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Abstract: The bulky ligands L,~ (L =
(2,6-C¢H3X,)NC(Me)CHC(Me)N(2,6-

C¢H;X,), X=Cl, Me) can be used to
generate fluxional mononuclear arene
complexes [LyRh(y*arene)] (arene =
benzene, toluene, m-xylene, mesity-
lene), which for X =Me disproportion-

the methyl-substituted arenes, thus al-
lowing indirect determination of the
static NMR parameters. For the u-arene
complexes, two distinct types of fluxion-
ality are proposed on the basis of
calculations: ring rotation and metal
shift. In the solid state, the toluene

complex has an #*(1,2,3,4):n*(3,4,5,6)-
bridged structure; the NMR analysis
indicates that the benzene and m-xylene
complexes have similar structures. The
mesitylene complex, however, has an
unprecedented #%3(1,2,3):%°(3,4,5)-bridg-
ed structure, which is proposed to cor-

ate to fluxional dinuclear complexes
[{Lyi.Rh},(anti-u-arene)]. For both mon-
onuclear and dinuclear complexes, steric
interactions do not stop the fluxionality
but govern the preferred orientation of

ing ligands

Introduction

Arenes display an amazing variety of coordination modes to
transition metals. For mononuclear systems, the 7° arrange-
ment is by far the most common one, but lower hapticities (7%,
n’, %) are also frequently observed. In addition, a wide range
of bridging modes are known, with the metals on the same or
on opposite sides of the ring plane; triply bridging arrange-
ments have also been reported.l'! Following the seminal paper
by Hoffmann,? bonding in such complexes is usually dis-
cussed in terms of electronic preferences. Consideration of the
number of valence electrons has been found useful in
rationalizing the hapticities of mono- and dinuclear com-
plexes. In contrast, the role of steric factors in determining
bonding mode and orientation of the arene has received much
less attention.
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respond to the transition state for arene
rotation in the other cases. Steric factors
are thought to be responsible for this
reversal of stabilities.

We recently reported how bulky S-diiminate ligands L.~
(X=Me, Cl) could be used to stabilize coordinatively
unsaturated olefin complexes [L,Rh(cyclooctene)].B! The

NN HY%/H
(o)
X X H/N N\H
LM=. X=Me L
Lg X=Cl

stabilization was attributed to steric shielding of the metal
atom by the vertical aryl “walls” of the diiminate ligand. In the
present work, we describe the formation of mono- and
dinuclear arene complexes from the olefin complexes. X-ray
structure determinations of the bridged arene complexes
produced one example of the rare anti-n*(1,2,3,4):n*3.,4,5,6)
mode, and one example of the unprecedented anti-
7°(1,2,3):7°(3,4,5) mode. Steric factors are thought to play a
crucial role here, in determining both the arene orientation
and—for the dinuclear systems—the bridging mode. The
intrinsic structural preferences of the system were probed by
calculations for the model ligand L, to clarify the nature of
these steric factors. Since the only other example of the anti-
n*(1,2,3,4):7%(3,4,5,6) bridging mode is a cyclopentadienyl —
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cobalt complex,* the analogous cyclopentadienyl systems
were included in the theoretical study.

Results and Discussion

Generation of mononuclear and dinuclear arene complexes:
Mononuclear (B-diiminate)rhodium(i) arene complexes are
conveniently prepared: [Ly,.Rh(cyclooctene)]” is dissolved in
the arene (benzene, toluene, m-xylene or mesitylene), the
solution is stirred under hydrogen for 30 s, and the volatiles
are removed in vacuo (Scheme 1). The resulting complexes
must be kept below —30°C. At room temperature in THEF,
disproportionation of Ly, Rh(arene) to the free arene and the
u-arene complex (see below) is complete in about 10 min.
Under the same conditions, the analogous [LRh(benzene)]
complex decomposes to insoluble materials, probably by C—
Cl oxidative addition.” Unfortunately, we could not purify the
mononuclear arene complexes by crystallization, so charac-
terization is by NMR spectroscopy only. NMR spectroscopic
data are collected in Table 1;
interpretation of these data is
discussed in the next section.

If the solution of [L,Rh(cy-
clooctene)] in benzene is stir-
red under hydrogen for one
day, formation of a cyclohexa-
diene complex 1is observed.
[LyeRh(7*-C¢Hg)] is  always
contaminated with the u-arene
complex, so characterization
was by NMR only. The corre-
sponding [LaRh(7*-CeHy)]
complex could be crystallized
and its X-ray structure is given
in Figure 1. The molecule has
approximate C, symmetry; the
Rh coordination geometry is
square planar, as expected.

As mentioned above, the
mononuclear complexes

[LyeRh(arene)] all dispropor-  2947(6), Rhi - C36 2.992(6).
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Scheme 1. Preparation of mononuclear and dinuclear arene complexes.

tionate in THF at room temperature to complexes of the
composition [{Ly.Rh},(arene)]. The same dinuclear species
are also obtained from the direct reaction of [Ly.Rh(cyclooc-

Figure 1. X-ray structure of [LyRh(cyclohexadiene)] (all hydrogen atoms have been omitted). Selected bond
lengths [A]: C31-C32 1.397(9), C32-C33 1.434(10), C33—C34 1.366(10), C34—C35 1.498(9), C35-C36 1.501(9),
C36—C31 1.495(9), Rh1-C31 2.191(6), Rh1—-C32 2.092(6), Rh1—-C33 2.100(5), Rh1-C34 2.152(5), Rh1---C35

Table 1. Observed and predicted® averaged shifts for Ly Rh 7*arene and u-n*:#*-arene complexes.

Arene Correctionl® n*-arene u-n*m-arene
lH 13C lH ]3C IH 13C
obs caled obs calcd obs caled obs caled
C¢Hg - - 4.49 4.41 96.5 96.8 2.12 2.14 65.6 66.7
C¢HMe i - +9.5 - - 138.4 137.5 - - 88.4 87.0
o -0.19 +1.0 3.36 3.42 99.4 101.6 0.61 1.03 632 623
m -0.11 +0.5 4.00 3.85 822 81.7 131 1.11 59.9 61.8
p -0.17 -14 5.65 5.86 85.8 87.6 4.25 3.81 722 76.1
1,3-C¢H,Me, 1/3 - +9.7 - - 122.5 118.2 - - 89.1 82.7
2 —0.35 +2.0 124 1.55 76.0 753 0.12 -0.15 67.3 70.5
4/6 —0.36 -18 5.22 5.31 104.2 106.7 2.35 2.75 623 64.0
5 -0.19 +02 1.79 1.71 75.0 73.5 2.72 243 59.0 543
1,3,5-CsH;Me;l! 1/3/5 - +9.6 - - 106.3 106.4 - - 103.1 76.3
2/4/6 —0.61 -0.6 3.71 3.80 96.1 96.2 0.90 1.53 58.1 66.1
[a] Using the “intrinsic” shifts from Table 2. [b] Shift of position in free arene relative to free benzene. [c] Not included in fit.
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tene)] with arene, but this reaction is much slower at room
temperature (several days in pure arene). The X-ray structure
of the toluene complex (Figure2) shows an arene ring
bridging between two metal atoms in an anti-u-n*(1,2,3,4):
7*(3,4,5,6) fashion. The arene ring has one long, localized

Figure 2. X-ray structure of [{Ly.Rh},(toluene)] (the three molecules of
cyclohexane of crystallization and all hydrogen atoms have been omitted).
Selected bond lengths [A]: C31—C32 1.447(13), C32—C33 1.433(13),
C33—C34 1.379(14), C34—C35 1.484(15), C35—C36 1.410(13), C36—C31
1.438(13), Rh1—C31 2.328(9), Rh1—C32 2.237(9), Rh1-C33 2.051(10),
Rh1—C34 2.212(10), Rh1--- C35 2.943(11), Rh1 --- C36 2.875(9), Rh2—C35
2.199(10), Rh2—C36 2.069(9), Rh2—C31 2.188(8), Rh2—C32 2.330(10),
Rh2---C33 2.897(10), Rh2--- C34 2.945(9); angle between Rh—Rh vector
and arene least-squares plane is 85.5°.

single bond (C31—C36) and is decidedly nonplanar. Each Rh
atom is bound to one formal double bond; in addition, the two
Rh atoms share the remaining double bond. Each Rh-
“diene” interaction is similar to that in the cyclohexadiene
complex described above. Judging from the Rh—C distances,
interactions with the shared double bond are somewhat
weaker than with the nonshared bonds. There is only one
literature report of this kind of arene bridging: the structure of
[{Cp*Co},(cumene)] also has a 7*(1,2,3,4):n*(3,4,5,6) struc-
ture, with a very similar pattern of bond lengths.”

The physical properties of the dinuclear benzene, toluene,
and m-xylene complexes are rather similar, but the mesitylene
complex shows a much lower solubility in organic solvents
(alkanes, THF), suggesting a different structure. The X-ray
structure (Figure 3) shows an unprecedented anti-u-1*(1,2,3):
7°(3,4,5) structure in which the Rh atoms share one carbon

2742
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Figure 3. X-ray structure of [{Ly.Rh},(mesitylene)] (all hydrogen atoms
have been omitted). Selected bond lengths [A]: C31—C32 1.45(2), C32—C33
1.417(16), C33—C34 1.42(2),C34—C35 1.38(2), C35—C36 1.421(16),C36—C31
1.430(18), Rh1-C31 2.326(19), Rh1—C32 2.050(10), Rh1—C33 2.148(11),
Rh1--- C34 2.698(16), Rh2—C31 2.342(19), Rh2—C36 2.084(11), Rh2—C35
2.194(12), Rh2--- C34 2.747(15); angle between Rh—Rh vector and arene
least-squares plane is 83.1°.

atom (C31), while the arene carbon atom para to it (C34) is
not directly bonded to a metal atom. In this case, the arene
ring is approximately planar. The significance of this and
alternative bridging modes will be discussed in more detail
later on.

NMR data of n*arene complexes: The NMR spectra of
mononuclear [L,Rh(arene)] complexes indicate a high appa-
rent symmetry. This can be explained either by an 7%-bound
structure or by a highly fluxio-

nal structure of lower hapticity. L A=
However, an #° bonding mode \@Z
is rather unlikely, since that Y 7 Y‘ /}'/
would be expected to give rath- Rh Rh
er similar shifts for all carbons
of the toluene and m-xylene
ligands, whereas the observed
spread in shifts (see Table 1) is very large (75 to 104 ppm). In
fact, we find that the NMR data can be analyzed satisfactorily
in terms of an 7* model.¥]
The analysis requires two assumptions:
1) Independent of the methyl substitution pattern, an arene
carbon can occupy one of three distinct “sites” (a, b, c), each
with a different “intrinsic chemical shift”. The observed
shift(s) will be time-averages over the different sites.
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2) The methyl substitution pattern of the ring will induce a
dominant preferred orientation of the ring relative to the
LyRh fragment. This seems reasonable because the methyl
groups are expected to avoid the ligand “walls”. There will
always be several equivalent orientations, so the observed
shifts are still averages, but the shifts will be averaged in
different ways for different methyl substitution patterns.

Methyl substitution also directly affects the chemical shifts
of the ring protons and carbons; this can be approximated by
the analogous effect in the free arene. If the data obtained for
benzene, toluene and m-xylene are combined, an overdeter-
mined system of equations is obtained which can be solved by
linear least squares. The resulting intrinsic shifts are collected
in Table 2, and the time-averaged shifts predicted from these
intrinsic shifts are compared with the observed values in
Table 1. The agreement is seen to be quite good, with an
average deviation of 0.15 ppm for 'H and 1.5 ppm for 3C. The
agreement for mesitylene, which was not included in the fit, is
equally good. Of the three intrinsic 1*C shifts, one (¢, 128 ppm)
is typical for a free olefin or arene. The other two show strong
high-field shifts typical for coordination to a metal, similar to
those observed for the cyclohexadiene complex (included in
Table 2 for comparison). Thus, these data clearly support an
n* structure.! In the toluene complex, the methyl group is in
position c, that is, it avoids the metal-bound arene positions.

Interpretation of the intrinsic 'H shifts is less straightfor-
ward, since these will be affected not only by coordination to
the metal but also by the anisotropy of the diiminate aryl
substituents. For position b, where both effects work in the
same direction, we obtain an extremely high-field shift of
1.90 ppm. The intrinsic 'H shifts for positions a and ¢ are
rather similar, and we cannot conclude from the 'H param-
eters alone which of the two belongs to the Rh-bound part of
the ring. However, the '*C parameters are unambiguous in
this respect, and we find that—curiously—the 6.03 ppm value
corresponds to the coordinated part of the ring.

NMR data of u-arene complexes: The NMR spectra of the
dinuclear species [{Ly.Rh},(arene)] also indicate a high
degree of fluxionality. Again, the toluene and m-xylene
complexes show effective C,, symmetry, indicating that,
relative to the X-ray structure of Figure 2, both double-bond
shift and movement of the Rh atoms over the ring must be
fast. Therefore, the NMR parameters will again be time-
averages over different sites (x, y, z), which can be analyzed as

described for the mononuclear complexes. This time, the
agreement between predicted and observed shifts is poorer,
and the standard deviations in the intrinsic NMR parameters
are twice as large. It may be that the methyl substituents cause
larger structural distortions in these dinuclear complexes,
making the assumption of constant intrinsic shifts less
justified. The very large discrepancies in the calculated shifts
for the u-mesitylene complex, which was not included in the
fit, suggest that it has a different type of structure, which is
confirmed by X-ray diffraction.

In principle, the assignments for x and z could be exchanged
(but only for 'H and *C simultaneously). However, it is
possible to estimate the intrinsic shifts for the dinuclear
complexes from those of the mononuclear ones. Position y
should experience the coordination shift Aa of position a plus
the nonbonded shift Ac of position c; similarly position z
should feel Ab+Ac. The shared double-bond position x, which
is more weakly bound than the other double bonds, should
experience some fraction ¢ of Aa+Ab. Table 2 shows that a
reasonable agreement for both 'H and *C NMR data is
obtained when ¢ is taken to be 0.75; a similar agreement
between the shifts for a to ¢ and x to z cannot be obtained
when the assignments for x and z are reversed. This supports
the assignment given in Table 2.

The toluene methyl group is in position y because this is the
only way to avoid repulsion with both ligand walls. In the m-
xylene complex, the first methyl group also occupies this
position; the second methyl group must always point towards
a wall of one Ly, .Rh fragment. With the above assignment, it
takes position z, which is bound to only one Rh atom, and thus
avoids shared position x.

The value of ¢ gives an indication of the effectiveness of
donation from the “shared” double bond. A value of 0.5
would mean that in the bridged complex each metal atom
would get only half of the interaction it gets in the
mononuclear complex; a value of 1.0 would mean that each
metal gets as much from the bond as it would get if the other
metal was not present. The intermediate value of 0.75
indicates that donation to one metal reduces the donor
capacity of the double bond for further donation, but does not
completely suppress it.

Structure of mononuclear arene complexes: The 7* structure
of the mononuclear arene complexes proposed on the basis of
the NMR data might at first sight seem peculiar, since these

Table 2. Intrinsic NMR parameters for Ly, .Rh 5*arene and u-n*:;*-arene complexes.[?!

Rh
Observed!® From fit From fit Predicted!
site 'H BC site 'H BC site 'H BC 'H 13C
a 426 79.5 a 6.03(12) 89.0(15) x 2.24(32) 54.0(23) 232 577
b 1.64 72.4 b 1.90(10) 73.3(15) y 3.98(28) 77.5(23) 4.08 89.0
c 532(17) 128.0(15) z 0.20(32) 68.5(23) ~0.05 733

[a] All values in ppm. Estimated standard deviations (1o, from fit) in parentheses. [b] Included for comparison only. [c] Calculated from the parameters for
the mononuclear complex (see text), with ¢ =0.75.
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are only 16e structures. To clarify this point, we have carried
out B3LYP calculations on the model system [LRh(ben-
zene)]. These confirm the preference for non-7° structures.
The preference is not very large, and movement of the LRh
fragment over the ring is nearly free, but the lowest-energy
structures were found to be 7* and #2. The NMR analysis is not
compatible with an #? structure for the “real” complexes. The
7? structure may still be involved in the fluxional behaviour of
these complexes, but in view of the easy movement of LRh
over the ring it might not be meaningful to speak of distinct
“mechanisms” for fluxionality here.

The preference for a 16e * structure may be rationalized as
follows. In principle, the LRh fragment has three empty
valence orbitals. The two lying in the plane of the diiminate
ligand are low in energy and are used for normal 16e square-
planar [LRh(donor),] complexes; these are enough to form an
n*-arene complex. The third acceptor orbital is mostly p, in
character. It is much higher in energy than the other two and
has a poor overlap with the relevant arene m-orbital. The use
of this orbital to form an #n° structure can apparently not
compensate for the resulting repulsion with filled Rh 4d
orbitals. Replacement of the o-donating diiminate ligand by
stronger m-acceptor ligands like phosphanes lowers the third
acceptor orbital, resulting in 18¢ #° structures.> 7

Structure and fluxionality of anti-bridged dinuclear arene
complexes: For the anti-bridged dinuclear arene complexes
we again used calculations to clarify the bonding situation.
Regardless of the orientation of the arene ring between the
two metal atoms, all low-energy structures have nearly
orthogonal diiminate planes. If only the two in-plane acceptor
orbitals of each LRh fragment are considered, this means that
they compete for the lowest (symmetric) arene mt-orbital, but
that each interacts with a different arene m-HOMO; in a
parallel orientation they would also compete for the same -
HOMO while leaving the other one unused.

Calculations for the model system [{LRh},(benzene)]
revealed three low-lying stationary points (Scheme 2): an
7*(1,2,3,4):5%(5,6) structure, an 17%(1,2,3,4):7*(3,4,5,6) structure
and an 73(1,2,3):3(3,4,5) structure, all within 6 kcalmol~! of
each other.’l They are connected by two paths, one corre-
sponding to movement of one LRh fragment over the
benzene ring (“metal shift”) and the other to in-place rotation
of benzene with nearly stationary LRh fragments (“ring
rotation”). In the calculations, the 5*:%? structure is slightly
lower in energy than the #*:;* one; the X-ray structure of
[{LyRh},(toluene)] and the NMR data for the analogous

benzene and m-xylene complexes show that in these “real”
Ly, systems the #*:;* structure is preferred. The pattern of
bond lengths calculated for the #*:7*[{LRh},(benzene)]
complex agrees with the X-ray structure of the [{Ly.Rh},
(toluene)] complex.’ If we assume that the two low-energy
rearrangements calculated for the benzene model system are
the only ones possible in solution for all arene complexes, then
both most be occurring: arene rotation alone would not result
in C,, symmetry of the ligands, and metal shift alone would
not exchange the “single” and “double” bonds of the #*:*
structure.

Methyl substituents on the arene will try to avoid the ligand
“walls”. For the mesitylene complex in an 5*:p* structure, two
methyl groups will always point towards a wall. We believe
that this is the reason the mesitylene complex prefers the
observed #7*:;p® structure, which would otherwise be the
transition state for arene rotation. Given that the calculated
energy difference between n*:;* and 7°:%> structures is only
6 kcalmol™' for the model compound, such a reversal of
stabilities by steric effects does not appear unreasonable.
Again, the pattern of calculated distances for this structure is
similar to that found in the X-ray structure determination.l’]

syn- versus anti-bridged structures: There is only one earlier
report of the anti-n*(1,2,3,4):*(3,4,5,6) arene bridging mode
described here, namely the cobalt complex [{Cp*Co},(cu-
mene) . Remarkably, the rhodium complexes [{CpRh},-
(benzene) !9 and [MeSi{CsH,Rh(C,H,),}{CsH,Rh},(benze-
ne) |t prefer a syn-u-7*(1,2,3):7%(4,5,6) structure with a
metal —metal bond, as do the isoelectronic complexes [{(#°-
toluene)Fe),(toluene) 2 and [{(CO);Ru},([2.2]paracyclo-
phane)].I"] This raises the question whether the preference
for syn or anti bridging is influenced by the metal (Co/Rh), by
the ligand (cyclopentadienyl versus diiminate), or both. To
answer this question, we decided to systematically compare
the diiminate and cyclopentadienyl derivatives of the three
metals Co, Rh and Ir."" Despite the differences in formal
electron count of the LM (12e) and CpM (14e) fragments, the
calculated structures are rather similar. Mononuclear Cp and
diiminate complexes uniformly prefer 5* structures. Dinuclear
complexes always prefer the syn-u-n*(1,2,3):7°(4,5,6) struc-
ture observed for [{CpRh},(benzene)] (see Table 3). For
[{Cp*Co},(cumene)] and our S-diiminate complexes, how-
ever, syn bridging is not possible for steric reasons, and the
anti-bridged structure results as a “second-best”. All com-
plexes show relatively easy arene rotation; the highest
barriers were found for Ir, as shown in Table 4.

gh
75 A fh Rb
A AN A A
bes | = 280Ny —— |18 | ——= 1F T
| 2=Sge—14 \ D=3 D=3 o3
P i Vi Vi
i Vi 17
Rh” g Rh Rh
4.4 3.3 4.4 4.2 4.4
nm nm nm nm nm
ring rotation metal shift

Scheme 2. Low-energy structures of dinuclear arene complexes and the paths connecting them.
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Table 3. Calculated relative stabilities of syn- and anti-bridged arene
complexes [kcal mol~'].

Complex Co Rh Ir
[{LM},(C¢Hg)] anti above syn 8.3 13.1 16.4
[{CpM},(C4Hy)] anti above syn 14.0 18.2 335

Table 4. Calculated barriers for fluxional processes in y-arene complexes
[kcalmol~'].

Complex Process Co Rh Ir
[{CpM}5(CsHy) ]
anti-u-1*:n* arene rotation 12.7 8.1 17.5
M shift 3.6 1.7 4.8
syn-u-n*ap arene rotation 8.5 9.1 25.7
[{LM},(CsHe)]
anti-u-1*:n* arene rotation 6.7 53 12.0
M shift 1.4 —0.20] 5.2
syn-u orthogonal arene rotation 4.1 4.1 4,500

[a] For the parent system, the #*:? structure is calculated to be more stable
than the 7*:* structure. Introduction of substituents at N should reverse
these stabilities. [b] The 7*:7? structure is more stable than the 7°:7° one.

The most significant difference between the LM and CpM
systems is that the deformations away from #° coordination
(ring slippage, bond localization, ring folding) are consistently
more pronounced in the CpM series. This is easily understood
from the fragment orbital description of the bonding. The
CpM fragment has three valence orbitals and two electrons.
So, it tends to bind to an arene using the two empty orbitals,
while avoiding repulsion with the third filled one, resulting in
strong avoidance of the #° structure. In contrast, the LM
fragment has two strongly bonding valence orbitals and a
third one that is empty but too high in energy for efficient
bonding, which results in only a weak avoidance of the n°
structure.

Conclusion

The complexes described here provide a nice illustration of
the influence of steric factors on structural and conforma-
tional preferences of arene coordination. For the mononu-
clear complexes, an #* structure is always obtained, with the
methyl substitution pattern of the arene directing the
preferred orientation. This enabled extraction of “static”
NMR parameters for these highly fluxional systems. For the
dinuclear complexes, syn-u-n*(1,2,3):73(4,5,6) structures
would be preferred on electronic grounds, but the bulk of
the diiminate ligands forces formation of the anti-bridged
structures: u-1%(1,2,3,4):7*(3,4,5,6) for benzene, toluene and
m-xylene, and u-1*(1,2,3):3(3,4,5) for mesitylene. Two modes
of isomerization (metal shift and ring rotation) were proposed
on the basis of calculations. The judicious use of methyl
substituents on the arene ring has resulted in a stable analogue
of the proposed ring rotation transition state.

Despite the difference in electron count, the structures of
diiminate complexes are similar to those of cyclopentadienyl
complexes. However, the detailed control over steric factors
that is possible with diiminates would be difficult to realize in
the cyclopentadienyl series.

Chem. Eur. J. 2000, 6, No. 15
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Experimental Section

Calculations: All calculations were carried out with the Gaussian-94
program"” on SGI workstations. The small split-valence 3-21G basis was
used for the first-row atoms." For Co, 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 electrons:"” for Rh and Ir the most
diffuse d function in that basis was replaced by two components with
exponents 1.4142 times higher and lower than the original exponent.
Geometries were optimized at the RB3LYP" level within the symmetry
constraints mentioned in the Supporting Information (Table S1).

Syntheses: All reactions were carried out under Ar. Solvents were distilled
from Na/benzophenone prior to use. [Ly.Rh(coe)] and [LoRh(coe)]
(coe = cyclooctene) were prepared as reported previously."”

[Ly.Rh(benzene) |: Ly, Rh(coe) (0.2 g) was dissolved in benzene (10 mL),
and the solution was stirred vigorously under a hydrogen atmosphere
(1 bar) for 15-45 s. The volatiles were quickly removed in vacuo, and the
residue was from that moment on kept below —30°C (solutions kept at
room temperature show virtually complete disproportionation to
[{LycRh},(benzene)] (see below) within 30 min). It was dissolved in
[Dg]THF for NMR studies. '"H NMR (400 MHz, [Dg]THF, —30°C): 6 =
6.96 (d,4H;m), 6.82 (t,2H; p), 4.87 (s, 1 H; 3), 4.42 (s, 6 H; CsHy), 2.28 (s,
12H; o0-CHs), 1.37 (s, 6H; I); BC{'H} NMR (100.5 MHz, [Dg|THF,
—30°C): 6=155.5 (2), 154.3 (i), 1315 (o), 127.3 (m), 123.9 (p), 99.3 (3),
96.5 (d, Jruc (av) =3.6 Hz; CiHy), 21.1 (1), 18.2 (0-CH,).

[LyRh(CHy) |: [LyRh(coe)] (0.2 g) was dissolved in benzene (15 mL)
and immediately put under a hydrogen atmosphere (1 bar) and stirred
vigorously. An immediate reaction occurs, giving a brown solution.
However, completion of the reaction requires prolonged stirring under
H,. After one day, the solvent was removed in vacuo to leave a mixture of
[LyeRh(C¢Hyg)] and [{Ly.Rh},(benzene)] (ca 2:1.3 by NMR spectroscopy)
as a red-brown sticky mass (0.19 g). The reaction should not be carried out
at higher concentrations of [Ly,Rh(coe)], since that leads to even more
contamination with [{LyRh},(CsHe)]. 'H NMR (500.13 MHz, 25°C,
[Dg]THF): 6 =7.07 (br d, 4H; m), 6.90 (t, 2H; p), 5.09 (s, 1H; 3), 4.26
(m, 2H; cyh 2,3), 2.3 (v br, 12H; 0-CH,), 1.66 (s, 6H; 1), 1.64 (m, 2H; cyh
14), 1.37 (m, 2H; cyh 5,6 exo), 0.54 (m, 2H; cyh 5,6 endo); 'H NMR
(—18°C): 0=1713,707 (d, 2H each, m,m’), 6.92 (t, 2H; p), 5.11 (s, 1H; 3),
4.28 (m, 2H; cyh 2,3), 2.38,2.16 (s, 6H each, 0,0'-CH3), 1.65 (s, 6H; 1), 1.56
(m, 2H; cyh 1,4), 1.37 (m, 2H; cyh 5,6 exo), 0.54 (m, 2H; cyh 5,6 endo);
BC{'H} (125.76 MHz, —18°C): 6 =158.9 (2), 157.1 (i), 134.0, 131.1 (0,0"),
129.6 (m,m'’), 129.4 (p), 99.3 (3), 79.5 (d, Jrnc=8 Hz; cyh 2,3), 72.4 (d,
Jrne=12 Hz; cyh 1,4), 24.5,24.2 (I,cyh 5,6), 20.6, 20.2 (0,0"-CH;).
[{Ly.Rh},(benzene)]: [Ly.Rh(coe)] (0.2 g) was dissolved in benzene
(2mL). The solution was heated to 60°C for 4h, cooled to room
temperature, and the solvent was removed in vacuo. The product was
crystallized from hexane. Elemental analysis caled (%) for C,HssN,Rh,
(894.81): C 64.43, H 6.31, N 6.26; found: C 64.25, H 6.37, N 6.10; '"H NMR
(200 MHz, C¢D,, 25°C): 0 =6.94 (d, 8H; m), 6.82 (t, 4H; p), 4.86 (s, 2H;
3),2.14 (s, 24H; 0-CH,;), 2.12 (s, 6 H; C4Hy), 1.45 (s, 12H; 1); C{'H} NMR
(50.3 MHz): 6 =156.9 (2), 156.1 (i), 132.6 (0), 128.8 (m), 125.2 (p), 99.2 (3),
65.6 (t, Jrnc (av) =4.8 Hz; C¢Hy), 22.9 (1), 19.7 (0o-CHj).
[LRh(benzene) |: This was prepared similarly to [Ly.Rh(benzene)], but
from [LoRh(coe)]. '"H NMR (400 MHz, [Dg]THF, —30°C): 6 =735 (d,
4H; m), 7.00 (t, 2H; p), 4.96 (s, 1 H; 3), 4.54 (s, 6H; C¢Hy), 1.48 (s, 6 H; 1);
BC{'H} NMR (100.5 MHz): 6 =1574 (2), 150.6 (i), 131.3 (0), 127.6 (m),
1253 (p), 99.8 (3), 93.2 (d, Jryc (av) =5.4 Hz; CHg), 21.2 (1).
[LoRh(C¢Hy) ]: [LRh(coe)] (0.2 g) was dissolved in benzene (15 mL) and
immediately put in a hydrogen atmosphere (1 bar). The mixture was stirred
for one day, and then the solvent was removed in vacuo. The residue was
extracted with diethyl ether (5mL). The extract was concentrated to
0.3 mL and the Schlenk tube was connected to another tube containing
hexane (5mL) to allow slow crystallization by diffusion. A few large
brown-red crystals of [LRh(C4Hg)] were obtained (0.08 g, 42 % ). One of
these was used for an X-ray structure determination. This reaction, like the
synthesis of [Ly.Rh(C4Hy)], should not be carried out at high concen-
trations. Elemental analysis calcd (% ) for C,;sH,,N,CI,Rh (570.15): C 48.45,
H 3.71, N 4.91, C124.87; found: C 48.32, H 3.62, N 5.02, C1 24.71; '"H NMR
(300 MHz, 25°C, [Dg]THF): 6 =7.45 (d,4H;m), 707 (t, 2H; p),5.14 (s, 1 H;
3),4.51 (m,2H;cyh 2,3),1.74 (s,6H; 1), 1.72 (m, 2H; cyh 1,4), 1.46 (m, 2H;
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cyh 5,6 exo), 0.51 (m, 2H; cyh 5,6 endo); '"H NMR (500.13 MHz, —53°C):
0="1757,751(d,2H each; m,m’),7.18 (t,2H; p),5.20 (s, 1 H; 3),4.53 (m, 2H;
cyh 2,3), 1.74 (s, 6H; 1), 1.57 (m, 2H; cyh 1,4), 1.45 (m, 2H; cyh 5,6 exo),
0.52 (m, 2H; cyh 5,6 endo); BC{'H} (75.4 MHz, 25°C):  =161.0 (2), 153.3
(i), 133 (br, 0), 129.8 (m), 127.2 (p), 99.8 (3), 79.4 (d, Jrpc=8.3 Hz; cyh 2,3),
714 (d, Jgnc=125Hz; cyh 14), 242 (I and cyh 56); 'H NMR
(125.76 MHz, —53°C): 6 =160.6 (2), 152.9 (i), 134.3, 130.9 (0,0"), 130.0
(m,m’), 127.7 (p), 99.9 (3), 79.0 (cyh 2,3), 71.7 (d, Jrnc=12 Hz; cyh 1,4),
24.6,24.1 (1, cyh 5,6).

[Ly.Rh(toluene) ]: This was prepared similarly to [Ly.Rh(benzene)], but
from toluene instead of benzene. 'H NMR (400 MHz, [Dg]THF, —30°C):
0="705 (d, 4H; m), 6.90 (t,2H; p), 5.65 (t, 1 H; tol p), 4.91 (s, 1H; 3), 4.00
(t, 2H; tol m), 3.36 (d, 2H; tol 0), 2.34 (s, 12H; 0-Me), 1.49 (s, 6H; 1), 1.23
(s, 3H; tol Me); BC{'H} (100.5 MHz): 6 =157.5 (2), 156.4 (i), 138.4 (tol i),
133.6 (0), 129.3 (m), 125.8 (p), 100.9 (3), 99.4 (tol o), 85.8 (tol p), 82.2 (d,
Jrnc =8 Hz; tol m), 23.1 (1), 21.2 (tol Me), 20.2 (0-Me).

[{Ly.Rh},(toluene) J: [Ly . Rh(coe)] (0.2 g) was dissolved in toluene (2 mL).
The solution was heated to 60°C for 4 h, cooled to room temperature, and
the solvent was removed in vacuo. The product was crystallized from
hexane. X-ray quality crystals of [{Ly,.Rh},(C;Hy)] -3 C;H,, were obtained
by recrystallization from cyclohexane. Elemental analysis calcd (%) for
CyHsgN4Rh, (908.83): C 64.76, H 6.43, N 6.16; found: C 64.97, H 6.44, N
6.32; 'H NMR (300 MHz; C,D,,, 25°C): 6 =6.90 (d, 8H; m), 6.79 (1, 4H;
p),4.80 (s,2H; 3),4.21 (t, 1 H; tol-p), 2.08 (s, 24 H; 0-CHs3), 1.40 (s, 12H; 1),
1.34 (s, 3H; tol-CH), 1.27 (t, 2H; tol-m), 0.57 (d, 2H; tol-0); 3C{'H} NMR
(75.4 MHz): 6 =157.1 (2), 156.2 (i), 132.7 (0), 128.9 (m), 125.2 (p), 99.1 (3),
88.4 (br.s) and 72.2 (br. s) (tol i and p), 63.2 (t, Jryc (av) = 6.2 Hz) and 59.9
(t, Jrnc (av) = 6.2 Hz) (tol 0 and m), 23.0 (1), 20.5 (tol-CH3;), 19.8 (o-CH,).

[Ly.Rh(m-xylene) ]: This was prepared similarly to [Ly.Rh(benzene)], but
with m-xylene instead of benzene. 'H NMR (400 MHz, [Dg]THE, —30°C):
0="706(d,4H;m),6.91 (t,2H; p),5.22 (d,2H; xyl 4/6),4.94 (s, 1H; 3),2.32
(s, 12H; 0-Me), 1.79 (t,2H; xyl 5), 1.72 (s, 6 H; xyl Me), 1.50 (s, 6H; 1), 1.24
(s, 1H; xyl 2); BC{'"H} NMR (100.5 MHz): 6 =157.7 (2), 156.4 (i), 133.6 (0),
129.3 (m), 125.8 (p), 122.5 (xyl 1/3), 104.2 (xyl 4/6), 101.0 (3), 76.0 (d, J =
8 Hz; xyl 3), 75.0 (d, Jryc =10 Hz; xyl 5), 23.3 (Z), 21.9 (xyl Me), 20.3 (o-
Me).

[{LyRh},(m-xylene)]: Crude [Ly.Rh(m-xylene)] (as described above)
(0.2 g) was dissolved in THF (3 mL). After this solution had been left to
stand for one day at room temperature, the volatiles were removed in
vacuo, and the residue was crystallized from pentane (RT to —20°C), to
give brown [{Ly.Rh},(m-xylene)] (0.11 g; 61 %). Elemental analysis calcd
(%) for CsHgN4Rh, (922.86): C 65.07, H 6.55, N 6.07; found: C 64.95, H
6.67,N 6.06; 'H NMR (400 MHz, [Dg]THF, 25°C): 6 =7.02 (d, 8H; m), 6.88
(t, 4H; p), 4.87 (s,2H; 3), 2.72 (t, 1 H; xyl 5), 2.35(d, 2H; xyl 4/6), 2.14 (s,
24H; 0-CH;), 1.39 (s, 12H; 1), 0.23 (s, 6 H; xyl Me), 0.12 (br. s, 1H; xyl 2);
BC{'H} NMR (100.5 MHz): 6 =157.7 (2), 156.4 (i), 133.5 (0), 130.0 (m),
126.1 (p), 99.5 (3), 89.1 (t, /=4 Hz; xyl 1/3), 67.3 (br. s; xyl 2), 62.3 (t,J=
5 Hz; xyl 4/6),59.0 (t,J =7 Hz; xyl 5), 23.7 (1), 20.5 (xyl Me), 20.4 (0-CHj;).

[Ly.Rh(mesitylene) ]: This was prepared similarly to [Ly,.Rh(benzene)],
but disproportionates more slowly, particularly in alkanes. 'H NMR
(200 MHz, CD,,,25°C): 6 =7.15 (d,4H;m), 6.99 (t,2H; p), 5.06 (s, 1 H; 3),
3.88 (s, 3H; Me;C4Hs), 2.55 (s, 12H; 0-CH;), 1.55 (s, 6H; 1), 1.18 (s, 9H;
Me;CsH,); BC{'H} (50.4 MHz): 6 =156.1 (2), 154.3 (i), 133.6 (0), 128.9 (m),
124.6 (p), 116.0 (d, Jgyc (av) =4.6 Hz; mes 1), 101.4 (3), 95.8 (d, Jrpc (av) =
4.1 Hz; mes 2),22.5 (1), 21.3 (Me;C¢H;), 19.3 (0-CHj).

[{Ly.Rh},(mesitylene) ]: Crude [L,, Rh(mesitylene)] (as described above)
(0.2 g) was dissolved in pentane (3 mL). Over a period of days, nearly black
[{Ly.Rh},(mesitylene) ] was deposited (0.13 g, 73 % ). Crystals suitable for
X-ray studies were obtained by carrying out the disproportionation in THF.
Elemental analysis calcd (%) for Cs;H;,N,Rh, (936.89): C 65.38, H 6.67, N
5.98; found: C 65.41, H 6.66, N 6.10; 'H NMR (400 MHz, [Dg]THF, 25°C):
5=1703 (d, 8H; m), 6.89 (1, 4H; p), 4.81 (s, 2H; 3), 2.17 (s, 24H; 0-CH),
1.35 (s, 12H; 1), 0.90 (s, 3H; mes 2/4/6), 0.42 (s, 9H; xyl Me); “C{'H}
(100.5 MHz): 6 =157.1 (2), 155.3 (i), 133.8 (0), 1303 (m), 126.0 (p), 103.1
(mes 1/3/5), 99.2 (3), 58.1 (mes 2/4/6), 23.5 (I and mes Me), 20.2 (o-CHs).

Crystal structure determinations: Crystals were mounted in thin-walled
glass capillaries under Ar. Details of all structure determinations are
collected in Table 5. Since the glass capillaries prevented accurate
description of the crystal shape, semi-empirical absorption corrections!"]
were applied; for [{L,,Rh},(mesitylene)], this proved to be insufficient and
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the DIFABS procedure™ was used to improve the empirical absorption
correction. Structures were solved with the PATTY option?'! of the
DIRDIF program system.?? Refinements were carried out with the
SHELXL-97 package.””! All non-hydrogen atoms were refined with
anisotropic temperature factors. The hydrogen atoms were placed at
calculated positions and refined isotropically in riding mode. The positions
of the vinylic hydrogen atoms of [LRh(cyclohexadiene)] and the toluene
hydrogen atoms of [{Ly.Rh},(toluene)]-3 C;H,, were subsequently refined
independently. The solvent cyclohexane molecules of [{Ly,.Rh},(toluene)] -
3C4H;, were slightly disordered, resulting in fairly large anisotropic
average displacement parameters. Efforts to fit the observed electron
density with partially occupied disordered molecules did not result in
physically reasonable models. All refinements were full-matrix least-
squares on F2 Geometrical calculations?® revealed neither unusual
geometric features, nor unusual short intermolecular contacts, and the
calculations revealed no higher symmetry and no solvent accessible areas.
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-103103,
CCDC-103102, and CCDC-138287. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (+44) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).
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