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The magnetic properties of monomeric bis(indenyl)chromium(II) complexes are sensitive to the relative
orientation of the ligands (staggered, eclipsed, or gauche), regardless of whether such a conformation is
imposed by sterically bulky substituents or is a consequence of crystal-packing forces. The staggered
monomethylated compound (2-MeC9H6)2Cr has previously been found to display a high-spin state in the
solid state and solution, whereas the monomeric (1-MeC9H6)2Cr is eclipsed in the solid state and exhibits
spin-crossover behavior over a wide temperature range. The present work examines the synthesis, structures,
and magnetic properties of polymethylated indenyl complexes containing two, three, and five substituents
on the indenyl ligand. Methyl groups on the benzo portion appear to be critical in supporting a low-spin
ground state; the order of the preference to exist as a low-spin complex is approximately (2,4,5,6,7-
Me5C9H2)2Cr > (2,4,7-Me3C9H4)2Cr ≈ (4,7-Me2C9H5)2Cr > (1,2,3-Me3C9H4)2Cr > (1-MeC9H6)2Cr g
(2-MeC9H6)2Cr. The (2,4,7-Me3C9H4)2Cr complex crystallizes with two conformations in the unit cell:
one with an eclipsed geometry and the other staggered. When the temperature is raised from 173 to 293
K, the staggered form undergoes approximately 3 times the bond length increase as the eclipsed form.
The difference is attributed to the symmetry-driven preference of the staggered configuration for the
high-spin state.

Introduction

There is considerable interest in the synthesis of transition
metal compounds whose magnetic properties can be influenced
by external agents.1 In the case of spin-crossover complexes,
transitions between high- and low-spin states can be induced
by temperature, pressure, and light,2 and the specific metal and
ligand requirements for supporting such transitions have received
intensive investigation. Effective control of spin-state transitions
could ultimately lead to applications in switching devices,
magnetic storage, and photonic systems.3

Among the ligand-based forces that can drive spin-state
changes are steric interactions,4 hydrogen bonding,5 and π-π

bonding interactions.6 Only recently have the symmetry effects
found in substituted bis(indenyl)chromium(II) complexes been
added to this list. Such effects rely on the interdependence of
orbital occupancy and ligand conformation in bis(indenyl)metal
complexes.7 An orbital analysis of Ind′2Cr complexes indicates
that in a staggered, centrosymmetric complex (e.g., the red-
purple (1,3-(i-Pr)2C9H5)2Cr8 or (1-(t-Bu)C9H6)2Cr;9 see Figure
1 for the numbering convention), a high-spin (S ) 2) state is
preferred, as the ungerade combinations of the indenyl π orbitals
cannot interact with the d orbitals of chromium, leaving d
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Figure 1. (a) Numbering scheme for the indenyl anion. (b) Solid-
state structure of {Ind2Cr}2.10
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electrons in singly occupied, metal-centered orbitals.9 This
analysis has been supported by the isolation of Ind′2Cr species
with more sterically demanding substituents (e.g., t-Bu, SiMe3)
at the 1- and 3-positions of the indenyl ligand. In such
compounds, the ligands have been forced into ∼90° (gauche)
orientations, leaving green, low-spin (S ) 1) compounds. The
reduction of symmetry allows mixing of the indenyl π orbitals
with the metal d orbitals, which increases the HOMO-LUMO
gap and produces low-spin configurations.9

That the conformation-spin-state relationship in bis(indenyl)
complexes was not recognized earlier stems from the fact that
the first bis(indenyl)chromium complex to be structurally
characterized was the green heptamethylindenyl derivative
((Ind7Me)2Cr).11 The average Cr-C bond length (2.18(2) Å) was
consistent with that in known bis(cyclopentadienyl)chromium
complexes (∼2.1-2.2 Å), and magnetic measurements indicated
that the metal was low-spin from 5 to 235 K, as are almost all
chromocenes and chromium(II) organometallic complexes with
π-bound ligands.12,13 In retrospect, the low-spin state of
(Ind7Me)2Cr can be seen to reflect strong electron donation from
the peralkylated ring, which despite symmetry restrictions
sufficiently increases the HOMO-LUMO gap to change the
spin state.

In principle, any substituent that breaks the centrosymmetry
of a bis(indenyl)Cr(II) complex could lead to non-high-spin
complexes. We have begun a survey of complexes containing
methyl-substituted indenyl ligands14 and have found that a single
methyl group at the 1- or 2-position of the indenyl ligand is
enough to disrupt the dimerization observed in the unsubstituted
parent complex (Figure 1b).10 Red bis(2-methylindenyl)chro-
mium(II), (IndMe-2)2Cr, displays a staggered geometry in the
solid state and is a high-spin complex both in solution and as
a solid down to 25 K. In solution, the 1-methyl analogue (IndMe-

1)2Cr is high-spin from 183 to 298 K, but in the solid state, the
complex adopts an eclipsed geometry and displays spin-
crossover behavior, with a magnetic moment rising from 2.87
µB at 20 K (consistent with S ) 1) to 4.1 µB by 275 K,
representing an incomplete spin transition to the S ) 2 state.

Much less is known about how substitution on the benzo
portion of the indenyl ligand affects the properties of associated
bis(indenyl)chromium(II) complexes. Other than the fully me-
thylated complex,11 the only attempt to prepare a complex with
substitution on the benzo portion led to the isolation of the
dinuclear (IndMe-4)3Cr2Cl complex.14 We report here a study
of polymethylated Ind′2Cr complexes that further illuminates
the interrelationship among ligand conformation, electron dona-
tion, and substitution patterns on the magnetic properties of the
compounds. Such knowledge is valuable in the pursuit of tunable
magnetism in systems such as charge-transfer salts15 and in
predicting and controlling metal center reactivity.

Experimental Section

General Considerations. Unless mentioned otherwise, all
manipulations were performed with the rigorous exclusion of air
and moisture using Schlenk or glovebox techniques. 1H NMR
spectra were obtained on a Bruker DPX-300 spectrometer at 300
MHz. Elemental analyses were performed by Desert Analytics
(Tucson, AZ). Melting points were determined in sealed capillaries.
Mass spectra were obtained using a Hewlett-Packard 5890 Series
II gas chromatograph/mass spectrometer.

Materials. All the methylated indenes were prepared by varia-
tions on standard Friedel-Crafts acylation-alkylation reactions.
Specifically, 4,7-dimethylindene was prepared from p-xylene and
3-chloropropanoyl chloride according to the literature procedure.16

2,4,7-Trimethylindene was prepared from p-xylene and methacry-
loyl chloride, using AlCl3 slurried in CS2 in place of a solution of
polyphosphoric acid;17 2,4,5,6,7-pentamethylindene18 was prepared
analogously, but starting with 1,2,3,4-tetramethylbenzene instead
of p-xylene, and 1,2,3-trimethylindene was prepared from tiglic acid
and benzene.19 Anhydrous chromium(II) chloride was purchased
from Strem Chemicals and used as received. Potassium hexam-
ethyldisilazide (K[N(SiMe3)2]) was purchased from Aldrich. The
indenes were converted into their potassium salts by treatment with
K[N(SiMe3)2] in toluene; 2,4,5,6,7-pentamethylindene was also
converted into its lithium derivative by reaction with n-BuLi in
hexanes. THF, toluene, and hexanes were distilled under nitrogen
from potassium benzophenone ketyl.20 Toluene-d8 was vacuum-
distilled from Na/K (22/78) alloy and stored over type 4A molecular
sieves prior to use.

Magnetic Measurements. Variable-temperature solution mag-
netic susceptibility measurements were performed on a Bruker
DRX-400 spectrometer using the Evans NMR method.21 A small
sample (5-9 mg) of the paramagnetic material was dissolved in
toluene-d8 in a 1.0 mL volumetric flask. The solution was
thoroughly mixed, and approximately 0.5 mL was placed in a NMR
tube containing a toluene-d8 capillary. The calculations required
to determine the number of unpaired electrons based on the data
collected have been described elsewhere.22

Solid-state magnetic susceptibility data were obtained on a
Quantum Designs MPMS SQUID magnetometer. The sample was
cooled in zero field and measured upon warming from 1.8 to 300
K. To handle the extremely air- and moisture-sensitive compounds,
the previously described sample holder was used;4 the diamagnetic
susceptibility of the sample holder was accepted as the average
value of the measurements on several identical sample holders. The
diamagnetic correction for each complex was estimated from
Pascal’s constants.

Synthesis of Bis(4,7-dimethylindenyl)chromium(II),
(Ind2Me-4,7)2Cr. Anhydrous CrCl2 (0.500 g, 4.07 mmol) was added
to a 125 mL Erlenmeyer flask along with a magnetic stirring bar
and 30 mL of THF. K[Ind2Me-4,7] (1.483 g, 8.15 mmol) was
dissolved in 10 mL of THF and the solution added dropwise to the
flask with stirring. The mixture initially turned dark green and then
black, and it was stirred overnight. The solvent was removed under
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vacuum, and 50 mL of hexanes was added to dissolve the chromium
complex. The mixture was filtered through a medium-porosity glass
frit, and the filtrate was collected in a 250 mL Schlenk flask, which
was placed in a -30 °C freezer. After 48 h, dark green crystals of
(Ind2Me-4,7)2Cr were observed and isolated by cannulation of the
mother liquor on a Schlenk line. The crystals were dried under
vacuum and brought into the glovebox (0.283 g, 21%): mp
155-160 °C. Anal. Calcd for C22H22Cr: C, 78.08; H, 6.55. Found:
C, 77.84; H, 6.55. Solution magnetic susceptibility (µeff

298K, µB):
3.4.

Synthesis of Bis(1,2,3-trimethylindenyl)chromium(II),
(Ind3Me-1,2,3)2Cr. CrCl2 (0.376 g, 3.06 mmol) and K[Ind3Me-1,2,3]
(1.20 g, 6.12 mmol) were placed in a 125 mL Erlenmeyer flask
equipped with a magnetic stirring bar. Approximately 40 mL of
THF was added, immediately producing a dark green solution. The
mixture was stirred overnight. By the following day, the solution
had become deep purple. The solvent was removed under vacuum
to leave a dark purple solid. Approximately 30 mL of hexanes was
added, and all insoluble impurities were removed by filtration over
a medium-porosity frit. The filtrate was collected in a 250 mL
Schlenk flask and placed in a -30 °C freezer. After 16 h, purple
crystals of (Ind3Me-1,2,3)2Cr had formed. The mother liquor was
separated from the crystalline solid by cannulation on a Schlenk
line. The crystals were dried under vacuum and taken into the
glovebox for isolation (0.221 g, 20% yield): mp 234-238 °C. Anal.
Calcd for C24H26Cr: C, 78.66; H, 7.15; Cr, 14.19. Found: C, 78.37;
H, 7.15; Cr, 13.99. Solution magnetic susceptibility (µeff

T(K), µB):
4.3188, 4.4248, 4.4298.

Synthesis of Bis(2,4,7-trimethylindenyl)chromium(II),
(Ind3Me-2,4,7)2Cr. CrCl2 (0.376 g, 3.06 mmol) and K[Ind3Me-2,4,7]
(1.20 g, 6.12 mmol) were placed in a 125 mL Erlenmeyer flask
equipped with a magnetic stirring bar. Approximately 40 mL of
THF was added, immediately producing a brown solution. The
mixture was stirred overnight, and the solvent was removed under
vacuum to leave a brown solid. Approximately 50 mL of hexanes
was added, and all insoluble impurities were removed by filtration
over a medium-porosity frit. The filtrate was collected in a 250
mL Schlenk flask and placed in a -30 °C freezer. After 48 h,
blocklike brown crystals of (Ind3Me-2,4,7)2Cr had formed. The
mother liquor was separated from the crystalline solid by cannu-
lation on a Schlenk line. The crystals were dried under vacuum
and taken into the glovebox to be isolated (0.550 g, 49% yield):
mp 105-108 °C. Anal. Calcd for C24H26Cr: C, 78.66; H, 7.15; Cr,
14.19. Found: C, 78.41; H, 7.34; Cr, 13.81. Solution magnetic
susceptibility (µeff

T(K), µB): 3.3198, 3.4208, 3.5218, 3.5228, 3.6238,
3.7248, 3.7258, 3.8268-298, 3.9318-378.

Synthesis of Bis[2,4,5,6,7-pentamethylindenyl]chromium(II),
(2,4,5,6,7-Me5C9H2)2Cr. CrCl2 (0.060 g, 0.49 mmol) and Li[2,4,5,6,7-
Me5C9H2] (0.188 g, 0.976 mmol) were placed in a flask equipped
with a magnetic stirring bar. THF (30 mL) was added, immediately
producing a dark brown solution. After 3 h, the solvent was removed
under vacuum to leave a red-purple solid. Toluene (2 mL) was
added, and all insoluble impurities were removed by filtration over
a pipet packed with glass wool and Celite 521. The reddish brown
filtrate was collected in a small flask that was left loosely capped
in order to allow for slow evaporation. After 8 h, small green
crystals were observed and the flask was left undisturbed for 48 h.
The remaining filtrate was removed by decantation, and the crystals
were dried briefly under vacuum to afford deep green (2,4,5,6,7-
Me5C9H2)2Cr (0.084 g, 41% yield): mp 125 °C. Comparable results
were obtained by starting with K[2,4,5,6,7-Me5C9H2]. Anal. Calcd
for C28H34Cr: C, 79.58; H, 8.11; Cr, 12.30. Found: C, 79.19; H,
7.86; Cr, 11.92. Solution magnetic susceptibility (µeff

T(K), µB):
3.3244, 3.3252, 3.4262, 3.5272, 3.5282, 3.5292.

Computational Details. Geometry optimizations and frequency
calculations were performed using the Gaussian 03 suite of

programs.23 Density functional theory was employed with the use
of the TPSSh functional, which is based on the meta-generalized
gradient approximation (MGGA) of Tao, Perdew, and Staroverov,
with the admixture of 10% exact (Hartree-Fock) exchange;24 it
has been demonstrated to give good results with transition-metal
systems.25 Calculations used the standard 6-31+G(d) Pople basis
sets (for Cr, this is (23s,18p,5d,1f)/[6s,6p,3d,1f]26). In the case of
the indenyl anions, some comparative calculations were conducted
with the B3LYP functional27 and the aug-cc-pVTZ basis set.

General Procedures for X-ray Crystallography. A suitable
crystal of each sample was located, attached to a glass fiber, and
mounted on a Siemens Smart system for data collection at various
temperatures. Data collection and structure solution for all molecules
were conducted at the X-ray Crystallography Laboratory at the
University of Minnesota. The intensity data were corrected for
absorption (SADABS). All calculations were performed using the
current SHELXTL suite of programs.28 Final cell constants were
calculated from a set of strong reflections measured during the actual
data collection. Relevant crystal and data collection parameters for
each of the compounds are given in Table 1.

The space groups were determined on the basis of systematic
absences (where applicable) and intensity statistics. A direct-
methods solution was calculated that provided most of the non-
hydrogen atoms from the E map. Several full-matrix least-squares/
difference Fourier cycles were performed that located the remainder
of the non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were
placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters.

X-ray Crystallography of (Ind2Me-4,7)2Cr. The space group Cc
was determined on the basis of systematic absences and intensity
statistics. The space group was later confirmed with PLATON29

to be certain that space group C2/c was not a possibility. The
refinement required modeling for inversion twinning (74:26).

X-ray Crystallography of (Ind3Me-1,2,3)2Cr. Crystals of
(Ind3Me-1,2,3)2Cr were obtained from a concentrated hexanes solution
that had been cooled to -30 °C. The space group P1j was
determined as described in the General Procedures. The metal lies
on an inversion center, so that only half of the molecule is unique.
There is both pseudomerohedral and nonmerohedral (rotational)
twinning in the same crystalline specimen.

X-ray Crystallography of (Ind3Me-2,4,7)2Cr (173 and 293
K). Crystals of (Ind3Me-2,4,7)2Cr were obtained from a concentrated
hexanes solution that had been cooled to -30 °C. Data were
collected on separate crystals at 173 and 293 K. The space group
P21/c was determined as described in the General Procedures. There
are two conformations observed in the unit cell. One molecule is
found as eclipsed, and the other is found as staggered; the chromium
lies on an inversion center in the staggered conformer, leaving only
half of the molecule unique.

X-ray Crystallography of (2,4,5,6,7-Me5C9H2)2Cr. Crystals of
(2,4,5,6,7-Me5C9H2)2Cr were collected by preparing a concentrated
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toluene solution, which was allowed to evaporate slowly at room
temperature. Three major sections of frames were collected with
0.30° steps in ω and at three different φ settings with a detector
position of -28° in 2θ; the frames showed streaks along c*. The
space group C2/c was determined as specified in the General
Procedures, and the chromium atom lies on a special position
(twofold). A residual electron density of 1.6 e/Å3 was observed at
a distance of 3.4 Å from the metal. It is possible that a small amount
of impurity or a modulation of the structure with no obvious period
is present in the crystal.

Results

Synthesis of Substituted Bis(indenyl)chromium(II) Com-
plexes. All the polymethylindenes (HInd2Me-4,7, HInd3Me-2,4,7,
HInd3Me-1,2,3, 2,4,5,6,7-Me5C9H3) were readily deprotonated by
K[N(SiMe3)2] in toluene (eq 1) or n-BuLi in hexanes (for
2,4,5,6,7-Me5C9H3) to form the solid indenides. Two equivalents
of the indenide salt was allowed to react with anhydrous
chromium(II) chloride in THF (eq 2). The resulting bis(inde-
nyl)chromium(II) complexes were crystallized either by slow
evaporation of solvent from a saturated solution or by cooling
of a concentrated solution to approximately -30 °C. The
complexes are indefinitely stable at room temperature under a
nitrogen atmosphere. Although they are soluble enough to obtain
estimates of their magnetic susceptibility, completely interpret-
able proton NMR spectra were not obtained.

HIndxMe+K[N(SiMe3)2]98
toluene

-HN(SiMe3)2

K[IndxMe] (1)

2 M[IndxMe]+CrCl298
THF

(IndxMe)2Cr+ 2 MCl (2)

Magnetic Susceptibility Measurements. Crystalline samples
of the bis(indenyl) complexes were examined with SQUID
magnetometry, and in toluene solution. Figures 1-4 show 1/�

and effective magnetic moment values (µeff) in the solid state
as a function of temperature for three of the compounds. SQUID
data for the magnetically simpler (2,4,5,6,7-Me5C9H2)2Cr are
given in the Supporting Information.

(Ind2Me-4,7)2Cr. The magnetic moments as a function of
temperature for (Ind2Me-4,7)2Cr indicate that it is a spin-crossover
complex (Figure 2). Below 100 K, a plot of 1/� as a function
of temperature follows Curie-Weiss behavior with a Weiss
constant of Θ ) -4.5 K. There is apparently some zero-field
splitting exhibited by the complex below 20 K. It is low spin
(S ) 1) for Cr(II) below about 110 K; the effective magnetic
moment (2.9-3.1 µB) is consistent with the spin-only value for
two unpaired electrons (2.83 µB). Above this temperature, the
effective magnetic moment begins to rise, and by 210 K the
complex has a magnetic moment of over 3.5 µB. By 300 K, it
reaches a moment of 4.0 µB. This is lower than the spin-only
value for four unpaired electrons (4.90 µB) and also lower than

Table 1. Crystal Data and Summary of X-ray Data Collection

(Ind2Me-4,7)2Cr
(173 K)

(Ind3Me-1,2,3)2Cr
(173 K)

(Ind3Me-2,4,7)2Cr
(173 K)

(Ind3Me-2,4,7)2Cr
(293 K)

(2,4,5,6,7-Me5C9H2)2

Cr (173 K)

formula C22H22Cr C24H26Cr C24H26Cr C24H26Cr C28H34Cr
formula wt 338.40 366.45 366.45 366.45 422.55
color of cryst dark green purple brown brown green
cryst dimens, mm 0.36 × 0.32 × 0.12 0.45 × 0.28 × 0.15 0.42 × 0.26 × 0.23 0.45 × 0.40 × 0.40 0.25 × 0.18 × 0.08
space group Cc P1j P21/c P21/c C2/c
cell dimens

a, Å 15.3746(14) 7.372(4) 15.256(4) 15.492(4) 11.101(2)
b, Å 18.3542(16) 8.565(5) 9.663(3) 9.721(2) 13.664(2)
c, Å 12.656(1) -8.586(5) 19.712(5) 19.969(4) 14.302(2)
R, deg 69.977(8)
�, deg 108.440(2) 74.027(8) 96.277(4) 96.296(8) 93.237(2)
γ, deg 73.589(9)

V, Å3 3388.0(5) 478.9(5) 2888.7(13) 2989.1(12) 2165.9(4)
Z 8 1 6 6 4
calcd density, Mg/m3 1.327 1.271 1.264 1.221 1.296
abs coeff, mm-1 0.672 0.600 0.597 0.577 0.540
F(000) 1424 194 1164 1164 904
radiation type (λ, Å) Mo KR (0.710 73) Mo KR (0.710 73) Mo KR (0.710 73) Mo KR (0.710 73) Mo KR (0.710 73)
temp, K 173(2) 173(2) 173(2) 293(2) 173(2)
limits of data collection 1.78 e θ 25.05° 2.58 θ e 25.20° 2.08 θ e 27.56° 2.05 θ e 25.02° 2.37 e θ 27.50°
index ranges -18 e h e 18, -21

e k e 21, -15 e
l e 11

-8 e h e 8, -9
e k e 10,
0 e l e 10

-19 e h e 19, 0 e
k e 12,
0 e l e 25

-18 e h e 18, 0 e
k e 11,
0 e l e 23

-14 e h e 14,
-16 e k e 17,
-18 e l e 17

total no. of rflns collected 10 472 3994 34 000 21 887 9424
no. of unique rflns 5033 (Rint ) 0.0346) 1699 (Rint ) 0.0347) 6633 (Rint ) 0.0382) 5263 (Rint ) 0.0366) 2488 (Rint ) 0.0887)
transmission factors 0.7939-0.9237 0.7741-0.9154 0.7877-0.8750 0.7814-0.8022 0.8769-0.9581
no. of data/restraints/params 5033/2/424 1699/0/119 6633/0/349 5263/0/349 2488/0/137
R indices (I > 2σ(I)) R ) 0.0364, Rw ) 0.0835 R ) 0.0600, Rw ) 0.1575 R ) 0.0336, Rw ) 0.0901 R ) 0.0394, Rw ) 0.1033 R ) 0.0847, Rw ) 0.2238
R indices (all data) R ) 0.0458, Rw ) 0.0893 R ) 0.0644, Rw ) 0.1678 R ) 0.0447, Rw ) 0.0986 R ) 0.0604, Rw ) 0.1188 R ) 0.1044, Rw ) 0.2341
goodness of fit on F2 1.042 1.019 1.046 1.027 1.129
max/min peak in final

diff map, e/Å3
0.251/-0.194 1.950/-0.439 0.333/-0.247 0.283/-0.274 1.658/-0.599

Figure 2. SQUID data for (Ind2Me-4,7)2Cr. Effective magnetic
moment (µeff) and 1/� values (mol/emu) are plotted as a function
of temperature.
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for other high-spin complexes of this type (ca. 4.4-4.5 µB);8,9

the spin transition should be regarded as incomplete.
Interestingly, in toluene (Ind2Me-4,7)2Cr displays a magnetic

moment of 3.4 µB at 298 K, which is lower than the average of
the spin-only values for four unpaired electrons (4.9 µB) and
two unpaired electrons (2.8 µB), and is lower than the compa-
rable value observed in the solid state.

(Ind3Me-2,4,7)2Cr. As with (Ind2Me-4,7)2Cr, solid (Ind3Me-2,4,7)2-
Cr exhibits spin-crossover behavior, but the spin transition with
the latter is even less complete (Figure 3). (Ind3Me-2,4,7)2Cr is
found to be low spin below 200 K and exhibits simple Curie
law behavior; the effective moment (2.7-2.9 µB) is consistent
with the spin-only value for two unpaired electrons. Above 200
K, the complex exhibits spin-crossover behavior but reaches a
magnetic moment of only 3.6 µB by 300 K. The existence of
two conformers in the solid state (see below), one of which is
likely to have a stronger preference for a high-spin state than
the other, means that the magnetic data are effectively those
for a mixture.

Brown solutions of (Ind3Me-2,4,7)2Cr in toluene exhibit spin-
crossover behavior in solution, although shifted to a higher range
than in the solid state. The µeff value is 3.3 µB at 188 K (cf.
2.91 µB at 190 K in the solid), and the moment rises upon
warming in a linear fashion by approximately 0.5 µB every 10
K. This trend continues until 288 K, where the moment begins
to plateau at 3.8 µB and rises only to 3.9 µB upon warming to

378 K. The value of 3.8-3.9 µB observed between 288 and
378 K is roughly halfway between the spin-only values for two
and four unpaired electrons and is noticeably higher than the
moment of 3.49 µB at 290 K observed in the solid state.

(Ind3Me-1,2,3)2Cr. The magnetic moments measured for
(Ind3Me-1,2,3)2Cr indicate that it is a spin-crossover complex
(Figure 4). Below 100 K, a plot of 1/� as a function of
temperature follows Curie-Weiss behavior with a Weiss
constant of Θ ) -2.5 K. There is apparently some zero-field
splitting exhibited by the complex below 20 K. The complex is
low spin for Cr(II) below 115 K; the effective magnetic moment
(2.7-3.0 µB) is consistent with the spin-only value for two
unpaired electrons. Above 115 K, however, the effective
magnetic moment begins to rise, and by 225 K the complex
has an effective magnetic moment of over 4.4 µB. By 300 K, it
reaches a moment of 4.5 µB, a value consistent with other high-
spin complexes of this type.8,9

Dissolution of (Ind3Me-1,2,3)2Cr in toluene provides a purple
solution at room temperature, which is consistent with other
substituted high-spin complexes of this type. The spin crossover
observed in the solid state has disappeared, as measurements
at 188, 248, and 298 K indicate a magnetic moment that varies
only between 4.3 and 4.4 µB.

(2,4,5,6,7-Me5C9H2)2Cr. (2,4,5,6,7-Me5C9H2)2Cr displays
simple Curie law behavior below 175 K. It remains strictly low
spin up to 175 K, as evidenced by the effective magnetic
moment (2.83-2.86 µB) throughout the range from 16 to 175
K. Above 175 K, the effective magnetic moment (and the slope
of �T) begins to rise, but the moment reaches just 3.1 µB by
275 K; there is only the start of a transition to a higher spin
state species. In comparison to (2,4,5,6,7-Me5C9H2)2Cr, low-
spin (Ind7Me)2Cr displayed no evidence of spin equilibrium at
any measured temperature (5-235 K).11 In solution, there is
no evidence of spin crossover, as (2,4,5,6,7-Me5C9H2)2Cr
displays an average µB value of 3.5 throughout the temperature
range 242-293 K; below 242 K, the compound precipitates
from toluene solution. The average value is higher than that
found in the solid state but is somewhat lower than that observed
for (Ind3Me-2,4,7)2Cr at the high-temperature end of the scale. It
is slightly less than halfway between the spin-only values for
two and four unpaired electrons.

Solid-State Structures. All of the complexes possess classic
sandwich structures, in either eclipsed or staggered conforma-
tions (or both in the case of (Ind3Me-2,4,7)2Cr). Selected bond
lengths and angles are given in Tables 2-8; distinctive features
of the individual structures are described below.

Figure 3. SQUID data for (Ind3Me-2,4,7)2Cr. Effective magnetic
moment (µeff) and 1/� values (mol/emu) are plotted as a function
of temperature.

Figure 4. SQUID data for (Ind3Me-1,2,3)2Cr. Effective magnetic
moment (µeff) and 1/� values (mol/emu) are plotted as a function
of temperature.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
(Ind2Me-4,7)2Cr

Distances
Cr(1)-C(1) 2.219(3) Cr(1)-C(12) 2.244(4)
Cr(1)-C(2) 2.150(4) Cr(1)-C(13) 2.178(4)
Cr(1)-C(3) 2.128(4) Cr(1)-C(14) 2.121(4)
Cr(1)-C(4) 2.164(4) Cr(1)-C(15) 2.145(4)
Cr(1)-C(5) 2.251(4) Cr(1)-C(16) 2.236(4)
Cr(2)-C(23) 2.221(4) Cr(2)-C(34) 2.209(3)
Cr(2)-C(24) 2.143(4) Cr(2)-C(35) 2.136(4)
Cr(2)-C(25) 2.118(4) Cr(2)-C(36) 2.118(4)
Cr(2)-C(26) 2.122(4) Cr(2)-C(37) 2.150(4)
Cr(2)-C(27) 2.206(4) Cr(2)-C(38) 2.227(4)

Angles
inter-C5 ring plane angle 6.0 (Cr1); 6.7 (Cr2)
hinge anglea 1.5 (Cr1, av); 2.1 (Cr2, av)
fold anglea 2.5 (Cr1, av); 4.4 (Cr2, av)
twist 8.6 (Cr1); 9.0 (Cr2)

a For definitions of this angle, see ref 11.
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(Ind2Me-4,7)2Cr. Crystals of (Ind2Me-4,7)2Cr were obtained
from hexanes as dark green plates. There are two nearly identical
molecules in the asymmetric unit; the complex centered on Cr(1)
is depicted in Figure 5, which indicates the numbering scheme
referred to in the text; selected bond lengths and angles are given
in Table 2. No intermolecular π stacking is observed; however,
the six-membered rings are nearly eclipsed (twist angles of 8.6
and 9.0° for molecules Cr(1) and Cr(2), respectively) on each
molecule. The Cr-C ring distances (average 2.18(1) Å for Cr(1)
and 2.17(1) Å for Cr(2)) are consistent with low-spin chro-
mium(II) centers. The two indenyl ligands are bound to the
chromium center in an η5 fashion; the slip parameter30 (∆M-C

) 0.078 Å for both independent molecules) is typical for low-
spin Ind′2Cr complexes (cf. the value for the low-spin
(Ind7Me)2Cr, ∆M-C ) 0.098 Å).11 The indenyl planes of each
molecule are nearly parallel, forming angles of 3.2(1) and 1.9(1)°
for Cr(1) and Cr(2), respectively.

(Ind3Me-1,2,3)2Cr. Crystals of (Ind3Me-1,2,3)2Cr were obtained
from cold hexanes as purple needles. Only half of each molecule
is unique, as the chromium lies on an inversion center. An
ORTEP drawing of the molecule is given in Figure 6, which
indicates the numbering scheme referred to in the text; selected
bond lengths and angles are given in Table 3.

The Cr-C ring distances observed for this species at 173 K
(average 2.239(11) Å) fall between values typically associated
with high-spin (av ∼2.30 Å) and low-spin (av <2.21 Å) Ind2Cr
complexes.

The ligands are slightly slipped from η5 coordination; the
bridgehead C(8,9)-Cr contacts (average 2.283(7) Å) are longer
than the C-Cr distances of C(1) and C(3) (average 2.205(6)
Å). This range of Cr-C bonds (∆M-C ) 0.078 Å) is similar to
values found in low-spin Ind′2Cr compounds.11 The methyl
substituent at the 2-carbon is displaced from the five-membered
ring plane by 3.4°, whereas the methyl substituents at the 1-
and 3-carbons are bent out of the plane by less than 0.5°.

(Ind3Me-2,4,7)2Cr. Crystals of (Ind3Me-2,4,7)2Cr were obtained
from cold hexanes as dark brown blocks and examined at 173
and 293 K. Both eclipsed and staggered conformations are found
within the unit cell in a 2:1 ratio, respectively. Only half of the
staggered conformer is unique, as the chromium lies on an
inversion center (Figure 7). The structure of the molecule as
determined from data obtained at 173 K is discussed first;
ORTEP diagrams of the complex are given as Figures 8 and 9,
which indicate the numbering scheme referred to in the text.
Drawings for the individual molecules measured at 293 K are

available in the Supporting Information. Selected bond lengths
and angles for the structures at both temperatures are given in
Tables 4-7.

173 K Data. Staggered Structure (Figure 8). The Cr-C
ring distances (average 2.172(4) Å) are indicative of a low-
spin chromium(II) center; other low-spin species in this series
display average Cr-C bond distances between 2.18 and 2.22
Å. A small degree of slippage (∆M-C ) 0.076 Å) is observed

Figure 5. ORTEP drawing of the non-hydrogen atoms of eclipsed
(Ind2Me-4,7)2Cr at 173 K, illustrating the numbering scheme used
in the text. Thermal ellipsoids are shown at the 50% level.

Table 3. Selected Bond Distances (Å) and Angles (deg) for
(Ind3Me-1,2,3)2Cr

Distances
Cr(1)-C(1) 2.209(4) Cr(1)-C(8) 2.282(5)
Cr(1)-C(2) 2.219(5) Cr(1)-C(9) 2.283(5)
Cr(1)-C(3) 2.201(5)

Angles
inter-C5 ring plane angle 0.0
hinge anglea 5.3
fold anglea 4.0

a For definitions of this angle, see ref 11.

Figure 6. ORTEP drawing of the non-hydrogen atoms of
(Ind3Me-1,2,3)2Cr at 173 K, illustrating the numbering scheme used
in the text. Thermal ellipsoids are shown at the 50% level.

Figure 7. Unit cell of the non-hydrogen atoms of (Ind3Me-2,4,7)2Cr
at 173 K, illustrating the cocrystallized eclipsed and staggered forms.
Thermal ellipsoids are shown at the 50% level.
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within the complex, a result consistent with other low-spin
Ind′2Cr complexes.11 The methyl substituent at the 2-carbon is
bent 4.0° out of plane relative to the five-membered ring.

Eclipsed Structure (Figure 9). The Cr-C ring distances
(average 2.168(5) Å) are among the shortest observed in the
substituted Ind′2Cr series and are consistent with a low-spin
chromium(II) center. The small degree of slippage (∆M-C )
0.078 Å) observed with the ligands is similar to values found
in other low-spin Ind2Cr complexes.11 The rings are oriented
in an almost perfectly eclipsed configuration, with a twist

angle of 1.9°. Relative to the C5 ring, the methyl substituent
at C(2) displays pronounced distortion, with an average out-
of-plane bending angle of 6.7°.

293 K Data. Staggered Structure. The Cr-C ring distance
(average 2.227(6) Å) has lengthened significantly upon warming
to 293 K; it is 0.0546 Å longer than that observed for the same

Figure 8. ORTEP drawing of the non-hydrogen atoms of staggered
(Ind3Me-2,4,7)2Cr at 173 K, illustrating the numbering scheme used
in the text. Thermal ellipsoids are shown at the 50% level.

Figure 9. ORTEP drawing of the non-hydrogen atoms of eclipsed
(Ind3Me-2,4,7)2Cr at 173 K, illustrating the numbering scheme used
in the text. Thermal ellipsoids are shown at the 50% level.

Table 4. Selected Bond Distances (Å) and Angles (deg) for
Staggered (Ind3Me-2,4,7)2Cr (173 K)

Distances
Cr(1)-C(1) 2.1405(17) Cr(1)-C(8) 2.2154(17)
Cr(1)-C(2) 2.1241(16) Cr(1)-C(9) 2.2291(18)
Cr(1)-C(3) 2.1520(18)

Angles
inter-C5 ring plane angle 0.0
hinge anglea 1.6
fold anglea 2.6

a For definitions of this angle, see ref 11.

Table 5. Selected Bond Distances (Å) and Angles (deg) for Eclipsed
(Ind3Me-2,4,7)2Cr (173 K)

Distances
Cr(1)-C(1) 2.1427(18) Cr(1)-C(1a) 2.1432(18)
Cr(1)-C(2) 2.1248(17) Cr(1)-C(2a) 2.1218(18)
Cr(1)-C(3) 2.1331(17) Cr(1)-C(3a) 2.1419(17)
Cr(1)-C(8) 2.2234(17) Cr(1)-C(8a) 2.2167(17)
Cr(1)-C(9) 2.2147(17) Cr(1)-C(9a) 2.2166(16)

Angles
inter-C5 ring plane angle 9.7
hinge anglea 1.8(av)
fold anglea 4.3(av)
twist 1.9

a For definitions of this angle, see ref 11.

Table 6. Selected Bond Distances (Å) and Angles (deg) for
Staggered (Ind3Me-2,4,7)2Cr (293 K)

Distances
Cr(1)-C(1) 2.186(2) Cr(1)-C(8) 2.280(3)
Cr(1)-C(2) 2.185(3) Cr(1)-C(9) 2.294(3)
Cr(1)-C(3) 2.190(3)

Angles
inter-C5 ring plane angle 0.0
hinge anglea 3.8
fold anglea 3.3

a For definitions of this angle, see ref 11.

Table 7. Selected Bond Distances (Å) and Angles (deg) for Eclipsed
(Ind3Me-2,4,7)2Cr (293 K)

Distances
Cr(1)-C(1) 2.154(3) Cr(1)-C(1a) 2.157(3)
Cr(1)-C(2) 2.140(3) Cr(1)-C(2a) 2.145(3)
Cr(1)-C(3) 2.144(3) Cr(1)-C(3a) 2.155(3)
Cr(1)-C(8) 2.247(3) Cr(1)-C(8a) 2.240(2)
Cr(1)-C(9) 2.246(3) Cr(1)-C(9a) 2.238(2)

Angles
inter-C5 ring plane angle 7.6
hinge anglea 2.7(av)
fold anglea 3.2(av)
twist 2.0

a For definitions of this angle, see ref 11.

Figure 10. ORTEP drawing of the non-hydrogen atoms of
eclipsed (2,4,5,6,7-Me5C9H2)2Cr at 173 K, illustrating the
numbering scheme used in the text. Thermal ellipsoids are shown
at the 50% level.
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conformer at 173 K. The ring slippage (∆M-C ) 0.099 Å) is
now more pronounced (by 27%) than at the lower temperature.
Distortion of the methyl group at the 2-carbon relative to the
C5 ring is similar to that observed at 173 K, with an average
out-of-plane bending angle of 3.9°.

Eclipsed Structure. The Cr-C ring distance (average
2.187(9) Å) lengthens only slightly (0.0186 Å) when the species
is warmed to 293 K from 173 K, about one-third of the
elongation observed in the staggered structure. The ring slippage
(∆M-C ) 0.091 Å) is slightly more pronounced than what was
observed in the low-temperature structure, but the twist angle
(2.0°) remains essentially unchanged. The canting of the rings

has decreased from 9.7° to 7.8°. The methyl substituent at the
2-carbon is still substantially displaced from the C5 ring plane
(5.9° average), but slightly less than at 173 K.

(2,4,5,6,7-Me5C9H2)2Cr. Crystals of (2,4,5,6,7-Me5C9H2)2Cr
were obtained as blocks from a slowly evaporated hexanes
solution. Only half of each molecule is unique, as the metal
lies on a crystallographically imposed 2-fold axis. An ORTEP
drawing is provided in Figure 10, displaying the numbering
scheme used in the text; selected bond lengths and angles are
shown in Table 8. Although they are not required to be so, the
indenyl ligands are almost perfectly staggered, with a twist angle
of 179.2°. It might be possible that CH/π interactions assist in
the alignment of the ligands,31 but the closest intramolecular
CMe · · · Csp2 distance (C(10)-C(7)′) is only 3.70 Å. This matches
the sum of the van der Waals radii for CH3 (2.0 Å) and Csp2

(1.7 Å). All methyl group contacts lie outside the sum of van
der Waals radii (4.0 Å).There are no Csp2 · · · H contacts closer
than the sum of the appropriate radii (3.9 Å).

The average Cr-C ring distance of 2.17(1) Å is indicative
of a low-spin chromium(II) center; it closely resembles those
found in low-spin bis(indenyl) complexes of chromium(II), e.g.,
(Ind7Me)2Cr (2.18(2) Å),11 (Ind2tBu)2Cr (2.22(2) Å), and
(Ind2Si)2Cr (2.20(2) Å).9 The slip parameter (∆Μ-C ) 0.080 Å)
is also typical for low-spin Ind′2Cr complexes.11

Discussion

Molecular symmetry and electron donation from the ligands
interact in complex ways in bis(indenyl)chromium(II) com-
plexes. Largely unpredictable crystal-packing forces have a
prominent effect on the former, and some instances of spin-
crossover behavior are observed only in the solid state, where
intermolecular cooperative effects are operative. In this regard,
it is notable that staggered and eclipsed conformations are the
only arrangements found in the solid state with the methylated
compounds; the gauche arrangements observed in [1,3-(t-Bu or
SiMe3)2C9H5]2Cr appear to require the presence of groups more
sterically demanding than methyl or even isopropyl.9

The eight known bis(indenyl)chromium(II) compounds with
methylated ligands comprise a set in which several trends
involving ligand conformation, substitution, and magnetic
properties are evident. Owing to the compact size of methyl
groups, intramolecular steric interactions are not significant here.
Instead, the two most clearly defined patterns are the following.

(1) Symmetry is an important, but not completely determinant,
influence on the spin state. There is now strong empirical and
computational evidence that a staggered ligand conformation
(specifically, one with Ci symmetry) supports a high-spin state
in bis(indenyl)chromium(II) complexes, that an eclipsed con-
formation is less supportive (and associated with spin-crossover
molecules), and that a twisted (gauche) conformation is associ-
ated with low-spin molecules.9,14 That the symmetry restrictions
are not absolute is indicated by (Ind7Me)2Cr, which is staggered
in the solid state but at all measured temperatures is low spin.

(2) Increasing methylation supports a lower spin state. Apart
from symmetry effects, it is apparent that more complete
methylation is associated with lower spin state molecules.
Between the extremes of (Ind7Me)2Cr and (IndMe-2)2Cr are
molecules that undergo thermally induced spin crossovers. This
phenomenon is reminiscent of that of manganocene, Cp2Mn,
and its ring-substituted derivatives. The parent compound is high
spin (S ) 5/2; 5.50 µB) at 373 K, but converts to a low-spin

(31) Nishio, M.; Hirota, M.; Umezawa, Y. The CH/π Interaction:
EVidence, Nature, and Consequences,; Wiley-VCH: New York, 1998.

Table 8. Selected Bond Distances (Å) and Angles (deg) for
(2,4,5,6,7-Me5C9H2)2Cr

Distances
Cr(1)-C(1) 2.221(4) Cr(1)-C(4) 2.133(5)
Cr(1)-C(2) 2.146(4) Cr(1)-C(5) 2.218(4)
Cr(1)-C(3) 2.124(4)

Angles
inter-C5 ring plane angle 4.3
hinge anglea 2.0
fold anglea 2.9

a For definitions of this angle, see ref 11.

Figure 11. Frontier π orbitals of the indenyl anion. The πn notation
is the same as that used by previous authors.36

Figure 12. MO diagrams for the hypothetical high-spin (top) and
low-spin (bottom) staggered (Ind2Me-4,7)2Cr complex.
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species (S ) 1/2; 1.99 µB) at lower temperatures (193 K).32

Alkylation of the cyclopentadienyl ring increases the d-orbital
splitting and preference for spin pairing, so that (C5Me5)2Mn,
for example, is low spin (2.18 µB) over a large temperature
range.13

In the case of the molecules discussed here, the exact type
of behavior observed (i.e., whether the spin transitions are
complete or not) is a function not only of the number of
substituents but also of their location on the indenyl ligand.
The way in which symmetry and the degree/location of
methylation affects the magnetic properties can be summarized
as follows.

(IndMe-2)2Cr. This is the most straightforward case, as the
molecule is minimally substituted, adopts a staggered conforma-
tion in the solid state, and is high spin both in solution and in
the solid state at all temperatures.14

(IndMe-1)2Cr. Although the molecule exhibits spin-crossover
behavior in the solid state, this is certainly the result of its
eclipsed configuration, which is dictated by crystal-packing
forces. In solution, it is high spin and likely adopts a staggered
conformation.14

(Ind3Me-1,2,3)2Cr. This molecule demonstrates the increasing
effect of ligand methylation, as it displays spin-crossover
behavior in the solid state, despite its staggered configuration.
Nevertheless, it is high spin in solution, indicating that, even
with the front ring completely methylated, cooperative effects
in the solid state are necessary to overcome the symmetry-
imposed preference for a high-spin state.

(Ind3Me-2,4,7)2Cr and (Ind2Me-4,7)2Cr. Conceptually,
(Ind3Me-2,4,7)2Cr can be derived from (Ind3Me-1,2,3)2Cr by moving
two methyl groups to the benzo ring. The fact that both eclipsed
and staggered conformations are found in the solid state is a
consequence of crystal packing but also indicates that they are
essentially equienergetic. In solution, a magnetic moment not
characteristic of either high spin or low spin is observed,
suggesting that comparable populations of eclipsed and stag-
gered conformations are present in spin equilibrium.
(Ind2Me-4,7)2Cr has a similar magnetic moment in solution,
indicating that the single methyl group on the five-membered
ring plays a minor role in determining the magnetic behavior.
The fact that the latter is eclipsed in the solid state produces its
spin-crossover behavior, which is similar to that of the eclipsed
(IndMe-1)2Cr.14

As the number of methyl groups is the same in (Ind3Me-2,4,7)2-
Cr and (Ind3Me-1,2,3)2Cr, the former’s lower magnetic moment
in solution is clearly related to the location of the methyl groups
on the ligands. The data suggest that substitution on the benzo
ring has at least as strong an influence on spin state as when
substitution occurs on the five-membered ring. Solid-state data
are also consistent with this; to the extent that increasing
methylation supports a low-spin state, it can be noted that the
average Cr-C distance in the staggered conformation of
(Ind3Me-2,4,7)2Cr at 173 K (2.172(4) Å) is 3% shorter than that
in the staggered (Ind3Me-1,2,3)2Cr (2.239(11) Å) at the same
temperature. It should be pointed out that similar positional

effects have not been observed in the UV/vis or cyclic
voltammetry (CV) data of methyl-substituted bis(indenyl)iron(II)
complexes;33 the UV/vis data are relatively insensitive to the
substitution pattern (a consequence of an essentially constant
HOMO/LUMO gap), and the CV data reflect the energy of the
HOMO only, for which substitution on the benzo ring has less
of an effect than methylation on the five-membered ring.

Consideration of the HOMO-n orbitals of the indenyl anion
(Figure 11) makes it apparent that substitution on the 4,7-
position should most strongly affect the energy of the LUMO
(π6), HOMO (π5), and HOMO-2 (π3) orbitals. Although the
last orbital is sometimes considered not to be substantially
involved in bonding in transition-metal bis(indenyl) com-
plexes,34 calculations on the [Ind2Me-4,7]- anion (TPSSh/6-
31+G(d)) indicate that the energy of the π3 orbital is raised by
0.30 eV relative to the unsubstituted anion; in contrast, the
energy of π4 is lowered, but by only 0.02 eV.35

To determine how these changes affect the molecular orbitals
of a complex, calculations were performed at the TPSSh/6-
31+G(d) level on high- and low-spin Ind2Cr and (Ind2Me-4,7)2Cr
(see the Supporting Information for additional details). The
Ind2Cr diagrams are similar to that calculated at the B3PW91/
LANL2DZ level for the unsubstituted complex.9 There are many
closely spaced energy levels in the diagrams for (Ind2Me-4,7)2Cr
(Figure 12), but no truly degenerate molecular orbitals (∆E g
0.04 eV). For the staggered (Ind2Me-4,7)2Cr complex that is
calculated in the high-spin state, the π3-associated orbitals are
raised to within 0.05 eV of those associated with π4. This in
turn affects the π4/dxz orbitals, raising the energy of the bonding
combination and conversely lowering the energy of the anti-
bonding combination, which is the HOMO. If the molecule is
placed in the low-spin state, the π3 orbitals drop in energy, with
a gap of 0.34 eV below the π4/dxz combination. The reduced
electron repulsion has the effect of lowering the energy of the
entire molecule by 2.4 kJ mol-1, a small amount consistent with
spin-crossover effects.2

(2,4,5,6,7-Me5C9H2)2Cr and (Ind7Me)2Cr. The high degree
of methylation in both these molecules is responsible for their
completely ((Ind7Me)2Cr) or mostly ((2,4,5,6,7-Me5C9H2)2Cr)
low-spin states, despite their staggered conformations. The fact
that the removal of two of the methyl groups from the five-
membered ring allows (2,4,5,6,7-Me5C9H2)2Cr to undergo an
incomplete crossover underscores the persistence of the sym-
metry effects in the complexes, even with substantial methy-
lation. Rotation of (2,4,5,6,7-Me5C9H2)2Cr to a partially eclipsed
conformation in solution would reinforce the low-spin state.

(32) Switzer, M. E.; Wang, R.; Rettig, M. F.; Maki, A. H. J. Am. Chem.
Soc. 1974, 96, 7669–7674.

(33) Curnow, O. J.; Fern, G. M. J. Organomet. Chem. 2005, 690, 3018–
3026.

(34) O’Hare, D.; Green, J. C.; Marder, T.; Collins, S.; Stringer, G.;
Kakkar, A. K.; Kaltsoyannis, N.; Kuhn, A.; Lewis, R.; Mehnert, C.; Scott,
P.; Kurmooo, M.; Pugh, S. Organometallics 1992, 11, 48–55.

(35) This conclusion is relatively insensitive to the level of theory
employed. With the B3LYP functional and the larger aug-cc-pVTZ basis
set, for example, the energy of the π3 orbital of the [Ind2Me-4,7] anion is
raised by 0.33 eV relative to the unsubstituted anion; the energy of π4 is
lowered by 0.02 eV.

(36) Crossley, N. S.; Green, J. C.; Nagy, A.; Stringer, G. J. Chem. Soc.,
Dalton Trans. 1989, 2139–2147.

Figure 13. Association of methylated indenyl ligands with low-spin ground states in bis(indenyl)chromium(II) complexes.
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Taking all the solution and solid-state magnetic measurements
into account, the approximate association of methylated indenyl
ligands with low-spin ground states can be summarized as in
Figure 13.

Conclusions

We have shown that rational design of substituted indenyl
ligands can lead to bis(indenyl)chromium(II) complexes that
exhibit high-spin, low-spin, and spin-crossover behavior. The
number and location of substituents on the indenyl ligands,
coupled with molecular symmetry restrictions, generate large
windows for manipulating the magnetic ground state. In addition
to the preference for high-spin states imposed by centrosym-
metric molecules and the countervailing tendency for low-spin
states provided by increasing methylation of the ring, the specific
location of methyl groups on the ligands has a substantial effect
on the magnetic properties of the complexes.

Benzo-ring substitution has a greater stabilizing effect on the
low-spin state than comparable substitution on the five-
membered ring. Given the latter’s proximity to the metal, this
is not an immediately intuitive result but can be understood as
stemming from the peculiar electronic features of the π-orbitals
of the indenyl anion. The tunability of the magnetic properties

of bis(indenyl)metal complexes with site-specific ligand sub-
stitution has implications in the construction of charge transfer
salts.15 It more broadly hints at the significant electronic (as
distinct from steric) modifications that could be exploited with
indenyl ligands that are used in polymerization catalysts.37
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