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Abstract

Treatment of the ruthenium(II) diene complexes [(n% n>-nbd)RuCl,], or [(%,n*cod)RuCl,], with 4 equiv. of methyllithium in the pres-
ence of N,N,N',N'-tetramethylethylenediamine (tmed) yields the methyl complexes [Li(tmed)][(n%n>-nbd)RuMe,] (1) and [Li(tmed)],-
[(n°.n%-CsH;1)RuMe;](2), respectively, where nbd = norbornadiene and cod = 1,5-cyclooctadiene. In the latter compound, the cycloocta-
diene ligand has been deprotonated to afford a n*,n%1,2,3:3,6-cyclooctadienyl group. Both complexes were studied by 'H and '*C{'H}
NMR spectroscopy, and the crystal structure of 2 was determined. One lithium atom in 2 is four-coordinate and bridges between one ruthe-
nium-bound methyl group and one of the wingtip allylic carbon atoms in the n°,n*CgHj; ligand. The other lithium atom is five-coordinate,

and forms contacts with the other two Ru—Me groups and with the other wingtip carbon atom of the allyl unit.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal alkyls play key roles in a variety of
industrially useful processes, most notably Ziegler—Natta
catalysis. The vast majority of the known transition metal
alkyls are either electrically neutral or positively charged;
negatively charged transition metal alkyls remain relatively
scarce. Some alkylmetalate complexes have unusual struc-
tures; for example, the d° complex [ZrMe,]*~ has a trigonal
prismatic structure [1].

For the element ruthenium, several anionic polyalkyl
complexes have been described. Alkylation of RuCls-
(THT);, THT = tetrahydrothiophene, with methyllithium
in the presence of N,N,N',N'-tetramethylethylenediamine
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(tmed) affords a salt of the trianionic permethyl complex
[RuMeg]’~, which adopts a regular octahedral geometry,
as expected for a low-spin d°> complex [2]. Treatment of
RuHCI(PPh3); with methyllithium in ether solvents yields
salts of the anions [RuHMes(PPh;),*~ and the cyclometal-
lated complex [RuMe;(C¢H4PPh,)(PPhs)?~ [3]. A family
of anionic ruthenium alkyls bearing nitrido ligands is also
known. Alkylation of [RuNCl4]” or [RuN(OSiMes)s]
has afforded the tetraalkylruthenates [RuNR,4]™ where R
is Me or CH,SiMes [4,5]. The mixed alkyl [RuN(CH,-
SiMe;),Me,]" has also been prepared. Treatment of these
tetraalkyls with HCI affords ruthenium chloro alkyls
[RuNR,Cly_,]", and the chloride ligands in these com-
plexes can be replaced with a variety of other functional
groups [5-10].

Several monoalkylruthenate species are also known.
Alkylation of RuHCI(PPh3); with ZnMe, or with MgMe,
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affords zinc and magnesium salts of the [RuHMe-
(C¢H4PPh,)(PPh3)3]” anion [3]. The reaction of CpRu-
Me(CO), with phenyllithium yields the anionic ruthenium
methyl complex [CpRuMe(CO)(COPh)]™ [11]. A ruthe-
nium octaethylporphyrin complex [Ru(OEP)(CH>CMes) P~
and a phthalocyanine complex [Ru(pc)(C=CCMe;)] have
also been described [12,13].

In the present paper, we describe the reactions of methyl-
lithium with [(n%n*nbd)RuCl,], and [(n%n*cod)RuCl,],,
where nbd = norbornadiene and cod = 1,5-cyclooctadiene.
Two new anionic ruthenium polymethyl compounds have
been prepared and characterized, one of which has been
studied crystallographically.

2. Results and discussion
2.1. Syntheses and spectroscopic characterization

The reaction of the norbornadiene complex [(n%n*nbd)
RuCl,], with 4 equiv. of methyllithium in the presence of
N,N,N',N'-tetramethylethylenediamine (tmed) yields an
orange waxy compound of stoichiometry [Li(tmed)l],-
[(n%n*nbd)RuMey], 1.

I/n [(1]2,112-nbd)RuC12]n + 4 MeLi + 2 tmed

—— [Li(tmed),[(n*n*-nbd)RuMes] + 2 LiCl
1

Compound 1 is air sensitive but thermally stable at room
temperature as a solid and in hydrocarbon and ether sol-
vents. The NMR data (see below) are consistent with a
pseudo-octahedral geometry about the ruthenium center,
with the four methyl groups arranged in a cis geometry.

L, L\i(tmed)
Me \

Li(tmed)

Most likely, each lithium cation is surrounded by a dis-
torted tetrahedral arrangement of two Ru—Me groups and
two nitrogens of a tmed ligand; this type of coordination
has been seen in several [Li(tmed) "] salts of other alkylmet-
allate anions [1,14].

In the '"H NMR spectrum of 1 in benzene at room
temperature, there are two Ru—Me environments (cis ver-
sus trans to the nbd ligand), which appear as equal-
intensity singlets at ¢ 0.86 and —1.20 (Fig. 1). The
bridgehead hydrogens of the nbd ligand appear at ¢
4.13, the methylene hydrogens appear at ¢ 1.62, and
the olefinic hydrogens are obscured by the tmed reso-
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Fig. 1. The '"H NMR spectrum of [Li(tmed)]z[(nz,nz-nbd)RuMe4], 1, in
C¢Dg at 25°C. Asterisks indicate peaks due traces of diethyl ether,
methane, and stopcock grease.

nance at 6 2.0. In the *C{'H} spectrum, the two Ru—
Me resonances at ¢ 3.7 and 0.4 have chemical shifts that
are typical for ruthenium-bound methyl groups [15]. The
peaks at 6 57.0, 51.0, and 45.9 are assigned to the meth-
ylene, bridgehead, and olefinic carbons of the nbd ligand,
respectively [16].

The numbers of "H and '*C NMR resonances seen for
the [(n? n?-nbd)RuMe,>"] anion are consistent with C,
symmetry for the anion. Fewer resonances than expected
are seen for the tmed ligands, however: rather than four
methyl and two methylene carbon signals, only one methyl
and one methylene peak are seen. This result suggests that
the tmed ligands are reversibly dissociating from the lith-
ium cations, or the Li(tmed) cations are dissociated from
the anion, rapidly on the NMR time scale at room
temperature.

The reaction of the 1,5-cyclooctadiene complex [(n,n>-
cod)RuCl,], with 4 equiv. of methyllithium in the presence
of tmed yields the yellow crystalline ruthenium(II) alkyl
[Li(tmed)b{(n*,n*-CsH;1)RuMes], 2.

1/n [(cod)RuCl,], + 4 LiMe + 2 tmed

—— [Li(tmed)]2[(n’ n*-CsH;1)RuMe;s] + CH, + 2 LiCl

2

The yield of product is greatest if 3.75 equiv. of methyllith-
ium per ruthenium are added at —72 °C and the reaction
solution is stirred for no longer than 45 min after the cold
bath is removed. Compound 2 is air and thermally sensi-
tive, but stable for long periods both in solution and the so-
lid state if kept under an inert atmosphere at temperatures
below —20 °C.

Detailed analysis of the "H and '*C NMR spectra show
that the CgH;, ligand has been deprotonated to form a
n®,n*-cyclooctadienyl ring (CgH;; ). Several other com-
plexes are known that possess such 1n,n*CgH;; ligands
[17-25]. The 'H NMR spectrum of 2 in toluene at
—50 °C (Fig. 2) shows the presence of three equal-intensity
Ru-Me resonances at 6 0.22, —0.45, and —1.29, and more
resonances in the § 1.5-4.0 region than would be expected
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Fig. 2. The 'H NMR spectrum of [Li(tmed)L[(n*,n*-CsH,;)RuMes], 2, in
C;Dg at —50 °C. Asterisks indicate peaks due to the solvent and traces of
diethyl ether and methane.

for an intact cyclooctadiene ring in a high-symmetry envi-
ronment. The *C{'H} NMR spectrum of 2 in toluene-ds
—50 °C also reveals that there are three Ru—Me environ-
ments, and that there are five CH and three CH, reso-
nances for the cod-derived ligand. The numbers and
types of resonances are consistent with deprotonation of
the cyclooctadiene ring to form a cyclooctadienyl ligand.
It is worth noting that the CgHy; ring cannot be rotating
rapidly with respect to the RuMe; fragment, since in the
limit of fast rotation only one Ru—Me environment should
be seen. Interestingly, two NMe, and two NCH, environ-
ments are present in the NMR spectra at —50 °C. As for
1, the tmed ligands must be engaged in a dynamic exchange
process; if 2 possessed in solution the same structure as
seen in the solid state (see below), then eight environments
should be seen for both the NMe, and NCH, groups.

2.2. Crystal structure

The molecular structure of the cyclooctadienyl complex
2 deduced from the NMR data has been confirmed by
X-ray diffraction. Crystallographic data are given in Table
1, and selected bond distances and angles are given in Table
2. Complex 2 crystallizes in the monoclinic space group
P2,/n with one molecule in the asymmetric unit (Fig. 3).
There are three Ru—Me groups, and the Ru-C distances
fall in the relatively narrow range from 2.160(4) to
2.194(3) A.

The presence of five short Ru—C distances to the eight
membered ring clearly shows that the cod group has been
deprotonated, affording an n°n*CgH,; ligand. For the
allylic portion of the CgH;; ligand, the Ru-C distances
are 2.109(3) for the central atom and 2.243(3) and
2.287(3) A for the wingtip carbons. For the olefinic portion
of the ring, the Ru—C distances of 2.233(3) and 2.243(4) A
lie between these extremes but closer to the values for the
wingtip carbons of the allyl group. The remaining non-
bonded Ru-C distances to the methylene carbon atoms
of the CgHy; ring are 2.87, 3.09, and 3.10 A.

One lithium atom in 2 is four-coordinate and bridges
between one ruthenium-bound methyl group and one of

Table 1
Crystal data and
CgHj1)RuMe;], 2

structure

refinement  for
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[Li(tmed)b(n*n’*

Empirical formula

Formula weight

T,K

N

Crystal system

Space group

a (A)

b (A)

¢ (/a\)

B )

V(A%

zZ

Pcalc (Mg/m%)

Absorption coefficient (mm ™)
F000)

Crystal size (mm)

0 Range for data collection (°)
Reflections collected
Absorption correction

Maximum and minimum transmission

Refinement method
Data/restraints/parameters
Goodness-of-fit on F>

Re, [I>2 a(D)]

R, 2, (all data)

Largest difference in peak and hole, e A3

C23H52Li2N4RU
499.64

193(2)

0.71073
monoclinic

P21/n

14.292(6)
12.196(5)
17.543(7)
113.824(6)
2797.3(19)

4

1.186

0.575

1072

0.44 x 0.32 x 0.26
2.10-25.38

26942

integration
0.8926 and 0.7661
full-matrix least squares on F°
5140/72/315

1.046

0.0380

0.0976

1.001, and —0.533

“Rr =2 || Fo | —
RWF2 = {EW[(F%

| Fe |l /Z [ Fo |,

Table 2

— F2)]/S[W(F2) ]},

Bond lengths (A) and angles (°) for [Li(tmed)}[(n*,n*CsH;;)RuMes], 2

Bond distances

Ru(1)-C(1) 2.248(3)
Ru(1)-C(2) 2.109(3)
Ru(1)-C(3) 2.287(3)
Ru(1)-C(5) 2.233(3)
Ru(1)-C(6) 2.243(4)
Ru(1)-C(9) 2.180(4)
Ru(1)-C(10) 2.160(4)
Ru(1)-C(11) 2.194(3)
C(1)-C(2) 1.424(5)
C(2)-C(3) 1.418(5)
C(3)-C(4) 1.620(7)
C(4)-C(5) 1.506(6)
C(5)-C(6) 1.339(6)
C(6)-C(7) 1.487(6)
Bond angles
C(9)-Ru(1)-C(10) 85.22(17)
C(9)-Ru(1)-C(11) 80.98(13)
C(10)-Ru(1)-C(11) 86.15(14)
C(1)-C(2)-C(3) 127.4(4)
C(2)-C(3)-C(4) 122.9(4)
3)-C(4)-C(5) 102.1(3)
C(4)-C(5)-C(6) 132.1(4)
C(5)-C(6)-C(7) 127.5(5)
C(6)-C(7)-C(8) 111.7(4)
C(7)-C(8)-C(1) 114.5(3)
Ru(1)-C(9)-Li(2) 72.41(16)
Ru(1)-C(10)-Li(2) 69.14(15)
Ru(1)-C(11)-Li(1) 72.23(17)
N(1)-Li(1)-N(2) 83.3(2)
N(1)-Li(1)-C(3) 101.7(2)

C(7)-C(8) 1.541(6)
C(8) c(1) 1.523(5)
i(1)-N(1) 2.254(6)
L1(1) N(2) 2.169(6)
i(1)-C(3) 2.496(6)
(1)-C(11) 2.272(6)
Ll(l) H(11A) 1.85(4)
(2)-N(3) 2.283(6)
i(2)-N@4) 2.233(6)
2)-C(1) 2.454(6)
L1(2) C9) 2.279(7)
Li(2)-C(10) 2.464(6)
Li(2)-H(9C) 1.95(4)
Li(2)-H(10C) 2.06(5)
N()-Li(1)-C(11)  117.5(3)
N(2)-Li(1)-C(3) 138.1(3)
NQ)-Li(1)-C(11)  114.8(3)
C(3)-Li(1)-C(11) 99.7(2)
N(3)-Li(2)-N(4) 81.4(2)
3)-Li(2)-C(1) 103.0(2)
N(3)-Li(2)-C(9) 162.3(3)
N(3)-Li(2)-C(10) 95.8(2)
N(4)-Li(2)-C(1) 116.1(2)
4)Li(2)-C(9) 99.6(2)
N(@)-Li(2)-C(10)  157.8(3)
C(1)-Li(2)-C(9) 92.5(2)
C(1)-Li(2)-C(10) 86.0(2)
C(9)-Li(2)-C(10) 76.4(2)
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Fig. 3. The molecular structure of [Li(tmed)L[(n*,n*-CsH,;)RuMe;], 2. The 30% ellipsoids are shown, except for hydrogen.

the wingtip allylic carbon atoms in the n°,n?-CgH,; ligand.
The other lithium atom is five-coordinate, and forms con-
tacts with the other two Ru—Me groups and with the other
wingtip carbon atom of the allyl unit. Thus, all three of the
three Ru—Me groups form close contacts to lithium atoms.

sLi(tmed)

The four-coordinate lithium center forms Li---C dis-
tances of 2.496(6) A to the allylic carbon of the ring, and
2.272(6) A to the Ru-Me group. The five-coordinate lith-
ium center forms Li---C distances of 2.454(6) A to the
other allylic carbon, and one contact to a Ru—-Me group
of 2.279(7) that is similar in length to that seen for the
Ru—Me contact involving the four-coordinate lithium cen-
ter. In contrast, the Li---C contact to the second Ru—-Me
group of 2.464(6) A is almost 0.2 A longer, which suggests
this contact corresponds to a relatively weak interaction.
This long contact involves the Ru—Me group that is nearest
the allylic portion of the CgHy; ring.

3. Experimental
3.1. Materials and methods

All operations were carried out under vacuum or under
argon. Diethyl ether was distilled under nitrogen from
sodium benzophenone. The compounds [(n°,n°-
cod)RuCl], [26] and [(n*n*nbd)RuCl,], [27] were pre-
pared by the literature methods; halide-free methyllithium
and N,N,N',N'-tetramethylethylenediamine were obtained

from Aldrich and used as received. IR spectra were
recorded on a Perkin—Elmer 599B infrared spectrometer
as Nujol mulls between KBr plates. The 'H and C
{'"H} NMR data for 1 and 2 were recorded on a General
Electric GN-300 spectrometer at 300 and 75.45 MHz,
respectively. Chemical shifts are reported in J units (posi-
tive shifts to high frequency) relative to TMS. Microanaly-
ses were performed by the University of Illinois
Microanalytical Laboratory.

3.2. Synthesis of bis[ (N,N,N',N'-tetramethylethylene-
diamine ) lithium] (q°,n°-bicyclo[2.2.1 Jhepta-2,5-diene)
tetramethylruthenate(I1), 1

To a suspension of [(n?n>nbd)RuCl], (0.25g,
0.95 mmol) in diethyl ether (25 mL) at —78 °C was added
methyllithium (2.7 mL of a 1.4 M solution in diethyl ether,
3.8 mmol). The cold bath was removed and the solution
was stirred at 25 °C for 1 h. The dark red solution was fil-
tered and N,N,N',N'-tetramethylethylenediamine (0.57 mL,
3.8 mmol) was added to the filtrate. The solution was con-
centrated to ca. SmL and cooled to —20 °C to afford an
orange waxy solid. Yield: 0.27 g (63%). Anal. Calc.: C,
55.3; H, 10.5; N, 11.2; Li, 2.78. Found: C, 55.3; H, 10.8;
N, 12.3; Li, 2.12%. '"H NMR (C¢Ds, 25°C): 6 —1.20 (s,
Ru-Me), 0.86 (s, Ru-Me), 1.62 (s, CH, of nbd), 1.95 (br
s, NCH,) 2.00 (br s, NMe,), 2.00 (s, olefinic CH), 4.13 (s,
bridgehead CH). *C{'H} NMR (C¢Ds, 25°C): 6 0.4 (s,
Ru-Me), 3.7 (s, Ru-Me), 45.9 (s, olefinic CH), 46.4 (s,
NMe,), 51.0 (s, bridgehead CH), 57.0 (s, CH, of nbd),
57.5 (s, NCH,).

3.3. Synthesis of bis[ (N,N,N', N'-tetramethylethylene-
diamine)lithium] (q°,n’-1,2,3:5,6-cyclooctadienyl)
trimethylruthenate(I1), 2

To a suspension of [(n%n*cod)RuCl], (0.25g,
0.89 mmol) in diethyl ether (25 mL) at —78 °C was added
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methyllithium (2.4 mL of a 1.4 M solution in diethyl ether,
3.3 mmol). The cold bath was removed and the solution
was stirred for exactly 45 min. The remaining steps are per-
formed as quickly as possible. The cherry red solution was
filtered and N,N,N',N'-tetramethylethylenediamine (0.57
mL, 3.8 mmol) was added to the filtrate. The solution
was concentrated to ca. 15mL and cooled to —20 °C to
afford yellow crystals. Yield: 0.22 g (49%). Anal. Calc.: C,
55.3; H, 10.5; N, 11.2; Li, 2.78. Found: C, 55.3; H, 10.7;
N, 11.2; Li, 2.61%. '"H NMR (C;Ds, 50 °C): 6 —1.29 (s,
Ru-Me), —0.45 (s, Ru—-Me), 0.22 (s, Ru-Me), 1.75 (t,
Jua = 7 Hz, CH; in ring), 1.33 (d, Jgu =7 Hz, CH, in
ring), 1.39 (d, Jyg = 12 Hz, CH; in ring), 1.95 (s, NMe,),
ca. 2.0 (NCH,), ca. 2.0 (NCH,), 2.05 (s, NMe,), 2.67 (m,
CH in ring), 2.74 (t, Jyg =7 Hz, CH in ring), 3.10 (m,
CH in ring), 3.10 (m, CH in ring), 3.75 (dd, Jyu =12,
6 Hz, CH in ring),. *C{'"H} NMR (C;Dg, 50 °C): § —1.5
(s, Ru—Me), —0.4 (s, Ru-Me), 2.7 (s, Ru-Me), 13.2 (s,
CH in ring), 27.0 (s, CH; in ring), 29.9 (s, CH; in ring),
374 (s, CH, in ring), 37.7 (s, CH in ring), 44.9 (s,
NMe,), 459 (s, NMe,), 47.5 (s, CH in ring), 56.4 (s,
NCH,), 56.6 (s, NCH,), 78.6 (s, CH in ring), 92.4 (s, CH
in ring). IR (cm™'): 1506 m, 1408 m, 1358 s, 1338 m,
1326 m, 1301 m, 1291 s, 1269 m, 1249 s, 1206 w, 1178 m,
1154 s, 1130 s, 1095 m, 1073 s, 1048 m, 1034 s, 1020 s,
984 w, 971 w.

3.4. Crystallographic study [28]

Single crystals of [Li(tmed)}L[(n®n?-CsH;;)RuMes],
crystallized from diethyl ether, were mounted on glass fibers
with Paratone-N oil (Exxon) and immediately cooled to
—80 °C in a cold nitrogen gas stream on the diffractometer.
Standard peak search and indexing procedures gave rough
cell dimensions, and least squares refinement using 1012
reflections yielded the cell dimensions given in Table 1.

Data were collected with an area detector by using the
measurement parameters listed in Table 1. The systematic
absences for 70/ (h+ [ +# 2n) and 0k0 (k # 2n) were only
consistent with space group P2,/n. The measured intensi-
ties were reduced to structure factor amplitudes and their
esd’s by correction for background, scan speed, and Lor-
entz and polarization effects. No corrections for crystal
decay were necessary, but a face-indexed absorption cor-
rection was applied, the minimum and maximum transmis-
sion factors being 0.7661 and 0.8926. Systematically absent
reflections were deleted and symmetry equivalent reflec-
tions were averaged to yield the set of unique data. All
5140 unique data were used in the least squares refinement.

The structure was solved using direct methods (SHEL-
XTL). The correct positions for the ruthenium and tmed
atoms were deduced from an E-map. Subsequent least
squares refinement and difference Fourier calculations
revealed the positions of the remaining non-hydrogen
atoms. The quantity minimized by the least squares pro-
gram was Zw(F2 — F2)*, where w = {[¢(F2)]" + (0.044P)’
+3.39P} " and P = (F2 + 2F?)/3. The analytical approxi-

mations to the scattering factors were used, and all struc-
ture factors were corrected for both real and imaginary
components of anomalous dispersion. In the final cycle of
least squares, independent anisotropic displacement factors
were refined for the non-hydrogen atoms. The ruthenium-
bound hydrogen atoms were located in the difference maps,
and their positions were refined with independent isotropic
displacement parameters. The chemically equivalent C-H
and H---H distances within the Ru-CHj; units were con-
strained to be equal within an esd of 0.02 A. The remaining
hydrogen atoms were placed in idealized positions; the
methyl groups were allowed to rotate about the N-C axis
to find the best least squares positions. Independent isotro-
pic displacement parameters were refined for the Ru—Me
hydrogens; those for other methyl and methylene hydro-
gens were set to 1.5 and 1.2 times Ueq for the attached car-
bon, respectively. Successful convergence was indicated by
the maximum shift/error of 0.000 for the last cycle. Final
refinement parameters are given in Table 1. The largest
peak in the final Fourier difference map (1.00 e A*3) was
located 1.16 A from both C3 and C4. A final analysis of
variance between observed and calculated structure factors
showed no apparent errors.
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Appendix A. Supplementary material

CCDC 669655 contains the supplementary crystallo-
graphic data for 2. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif. Supplementary
data ("*C NMR DEPT spectra of 1 and 2) associated with
this article can be found, in the online version, at
doi:10.1016/j.ica.2007.12.002.
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