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Abstract

The crystal and molecular structures of [(n-CoH;),M] (M = Fe, 1; Co, 2; Ni, 3)
and [(n-CyMe,),Fe], 4, a.rc reported, along with a discussion of the correlation
between hapticity and the *C chemical shift of the indenyl] ring-junction carbons
(C(3a), C(7a)). Single crystals of both 1 and 2 undergo non-destructive and
reversible phase changes upon cooling below ca. 240-245 K. The room-temperature
structures are disordered; however, the low temperature ones (150 K) are essentially
ordered. Crystals of 3 do not display this behavior on cooling to 150 K, and residual
anisotropy in certain carbon atoms is ascribed to a minor twinning problem.
Crystals of 4 were only examined at ambient temperature, where an ordered
structure was obtained.

In contrast to the analogous Cp,M series (Cp = v°-CsHs; M = Fe, Co, Ni), which
display a gradual symmetric increase in M-C distances in the order Fe < Co < Ni,
the distortions in the indenyl series are of a fundamentally different nature. Thus,
there is a gradual increase in the degree of slip-fold distortion from #*- toward
1°-coordination which involves (a) slippage of the metal away from C(3a),C(7a), and
(b) folding of the ring system (particularly at C(1),C(3)), in the order Fe < Co < Ni.

The slip values (A = avg d(M-C(3a),C(7)) — avg d(M-C(1),C(3)) are 0.043(4),
0.124(4), 0.418(6), and 0.030(4) A for 1-4, respectively. For a “true 7-"complex, A
should be ca. 0 A, whereas values of ca. 0.69-0.79 A have been reported for “true

7°-"indenyl complexes such as [(#*-CyH,)Ir(PMe, Ph),]. Therefore, complexes 1 and
4 are clearly n’, as predicted on the basis of the 18-electron rule, whereas 2 and 3

* Dedicated to Professor Gordon Stone on the occasion of his 65th birthday.
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display increasing degrees of distortion in both rings to avoid 19- and 20-electron
counts, respectively. The two indenyl rings in 3 are half-way between 7°- and
7°-coordination modes.

Crystal data for 1 at 295 K are: monochmc, P2,/n, a 8.030(2), b 7.806(2), ¢
10.779(2) A, B 107.39(1)°, V 648.9(2) A?, Z =2, structure not refined; at 150 K:
monoclinic, Ce, a 16.021(4), b 15.510(5), ¢ 11.187(3) A, B 115.53(2)°, V 2509(1) A3,
Z =8, R=0.0306, R, =0.0332. For 2 at 295 K: monoclinic, P21/n a 8.027(2), b
7.838(2), ¢ 10.936(3) A B 107.57(2)°, V 655.92) A’, Z =2, structure not refined; at
150 K: monoclinic, P2,/c, a 11.258(3), b 7.824(3), ¢ 15.256(6) A, B 108.07(2)°, V
1277710 A%, Z=4, R=0.0397% R,, = 0.0447. For 3, at 150 K: monoclinic, P2,/n,
a 6.063(1), b 20.056(3), ¢ 10. 703(2) A, B 9427(1)°, V 1297.9(3) A’ Z=4,
R =0.0413, R, =0.0493. For 4, at 295 K: orthorhombic, Pbcn, a 14.211(2), b
9.284(2), ¢ 19 289(4) A, vV 2544.8(8) A’, Z=4, R=0.0410, R, = 0.0421.

Introduction

It is well known that [(#’-indenyl)ML,] complexes display enhanced reactivity in
both S,1 [1,2] and S\2 [1-5] substitution reactions, compared with their cyclo-
pentadienyl analogues. In addition, enhanced catalytic activity has been demon-
strated for [(n’-indenyl)ML,] complexes (M = Co, Rh; L = alkene) in intermolecu-
lar hydroacylation reactions [6], cyclotrimerization of alkynes to benzenes [7], and
cyclocotrimerization of alkynes and nitriles to pyridines [8]. Recent kinetic studies
[2,4] and the isolation and structural characterization of three stable [(7*-CoH,)ML, ]
complexes, [(7°-CoH,)In(PMe,Ph),], 5 [9), [(7’-CsH,)Fe(CO)s]~, 6 [10], and [(7’-
CyH, X 1°-CyH,)W(CO),], 7 [11), indicate the relative ease of slippage of the
indenyl ring from %>- to n’-coordination during Sy2 substitution reactions at
18-clectron metal centers. The decreased hapticity accommodates the extra electron
pair of the incoming nucleophile, alleviating an unfavorable 20-electron count at the
metal center. Dissociation of the leaving ligand results in a return to the #’-coordi-
nation mode of the indenyl moiety.

The relative ease of ring slippage for indenyl vs. cyclopentadienyl ligands has
generally been attributed [1-4] to the rehybridization of the indenyl #-system,
which involves an increase in the aromatic character of the benzene ring, This
results in a disruption of the aromatic character in the five-membered ring and thus,
would be a higher energy process for cyclopentadienyl ligands (Scheme 1).

During the course of our continuing investigations of the solid-state structures,
solution dynamics, reactivity, and catalytic behavior of indenyl rhodium complexes
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[5,6,12,13], we have demonstrated [12,13] that significant slip-fold distortions, from
7 toward 7°, exist in the ground-state structures of all d®{(#-C4R,)RhL,] com-
plexes; similar observations have been made by other researchers [3,14-18]. In
addition, such distortions also exist for related d5-[(3-CyR,)ML,L’] systems [19,20].
The rhodium complexes all have 18-electron configurations and are best regarded as
possessing “distorted #°-”indenyl ligands.

On the basis of a comparison of the C NMR spectra of [(n-CyH,),Fe], 1,
[(n-CyH;),Co]*, 8, [(n-C4H,),Ni], 3, and indene, K&hler proposed [21] a correla-
tion between the °C chemical shift of the indenyl ring junction carbons, C(3a),C(7a),
and the hapticity of the coordinated indenyl ligand. Thus, the upfield shift of signals
for C(32),C(7a) in 1 and 8 relative to indene were taken as indicative of n°-coordina-
tion, whereas the downfield shift in 3 led to the proposal of n’-coordination for the
two indenyl rings. Subsequently, Baker and Tulip [15] and our group [12,13] have
analyzed the °C NMR spectra of a wide variety of indenyl metal complexes and
have selected sodium indenide as a more appropriate reference. It was concluded
that the solution chemical shifts for C(3a),C(7a) map the solid-state structures quite
well for all d® and d® complexes examined, and that even small slip-fold distortions
correlate with the *C NMR data. The publication of ’C NMR spectra for the
n’-indenyl complexes 5 [9] and 6 [10] provided the first reports of such data for
structurally characterized n°-indenyls, and the values for C(3a),C(7a) were substan-
tially downfield from those of 3 [21]. In addition, it is not necessary to invoke the
presence of two ’-indenyl ligands in 3 in order to comply with the 18-electron rule.
These factors led us to propose [13] that the ground-state structure of 3 would
possess either one 7°- and one 7’-indenyl ligand, cf. 7, which must be undergoing
rapid exchange in solution, or two indenyl rings with hapticities roughly halfway
between true 7°- and 7’-geometries.

We therefore undertook solid-state structure determinations on 3, the Fe and Co
analogues 1 and 2, and the permethylindenyl iron derivative 4, in order to examine
the effect of d-electron count on the preferred mode of coordination of the indenyl
ligands. These results, and a comparison of the distortions with the analogous
structurally characterized cyclopentadienyl complexes Cp,M (Cp = (7°>-CsH;); M =
Fe, 9 [22], Co, 10 [23], Ni, 11 [24]), [(7°-CsMe;),Fe], 12 [25], and [(%*-C;Me,H),Fe],
13 [26], and indenyl complexes [(ns-CgH-,)zRu], 14 {27]), and [(%’-1,3-
Me,CoH,),Fel™, 15 [28), are the subject of this report.

Experimental

All reactions and the growth of crystals were conducted in a nitrogen filled
glove-box. The syntheses of complexes 1 [29], 2 [30], 3 [31], and 4 [32] were carried
out by minor modifications of the literature procedures. Full experimental details of
the modified procedures will be reported in a subsequent paper [33] along with the
results of photoelectron spectroscopic and extended Hiickel molecular orbital stud-
ies currently in progress. Single crystals, for X-ray diffraction analysis, were grown
by cooling solutions of 1-3 (in hexane, toluene and CH,Cl,, respectively) to
—35°C in the glove-box freezer. Crystals of 4 were grown by slow evaporation of a
CsD; solution at ambient temperature.

Solution *C NMR spectra were recorded in degassed C,D; or CD,Cl, on Bruker
AC200 or AM250 spectrometers operating at 50 and 62.5 MHz respectively. Signals
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for the ring junction carbon atoms, C(3a),C(7a), in 1 and 3 were identified by their
characteristic low intensities and by JMOD experiments. In 4, the identification was
by intensity only, as none of the ring carbons bear hydrogen substituents. The
ambient temperature "C{'H} NMR spectra for 1 and 3 agreed well with those in
the literature [21,29]. A C{'H} NMR spectrum of 3 at —85°C in CD,Cl,
revealed no indication of peak broadening. The *C{'H} spectrum of 4 (CsDs) was
not given in the original report [32] and is as follows: § 130.6, 128.9 (s, C(4)-C(7),
85.5 (s, C(3a),C(7a)), 85.3 (s, C(7)), 70.8 (s, C(1),C(3)), 17.5, 16.9, 12.5, 10.3 (s, CH,
groups). The intensities of the four CH, resonances were similar and thus, the signal
due to the unique CH, group on C(2) could not be unambiguously identified.

Crystal data, data collection, structure solution, and refinement of 1-4

All pertinent data are listed in Table 1. Data acquisition were performed on an
LT2-equipped Nicolet R3 diffractometer using graphite monochromated Mo-K,
radiation (A = 0.71073 A). Crystals of 2 and 3 were encased in epoxy to prevent
oxidation. Accurate unit cell dimensions for each system were derived from 25
general reflections, well distributed in reciprocal space. Data collection was by
either w or 26—@ scan methods, with background measurements being made at the
beginning and end of each scan for a total time equal to half the scan time. Two
standard reflections were monitored every 100 measurements during the data
collections. Absorption corrections were derived from ¥ scan measurements except
for 1, which was by face-indexed analytical treatment. All structure solutions were
by Patterson and Fourier techniques, and refinement was by full-matrix least-squares
methods using Nicolet SHELXTLPLUS software. The atomic coordinates, bond lengths,
angles, and thermal parameters are available on request from the Director of the
Cambridge Crystallographic Data Centre, University Chemical Laboratory, Lens-
field Rd., Cambridge CB2 1EW. Any request should be accompanied by the full
literature citation for this communication.

[(n-CH, ), M] (M =Fe, 1, M=Co, 2)

Trotter [34] has previously determined the structure of 1 by photographic
projection methods with Z =2 in space group P2,/a, the molecules being dis-
ordered about a center of inversion. He also noted that the structure of 2 appeared
to be isomorphous with 1 based on powder data. We have indeed confirmed these
observations and, although data sets for both have been collected at room tempera-
ture, no attempt has yet been made to refine these disordered structures.

However, as is not uncommonly observed for structures of spherical or ellipsoidal
moieties possessing ambient temperature disorder (e.g. derivatives of adamantane
and related species [35]), both 1 and 2 undergo phase transitions to give ordered
low-temperature forms. Although clearly isostructural at 295 K, the similarities are
lost below ~ 240-245 K. The first low-temperature attempt on 2 was performed by
slow cooling of the crystal down to 150 K. This data set yielded a result indicating
an incomplete change with ~ 15% residual disorder. A second experiment involved
maintaining the temperature at 233 K for 16 hours prior to final cooling. Although a
much more complete transformation was achieved, 4% residual disorder remained.
The P2,/n (Z=2)to P2,/c (Z = 4) transition of 2 is not duplicated by 1, which
gave a low temperature C-centered monoclinic cell with Z = 8. Again, the crystal
was maintained at 233 K for 16 hours prior to final cooling to 150 K. Initial
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attempts to solve 1 in C2/c proved inappropriate, but solution and refinement was
successful in Cc, with two independent molecules per asymmetric unit. E statistics
also strongly favored the acentric solution. Again, the phase transformation was
incomplete, but only ~ 2% disorder remained for 1. Inversion of the coordinates of
1 gave slightly poorer agreement factors (R = 0.0316, R, = 0.0339), so the setting
chosen is assumed correct. The residual metal atom disorder was included in the
refinements of both 1 and 2. However, the corresponding indenyl carbon atoms
(which exhibited peak heights ~ 0.25e A3 , considerably less than the ordered-form
hydrogen atoms) were not included.

[(n-GHy),Ni], 3

Of the three low-temperature structure experiments, only 3 did not exhibit any
phase change over the temperature range studied (150-295 K). Numerous crystals
were mounted and examined, but most showed photographic evidence of almost
parallel twinning. Although the crystal utilized for the data collection did not show
this effect, the highly anisotropic thermal parameters exhibited by certain atoms in
the structure are presumably due to some twinning phenomenon. Data sets were
collected from two additional “good” crystals; however, similar anisotropies were
observed in the thermal parameters for the same carbon atoms and slightly poorer
agreement factors were obtained.

[(n-CoMe;), Fe], 4
The structure of 4 was only examined at 295 K, and solved and refined routinely.
The molecule possesses two-fold crystallographic symmetry.

Results and discussion

Solid-state structures of [(n-CyH,),Fe], 1, and [(n-C,Me,),Fe], 4

Solution >C NMR data for the iron complexes 1 and 4 (Table 2) are indicative of
nearly perfect n’-coordination of the indenyl ligands. Crystallographic disorder in 1
at room temperature limits the accuracy of this result; however, we observed that
the crystal underwent a non-destructive phase transition at ca. 245 K, below which
an essentially ordered results was obtained. Only ca. 2% residual disorder remained
at 150 K but there were two independent molecules in the asymmetric unit.

We have chosen [12,13,15] several parameters to describe the slip-fold distortion
in indenyl complexes. First, we define A),_c, the slip parameter, as the difference in
the average bond lengths of the metal to the ring junction carbons C(3a),C(7a) and
the metal to the adjacent carbon atoms of the five-membered ring, C(1),C(3).
Secondly, we define the hinge angle, HA, as the angle between the planes
[C(1),C(2),C(3)] and [C(1),C(3),C(3a),C(7a)], and the fold angle, FA, as the angle
between the planes [C(1),C(2),C(3)] and [C(3a),C(4),C(5),C(6),C(7),C(7a)]. The hinge
angle represents bending at [C(1),C(3)] whereas the fold angle takes into account a
smaller bending distortion at C(3a),C(7a). Although other workers [19] have selected
different, but related, parameters to describe these distortions, A,,_ values can
always be obtained in a straightforward manner from tabulated bond lengths, and
FA is usually reported. For the sandwich complexes, it was necessary to select an
additional parameter to describe the relative rotational orientation of the two
indenyl rings. We define the rotation angle, RA, as the angle between planes
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RA =0° RA = 180°
Scheme 2

including the metal, and C(2) and the mldpomt of C(3a),C(7a) for each of the
indenyl rings, ie. [M,C(2),mid C(3a),C(7a)] and [M,C(2"),mid C(3a"),C(7a’)]. A
rotation angle of 0° would indicate a completely eclipsed geometry whereas an
angle of 180° corresponds to the fully staggered arrangement of the two rings
(Scheme 2).

The values of 4,,_c, HA, FA, and RA are given in Table 2. The structure of 1 is
illustrated in Fig. 1. Bond lengths for 1-4 and 15 are given in Table 3. The values of
Ay _c, FA and HA for the two independent molecules in the asymmetric unit of 1
are all small and essentially similar (average values are 0. 043(4) A, 2.2°, and 0.8°,
respectively). These values correspond to nearly undistorted #’-coordination of both

Fig. 1. ORTEP views of [(n-C4H,),Fe], 1, molecule A (top) and B (bottom), showing atom numbering.
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Table 3
Bond lengths for indenyl sandwich compounds of Fe, Co, and Ni
1 2 3 4 157
Molecule A Molecule B

M-C(1) 2.047(3) 2.045(4) 2080(3)  2.068(3)  2.058(4)  2.079%4)
M-C(2) 2.041(3) 2.045(4) 2.090(4) 1.973(3) 2.063(9) 2.063(4)
M-C(3) 2.049(4) 2.054(%) 2.059(3) 2.056(3) 2.066(3) 2.0734)
M-C(3A) 2.101(4) 2.087(4) 2181(3)  2480(3)  2.086(4)  2.142(4)
M-C(7A) 2.094(4) 20794 2.186(2) 2.483(3) 2.098(4) 2.156(4)
M-C(1") 2.042(4) 2.052(5) 2.058(3) 2.056(4) * 2.076(4)
M-C(2") 2.034(4) 2.048(5) 2.086(3) 1.978(6) * 2.070(4)
M-C(3") 2.054(9) 2.04%(4) 2.072(3) 2.02%(5) . 2.072(9)
M-C(3a") 2.103(3) 2.087(3) 2.195(3) 2.462(3) * 2.151(4)
M-C(7a’) 2.092(3) 2.091(3) 2.204(3) 2.455(3) * 2.147(%)
C(1)-C(2) 1.419(5) 1.421(5) 1.413(4) 1.408(5) 1.427(6) 1.409%(6)
C(2)-C(3) 1.434(6) 1.420(7) 1.411(5) 1.414(5) 1.412(5) 1.41°7(6)
C(3)-C(3a) 1.439(5) 1.437(5) 1.444(4) 1.458(4) 1.455(5) 1.43%(6)
C(3a)~-C(7a) 1.455(5) 1.450(5) 1.43%(4) 1.425¢4) 1.446(5) 1.446(6)
C(7a)-C(1) 1.431(7) 1.434(8) 1.460(4) 1.454(4) 1.437(5) 1.438(6)
C(32)-C(4) 1.435(6) 1.419(6) 1.418(5) 1.390(4) 1.437(5) 1.411(6)
C(H-C(5) 1.358(5) 1.360(5) 1.370(4) 1.391(4) 1.365(5) 1.352(7y
C(5)-C(6) 1.426(6) 1.433(6) 1.411(5) 1.393(5) 1.456(5) 1.420(8)
C(6)-C(7) 1.357(7) 1.349(8) 1.365(5) 1.385(4) 1.368(5) 1.360(7)
C(7)-C(7a) 1.432(5) 1.426(6) 1407(3)  1.404(4)  1.440(5)  1.422(6)
C(1)-C(2") 1.431(4) 1.431(5) 1.427(4) 1.398(8) * 1.420(6)
C(2")-C(3") 1.431(6) 1.415(7) 14194)  1367(12) * 1.421(6)
C(3")~C(3a’) 1.441(4) 1.431(5) 1.463(4) 1.468(6) * 1.452(6)
C(3a")-C(7a’) 1.449(5) 1.456(5) 1.445(4) 1.418(5) * 1.424(6)
C(7a’)-C(1’)  1.441(5) 1.434(6) 1.448(4)  14455) * 1.441(6)
C(3a")-C@’) 1.421(6) 1.430(7) 1.404(4) 1.395(5) * 1.406(6)
C4")-C(5") 1.356(5) 1.356(6) 1.365(4) 1.386(7) * 1.360(8)
C(5")-C(6") 1.423(6) 1.43%7) 1.406(5) 1.363(6) * 1.409(8)
C(6")-C(7") 1.354(6) 1.358(8) 1.377(5) 1.361(5) * 1.376(8)
C(7")»-C(7a") 1.431(4) 1.419(5) 1.408(4) 1.391(4) * 1.414(6)

“ From ref. 28, * Symmetry related.

indenyl rings, consistent with the solution BC.NMR data, and with an 18-electron
count at iron. Interestingly, the values for RA, 13.0 and 5.2°, are significantly
different, indicating a soft energy surface for at least partial ring rotation in these
compounds. Both values are, however, relatively small. The corresponding RA for
ferrocene, in its low temperature triclinic form, is 9° [22].

The *C NMR spectrum of the permethylindenyl derivative 4 was also indicative
of a relatively undistorted n’-struct}u‘e. Consistent with this observation, the solid
state results give 4,,_c = 0.030(4) A, HA =2.5°, and FA =4.4°, quite similar to
those for 1 and its ruthenium analogue [(1-CyH,),Ru), 14 [27]. Unlike 1 and 14,
however, the RA for 4 is 151.3° (Fig. 2), which represents an alternative eclipsed
geometry. This result was somewhat surprising in light of the fact that [(n’-
C;Mes), Fe), 12, exhibits the staggered D;, geometry in the solid state [25]. Clearly,
steric interactions between methyl groups on the two rings are not a significant
factor in determining the solid state structure of 4. In addition, permethylation of
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Fig. 2. orTEP view of [(1-CoMe, ), te], 4, showing atom numbering.

the indenyl rings does not influence the degree of slip-fold distortion in 4 vs. 1,
consistent with our previous observations for [(3-CgR,)Rh(n-1,5-COD)] (R =H,
Me) [13].

Bond lengths for the 17-electron analogue [(n-1,3-Me,CoH,),Fe]*, 15 [28],
(Table 3) and A,,_c = 0.074(4) A (Table 2), indicate a slight increase in slippage for
15 vs. 1 and 4. The average M—C(1),C(3) (1 = 2.049(4), 4 = 2.062(4), 15 =2.075(9)
A), M—C(2) (1 = 2.042(5), 4 = 2.063(4), 15 = 2.067(4) A), and M-C(3a),C(7a) (1 =
2.092(4), 4 = 2.092(4), 15 = 2.149(4) A) distances indicate the similarity between 1
and 4 (avg. M—C = 2.065(4) and 2.074(4) A, r&epec}ively) and a significant increase
in all M-C distances for 15 (avg. M—C = 2.103(4) A). The reasons for the increases
in 15 are not clear at present; the results of a combined PES and EHMO study [36]
on 1 indicate that the top three filled levels are largely metal in character. In any
event, the distortions in M-C bonding in 15 are relatively small compared with
those in 2 and 3, see below.

Solid state structure of [(n-CoH,),Co], 2

The cobalt complex 2 is paramagnetic, with a formal electron count of 19, and
thus slippage cannot be inferred directly from the >C NMR resonances for
C(3a),C(7a) due to paramagnetic contact shifts. We therefore carried out a single-
crystal X-ray diffraction study on this compound. As we observed for 1, see above, 2
is also disordered at ambient temperatures. Initially, we cooled the crystal to 150 K
and observed a non-destructive phase change from P2,/n, Z=2, to P2,/c, Z =4.
Solution of this data yielded an 85/15% disorder, and we considered the possibility
that the phase change was “incomplete”. Upon warming the crystal to room
temperature, the original P2,/n, Z=2 cell was obtained, indicating that the
transition was reversible. We then cooled the crystal slowly, and diffraction evidence
indicated that a significant change was taking place at ca. 240 K. The crystal was
kept at ca. 233 K for 16 hours and then cooled to 150 K. The new data set indicated
only ca. 4% residual disorder. The structural parameters reported in Tables 2 and 3,
and the OrRTEP diagram (Fig. 3), are from this solution. It seems possible that a
completely ordered structure might be obtained if the cooling was sufficiently slow.

As expected, the presence of an additional electron in 2 vs. 1 results in an
increase in the degree of slip-fold distortion of the indenyl rings. Parameters for the
two chemically equivalent but crystallographically distinct indenyl rings are quite



788

Fig. 3. orTEP view of [(1-CyH;),Co}, 2, showing atom numbering.

similar, with average values of A,,_c=0.124(4) A, HA =7.6°, and FA =6.0°.
These values are at the low end of the range observed for [(9-CyR;)RhL,]
complexes, e.g. 4,,_c = 0.112(2)-0.227(3) A [37]. The rotation angle, RA =10.7°, is
in between the values for the two independent molecules of 1. and is close to the
fully eclipsed values. The average M-C distance (Table 2) for 2, 2.121 (4) A
(average of 10 Co~C distances) is significantly larger than that for 1, 2.065(4) A
(average of 20 Fe-C distances). The largest difference is observed in the average
M-C(3a),C(7a) distances of 2.192(3) for 2, and 2.092(4) for 1. Clearly, 2 should be
regarded as having “distorted n°-”coordination of the two indenyl rings.

Solid state structure of [(n-CoH,),Ni], 3

Complex 3 is known to be diamagnetic [31], in contrast to J(n’-CSH:;)zNi], 11,
which has two unpaired electrons. The previously reported [21] “C NMR study on 3
led to the proposal by Kdohler that both indenyl rings were coordinated in an
7°-fashion, leading to a 16-electron count at Ni. This report [21], which suggested
that indenyl hapticity correlates with the ’C NMR chemical shifi of the ring
junction carbons C(3a),C(7a) was based on a comparison of NMR data for 1, 8, 3,
and indene. We [12,13] and others [9,15] have analyzed the BC NMR spectra of a
large number of indenyl complexes of d® and 4® metals, and find that there is a
strong correlation between the solid state structure parameter 4,, - and &
13C(Sia),”C(7a). Much of the available data were illustrated graphically in reference
[15]. Other researchers have been developing additional correlations between A,, .
and differences in the >C or "TH NMR chemicat shifts for C(1),C(3) vs C(2) [18}, or
H(1,3) vs. H(2) [9). K&hler’s assessment of 3 was made prior to the structural or >C
NMR characterization of the 7’-complexes 5, 6 and 7, which have 4,,_. values of
0.791), 0.689%(7), and 0.72(2) A, respectively, for the n°-indeny] rings. The solid state
values of FA for the #’-indenyl ligands in 5, 6 and 7 are 28, 22 and 26°,
respectively; HA values were not reported. The '°’C NMR data for § and 6 indicate
that C(3a),C(7a) resonate at 156.4 and 157.3 ppm, respectively, over 20 ppm
downfield from 3. No '’C NMR data were obtained for 7 due to limited solubility
[11]. Interestingly, 7 contains both 7°- and ’-indenyl rings in the solid state (4,," ¢
for 7°-CoH, = 0.07(2) A), although it was suggested that the two rings might be
undergoing rapid exchange in solution.
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Fig. 4. orRTEP view of [(n-CoH5),Nil, 3, showing atom numbering. The view selected is in the mean plane
of [C(1),C(3a),C(7a),C(3)}.

The large difference in the chemical shifts of C(3a),C(7a) for 3 vs. 5-7 led us to
propose [13] two alternative possibilities for 3, namely that either an analogous
situation to 7 exists in which the n’- and n’-rings would be in rapid equilibrium, or
that both indenyl rings exhibited an intermediate degree of distortion, approxi-
mately half-way between 7’- and n’-geometries. A 13C NMR spectrum of 3 was
recorded at —85°C, on a 250 MHz spectrometer; however, only five sharp peaks
were observed for the indenyl carbon atoms, identical to those observed at ambient
temperature. Thus, for a dynamic process to be occurring, the barrier must be
extremely small.

There is only one reported [38] structure of an indenyl complex which displays an
intermediate 4,,_. value of 0.493(3) A for an indenyl ring. This is the paramagnetic
species [(7-CyH,),V(CO),), 16, in which the other indenyl ring has a Ay, ¢ of
0.120(3) A. The intermediate value of 0.493(3) A may be a reflection of the formal
17- or 19-electron counts, which would be obtained by true - or n’-coordination
of this indenyl ligand. Similar to the tungsten analogue 7, and in contrast to 2, the
distortion in 16 appears to be localized in one indenyl ring.

After several attempts, we obtained an adequate X-ray data set for 3 at 150 K.
Two views of 3 are given in Fig. 4 and 5. The large anisotropy for certain carbon
atoms in one of the indenyl rings is probably associated with some form of twinning
(see Experimental). However, the structure is certainly of sufficient accuracy to
demonstrate the important points concerning indenyl hapticity. Although the two
indenyl ligands are crystallographically distinct, the slip parameters, 4_c, and fold
parameters, HA and FA, are quite similar, with average values of 0.418(6) A, 13.9°,
and 13.1°, respectively. Thus, both ring systems are equally distorted away from
n’-coordination, ca. half-way to 7°-bonding modes. The solid-state result is entirely
consistent with the low temperature °C NMR study, and contrasts with the
structure of 7 and 16, and with the initially proposed structure of Khler. Also of
interest is the value of RA =175.0°, indicating a nearly fully staggered geometry.

The average of all 10 Ni~C contacts is 2.204(6) A, significantly larger than in
either 1, 2, or 4. Whereas the average value of Ni-C(1),C(3) of 2.052(5) A is similar
to those in 1, 2.049(4) A, and 2, 2.067(3) A, the average Ni—C(2) distance, 1.976(6)
A, is unusually short (cf. 1=2.042(5), 2=2.088(4) A), and the average Ni-
C(3a),C(7a) distance of 2.470(3) Ais unusually long (1 = 2.092(4), 2 = 2.192(3) A).
The structure of the cyclopentadienyl nickel allyl complex [(#°-CsH)Ni(n*,*-2,2’-
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Fig. 5. Ball and stick view of [(#-CoH,),Nil, 3, with the plane [C(1),C(2),C(3)] perpendicular to the page.
The hinge angle, HA, is clearly visible, as is the slip-displacement of Ni.

C3H4C3H4)N1(n -CsHj)), 17, has been reported [39]. The average Ni-terminal allyl
carbon distance of 1.972(4) A and Ni-central allyl carbon distance of 1.933(3) Ain

this species are both significantly shorter than the Ni-C(1),C(3) and Ni-C(2)

distances in 3, providing additional evidence that 3 is not a “true %*-”complex.

Comparison of indenyl C—C bond lengths in 1-4

As stated in the Introduction, slip-fold distortions of the indenyl ring away from
7°- towards n’-coordination are expected to result in a rehybridization of the 10-7
aromatic system of the indenyl moiety. Figure 6 displays the C—C bond distances in
1-4. In this figure, all chemically related values have been averaged, except for
C(1)-C(2) and C(2)-C(3) in 3, for which only the values for the better behaved ring
were used. Complete listings of all C—C bond lengths with esd’s are given in Table
3. As can be seen from Table 3, the esd’s for the C-C distances used in Fig. 6 range
from 0.004 to 0.008 A, most falling in the range of 0.004—-0.006 A. Several trends are
apparent which deserve comment. There is clearly a butadiene-like variation in the
C-C distances in the 6-membered rings in 1 and 4, with C(4)-C(5) and C(6)-C(7)
being significantly shorter than the remaining C-C distances. As the degree of
slip-fold distortion increases on going from 1 to 3, C(4)-C(5) increases to 1.381 A
and C(3a)-C(4), C(5)-C(6) and C(3a)-C(7a) decrease to 1.396, 1.378, and 1.422 A,
respectively, in 3. Thus, the distances within the 6-membered ring, with the excep-
tion of the ring junction C(3a)-C(7a), are similar and close to the value of 1.935 A
for benzene. The C(3)-C(3a) distances increase in the order 1 (1.436 A), 2(1.454 A)
3 (1.456 A), and the C(2)-C(3) distances decrease in the order 1 (1.425 A), 2(1.418
A), 3 (1411 A), also reflecting the gradual localization of the allylic moiety
C(1),C(2),C(3). The latter distance is similar to the average allyl C-C distance of
1.410(6) A in the CpNi-allyl complex 17 {39]. Thus, the data are of sufficient quality
to demonstrate the trends in C-C distances consistent with a gradual increase in
aromaticity of the 6-membered ring and locallization of the allylic monety of the
5-membered ring, as the slip-fold distortion increases. Note that in the % *-complex 6
[10], however, the C(3a)-C(7a) distance is 1.397(6) A, significantly shorter than that

in 3. This is consistent with the fact that 3 is not a “true %°-"complex.
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Fig. 6. Carbon—carbon distances within the indenyl rings in 1-4. Distances are the average of all
chemically related bonds, except for C(2)—C(3) in 3, which is the average of C(1)-C(2) and C(2)-C(3) for
the better-behaved indenyl ring (i.e. (C(1")-C(2") and C(2")-C(3’) were not included in the calculation).

Comparison with solid state structures of [Cp,M] complexes

It is interesting to compare the solid-state structures of 1-4 with those of the
analogous cyclopentadienyl species [(n°-CsHs),M] (M = Fe, 9 [22], Co, 10 [23], Ni,
11 [24]), and their methyl substituted derivatives [(%’-CsMes),Fe], 12 [25), and
[(v*-CsMe,H),Fel, 13 [26]. The cyclopentadienyl complexes all exhibit nearly per-
fect five-fold symmetry in the solid state; average M—C distances are given in Table
4. The values for the iron compounds 9, 12, and 13 are identical within 3 esd’s. The
addition of electrons into the doubly degenerate M-ring antibonding level results in
a gradual expansion of the sandwich along the five-fold rotational axis.

The highest order rotational axis in the indenyl sandwiches is of order 2, which
implies a lack of degeneracy in any of the molecular orbital levels. This is clearly
observed by the diamagnetism of 3. Extended Hiickel molecular orbital calculations
and photoelectron spectra for 1 and 14 have been reported [36], and similar studies
of 2, 3, and 4 are currently in progress [33]. It is clear, however, that the distortions
in the indenyl complexes are fundamentally different than those exhibited by their

Table 4
Comparison of average M-C distances in Cp,M compounds

Compound No. Average M—C (&) Ref.
(7’-C;H;),Fe 9 2.046(2) »
(7-CsMe;), Fe 12 2.050(2) 25
(n*-CsMe,H), Fe 13 2.054(3) 26
(n*-C;H,),Co 10 2.119%(3) 23
(7*-CsH,),Ni 11 2.185(4) 24
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cyclopentadienyl analogues, and that this is due to the lower symmetry and lack of
degeneracy of the m-orbitals on the indenyl ligands. It is intriguing that the average
M-C contacts in 1-3 are reasonably close to those in their (9-C;Hs) analogues
9-11, respectively. Whether this fact is of any fundamental significance is not clear.
It is also not clear why the rotational preferences differ so much for 1-4. We hope
to answer some of these questions with the aid of EHMO calculations [33).

Conclusions

The crystal and molecular structures of a series of indenyl sandwich complexes,
[(n-CgH4),M (M =Fe, 1; Co, 2; Ni, 3) and [(1-CgMe,),Fe], 4, have been de-
termined by single-crystal X-ray diffraction methods. Slip-fold distortions are
extremely small for the 18-electron complexes 1 and 4, consistent with the >C NMR
chemical shifts of the ring junction carbons. The two structures differ in that, in 1,
the indenyl rings are almost completely eclipsed with the 6-membered rings within
5.2 or 13.0° of being superimposable in the two independent molecules, whereas, in
4, the rings are rotated by 151.3° with respect to each other yielding an alternative
eclipsed geometry. The cobalt complex 2 has one additional electron, resulting in a
modest slip-fold distortion of both rings toward an n°-geometry. The ring systems
are rotated by 10.7° with respect to a fully eclipsed geometry. The nickel complex 3
avoids an unfavorable 20-electron count by significant slip-fold distortion of both
indenyl rings. The average values of A,  (0.418(6) A), the hinge angle (13.9°),
and fold angle (13.1°) for 3 are half-way between those for true n’- and n’-coordi-
nation modes. This demonstrates the flexibility of indenyl ligands, in that a wide
variety of electron counts can be stabilized by gradual slip-fold distortions. As the
inden¥yl rings in 1-3 gradually approach n°-coordination, the #-system rehybridizes
to inérease aromaticity in the 6-membered ring and localizes the allylic portion of
the 5*membered ring. This is evidenced by changes in the C—C bond lengths in the
three structures.

The availability of a wide range of intermediate hapticities between 7°- and
n’-distinguishes indenyl ligands from their cyclopentadienyl analogues. For exam-
ple, in the Cp,M complexes (M = Fe, Co, Ni) 9-11, five-fold rotational symmetry is
maintained throughout the series, with additional electrons above the 18-count for
Cp, Fe resulting in a gradual expansion of the complexes along the five-fold axis.

A correlation between indenyl hapticity and the position of the 13C NMR shifts
for the ring junction carbons C(3a),C(7a) initially proposed by K&hler [21] led him
to suggest that 3 contained two n’-indenyl rings. Although this is not the correct
structure for 3, additional >*C NMR data on structurally characterized %’-indenyl
complexes, combined with the data presented in this report, demonstrate the
fundamental validity of the correlation and the fact that it can be used to predict
accurately the degree of slip-fold distortion anywhere between “true 7°-” and “true
7°-"geometries.

" Studies of the photoelectron spectra and extended Hiickel molecular orbital
calculations on 1-4 are currently in progress and will be reported in due course [33].
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