FULL PAPER

Rhodium and Iridium fB-Diiminate Complexes — Olefin Hydrogenation Step by
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The bulky B-diiminate ligands [(2,6-C¢H3X,)NC(Me)CHC(-
Me)N(2,6-CeH3zX,)]” (X = Me, Lye; X = Cl, L¢y) have been
found to be effective in stabilizing low coordination numbers
(CN) in Rh and Ir complexes. The 14-e complex LycRh(COE)
(COE = cyclooctene) has a three-coordinate T-shaped Rh en-
vironment and is nonagostic. Coordinative unsaturation is
avoided by incorporation of a small ligand (e.g. N,, MeCN,
olefins), by the intramolecular coordination of a chlorine
atom in LoRh(COE), or by an agostic interaction in
LymeRh(norbornene). In  solution at room temperature,
LyeRh(COE) undergoes rapid isomerization according to the
allyl hydride mechanism; the corresponding 2,3-dimethylbu-
tene complex actually prefers the allyl hydride structure.

Rhodium(I) complexes of Ly and L catalyze olefin hydro-
genation; hydrogenation of 2,3-dimethylbutene has been
shown to be preceded by isomerization. The shielding prop-
erties of the bulky B-diiminate ligands allow direct observa-
tion of a number of reactive intermediates or their iridium
analogues, including an olefin—dihydrogen complex (with
Rh) and an olefin dihydride (with Ir). These observations, to-
gether with calculations on simple model systems, provide us
with snapshots of a plausible hydrogenation cycle. Remark-
ably, hydrogenation according to this cycle appears to follow
a 14-e/16-e path, in contrast to the more usual 16-e/18-e
paths.

Introduction

Coordinatively unsaturated species are key intermediates
in most catalytic cycles. Because of their high reactivity,
they can rarely be isolated or even observed directly. There-
fore, it is necessary to rely on indirect information (e.g. from
trapping experiments or kinetics) to deduce the character-
istic properties of such species. Obviously, isolable unsatur-
ated species are of interest because they present an oppor-
tunity to study the reactivity of key intermediates directly.

We recently found that B-diiminate ligands can be effect-
ive in stabilizing low coordination numbers. With early
transition metals, this has led to the isolation of stable four-
coordinate Ti'™ and V! dialkyls.['l In our recent work on
late transition metals, we isolated a stable (but still highly
reactive) 14-e rhodium(I) olefin complex.’! We now de-
scribe the synthesis, characterization, and reactivity of Rh
and Ir complexes of two bulky B-diiminate ligands, Ly, and
Lci. The Rh complexes have proved to be active in olefin
isomerization and hydrogenation. More importantly, we
have found that the shielding properties of these ligands
allow the direct observation of a number of species that can
be envisaged as intermediates in isomerization and hydro-
genation cycles, including a rhodium olefin—dihydrogen
complex and an iridium olefin—dihydride complex. As an
aid to interpretation of the results, B3LYP calculations have
been performed on complexes of the model ligand L.
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Other examples of coordinatively unsaturated species sta-
bilized by bulky ligands have been reported. Some relevant
examples are three-coordinate 14-¢ rhodium(I) complexes
L,RhX (L = bulky phosphane) and the remarkable 14-¢
iridium dihydride complex [P(1Bu),Ph],IrH; described by
Caulton.*! However, we are not aware of any example of a
14-e Rh or Ir complex bearing a labile and easily dis-
placeable olefin ligand.

Results and Discussion

Ethene and Cyclooctadiene Complexes

The B-diimine ligand Ly H may easily be prepared by
condensation of 2,4-pentanedione and 2,6-dimethylaniline.
Reaction with LiN(iPr), in THF produces the lithium salt
LmeLi(THF), which is obtained from hexane in the form of
off-white crystals. The ligand LoH and its lithium salt may
be prepared similarly; Lo Li(THF) forms large yellow crys-
tals from toluene/hexane, which slowly turn reddish on
exposure to light.

Reaction of LxrLi(THF) (Lrp = Lye or L¢p) with
[Rh(COD)CI], (COD = 1,5-cyclooctadiene) produces the
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Figure 1. X-ray structure (30% ellipsoids) of Ly;.Rh(COD); atoms labelled « are related to original atoms by a twofold axis through Rh1
and CS5; selected bond lengths (A): Rh1-C11 2.138(2), Rh1-C12 2.169(2), Rh1-N1 2.0953(15)

very stable 16-¢ complexes LxRh(COD); ethene complexes
LrRh(C,Hy), can be obtained in a similar manner from
[Rh(C,Hy)-Cl],. The X-ray structures of Ly .Rh(COD)
(Figure 1) and LyRh(C>Hy), (Figure 2, A) show the ex-
pected square-planar coordination geometries. The bis-
(ethene) complex has perpendicular ethene ligands, which are
tilted slightly out of the coordination plane in opposite dir-
ections. Distortions of this kind have been observed for cis-
bis(ethene) complexes containing a chiral ligand; theoretical
studies indicate that such structures are relatively easily de-
formed.r

The optimized structure of model complex LRh(C,H,),
shows a regular four-coordinate Rh atom. The calculated
Rh-N distance (2.03 A) is shorter than those observed for
LyeRh(C,H,), (av. 2.09 A) and Ly .Rh(COD) (av. 2.10 A),
while the Rh—C distances are longer (av. 2.28 Avs. 2.15 A).
It is possible that the main cause of these discrepancies lies
in the choice of model system: the aryl substituents on the
Lume ligand will weaken the N—Rh coordination and hence
strengthen the Rh-olefin bond relative to the situation in
the unsubstituted model ligand L. This means that we can
also expect an underestimation of the calculated interaction
strength of the LRh fragment with other added ligands.

In the calculated structure of LRh(C,Hy),, the centers of
the olefin ligands lie exactly in the coordination plane. If,
however, the N-Rh-olefin angles are constrained to the
value of 94° observed in the X-ray structure of
LmeRh(C,Hy),, a nonplanar structure is obtained. This
suggests that the nonplanarity in the Ly, complex is caused
by repulsion between the ethene hydrogens, as a result of
the steric demand of the ligand aryl groups. A space-filling
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model of Ly;.Rh(C,Hy), indeed shows interlocking of the
ethene hydrogens and close contacts between the olefins
and the aryl groups (Figure 2, B). Accordingly, the NMR
spectra show that ethene rotation is blocked at room tem-
perature. Crowded [bis(oxazolinyl)methanate]Rh(ethene),
complexes also show hindered rotation,[! but in relatively
open bis(ethene) complexes of B-diketonates and -ketoimi-
nates ethene rotation is usually fast at room temperature.°

Cyclooctene Complexes

The above results suggested that two molecules of a bulk-
ier olefin, e.g. a cis-disubstituted olefin, would not fit into
the cleft between the aryl groups: the substituents at the
double bond of one olefin would interfere either with the
arene ring or with the other olefin ligand. Indeed, reaction
of Ly Li(THF) with [Rh(COE),ClI], (COE = cyclooctene)
was found to produce the deep-purple mono-olefin complex
LveRh(COE) in moderate yield (70%). This complex
proved to be extremely air-sensitive, but otherwise stable at
room temperature. The X-ray structuret showed the molec-
ule to be disordered over a twofold symmetry axis; this dis-
order could be refined satisfactorily (Figure 3). The coor-
dination geometry about Rh is roughly T-shaped, but the
olefin is shifted somewhat towards the center of the open
cleft (N-Rh-olefin = 112°). Remarkably, there are no short
agostic interactions.

Unfortunately, the disorder prevents us from obtaining
individual distances for the two types of Rh—-N bond. In
the model compound LRh(C,H,), we see a shortening of
the Rh—C and Rh-N distances (by 0.07 and 0.04 A, respect-
ively) relative to those in the bis(ethene) complex. Accord-
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Figure 2. A: X-ray structure (30% ellipsoids) of Ly;.Rh(C,;Hy),; B: space-filling model, outline of the ethene ligands emphasized; selected
bond lengths (A) and angles (°): Rh1-C6 2.131(4), Rh1-C7 2.155(4), Rh1-C8 2.133(4), Rh1-C9 2.160(4), Rh1-N1 2.093(3), Rh1-N2

2.086(3), C6-C7 1.390(7), C8-C9 1.367(7); N1-Rh1-N2 89.11(12)

ing to the X-ray data, the Rh—C bonds in Ly;;Rh(COE)
are about 0.08 A shorter than those in LmeRh(C,Hy), and
LyoRh(COD), while the Rh-N bonds are about 0.13 A
shorter. However, the X-ray bond lengths obtained for the
COE complex must be treated with caution since the two
alternative Rh positions, which differ by as much as 0.1 A,
could not be resolved in the structure determination. The
N-Rh-olefin angle of 94° calculated for LRh(C,H,) is
larger than the 88° calculated for LRh(C,H,),, but much
smaller than the value of 112° observed in Ly .Rh(COE).
The calculated barrier associated with ethene transfer be-
tween the two vacant sites of LRh(C,Hy) is only 11 kcal/
mol. Thus, we attribute the distortion of Ly Rh(COE) to-
wards a trigonal geometry to the steric demand of the aryl
groups, coupled with a low barrier for movement of the ol-
efin.l"]

Eur. J. Inorg. Chem. 2000, 753—769

Solution NMR data at —60 °CI®l are consistent with the
solid-state structure, showing discrete resonances for the di-
iminate halves cis and trans to the olefin. At room temper-
ature, however, the Ly ligand has effective C,, symmetry,
and only two broadened resonances are observed for the
cyclooctene ligand in the 'H spectrum, corresponding to 6
and 8 protons, respectively. We attribute this dynamic be-
havior to rapid equilibration between olefin and allyl hy-
dride isomers.[! This scrambles the COE hydrogens in two
groups: (i) all endo hydrogens (6 H) and (ii) all exo hydro-
gens together with the vinylic hydrogens (8 H). Any inter-
molecular process would result in complete scrambling of
all 14 COE hydrogens.

Owing to the complicated nature of the spectrum, we
could not extract the activation energy, but the temperature
region in which coalescence is observed (—50 to —20 °C) in-
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Figure 3. X-ray structure (30% ellipsoids) of Ly.Rh(COE) (see ref.[?)); only one of the two cyglooctene images is shown; atoms labelled
a are related to original atoms by a twofold axis through Rh1 and C3; selected bond lengths (A) and angles (°): Rh1-N1 1.955(2), Rh1-
C21 2.072(5), Rh1-C22 2.066(6), C21-C22 1.398(7); N1-Rh1-N1la 91.3(1)

Rh: ©) +24.0 +15.0
Ir: +6.3 +11.2 (0)

Figure 4. Calculated structures and energies (kcal/mol) for olefin—allyl hydride isomerization of LRh(propene); energies and parameters
for the Ir analogs given in italics
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Figure 5. A: X-ray structure (30% ellipsoids) of Lo Rh(COE); only one of the two independent molecules is shown; B: projection along
NI1-N2, illustrating the displacement of Rh out of the diiminate plane; selected bond lengths (A) and angles (°): Rh1-C21 2.088(16),
Rh1-C22 2.128(16), Rh1-N1 2.040(12), Rh1-N2 1.996(13), Rh1-CI1 2.376(5), C21-C22 1.37(2), Rh2-C51 2.155(16), Rh2-C52 2.106(16),
Rh2-N31 2.062(14), Rh2-N32 2.048(15), Rh2-CI31 2.365(5), C51-C52 1.39(2); N1-Rh1-N2 89.2(5), N1-Rh1-CI1 80.0(4), N31-Rh2—

N3 291.2(6), N31-Rh2-CI31 80.3(4)

dicates a barrier of ca. 12 kcal/mol. B3LYP calculations
confirm that the olefin complex LRh(propene) is more
stable than the isomeric LRh(allyl)(H),['” but the calculated
energy difference is rather large (15 kcal/mol), and the cal-
culated barrier of 24 kcal/mol is much larger than the ex-

Eur. J. Inorg. Chem. 2000, 753—769

perimental value for Ly Rh(COE). The difference of 12
kcal/mol between calculated and observed barriers might
be attributable to deficiencies in the theoretical methods
used!') and/or to an absence of steric effects in the model
system.['?] Figure 4 shows the calculated structures for the
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two isomers and the transition state. The allyl hydride com-
plex has a square-pyramidal structure, with the hydride oc-
cupying the apical position and the two outer allyl carbons
in equatorial positions.

Reaction of Ly Li(THF) with [Ir(COE),Cl], pro-
ceeded more slowly than in the Rh case, and the product
was found to be unstable at room temperature (vide
infra). Therefore, only a low yield (ca. 10%) of orange
“LymeIr(COE)” could be obtained from this reaction. The
'"H- and '*C-NMR spectra of this complex unambigu-
ously establish a static allyl hydride structure
Lyelr(H)(cyclooctenyl) (8y = —46.2).1131 Repeated at-
tempts to crystallize the product resulted only in poor
crystals, which nevertheless allowed the connectivity to
be established; this connectivity was consistent with the
calculated structure shown in Figure 4. B3LYP calcula-
tions indicate that on going from Rh to Ir the relative
stabilities of the olefin and allyl hydride isomers are in-
deed inverted (Figure 4).[14]

In the hope of obtaining a 14-e complex with a dis-
order-free structure, we also prepared red Lo Rh(COE).
The X-ray structure shows coordination of one of the
chlorine atoms of the diiminate ligand to the metal (Fig-
ure 5). The rhodium atom is displaced out of the diimin-
ate plane to allow close approach to the chlorine. In solu-
tion, this complex shows the same allyl hydride dynamic
behavior as LyRh(COE), although the coalescence tem-
perature is slightly higher. At —60 °C, the allyl hydride
exchange is completely frozen out, but exchange of the
two chlorine atoms of the chelating dichlorophenyl group
remains rapid. The facile dissociation of the Rh—Cl bond
in solution, as observed by NMR, does not imply that
this is an intrinsically weak interaction. It merely shows
that the diiminate ligand deformation needed to achieve
Rh-Cl coordination requires nearly as much energy as is
gained through formation of the coordination bond.

2,3-Dimethyl-2-butene Complex

When a solution of Ly;.Rh(COE) in 2,3-dimethyl-2-but-
ene is stirred under hydrogen for a few minutes, all cyclooc-
tene is lost as cyclooctane. After removal of the volatiles,
the '"H-NMR spectrum of the residue in [Dg]THF or C¢D;,
shows strongly broadened signals attributable to a 2,3-di-
methylbutene complex.!'3 Apparently, all olefinic hydro-
gens in this complex are exchanging on the NMR timescale.
Cooling of a [Dg]THF solution to —30 °C results in deco-
alescence of the diiminate 3-H signal into two signals of
relative intensity 4:1 and considerable sharpening of the rest
of the spectrum. At this temperature, the major component
of the mixture (corresponding to the largest 3-H signal)
gives rise to fairly sharp isopropyl group resonances (6 =
1.85 and 1.24) and a broad resonance at & = -2.45, which
integrates for approximately 5 protons. Further cooling re-
sults in broadening of the resonance at & = —2.45, but at
—60 °C (just above the melting point of THF) the static
limit still has not been reached. Because of the multitude
of peaks due to the major component and the oxidation
product,['>] we cannot assign any peaks due to the minor
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component in the region 6 = 0-2.5. However, below
—40 °C, a clear hydride signal is seen at 6 = —12 with the
appropriate intensity for 1 H of the minor component. In
the 13C spectrum, all peaks due to the major component
and some peaks due to the minor component can be as-
signed.

Scheme 1 illustrates the interconversion of the isomers
that can be formed from Ly, Rh(2,3-dimethyl-2-butene).
The major component in the low-temperature spectrum
must correspond to allyl hydride isomer E in equilibrium
with olefin complex D. The observed average shift of 6 =
-2.45 for the five protons not belonging to the isopropyl
group is compatible with structure E but not with D. Thus,
in contrast to cyclooctene, the equilibrium for this olefin
lies on the side of the allyl hydride isomer. The minor com-
ponent, which gives rise to a hydride resonance below —40
°C, must therefore be allyl hydride isomer B. In the olefin
complexes A, C, and D, at least one of the substituents at
the double bond points towards the diiminate aryl groups.
It seems likely that steric repulsion makes the olefin com-
plexes less stable than the allyl hydride isomers B and E.

,,,,,,,,,,,

Scheme 1. Proposed mechanism for the dynamic behavior of
“LmeRh(2,3-dimethyl-2-butene)”

Norbornene Complex

The facile allyl hydride isomerization of cyclooctene and
2,3-dimethylbutene complexes made us wonder whether ol-
efin complexes not containing any available allylic hydro-
gens would be prone to a similar C-H activation of more
remote C-H bonds. Therefore, we tried to prepare a nor-
bornene (NBE) analog of Ly .Rh(COE) starting from
[Rh(NBE),Cl],. This reaction invariably produced a very
dark-colored mixture of complexes. 'H-NMR showed the
presence of a small amount (ca. 10%) of a compound giving
signals at 6 = —10.2 (dd) and 6 = —1.2 (d), but we were not
successful in isolating it from the mixture. However, treat-
ment of LyRh(COE) with a threefold excess of NBE in
hexane resulted in clean formation of the same compound
in the form of red-brown crystals. The X-ray structure (Fig-
ure 6) shows that it is indeed a close analog of
LyeRh(COE), with a similarly distorted T-shaped coor-
dination geometry. In this case, however, there is a clear
agostic interaction with an Rh-H distance of less than 2
AU [RhC = 2.531(4) A]. This pronounced agostic interac-

Eur. J. Inorg. Chem. 2000, 753—769
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Figure 6. X-ray structure (30% ellipsoids) of Ly .Rh(NBE); selected bond lengths (A) and angles (°): Rh1-C31 2.115(4), Rh1-C32
2.095(4), Rh1-C37 2.531(4), Rh1-N1 2.021(3), Rh1-N2 1.985(3), C31-C32 1.395(6); NI-Rh1-N2 91.12(13)

tion accounts for the unusual high-field shift (6 = —10.2) of
the bridge proton, which would more typically be associ-
ated with metal-bound hydrides. The alternative formula-
tion as a cyclometallated olefin complex can be ruled out
as the RhC distance is much too great for a single bond.
Moreover, the methylene carbon is seen to be coupled to
both hydrogens (J = 108 and 141 Hz), but shows no meas-
urable coupling to Rh. Close approach of an NBE methyl-
ene hydrogen to a metal has also been observed in
(dien)Cu(NBE)" [CuC = 2.78(1) A, CuH = 2.01(15) A],l}™
but in the three other NBE complexes for which X-ray
structures have been reported the distances between the
metal and the methylene bridges are much larger:
[(/Bu),P(CH,),P(1Bu),]Pt(NBE) (PtC = 3.18 A, PtH =
2.75 A),'8| PNBE); (PtC = 3.20/3.13/3.16 A, PtH = 2.65/
2.80/3.01 A),I"1 and a dicopper complex (CuC = 2.96/2.97
A, CuH = 2.50/2.51 A).[20]

The observation of a pronounced agostic interaction in
LumcRh(NBE) provides little information concerning the
strength of this interaction. In fact, the NBE ligand appears
to be predisposed towards such an agostic interaction; in
the absence of any (repulsive or attractive) Rh—H forces,
one would expect a structure very similar to the one ob-
served. One observation that disfavours a strong agostic
bond is the fact that such a bond is not observed at all in
LymeRh(COE), despite the fact that only a modest deforma-
tion of either the COE or the diiminate ligand would be
required to obtain a short Rh—H contact.

Eur. J. Inorg. Chem. 2000, 753—769

In order to clarify this point, we carried out calculations
on LRh(NBE). These reproduced most of the features of
the X-ray structure of Ly Rh(NBE), although the
shortening of Rh-C distances relative to those in the corres-
ponding bis(ethene) complex was overestimated (calcd. 0.09
A, obsd. 0.04 A), while thzelt of the Rh-N distances was un-
derestimated (calcd. 0.02 A, obsd. 0.09 A). The agostic in-
teraction is somewhat weaker in the calculated structure
[RhH = 2.20 A, RhC = 2.77 A vs. 2.531(4) A]; the agostic
C-H bond is only slightly elongated (1.108 A vs. 1.094 A
for the nonagostic bond). The angles about the methylene
carbon are normal and there is no significant tilting of the
NBE ligand towards the Rh atom. The calculated structure
of LRh(NBE) is closer to T-shaped (N—Rh—olefin = 96°)
than that observed for Ly .Rh(NBE) (N—Rh—olefin = 102°);
again, this may probably be attributed to the absence of
steric constraints (vide supra) in the model. Fixing the
N—Rh—olefin angle at 102° in the calculations costs only
0.7 kcal/mol and results in a slightly longer Rh—olefin bond
(2.100 vs. 2.075 A) and a more pronounced agostic interac-
tion (RhC = 2.72 A, RhH = 2.13 A, C—H = 1.110 and
1.095 A). Nevertheless, there are still no indications that the
agostic interaction corresponds to a strong bond.[?!]

LycRh(NBE) was found to be much less sensitive to air
than Ly .Rh(COE): a solution in THF had to be shaken in
air for several minutes to effect complete oxidation, which
was accompanied by liberation of NBE and formation of
uncharacterizable rhodium complexes. We assume that the
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relative inertness of the NBE complex reflects the inability
(for steric reasons) of the NBE ligand to allow access to the
fourth coordination site through rotation, and is not related
to a large direct agostic bonding energy.

Complexes with Added Ligands

Because of its vacant coordination site, Ly;.Rh(COE) can
be expected to be reactive towards added donor ligands.
Indeed, reaction with excess acetonitrile gives yellow
LmeRh(COE)(MeCN), which has the expected square-
planar structure (Figure 7). In THF or cyclohexane solu-
tion, Ly.Rh(COE) reacts with dinitrogen to form brown
LyeRh(COE)(N,) (W = 2172 ecm ™), from which the N,
is lost in vacuo. NMR data indicate that the dinitrogen
complex also has the expected static square-planar struc-
ture. In view of the weakness of the N, complexation in
LmeRh(COE)(N,), it is hardly surprising that agostic
Lumc.Rh(NBE) and 4-coordinate Lo Rh(COE) do not react
with N,. Reaction of Ly Rh(COE) with excess 1-hexene
results in a brown solution, presumably containing
LmcRh(COE)(hexene). On evacuation, this complex loses
olefin to give a mixture of Ly Rh(COE) and Ly;.Rh(hex-
ene) (ca. 4:1 by NMR).

No reaction was observed with TMEDA. NMR spectra
of Ly cRh(COE) in cyclohexane, benzene, toluene, and THF
are virtually identical, showing the same olefin—allyl hydride
dynamic behaviour. Thus, it is evident that THF does not
coordinate either.®] Steric factors may be involved, or it may
be that interaction with pure c-donors such as ethers and
amines is weak. Table 1 lists the calculated binding energies
for various simple donor molecules at the LRh(C,H,) and
LIr(C,H,) fragments. Bonds to Ir are consistently stronger
than those to Rh; for both metals, the order is H, < C,H, =
MeCN = Me,O = N, < CO. Ligands allowing strong back-
donation, such as H, and CO, show the largest differences

Table 1. Calculated ligand binding energies of LRh(C,H4) and
LIr(C,H,) fragments [kcal/mol]

Ligand LRh(C,H,) LIr(C,Hy)
Cco 40.6 71.2
N, 30.5 482
Me,O 29.9 353
MeCN 28.4 44.7
C,H, 24.4 46.3
H, 11.1 332

Figure 7. X-ray structure (30% ellipsoids) of Ly Rh(COE)(MeCN); selected bond lengths (A) and angles (°): Rh1-C31 2.175(2), Rh1-
C38 2.115(2), Rh1-N1 2.0598(16), Rh1-N2 2.0821(18), Rh1-N40 1.9899(19), C31-C38 1.399(3), N40-C40 1.136(3); N1-Rh1-N2

89.93(7), N2-Rh1-N40 88.72(7)
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between Rh and Ir. The calculated coordination strengths of
o-donors (Me,O, MeCN) are not much smaller than those
of m-acceptors, which suggests that the lack of strong THF
coordination is mainly due to steric factors.

Hydrogen Complexes

Reaction of Ly Rh(COE) with hydrogen at 40 °C in
[Ds]THF produces Ly.Rh(COE)(H,) (characterized by 'H-
and 3C-NMR), the large linewidth of the hydride signal of
which is suggestive of a dihydrogen complex (7} = 10 ms
at =30 °C).2? If the solution is allowed to warm from —40
°C to 0 °C under a hydrogen atmosphere, kept at 0 °C for
a few seconds, and then cooled to —40 °C once more, the
dihydrogen complex is no longer present and the dominant
species (ca. 50% of the total) is a dinuclear hydride (8 =
—24.4, Jrpg = 25.3 Hz), to which we tentatively assign the
composition (Ly.Rh),Hy. This compound decomposes on
attempted removal of the solvent at low temperature, and
on standing in solution at room temperature, hence it could
not be isolated. Deactivation of low-coordinate cationic Ir
hydrogenation catalysts has also been shown to involve the
formation of hydride cluster complexes.[*]

The iridium complex Ly Ir(H)(cyclooctenyl) reacts in-
stantaneously with hydrogen at room temperature to form
the stable complex Ly Ir(COE)H, (6 = -22.7), which
does not react further with olefins and/or H,. The X-ray
structure of this complex shows a regular T-shaped coor-
dination geometry about Ir (Figure 8). The hydrogens
bound to Ir could not be located, but the narrow hydride
resonance suggests that in this case we are dealing with a
classical dihydride. Surprisingly, Ly Ir(COE)H, is also one
of the decomposition products of Ly Ir(H)(cyclooctenyl) in
solution at room temperature in the absence of H,. If this
decomposition is carried out in a deuterated solvent
([Dg]THF, C¢Dg), a moderate amount of the mono-deuter-
ated complex Ly JIr(COE)HD is formed.**! The H-D
coupling constant of 5.6 Hz is too small for a hydrogen
complex, but rather large for a dihydride.*) The NMR
spectra show effective C,, symmetry at room temperature,
hence the molecule must be fluxional.

The surprisingly different behaviour of the Rh and Ir
complexes towards H, is corroborated by the calculated
structures of LRh(C,H,)(H,) and LIr(C,H4)H,. In both
cases, only a single minimum could be located. The Rh

Figure 8. X-ray structure (30% ellipsoids) of Ly Ir(COE)(H,); only one of the two independent molecules is shown; the hydrides were
not located; selected bond lengths (A) and angles (°): IrlA-C31A 2.147(4), Ir1A-C32A 2.158(5), Ir1A-N1A 2.036(4), [r1A-N2A 2.113(4),
C31A-C32A 1.411(6), Ir1B-C31B 2.154(6), Ir1B-C32B 2.158(6), Ir1B-N1B 2.036(4), Ir1B-N2B 2.102(4), C31B-C32B 1.421(7); N1A—

Ir1A-N2A 89.79(17), N1B-Ir1B-N2B 89.95(17)

Eur. J. Inorg. Chem. 2000, 753—769
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Figure 9. Calculated structures of (A) LRh(C,Hy)(H,), (B)
LIr(C,H4)H,, and (C) the transition state for its left-right isomeriz-
ation

complex (Figure 9, A) is a loosely bound (11 kcal/mol)
square-planar Rh! dihydrogen complex, in which the H-H
bond is only slightly elongated (0.80 Avs. 075 A in H,).
In contrast, the Ir complex (Figure 9, B) is a strongly bound
(33 kcal/mol) trigonal-bipyramidal Ir™™ dihydride with a
nonbonding (but nevertheless rather short) H-H distance of
1.65 A. The observed fluxionality of Ly Ir(COE)H, must
involve a left-right shift of the olefin. The corresponding
calculated transition state for LIr(C,H4)H, (Figure 9, C)
has a square-pyramidal structure with an apical olefin li-

Table 2. Olefin hydrogenation by B-diiminate Rh complexes

gand and an increased H-H distance of 2.09 A. The calcu-
lated activation energy of 14 kcal/mol is compatible with
this rearrangement being fast at room temperature.

Olefin Hydrogenation

LyveRh(COE) is active as a catalyst in olefin hydrogena-
tion; activity data for a few representative olefins are given
in Table 2. Surprisingly, turnovers are comparable for both
simple (1-hexene, cyclooctene) and highly substituted (1-
methylcyclohexene, 2,3-dimethyl-2-butene) olefins. Bis(cy-
clohexylidene) is also hydrogenated, albeit with low turn-
over, but 1-fert-butylcyclohexene is not. The catalyst is very
sensitive to impurities in the olefin or hydrogen; the turn-
over numbers in the table are limited by catalyst deactiva-
tion. For this reason, we have not tried to obtain kinetic
data. The turnovers are not very sensitive to catalyst or ol-
efin concentration, but do show a significant dependence
on temperature (COE at 0 °C: 38 turnovers after 2 h, 49
after 4 h) and hydrogen pressure (COE at 20 bar H,: 170
turnovers after 2 h).

In the case of cyclooctene hydrogenation, the main deac-
tivation product was identified by NMR as Ly .Rh(1,4-
COD), presumably formed from traces of 1,4-COD in the
COE substrate.?°]

With 2,3-dimethyl-2-butene, the main catalyst deactiva-
tion product (ca. 90%) was a deep-green compound, which
was identified as Ly.Rh(OH)[n3-CH,C(Me)CMe,] by
NMR. Its formation can probably be attributed to trapping
of an allyl hydride intermediate by traces of oxygen in the
hydrogen used. Reduction of 2,3-dimethyl-2-butene with D,
led to exclusive 1,2-deuteration; no higher deuterated spe-
cies were detected. This demonstrates that olefin isomeriz-
ation precedes hydrogenation. Since both cyclooctene and
dimethylbutene undergo rapid isomerization according to
the olefin—allyl hydride mechanism, it is reasonable to as-
sume that this mechanism is also responsible for the iso-
merization during catalytic hydrogenation (Scheme 2). Hy-
drogenation of the trisubstituted olefin 1-methylcyclohex-
ene might also involve an initial isomerization step.

Use of Ly.Rh(COE) in hydrogenation is awkward be-
cause of its extreme sensitivity. However, less sensitive pre-
cursors such as LyRh(C>Hy), and Ly Rh(COE)(MeCN)
were found to give similar turnovers (see Table 2). Presum-
ably, the active species is the same in all cases.
LyveRh(COD) could not be used as a precursor as it is too
stable and does not react with hydrogen even at 100 °C.
Catalysts derived from the L ligand give comparable turn-

Total turnoverl®

Catalyst cyclooctene
LyeRh(CoHy),

Ly.Rh(COE) 89
Lym.Rh(COE)(MeCN) 89

1-methyl-cyclohexene 2,3-dimethyl-2-butenel®!
43

44 42
n.d. 42
42 11

[al  Neat olefin, olefin/catalyst = 125:1, 1 bar H», 2 h, room temperature; the catalyst was deactivated at the end of the experiment. —
1 After workup, a small amount of 2,3-epoxy-2,3-dimethylbutane was detected by GC/MS.
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Scheme 2. Hydrogenation of 2,3-dimethyl-2-butene

overs with cyclooctene, but with the more hindered sub-
strates the turnovers are significantly lower. We attribute
this to catalyst decomposition through C-Cl oxidative addi-
tion,?”) which is able to compete with the coordination of
an incoming olefin in the course of hydrogenation.

Luelr(H)(cyclooctenyl) does not catalyze olefin hydro-
genation, but merely reacts with hydrogen to form the stable
dihydride Ly Ir(COE)H,, as mentioned earlier.

It is tempting to put together a catalytic cycle based on
the Rh species (and their Ir analogues) observed in this
work. Such a cycle is illustrated in Scheme 3. In the absence
of any kinetic data, such a cycle must of course remain
speculative.?®) However, it is hard to think of any realistic
possibilities for ligand dissociation that would produce al-
ternative active species. Moreover, the marginal stability of
the dihydrogen complex Ly Rh(COE)(H,) is certainly com-
patible with its involvement in the relatively slow hydro-
genation at room temperature. Here, the rate-determining
step would probably be the conversion of the dihydrogen
complex to a dihydride or its subsequent olefin insertion.

N /N
Ry
/" N\ NMR Ly Rh{H)(CHoC(iPr)CH)

S NMR (XRD) Ly Ir(H)(cy-octenyl)

Isomerisation

He

\/\

XRD LyRh(COE)

\\y

Rh N N
N o
C VN

H NMR Ly RI(COE)(H>)

XRD Ly, Ir(COE)H,
Scheme 3. Proposed cycles for olefin hydrogenation and isomeriz-

ation based on the species observed; some of the steps of the hydro-
genation cycle may be reversible
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The cycle in Scheme 3 conforms to the “olefin route™, in
which the olefin is bound before the hydrogen.l*®! This cer-
tainly happens on initiation, and, in view of the large excess
of olefin and the higher calculated olefin binding energy, it
most likely happens during propagation as well. However,
we cannot exclude that — particularly at high conversions —
a hydrogen route might become important. The precise na-
ture of the alkane elimination step (associative or dissociat-
ive) also remains unclear.[3

Most hydrogenation cycles involving Rh or Ir alternate
between 16-¢ and 18-e species.®*!1 Even in cases where sev-
eral active species are involved, they all go through interme-
diates with the same electron count. In our case, the cata-
lysis appears to involve a 14-¢/16-¢ mechanism, at least for
the more hindered olefins, which may be attributed to
steric factors.

Conclusions

Bulky B-diiminate ligands (such as Ly and L) are good
at stabilizing low coordination numbers, as demonstrated
by the present work and by recent reports in the area of
early transition metal chemistry. The ligand Ly, is particu-
larly useful because its complexes nearly always crystallize
well.3?l The ligand L tends to form even better crystalliz-
ing complexes, but the reactivity of the C—Cl bonds some-
times introduces complications.

The stabilization of low CN complexes by steric hind-
rance has allowed us to isolate a number of complexes that
would normally be considered as reactive intermediates.
Moreover, the use of Ir as a “model” for Rh[*3! allows the
direct observation of M species that for Rh would be
transient intermediates in conversions between stable M!
species. This has allowed us to construct plausible catalytic
cycles for hydrogenation and isomerization. Remarkably,
the present hydrogenation appears to follow a 14-¢/16-¢
path instead of the more usual 16-¢/18-¢ path.

We attribute the observed stabilization of low CN com-
plexes to the shielding of the metal atom by the vertical
“walls” of the diiminate aryl groups. A perpendicular ori-
entation of these groups is favoured by the 2,6-disubstitu-
tion pattern, which results in a strong repulsive interaction
with the backbone methyl groups in a planar conformation.
Indeed, work on early transition metal compounds has
demonstrated dramatically increased reactivity of a low CN
complex on removal of one or both of the substituents on
the aryl groups.!'! However, the structure of Lo Rh(COE)
shows that even 2,6-disubstituted aryl groups still have con-
siderable freedom of movement.

One final point of interest is the observation of a pro-
nounced agostic interaction in the Ly Rh(NBE) species but
not in Ly Rh(COE). On the basis of both experimental and
theoretical evidence, we conclude that in the former system
close Rh—H contacts can easily form but do not correspond
to strong bonds. Thus, caution should be exercised in equat-
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ing small distances with large interaction energies. Such a
conclusion is only justified in cases where the ligand un-
dergoes considerable distortion to create the short contact.

Experimental Section

Calculations: All calculations were carried out using the Gaussian
program®* on SGI workstations. The small split-valence 3-21G
basis was used for the first-row atoms.!*>! For Rh and Ir, relativistic
effective core potentials were used for the inner core orbitals and
the LanL.2DZ basis was used for the valence and outer core elec-
trons;1*% the most diffuse o function in this basis was replaced by
two components with exponents 1.4142 times higher and lower
than the original exponent. Geometries were optimized at the
RB3LYPP7! level without any constraints, unless stated otherwise.

Syntheses: All reactions were carried out under Ar. Solvents were
distilled from Na/benzophenone prior to use. [Rh(COD)CI],,138
[Rh(C>Hy),Cl],,3 [Rh(COE),Cl],, and [Ir(COE),Cl],*% were pre-
pared according to literature methods.

LyH: A mixture of 2,6-dimethylaniline (30.5 mL, 30 g, 0.25 mol),
2,4-pentanedione (12.7 mL, 12.4 g, 0.12 mol), and p-toluenesul-
fonic acid (21.3 g) in toluene (350 mL) was refluxed for 24 h in a
Dean-Stark apparatus. The toluene was then decanted off, and the
solid residue was treated with diethyl ether (250 mL), water
(200 mL), and Na,CO;10 H,O (53 g). After stirring for 25 min, the
ether layer was separated, dried with MgSQO,, and the solvent was
removed in vacuo. The residue was dried in vacuo (102 bar) at 100
°C for 6 h to remove any remaining free 2,6-dimethylaniline, to give
28.5 g (75%) of Ly H. — C51H56N5 (306.45): caled. C 82.31, H 8.55,
N 9.14; found C 81.82, H 8.71, N 8.97. — 'H NMR (CDCl;,
200 MHz): § = 1.72 (1-H), 4.91 (3-H), 6.96-7.09 (m, m- + p-H),
2.19 (0-CHj3), 12.2 (br., NH). — BC{'H} NMR (75.5 MHz): & =
20.8 (C-1), 161.2 (C-2), 94.1 (C-3), 144.2 (i-C), 132.5 (0-C), 128.3
(m-C), 124.9 (p-C), 18.9 (0-CH,;).

Ly Li(THF): To a solution of LH (10 g) in THF (100 mL) was
added a solution of LiN(iPr), in THF [prepared from 1.6 M n-BuLi/
hexane (20.5 mL) and diisopropylamine (4.6 mL)]. The solvent was
subsequently removed in vacuo and the residue was crystallized
from a hot toluene/hexane mixture to give 8.2g (65%) of
LLi(THF). — C,sH33N,0Li (384.49): caled. C 78.10, H 8.65, N
7.29; found C 78.36, H 8.52, N 7.45. — 'H NMR (C4Dy, 200 MHz):
8 = 1.84 (1-H), 5.00 (3-H), 7.12 (d, m-H), 6.96 (t, p-H), 2.25 (o-
CHs;); 2.86, 0.89 (THF). — *C{'H} NMR (50.3 MHz): § = 22.7
(C-1), 163.2 (C-2), 92.9 (C-3), 152.7 (i-C), 130.5 (0-C), 128.0 (m-
O), 121.9 (p-O), 18.8 (0-CHy); 67.7, 24.9 (THF).

LcH: A mixture of 2,6-dichloroaniline (40.5 g, 0.25 mol), 2,4-pen-
tanedione (12.7 mL, 12.4 g, 0.12 mol), and p-toluenesulfonic acid
(21.3 g) in toluene (350 mL) was refluxed for 24 h in a Dean-Stark
apparatus. The toluene was then decanted off, and the solid residue
was treated with diethyl ether (250 mL), water (200 mL), and Na,.
CO510 H,O (53 g). After stirring for 25 min, the ether layer was
separated, dried with MgSO,, and the solvent was removed in va-
cuo. The residue was dried in vacuo (102 bar) at 100 °C for 6 h to
remove any remaining free 2,6-dichloroaniline, and the residue was
crystallized from heptane to give 34g (70%) of LoH. —
C7H 4N,Cl, (388.12): caled. C 52.61, H 3.64, N 7.22, Cl 36.54;
found C 52.74, H 3.67, N 7.38, Cl 36.43. — 'H NMR (CDCls,
200 MHz): 6 = 1.71 (1-H), 4.94 (3-H), 7.17 (d, m-H), 6.86 (t, p-H),
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12.0 (NH). - BC{'H} NMR (50.3 MHz): § = 21.4 (C-1), 163.1 (C-
2), 95.9 (C-3), 141.1 (i-C), 131.7 (0-C), 128.6 (m-C), 126.2 (p-C).

L Li(THF): To a solution of LoH (12.6 g) in THF (100 mL) was
added a solution of LiN(iPr), in THF [prepared from 1.6 M n-BuLi/
hexane (20.5 mL) and diisopropylamine (4.6 mL)]. The solvent was
subsequently removed in vacuo, and the residue was crystallized
from a hot toluene/hexane mixture to give 12.2 g (80%) of yellow
Lo Li(THF). — C5;H, N,OCl,Li (466.16): caled. C 54.11, H 4.54,
N 6.01, CI 30.42; found C 54.06, H 4.59, N 6.13, CI 30.54. - 'H
NMR (C¢Dg, 200 MHz): & = 1.82 (1-H), 4.93 (3-H), 7.02 (d, m-
H), 6.32 (t, p-H); 2.96, 0.82 (THF). — 3C{'H} NMR (50.3 MHz):
§ = 23.5 (C-1), 165.6 (C-2), 95.6 (C-3), 149.5 (i-C), 130.7 (0-C),
128.7 (m-C), 123.0 (p-C); 68.2, 25.2 (THF).

Ly Rh(1,5-COD): A solution of Ly Li(THF) (1.0g) in THF
(10 mL) was added to a suspension of [Rh(1,5-COD)ClI], (0.64 g)
in THF (5 mL). The resulting mixture was stirred at room temper-
ature for 2 h, and then the solvent was removed in vacuo. The
residue was crystallized from benzene/hexane (2:1) (the hot solu-
tion was filtered to remove LiCl) to give yellow crystals of
LymeRO(1,5-COD) (1.2 g, 88%). — CyoH37N,>Rh (516.53): caled. C
67.43, H 7.22, N 5.42; found C 67.42, H 7.38, N 5.42. - '"H NMR
(CDCl3, 200 MHz): & = 1.55 (1-H), 5.10 (3-H), 6.97-7.11 (m, m-
+ p-H), 2.31 (0-CH3), 3.01 (br., CH=CH), 2.12, 1.60 (CH,). —
BC{'H} NMR (50.3 MHz): § = 25.5 (C-1), 159.3 (C-2), 97.8 (C-
3), 150.9 (i-C), 132.9 (0-C), 128.7 (m-C), 124.9 (p-C), 19.3 (0-CHs;),
79.8 (CH=CH, Jrnc = 13 Hz), 31.1 (CH,).

LoRh(1,5-COD): A solution of LoLi(THF) (0.5g) in THF
(10 mL) was added to a suspension of [Rh(1,5-COD)CI], (0.26 g)
in THF (5 mL). The resulting mixture was stirred at room temper-
ature for 4 h, and then the solvent was removed in vacuo. The
residue was crystallized from toluene (70/-20 °C; the hot solution
was filtered to remove LiCl) to give yellow crystals of LoRh(1,5-
COD) (0.32 g, 50%). — C55H,5N,>CI4Rh (598.20): caled. C 50.20, H
4.21, N 4.68, C1 23.71; found C 50.14, H 4.12, N 4.69, Cl 23.57. —
'H NMR (C¢Dg, 200 MHz): § = 1.72 (1-H), 5.28 (3-H), 7.14 (d,
m-H), 6.45 (t, p-H), 3.61 (br.,, CH=CH), 2.33, 1.56 (m, CH,). —
BC{TH} NMR (50.3 MHz): § = 25.1 (C-1), 160.9 (C-2), 99.3 (C-
3), 147.8 (i-C), 132.9 (0-C), 128.5 (m-C), 125.8 (p-C), 78.8 (CH=
CH, Jrnc = 13 Hz), 30.8 (CH,).

LyiRh(C;Hy),: A solution of Ly, Li(THF) (1.0 g) in THF (10 mL)
was added to a suspension of [Rh(C,H,4),Cl], (0.51 g) in THF
(5 mL). The resulting mixture was stirred at room temperature for
2 h, and then the solvent was removed in vacuo. The residue was
crystallized from diethyl ether (30/-20 °C; the warm solution was
filtered to remove LiCl) to give very large, dark brown-yellow crys-
tals of LyRh(C,Hy), (0.68 g, 50%). Small crystals or powdered
material are yellow. — C55H33N,Rh (464.45): caled. C 64.54, H 7.16,
N 6.03; found C 64.77, H 7.22, N 6.16. — 'H NMR (C¢Dg,
200 MHz): § = 1.65 (1-H), 5.30 (3-H), 7.04-7.12 (m, m- + p-H),
2.41 (0-CH3), 2.62, 2.01 (m, C,Hy). — BC{'H} NMR (50.3 MHz):
§ = 25.9 (C-1), 159.5 (C-2), 98.9 (C-3), 150.4 (i-C), 133.0 (0-C),
129.2 (m-C), 125.7 (p-C), 19.8 (0-CH3), 63.3 (C,Hy, Jrnc = 11 Hz).

L Rh(C,Hy),: A solution of Lo Li(THF) (0.5 g) in THF (10 mL)
was added to a suspension of [Rh(C,H4),Cl], (0.21 g) in THF
(5 mL). The resulting mixture was stirred at room temperature for
2 h, and then the solvent was removed in vacuo. The residue was
crystallized from diethyl ether (30/~20 °C; the warm solution was
filtered to remove LiCl) to give dark-red crystals of Lo Rh(C,Hy),
(0.22 g, 36%). — C5H5;N,Cl4Rh (546.13): caled. C 46.19, H 3.88,
N 5.13, Cl 25.97; found C 46.21, H 3.89, N 5.25, Cl 25.85. - 'H
NMR (C¢Dg, 200 MHz): 8 = 1.73 (1-H), 5.29 (3-H), 7.05 (d, m-
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H), 644 (t, p-H), 2.88, 2.02 (m, C,H,. — "“C{'H} NMR
(125.76 MHz): 8 = 24.2 (C-1), 159.9 (C-2), 98.1 (C-3), 146.1 (i-C),
131.8 (0-C), 127.4 (m-C), 125.0 (p-C), 60.8 (C>Hy, Jrnc = 12 Hz).

Ly .Rh(COE): A solution of Ly Li(THF) (3.24 g) in THF (10 mL)
was added to a suspension of [Rh(COE),Cl], (3.03 g) in THF
(5 mL). The resulting mixture was stirred at room temperature for
1 day, and then the solvent was removed in vacuo. The residue was
extracted with two 50 mL portions of warm hexane (60 °C), the
combined extracts were concentrated to a volume of 15 mL, and
cooled to 20 °C. The next day, a crop of dark-violet crystals had
formed. These crystals were recrystallized from fresh hexane to give
3.0 g (66%) of Ly Rh(COE). Crystals suitable for X-ray diffraction
analysis were obtained by slow crystallization from cyclohexane. —
CooH3oN,Rh (518.55): caled. C 67.17, H 7.58, N 5.40; found C
67.04, H 7.41, N 5.57. - '"H NMR (200 MHz, C¢D,>, room temp.):
& = 1.72 (1-H), 5.18 (3-H), 7.0-7.1 (m, m- + p-H), 2.65 (0-CHs;),
1.87 (br.s, 8H), 0.34 (br.s, 6H) cyclooctene. — 'H NMR
(500 MHz, [Dg]THF, -80 °C): 8 = 1.55, 1.39 (1-,1'-H), 4.95 (3-H),
7.16, 7.10 (m-,m'-H), 7.06, 7.05 (p-,p'-H), 2.70, 2.39 (0,0’-CHj;),
2.48 (CH=CH), 2.08, 1.5, 1.2, 1.0 (br., CH,). — BC{'H} NMR
(125.7 MHz, [Dg]THEF, -80 °C): § = 24.1 (C-1), 26.5 (C-1’, super-
imposed by solvent signal), 158.6, 156.3, 154.3, 150.9 (C-2, C-2', i-
,i'-C), 1004 (C-3, Jrne = 39 Hz), 134.6, 134.5 (0-,0'-C), 129.9,
129.5 (m-,m'-C), 126.2, 125.8 (p-,p’-C), 21.1, 20.4 (0,0'-CH3), 64.8
(br.,, CH=CH), 31.6 (br.,, CH,); remaining CH, groups not ob-
served.

Lyelr(cyclooctenyl)(H): A solution of Ly Li(THF) (1.0 g) in di-
ethyl ether (10 mL) was added to a suspension of [Ir(COE),Cl],
(1.16 g) in diethyl ether (5 mL). The resulting mixture was stirred
at room temperature for 4 h, and then the solvent was removed in
vacuo. The residue was extracted with two 20 mL portions of hex-
ane, the combined extracts were concentrated to a volume of § mL,
and cooled to 20 °C. After 3 days, orange-red crystals had formed.
Concentration of the mother liquor to 3 mL and cooling to —20 °C
produced a second crop of crystals. The crystals were dried in va-
cuo and stored at —20 °C. — Cy9H39N,Ir (607.86): caled. C 57.30,
H 6.47, N 4.61; found C 57.08, H 6.56, N 4.74. — '"H NMR
([Dg]THEF, -20 °C, 400 MHz): § = 1.70 (1-H), 5.37 (3-H), 7.20, 7.18
(d, m- + m’-H), 6.99 (t, p-H), 2.16, 2.21 (0,0’-CH3), 5.40 (t, 1 H),
2.54 (br. q, 2 H, cyclooctenyl CH), 1.90, 1.27, 1.05, 0.82, 0.25 (br.
m, CH,), —46.19 (IrH). — *C{'H} (100.6 MHz): 8 = 23.9 (C-1),
157.6 (C-2), 103.2 (C-3), 157.2 (i-C), 132.7, 130.9 (0-,0'-C), 130.2,
129.8 (m-,m'-C), 126.0 (p-C), 20.3, 20.0 (0,0'-CH;), 84.9, 49.6
(cyclooctenyl CH), 32.8, 30.3, 19.9 (CH,). — IR (KBr): vy, g = 2122
cm .

Lo Rh(COE): A solution of Lo Li(THF) (2.0 g) in THF (10 mL)
was added to a suspension of [Rh(COE),Cl], (1.54 g) in THF
(10 mL). The resulting mixture was stirred at room temperature for
1 h, and then the solvent was removed in vacuo. The residue was
extracted with two 50 mL portions of hexane, the combined ex-
tracts were concentrated to dryness in vacuo, and the residue was
redissolved in diethyl ether (50 mL). This solution was filtered and
then concentrated to a volume of 4 mL and stored overnight at —
20 °C. Thereafter, fine red needles had formed, which were filtered
off and dried in vacuo to give 0.77 g (30%) of Lo Rh(COE). —
C,5H,7N,CIRh (600.22): caled. C 50.03, H 4.53, N 4.67, Cl 23.63;
found C 49.86, H 4.54, N 4.80, Cl 23.63. — 'H NMR (200 MHz,
C¢Dg, 25 °C): 6 = 6.96 (d, 4 H, m-H), 6.34 (t, 2 H, p-H), 5.36 (s,
1 H, 3-H), 2.2 (v. br., 8 H, COE exo * vinylic), 1.89 (s, 1-H), 1.47
(br., 6 H, COE endo). — '"H NMR (500.13 MHz, [Dg]THF, -53
°CI8l): § = 7.48, 7.39 (m, 2 H each, m-,m’-H), 7.22, 6.90 (m, 1 H
each, p-,p'-H), 5.30 (s, 1 H, 3-H), 2.20, 1.58 (s, 3 H each, 1-,1'-
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H), 1.1-2.6 (overlapping multiplets, 14 H, COE). — 3C{'H} NMR
(125.76 MHz, [Dg]THF, —53 °CBl): § = 162.5, 162.2 (2-C, 2'-C),
151.7, 146.5 (i-,i’-C), 133.5, 130.4 (0-,0'-C), 129.9 (m-,m’'-C), 128.8,
123.7 (p-,p'-C), 106.6 (C-3), 32.6, 28.2 (COE), 24.6 (C-1); C-1" and
remaining COE resonances not observed.

LyveRh(C;Mey): A suspension of Ly .Rh(COE) (0.15 g) in C,Me,
(7 mL) was stirred under a hydrogen atmosphere (1 bar) until the
solid had completely dissolved (ca. 3 min), giving a dark-brown
solution. All volatiles were then removed in vacuo, and the residue
was redissolved in [Dg]THF for NMR studies (see Results Section).
The solution gave rise to small but sharp peaks due to the oxidation
product Ly .Rh[n3-CH,C(Me)CMe,](OH) (see below); resonances
due to the main product were found to be broad at room temper-
ature. At 243 K, all peaks due to the main component Ly;.Rh[n3-
CH,C(iPr)CH,](H) could be assigned: 'H NMR ([Dg]THF,
500 MHz, 243 K): 6 = 1.56 (obscured by cyclooctane signal; 1-H),
5.04 (3-H), 7.02, 7.04 (d, m-H), 6.90 (t, p-H), 2.53, 2.23 (0-CHs),
1.85 (br. sept, HiPr), 1.24 (br. d, CMe,), -2.45 (br.,, CH, + Rh-
H). — BC{'H} NMR (125.7 MHz): § = 23.4 (C-1), 157.6 (C-2),
99.6 (C-3), 156.8 (i-C), 135.0, 131.3 (0-C), 129.5 (m-C), 126.1 (p-
Q0), 19.9, 21.2 (0-CH3), 97.1 (CiPr, Jric = 11 Hz) (CH, obscured
by THF), 36.0 (CMe,), 23.8 (CMe,). In addition, some peaks due
to the minor component Ly .Rh[n3-CH,C(Me)CMe,](H) could be
tentatively assigned: '"H NMR (500 MHz, 218 K): § = 5.03 (3-H), —
12.17 (RhH). - '3C{'H} NMR (125.7 MHz, 243 K): 6 = 158.4 (C-
2), 156.4, 155.9 (i-,i’-C), 133.1 (0-C), 130.0, 129.7, 129.3 (m-C),
126.4 (p-C), 100.0 (C-3), 21.9, 21.1, 20.5 (o-CH3,).

LveRh(NBE): To a solution of Ly, Rh(COE) (0.7 g) in hexane
(5 mL) was added NBE (0.5 g). The resulting mixture was stirred
at room temperature for 15 min. All volatiles were then removed in
vacuo, and the residue was crystallized from hexane (50/-20 °C)
to give 0.56 g (83%) of brown-red Ly;Rh(NBE). — C,sH35N>Rh
(502.50): caled. C 66.93, H 7.02, N 5.57; found C 66.68, H 6.82, N
5.42. —'H NMR (200 MHz, C4D,,): 3 = 1.40, 1.60 (1-H), 4.96 (3-
H), 6.8-6.9 (m, m- + p-H), 2.31, 2.61 (0-CHs), 2.55, 2.71 (vinylic
and bridgehead H), 0.75 (CH,CH,), —0.82 (d, 2Jyy = 14.5 Hz,
nonagostic HCH), —10.2 (dd, 2/ = 14.5, Jrau = 11.7 Hz, agostic
HCH). — BC{'H} NMR (50.4 MHz, C¢D;,): 8 = 23.5, 20.9 (C-1),
156.9, 155.7 (C-2), 99.2 (C-3), 158.6, 156.3, 153.3, 150.3 (i-C), 133.2
(0-C), 128.7, 128.6 (m-C), 125.5, 125.2 (p-C), 19.9, 19.4 (0-CHj),
65.7 (d, C=C, Jrnc = 15Hz), 47.5 (bridgehead), 29.6 (CH,CH,),
16.0 (CH,). — 3C NMR (125.7 MHz, C¢D;»): 'Jey = 108 and
141 Hz for the NBE CH,. The infrared spectrum (KBr and Nujol
mull) did not show any distinct peaks attributable to the agostic
C-H bond.

LymRh(COE)(Ny): Solutions of Ly Rh(COE)(N,) were generated
by preparing NMR samples of Ly;.Rh(COE) under nitrogen atmo-
sphere. — 'H NMR ([Dg]THF, 500 MHz): & = 1.56, 1.75 (1-,1-H"),
5.24 (3-H), 7.16, 7.15 (d, m-,m'-H), 7.04, 7.09 (t, p-,p’-H), 2.50,
2.32 (0,0'-CH;), 3.04 (CH=CH), 2.14, 1.59, 1.2 (br., CH,). —
BBC{'H} NMR (125.7 MHz): § = 26.6, 23.8 (C-1, C-1'), 160.3,
159.1 (C-2, C-2'), 99.9 (C-3, Jrnc = 11 Hz), 156.2, 150.0 (i-,i’-C),
134.8, 133.3 (0-,0'-C), 130.1, 29.8 (m-,m’'-C), 127.1, 126.6 (p-,p'-C),
20.6, 20.1 (0,0'-CH3), 76.7 (CH=CH, Jry,c = 11 Hz), 32.5, 30.8,
28.1 (CH,). Essentially pure solid Ly;.Rh(COE)(N,) was prepared
by dissolving Ly.Rh(COE) (0.1 g) in hexane (1 mL) under nitro-
gen, concentrating the solution to a volume of 0.3 mL in vacuo,
and connecting the Schlenk tube to another one containing 6 mL
of paraffin oil. After 6 weeks, the hexane had diffused into the
paraffin oil and the oily residue had solidified. — IR (Nujol mull):
VN = 2172 cm L
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Ly Rh(COE)(MeCN): A solution of Ly Li(THF) (0.51 g) in THF
(6 mL) was added to a suspension of [Rh(COE),Cl], (0.48 g) in
THF (3mL) and MeCN (0.75mL). The resulting mixture was
stirred for one day and then the solvents were removed in vacuo.
The residue was extracted with two 20 mL portions of cyclohexane.
The combined extracts were concentrated to a volume of 10 mL
and stored for overnight at 6 °C, which led to the deposition of a
yellow powder (0.56 g, 75%). Crystals suitable for X-ray diffraction
were obtained by slow crystallization at room temperature. —
C3H4oN3Rh (559.60): caled. C 66.54, H 7.56, N 7.51; found C
66.32, H 7.91, N 7.48. — '"H NMR (C4Dg, 293 K, 200 MHz): & =
6.93 (m, m-,p-H), 5.19 (3-H), 2.80, 2.25, 1.52, 1.27 (m, COE), 2.54,
2.42 (0,0'-CH3), 1.69, 1.52 (1-,1’-H), 0.45 (MeCN). — BC{'H}
NMR (50.4 MHz): 6 = 158.0, 156.0 (C-2, C-2), 154.3, 149.4 (i-,i'-
C), 133.1, 132.8 (0-,0'-C), 128 (superimposed by solvent signal, m-
H), 124.5, 123.2 (p-p’-C), 116.1 (CH3CN), 98.0 (C-3), 66.9 (d,
Jrne = 14Hz, CH=CH), 31.0, 29.7, 26.9 (COE), 25.3, 23.08
(1-,1'-C), 19.5, 19.0 (0,0'-CH;), 1.4 (CH;CN).

LyeRh(1,4-COD): Ly .Rh(COE) (0.3 g) was dissolved in 1,3-COD
(2mL) and the solution was stirred for 10 min. The solvent was
then removed in vacuo, leaving essentially pure Ly;.Rh(1,4-COD),
which was characterized only by NMR. Heating of the solution in
1,3-COD to 40 °C for 10 min prior to workup resulted in formation
of LyRh(1,5-COD). — '"H NMR (C¢Hg, 293 K, 200 MHz): § =
7.0-7.2 (m, m-,p-H), 5.25 (3-H), 3.26, 2.7, 2.4, 2.1, 1.7, 1.2 (br. m,
1,4-COD), 2.48, 2.41 (0-CH3), 1.66 (1-H). — BC{'H} NMR
(50.3 MHz): 6 = 158.3 (C-2), 150.4 (i-C), 133.2, 131.8 (0-,0'-C),
128 (obscured by solvent signal, m-,m’-C), 124.7 (p-C), 98.2 (C-3),
24.9 (C-1), 19.2, 18.9 (0,0'-CH3), 72.4 (d, Jrnc = 14 Hz), 51.1 (d,
Jrne = 8 Hz, C=C), 29.1 (2 C), 28.3, 25.7 (CH,). The same mat-
erial remained following hydrogenation of COE with
Ly.Rh(COE).

LycRh[CH,C(Me)CMe,|(OH): Following hydrogenation experi-
ments with 2,3-dimethyl-2-butene, this compound remained as a
deep-green oil. All attempts to crystallize it were unsuccessful. —
'TH NMR (CgHg, 293 K, 200 MHz): = 6.9-7.2 (m, m-,p-H), 5.26
(3-H), 3.61, 1.84 (br. s, CH,), 2 X 2.74, 2.57, 2.34 (0-CHs), 1.84,
1.58 (1-H), 1.42, 0.73, 0.50 (CMeCMe,), —1.33 (OH). — 3C{'H}
NMR (75.5 MHz): 6 = 156.9, 153.4 (C-2, C-2), 153.0, 149.7 (i-,i'-
C), 133.5, 132.9, 132.4, 132.3 (0-C), 128 (obscured by solvent sig-
nal, m-C), 124.4, 124.1 (p-,p’'-C), 98.6 (C-3), 89.9 (CH,CMeCMe,),
67.7 (d, Jrne = 12 Hz, CH,CMeCMe,), 50.7 (d, Jrnc = 14 Hz,
CH,CMeCMe,), 234, 21.4 (C-1, C-1"), 19.4, 19.3, 19.2, 18.8 (o-
CHs;), 29.0, 26.4, 17.3 (CH,CMeC Me).

Ly Rh(COE)(H): A solution of Ly Rh(COE) (0.12 g) in [Dg]THF
(0.7mL) was cooled to —40 °C and then stirred under hydrogen
atmosphere (1 bar) for 3 min. The solution was then cooled to —80
°C and transferred to a cooled NMR tube under Ar. NMR studies
showed it to contain Ly Rh(COE)(H,) as the main Rh complex
(ca. 75% of the total; the remainder was [LyRhH,],; see below). —
'H NMR ([Dg]THF, 243 K, 500 MHz): § = 1.51, 1.56 (obscured
by cyclooctane signal, 1-,1'-H), 5.12 (3-H), 7.11, 7.02 (d, m-,m'-H),
7.00, 6.90 (t, p-,p'-H), 2.39, 2.28 (0,0'-CH3), 2.45 (CH=CH), 2.12,
1.59, 1.3 (br., CH,), —12.8 (br.,, Rh-H,; 7} = 10 ms by inverse-
recovery). — BC{'H} NMR (125.7 MHz): § = 25.8, 22.8 (C-1, C-
1"), 160.7, 160.2 (C-2, C-2'), 99.9 (C-3), 158.7, 151.1 (i-,i’-C), 133.7,
132.1 (0-,0'-C), 130.1, 129.7 (m-,m’-C), 126.7, 126.1 (p-,p'-C), 20.9,
20.2 (0,0'-CH3), 76.1 (CH=CH, Jg,c = 12 Hz), 35.7, 33.3, 28.0
(CH,).

[LmcRhH,): The  aforementioned  solution of  (mainly)
LmcRh(COE)(H,) was transferred back to a Schlenk tube and then
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warmed (with stirring) to 0 °C under hydrogen atmosphere. After
stirring at 0 °C for 10 min, the solution was cooled to —40 °C once
more, whereupon NMR spectra were recorded. All the
LmeRh(COE)(H;) was seen to have been consumed; the solution
contained [Ly.RhH,], as the main Rh complex (ca. 50% of the
total), accompanied by a large number of other compounds in low
concentrations. The compound decomposed on standing and on
evaporation of the solvent, and all attempts to isolate it were unsuc-
cessful. - '"H NMR ([Dg]THF, 243 K, 500 MHz): & = 1.26 (1-H),
4.94 (3-H), 6.80 (d, m-H), 7.02 (t, p-H), 1.74 (superimposed by
THF signal, 0-CHj3), —24.23 (t, Rh—H,, Jrhpay = 25 Hz). - BC{'H}
NMR (125.7 MHz): § = 23.6 (C-1), 158.7 (C-2), 100.9 (C-3), 154.3
(i-C), 133.8 (0-C), 131.2 (m-C), 125.3 (p-C), 19.8 (0-CH3).

Ly Ir(COE)H,: Ly lr(cyclooctenyl)(H) (0.2 g) was dissolved in
THF (4 mL) and the solution was stirred under hydrogen (1 bar)
for 10 min. The volatiles were then removed in vacuo. The reaction
was clean and virtually quantitative according to 'H-NMR, but the
product was found to be very soluble, even in pentane. X-ray quality
crystals were obtained by dissolving the residue in pentane, concen-
trating the solution to a volume of 0.25 mL, and slowly cooling it
to —20 °C. — '"H NMR (C¢Ds, 293 K, 200 MHz): § = 1.50 (1-H),
5.26 (3-H), 6.96 (d, m-H), 6.81 (t, p-H), 2.22 (0-CH3), 2.62 (CH=
CH), 2.04 (br., =CH-CH, exo0), 0.9-1.3 (br., all other CH,), -22.6
(IrH,), -22.74 (IrHD, Jyp = 5.6 Hz). BC{'H} NMR
(125.7 MHz): 6 = 23.7 (br., C-1), 161 (br., C-2), 102.5 (C-3) (i-C
not observed), 131.7 (0-C), 127.8 (m-C), 125.9 (p-C), 19.2 (0-CH3),
62.2 (CH=CH), 35.3, 33.2, 26.7 (CH,). — IR (KBr): v,y = 2217
cm!

Hydrogenation Experiments

Olefins (COE, 1-methylcyclohexene, 2,3-dimethyl-2-butene, 1-zert-
butylcyclohexene) were dried over Na and then transferred to a
cold trap in vacuo prior to use. The catalyst (ca. 50 mg) was dis-
solved in neat olefin (1 mL), and the solution was stirred under 1
bar of hydrogen for 2 h. By that time, no more hydrogen was being
absorbed. The resulting solution was filtered through alumina to
remove Rh and ligand residues, and subsequently analyzed by 'H-
and 3C-NMR. Hydrogenation of the solid olefin bis(cyclohexylid-
ene) was carried out in pentane solution [bis(cyclohexylidene)
(0.3 g) and Ly .Rh(COE) (0.095 g) in pentane (3 mL)]: 5 turnovers
(50% conversion) after 2 h (by '*C-NMR).

X-ray Structure Determinations

Crystals were mounted in thin-walled glass capillaries under Ar.
Details of all structure determinations are collected in Table 3.
Since the glass capillaries prevented an accurate description of the
crystal shapes, empirical absorption corrections*!l were applied in
most cases (see Table 3). Structures were solved using the PATTY
option*?! of the DIRDIF program system.[*3] Refinements were
carried out with the SHELXL-97 package.*¥l All nonhydrogen
atoms were refined with anisotropic temperature factors. The hy-
drogen atoms were placed in calculated positions and refined iso-
tropically in riding mode. All refinements were made by full-matrix
least-squares on F2. Unless otherwise noted, geometrical calcula-
tions!** revealed neither unusual geometric features, nor unusually
short intermolecular contacts. Moreover, the calculations revealed
no higher symmetry and no solvent accessible areas.

Remarks for Specific Structures. —Ly;.Rh(C,H,),: The hydrogens of
the ethene moieties were freely refined. Lo Rh(COE): The crystal
showed considerable decay (up to 25%) during the measurements, re-
sulting in somewhat higher R indices. Ly;.Rh(COD) and Ly;.Rh(CO-
E)(MeCN): All hydrogen atoms were freely refined in the final cycles.
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Table 3. Details of X-ray structure determinations
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Compound LyeRh(COD) LyeRh(CyHy), Lo Rh(COE) LyeRh(NBE) LyeRh(COE)(MeCN) Ly Ir(COE)H,
Crystal color transparent transparent transparent dark brown-black  transparent transparent light
brownish orange-red orange-brown-red yellow-brown brown-yellow
Crystal shape regular fragment irregular irregular irregular irregular irregular
thick platelet platelet fragment fragment fragment
Crystal size (mm) 0.33 X 0.33 X 0.31 0.51 X 045 X 0.16 0.50 X 0.12 X 0.04 0.40 X 0.33 X 0.30 0.50 X 0.22 X 0.22 0.33 X 0.21 X 0.13
Empirical formula CyH37N,Rh CysH33N,Rh C,5H»;CIuN,Rh CyH35N,Rh C3HoN;Rh CyoHyIrN,
Formula weight 516.52 464.44 600.20 502.49 559.59 609.84
Temperature [K] 293(2) 208(2) 293(2) 293(2) 150(2) 150(2)
Radiation (graphite mon.) Mo-K, Cu-K, Cu-K, Cu-K, Mo-K, Mo-K,
Wavelength [A] 0.71073 1.54184 1.54184 1.54184 0.71073 0.71073
Crystal system, space group monoclinic, C2/c  monoclinic, P21/n monoclinic, P21/n  monoclinic, P21/n  monoclinic, P21/¢ monoclinic, P21/a
Unit cell # reflections, 3 25, 25, 25, 20212, 45537,
6 range [°] 18.506 to 20.343 40.342 to 46.309 12.225 to 19.413 18.704 to 45.402 1.660 to 26.330 1.730 to 27.450
a[A] 14.0042(10) 13.3932(3) 18.705(2) 14.0623(5) 12.7445(2) 17.4950(4)
b [A] 13.4813(9) 13.4621(3) 7.4768(11) 13.0771(13) 14.6992(4) 14.0151(2)
¢ [A] 13.456(4) 13.6582(4) 37.051(6) 14.4341(8) 15.7950(4) 23.0605(6)
o [] 90 90 90 90 90 90
B[] 97.187(12) 114.3825(19) 101.939(13) 112.441(4) 106.0702(12) 108.6013(9)
[’ . 90 90 90 90 90 90
Volume [A3] 2520.4(8) 2242.94(10) 5069.7(13) 2453.4(3) 2843.31(11) 5358.9(2)
Z, caled. density [Mgm 3] 4,1.361 4,1.375 8, 1.573 4, 1.360 4,1.307 8, 1.512
Abs. Coefficient p [mm!] 0.696 6.227 9.448 5.737 0.623 5.001
Diffractometer Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Nonius Nonius
CAD4 CAD4 CAD4 CAD4 KappaCCD KappaCDD
Scan 6/26 6/26 0/20 0/26 area detector @and @ area detector @ and ®
F(000) 1080 968 2432 1048 1176
0 range for data collection[°] 2.71 to 26.31 3.89 to 69.97 292 to 62.21 3.73 to 69.91 1.66 to 26.33 1.73 to 27.45
Index ranges -2=h=17 -l6=h=14 2l=h=0 -17=h=15 -15=h=15 2l=h=22
-2=k=16 0=k=16 0=k=8 0=k=15 9=k=18 -8=k=15
-16=1=16 0=/=16 4l =1=42 0=I1=17 -19=1=19 -29=1=25
Refl. collected/unique [Ri,]  5313/2565 [0.0307]  4439/4256 [0.0944]  8306/8033 [0.1566]  4833/4643 [0.0256]  20212/5776 [0.0576] 45537/12229 [0.0908]
Refl. observed ([1, > 20(1)]) 2458 3935 3022 3905 4563 9290
Semi-emp. y-scan abs. corr.  Yes Yes Yes Yes No No
Range of rel. transm. factors 1.019 and 0.982 2.390 to 0.713 1.707 to 0.791 1.264 to 0.861
Data/restraints/parameters  2565/0/201 4256/0/292 8033/0/581 4643/0/286 5776/0/484 12229/0/589
Goodness-of-fit on F? 1.139 1.044 1.018 1.031 1.037 1.024

SHELXL-97 wt. parameters
Final R1, wR2 [I > 20(])]
RI1, wR2 (all data)
Extinction CoefTicient |

Diff. peak and hole (eA3)

0.0321, 1.8277
0.0264, 0.0624
0.0277, 0.0629

0.096500, 2.563700
0.0476, 0.1311
0.0502, 0.1340
0.0045(3)

0.507 and —0.449 1.396 and —1.478

0.0647, 21.5658
0.0930, 0.1639
0.2591, 0.2258

0.854 and —1.100

0.069900, 2.340900
0.0417, 0.1108
0.0506, 0.1171

0.024000, 0.856200
0.0293, 0.0699
0.0421, 0.0762

0.080400, 0.000000
0.0460, 0.1182
0.0634, 0.1292
1.056 and —0.812

0.335 and —0.526 4.022 and -3.010

LyeIr(COE)H,: The Ir-bound hydrides were not located. Crystal
structure data for Ly .Rh(COD), LyRh(C,Hy),, Lo Rh(COE),
Ly .Rh(NBE), Ly.Rh(COE)(MeCN), and Lygelr-
(COE)H,; calculated total energies and atomic coordinates for the
LRh and LIr complexes mentioned in the text. Crystallographic
data (excluding structure factors) for the structures reported in
this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-
133849, CCDC-133850, CCDC-133851, CCDC-133852, CCDC-
133853, and CCDC-133854. Copies of the data can be obtained
free of charge on application to the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, U.K. [Fax: (internat.) +44 (0)1223 336033;
E-mail: deposit@ccdc.cam.ac.uk].
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