMe:Ph).], 8 or 9, through oxidative addition of one of
the ortho C—X bonds (X = Br or Cl) of the N-donor ligand. All the spectroscopic evidence
indicates a square-planar geometry for these compounds, with the phosphine molecules in
a trans arrangement and the iminic nitrogen atom in an axial position around the metal,
giving a pseudopentacoordinated compound. Surprisingly, when the oxidative addition
reaction was performed in a 1/1 molar ratio of nickel/phosphine, the formation of the
metallacycles [NiX(C—~N)(PMe:Ph)] was not observed, but 8 or 9, containing two phosphine
molecules by the metal atom, were formed. The oxidative addition of one of the ortho C—F
bonds of the imine C¢F;CH=NCH,Ph to [Ni(cod);] was also observed under very mild
conditions, and compound [NiBr(C¢F,CH=NCH:Ph)PMe,Ph);] was obtained when the

reaction was performed in the presence of LiBr and PMeyPh.

Introduction

The preparation of metal complexes containing poly-
dentate ligands has become a field of increasing interest.
The selection of the number and type of coordinating
atoms, the size of the metallacycle, and the neutral or
ionic nature of the ligand allows extensive modulation
of the chemical properties of compounds of this type.
The study of nickel complexes with such ligands is
especially interesting because of their reactivity and
their catalytic activity. Nickel compounds with anionic
P—O0 ligands have been widely studied and are highly
active and selective catalysts in the oligomerization of
ethylene to linear a-olefins.! Van Koten et al. have
reported the synthesis and reactivity of many complexes
which contain monoanionic ligands, potentially terden-
tate (N—C—N),2 and one of them is an effective catalyst

® Abstract published in Advance ACS Abstracts, September 1, 1995,
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in the Karasch addition.? In contrast, few nickelacycles
containing bidentate anionic N—C ligands have been
described, and there is no systematic process to obtain
them. Pfeffer et al. have described the preparation of
cyclonickelated compounds by reaction between ortho-
N,N-(dimethylamino)benzyllithium and [NiCls(PRs)s1.4
Longoni et al. have reported the synthesis of compounds
of nickel(II), palladium(II), and platinum(II) of type
[M(C—N):], HC—N = N,N-dimethylbenzylamine, by
reaction between 2-[(dimethylamino)methyliphenyl-
lithium and [MCly(PEt3);].° Azobenzene derivatives
have been obtained from NiCpg and ortho-halogenated
azobenzene;® isocyanide insertion into Ni—C(benzylic)
bonds? and also reactions with organomercury com-
pounds have been used to obtain N—C nickelocycles.®

(2) (a) van de Kuil, L. A,; Luitjes, H.; Grove, D. M.; Zwikker, J. W.;
van der Linden, J. G. M.; Roelofsen, A. M.; Jenneskens, L. W.; Drenth,
W.; van Koten, G. Organometallics 1994, 13, 468. (b) van Beek, J. A.
M,; van Koten, G.; Ramp, M. J.; Coenjarts, N. C.; Grove, D. M.; Goubitz,
K.; Zoutberg, M. C.; Stam, C. H.; Smeets, W. J. J.; Spek, A. L. Inorg.
Chem. 1991, 30, 3059. (c) Grove, D. M.; van Koten, G.; Ubbels, H. J.
C.; Zoet, R. Organometallics 1984, 3, 1003.
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Preparation of Five-Membered Nickelacycles

We have described the synthesis and reactivity of five-
and four-membered nickelacycles containing the anionic
P—C chelate,? and now we extend our studies to N—C
anionic ligands. In this paper we report the reactions
of [Ni(cod)2] and ortho halo-substituted amines or imines
in the presence of heterocyclic amines or PPhMe; as
stabilizing ligands. This reaction appears to be quite
general and permits the synthesis of the corresponding
metallacycles in good yields.

Fluorocarbons are reluctant to coordinate to metal
centers and resistant to chemical attack as a conse-
quence of the strength of the C—F bond, but it has been
shown recently that several low-valent transition metal
compounds can insert into an aromatic carbon—fluorine
bond of N-donor ligands.!® There are very few reports
of activation of C—F bonds by nickel compounds. Fahey
reported the intermolecular oxidative addition of C¢Fg
to [Ni(PEts)a(cod)] at 30—35° over a period of days in a
7% vyield.!! Richmond et al. have shown that the
reaction between [Ni(cod).] and the terdentate ligand
2-NMe,CcH N=CHCgF'5 results in intramolecular C~F
activation at room temperature.l% We report here that
the reaction between [Ni(cod):] and the imine Cg¢Fs-
CH=NCH.Ph, in the presence of PMesPh and LiBr,
affords a metalated complex by activation of one of the
ortho C—F bonds of the imine in very mild conditions.

Results and Discussion

Synthesis of [NiX(C—N)L], L = Aromatic Amine.
The reaction of [Ni(cod)z] with ortho halo-substituted
imines or N,N-dimethylbenzylamines in toluene or THF,
in the presence of an aromatic amine (2-picoline, 2,4-
lutidine, or 2,4,6-collidine), gave five-membered metal-
lacycles through oxidative addition of one of the ortho
C—Xbonds (X = Br or C}) of the N-donor ligand (Scheme
1). The new compounds obtained are stable either as
dry solids or in benzene, toluene, or tetrahydrofuran
solutions under nitrogen, and they were characterized
by elemental analyses, infrared spectra, *H NMR in
Ce¢Ds solution under nitrogen, and crystal structure
determination of 7c (see below). Mass spectra of
selected compounds were also recorded. The proton
NMR spectra of imine derivatives (Table 1 and Figure
1) and the spectrum of the amine metallacycle 3a are
well-defined. The aromatic protons of both the hetero-
cyclic amine and the metalated ring are high-field
shifted, suggesting a cis arrangement between both
moieties (the crystal structure determination of 7c
confirms this). The ortho methyl groups of the aromatic
amines appear to be low-field shifted. This shift can
be explained by the paramagnetic anisotropy of the

(6) (a) Kleimann, J. P.; Dubeck, M. J. Am. Chem. Soc. 1963, 85,
1544. (b) Ustynyuk, Y. A.; Barinov, 1. V. J. Organomet. Chem. 1970,
23, 551. (c) Barinov, 1. V.; Voyevodskaya, T. Y.; Ustynyuk, Y. A. J.
Organomet. Chem. 1971, 30, C28.

(7) Cd4mpora, J.; Gutiérrez, E.; Monge, A.; Poveda, M. L.; Ruiz, C.;
Carmona, E. Organometallics 1993, 12, 4025.

(8) (a) Isaeva, L. S.; Morozova, L. N.; Bashilov, V. V.; Petrovskii, P.
V.; Sokolov, V. I; Reutov, O. A. J. Organomet. Chemn, 1983, 243, 253.
(b) Cross, R. J.; Tennent, N. H. J. Organomet. Chem. 1974, 72, 21.

(9) (a) Muller, G.; Panyella, D.; Rocamora, M.; Sales, J.; Font-Bardia,
M.; Solans, X. J. Chem. Soc., Dalton Trans. 1993, 2959. (b) Font-
Bardia, M.; Gonzélez-Platas, J.; Muller, G.; Panyella, D.; Rocamora,
M.; Solans, X. J. Chem. Soc., Dalton, Trans. 1994, 3075.

(10) (a) Richmond, T. G. Coord. Chem. Rev. 1990, 105, 221. (b)
Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. E. Chem. Rev. 1994,
94, 373.

(11) Fahey, D. R.; Mahan, J. E. J. Am. Chem. Soc. 1977, 99, 2501.
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Figure 1.
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R'|=2,3,4,5-Cly, L= 24-lut, 3b
R'j=2,3,4,5-Cly, L= 2,4,6-col, 4b
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R2= 2~Br, R3= PhCHz. 1c
Rj=2.6-Cl;, R3= PhCH,, 1d
Rj3=2,6-Cl,, R3=Ph, 1f

|

R3
R'3= H, Ry= PhCHy, L= 2-pic, §¢
R'2= H, R3y= PhiCHy, L= 2.4-Iut, 6c
R's= 3-Cl, R3= PhCHj, L= 2,4-1ut., 6d

R's= 3-Cl, R3= Ph, L= 2 4-lut, 6f
R'y=H, R3= PhCHj, L= 2,4,6-col, 7c

metal and shows that these methyl groups occupy the
axial position of the metal atom, due to the hindered
rotation around the Ni—~N bond.!? In the 'H NMR
spectrum of 3a, the CH; protons appear as a well-
defined AB quartet and the NMe, protons appear as two
singlets. These facts show the coordination of the
nitrogen atom of the NMe; group to the nickel and that
the coordination plane is not a symmetry plane (only
one of the axial positions of the metal is occupied by a
methyl group of the lutidine). In contrast, the TH NMR
spectra of pentachloroamine derivatives 2b—4b in C¢Ds
or toluene-ds at room temperature give broad signals,
and compound 4b shows a magnetic moment of 1.78 ug
(298 K). Similar anomalous magnetic moments have
been measured for some nickel derivatives, and an
isomeric equilibrium in solution between the tetrahedral
and the square-planar form or the formation of a
mixture of the two isomers in solid has been proposed
to explain this.!® The release of steric interaction
between the chlorine in ortho position relative to the
Ni—C bond and the ligands of the nickel atom when the
tetrahedral isomer is formed could be the driving force
of this process, and this may explain the fact that only

(12) Miller, R. G.; Stauffer, R. D.; Fahey, D. R.; Parnell, D. R. J.
Am. Chem. Soc. 1970, 92, 1511.

(13) Frommel, T.; Peters, W.; Wunderlich, H.; Kuchen, W. Angew.
Chem., Int. Ed. Engl. 1992, 5, 612.
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Table 1. Proton®* NMR Data

Ceder et al.

compd aromatic others
2b 8.83 (br s, 1H, pic) 3.47 (s, 2H, CHoN)
6.55 (br m, 1H, pic) 3.43 (s, 3H, pic)
6.18 (br m, 1H, pic) 1.95 (s, 6H, N(CHj3)e]
3a 8.99 [d, 3J(HH) = 5.6, 1H, lut] 3.52 (s, 3H, lut)
6.70 [br m, 2H, H3, H5] 3.18 [q(AB), 2H, NCH5]
6.97 [t, 3J(HH) = 7.8, 1H, H*] 2.55 [s, 3H, N(CH3)]
6.20 (s, 1H, lut) 2.51 [s, 3H, N(CHjy)]
6.08 [d, 3J(HH) = 5.6, 1H, lut] 1.55 (s, 3H, lut)
5.36 [d, 3J(HH) = 7.3, 1H, H?]
3b 8.82 [d, 3J(HH) = 5.9, 1H, lut] 3.43 (s, 3H, lut)
6.08 (s, 1H, lut) 1.50 (s, 3H, lut)
6.02 [d, 3J(HH) = 5.9, 1H, lut] 1.97 [s, 6H, N(CHj3):]
3.50 (s, 2H, CHoN)
4bo* 6.15 (s, 2H, col) 3.93 (s, 6H, col)
3.45 (s, 2H, CH2N)
2.06 [s, 6H, N(CHj3)2]
1.79 (s, 3H, col)
5¢ 8.84 (br s, 1H, pic) HC=N¢
7.41 (br s, 2H, HE, H10) 5.05 [q(AB), 2H, NCHo]
7.03—6.70 (br m, 7H imine) 3.30 (s, 3H, Me)
6.51 (br m, 1H, pic)
6.24 (br m, 2H, pic)
(H2p
6c 8.72 [d, 3J(HH) = 6.0, 1H, lut] HC=N¢
7.45 [d, 3J(HH) = 7.0, 2H, HS, H10] 5.05 q(AB), 2H, NCH,]
7.18—6.72 (br m, 7TH, imine) 3.30 (s, 3H, lut)
6.15 (s, 1H, lut) 1.50 (s, 3H, lut)
6.05 [d, *J(HH) = 6.0, 1H, lut]
5.35 [d, 3J(HH) = 7.5, 1H, H?]
6d 8.61 [d, 3J(HH) = 5.9, 1H, lut] 7.95 (s, 1H, HC=N)
7.45 [d, 3J(HH) = 7.0, 2H, HS, H10] 4.85 [q(AB), 2H, NCHj]
7.15 (br m, 3H, H?, H8, H?) 3.26 (s, 3H, lut)
6.74 [d, 3J(HH) = 7.8, 1H, H4] 1.52 (s, 3H, lut)
6.41 [t, 3J(HH) = 7.8, 1H, H3]
6.11 (s, 1H, lut)
6.05 [d, 3J(HH) = 5.9, 1H, lut]
5.23[d, 3J(HH) = 7.2, 1H, H?]
6f 8.90 [d, 3J(HH) = 4.8, 1H, lut] 8.25 (s, 1H, CH=N)
7.47 [d, 3J(HH) = 7.2, 2H, H8, H10] 3.54 (s, 3H, lut)
7.35—7.20 [br m, 3H, H7, H8, H?)] 1.76 (s, 3H, lut)
6.96 [d, 3J(HH) = 8.1, 1H, H*4]
6.63 [t, 3J(HH) = 8.1, 1H, H3]
6.49 (s, 1H, lut)
6.33 [d, 3J(HH) = 4.8, 1H, lut]
5.47 [d, 3J(HH) = 7.8, 1H, H?]
7c 7.55[d, 3J(HH) = 7.0, 2H, HS, H0] HC=N¢
7.18-6.70 (br m, TH, imine) 5.19 (s, 2H, NCHy)
6.21 (s, 2H, col) 3.66 (s, 6H, col)
5.25 [d 3J(HH) = 7.0, 1H, H?] 1.71 (s, 83H, col)
8b 7.41 (br s, 4H, P—Ph) 2.17 [s, 6H, N(CHjs)s]
7.15—-7.00 (br m, 6H, P—Ph) 3.93 (s, 2H, NCHy)
1.22 (br s, 12H, P~Me)
9c 7.65[d, 3J(HH) = 7.5, 2H, HS, H!?] 8,11 (s, 1H, HC=N)
7.54 (br s, 4H, P-Ph) 5.19 (s, 2H, CH2N)
7.21-7.00 (br m, 9H, P—Ph, H7, H8, H?) 0.95 (br s, 12H, P—Me)
6.85 [d, 3J(HH) = 7.5, 1H, H?]
6.72—6.50 (m, 3H, H3, H4, H®)
9d 7.64 [d, 3J(HH) = 7.6, 2H, H¢, H!0] 8.97 (s, 1H, HC=N)
7.39 (br s, 4H, P—Ph) 5.16 (s, 2H, CHoN)
7.15—7.00 (br m, 9H, P—-Ph, H, H8, H%) 0.92 (br s, 12H, P—Me)
6.85 [d, 3J(HH) = 7.8 H?]
6.33 [d, 3J(HH) = 7.8, H]
6.20 [t, 3J(HH) = 7.8, H?]
9e 7.90 [d, 3J(HH) = 7.8, 2H, HS, H10] 8.47 (s, 1H, HC=N)
7.73 (br s, 4H, P—Ph) 1.50 (br s, 6H, P—Me)
7.46 [t, 3J(HH) = 7.8, 2H, H7, H?) 0.70 (br s, 6H, P—Me)
7.18 (br m, 9H, P—-Ph, H2, H5, H8)
6.85 (t, 3J(HH) = 7.7, HY)
6.72 (t, 3J(HH) = 7.7, H?)
9of 7.93 [d, 3J(HH) = 7.6, 2H, HS, H!0] 9.23 (s, 1H, HC=N)

7.48 (br s, 4H, P—Ph)
7.30 [t, 3J(HH) = 7.6, 2H, H, H®]

1.39 (br s, 6H, P—Me)
0.58 (br s, 6H, P—-Me)
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compd aromatic others
of 7.15—7.00 (br m, 7H, P—Ph, H?®)
6.85 [d, 3J(HH) = 7.5, H2)
6.72 [d, 3J(HH) = 7.5, H¢]
6.30 [t, 3J(HH) = 7.5, H?]
9g 7.50 [d, 3J(HH) = 7.0, 2H, HS, H!0] 8.41(d, 1H, *J(HF) = 2.3, CH=N]

6.90—7.15 (br m, 13H, P—Ph, H?, H8, H?)

4.91 (s, 2H, CH2N)
1.41 (br s, 6H, P-Me)
1,08 (br s, 6H, P—-Me)

@ In Cg¢Ds, at room temperature; chemical shifts in ppm with respect to internal SiMes; coupling constants in Hz; numbering as in
Figure 1. ® In toluene—ds at 220 K. ¢ Spectrum recorded in toluene—ds at 300 MHz. ¢ Overlapped by aromatic protons. ¢ Partially overlapped

with AB quartet.

Figure 2. Molecular structure of 7e.

the pentachloroamine derivatives present broad bands
in the NMR spectra. As concerns to the spectra of the
imine metallacycles 5—7, the CHy protons appear as a
singlet in the 2,4,6-collidine derivative 7c¢, but in the
2-picoline or 2,4-lutidine derivatives these protons ap-
pear as an AB quartet because the coordination plane
is not a symmetry plane in these complexes, and, as a
consequence, the methylene protons are diastereotopic.

When the oxidative addition reaction was performed
either using pyridine or 4-picoline as neutral ligands
or in the absence of aromatic amines, no organometallic
compound was obtained. These results show that an
aromatic amine containing at least one methyl group
in ortho position is needed to obtain such metalated
species. The low stability of dinuclear halo-bridged
organonickel compounds and the necessity of some steric
protection to stabilize the organometallic nickel complex
could explain this.

Molecular Structure of 7c. The crystal structure
of 7c has been determined (Figure 2). Crystallographic
data, atomic coordinates for non-hydrogen atoms, and
selected bond lengths and angles are listed in Tables
2—4 respectively.

The crystal structure consists of discrete molecules
separated by van der Waals distances. The nickel atom
is in a slightly distorted square-planar environment,
coordinated to carbon, bromine, and the two nitrogen
atoms, with deviations from the mean plane as follows:
Ni, —0.0451 A, Br, —0.0096 A, N(1), 0.0345 A; N(2)
0.0353 A; C(1), —0.0151 A. The nitrogen atoms adopt

Table 2. Crystal Data and Structure Refinement

for 7c
empirical formula CgoHgsBrN;Ni
fw 478.06
temp 293(2) K
wavelength 0.710 69 A
cryst syst monoclinic
space group P2i/a

a=12.564(2) A, a = 90°
= 14.704(3) A, 8 = 104.98(2)°
¢ =11.615(2) A, y = 90°

unit cell dimens

volume 2072.8(6) A3

Z 4

density (caled) 1.532 g/cm?

abs coeff 2.875 mm™!

F(000) 976

cryst size 0.1 x 0.1 x 0.2 mm?

2.18—-25.05°
-14<h=<14,0<k=<17,0=<1=<13

@ range for data collen
index ranges

no. of reflns colled 3648

no. of indpt reflns 3648 [R(int) = 0.0000]

ref method full-matrix least-squares on F?
data/restraints/params 2830/0/237

goodness-of-fit on F? 0.938

final R indices {I > 20(])]
R indices (all data)
extinct coeff

largest diff peak and hole

R1 = 0.0650, wR2 = 0.1585
R1 = 0.1633, wR2 = 0.2927
0.0000(8)

1.150 and —0.999 ¢ A-3

a trans arrangement. The angles between adjacent
atoms in the coordination sphere lie in the range
97.2(2)°, (N1-Ni—Br) to 83.6(4)° (C1-Ni—N1). The
distance between nickel and the coordinated atoms are
similar to those reported for other analogous com-
pounds.?b

The coordination plane and the collidine molecule are
almost perpendicular (88.51°), and the ortho methyl
groups of the aromatic amine occupy the apical sites in
the coordination sphere, the Ni---C22 and Ni---C20
distances being 3.002(11) and 3.033(11) A, respectively.

The metalated phenyl ring and the methinic moiety
are nearly planar, and the angle between normals to
both planes is 9.5°. The metalated phenyl and the
benzylamine groups are in frans position relative to the
C=N bond, showing that the imine is in the E-confor-
mation; the angle between normals to both planes is
93.3°.

Synthesis of [NiX(C—N)(PMezPh)z]. The reaction
of [Ni(cod)2] with ortho halo-substituted imines or with
CsClsCHoNMes, in toluene or THF, in the presence of
dimethylphenylphosphine gave the metalated com-
pounds [NiX(C—N)(PMezPh).], 8b and 9c¢—f, through
oxidative addition of one of the ortho C—X bonds (X =
Br or Cl) of the N-donor ligand (Scheme 2). Although
no organometallic compound was isolated as a pure solid
when the reaction was performed with N, N-dimethyl-
2-bromobenzylamine, their formation was detected by
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Table 3. Atomic Coordinates (x10%) and
Equivalent Isotropic Displacement Parameters
(A2 x 103) for 7c

Ceder et al.

Scheme 2
A cl
‘\/ Cl ci
d
EMezPh
Ny~ [Niteod)) PMesPh N—x
ch\ sz PMe,Ph
AN N
Me Me Me Me
R= 2,3,4.5,6-Cls, 1b 8b
Rz R
4
cd
\ l EMegPh
N [Ni(cod),], PMe,Ph Ni—x
o Cy /. PMesPh
H/ \\N W\

Rs

R2= 2-Br, R3= PhCHz, 1c

Rs= 2,6-Cly, Ry= PhCH,, 1d
Ry= 2-Br, Ry= Ph, 1e

R= 2,6-Cly, Ry=Ph. 1f

Ry= 2,3,4.5,6-Fs, Ry= PhCH, 1g

S
R'5=H, R3= PhCH3, 9¢
R';= 3-Cl, R3= PhCH,. 9d
R';= H, R3= Ph, %¢
R'y= 3-Cl, Ry=Ph, 9
R'y=2,3,4,5-F4, R3= PhCH,, 9g

atom x y z Uleqr
Br 1760(1) 989(1) 914(1) 61(1)
Ni 3253(1) -91(1) 1456(1) 40(1)
N(1) 2469(6) -1121(5) 646(7) 36(2)
N2) 4080(7) 825(4) 2403(6) 34(2)
C) 4432(10) —940(7) 1940(9) 48(3)
C2) 5525(9) —824(7) 2527(9) 47(3)
C(3) 6262(11) —1571(8) 2784(9) 65(4)
C4) 5844(11) —2478(8) 2505(10) 62(3)
C(5) 4809(10) —2563(7) 1932(9) 50(3)
C(6) 4084(9) ~-1842(6) 1636(9) 41(3)
C(N) 2985(9) —1880(6) 914(9) 47(3)
C(8) 1357(9) -1125(7) —211(9) 53(3)
C9) 1361(8) —856(6) —1495(9) 44(3)
C(10) 733(10) ~126(7) —2041(10) 61(3)
C(1n 717(13) 123(11) —-3172(12) 98(5)
C(12) 1381(12) —358(9) —-3770(12) 77(4)
C(13) 2035(12) -1093(11) —3239(12) 94(5)
C(14) 2072(9) —1361(9) —2027(10) 67(3)
C(15) 4743(8) 1404(6) 1990(8) 35(2)
C(16) 5282(9) 2109(6) 2622(11) 59(3)
can 5331(10) 2212(8) 3863(11) 62(3)
C(18) 4669(9) 1614(8) 4278(10) 58(3)
C(19) 4112(9) 949(7) 3581(9) 48(3)
C(20) 4759(10) 1263(8) 692(10) 67(4)
C(21) 5942(12) 2981(8) 4607(12) 103(5)
C(22) 3365(10) 256(8) 4031(9) 63(3)

e U(eq) is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 4. Selected Bond Distances (A) and Angles
(deg) for 7c

Br—Ni 2.413(2) C(1)-C(2) 1.376(14)
Ni—N(2) 1.875(7) C(1)-C(6) 1.413(13)
Ni-C) 1.908(11) C(2)—-C(3) 1.418(14)
Ni—N(1) 1.915(7) C(3)-C(4) 1.44(2)
NL-C(T) 1.288(11) C(4)-C(5) 1.305(14)
N1)-C(8) 1.491(12) C(5)-C(6) 1.382(14)
N(2)-C(15) 1.362(11) C(6)-C(Mn 1.419(14)
N(2)-C(19) 1.370(11) C(8)—-C(9) 1.545(14)
N(2)—-Ni-C(1) 91.5(4) C(1)-C(2)-C(3) 121.5(10)
N(2)-Ni—-N(1) 173.23) C(1)—-C(2)-H(®2) 119.2(6)
C(1)-Ni—N(1) 83.6(4) C(3)-C(2)—-H(2) 119.3(7)
N(2)-Ni-Br 87.4(2) C(2)—-C(3)-CH4) 119.3(11)
C(1)-Ni—-Br 178.03)  C(5)-C(4)—-C(3) 117.5(11)
N(1)-Ni-Br 97.2(2) C(4)-C®B)-C(6) 124.0(11)
C(7)—-N(1)-C(8) 119.0(8)  C(5)—C(6)-C(7) 126.6(9)
C(7)—N(1)—-Ni 113.8(7) ~ C(5)-C(6)-C(1) 121.1(10)
C(8)—-N(1)—Ni 127.2(6) C(1)-C(6)-C(1) 112.1(9)
C(15)-N(2)-C(19) 114.08) N(1)-C(7")-C(6) 117.5(9)
C(15)—N(2)—Ni 122.6(6) N(1)-C(8)—-C(9) 114.0(8)
C(19)-N(2)—Ni 123.4(7)  C(10)-C(9)-C(14) 123.7(11)
C(2)-C(1)-C(&) 116.4(10) C(10)-C(9)-C(8)  119.8(10)
C(2)—-C(1)-Ni 131.6(8) C(14)-C(9)-C(8) 116.5(10)
C(6)-C(1)—Ni 112.0(8)

31P NMR spectroscopy (singlet at 6 —10.3 ppm). These
results show that the metalated amine complexes are
less stable than the metalated imines derivatives, but
the presence of electron-withdrawing substituents in the
aromatic ring stabilizes the Ni—C bond and allows the
formation of the amine nickelacycles. No metalated
compound was obtained when the reaction was per-
formed in the presence of PEts, PPhj, or P(CHoPh)s, in
contrast with the results described for related five-
membered phosphanickelacycles.®* The new compounds
prepared are stable under nitrogen as dry solids or as
benzene, toluene, or THF solutions, and they were
characterized by elemental analyses, infrared spectra,
and multinuclear NMR in CgDg solution, under nitro-
gen. Mass spectra of selected compounds were also

recorded. The IR spectra show the typical bands of
coordinated dimethylphenylphosphine, imines, or amines.
The wavenumbers corresponding to »(C=N) appear to
be shifted to low values (20—30 cm™!) in the imine
derivatives. These values have been taken as an
indication of some interaction between the iminic ni-
trogen and the metal atom in analogous palladium
complexes.'* The 3!P{!H} spectra display a singlet from
6 —12 to —19 ppm, showing a trans arrangement of
phosphorus atoms. The 3C{'H} spectrum of 9e con-
firms the trans arrangement between these atoms
because the signals of the P—Me carbons appear as two
triplets, J(13C—31P) = 15,5 Hz, due to “virtual cou-
pling”.® The proton NMR spectra are very well defined
and permit the assignment of nearly all the signals
(Table 1). The aromatic protons of the metalated ring
appear to be high-field shifted, showing a cis arrange-
ment between the phosphines and the metalated ring.
The P—Me signals appear as a triplet (220 K), which is
characteristic of a trans arrangement of the two phos-
phines. All this spectroscopic evidence points to a
square-planar geometry for these compounds, with the
phosphine molecules in a trans arrangement and the
iminic nitrogen atom in an axial position around the
metal (see Scheme 1), giving a pseudopentacoordinated
compound. Analogous palladium complexes with imine
ligands have been shown by X-ray studies to adopt this
geometry.'* Variable temperature *H NMR spectra also
confirm that the iminic nitrogen occupies an axial
position in the nickel coordination sphere (see below).

Surprisingly, when the oxidative addition reaction
was performed in a 1/1 molar ratio of nickel/phosphine,
the formation of the metallacycles [NiX(C—N)(PMezPh)]
was not observed, but 8 or 9, containing two phosphine
molecules per metal atom, was formed. These nickel
compounds were also obtained by substitution reactions
when the complexes [NiX(C—N)L], L = aromatic amine,
were treated with PMesPh, even if a 1/1 molar ratio of
nickel/phosphine was used. The great reactivity of the

(14) Granell, J.; Sainz, D.; Sales, J.; Solans, X.; Font-Altaba, M. J.
Chem. Soc., Dalton Trans. 1986, 1785.

(15) Akitt, J. W. In NMR and Chemistry; Chapman and Hall:
London, 1983; p 56.
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metallacycle in the presence of PMeoPh is remarkable,
because the five-membered phosphanickelacycles [NiCl-
(P—C)(PMeyPh)] and the cyclopalladated complexes [Pd-
(C—N)X(PRs3)] are easily obtained.’>'¢ This behavior is
similar to that of the four-membered phosphanickela-
cycles, in which the metallacycle opens up easily giving
pseudopentacoordinated complexes by reaction with
aliphatic phosphines.®* The results described here show
that it is not easy to obtain organometallic nickel
derivatives containing monodentate P- and N-donor
ligands simultaneously, and the small number of X-ray
structures determined of nickel complexes of this type
confirms this.”!” Contrary to what may be expected
(“hard” vs. “soft” donors), the weakness of the nitrogen—
nickel bonds in the new metallacycles obtained, in
comparison with the palladium—nitrogen or nickel—
phosphorous bonds of related metallacycles, is surpris-
ing. Pfeffer et al. have obtained cyclonickelated com-
pounds by reaction between ortho-N,N-(dimethyl-
amino)benzyllithium and [NiCly(PR3)], and the spec-
troscopic data and the reactivity of the metallacycle
suggest a weak interaction between nitrogen and nickel
atoms.* The fact that few cyclonickelated compounds
of N-donor ligands have been prepared, in sharp con-
trast with the large number of cyclopalladated or
cycloplatinated derivatives described, can also be ex-
plained by the weakness of the Ni—N interaction,
because it is widely accepted that the coordination of
nitrogen to the metal is the initial step in the cyclo-
metalation of N-donor ligands.!® Crabtree et al. have
recently studied the geometrical and electronic factors
that favor the binding of soft ligands like CO to Ni(II),
and they suggest that the binding properties of this
metal can be significantly modified by changing the
ligands and the coordination geometry.1®

Synthesis of [NiBr(CsFsCH=NCH;Ph)(PMe.Ph).].
The reaction of [Ni(cod)s] with C¢FsCH=NCHyPh in
THF in the presence of dimethylphenylphosphine and
LiBr gave the metalated compound [NiBr(C¢F4CH=N-
CH,Ph)(PMesPh)s], 9¢g, through oxidative addition of
one of the ortho C—F bonds of the N-donor ligand
(Scheme 2). It should be noted that this reaction
permits the activation of the strongest single bond to
carbon in mild conditions (1 h at room temperature).
The oxidative addition of C—F bonds of very similar
imines to platinum(II) complexes, even in the presence
of weaker carbon—chlorine or —bromine bonds, has been
previously described.?? The IR, 'H, and 3P NMR
spectroscopic data are similar to those of compounds
9c¢—f, showing that 9g adopts a pseudopentacoordinated
geometry. The 1°F NMR spectrum (see Experimental

(16) Albert, J.; Ceder, R. M.; Gémez, M.; Granell, J.; Sales, J.
Organometallics 1992, 11, 1536 and references therein.

(17) (a) Klein, H. F.; Wiemer, T.; Menu, M. J.; Dartiguenave, M.;
Dartiguenave, Y. Inorg. Chim. Acta. 1988, 154, 21. (b) Carmona, E.;
Paneque, M.; Poveda, M. L.; Gutiérrez-Puebla, E.; Monge, A. Polyhe-
dron 1989, 8, 1069. (c) Campora, J.; Carmona, E.; Gutiérrez, E.;
Palma, P.; Poveda, M. L.; Ruiz, C. Organometallics 1992, 11, 11. (d)
Gutiérrez, E.; Hudson, S. A.; Monge, A.; Nicasio, M. C.; Paneque, M,;
Carmona, E. J. Chem. Soc., Dalton Trans. 1992, 2651.

(18) (a) Bruce, M. L. Angew. Chem., Int. Ed. Engl. 1977, 16, 73; (b)
Newkome, G. R.; Puckett, W. E,; Gupta, W. K.; Kiefer, G. E. Chem.
Rev. 1986, 86, 451; (¢c) Omae, 1. Coord. Chem. Rev. 1988, 83, 137, (d)
Dunina, V. V.; Zalevskaya, O. A.; Potatov, V. M. Russ. Chem. Rev. 1988,
57, 250.

(19) Macgregor, S. A,; Ly, Z.; Eisenstein, O.; Crabtree, R. Inorg.
Chem. 1994, 33, 3616.

(20) (a) Crespo, M.; Martinez, M.; Sales, J. J. Chem. Soc., Chem.
Commun. 1992, 822, (b) Anderson, C. M.; Crespo, M.; Ferguson, G.;
Lough, A. J.; Puddephatt, R. J. Organometallics 1992, 11, 1177.
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Table 5. Fluxional Processes in Compounds 9¢—g

compd T. (K) AG* (kJ mol 1)
9¢ 285 57+ 4
9d 278 56 = 4
e 325 65+4
of 317 64 £ 4
9g 308 64+ 4

¢ Data calculated from 'H NMR spectra (toluene-ds, 80.13 MHZ)
using the chemical shift differences in the slow exchange limit.

Section) is consistent with the proposed structure.
Variable temperature 1H NMR spectra also confirm that
the imine nitrogen occupies an axial position in the
nickel coordination sphere (see below). Correct carbon,
hydrogen, and nitrogen analyses were not obtained if
the reaction was performed in the absence of LiBr. The
easy hydrolysis of the Ni—F bond could explain this.1%

Variable Temperature 'H NMR. The Me—P pro-
tons appear as one or two signals in the 'H NMR spectra
of compounds 9, depending on the temperature, the
magnetic field, and the N-donor ligand. It has been
previously shown that Me—P protons appear as two
triplets in arylnickel complexes containing dimeth-
ylphenylphosphine, if there is no plane of symmetry
through the P—Ni bond.?! Moreover, the observation
of two triplets in such nickel complexes has been taken
as an indication that one asymmetric ligand is fixed
perpendicularly to the coordination plane, occupying one
of the axial positions in the metal coordination sphere.??
Two triplets assigned to the Me~P protons were ob-
served in the spectra of all the imine derivatives at 220
K in toluene-dsg solutions. This confirms that the iminic
nitrogen occupies one of the axial positions in the
coordination sphere of the metal. The coalescence of the
signals is observed when the temperature is increased
because of the rotation around the C—Ni bond. Table
5 shows T, and AG® for this process.2 The coalescence
of the Me—P signals in organometallic nickel compounds
containing dimethylphenylphosphine has been ex-
plained by free rotation around Ni—N222 or Ni—-C
bonds.7¢22¢ The AG* value depends on the imine ligand
and is ca. 10 kJ mol™! higher in the aniline derivatives
(compounds 9e,f). This difference can be explained by
the great flexibility of the benzylic group that facilitates
the rotation around the Ni—C bond. The AG* value for
compound 9¢g is higher than that for the other ben-
zylimine derivatives, probably due to the presence of a
bulkier F ortho-atom or to the great electronegativity
of the pentafluorophenyl group.

The P—Me protons appear as one triplet at all the
temperatures studied (220—330 K) in the amine com-
plex 8b, suggesting that the nitrogen is further away
from the metal atom. The chemical shift of the Me—N
and CH3N protons in the 'H NMR spectrum of 8b are
similar to those of the free ligand, confirming the lack
of interaction between the nitrogen and the nickel. van
Koten et al. have shown by crystallographic methods
that the Ni- - ‘N distance in the amine derivative [NiBr-

(21) Moss, J. R.; Shaw, B. L. J. Chem. Soc. A 1966, 1793.

(22) (a) Wada, M.; Shimohigashi, T. Inorg. Chem. 1976, 15, 954. (b)
Wada, M.; Oguro, K.; Kawasaki, Y. J. Organomet. Chem. 1979, 178,
261. (c) Wada, M.; Koyama, Y. J. Organomet. Chem. 1980, 201, 477.

(23) The equation used was: AG* = 2.308RT(10.319 - log &’ + log
T.), where T, is the coalescence temperature, k' = 7(Av)/2Y2, and Av is
the frequency separation of the coalescence peaks, although the
equation is strictly valid only for coalescence of two singlets (Calder,
I. C.; Garrat, P. J. J. Chem. Soc. B 1967, 660).
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(2,6-{CH;N(Ph)Me}2CsHs)(PEts)s] is greater than 4 A2
The different conformation adopted by the amine and
the imine in these nickel complexes can be explained
because in the amine derivatives the pendant arms,
where the nitrogen atoms are located, are very flexible
owing to the sp® hybridization of the carbon atoms. As
a consequence, the nitrogen atoms are far away from
the metal atom. In contrast, the planarity of the imine
moiety in compounds 9 forces the methinic nitrogen to
occupy an axial position in the coordination sphere of
the metal.

Experimental Section

1H, 3'P{1H}, ¥F, and *C{*H} NMR spectra were obtained
by using Varian XL-200 (200 MHz), Bruker WP 80SY (32.4
MHz), Varian XL300 FT (282.2 MHz), and Varian XL-200 (50.3
MHz) spectrometers, respectively. Solvents used were C¢Ds
or [?Hg] toluene. Infrared spectra were recorded as KBr disks
on a Nicolet 520 FT-IR spectrometer. Microanalyses were
performed by the Institut de Quimica Bio-Organica de Bar-
celona (CSIC) and by the Serveis Cientifico-Técnics de la
Universitat de Barcelona. Mass spectra were recorded on a
Fisons VG-Quattro spectrometer. The samples were intro-
duced in a matrix of 2-nitrobenzyl alcohol for FAB analysis
and then subjected to bombardment with cesium atoms.

Materials and Synthesis. All manipulations of the orga-
nonickel compounds were carried out using Schlenk techniques
under a nitrogen atmosphere. All solvents were dried and
degassed by standard methods. Tetrahydrofuran and toluene
were distilled over sodium—benzophenone under nitrogen
before use. Amine la, pyridines, and dimethylphenylphos-
phine were obtained commercially. Amine 1b,? imines,? and
[Ni(cod),)?® were prepared according to procedures described
elsewhere.

[NiCl{2-(CH;NMe)-3,4,5,6-C1,Cs} L] [L = 2-Me(C;HsN),
2b; L = 2,4-Me2(CsH3N), 3b; L = 2,4,6-Mes(CsH:2N), 4b] and
[NiBr{2-(CH:NMe;)C¢H,}-2,4-Me2(CsH3N)], 8a. To a sus-
pension of [Ni(cod)2] (0.65 g, 2.40 mmol) in THF (30 ¢m3) at
—78 °C were added the corresponding amine (2.40 mmol) and
the substituted pyridine (2.40 mmol). The reaction mixture
was warmed to room temperature and maintained for 1 h
under these conditions. The solvent was partially removed
under vacuum, and ether was added. Compounds 2—-4 were
precipitated and recrystallized in toluene—ether. Data for
2b: 0.35 g, 32%. Anal. Found: C, 38.9;H, 3.5; N, 5.9. Caled
for C;sH1sCIsNoNi: C, 39.23; H, 3.29; N, 6.10. For 3a: 0.45g,
49%. Anal. Found: C, 50.0; H, 5.7; N, 7.3. Caled for C,gHg;-
BrNoNi: C, 50.58; H, 5.57; N, 7.37. For 8b: 0.45 g, 40%. Anal.
Found: C, 39.5; H, 3.8; N, 5.24. Caled for C16H7CIsNgNi: C,
40.61; H, 3.62; N, 5.92. For 4b: 0.50 g, 43%. Anal. Found:
C,41.0; H, 4.2; N, 5.4. Caled for C;7H;5ClsNoNi (M, 487): C,
41.90 H, 3.93; N, 5.75. MS: m/z 487 (M).

[NiX{2-(CH=NCH;Ph)-6-YC¢H3}L] [X=Br,Y=H,L =
2-Me(CsHN), 5¢; X = Br, Y = H, L = 2,4-Me2(C;H3N), 6¢;
X =Y =C] L = 2,4-Mey(CsH3N), 6d; X=Br,Y=H,L =
2,4,6-Mes(CsH:N), 7¢] and [NiCl{2-(CH=NPh)-6-CIC¢H;}2,4-
Me:(CsH3N)], 6f. To a suspension of [Ni(cod):] (0.65 g, 2.40
mmol) in toluene or THF (25 ¢cm?) at —78 °C were added the
corresponding imine (2.40 mmol) and the substituted pyridine
(2.40 mmol). The reaction mixture was warmed to room
temperature and maintained for 30 min under these condi-
tions. The solvent was partially removed under vacuum, and,
on cooling the solution at —40 °C for several hours, compounds
5—7 were precipitated. Data for 5¢: 0.6 g, 60%. Anal.
Found: C, 56.1; H, 4.3; N, 6.4. Calcd for CoHsBrNoNi (M,

(24) Foulger, N. J.; Wakefield, B. J. J. Organomet. Chem. 1974, 69,
321

(25) Tennant, G. In Comprehensive Organic Chemistry; Barton, D.,
Ollis, W. D., Eds.; Pergamon: Oxford, UK., 1979; Vol. 2, Part 8.
(26) Guerrieri, F.; Salerno, G. J. Organomet. Chem. 1976, 114, 339.

Ceder et al.

426). C, 56,38; H, 4.50; N, 6.57. MS: m/z 346 (M — Br). For
6c: 0.74 g, 70%. Anal. Found: C, 57.0; H, 4.6; N, 6.3. Calcd
for Co1HyBrNoNi (M, 440): C, 57.32; H, 4.82; N, 6.36. MS:
m/z 360 (M — Br). For 6d: 0.72 g, 70%. Anal. Found: C,
58.5; H, 4.9; N, 6.3. Calcd for Co1H2oCl:NoNi (M, 430): C,
58.65; H, 4.70; N, 6.54. MS: m/z 395 (M — Cl). For 7c: 0.65
g,60%. Anal. Found: C,58.0; H,5.1; N, 5.9. Calcd for CosHos-
BrNoNi (M, 454). C, 58.20; H, 5.10; N, 6.15. MS: m/z 454
(M), m/z 374 (M — Br). For 6f: 0.40 g, 40%. Anal. Found:
C,57.0; H,4.7; N, 6.6. Caled for Co0H15CleNoNi: C, 57.75; H,
4.36; N, 6.73.

[NiCl1{2-(CH;NMey)-3,4,5,6-C1,Cs} (PMezPh).], 8b. To a
suspension of [Ni(cod):] (0.65 g, 2.40 mmol) in THF (30 cm?)
at —78 °C were added the corresponding amine (2.40 mmol)
and dimethylphenylphosphine (7.20 mmol). The reaction
mixture was warmed to room temperature and then main-
tained for 2 h under these conditions. The solvent was
partially removed under vacuum, and on adding methanol
compound 8b was obtained (0.95 g, 65%). Anal. Found: C,
45.8; H, 4.8; N, 2.0. Calced for C2sH30ClsNNiP; (M, 642): C,
46.74; H, 4.71; N, 2.18. 3P NMR: &p (toluene) —12.9. MS:
m/z 642 (M).

[NiX{2-(CH=NCH;Ph)-6-YC¢H,}(PMe;Ph);] [X = Br, Y
=H, 9¢; X = Y = C], 9d] and [NiX{2-(CH=NPh)-6-
YCgH,}(PMezPh):] [X=Br,Y=H, 9¢; X =Y = C], 9f]. To
a suspension of [Ni(cod)2] (0.65 g, 2.40 mmol) in toluene or
THF (40 cm?®) at —78 °C were added the corresponding imine
(2.40 mmol) and dimethylphenylphosphine (4.80 mmol). The
reaction mixture was warmed to room temperature and
maintained for 1 h under these conditions. The solvent was
removed under vacuum. Compounds 8 and 9 were precipi-
tated on adding absolute ethanol. Data for 9c: 0.95 g, 65%.
Anal. Found: C, 59.0; H, 54; N, 2.4. Caled for CzoHas-
BrNNiP,: C, 59.14; H, 5.64; N, 2.23. IR: v/cm™! 1604 s. 3P
NMR: 6p (toluene) ~18.9. For 9d: 0.85 g, 60%. Anal.
Found: C,59.9; H, 5.6; N, 2.3. Calcd for C30H33C1oNNiP; (M,
599). C, 60.13; H, 5.56; N, 2.33. IR: v/em™! 1602 s. 3P
NMR: 6p (toluene) —18.6. 3C NMR ¢ (CeDg) 163.4 [1C,
HC=N], 62.3 (1C, CH,N], 13.1 [4C, P(CH3):Ph]. MS: m/z 564
(M - Cl). For 9e: 0.85 g, 60%. Anal. Found: C, 58.5; H,
5.5: N, 2.2, Caled for C2oH3:BrNNiP; (M, 595). C, 58.52; H,
5.40; N, 2.30. IR: v/em™ 1602 s. 3'P NMR 6p (toluene) —11.9.
13C NMR: ¢ (CsDs) 163.8 [1C, HC=N], 16.3 [2C, t, J(PC) =
15.5 Hz, P(CH3);Ph], 11.9 [2C, t, J(PC) = 15.5 Hz, P(CHj).-
Phl. MS: m/z 515 (M — Br). For 9f: 0.75 g, 55%. Anal.
Found: C, 59.5; H, 5.7; N, 2.3. Calcd for C2oH3,CloNNiP; (M,
= 585): C, 59.51; H, 5.35; N, 2.30. IR: v/em™! 1610 m. %P
NMR: Jp (toluene) —12.6. 3C NMR: o¢ (CsDs) 160.5 [1C,
HC=N], 13.9 [2C, P(CH3);Ph], 11.1 [2C, P(CH3);Ph]. MS: m/z
= 550 (M ~ CI).

[NiBr{2-(CH=NCH:Ph)-3,4,5,6-F.Cg} (PMe;Ph),], 9g. To
a suspension of [Ni(cod).] (0.65 g, 2.40 mmol) in THF (30 cm?)
at —78 °C were added the corresponding imine (2.40 mmol),
LiBr (0.21 g, 2.40 mmol), and dimethylphenylphosphine (4.80
mmol). The reaction mixture was warmed to room tempera-
ture and maintained for 1 h under these conditions. The
solvent was removed under vacuum, and after addition of
methanol a maroon solid was collected. Recrystallization from
toluene—~methanol gave 9¢g in good yield (1.12 g, 68%). Anal.
Found: C, 52.2; H, 4.4; N, 1.9. Caled for C3yH3BrFsNNiP;
(M, 681): C, 52.90; H, 4.44; N, 2.06. %P NMR: 6p (toluene)
—-16.2 IQF NMR: 6}? (Cst, reference CFC]a) -121.7 [m, FQ],
—152.0 [t, JOF—Flortno = 20.0 Hz, F3l, —159.5 [dd, J(F—F)para
= 30.0 Hz, J(F~F)orno = 20.0 Hz, F5], —171.2 [t, J(F—Flortho =
20.0 Hz, F,J. MS: m/z 681 (M).

Data Collection. A prismatic crystal (0.1 x 0.1 x 0.2 mm?)
was selected and mounted on a Philips PW-1100 four-circle
diffractometer. Unit cell parameters were determined from
automatic centering of 25 reflections (8 < § < 12°) and refined
by the least-squares method. Intensities were collected with
graphite-monochromatized Mo Ko radiation, using the /28
scan technique; 3648 reflections were measured in the range



Preparation of Five-Membered Nickelacycles

2.18 < 6 < 25.05° and 1563 reflections were assumed as
observed applying the condition I = 20(I). Three reflections
were measured every 2 h as orientation and intensity controls,
and significant intensity decay was not observed. Lorentz—
polarization and absorption corrections were made.
Structure Solution and Refinement. The structure was
solved by Patterson synthesis using the SHELXS computer
program?? for crystal structure determination and refined by
the full-matrix least-squares method with the SHELX93
computer program.?® The function minimized was Tw[|F,|? —
k| F.22, where w = [0¥I) + (0.1049P)2] ! and P = [|F,|2 + 2|F |2/
3;f.f, and f’ were taken from ref 29. The extinction coefficient
was 0.0000(8); 23 hydrogen atoms were computed and refined
with an overall isotropic temperature factor using a riding

(27) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467,

(28) Sheldrick, G. M. In preparation.

(29) International Tables for X-ray Crystallography; Kynoch Press:
Birmingham, U.K., 1974; Vol. IV, pp 99-100, 149.
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model. The final R (on F) factor was 0.065, wR (on |F|?) =
0.054, and the goodness of fit was 1.049 for all observed
reflections. The number of refined parameters was 237. Max
shift/esd = 0.4, mean shift/esd = 0.03, and max and min peaks
in the final difference synthesis were 1.150 and —0.999 e A-3,
respectively.
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The mechanism of the insertion reaction of substituted alkynes (PhCCPh (X), PhCCCOOEt
(Y), MeOOCCCCOOMe (Z)) into the Ni—C bond of trans-[{Ni(2-C¢H4,CHyPPhy)(u-Cl)}2] and
trans-[NiCl(C-P)P’] (C-P = 2-C¢H,CH;PPh;, P’ = PBz; (1a), PMeoPh (1b); C-P = 2-CgHy-
CH:PEt,, P’ = PBz; (1’a)) complexes has been investigated by means of 3P NMR and UV-
vis spectroscopy; in all cases insertion of only one molecule of alkyne has been found. The
regioselectivity of the reaction is very well defined; only the regioisomer arising from a 1,2-
cis addition on the Ni—C bond is obtained. The kinetics of the reactions have been studied
via UV-vis spectroscopy. Results agree with the formation of a highly ordered transition
state still containing the monodentate phosphine P’ in its coordination sphere, the effect of
the metalated phosphine being less important (for example AH* = 43, 60, 40 kJ mol~! and
AS* = —-118, —67, —125 J K™! mol™! for the 1a + Y, 1b + Y, and 1'a + Y systems,
respectively). A mechanism proceeding via the formation of a pentacoordinate intermediate
aggregate, not detectable by NMR or visible spectroscopy, under the conditions of the study,
is proposed. Only for the weaker z-acceptor alkyne PhCCPh is the observed rate constant
found to be dependent on the alkyne concentration, indicating that for the other two alkynes
studied the formation of the above-mentioned aggregate is complete under the kinetic
conditions used (>10-fold excess of alkyne).

Introduction

The insertion of carbon—carbon multiple bonds into
metal—carbon or metal—hydrogen bonds has been as-
sumed to be a key step in many reactions in homoge-
neous catalysis.!

Reactions of acetylenes with ¢trans-[PtCIH(PEt3):], in
polar solvents such as methanol, proceed via a previous
substitution of the chloride ligand followed by a migra-
tory insertion of acetylene into the Pt—H bond, leading
to the cis product. A reaction mechanism involving a
four-center transition state seems to be operating for
that reaction system. Nevertheless, when the same
reaction is carried out in a nonpolar solvent, benzene,
a mixture of cis- and trans-alkenyl compounds is
produced. In this case a radical chain mechanism is
interpreted to be responsible for the behavior observed.2

Electron-transfer processes are also involved in the
formation of alkenyl compounds, as found in acetylene
insertion reactions with platinum dihydrides.® The
insertion of alkynes into Pt—C* and Pd—C*5 bonds has
also been observed, usually leading to products that

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

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

(2) Clark, H. C.; Wong, C. S. J. Am. Chem. Soc. 1977, 99, 7073.
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1989, 379, 177.
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contain two molecules of alkyne; in particular, the
reaction with cyclopalladated organometallic compounds
has been studied thoroughly.?® The insertion reaction
of alkynes into [Ni(acac)(CH3)(PPhs)] has also been
studied,” and the results observed have been interpreted
as a 1,2-cis addition of the methyl—nickel bond to the
alkyne plus a concurrent isomerization to produce cis-
and trans-alkenyl derivatives. The same pattern has
also been observed in other studies of reactions of
PhCCPh or PhCCH with compounds containing Ni—
alkyl or Ni—acyl bonds.8®

Theoretical analysis of the reactions of ethylene and
alkynes with trans-[PtCIH(PH3),]!0 or [NiCI(CH3)(CoHy)-
(PH3)]!! led to the common conclusion that the insertion
reaction is likely to proceed via a tetracoordinate
intermediate, having the unsaturated molecule in a
position cis to the M—H or M—C bond. Nevertheless,
insertion of tetrafluoroethylene in a Pt—O bond via a
pentacoordinate intermediate has also been proposed.!?

(6) (a) Pfeffer, M. Pure Appl. Chem. 1992, 64, 335. (b) Pfeffer, M.
Recl. Trav. Chim. Pays-Bas 1990, 109, 567. (c) Ryabov, A. D.; van
Eldik, R.; Le Borgne, G.; Pfeffer, M. Organometallics 1993, 12, 1386.
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3002. (b)Yang, K., Bott, S. G.; Richmond, M. G. Organometallics 1994,
13, 3767.

(8) Carmona, E.; Gutierrez-Puebla, E.; Marin, J. M.; Monge, A.;
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Scheme 1

R=Ph, P'= PBz, 1a
R=Ph, P'=PMe,Ph  1b

R=Ph, P'= PBz,
R=Ph, P'=PMe,Ph 3bX, 3bY, 3bZ

3aX, 3a¥, 3az

R=Et P'=PBz;,  3aX,3aY,3'aZ
R=Et P =PBz, 1a
R//P—-Ni-—P — .
R ¢ + RCmmCR"
+P ]
[Nitcod),]
. R =R"=Ph X
PR,(2-CICeH,) oo R =Ph, R"=COOEt ¥ P
R=R"=COOMe  Z
P—Ni—Ci
"7 [ /Rn + RO==CR' P—Ni—CGl
R Cl—Ni—pP~—~ > R/ I /R 5
R ci—Ni—p— R
.
4
R'=R'=Ph 5X
R =Ph, R" = COOEt §Y R

The insertion into the Ni—C bond has some charac-
teristic features: (i) only one alkyne molecule is usually
inserted; (ii) in spite of some differences,”!3!* the
reaction is interpreted as a concerted 1,2-addition with
a dissociation of neutral ligand prior to the insertion
reaction; (iii) the regioselectivity is such that unsym-
metrical alkynes produce the regioisomer that has the
bulkier substituent attached to the nickel-bound carbon,
but when PMe; is used as the stabilizing monodentate
ligand, the reaction is less regioselective.!315

In spite of the wide documentation available for the
insertion reactions of alkynes, careful kinetic studies
dealing with the proposed mechanisms are scarce. Only
a few studies on insertions of alkynes into different
Pd—C and Pt—C bonds are available.}$17 Kinetic stud-
ies with organonickel compounds are severely limited
by the instability of the organometallic compounds in
the presence of a large excess of other ligands.

In this paper we present the study of the kinetics and
mechanisms of a series of insertion reactions of metal-
lacyclic organonickel compounds in nonpolar solvents
as depicted in Scheme 1. The metallacyclic compounds
1a, 1b, 3aX, 3aY, and 3bX have already been reported,'82
and compounds 1’a, 3aZ, 3bY, 3bZ, 3’aX, and 3’aY have
been prepared and fully characterized in this work. The
stability of these metallacycles in the presence of a
moderate excess of alkynes allows this type of work.
Another fact that led us to consider this study is that
the proposed mechanism for the isomerization of the
alkenyl compounds’ is disfavored in this case. It would

(13) Bochmann, M.; Hawkins, I.; Sloan, M. P. J. Organomet. Chem.
1987, 332, 371.

(14) Hernandez, J.; Muller, G.; Rocamora, M.; Solans, X.; Aguilo,
M. J. Organomet. Chem. 1988, 345, 383,

(15) Campora, J.; Llebaria, A.; Moreto, J. M.; Poveda, M. L
Carmona, E. Organometallics 1993, 12, 4032.

(16) Samsel, E. G.; Norton, J. R. J. Am. Chem. Soc. 1984, 106, 5505.

(17) Romeo, R.; Alibrandi, G.; Scolaro, L. M. Inorg. Chem. 1993, 32,
4668.

(18) (a) Muller, G.; Panyella, D.; Rocamora, M.; Sales, J.; Font-
Bardia, M.; Solans, X. J. Chem. Soc., Dalton Trans. 1993, 2959. (b)
Font-Bardfa, M.; Gonzalez-Platas, J.; Muller, G.; Panyella, D.; Rocamo-
ra, M.; Solans, X. J. Chem. Soc., Dalton Trans. 1994, 3075.

include rotation about the vinyl C,—Cg bond and, thus,
the twist of the whole chelate ring on type 3 compounds.

Results

Compounds. The phosphanickelacycles 1a and 1b
have been prepared as reported by reaction of [Ni(cod)q]
with (2-C1CsH4CH2)PPh; in the presence of the different
free phosphine ligands.'®¢ Compound 1’a has been
prepared by the same procedure using (2-C1C¢H4CHy)-
PEt; as chelating phosphine. When the synthesis of
compounds 1 is carried out in the absence of free
phosphine, the dinuclear complex trans-[{Ni(2-C¢HsCHg-
PPhy)(u-Cl)}g] (4) is obtained.!8 Addition of phosphine
to solutions of compound 4 led to the cleavage of the
chlorine bridge, giving type 1la or 1b compounds (see
Scheme 1). Reactions of compounds 1 and 1’ with a
slight excess of the corresponding PhCCPh (X) and
PhCCCOOE¢t (Y) alkynes produce the corresponding
compounds of types 3 and 3’ (see Scheme 1). The same
reaction with MeOOCCCCOOMe (Z) produces dark red
(with 1a) or purple-violet solutions (with 1b and 1’a).
31P NMR of these solutions shows that the inserted 3aZ,
3bZ, and 8’aZ complexes and some other material are
present in the solution. From these mixtures only a low
yield of compounds 3aZ and 3bZ could be isolated and
fully characterized. In order to increase yields, reaction
of 1a with MeOOCCCCOOMe (Z) was carried out in the
presence of free PBz3; under these conditions a better
yield of a yellow compound, characterized as 3aZ by
elemental analyses and %'P and 'H NMR, is achieved.
The same procedure is not useful to obtain compound
3bZ since the formation of the previously described
purple pentacoordinated species [NiCl(2-CeHsCHoPPhy)-
(PMesPh)o]182 is dominant. For compound 3a’Z the
secondary material becomes the predominant species
after the insertion reaction, and isolation of a pure
sample has not been possible with any of the above-
mentioned procedures.

The nature of the other species present in the 1 + Z
— 8 reaction medium could be associated with the
formation of a pentacoordinated or a zwitterionic species
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Table 1. 'H NMR Datac for the Nonaromatic Protons of the Compounds Studied in Toluene Solution

compd RoPCH,Ph bridge R’ and R” alkyne substituents P’ monodentate phosphine
lab 3.58 (d, Jpy = 9.0) PCH,Ph, 3.17 (d, Jpu = 8.2)
1b® 3.6 PCH;, 1.46

3aXb 3.88 (t, Jpy = Jun = 10), PCH,Ph, 3.51 (dd, Jpu = 7.6,

2.91 (t, Jpuy = Juw = 10)

3aY?® 4.07 (dd, Juw = 12, Jpg = 8),
2.86 (t, Jpw = Jum = 12)

CO2CH:CHj3, 3.84 (q, Jur = 7);
COyCH3CH3, 0.66 (t, Juy = 7)

Juw = 14.2), 3.26 (dd,

Jeu = 7.3, Juw = 14.2)
PCH.Ph, 3.34 (dt, Jpu+pu = 14,

Juw = 8), 3.21 (dt, Jeu+pH =

14, Juw = 8)

3aZ 3.7 (t, Jpu = Juw = 10), 2.7 NiC—COyCHj;, 3.27; PCHyPh, 3.7 (t, Jpu = Juw' = 10),
(t, Jew = Juy = 10) NiC=CCO.CHj3, 3.33 2.7 t, Jpu = Juw = 10)

3bX?® 3.71 (¢, Jpy = Juw = 8), 2.91 PCHj3, 1.61 (d, Jpy = 8.8), 1.43
(t, Jew = Juw = 8) (d, Jpu = 8.32)

3bY 3.67 (dd, Jpu = 8, Juw = 12), CO,CH,CHj3, 3.82 (q, Juu = 7.2); PCH3, 1.57 (d, Jpu = 8), 1.62
291 (t, Jpy = Juw = 12) CO2CHyCH3, 0.78 (t, Jyu = 7.2) (d, Jpa = 9)

3bZ 4.3 (d, Juw = 13.2), 2.64 (t, NiC—CO.CHj3, 3.30; NiC=CCO.CHs, PCHj;, 1.71 (4, Jpy = 10.6),
Jpw = Juw = 13.5) 3.36 1.51 (d, Jpu = 10)

3’aX 2.5 (t, Jpy = Juw = 10.7), PCH3Ph, 3.0 (m), 3.55 (m)

2.85 (t, Jpw = Juw = 10.7)
(PCH;CHs, 1.3 (m); PCHyCH3,
0.95 (m))

3aY 2.65 (t, Juw = Jpu = 11),
3.19 (dd, Juw = 9.5, Jpu =
12.5) (PCH3CH3, 1.55 (m), 2.22
(m); PCH2CHj3, 1.2(m))

CO.CH,CHs, 4.05, 4.15 (dq, Jun = 7,
Juw = 11); CO.CH.CHj, 0.91
¢, Jug="7)

PCH,Ph, 3.30 (dd, Jpy = 13.8,
JHH = 7), 3.60 (dd, JPH =
143, Juu="7)

@ § in ppm relative to TMS (J in Hz), in CgDg or toluene-ds. ® Reference 23.

Figure 1. Ortep view of the structure of complex 3aX,
trans-[NiCl{PhC=CPh(2-C¢H,CH,PPh,)} PBzs}, showing the
atom-labeling scheme. Hydrogen atoms have been omitted
for clarity.

and its subsequent decomposition.”® When the sto-
ichiometric reaction of 1’a with MeOOCCCCOOMe (Z)
is carried out in THF solution, two groups of signals,
one corresponding to the 3’aZ inserted compound and
two doublets at 14.7 and 21.5 ppm (Jpp = 10.3 Hz) are
observed by %P NMR immediately after mixing. This
signal pattern collapses in a few minutes, producing a
single signal at 18 ppm which is that observed under
any other conditions. The same reaction and signal
patterns are observed for the reactions of 1a and 1b
with Z, but in these cases the formation of the inserted
complexes is favored.

The insertion reactions of alkynes PhCCPh (X) and
PhCCCOQOELt (Y) have been studied also with compound
4, only compound 5X has been fully characterized in the
solid state and the reaction of the inserted compounds
with P’ (Scheme 1) allowed us to confirm its nature.
Reactions run with a [Nil{alkyne] ratio of 1/2 at 273 K
were complete in few minutes, and no intermediates
were detected, as observed by %P NMR monitoring.
Although compounds 1 are stable in solution under a
dinitrogen atmosphere, compound 4 is much less stable

" and, even under these conditions, decompose rather

quickly with the appearance of a yellow precipitate. The
stabilities of all the 1 and 4 compounds studied are
enhanced by the formation of the corresponding inser-
tion products.

31P and 'H (Table 1) NMR spectra of compounds of
types 1 and 8 have been recorded. The 3'P NMR spectra
clearly indicate their trans geometry;!® however, di-
nuclear complexes 4 and § may be a mixture of the sym
and anti isomers, since the phosphorus NMR signal is
broad and complex. Small quantities of cis-1a were
found in solutions of its trans isomer complex. The
relative amount of cis/trans isomerization was found
to be dependent on the size of the different ligands,
compound 1b not showing any percentage of cis isomer.!52
This behavior was related to the production of a more
labile species via the equilibrium process

[NiCl(2-C,H,CH,PPh,)P’] + S =
[NiCl(2-C4H,CH,PPh,)S] + P’ (1)

S = solvent

This process is strongly displaced to the left-hand side,
since no signals of free phosphine can be detected by
3P NMR. An equimolar mixture of 1’a and 1b com-
pounds in toluene solution at room temperature equili-
brates on standing, producing an almost equimolar
amount of the four organometallics 1’a, 1b, 1a, and 1'b
(6p —8.1 ppm, ép —57.3 ppm, Jep = 340 Hz at 220 K),
as can be monitored by 3P NMR at 220 K. This fact
agrees with the presence of catalytic amounts of free
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Table 2. Selected Bond Distances and Angles
(Esd’s in Parentheses) for
trans-[NiCl{PhC=CPh(2-C¢H,CH;PPh;)}PBz;]
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Table 3. Final Atomic Coordinates (x10% x10° for
. Ni, Cl, P(1), and P(2)) for
trans-[NiCl{PhC=CPh(2-CsH,CH,PPh,)} PBz;]

Bond Lengths (A)
Cl-Ni 2.244(1) C(2)—-C(3) 1.548(4)
P(1)-Ni 2.256(1) C(3)-C(8) 1.427(4)
P(2)—-Ni 2.212(1) C(8)-C® 1.500(4)
C(1)—-Ni 1.929(3) C(9)-P(2) 1.857(3)
C(1)-C(2) 1.362(4)
Bond Angles (deg)
P(1)-Ni-Cl 88.6(1) Ni—P(2)—-C(9) 112.1(1)
P(2)-Ni-Cl 93.8(1) C(8)-C(9)-P(2) 109.9(2)
P(1)-Ni—P(2) 169.3(1) C(9)-C(8)-C(3) 118.6(3)
C(1)-Ni-Cl 177.5(1) C(8)-C(3)-C(2) 121.6(2)
C(1)-Ni—-P(1) 92.2(1) C(1)-C(2)—-C(3) 119.9(2)
C(1)-Ni-P(2) 85.8(1) Ni—-C(1)-C(2) 119.3(2)

phosphine in solution. Nevertheless, when large amounts
of free PBz; were added to toluene solutions of ¢rans-
[NiCl(2-CcH4CH2PPho)PBz;] (1a), no line broadening
was observed. 'H NMR signals, collected in Table 1,
indicate that the two methylene protons of the ring give
different signals according to the rigidity of the ring and
the lack of a symmetry plane in the complex. 'H NMR
spectra (500 MHz) recorded for the 3a’Y compound
showed that all the methylene protons are diasterotopic.

Molecular Structure of trans-[NiCl{PhC=CPh-
(2-C¢H4CH:PPh,)}PBz;3] (83aX). The molecular and
crystal structure of compound 3aX was determined by
X-ray diffraction. The crystal structure consists of
discrete molecules (Figure 1) separated by van der
Waals distances. Selected bond lengths and angles and
atomic coordinates are listed in Tables 2 and 3, respec-
tively. The bond distances are in the range expected;
the complex exhibits a distorted-square-planar geom-
etry. The observed displacements (A) from the least-
squares plane of the coordination sphere (plane A) are
as follows: Ni, —0.0640; P1, 0.1372; Cl, —0.0962; P2,
0.1412; Cl, —0.1183. Despite the fact that a greater
steric hindrance for the Ni—C(Ph)=C(Ph)— than for the
Ni—C(Ph)=C(COOEt)~ fragments of the rings can be
assumed, these displacements are lower than those
observed for the previously described 3aY complex
(—0.0402, —0.2908, 0.2843 —0.2897, 0.3365 A).182 Nev-
ertheless, the steric hindrance is present. On one hand,
the alkenyl plane defined by C1C2C3C10C16 (plane B)
in 3aX shows a displacement from the least-squares

lane of —0.1043, —0.0280, 0.0641, 0.0817, and —0.0135
X, respectively, and the nickel atom directly bonded to
C1 is displaced —0.4435 A (compared with 0.3761 A for
the 3aY compound). On the other hand, the bite angle
for 3aX (85.8(1)°) is very strained when compared with
that for the 3aY complex (90.1(2)°).

The benzyl group of the phosphine included in the
seven-membered ring C2—C9 also forms a well-defined
plane (C); the angles formed between normals to the
planes AB, AC, and BC are respectively 94.89, 68.32,
and 62.51°, showing a nearly perpendicular arrange-
ment of the alkenyl group with respect to the square-
planar coordination sphere.

Mechanistic Studies. The reaction of trans-[NiCl-
(C-P)P’1(1) and [NiCl(C-P)]; (4) compounds with several
alkynes, (PhCCPh (X), PhCCCOOEt (Y), and MeOOC-
CCCOOMe (Z)) was studied kinetically in toluene solu-
tions by means of UV~vis spectroscopy. The in situ
monitoring of these processes via 3P NMR (see above)
proved that the reactions followed were effectively the

xla /b zle Bog (A2
Ni 17667(3) 17162(1) 24306(2) 2.87(2)
P(D) 462(6) 13395(3) 17496(4) 3.10(3)
P(2) 32028(6) 21864(3) 31771(4) 3.29(3)
Cl 21464(6) 20341(3) 11813(4) 3.83(3)
C1) 1502(2) 1424(1) 3503(2) 3.07(11)
C(2) 756(2) 1665(1) 4003(2) 3.09(11)
C@3) 344(3) 2213(1) 3799(2) 3.26(11)
C4) —923(3) 2334(1) 3593(2) 4.30(14)
C(5) —1293(4) 2840(2) 3403(2) 5.66(19)
C(6) —437(5) 3227(1) 3448(2) 6.06(21)
C(7) 816(4) 3121(1) 3687(2) 5.14(17)
C(8) 1227(3) 2615(1) 3860(2) 3.82(13)
C(9) 2591(3) 2496(1) 4086(2) 4.30(14)
C(10) 2156(2) 930(1) 3755(2) 3.37(12)
C(11) 2205(3) 508(1) 3209(2) 3.99(13)
C(12) 2822(3) 56(1) 3478(2) 5.02(16)
C(13) 3416(3) 10(1) 4293(3) 5.50(18)
C(14) 3420(3) 428(2) 4836(2) 5.64(18)
C(15) 2814(3) 881(1) 4571(2) 4.36(14)
C(16) 286(2) 1442(1) 4771(2) 3.27(11)
can —47(3) 921(1) 4827(2) 3.89(13)
C(18) ~520(3) 730(1) 5535(2) 4.72(15)
C(19) —680(3) 1056(2) 6196(2) 5.12(16)
C(20) —353(3) 1573(2) 6156(2) 5.17(17)
C21) 126(3) 1765(1) 5456(2) 4.15(13)
C(22) 4576(3) 1823(1) 3610(2) 4.48(14)
C(23) 4876(3) 1381(2) 3190(3) 5.84(19)
C(24) 5907(4) 1089(2) 3501(4) 8.96(30)
C(25) 6639(5) 1238(3) 4243(6) 11.41(43)
C(26) 6362(5) 1662(3) 4639(4) 10.26(39)
cen 5327(4) 1965(2) 4354(3) 7.01(21)
C(28) 3814(3) 2743(1) 2642(2) 3.60(12)
C(29) 2982(3) 3096(1) 2215(2) 4.66(15)
C(30) 3394(4) 3519(2) 1806(2) 5.67(18)
C31) 4661(5) 3591(2) 1789(3) 7.24(24)
C(32) 5487(4) 3240(2) 2191(3) 8.16(26)
C(33) 5079(3) 2823(2) 2622(2) 5.75(18)
C(34) —1012(3) 975(1) 2380(2) 3.99(13)
C(35) —1563(3) 461(1) 2066(2) 3.77(12)
C(36) -1151(3) 0(1) 2459(2) 5.30(16)
C@37) —1675(4) —473(1) 2194(3) 6.62(22)
C(38) —2619(4) —497(1) 1533(3) 6.27(21)
C(39) —3048(3) ~44(1) 1136(2) 5.47(17)
C(40) —2523(3) 429(1) 1397(2) 4.40(14)
C41) 261(3) 950(1) 805(2) 3.94(13)
C(42) 1286(3) 542(1) 941(2) 4.08(13)
C(43) 2541(3) 695(2) 1005(2) 5.23(17)
C(44) 3489(4) 335(2) 1159(3) 6.54(22)
C(45) 3234(5) —178(2) 1241(3) 7.04(24)
C(46) 2011(5) —337(2) 1159(3) 6.69(23)
C47) 1029(4) 21(1) 1006(2) 5.34(17)
C(48) —930(3) 1890(1) 1307(2) 4.15(13)
C(49) —2255(3) 1786(1) 925(2) 3.66(11)
C(50) —2542(3) 1604(1) 107(2) 4.72(15)
C(51) —3766(4) 1497(2) —234(2) 5.72(18)
C(52) —4719(3) 1579(2) 237(3) 5.72(18)
C(53) —4465(3) 1765(2) 1039(3) 6.38(20)
C(54) —3241(3) 1866(2) 1378(2) 5.46(17)

@ Beq = Y5n2SUAA*Av A,

alkyne insertion into the Ni—C bond present in com-
pounds 1 and 4 to produce compounds 3 and 5 (see
Scheme 1).

Table 4 shows the spectral electronic data for the
reactions studied. In all cases a good retention of
isosbestic points was observed (Figure 2), indicating that
only the insertion reaction was being monitored. For
systems where a subsequent reaction was detected, only
the first fast spectral changes were monitored as the
insertion reaction.

The observed rate constants obtained for all these
systems, collected in Table S1 (Supporting Information),
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Figure 2. UV-vis consecutive spectra showing the ad-

vance of the insertion reaction of compound 1b with the

alkyne PhCCPh X) (T =15°C, [1b]=1 x 103 M, [X] =

0.0250 M, ¢t = 0—600 s, toluene solution).

Table 4. UV—Vis Spectral Data for the Compounds
Studied (T = 15 °C; Toluene Solution)

extra alkyne
added
compd Amm eMltem™!  (ca. 04 M) A/nme
trans-{NiClo(PBz3);] 488, 374 680, 17 500
la 448 1700 Y/ 5700
1b 442 850 Z 5700
T'a 428 1000 Z 575b
4 450
3aX 456 1600 X dec
Y 450
V/ 475
3aY 448 1600 X dec
Y 446
Z 472
3aZ 431 650
3'aX 447 1300
8’aY 436 1400
3bX 462 1300
3bY 456 2400
3bZ 438 700
5X 486°

2No ¢ values are given due to subsequent decomposition
reactions and/or concentration uncertainties. ® Final purple solu-
tion, isosbestics points observed in all cases.

were found to have a linear correlation with the alkyne
concentration only for the reaction of compounds of type
1 with the PhCCPh (X) alkyne to produce 3aX, 3bX,
and 3’aX inserted products. For all other systems the
observed rate constants were found to be independent
of the alkyne concentration used for the runs. Figure
3 represents an example of such behavior. Some runs
were carried out in THF solution, and the observed rate
constants were found to be independent of the solvent
used.

The results obtained agree with any of the reaction
mechanisms depicted in Schemes 2 and 3, which pro-
duces the rate law!®

__ kKJalkyne]
Bobs = 1 + Klalkyne] @
where
_ [2]
= Mialkyne] ®

Martinez et al.

35 oC
0.3 -
'{ 0.2 4 o
3
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Figure 3. Alkyne concentration and temperature depen-
dence on the observed rate constants for the insertion
reaction of compound 1’a with alkynes PhCCPh (X) (above)
and PhCCCOOELt (Y) (below) alkynes. Open points cor-
respond to toluene solution and solid points to THF
solution.

For PhCCCOOEY (Y) and MeOOCCCCOOMe (Z) alkynes
the Klalkyne] term becomes much larger than 1, and
rate law 2 becomes kobs = %, while for alkyne PhCCPh
(X) the K[alkyne)] term becomes very small and rate law
2 becomes kqps = kK[alkyne].

Table 5 collects all the first- and second-order rate
constants derived from these systems, as well as the
thermal activation parameters derived from its tem-
perature dependence and standard Eyring plots.

In view of these data a clear distinction must be made
between the insertion reactions leading to 3aX, 8bX,
and 3'aX and the rest. These three reactions produce
second-order rate constants that cannot be separated
in equilibrium and kinetic constants; consequently, any
comparison of these values with those for the reaction
systems with the PhCCCOOEt (Y) and MeQOCCC-
COOMe (Z) alkynes is meaningless.

In order to clarify the role of the two monodentate
phosphine ligands of compounds 1 in the nature of the
insertion reaction, compound 4 was reacted with alkynes
PhCCPh (X) and PhCCCOOE¢t (Y) to produce com-
pounds § shown in Scheme 1. Given the lesser stability
of compound 4 when compared with 1a or 1’a, only runs
at 15 °C at varying alkyne concentration were carried
out, thermal activation parameters not being deter-
mined. The results obtained showed, again, different
[alkynel-dependence behavior, and the rate constants
obtained are much larger than those corresponding to
the mononuclear equivalent la and 1b species, as
shown in Table 5.

(19) (a) Wilkins, R. G. Kinetics and Mechanisms of Reactions of
Transition Metal Complexes; VCH: Weinheim, Germany, 1991. (b)
Crespo, M.; Martinez, M.; Sales, J. Organometallics 1992, 11, 1288.
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Scheme 2

R//P—Ni——P‘ +  RCamCR [—]

R cl

P Ni—pr
7715 N
cl R o
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Table 5. Insertion Reaction Rate Constants and
Thermal Activation Parameters for the Systems
Studied ([Starting Nickel Compound] =1 x 103 M,
Toluene Solution)

AH?Y AS¥
compd alkyne T/°C k kd mol™! J Kmol!
la X 15 0.31M-lg! 57+5 =57+ 17
25 0.61M-lg1
35 15M1ls!
Y 15  0.084s71 43+ 4 -118 + 14
25 0.17s7!
35 0.29s7!
Z 15 0.28s7! 4145 —114 +£ 18
25 0.57s71
35 0.92s71
l'a X 15 0.037M-ts ! 81+12 5+1
25 0.11M- 15!
35 029M 171
Y 15 0.10s7! 40+ 3 —-125 £ 10
25 0.20s7!
35 0.32s71
V/ 15 0.14s7? 41+1 -118 £ 3
25 0.28s7!
35 051s7!
ib X 15 035M-1lg7! 84+6 35 +12
25 12M-lgt
35 34M-igl
Y 15  0.031s71 60+1 —67£3
25 0.074s7!
35  0.17s7!
Z 15  0.049s71 53+3 -85+ 8
25 0.12s71
35 0.22s7!
4 X 15 418M71g7!
Y 15 1.25s7!
la X 15 0.23M-lgle
0.22M-1g71b
006 M~1g1c
la Z 15 0.23s710

@ [PBz3)/[1a] = 0.01. ® [PBzs;)[1a] = 0.1. ¢ [PBz;)[1a]l = 1.

Some runs were also carried out in order to check
possible concentration effects of the nickel starting
organometallic, type 1 compounds, on the insertion rate
constants. The results obtained for most of the systems
indicate that a very important increase in the reaction
rate constant is observed on decreasing the nickel
starting material concentration. Decomposition reac-
tions, occurring much more readily at lower concentra-
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tions, could be responsible for the dilution effects
observed. For concentrations higher than 5 x 10™* M
no dilution effects were observed; consequently [1] was
setto 1 x 1073 M,

Experiments at varying added phosphine concentra-
tions were carried out also for the reaction of 1a with
alkynes PhCCPh (X) and MeOOCCCCOOMe (Z) in
order to check possible mass-retardation effects.” Even
though the degree of advance of the reaction decreases
on increasing the phosphine concentration, producing
less reliable observed rate constants, the results clearly
show (Table 5) that the rate constants for the insertion
reaction do not vary significantly at reasonable concen-
tration values of added PBz;.

Discussion

Reactions of type 1 and 4 compounds in toluene
solution with alkynes such as diphenylacetylene (X)
ethyl phenylpropiolate (Y), and dimethyl acetylenedi-
carboxylate (Z) take place readily at room temperature.
For example, 1 h is enough to complete the reaction
when a [NiM[X] ratio of 1/2 is used. The insertion of
only one molecule of alkyne into the Ni—~C bond was
observed for these compounds, further reaction with a
second alkyne molecule being blocked by the bulky
substituents of the alkenyl derivative. For the less
sterically hindered alkyne MeOOCCCCOOMe, other
definite changes that could be attributed to the forma-
tion of compounds where an attack at the double C=C
bond by the neighboring P’ phosphine has occurred® or
to the formation of a pentacoordinated species were
observed in both the 8P NMR and UV-vis spectra
(Table 5). In this respect, changes in the UV-vis
spectra of solutions of the inserted compounds with an
excess of different alkynes (Table 4) seem to agree with
the pentacoordinate assumption.

Only one of the two possible cyclic alkenyl isomers
was obtained in each reaction (see Scheme 1). The
stereochemistry of the addition was established unam-
biguously from the molecular structure determination
for two of the alkenyl products, 3aX and 3aY.182 Both
structures showed that the alkyne substituents remain
in a cis distribution in the alkenyl addition products.
For the ethyl phenylpropiolate inserted compound 3aY,
the largest substituent lies on the carbon directly
bonded to the nickel center, indicating that possible
interactions of the —CO2R groups with the nickel center
should not be very important.

The stereochemistry of the reaction can be considered
as a cis 1,2-addition of the nickel—carbon bond to the
alkyne, which is in good agreement with proposals found
in the literature.” Although results from other groups
suggest that a trans-insertion alkenyl compound is the
kinetic product of the reaction,’® the fact that no
isomerization processes are readily accessible in our
case indicates that the cis addition must be the kinetic
product of the reaction.

As a previous step to the insertion reaction, the
existence of reaction equilibrium 1 suggests that the
presence of large amounts of alkyne could favor the
displacement of the phosphine in the starting type 1
nickel compounds. Although a 31P signal of free phos-
phine is observed when a large excess of alkyne is
present in the reaction medium, NMR measurements
cannot rule out the decomposition of the organometallic
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compound as the source of it. In this respect, com-
pounds 5X and 5Y (the latter not characterized in the
solid state) are stable in the presence of a large excess
of the corresponding alkynes, indicating that such poor
ligands cannot even displace the bridging chloride in
the dinuclear compounds. Allowing for these facts, the
alternate reaction mechanism depicted in Scheme 3 does
not fit to the experimental observations.

Although the presence of free phosphine in the
insertion reactions vie intermediates of type 2, (Scheme
2) and 2; (Scheme 3) should not produce any difference
in the first-order rate constants for alkynes PhC-
CCOOEt (Y) and MeOOCCCCOOMe (Z) (kobs = k in both
cases, given the large value of K), a [Pl.ddeqd mass-
retardation effect should be observed in the second-order
rate constants”1° obtained for the systems with alkyne
PhCCPh (X), where the rate law derived is20

Fobs = klé—alé,}i;le] @)

The [Pladded independence of the second-order rate
constants of the reaction of compound 1a with alkyne
PhCCPh (X) (Table 5) indicates that a rate law such as
that indicated in eq 4 does not apply. Consequently,
an intermediate species of type 2, (Scheme 2) seems to
fit much better to the experimental kinetic data. For-
mation of a tetracoordinate intermediate via displace-
ment of the chloride ligands in type 1 compounds by
alkynes is also unexpected. Kinetic runs carried out in
THF solution showed that the observed rate constants
were independent of the solvent used, as expected for
the absence of ionic species during the insertion process.

The presence of an aggregate, similar to that depicted
as 2, in Scheme 3, having two monodentate PBz3
ligands and the chelating phosphine phosphorus inter-
acting with the nickel center, could account for the
lesser degree of advance in the insertion reaction when
free PBz; is present in the solution. As already pointed

(20) Crespo, M.; Martinez, M.; Sales, J. Organometallics 1998, 12,
4297.
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out in the literature for Pt(II) systems,?! it is very
difficult to distinguish between a pentacoordinated
compound and a tight outer-sphere complex; therefore,
the nature of the possible intermediate aggregate is by
no means clear. Furthermore, %P NMR at these
concentrations, or UV—vis spectroscopy when other
highly absorbing species exist in the reaction medium,
makes it very difficult to assert its nature. Even so,
the steric congestion around the Ni center has to be very
important and the decomposition of type 1a compounds
in the presence of excess free PBz; to produce a
nonreacting mixture of trans-[NiCly(PBz3);] and phos-
phonium salts seems to be another plausible explana-
tion of the lesser extent of the insertion reaction
observed under these conditions.

Examination of data in Table 5 clearly indicates that
the insertion process goes through a highly ordered
transition state, as seen by the very negative values of
AS* for the systems where these values have been
derived from the first-order rate constants (alkynes
PhCCCOOEt (Y) and MeOOCCCCOOMe (Z)). The
more negative AS* values found for the systems having
PBz; as the monodentate phosphine ligand have to be
interpreted in view of the more important space rear-
rangement necessary for these systems for the insertion
reaction to take place. For the 1a and 1’a systems AH*
values are smaller than those for the 1b systems,
indicating that the higher v electronic parameter of the
PBz; phosphine in these systems makes the insertion
reaction more favorable.?2 An important fact that
should also be considered is that AS* and AH* values
derived from first-order rate constants, while indepen-
dent of the metalated phosphine, vary significantly with
the monodentate P’ phosphine ligand. Given the fact
that the alkyne has to be close to the P’ ligand for the
insertion reaction to take place, the above-mentioned
difference seems to indicate that a reaction intermediate
aggregate of type 2, (Scheme 2), where the chelating
phosphine has very little influence on the transition
state, is a very plausible explanation of the observed
facts.

Furthermore, if this is true, a simultaneous interac-
tion of the much bulkier PhCCPh (X) alkyne with type
1 compounds is very unfavorable with respect to that
of the smaller PhCCCOOQELt (Y) and MeOOCCCCOOMe
(Z) alkynes. The results for the systems studied agree
with this assumption; the differences in the magnitude
of K in rate law 2 are important enough as to make K
unobservable for the two systems with less bulky and
more electronically activated alkynes by its m-acceptor
character.” A possible interaction of the —COsR groups
of alkynes PhCCCOOEt (Y) and MeOOCCCCOOMe (Z)
with the nickel center could also be related to the large
magnitude of K. Nevertheless, the determined crystal
structure of compound 3aY!®? does not show this
interaction in the inserted species, and steric effects
seem to dominate.

The insertion reactions studied with the dinuclear
compounds type 4 agree, again, with the existence of
this aggregate intermediate species. If the reaction
takes place via a species where the chlorine bridge has
been cleaved to introduce an alkyne in the coordination

(21) Alibrandi, G.; Romeo, R.; Scolaro, L. M.; Tobe, M. L. Inorg.
Chem. 1992, 31, 5061.

(22) (a) Tolman, C. A. Chem. Rev. 1977, 77, 313. (b) Tolman, C. A,
J. Am. Chem. Soc. 1970, 92, 2953.
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sphere (to produce a species similar to 2;), no important
differences should be detected in the first-order rate
constants when compared with those for the insertion
of 1a or 1'a. Data in Table 5 show the contrary,
indicating that in this case the intermediate species of
the insertion reaction of compound 4 with alkyne
PhCCCOOEt (Y) should be rather different from a

compound of type 2¢. A dinuclear species having a’

pentacoordinate structure fits perfectly the experimen-
tal data. Furthermore, the final reaction mixture, as
monitored by 3!P NMR, showed only the presence of the
dinuclear inserted species, even in the presence of large
amounts of free alkyne, somehow indicating that the
dinuclear structure is maintained during the insertion
process. Nevertheless, the fact that no activation
parameters have been determined for these reactions
(due to the inherent starting material instability) does
not allow us to rule out that some other reaction
mechanism, such as that observed for dimeric pallada-
cycles,’e could bz operating for the processes.

Experimental Section

Compounds. All manipulations of the organonickel com-
pounds were carried out using Schlenk techniques under a
dinitrogen atmosphere. All solvents were dried and degassed
by standard methods. Tetrahydrofuran and toluene were
distilled over sodium—benzophenone under a dinitrogen at-
mosphere before use. Phosphines were obtained commercially
or prepared according to established procedures.?® [Ni(cod)s]
was prepared, with small modifications, by the method re-
ported.?

'H NMR spectra were recorded on Varian XL 200 or Bruker
WP80SY instruments. 3'P NMR spectra at variable temper-
atures were obtained on a Bruker WP80SY instrument (32.38
MHz). The reference used was 85% H;PO, for 1P spectra; all
chemical shifts are reported as downfield from standards.
NMR solvents used were toluene and THF, with a 5 mm
coaxial insert tube containing [?Hglacetone—P(OMe)s. Infrared
spectra were recorded on a Nicolet 520 FT-IR instrument.
Elemental analyses were carried out at the Servei d’Analisis
Elementals de la Universitat de Barcelona on an Eager 1108
microanalyzer.

trans-[NiCl(2-CcH,CHPEt;)PBzs] (1'a). PBz; (4.80 x
1073 mol) and (2-C1CsH,CH2)PEt; (4.80 x 103 mol) were added
to a suspension of [Ni(cod)s] (4.80 x 1073 mol) in toluene (40
cm?®) at —78 °C. The reaction mixture was warmed to room
temperature and maintained for 30 min under these condi-
tions. After the solvent was partially removed under vacuum,
the yellow complex was precipitated on adding absolute
ethanol (yield 1.94 g, 70%; dec temp 155 °C). Anal. Found:
C, 66.1; H, 6.30. Caled for C3H37CINiP;: C, 66.57; H, 6.45.
31P{'H} NMR (in toluene solution, é in ppm referenced to Hs-
PO,, J in Hz): 55.9, 10.8, 2J = 335.

trans-[NiCl{MeOOCC=CCOOMe(2-C¢gH,CH;PPh.)}-
PBz;] (3aZ). MeOOCC=CCOOMe (0.1 g, 0.7 x 1073 mol)
dissolved in 20 ¢m?® of THF was added at room temperature
under nitrogen to a solution of 1a (0.35 g, 0.5 x 1073 mol) and
PBz;3 (0.15 g, 0.5 x 1073 mol) in THF (20 cm?). After 45 min
of stirring the brownish solution became red. The solvent was
removed under vacuum, and after addition of methanol a
yellow solid was collected. Recrystallization from methanol
afforded the insertion product (yield 0.1 g, 25%). Anal.
Found: C, 68.5; H, 5.4. Calcd for C,sHy3CINiO4Ps: C, 67.71;
H, 5.32. 3'P{'H} NMR (in toluene solution, § in ppm refer-
enced to HsPOy, J in Hz): 34.0, 4.6, 2J = 318.

(23) Kosolapoff, G. M.; Maier, L. Organic Phosphorus Compounds;
Wiley: New York, 1972; Vol. 1.
(24) Guerrieri, F.; Salerno, G. J. Organomet. Chem. 1976, 114, 339.
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trans-INiCl{PhC=CCOOEt(2-C¢gH,CH;PPh;)}PMe.-
Ph] (3bY). PhC=CCOOEt (0.2 g, 1.12 x 1073 mol) was added
at ~78 °C under nitrogen to a solution of 1b (0.58 g, 1.12 x
1072 mol) in toluene (20 cm?®). After 20 min of stirring at —78
°C the solution was warmed to room temperature. The solvent
was removed under vacuum, and after addition of absolute
ethanol a red solid was obtained (yield 0.5 g, 75%). Anal.
Found: C, 67.2; H, 5.6; Cl, 5.0. Calecd for C33sH3,CINiO:Py: C,
66.94; H, 5.47; Cl, 5.20. 3'P{'H} NMR (in toluene solution, &
in ppm referenced to HsPOy, J in Hz): 29.5, —10.5, 2J = 294,

trans-[NiCl{MeOOCC=CCOOMe(2-C¢H,CH,;PPh.)}-
PMe:Ph] (3bZ). MeOOCC=CCOOMe (0.13 g, 0.9 x 1073 mol)
was added at 0 °C under nitrogen to a solution of 1b (0.47 g,
0.9 x 1073 mol) in THF (20 cm?®). The solution became violet,
and after 30 min of stirring the solvent was removed under
vacuum. After addition of hexane a dark red solid was
collected (yield 0.1 g, 17%). Anal. Found: C, 59.3; H, 5.3.
Caled for C33H33CINiOPs: C, 61.00; H, 5.12. 3'P{'H} NMR
(in toluene solution, é in ppm referenced to HasPQy, J in Hz):
33.48, —6.49, 2J = 338.

trans-[NiCl{PhC=CPh(2-CsH,CH;PEt;)}PBz;] (3'aX).
PhC=CPh (0.2 g, 1.2 x 1072 mol) was added at room temper-
ature under nitrogen to a solution of 1’a (0.58 g, 1 x 1073 mol)
in toluene (20 cm?®). After 60 min of stirring the solvent was
removed under vacuum. The solid was extracted with 2 x 10
cm?® of hexane. The hexane was removed under vacuum and
the residue dissolved in 10 cm?® of methanol. After the solution
was cooled to —20 °C for several days, a yellow solid was
collected (yield 0.27 g, 35%). Anal. Found: C, 72.5; H, 6.2.
Calcd for C4H4;CINiPy: C, 73.08; H, 6.26. 31P{'H} NMR (in
toluene solution, 6 in ppm referenced to H3POQy, J in Hz): 32.8,
5.7, 2J = 310.

trans-[NiCl{PhC=CPCOOEt(2-C¢H,CH:PEt;)} PBz;]
(3'aY). PhC=CCOOEt (0.2 g, 1.2 x 107% mol) was added at 0
°C under nitrogen to a solution of 1’a (0.58 g, 1 x 1073 mol) in
toluene (20 cm®). The solution was warmed to room temper-
ature, and after 2 h of stirring the solution was filtered over
Celite and the solvent removed under vacuum. The solid was
extracted with 2 x 10 cm? of ether. The addition of hexane
produced an orange solid that was collected and dried (yield
0.34 g, 45%). Anal. Found: C, 68.6; H, 6.5. Calcd for C43Hyr-
CINiOgP2: C, 68.68; H, 6.30. S3'P{!H} NMR (in toluene
solution, & in ppm referenced to H3POy, J in Hz): 32.0, 4.85,
2J = 301.

trans-[NiCl{CPh=CPh(2-CsH,CH,;PPh,)}]; (5X). PhC-
CPh (2 x 107% mol) was added at room temperature and under
a dinitrogen atmosphere to 25 ¢cm® of a toluene solution of
trans-[NiCl(2-CsH;CHyPPhy)ls (1 x 1073 mol). After several
minutes of stirring the orange solution became red. After the
solvent was partially removed under vacuum, hexane was
added and the red solid obtained was filtered (yield 0.60 g,
55%; dec temp 130 °C). Anal. Found: C, 72.0; H, 5.14. Calcd
for Cs;oHeoClNigP2: C, 72.45; H, 4.80. 3P{'H} NMR (in
toluene solution, 6 in ppm referenced to HsPOy): 30.7.

Kinetics. All UV—vis spectra were recorded on a HP8452A
instrument. Solutions for the kinetic measurements were
made up in degassed toluene, and careful gastight syringe and
dinitrogen handling techniques were necessary in order to
avoid extensive decomposition of the nickel compounds at those
concentrations.

Runs with #10 > 170 s were recorded on a HP8452A
instrument equipped with a thermostated multicell transport,
and runs with 7 < #15 < 170 s were recorded on a HP8452A
instrument equipped with a High-Tech SFA-11 rapid kinetics
accessory; for £12 < 7 s runs were recorded on a Durrum D-110
stopped-flow instrument. All kinetic runs were initially fol-
lowed at the full 700—325 nm range in toluene solutions. The
observed rate constants, ko, were derived at the wavelength
where the difference in absorbance between the initial and
final species was large enough. Pseudo-first-order conditions
were used for all runs with a nickel starting compound (1)
concentration of 1 x 1073 M. Absorbance versus time traces
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Table 6. Crystallographic Data Collection for the
trans-[NiCl{PhC=CPh(2-CcH,CH.PPh;)}PBz;]

Compound

formula Cs4H47P2CINi
mol wt 852.08
cryst dimens (mm) 0.1 x 0.1 x 0.2
cryst syst monoclinic
space group P2y/c
a () 10.755(2)
b(A) 26.657(4)
c(A) 15.897(3)
B (deg) 97.39(2)
zZ 4
F(000) 1784.0
V (A3) 4520(2)
T(K) 298
p(gem™3) 1.252
u(em™1) 5.95 (Mo Ka)
radiation (A) 0.710 69 (Mo Ko
no. of data collected 13424
collecn range (deg) 2=6=<30
scan method w/26
no. of independent data obsd 6980
R (obsd reflection) 0.042
R 0.045

were fitted to exponential form by the Marquardt algorithm.
All the kqbs errors were in the range of 5—15% of the actual
value obtained, indicating a very good fit up to 3—4 half-lives.
The kg versus [alkyne] plots were fitted by unweighted least
squares. Thermal activation parameters were derived from
standard Eyring plots by the same method.

Crystallographic Studies. Crystals of complex 3aX were
grown from a dichloromethane—ethanol mixture by cooling to
—20 °C. A prismatic crystal (0.1 x 0.1 x 0.2 mm) was selected
and mounted on an Enraf-Nonius CAD4 diffractometer. Unit-
cell parameters were determined from automatic centering of
25 reflections (12 < 8 < 22°) and refined by the least-squares
method.

Martinez et al.

Intensities were collected with graphite-monochromatized
Mo Ko radiation, by the w/26-scan technique. A total of 13 424
reflections were measured (+h,k,!) in the range 2 < 6 < 30°,
6980 of which were assumed as observed by applying the
condition I = 2.50(I). Rin (on F) was 0.012. Three reflections
were measured every 2 h as orientation and intensity control;
significant intensity decay was not observed. Lorentz—
polarization, but not absorption, corrections were made.

The structure was solved by Patterson synthesis, using the
SHELXS computer program, and refined by full-matrix least
squares with the SHELX76 computer program.?* The function
minimized was Twl|F,| — |F/]?, where w = [0%(F,) + 0.0008-
(F21™% f, f7, and f” were taken from ref 26.

The positions of all H atoms were computed from a differ-
ence synthesis and refined with an overall isotropic thermal
parameter. The final R factor was 0.042 (R’ = 0.045) for all
observed reflections. The number of refined parameters was
664, the maximum shift/esd was 0.06, and maximum and
minimum peaks in the final difference synthesis were 0.3 and
-0.3 A3, respectively. Crystal parameters, data collection
details, and results of the refinements are summarized in
Table 6.
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Cyclopentadienyl Ligand PCp: X-ray Structure of the
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Treatment of a 1:1 mixture of the diastereomers Sg.- and Rge-exo-[(#°-PCp)Re(NO)-
(PPh3)XCO)I"BF4~ (1a,b) (PCp = “pinene-fused cyclopentadienyl”) with sodium methoxide
in methanol affords the derivative “esters” Sge- and Rge-exo-(7°-PCp)Re(NO)(PPhs)(COOMe)
(2a,b) (Sre:Rre = 1:1). Reaction of 2a,b with (+)-(R)-(1-naphthylethyl)amine gives the
“amides” Sge- and Rye-exo-(17°-PCp)Re(NO)PPh3)[ CONHCH(CH3)C10H7] (3a,b) (Sge:Rre= 1:1).
3a,b are separated by recrystallization. 3a is treated with CF;CO.H and NaBFy to give
Sge-(1a). 1a is then converted to Sge-exo-(°-PCp)Re(NO)PPh;)(CHs) (4a). Protonolysis of
4a with HBF/Et;,0 in CDyCl; at —78 °C results in solvent-stabilized Sge-exo-[(7°-
PCp)Re(NO)(PPh;3)(CICD.CD]*BF,~ (5a); the thermal and configurational stability of 5a is
investigated at various temperatures. An X-ray crystal structure of 4a establishes the

absolute configurations of 1a, 3a, and 4a.

Introduction

We recently described the synthesis of the diastere-
omeric methylrhenium complexes Sg.,RRe-exo-(35-PCp)-
Re(NO)(PPh3)CHjs) (4a,b) (Figure 1)? with the optically
active pinane-related cyclopentadienyl ligand (1R,8R)-
(—)-9,9-dimethyltricyclo[6.1.1.0261deca-2,5-dienyl (PCp~;
Figure 2).375

Starting from diastereomerically pure exo-(5-PCp)-
Re(CO)3, we obtained, after a sequence of ligand sub-
stitutions, the “chiral-at-rhenium” derivatives Sge,RRe-
exo-{(75-PCpRe(NO)(PPh3)CO)I*BF,~ (1a,b) and Sge,RRe-
exo-(n3-PCp)Re(NO)(PPh3)(CHs) (4a,b) in good overall
yields as 1:1 inseparable mixtures of diastereomers.
Crystallization of 4a,b, for example, afforded the rare
case that both diastereomers cocrystallized in a ratio
of 1:1 in the unit cell.2

Gladysz and co-workers have demonstrated in a host
of experiments with the Cp analogs of 4a,b that meth-
ylrhenium complexes such as (55-Cp)Re(NO)PPh3)}CHz)
can readily be converted to chiral, pyramidal, substitu-
tion-labile dichloromethane complexes, [(#°-PCp)Re-
(NOXPPh3)(CICH;CD)I*BF,~, which appear to be of
stable configuration in dichloromethane at low temper-
atures. Generated by protonolysis of (#5-Cp)Re(NO)-
(PPh3)(CH;3) with HBF4Et;O in CHCl; at —78 °C,
[(73-Cp)Re(NOXPPh3) CICH,C)]*BF 4~ exhibits overall
retention at rhenium after reaction with various neutral
donor ligands.6-17

(1) Part 3: Kaser, M.; Salzer, A. J. Organomet. Chem., submitted
for publication.

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

(2) Salzer, A.; Bosch, W. H.; Englert, U.; Pfister, B.; Stauber, R. J.
Organomet. Chem., in press.

(3) Paquette, L. A.; McLaughlin, M. L. Org. Synth. 1992, 69, 220.

(4) Salzer, A.; Schmalle, H.; Stauber, R.; Streiff, S. J. Org