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The parent indenyl compounds (7-CoH7)RhL; (1a-¢), trimethylindenyl complexes (3-1,2,3-
Me;CsHy)RhL, (2a-¢), and permethylindenyl complexes (3-CoMe7)RhL, (3a-¢) (a, L = n-CHy;
b, L, =2%1,5-CgH;3; ¢, L = CO) have been prepared and examined by photoelectron spectroscopy
(PES). Extended Hiickel molecular orbital calculations were also carried out on (3-CoH7)RhL,
(L = 9-CH,, CO). The electron donating ability of the three indenyl ligands, based on the
ionization energies of the nonbonding rhodium centered orbitals, is in the order (s-CoMey) >
(1-1,2,3-MesCoHy) > (1-CgHy). The (7-CoHy) (ligand is a stronger donor than (-CsH;). Somewhat
lower values of vco in the IR spectra and significantly smaller measured barriers to ethylene
rotation in the indenyl complexes vs their cyclopentadienyl analogues can be traced to weaker
Rh-L =-back-bonding, mainly d,., which is also the acceptor orbital for indenyl 4. The major
factor determining the relative amounts of back-donation is therefore the splitting of the indenyl
75 and 74, the two highest lying filled m-orbitals of the indenyl anion, vs the degenerate e; set
of -CsH; which lies between 74 and = in energy. A rationale for increased Sy1 substitution

rates and catalytic activity of indenyl vs cyclopentadienyl complexes is provided.

Introduction

Transition metal indenyl complexes display markedly
enhanced reactivity in bothstoichiometric!-1® and catalytic
reactions!?1%-2¢ compared with their cyclopentadienyl
analogues. It has been shown,!%!! for example, that [(-
CsH7)Rh(CO);] (1¢) reacts with PPhg via an Sn2 process
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at a rate which is ca. 3.8 X 108 faster than that for [(3-
Cs;H5)Rh(CO)2] (4c). Permethylation of the indenyl
ligand, asin [(n-CoMe7) Rh(CO):] (3¢), reduces!’13the Sn2
rate constant for CO substitution by a factor of ca 150
compared with l¢, yet this is still ca. 107 faster than that
for [(n-CsMes)Rh(CO);] (5¢). Interestingly, for [(n-1,2,3-
Me;s;CoHy)Rh(CO)s] (2¢), the rate constant for CO sub-
stitution by PPhg was only ca. 5 times slower!3 than for
lc. A comparison of the CO stretching frequencies in le-
5¢ (Table I)13 provides some indication of the relative
electron density at the metal center in these compounds.
Thus it can be seen that methylation of both the indenyl
and cyclopentadienyl rings conveys enhanced electron
density to the Rh, as expected. On the basis of the data
in Table I, it would appear that the C;Hs ligand is slightly
stronger donor than CgH; and that CsMe; is a stronger
donor than CyMe;. Electron density at Rh1113 g certainly
one of several factors influencing the relative rates of ligand
substitution in these compounds when methyl groups are
added to the ring systems; steric arguments are also
important, as are the relative energies of the LUMO’s of
the various compounds. It is evident, however, for the
Sn2 processes, that the relative ease of an n5—n3—f
coordinative isomerization process in the indenyl com-
pounds must account for the observed "indenyl effect”.10.11

Rate enhancements of Sy1 type processes have also been
observed®# for indenyl vs cyclopentadienyl complexes,
presumably indicative of weaker metal-ligand bonding in
the indenyl species. The rationale for this is not yet
understood. Studies?22 of the barriers to ethylene
rotationin the indenyl compounds 1a, 2a,and 3a indicated
much smaller activation energies, ranging from 10.3 to
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RhL,
laL =02H4
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Chart 1

O

2aL =CH,
2bL,=COD
2L =CO

@

4daL =CH,
4bL,=COD
4L =CO
Table I. CO Stretching Frequencies for Rhodium Indenyl and
Cyclopentadienyl Carbonyl Complexes

compd Voo compd vco
1c 2046, 1991 4c 2047, 1984
2c 2035, 1978 5¢ 2024, 1962
3c 2028, 1969

11.1 + 0.5 kcal mol-!, for these complexes compared with
AG* values of 157 £ 0.2 and 17.1 £ 0.2 kcal mol-1
reported?”28 for CsHs and CsMes analogues 4a and 5a,
respectively. This is consistent with the idea of weaker
Rh-ethylene w-bonding in, e.g., 1a vs 4a and the lower
thermal stability observed for la. However, it must be
appreciated that the rotation barriers are a measure of
the differential degree of #-back-bonding between the two
rotamers of a given complex and are not necessarily a
reflection of the relative strength of the metal-alkene bond
in different complexes.

A more detailed knowledge of the electronic structure
of theindenyl complexes is required in order to understand
the behavior of such systems. As part of our ongoing
studies!2-14:26,:29-35 of indenyl complexes, we report herein
the results of a combined photoelectron spectroscopic and
extended Hickel molecular orbital analysis of the elec-
tronic structure of a series of rhodium compounds of the
form [(n-CoH7)RhLo] (1a-1e), [(-1,2,3-MesCgH4)RhL,]
(2a-2c¢), and [(n-CoMe7)RhL;] (3a-3¢) [L = 4-CoHy, Lo =
COD (COD = 9%1,5-CgH;5), L = CO], shown in Chart L.

Experimental Section

Syntheses. General Procedures. All reactions were per-
formed under a dry nitrogen atmosphere using standard Schlenk
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and glovebox techniques. Hexane, THF, and diethyl ether were
distilled from sodium benzophenone under nitrogen. Heptameth-
ylindene was prepared according to a literature procedure® which
is a modification of that originally reported.’¢ The 1,2,3-
trimethylindene was prepared via a modification of previously
published procedures,®-* and details are provided below. Tigloyl
chloride was prepared according to a published procedure.3
Compounds 1a,7-92 1h,7-825 1 ¢,7-9.26 2¢,13 and 3¢!118 were prepared
by literature routes. The !H and *C{'H} NMR spectra were
recorded on a Bruker AC200, AM250, or AM400 spectrometer.

Trimethylindene (1,2,3-MesCsHs). A mixture of tigloyl
chloride (11.7 g, 0.1 mmol) and anhydrous AlCl; (48 g, 360 mmol)
in benzene (100 mL) was refluxed for 16 h and, upon cooling,
poured into a mixture of ice (200 g) and concentrated HCI (100
mL). The organic layer was washed with a saturated solution of
sodium chloride (50 mL, X2) and a saturated solution of NaHCOj;
(50 mL, X2) and then dried over anhydrous MgSO,. After the
removal of the solvent, 2,3-dimethylindan-1-one (14 g, 87.5%
yield) was obtained as an orange oily liquid. MeLi (20 mL, 1.4
M, 0.028 mol) was added dropwise at 0 °C to a solution of this
ketone (4 g, 0.025 mol) in diethyl ether (50 mL). The mixture
was refluxed for 16 h and then quenched with a saturated solution
of ammonium chloride (15 mL). After removal of the solvent
from the organic layer under reduced pressure, a light yellow
liquid was obtained. it was mixed with iodine (50 mg), and the
mixture was heated to 100 °C for 2 h. The dark brown product
was extracted into ether (100 mL), and washed sequentially with
water (25 mL, X2) and 10% aqueous Na2S;0, (25 mL, X2), and
then dried over anhydrous sodium sulfate. The orange liquid
obtained was purified by chromatography on a silica column
using hexane—ethyl acetate (8:1) and subsequently by distillation
under reduced pressure, yielding 1,2,3-trimethylindene (3.2 g,
82% yield) as a very light yellow liquid. 'H NMR (CgDs, 200
MHz): § 1.14 (d, Ju—« = 7 Hz, 3H, CHj; at C;), 1.78 (s, 3H, CH;
at Cy), 1.91 (s, 3H, CH; at C,), 3.00 (q, 1H, H at Cy), 7.2 (m, 4H,
H, 7). BC{tH} NMR (C¢Ds, 50 MH2): 410.1, 11.8, 15.8 (5, CHy),
47.1(s,Cy),118.3,122.3 (s, C, ), 126.7,127.1,129.4,131.3 (s, C1).

[(n5-1,2,3-MeyCsH, )Rh(n-C2Hy)2] (2a).2%6 Trimethylindene
(158 mg, 1 mmol) was deprotonated with n-BuLi (1.6 M, 0.6 mL,
1 mmol) in diethyl ether (10 mL) for 24 h. The resulting
suspension was added to an ether (15 mL) solution of [(CaHy)q-
Rh(u-CD]; (194 mg, 0.5 mmol) and stirred for 24 h. The ether
was removed under reduced pressure and the resulting dark solid
extracted with hexane. After purification on alumina, 2a (183
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Table II

Structures and Parameters*’ Used in the
Extended Hiickel Calculations

atom orbital Hy exponent
Rh 5s -8.09 2.135
5p —4.57 2.099
4d -12.5 4.290 (0.5870), 1.970 (0.5685)
2s -21.4 1.625
2p -11.4 1.625
2s -32.3 2.275
2p -14.8 2.275
Is -13.6 1.300

Bond Distances (A) and Angles (deg) Assumed in the
Extended Hiickel Calculations

Rh(n-CsH7)(CO); Rh(5-CsH7)(C:Ha)2

Rh—ring perpendicular 1.945 1.902

slip 0.25 0.101

ring C—C 1.427 1.435

C—H 1.09 1.09

Rh—C carbonyl 1.807

C—O carbonyl 1.132

C—Rh—C angle 91.7

Rh—C==C perpendicular 2.031

C—C ethene 1.377

C—H ethene 1.07

ethene centroid—Rh—ethene 96.3
centroid

mg, 58% yield) was obtained as a yellow solid. *H NMR (C¢Dg,
250 MHz): § 1.62 (s, 6H, CHy), 1.91 (s, 8H, C;H,), 2.00 (d, Jra-u
=1.5Hz, 3H, CHy), 7.14 (m, 4H, H, 7). ¥C{!H} NMR (C¢Ds, 62.9
MHz): §7.7 (s, CHy), 10.9 (s, CHa), 48.0 (d, Jruc = 13 Hz, CoH,),
86.5 (8, Cy13), 106.9 (8, C2), 110.8 (s, Cga7a), 117.2, 123.0 (s, Cor).
[(n¥-1,2,3-MeyCsH )RR (n*-1,5-COD)] (2b). Trimethylindene
(158 mg, 1 mmol) was deprotonated with n-BuLi (1.6 M, 0.6 mL,
1 mmol) in diethyl ether (10 mL) for 24 h. The resulting
suspension was added to an ether (15 mL) solution of [(1,5-COD)-
Rh(u-CD1: (220 mg, 0.44 mmol), and the mixture was stirred for
24 h. The ether was removed under reduced pressure and the
resulting dark solid extracted with hexane. After purification
on alumina, 2b (200 mg, 54% yield) was obtained as a yellow
solid. 'H NMR (CgDs, 200 MHz): 4 1.75 (s, 6H, CHy), 1.88 (m,
8H, COD), 2.11 (d, Jre-u = 1.6 Hz, 3H, CH,), 3.47 (br s, 4H, COD,
7.16 (m, 4H, H. 7). BC{{H} NMR (C¢Ds, 100.6 MHz): 5 8.4, 11.0
(s,CHjy), 31.8 (s, COD), 71.2 (d, Jrac = 14 Hz,COD), 85.2 (8, Cy,3),
107. 4 (s, C2), 112.0 (8, Cga7a), 117.3, 122.1 (8, Cir).
[(n*-CsMe;)Rh(n-C,H,);] (3a). Heptamethylindene (107 mg,
0.5 mmol) was deprotonated with n-BuLi (1.6 M, 0.32 mL, 0.5
mmol) in THF (15 mL) for 24 h. The resulting suspension was
added to a THF solution of [(CsHy)oRh(u-C1)]2 (97 mg, 0.25 mmol)
and stirred for 48 h. THF was removed under reduced pressure
and the resulting dark solid extracted with hexane. After
purification on alumina, 3a (260 mg, 70% yield) was obtained as
a yellow solid. ™H NMR (C¢Ds, 250 MHz): 5 1.77 (s, 8H, C;H,),
2.00 (s, 6H, CHy), 2.14 (s, 3H, CHj). 2.22 (s, 6H, CHj) 2.41 (s,
6H, CHj). BC{'H} NMR (C¢Ds, 62.9 MHz): & 11.3, 12.1, 16.7,
17.0 (s, CHs), 474 (d, JRh-C =13 HZ, CzH(), 86.9 (s, Cl,s), 106.8
(d, JR.h-C =6 HZ, 02), 109.1 (B, Cs.ﬂ.), 124.0, 130.2 (S, C4_7).
[(#5-CsMes)Rh(7#-1,5-COD)] (3h).* Heptamethylindene (107
mg, 0.5 mmol) was deprotonated with n-BuLi (1.6 M, 0.32 mL,
0.5 mmol) in THF (15 ml) for 24 h. The resulting suspension was
added to a THF solution of [(1,5-COD)Rh(u-Cl)]z (110 mg, 0.22
mmol) and stirred for 48 h. THF was removed under reduced
pressure and the resulting dark solid extracted with hexane. After
purification on alumina, 3b (180 mg, 67% yield) was obtained
as a yellow solid. 'H NMR (Ce¢Ds, 200 MHz): § 1.86 (m, 8H,
COD), 1.96 (s, 3H, CH,), 2.06 (s, 3H, CH3), 2.13 (s, 6H, CHj), 2.41
(s, 6H, CHy), 3.60 (br s, 4H, COD). 3C{tH} NMR (C¢Ds, 50.3
MHz): 6 11.4, 12.9, 18.7, 17.1 (s, CHy), 32.3 (s, COD), 70.7 (d,
JRh—C =14 HZ, COD), 85.6 (s, Cl,s), 107.2 (s, Cz), 110.0 (8, Ca,'h),
123.6, 129.4 (s, Ci).
Photoelectron Spectroscopy. Photoelectron spectra were
recorded on a PES Laboratories 0078 spectrometer interfaced
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Figure 1. He I (a and b) and He II (c¢) spectra of Rh(n-Cg-
ME7)(CO)2, 3e.

with a Research Machines 380Z microprocessor. The instru-
mental resolution gave a fwhm of 20 meV for the first band of
N; at the commencement of each run, though in some cases it
deteriorated to 30 meV during the course of a measurement. The
spectra were calibrated using He, N, and Xe. Band areas were
determined for 1a, 1b, and 3¢ by curve fitting the spectra, and
therelative He II/He I band arearatio (R, value) was normalized
to that of the first band in each spectrum.

Theoretical Calculations. Extended Hiickel molecular
orbital calculations were performed on 1a and l¢. Thestructural
information and parameters used are listed in Table II. The
structures and axis system assumed are shown in Figure 5.

Results

Thermal stability proved a problem in obtaining the
spectra of some compounds. Stability increased with
methylation of the ring, in spite of increased sublimation
temperatures, and also in the order CO < C;H, < COD.
Of the carbonyl compounds only the heptamethylindenyl
compound yielded a satisfactory spectrum.

The spectra are given in Figures 1-3; the points represent
the experimental data and the line a least squares fit to
these points. For 3¢ the full range He I spectrum is shown
together with He I and He II scans of the low ionization
energy (IE) region. Forthe other compounds, though data
were collected over the full range, only the He I and He
II scans of the low IE region are given. Vertical IE are
tabulated (Table II) together with Ry, values (He II/He
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Figure 2. He I and He II spectra of Rh(n-CoH7)(C:H,);, 1a (a, He I; b, He II), Rh(y-CoHMe3)(C:H,)s, 2a (c, He I; d, He II),

10

and Rh(»-CsMey)(CoHy)s, 3a (e, He I; f, He II).

Counts Counts
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Counts
4229} o
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Figure 3. He I and He II spectra of Rh(n-CoH7)(COD), 1b (a, He I; b, He II), Rh(3-CoHMe3)(COD), 2b (c, He [; d, He II),

and Rh(n-CsMeq)(COD), 3b (e, He I; £, He II).

I band intensity ratios) (Table III). Figure 4 gives a
graphical representation of the trends found in the vertical
IE of the complexes.

Discussion

For the purpose of the description of the electronic
structure, we consider the indenyl ligand to have a mirror
plane, and for the calculation we assume equal C-C bond
lengths. The projection of the Rh atom onto the indenyl
plane is slipped away from the n® position toward »°.

Simple MO arguments predict that the RhLjunit should
straddle the mirror plane of the indenyl fragment, as is
found to be the case for le. A single crystal structure
determination of 2a showed the RhL; unit to be rotated
21.2° away from thisidealized symmetry in the solid state.26
However, apparent mirror symmetry in solution, as
evidenced by NMR, suggests energy differences between
the two conformations are small. In general, overall C;
symmetryis assumed. The choice of axes for the molecules
is given in Figure 5.

The bonding in indenyl d® compounds is expected to
resemble that of the analogous cyclopentadienyl com-

pounds which have already been the subject of MO
calculations and PES studies.®*42 The published data
will be used to assist with assignment of the spectra under
investigation. Figure 6 shows the projection onto the xy
plane of the nine indenyl = orbitals, five of which are filled.
The three highest lying occupied # MO’s, =5, 74, and =3,
resemble the degenerate e; HOMO of the cyclopentadienyl
anion, having one nodal plane cutting through the C; ring,
and as such, might be expected by symmetry arguments
to interact with the d,, and d,, orbitals of the metal
fragment. Such overlap will be greater for 5 than for 3
since the former is more localized on the C; ring and it also
lies closer in energy to the metal d orbitals. The cyclo-
pentadienyl e; orbitals lie between 74 and =5 in energy.
The metal center will have four occupied d orbitals, and
we would expect to observe ionizations from all of these
in the low energy region of a PE spectrum.442 Ionizations
from 7; and 79 will lie in the region of the ¢ bands and will
(40) Dudeney, N.; Kirchner, Q. N.; Green, J. C.; Maitlis, P. M. J. Chem.
Soc., Dalton Trans. 1984, 1877.
3 2(ﬂ) Green, J. C.; Powell, P.; van Tilborg, J. E. Organometallics 1984,

(42) Lichtenberger, D. L.; Calabro, D. C.; Kellog, G. E. Organometallics
1984, 3, 1623.
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Figure 4. Trendsin vertical IE for 1a, 2a, 3a, 1b, 2b, 3b, and
3c.

Table III.  Vertical Ionization Energies (eV) of Rhodium

Indenyl Compounds
band 1a 2a 3a
A 7.19 6.90 6.53
B, 7.73 7.39 6.97
B; 8.07 7.81 7.53
C 8.77 8.55 8.23
D 9.46 9.23 8.56
E 10.09 10.05 9.26
band 1b 2b 3b
A 6.98 6.72 6.43
B; 7.46 7.21 6.73
B; 7.95 7.70 7.61
C 8.57 8.27 8.08
D 9.25 9.08 8.68
E 9.94 9.62 9.60
band 3c

A 6.80

B 7.36

C 7.93

D, 8.61

D, 8.96

Ds 9.25

E 9.92

not be identifiable.3* The band associated with =3 will
also lie close to this region and may be difficult to assign.
Ionization bands from 74 and 75 should occur in the low
energy region of a spectrum.

The simplest spectrum is expected from the carbonyl
complexes, as CO itself has no ionization bands below 14
eV. As noted above, it was not possible to obtain a high
quality spectrum for 2¢; therefore only the spectrum of
3c will be discussed. Seven features may be identified
with vertical IE below 10 eV, A, B, C, Dy, Dy, D3, and E.
From Ry;; values A, C, and D have the most metal
character. More detailed assignments can be made after
consideration of the MO calculations which delineate the
nature of the interactions between indenyl and the Rh-
(CO); fragment.

Calculations on 1lc. Extended Hiickel MO calcula-
tions,* including fragment analyses, were performed in
order to obtain an approximate MO composition. Figure

Frankcom et al.

7 shows the orbital energy sequence predicted by the
calculations for 1¢, and Figure 8 represents the key MO’s.
In the Rh(CO); fragment, the d,, orbital is destabilized by
interaction with the CO 5¢ orbitals. The d,2,2 and d,:
orbitals are rehybridized to give a nonbonding d,2 orbital,
and the d,,, d,., and d,2_,2 orbitals are all involved in back-
bonding to the 2= orbitals of the CO ligands. Strong
interaction occurs between the indenyl 74 orbital and the
d.. orbital of the metal to form bonding and antibonding
orbitals (38 and 33). The indenyl =5 orbital interacts less
strongly with the metal d,, antibonding orbital to form
MO 34 which has significant metal character. (Metal d,,
is also used for o donation by the CO ligands.) MO 35 is
almost solely metal based, the major contribution being
from a d,z-like orbital on the Rh(CO); fragment, and is
nonbonding in character. MO 36 results from the inter-
action of d,, with 75 and is predominantly metal in
character, as is MO 37 which has large coefficients from
d.2 and d,2,2 giving a d,2.,2 type orbital with significant
CO back-bonding character. The w3 orbital does not
appear to contribute significantly to any of these MO’s
and fragment analysis shows it to contribute to mainly
lower lying MOs 39 and 41. The metal characters of the
various MO’s are listed in Table IV.

PE Spectral Assignment of 3c. The Rz/; values of 3¢
indicate that band A, C, and D are from orbitals largely
localized on the metal. Band B has a lower Rgy/; value,
suggesting that it should be assigned to MO 34, the bonding
combination of =5 and the d,, orbital, which is largely
ligand based, having a calculated metal character of 12%.
Band E has the lowest R/, value and lies close to the ¢
bands at 9.92 eV. This band is therefore assigned to MO
39, which is the 73 orbital of the indenyl ligand. The R3/;
ratio is at its largest for band C and is therefore assigned
to MO 35 which is calculated to have metal character of
85%. The ionization of 6.80 eV (band A) is assigned to
the HOMO, MO 33, which is calculated to have 32 % metal
character and is the antibonding combination of 74 and
the d,; orbital. A similar assignment has been made for
the first band of the PE spectra of 4c and 5¢.4042

Assignment of bands D;, D;, and D; to the remaining
MO isdifficult, since separate areas are difficult to estimate
for overlapping bands and therefore individual Ry/; values
would be unreliable. However, on inspection it appears
that band D; falls in intensity relative to bands D; and D,
on passing from He I to He II radiation. On the basis of
this observation, band D3 is assigned to MO 38, the bonding
combination of 74 and d.,, which has a lower metal
character than either MO 36 or MO 37, to which bands
D, and D; are therefore assigned.

It should be noted that the ordering of the bands, in this
case, corresponds with the MO ordering. The latter is, to
a certain extent, a function of the parameterization of the
calculation. Inrelated studies of cyclopentadienylrhodium
compounds, a similar correspondence has been found.

Calculations on la. Figure 5 shows the structure
adopted for the study of 1a. Figure 9 shows the orbital
energy sequence predicted by the calculations, and Figure
10 represents some key MQ’s. For the rhodium bis-
(ethylene) fragment, d,, is destabilized by donation from
the ethylene w-electrons. The orbitals d;, and d., are
involved in back-donation to the ethylene 7* orbitals and

(43) Dodds, A. S. Part II Thesis, Oxford University, 1986.
(44) Hoffman, R. J. Chem. Phys. 1963, 39, 1397.

(45) Summerville, R. H,; Hoffmann, R. J. Am. Chem. Soc. 1976, 98,
7240.
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Figure 5. Structures and coordinate systems assumed for la and lc.
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Figure 6. Projection onto the xy plane of the nine indenyl
= orbitals.

d.2 and d;:.,2 are more or less nonbonding; they do not
rehybridize as is found for the Rh(CO); fragment.

The HOMO 39 is the antibonding combination of =4 of
the indenyl ligand with the d., orbital of the metal, MO
44 being the bonding combination. MO’s 40 and 42 are
strongly metal based, resulting from the d,2 and d,2 ,
orbitals; some rehybridization seems to occur on inter-
action with the indenyl ring. The indenyl =5 orbital
interacts with the antibonding d,, orbital to form MO 41
which has a high degree of ligand character. MO 43 is
mainly d,, in character, retaining the small degree of back-
bonding character mentioned above. The indenyl =3ligand
is found to be the chief contributor to the lower lying MO
45, The ethylene = orbitals correlate with MO 48 and MO
49,
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Figure 7. MO diagram for lec.

PE Spectral Assignment of the Bis(ethylene)-
rhodium Indenyl Compounds. The band structure is
most distinctive for 1a and 2a, that of 3a being less well
defined. The assignment is therefore based on the former
pair of compounds.

Six features may be identified below 10.5 eV (Figure 2),
and these are labeled A, By, By, C, D, and E. From R/,
values bands B (B; + B;) and C have the highest metal
character. The general effect of methylating the indenyl
ligand is to shift all bands observed in the PE spectrum
to lower IE (Figure 4), with bands A and B; showing the
greatest relative shifts (the shoulder B; becomes more
distinct on moving from CgH; to 1,2,3-Me3sCoHy), sug-
gesting that these bands correspond to ionizations more
localized on the indenyl ligands. Though the B bands, B;

CoHy,
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MO 34

Figure 8. Selected MO for lc.

Table IV. Relative Band Intensities, Percentage Metal
Character, and Band Assignments

band rel intens
character Hel Hell Ry assgnt MO¢ % metal

la A 1.00 1.00 1.00  dy/ms 39 35

B d,/7s 41 13

B, b o292 a2s 14 {dﬁ_y, %d, 40+42 85+83

C 094 1.19 127 ey 43 63

D 179 195 1.09  dy/ms 44 18

E 1.78 1.52 085 CHsw 48 9
b A 100 1.00 1.00  de/ms

B, d,/ms
B} 32 s36 e {@lT

C 075 113 151  dy
D 3.57 299 084  dy/met
E 1.49 0.89 0.59 COD =

3 A 100 1.00 1.00  de/ms 33 32
B .11 0.77 0.69 dy:/7s 34 12
C 0.73 1.23 1.68 d,2 35 85
D, dyy 36 62
D, } 452 353 078 {dxz_,z 37 47
D3 dxz/'“'4 38 29
E 141 043 030 L5 39 2

@ Based on extended Hiickel calculations on 1a and 1c.
and Bs, overlapped too much to have their intensities
assessed independently, the band profile strongly suggests
that B; decreases in intensity relative to B; in the He 11
spectrum compared with the He I spectrum. They are
therefore assigned to the highest MO’s with significant
ligand character, i.e. MO 39 and MO 41. The Ry/; values
show that bands B and C have the most metal character,
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MO 35

MO 36

while intensity data suggest that band B; actually cor-
responds toionization from two metal orbitals. Therefore
band B, is assigned to the nonbonding, metal based orbitals
MO 40 and MO 42, which have calculated metal characters
of 85% and 83 %, respectively. Band C is assigned to the
remaining orbital of high metal character MO 43 (63%),
and band D, to the bonding combination of =4 and d,.,
which has low metal character (18%). The first and second
bands of the carbonyl and ethene compounds thus have
similar assignments.

Though the calculations indicate that the next band
should arise from the indenyl 73 orbital, it shows little
energy shift between 1a and 2a (0.04 eV), suggesting that
a more likely origin is the ethylene 7 orbitals MO 48 and
MO 49. However, on further methylation to 3a, a
substantial shift is observed, suggesting that in the case
of 3a, band E should be assigned to anindenyl rsionization.

The assignment we prefer for the first four bands differs
from the orbital ordering of the top four filled levels in the
calculation. The experimental reasons for assigning band
B; to an orbital with significant indenyl content is clear
and the assignment corresponds to that found for 3c. As
the orbital ordering in the extended Hiickel calculation is
to a certain extent a function of the parameterization,
there is no reason to expect that it will faithfully reproduce
the ionization energy sequence. Rather, we see the role
of the calculation as giving an indication of the orbital
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Figure 9. MO diagram for la.

structure clearer than can be obtained by symmetry and
electronegativity arguments on their own.

Spectral Assignment of the Cyclooctadienerhod-
ium Indenyl Compounds. The PE spectra of the
cyclooctadiene compounds may be assigned by comparison
with those of the bis(ethylene) compounds whose spectra
they resemble closely. Again the heptamethylindenyl
compound, 3b (Figures 3e,f) has a less clearly defined

spectrum than the other two, 3a and 3¢ (Figures 2e,f and
Figure 1, respectively).

Six features are notable in the low energy region of the
PE spectrum, these being at slightly lower IE than the
corresponding bands of the analogous ethylene compounds.
The same labeling scheme is adopted, although for the
cyclooctadiene compounds band C lies much closer toband
B, almost becoming a second shoulder. Bands B and C
are again found to have the largest R/ values, indicating
the highest metal character. A contrast with the ethylene
spectra is that band D, rather than band E, shows the
smallest shift in energy on changing from CoH~ to 1,2,3-
MesCoH,. However, on further methylation to CoMe; E
shows the smaller change. The relative shifts by all other
bands on methylation are similar to one another. However,
band B; does not become more distinct as it did in the
spectra of the ethylene compounds. This suggests that
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there may be a greater degree of mixing of fragment orbitals
within the MO of the cyclooctadiene compounds.

From Rj/; values, bands B and C are again found to
have the most metal character. Though independent Ry,
values cannot be determined for band B; and B, it is
apparent, by eye, that the shoulder (B;) does not show the
same increase in intensity as is seen for the main band
(B2) on passing from He I to He II radiation. On this
basis, bands A, B, B;, and C are given the same assignment

as they were in the ethylene case. Bands D and E both
have low Rgy1 values, indicating little metal character,
although band E has notably the lower value, which would
appear to suggest the band E is attributable to ionizations
from a cyclooctadiene orbital. However, a larger shift is
observed in the energy of this band on moving from CgHy
to 1,2,3-MegCgH, (0.32 eV for E compared to 0.17 eV for
D), whereas on further methylation to CgMe; the larger
shift is in band D (0.40 eV for D compared with 0.02 eV
for E). The most obvious way to account for these irregular
trends is to postulate a greater degree of orbital mixing in
the cyclooctadiene compounds so that the approximation
of localized ligand ionizations fails. This situation was
also found for the closely related cobalt and rhodium
cyclopentadienyl diene complexes.#! Further, intensity
data suggest that band D may arise from ionizations from
two molecular orbitals. Thus bands D and E are assigned
to MO’s which represent mixtures of ad,,/ 74 bonding MO,

a high lying cyclooctadiene orbital, and the indenyl =3
orbital.

Comparison with Rhodium Cyclopentadienyl Com-
pounds. Having assigned the PE spectra, we are now in
aposition to address the questions of reactivity and ligand
dynamics raised in the Introduction. In Table IV we
summarize the first vertical IE for the indenyl compounds
studied here and related rhodium cyclopentadienyl and
pentamethylcyclopentadienyl complexes. The best mea-

sure we have of relative charge on the metal center is the
IE of the nonbonding metal orbitals, MO 40 and 42 of the
diene complexes giving rise to band B; and MO 35 of the
carbonyl compounds giving rise to band C. A previous
study of core IE shifts in 4¢ and 5¢42 showed that the
nonbonding orbital had shifts on methylation very similar
to that of the Rh 3ds/s ionization. The IE values of these
nonbonding bands are given in Table V together with those
of analogous cyclopentadienyl- and (pentamethyleyclo-

pentadienyl)rhodium compounds. Errors in these IE’s
should be taken as £0.1 eV.

Methylation of either indenyl or cyclopentadienyl lowers

the IE. The first IE is affected rather more than a

nonbonded IE because the first ionization arises from an
orbital with ring character. Comparison between the
indenyl and cyclopentadienyl Rh(CoHy); complexes puts
indenyl as a stronger donor to the metal than cyclopen-
tadienyl. This was also found to be the case for the
ferrocene and ruthenocene indenyl analogues.3* The
relative positions of the methylated derivatives isless clear,
the order depending on the particular series examined.

Probably the most important factor accounting for the
increased donor strength of the indenyl ligand is the high
energy of w5 compared with the equivalent cyclopenta-
dienyl e; orbital.

The relative donor strengths of C;Hs and CgHy, as
indicated by the IE, are somewhat surprising in light of
the lower CO stretching frequencies found for 4¢ (Table
I) compared with 1¢. One of the orbitals back-donating
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MO 40

Figure 10. Selected MO for la.
Table V. First IE of Rhodium Indenyl and Cyclopentadienyl

Complexes-43
1 2 3 4 s
a 7.19 6.90 6.53 7.33 6.92
b 6.98 6.72 6.43 7.07 6.36
¢ 6.80 7.64 6.80

Table VI. IE of Nonbonding Orbitals in Rhodium Indenyl
and Cyclopentadienyl Complexes*-43

1 2 3 4 5
a 8.07 7.81 7.53 8.27 8.05
b 7.95 7.70 7.61 8.00 7.67
c 7.93 8.65 8.12

to the carbonyls is d,., which is also the acceptor orbital
for donation from 7,. The donation to CO is thus, in part,
directly linked to r4. Asnoted above, 74lieslowerinenergy
(that is it has a more negative orbital energy) than the e;
C:H; levels, thus making donation from the ring to the
metal d,;; orbital, and hence back-donation to the carbonyl
groups, less effective in the indenyl compound than in the
cyclopentadienyl case.

Similar considerations should apply to the bis(ethylene)
compounds. In these the d,, and d,, orbitals are respon-
sible for back-donation to the ethylene ligands. The d,,
orbital has 63% Rh character (and is metal ring non-
bonding) consistent with it having 6 symmetry with respect
tothe ring. Band C, arising from this orbital is perturbed
less than, for example, band A upon ring alkylation. Thus,
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MO 41

MO 42

d., will be less sensitive to changes in the ring system and
as such will have little influence on the relative degree of
w-back-bonding to ethylene in the cyclopentadienyl vs
indenyl complexes. However, indenyl =, again shares the
d;. orbital for bonding (Figure 9) so back-bonding to the
ethylene in the preferred rotamer is expected to be less
effective for 1a than for 4a. This is a possible reason for
the lower rotational barriers in the indenyl compounds.”2528
Likewise, band By arising from d,2_,2 and d,3, the M-ring
o interaction is virtually pure metal in character. The d,:
orbital is of appropriate symmetry for =-back-bonding to
ethylene when the ethylene ligands are rotated through
90° with respect to their preferred rotational orientation.
This band (By) lies at higher energy than the nonbonding
levels for 4a, suggesting back-bonding to ethylene some-
what stronger in the rotated conformer for la vs that for
4a. The differential r-back-bonding between the two
rotamers (presumably related directly to the barrier height)
will be influenced to some extent by the d,2 orbital energies
inthe cyclopentadienyl vs indenyl complexes. Therefore,
both destabilization of the ground state as well as some
stabilization of the transition state can contribute to the
significantly smaller barriers observed for the indenyl
compounds.

Conclusions

Photoelectron spectroscopic studies indicate that in-
denyl ligands are somewhat stronger electron donors to d8
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ML, fragments than are their cyclopentadienyl counter-
parts. This conclusion is based on the relative ionization
energies of the metal based, i.e. nonbonding, orbitals of
the cyclopentadienyl and indenyl compounds. Substitu-
tion of indenyl ring hydrogens by methyl groups enhances
further the electron donor ability of indenyl rings in a
fashion similar to that observed in cyclopentadienyl
compounds. Thisincreased electronrichness at Rhshould
enhance oxidative addition chemistry.

Whereas dramatically enhanced Sy2 substitution
rates!-1113-1831 for indenyl vs cyclopentadienyl compounds
can be attributed to enhanced propensity for ring slippage
(see for example ref 33 and references therein) in indenyl
systems, the enhanced rates observed for Sy1 substitu-
tions3-8 of ethylene or CO ligands in indenyl compounds
would, at first glance, seen inconsistent with the increased
electron density at Rh which would be expected to lead
to stronger metal-ligand back-bonding. However, eth-
ylene rotation barriers are lower and CO stretching
frequencies are higher for indenyl than for cyclopenta-
dienyl compounds. These factors indicate less efficient
M-CO and M-ethylene back-bonding in the indenyl
compounds even though the electron density at Rh is
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higher. This apparent dichotomy can be explained by a
detailed examination of the specific orbitals involved in
w-back-bonding. The differences can be traced, at least
to a large extent, to the splitting of the =4 and w5 levels
of the indenyl ligand. These orbitals are related to the
degenerate e; set of the = orbitals of the cyclopentadienyl
ligand which fall between indenyl =4 and 75 in energy. The
lower energy of w4 vs cyclopentadienyl e; results in less
effective m-back-bonding to CO and ethylene in the indenyl
compounds. This is entirely consistent with (1) higher
vco values, (2) lower ethylene rotation barriers, and (3)
weaker M-L bonding, leading to more facile dissociation
and the enhancement of Sy1 substitution rates, as observed
for the indenyl complexes. A combination of greater
electron density at Rh and more facile ligand dissociation
also contributes to the enhanced catalytic activity of the
indenyl complexes.
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