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Metal–ring interactions in Group 2 Ansa–Metallocenes:
Assessed with the Local Vibrational Mode Theory

Juliana J. Antonio, Elfi Kraka∗

Ansa-metallocenes, a vital class of organometallic compounds, have attracted significant attention
due to their diverse structural motifs and their pivotal roles in catalysis and materials science. We
investigated 37 distinct group 2 ansa-metallocenes at the B3LYP-D3/def2-TZVP level of theory.
Utilizing local mode force constants derived from our local vibrational mode theory, including a
special force constant directly targeting the metal-ring interaction, we could unveil latent struc-
tural differences between solvated and non-solvated metallocenophanes and the influence of the
solvent on complex stability and structure. We could quantify the intrinsic strength of the metal-
cyclopentadienyl (M-Cp) bonds and the influence of the bridging motives on the stiffness of the
Cp-M-Cp angles, another determinant of complex stability. LMA was complemented by the analysis
of electronic density, utilizing the quantum theory of atoms in molecules (QTAIM), which confirmed
both the impact of solvent coordination on the strength of the M-Cp bond(s) and the influence of
the bridging motif on the Cp-M-Cp angles. The specific effect of the ansa-motif on the M-Cp inter-
action was further elucidated by a comparison with linear/bent metallocene structures. In summary,
our results identify the local mode analysis as an efficient tool for unraveling the intricate molecular
properties of ansa-metallocenes and their unique structural features.

Introduction
Metallocenes have received considerable attention for their varied
applications in catalysis, materials science, and organic synthe-
sis.1–5 These sandwich-like π-complexes are typically composed
of transition metal d-block elements, although s- and p-block el-
ements can also be used.6–9 The alteration of metallocenes to
have an inter-linkage of two cyclopentadienyl (Cp) ligands forms
a unique bridging motif, affecting the overall reactivity and elec-
tronic properties and resulting in so-called ansa-metallocenes,
which are also known as metallocenophanes.10 These compounds
exhibit intriguing properties owing to the interplay between the
metal center and the conjugated π-system of the cyclopentadi-
enyl rings. A variety of transition metal ansa-metallocenes have
emerged as a promising area of research due to their applications
in olefin and ring-opening polymerizations.11–14 As such, a com-
prehensive understanding of the structural, electronic, and reac-
tivity aspects of metallocenophanes is crucial for tailoring their
applications in diverse fields.

Although there have been extensive studies over the years on
d-block metallocenophanes, main-group metallocenophanes are a
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relatively younger and less explored field. Among the main-group
metallocenophanes, a majority of group 2 ansa-metallocenes
have been synthesized and structurally/theoretically character-
ized, with most of the structures being magnesocenophanes
and calcocenophanes.7,15–23 For more information on synthetic
routes for main-group ansa-metallocenes, the reader is referred
to Ref.24. As mentioned previously, the defining structural mo-
tif of ansa-metallocenes is the inter-linkage of Cp rings, of which
primarily carba- or sila-bridged motifs are utilized, and can either
be one-atom-bridged [1] or two-atom-bridged [2] motifs. Mag-
nesocenophanes have been synthesized as mainly single-atom-
bridged carba- and sila-bridged components, however, carba- and
sila- [2]magnesocenophanes have also been reported.18,25 Calco-
cenophanes, on the other hand, are primarily two-atom-bridged
carba- and sila- motifs, with a variety of substitution patterns. The
primary application of group 2 metallocenophanes is for trans-
metalation reactions to prepare for transition metal or p-block
ansa-metallocenophanes. Recently, however, there was a report
on utilizing magnesocenophanes as catalysts for dehydrocoupling
reactions of amine boranes.15,26

Due to the poor solubility of group 2 metallocenophanes
in nonpolar solvents, experimentally obtained crystal struc-
tures exhibit solvent coordination with the central metal atom,
with the donor solvent being either tetrahydrofuran (THF) or
dimethoxyethane (DME). Very few studies, experimental and the-
oretical alike, have studied the structural and electronic proper-
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ties of group 2 ansa-metallocenes, with the majority of reports
detailing synthetic routes and mechanistic studies.15,26,27

In this work, we have applied local mode analysis (LMA), de-
veloped in our group28,29 as a tool to assess the intrinsic bond
strengths for 37 ansa-complexes (with four metallocene struc-
tures) shown in Figure 1, Figure 2, and Figure 3, with the aims to
i) compare the trend of bond strengths between the metal (M,
where M = Mg, Ca, Sr) and Cp rings going down the group
2 periodic table, ii) investigate the effect of M–Cp, Mg-O, and
Ca-O bond strengths and Cp–M–Cp stiffness going from a non-
solvated metallocenophane to a solvated metallocenophane, iii)
investigate the electronic density, and iv) probe the effects that
the bridging motifs (whether single or double and carba- or sila-
bridge motifs) have on the Cp–M–Cp stiffness, v) compare bent
with linear metallocene complexes.30

Computational Methods

Local Mode Analysis Theory

LMA, originally introduced by Konkoli and Cremer31,32 has
evolved over the years into a versatile computational instrument,
facilitating the extraction of critical chemical insights from vi-
brational spectroscopy data. LMA refines the use of normal vi-
brational force constants and frequencies derived from normal
vibrational modes to characterize chemical bonds and/or weak
chemical interactions. Normal vibrational modes of a polyatomic
molecule are generally delocalized, as stated by Wilson in 1941
via his proof that the associated normal mode coordinates Q are
a linear combination of internal coordinates q or Cartesian coor-
dinates x33. Therefore normal mode stretching frequencies and
associated stretching force constants are of limited use as indi-
vidual bond strength descriptors. Konkoli and Cremer solved this
problem via the transformation of normal vibrational modes into
their local mode counterparts.31,32 Mathematical details can be
found in two comprehensive review articles28,29. A local vibra-
tional mode an is defined as

an =
K−1d†

n

dnK−1d†
n

(1)

Important to note is that the two ingredients needed for LMA, the
diagonal normal mode force constant matrix K in normal mode
coordinates Q and the normal mode vectors dn in internal coor-
dinates, can be obtained from a vibrational frequency calculation
via the Wilson GF formalism,33–35 a routine part of most modern
quantum chemistry packages.36

The calculation of the corresponding local mode force constant
ka

n can be performed using the following expression:

ka
n = a†

nKan. (2)

This enables the computation of the local mode frequency ωa
n :

(ωa
n )

2 = (4π
2c2)

−1 ka
n

ma
n
, (3)

with ma
n being the local mode mass.31,32

We have recently developed a unique local mode force con-

stant between the metal and the geometric center of the ring, to
quantitatively describe metal–π interactions,37 typically found in
sandwich compounds38,39 but also in transition metal catalysts40

and enzymes as well41.
In this work, we utilized the local force constant between the

metal and the geometric center of the Cp ring, ka(M–Cp), and the
local force constant of the angle between the two Cp rings and
metal ka(Cp–M–Cp) as illustrated in Figure 4.

For the magnesocenophane, calcocenophane and strontioceno-
phane structures with THF or DME solvent molecules attached to
the metal, we have also used the local force constants ka(Mg-O),
ka(Ca-O), and ka(Sr-O). These local force constants were trans-
formed into relative bond strength orders (BSO) according to the
generalized Badger rule derived by Cremer, Kraka, and cowork-
ers42,43 via a power relationship in the form of BSO = A(ka)B.
Two reference molecules with known BSO and force constants are
utilized to obtain the parameters for A and B, with the constraint
that a zero value for the force constant ka equals a zero BSO
value. To characterize Mg-O interactions, the reference molecules
used were MgH2 for single bond character (BSO = 1) and Mg=O
for double bond (BSO = 2) character,44 with the respective A and
B values being 0.7338 and 0.7546. To characterize Ca-O interac-
tions, the reference molecules used were CaH2 for single bond
character and Ca=O for double bond character,45 with A and B
values being 1.0391 and 0.4784 respectively. To characterize Sr-
O interactions, the reference molecules used were SrH2 for single
bond character and Sr=O for double bond character, with A and
B values being 1.1409 and 0.4418 respectively. Generally, a dis-
cussion in terms of BSO values is chemically more intuitive than
the comparison of force constant values.

LMA was complemented with the topological analysis of
the electron density using Bader’s quantum theory of atoms–
in–molecule (QTAIM).46–48 The covalent character of the MO
(where M = Mg, Ca) interactions was assessed via the Cremer–
Kraka criterion,49,50 which is based on the value of the energy
density H(r) taken at the bond critical point rb on the electron
density bond path between the two atoms involved in the chem-
ical bond or weak chemical interaction.46–48 A negative value
of H(r) indicates the covalent character of the bond/interaction,
conversely, a positive H(r) value signifies a predominantly elec-
trostatic interaction between the two atoms under consideration.
To gain further insight into the electronic structure, specifically
with the M–Cp interaction and the effects of the bridging motifs,
Laplacian maps were created within Cp–M–Cp plane. The Lapla-
cian of the electronic density ∇2(ρ(r)) reveals local regions of
charge depletion (positive ∇2(ρ(r)) values) and charge concen-
tration (negative ∇2(ρ(r)) values).51,52

Starting geometries of the solvent-bound (THF or DME) ansa-
metallocenes were obtained from previous experimental crystal
structures.7,15–23 For the structures where no solvent was at-
tached to the group 2 metal, the crystal structure was edited
to remove the solvent(s) attached. The geometries and frequen-
cies were calculated for 37 structures ranging from [1]magneso-
calcenophanes, [2]magnesocalcenophanes, [1]calcocenophane,
[2]calcocenophanes, and [2]strontocenophane, as well as four
metallocene structures (Supporting Information, Figure S1)30 for
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Fig. 1 Magnesocenophanes (1). The bottom Cp ring is highlighted in red, while Oa is in black and Ob is in red.

comparison (A-D) using the B3LYP functional53,54 with Grimme’s
D3 dispersion correction zero damping55 (shortened to B3LYP-
D3) in combination with def2-TZVP basis set56 in the gas phase.
All DFT calculations were carried out with the Gaussian 16
program57 using ultrafine grid and tight convergence criterion
for the self-consistent field step. Frequency calculations of all
complexes were completed without imaginary normal mode fre-
quencies and followed by subsequent local mode analysis of M–
Cp, Mg–O, and Ca–O bonds, and Cp–M–Cp angles utilizing the
LModeA program.58 Natural population charges were calculated
utilizing the natural bond orbital (NBO) analysis implemented in
the NBO7 program.59 QTAIM calculations were done with the
AIMALL package.60

Results and discussion

Table 1 displays the distance d (Å) between the metal and the
Cp ring(s), the corresponding local force constant ka(M–Cp)
(mdyn/Å), the angle A (◦) between Cp–M–Cp with the corre-
sponding local force constant ka(Cp–M–Cp) (mdynÅ/Rad2), and
the natural charge (e) of the metal. For the structures that have
distances and local force constants of M–Cp that differ, the top
row corresponds to the top Cp ring while the bottom row corre-
sponds to the bottom Cp ring. Figure 5(a) shows the relationship
between the M–Cp bond length local force constant and Figure
5(b) shows the relationship between Cp–M–Cp bond angle and
ka(M–Cp). In Figures 6(a), (b) and (c) the correlation between
bond length and local mode force constant is depicted for the
Mg–Cp, Ca–Cp, and Sr–Cp bonds, respectively. Table 7 shows
BSO n values for M–Oa and M–Ob, distances of M–Oa and M–Ob

(Å), local mode force constants ka(M–Oa) and ka(M–Ob), the an-
gle A (◦) between Oa–M–Ob with the corresponding local force
constant ka(Oa–M–Ob). Figures 7(a) and 7(b) show BSO n val-

ues as a function of the local mode force constants for Mg-O and
Ca-O bonds formed between metal and THF or DME oxygen(s),
respectively. Figure 7(c) displays the relation between the en-
ergy density H(r) (Hartree/Å3) and the local force constant ka(M-
O). Figure 8(a) shows the relationship between Cp–M–Cp bond
angles and the corresponding local force constant ka(Cp–M–Cp)
while Figure 8(b) displays the relation between the charge on
M and the local force constant ka(Cp–M–Cp). Figure 9 displays
the Laplacian of electronic density ∇2(ρ(r)) for some of the com-
plexes investigated.

M–Cp bond length, Cp–M–Cp bond angle and local mode M–Cp
force constant
To investigate the relationship between the nature of group 2 met-
als and the M–Cp bond in ansa-metallocene structures, the trend
between bond length and local force constant of M–Cp for group
2 metals (Mg, Ca, and Sr) is plotted in Figure 5(a). There is
an obvious trend between the metal that characterizes the ansa-
metallocenes and the distance/local force strength encountered.
This trend starts with magnesocenophanes having the metal and
Cp rings closer together (with a range from 1.981 – 2.241 Å),
and is confirmed by the local force constants, with longer bonds
having a lower local force constant, and shorter bonds having
a higher local force constant. As we go down the periodic ta-
ble and increase the size of the atom from Mg to Ca, the length
between M–Cp increases (with a range from 2.296– 2.508 Å),
which is again confirmed by the local force constants (i.e. longer
bonds having a lower force constant). Increasing the size from
Ca to Sr, the length between M–Cp increases (with a range from
2.485–2.579 Å). It is interesting to note that as the bond length
of the M–Cp bond increases as we go down the periodic table, the
local force constant does not dramatically change as one might
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expect. For example, 1e has a bond length of 1.981 Å and a lo-
cal force constant of 1.673 mdyn/Å , whereas 2d, which has the
same [2]carbon bridging motif as 1e, has a bond length of 2.307
Å and a local force constant of 1.576 mdyn/Å. Although there is
a slight lengthening of the M–Cp bond from Mg to Ca, the local
force constant only slightly decreases in strength. If we go down
the periodic table again to Sr (3c) the bond length between the
Sr–Cp bond is 2.489 Å , while the local force constant is 1.412 Å ,

further decreasing slightly in bond strength as the bond length in-
creases. This is indicative that the strength of the M–Cp bond(s)
is not only dependent on the nature of the metal but also the
stability that the bridging motifs bring.

For further insight, the relationship between the Cp–M–Cp
bond angle and ka(M–Cp) was analyzed, as shown in Figure 5(b).
It appears there is no general or periodic trend observed concern-
ing the Cp–M–Cp angle and M–Cp force constant. There is a gen-
eral effect on the nature of the metal, as one goes from Mg to
Sr, the Cp-M-Cp angle decreases, as shown for [2]sila-bridging
motifs; (139.6◦ for 1e, 125.4◦ for 2d, and 118.5◦ for 3c) and
we also see that the M-Cp bond strength effectively decreases
(1.981 mdyn/Å , 1.576 mdyn/Å , and 1.412 mdyn/Å , respec-
tively). When looking at qualitative assessments such as orbital
overlap, one can propose that the change of the angle where the
metal effectively slips out of the ring changes the overlap between
the Cp rings and the metal. With our local force constants as a
complementary tool, the changes of the M-Cp strength coupled
with the Cp-M-Cp angles can be tracked quantitatively. It is ob-
served that there is a solvation effect, with the binding of THF or
DME decreasing the angle and subsequently the bond strength
of M–Cp. For magnesocenophanes, the bridging motifs going
from [1]sila- to [2]carba- does not drastically change the angle.
For example, 1b and 1c (which are [1]sila-magnesnocenophanes)
have similar angles and ka(M-Cp) bond strengths (139.4◦, 1.578
mdyn/Å and 138.9◦, 1.539 mdyn/Å , respectively), while 1d and
1e (which are [2]carba-magnesocenophanes) have similar an-
gles and ka(Mg-Cp) average to their [1]sila- counterpart (140.2◦,
1.524 mdyn/Å and 139.6◦, 1.693 mdyn/Å , respectively). Go-
ing from a [2]carba- bridging motif to a [2]sila- motif increases
the angle by about 20◦ for magnesocenophanes. For calcoceno-
phanes, the bridging motifs going from [1]carba- to [1]sila- (2a
to 2c) only changes the angle 10◦ , with minimal change in
the ka(Ca-Cp) force constant (1.450 mdyn/Å for 2a, and 1.394
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the same symbols are utilized. B3LYP-D3/def2-TZVP level of theory.

mdyn/Å for 2c). Going from a [2]carba- motif to a [2]sila-
motif (2d to 2e), we see a similar increase in the angle as shown
for the one-atom-bridged motif counterpart. The bond strength
between the Ca-Cp going from [2]carba- to [2]sila- slightly de-
creases (1.576 mdyn/Å for 2d and 1.440 mdyn/Å for 2e).
For calcocenophanes, since these structures are primarily experi-
mentally characterized with [2]carba- bridging motifs, the bond
angles, as well as the ka(M-Cp) don’t differ much for the non-
solvated structures (with the only exception being 2i, most likely
due to the addition of the ring, and 2e, most likely due to the Si
atom).

To gain insight into the effects that solvated structures have in
characterizing magnesocenophanes, calcocenophanes, and stron-
tiocenophanes, individual M–Cp bond length versus local force
constants are displayed in Figure 6(a) for magnesocenophanes,
Figure 6(b) for calcocenophanes, and Figure 6(c) for stron-
tiocenophanes. As shown in greater detail in Figure 6(a),
the solvent(s) that are typically present in characterizing these
magnesium-containing metallocenophane structures through X-
Ray crystallography (whether THF or DME), drastically affect
the strength of the Mg–Cp bond by decreasing the local force
constant and increasing the bond length of the Mg–Cp bond(s)
compared to its non-solvated counterpart. For example, in 1a
the Mg–Cp distance is 2.003 Å with a force constant of 1.551
mDyn/Å, whereas in 1a-dme it is 2.156 Å with a force con-
stant of 0.321 mdyn/Å. It is also evident that the effect of bind-
ing to THF or DME in magnesocalcenophanes breaks the ap-
parent Mg–Cp symmetry of the structure, as shown in Figure
6(a), where green colored points indicate non-solvated struc-
tures; orange indicates THF solvent that is bound to the struc-
ture(s), and blue indicates DME solvent that is bound to the
structure(s). There is also clustering of the top and bottom
Mg–Cp rings for solvent-bound magnesocenophanes (Figure 6(a),

black (top ring) and red (bottom ring) outline for 1b-(thf)2,
1c-(thf)2, 1d-thf, and 1f-dme). It appears that most solvated
magnesocenophane structures (except for 1a-dme and 1e-dme)
have the top Cp ring closer to the Mg metal (average of 2.108
Å) and stronger local force constant (average of 0.989 mdyn/Å)
than the bottom Cp ring (which has an average of 2.175 Å and
0.521 mdyn/Å). It is important to note the significance of the
decrease in local force constant and increase in bond length
for the solvent-coordinated Mg–Cp rings since these compounds
are usually characterized as intermediates in catalysis to prepare
transition metal metallocenophanes.24 Utilizing LMA, it is ob-
served that the solvent-coordinated magnesium-containing ansa-
metallocenophanes have a weaker local force constant than its
non-solvated counterpart, allowing for the Mg to be replaced with
a transition metal with more ease. This makes LMA a powerful
tool to capture the strong influence solvent coordination can have
on the overall geometry and ability of magnesocenophanes to be
used in transmetalation reactions.

Similar to the magnesocenophane trend that was seen for
solvent-containing compounds, solvent-bound calcocenophanes
show a slight decrease in the local force constant ka(Ca–Cp) and
bond length as shown in Figure 6(b). There is a trend between the
solvated structures and the non-solvated structures, with the THF
solvated structures (2c-(thf)2, trans-2f-(thf)2 and cis-2f-(thf)2)
grouped (average M–Cp bond length of 2.396 Å and force con-
stant of 1.139 mdyn/Å), and the DME solvated structures (2e-
dme, 2g-dme and 2h-dme) grouped (average bond length of
2.372 Å and force constant of 1.242 mdyn/Å). The only outlier
that is not grouped in its appropriate solvation group is 2d-dme,
the [2]carba-calcocenophane motif, which has a bond length of
2.360 Å and strength of 1.302 mdyn/Å , which is higher than
the DME Ca-Cp average. It is important to note that structure
2b, (the light blue pentagon in Figure 6(b)), does have an amide
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Fig. 6 (a) Mg-Cp Bond length (Å) vs local force constant ka(Mg-Cp) (mdyn/Å). (b) Ca-Cp Bond length (Å) vs local force constant ka(Ca-Cp)
(mdyn/Å). (c) Sr-Cp Bond length (Å) vs local force constsant ka(Sr-Cp) (mdyn/Å). The black outline represents the top portion of the ring and the
red outline represents the bottom portion of the Cp ring. B3LYP-D3/def2-TZVP level of theory.

group attached to the calcium, has phosphorus as the bridging
atom, and instead of the typical Cp ring that is utilized for ansa-
metallocenes, is pentamethylcyclopentadiene (Cp*). Unlike the
magnesocenophane non-solvated structures, the calcocenophane
structures that are not solvated have slightly different Ca–Cp
bond lengths/force constants, displaying a lack of symmetry in
these structures. This could be due to its primary bridging motif,
which, unlike magnesocenophanes, comprises mostly [2]carba-
calcocenophanes, with different branching points from the car-
bon, such as the addition of phenyl groups (2f, trans-2f-(thf)2,
cis-2f-(thf)2, and 2i), methyl and phenyl groups (2g) and tert-
butyl groups (2h and 2h-dme). Similar to magnesocenophanes,
the synthetic uses of these calcocenophanes are typically for trans-
metalation reactions and are typically seen as an impurity when
carrying out reductive elimination reactions.20

Although we see a similar trend between the non-solvated and
the solvated strontiocenophanes, it is not as separated as seen for
the magnesocenophane and calcocenophanes, as shown in Figure
6(c). The strongest and shortest non-solvated Sr-Cp bond is the

[2]carba-bridged motif 3c (2.489 Å and 1.412 mdyn/Å), with
the weakest and longest non-solvated Sr-Cp bond is the [2]sila-
bridged motif 3d (2.523 Å and 1.271 mdyn/Å). Solvation fur-
ther decreases the bond strength, however, not as much, with the
strongest solvated Sr-Cp bond coming from 3c-dme (average of
1.211 mdyn/Å between the two rings). Overall, the weakest Sr-
Cp bond comes from the [1]sila-motif with solvation (3c-(thf)2),
an average of 0.946 mdyn/Å between the two rings, with a bond
length of 2.575 Å). It appears that the one-atom-bridged silicon,
coupled with solvation, decreases the strength for the M-Cp bond,
which was also seen for magnesocenophanes (1e-dme), and cal-
cocenophanes (when disregarding 2b, 2c-(thf)2).

Mg-O and Ca-O interactions with solvent molecules
To further investigate the effect of the solvent(s) (THF or DME)
binding to group 2 ansa-metallocenes, we have plotted the BSO
of the Mg-O and Ca-O interactions with respect to the local force
constant (mdyn/Å) in Figure 7(a) and Figure 7(b), respectively.
Table 2 also displays information on the bond distances, angles,
and force constants of the M-Oa and M-Ob bonds, including Sr-O.
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Fig. 7 (a) BSO n (Mg-O) vs local force constant ka(Mg-O) (mdyn/Å). (b) BSO n (Ca-O) vs local force constant ka (mdyn/Å). The black outline
represents Oa, while the red outline represents Ob (see Figure 1 and Figure 2) (c) Energy density H(r) (Hartree/Å3) vs local force constant ka(MO)
(where M = Mg, Ca). The black outline represents Oa, while the red outline represents Ob. B3LYP-D3/def2-TZVP level of theory.

If a structure is bound to two oxygens that have different cor-
responding bond strengths, the oxygens are labeled in Figure 1,
Figure 2, and Figure 3, where Oa is indicated as a black outline,
and Ob is indicated as a red outline. For the solvent-bound mag-
nesocenophane systems in Figure 7,(a) most of the systems (ex-
cept for 1d-thf), have two oxygens bound to Mg. For the other
DME solvated structure, 1f-dme, Mg-Oa has a BSO of 0.440 and
a local force constant of 0.396 mdyn/Å , whereas for Mg-Ob,
the local force constant and BSO increase (0.586 mdyn/Å and
0.490 respectively). The same trends are seen for THF-solvated
structures, where the Mg-Oa bond has a smaller BSO and local
force constant, indicating that it is weaker than its Mg-Ob coun-
terpart. It is also interesting to note that the DME-bound struc-
tures have weaker Mg-O bonds and the THF-solvated systems
have stronger Mg-O bonds. A previous experimental investigation
for dehydrocoupling reactions in [1]carba-magnesocenophanes
showed that the catalytic activity was lower in THF complexes
than DME complexes, which our theoretical insight supports.15

For solvated calcocenophanes, as shown in Figure 7(b), similar

trends are seen as previously described in solvated magnesoceno-
phane systems, where Ca-Oa bonds are weaker than the Ca-Ob

bonds. However, for 2g-dme and 2h-dme, going from Ca-Oa

to Ca-Ob slightly increases in bond strength (0.008 mdyn/Å in-
crease) and for trans-2f-(thf)2 and cis-2f-(thf)2 it increases a bit
more (0.105 mdyn/Å and 0.095 mdyn/Å increase, respectively).
While there are not many solvated molecules for the strontioceno-
phanes, looking at Table 2 shows that the same trend still ap-
plies, with only the M-Ob bond from 3d-dme having similar bond
strength to 3b-(thf)2. We also see for THF structures, the Oa-M-
Ob bond is greater than DME structures, which is also indicated
by weaker local force constants (which indicates a less stiff bond,
whereas for the DME structures, the angles are much more acute,
followed by a greater local force constant for the angle). Overall,
as reflected by the BSO values the Mg-O and Ca-O interactions
are weaker than a single bond.

We also investigated the covalent character of the M-O bond
via the inspection of the electron density H(r). Figure 7(c) shows
the relationship between H(r)(MO) and the local force constant
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Structure d ka(M-Cp) A ka(Cp-M-Cp) e
1a 2.003 1.551 126.6 1.043 1.776

1a-dme 2.156 0.321 125.3 1.021 1.811
1b 2.000 1.578 139.4 0.805 1.816

1b-(thf)2
2.122 0.933 127.2 0.577 1.827
2.188 0.370

1c 2.004 1.539 138.9 0.806 1.794

1c-(thf)2
2.110 0.927 128.3 0.644 1.820
2.165 0.308

1d
1.975 1.735 140.2 0.737 1.825
1.976 1.749

1d-thf
2.092 1.052 135.5 0.662 1.841
2.108 1.036

1e 1.981 1.693 139.6 0.737 1.800
1e-dme 2.156 0.629 133.4 0.568 1.816

1f 1.992 1.673 160.2 0.510 1.817

1f-dme
2.108 1.046 148.2 0.529 1.808
2.241 0.370

2a 2.310 1.450 114.6 2.092 1.726

2a-dme
2.361 1.157 112.8 1.992
2.365 1.144

2b
2.500 0.715 117.2 1.318 1.776
2.508 0.718

2c 2.326 1.394 125.8 1.596 1.743

2c-(thf)2
2.411 1.018 122.7 1.568 1.745
2.400 1.053

2d 2.307 1.576 125.4 1.389 1.751
2d-dme 2.360 1.302 122.0 1.319 1.734

2e 2.335 1.440 143.6 0.635 1.771

2e-dme
2.401 1.132 138.0 0.820 1.746
2.400 1.128

2f 2.316 1.536 124.8 1.415 1.748

trans-2f-thf
2.392 1.196 120.9 1.428 1.749
2.401 1.136

cis-2f-thf
2.387 1.191 122.0 1.344 1.750
2.383 1.238

2g
2.306 1.578 125.5 1.305 1.753
2.310 1.570

2g-dme
2.356 1.314 122.6 1.223 1.736
2.367 1.296

2h
2.296 1.585 124.5 1.360 1.751
2.310 1.539

2h-dme
2.363 1.255 121.9 1.319 1.735
2.346 1.326

2i
2.319 1.431 123.3 1.075 1.754
2.312 1.425

3a 2.485 1.310 108.1 2.441 1.757

3a-dme
2.535 1.094 106.4 2.292 1.760
2.536 1.046

3b 2.507 1.237 118.8 1.877 1.772

3b-(thf)2
2.579 0.964 116.3 1.724 1.778
2.571 0.928

3c 2.489 1.412 118.5 1.560 1.781

3c-dme
2.534 1.199 116.9 1.465 1.772
2.530 1.222

3d 2.523 1.271 135.8 0.774 1.801

3d-dme
2.573 1.054 133.5 0.775 1.783
2.570 1.085

Table 1 Calculated M–Cp distances (M = Mg, Ca, or Sr) d (Å), local
mode force constants ka(M–Cp) (mdyn/Å), Cp–M–Cp angles A (◦), and
corresponding local mode force constants ka(Cp–M–Cp) (mdynÅ/Rad2),
as well as NBO charges for the metal. For structures whose distances
and local force constants of M–Cp differ, the top row corresponds to the
top Cp ring, while the bottom row corresponds to the bottom Cp ring
(for more information, see text). B3LYP-D3/def2-TZVP level of theory.

ka(MO), with the black outline representing Oa and the red out-
line representing Ob. It is apparent that the magnesocenophanes
metal-oxygen bonds have more electrostatic character than the
calcocenophanes counterparts. For magnesocenophanes, when
going from Mg-Ob to Mg-Oa, the electrostatic character typically
increases (except for 1c-(thf)2, where it decreases) as the local
force constant decreases. Overall, for calcocenophanes H(r) val-
ues are similar for DME and THF-bound oxygen, a trend which is
also seen in Figure 7(b).

Cp–M–Cp angle bending and stiffness
To explore the correlation between Cp–M–Cp angles and the
relative stiffness of ansa-metallocenes, LMA was conducted on
the systems investigated. Figure 8(a) presents the relationship
between the bond angles of Cp–M–Cp for the group 2 metals
(Mg (blue), Ca (purple), and Sr (green)) and its local force
constant counterpart. Figure 8(b) shows the relationship be-
tween the charge of the group 2 metal (e) and the local force
constant ka(Cp–M–Cp) indicating the stiffness of the angle in-
dicated. The black outline in Figure 8(a) and Figure 8(b)
refers to non-solvated structures, whereas the red outline rep-
resents DME-solvated structures, and the orange outline repre-
sents THF-solvated structures. The Cp–Mg–Cp angles in mag-
nesocenophanes range from 125.4◦–160.2◦. For magnesium-
containing ansa-metallocenes, the non-solvated structures (black
outline) show a trend that as the angle between the Cp–Mg–
Cp bond decreases, the force constant increases. The effect
of the [1]carba/[1]sila-magnesocenophanes, [2]carba/[2]sila-
magnesocenophanes bridging motifs is evident in these trends.
For example, going from [1]carba-magnesocenophane 1a to
[1]sila-magnesocenophane 1c increases the bond angle from
126.6◦ to 138.9◦, which is reflected by the decrease in local
force constant (1.043 mdynÅ/Rad2 to 0.806 mdynÅ/Rad2). This
trend is also seen going from [2]carba-magnesocenophane 1e to
[2]sila-magnesocenophane 1f. What the local force constant from
LMA captures is the ability to measure stiffness and compare these
bond angles amongst each other, as we see here with the stiff-
ness decreasing as we change the bridging motif atom from car-
bon to silicon. Therefore, one could propose that if one wants
a very stiff magnesocenophane structure, utilizing a [1]carba-
bridging motif will yield beneficial results, whereas if one wants a
more relaxed Cp–Mg–Cp angle, the [2]sila-bridged magnesoceno-
phane would be the most optimal option. The effect that sol-
vation has on the stiffness of the Cp–Mg–Cp angle is evident as
well, showing that the local force constant and angle decrease
for solvent-coordinated structures. For example, 1d (blue square,
black outline) has an angle of 140.2◦ and a local force constant
of 0.737 mdynÅ/Rad2, whereas 1d-thf (blue square, orange out-
line) has an angle of 135.5◦ and a local force constant of 0.662
mdynÅ/Rad2.

For calcocenophanes, the angles range from 114.6◦–143.6◦.
We see a similar trend that as the angle increases, the force con-
stant decreases for non-solvated structures (black outline). Go-
ing from [1]carba-calcocenophane 2a to [1]sila-calcocenophane
2c increases the bond angle from 114.6◦ to 125.8◦, with a
decrease in local force constant (2.092 mdynÅ/Rad2 to 1.596
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Structure BSO n (M-Oa) BSO n (M-Ob) d (M-Oa) d (M-Ob) ka(M-Oa) ka(M-Ob) A ka(Oa-M-Ob)
1a-dme 0.456 0.456 2.126 2.126 0.532 0.532 76.3 1.486

1b-(thf)2 0.515 0.575 2.110 2.083 0.626 0.723 91.8 0.500
1c-(thf)2 0.593 0.617 2.072 2.068 0.754 0.795 88.0 0.531

1d-thf 0.520 2.096 0.634
1e-dme 0.320 0.320 2.186 2.187 0.333 0.333 73.9 1.350
1f-dme 0.396 0.490 2.170 2.107 0.441 0.586 75.1 1.455
2a-dme 0.681 0.681 2.470 2.472 0.414 0.414 68.3 1.341
2c-(thf)2 0.798 0.717 2.401 2.442 0.576 0.461 79.3 0.369
2d-dme 0.687 0.687 2.479 2.479 0.421 0.421 67.9 1.418
2e-dme 0.671 0.671 2.481 2.484 0.401 0.400 67.7 1.449

trans-2f-(thf)2 0.699 0.774 2.453 2.420 0.436 0.541 79.4 0.326
cis-2f-(thf)2 0.789 0.723 2.405 2.434 0.563 0.468 79.6 0.347

2g-dme 0.691 0.685 2.476 2.478 0.426 0.418 67.9 1.431
2h-dme 0.678 0.684 2.481 2.479 0.409 0.417 67.9 1.408
3a-dme 0.734 0.658 2.646 2.711 0.369 0.288 63.2 1.422

3b-(thf)2 0.786 0.718 2.598 2.641 0.430 0.351 77.0 0.301
3c-dme 0.694 0.693 2.672 2.675 0.325 0.324 63.6 1.424
3d-dme 0.715 0.719 2.658 2.657 0.347 0.352 64.0 1.463

Table 2 Calculated bond strength order (BSO n) for M–Oa (M = Mg, Ca, or Sr), BSO for M–Ob, M–Oa distances d (Å), M–Ob distances d (Å), local
mode force constants ka(M–Oa) (mdyn/Å), ka(M–Ob) (mdyn/Å), Oa–M–Ob angles A (◦), and corresponding local mode force constant ka(Oa–M–Ob).
B3LYP-D3/def2-TZVP level of theory.
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Fig. 8 (a) Cp-M-Cp angles (Degree), (where M = Mg (Blue), Ca (Purple), or Sr (Green)) vs local force constant ka(Cp-M-Cp) (mdynÅ/Rad2). (b)
NBO charge on M (e) vs ka(Cp-M-Cp) (mdynÅ/Rad2). The black outline represents non-solvated structures; the red outline represents DME-solvated
structures, and the orange outline represents THF-solvated structures. B3LYP-D3/def2-TZVP level of theory.

mdynÅ/Rad2). When one goes from a [2]carba-calcocenophane
2d, to a [2]sila-calcocenophane 2e, the angle also increases
as well from 125.4◦ to 143.6◦ (with a decrease in local force
constant of the Cp-M-Cp angle). It is important to note that
most structures have different substituents on the Cp ring and
bridging motifs among the [2]carba-calcocenophanes, particu-
larly 2f-2i. The same trend where the angle increases going
from a one-atom to two-atom bridged motif that was seen for
[2]carba/sila-magnesocenophanes is also seen for [2]carba/sila-
calcocenophanes. Considering solvation effects, LMA does cap-
ture the differences in bond angle stiffness as one goes from non-
solvated structures to solvated structures. The same trend seen
in magnesocenophanes with regard to solvated structures is seen
with calcocenophanes. For example, going from 2g (purple pen-

tagon, black outline), which has an angle of 122.6◦ and a local
force constant of 1.360 mdynÅ/Rad2, to DME-solvated 2g-dme
(purple pentagon, red outline) decreases the angle and force con-
stant (121.9◦ and 1.319 mdynÅ/Rad2, respectively). This an-
gle and local force constant decrease from non-solvated to sol-
vated structures is seen in both magnesocenophanes and calco-
cenophanes alike. It is also interesting to note that the [2]carba-
calcocenophanes that have a phenyl ring attached to the carbons
instead of a methyl group (2f, trans-2f-(thf)2, cis-2f-(thf)2, 2g,
2g-dme, 2h, 2h-dme, and 2i) all have similar bond angles 120-
124◦, most likely due to the rigidity and the steric effects of the
motifs.

For strontiocenophanes, the same trend is observed, with the
range of Cp-M-Cp angles being from 106.4◦–135.8◦. Going from
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a [1]carba-strontiocenophane to a [1]sila-strontiocenophane in-
creases the angle from 108.1◦ to 118.8◦, which is reflected with
the decrease in the corresponding local force constant (2.441
mdynÅ/Rad2 to 1.877 mdynÅ/Rad2). Overall, the stiffness of the
Cp–M–Cp increases as you go down the group 2 metals (from
Mg (blue), Ca (purple) to Sr (green)), as exhibited by the lo-
cal force constant for Cp–M–Cp increasing with the bond angle
decreasing as well. Figure 8(a) displays that there is no pe-
riodic trend as observed previously, however, there are similar
groupings based on the bridging motif (for example the [2]sila-
calcocenophane/[2]sila-strontiocenophane indicated by diamond
purple and diamond green respectively). Previous computational
investigation into group 2 metallocenes without the ansa-bridging
motif displays similar trends as one goes down the group 2 peri-
odic table, the angle between the Cp–M–Cp decreases, losing its
linear structure (∼180◦) and becoming more bent.61

As shown in Figure 8(b), which shows the charge of the metal
corresponding with the stiffness of the Cp–M–Cp bond (ka(Cp–
M–Cp)), there appears to not be much of a periodic trend be-
tween the angle of Cp–M–Cp and stiffness (ka(Cp-M-Cp)), indi-
cating that the bridging motifs, as well as the solvation of THF
or DME can affect the stiffness of the Cp-M-Cp angle, and the
charge of the atom. Another interesting thing to note is that for
magnesocenophanes, the addition of solvation appears to slightly
increase the charge of the metal (red/orange outline is a greater
charge in Figure 8(b) than the black outline). For calcoceno-
phanes, it appears that this is not the trend observed, with the
majority of solvated molecules having a slight decrease in charge.
For strontiocenophanes, there is not much change that occurs due
to solvation. Going from one-atom to two-atom bridging, regard-
less of whether it is carbon or silicon, slightly increases the charge
of the metal. Overall, utilizing LMA can quantitatively display the
differences in bridging motifs, solvation, and even substituents on
the Cp ring, which change the stiffness of the Cp-M-Cp angle, as
well as the charge of the metal.

To further elucidate the Cp–M–Cp interaction and the effects
of the bridging motifs, ∇2(ρ(r)) maps were created within Cp–
M–Cp plane. Laplacian contour plots for complexes 1a, 1a-dme,
1c, 1c-(thf)2, 1e, 1f, 2d, and 3c are shown in Figure 9(b). The
Laplacian contour plots of selected complexes can be found in
the Supporting Information (Figure S2 and Figure S3). Going
from the non-solvated 1a structure to the solvated 1a-dme struc-
ture does not change the distribution of the Laplacian very much
around the bridging motif and the ring structures. However, the
effect of going from [1]carba- 1a to [1]sila- 1c bridging motif is
evident with the difference in the distribution of the Laplacian.
In 1a there is local electron density distribution (charge concen-
tration, indicated by the red dashed lines) between the bonds of
the bridging motifs, whereas in 1c, there is significantly greater
charge depletion (indicated by the blue solid lines) around the
silicon atom compared to the carbon atom. Going from the non-
solvated 1c to the solvated 1c-(thf)2, there is also a change in
Laplacian distribution, most likely due to the non-covalent inter-
actions that are occurring between the solvent (THF) and the Cp
rings. The difference in the contour map is also apparent going
from [1]carba- to [2]carba- bridging motif, with there being more

charge concentration occurring between the bonds in the bridging
motif (1e). As seen before when changing from carbon to silicon,
having a [2]silia- bridging motif (1f) allows for greater charge
depletion around the silicon atoms, with charge concentration oc-
curring between the two silicon atoms. Lastly, for 2d and 3c, the
Laplacian of the electronic density is very similar to that of the
[2]carba-magnesocenophane (1e), with the only difference com-
ing from the metal, with 2d having more charge concentration
around its metal center, and 3c having even more charge con-
centration. Overall, the electronic density shows that the metal-
oxygen bond is of electrostatic character, while the contour maps
display the differences between bridging motifs and metal cen-
ters, giving a more detailed insight into the electronic structure
of the ansa-metallocene structures investigated.

Bent versus linear metallocenes
To further see the effects that the bridging motifs have on the
ansa-metallocene structures, four metallocene compounds (la-
beled A-D, see Supporting Information, Figure S1), were in-
vestigated (with the structures taken from a previous computa-
tional investigation from Pal et. al.)30 for comparison of the
magnesocenophanes and calcocenophane structures. There are
three linear structures, MgCp2 (A), MgCp*2 (B), and CaCp2 (C),
with one bent structure, CaCp*2 (D). Comparing the local force
constants ka(M–Cp) of the magnesocenophanes with the corre-
sponding metallocene complex A (1.680 mdyn/Å), it appears
that the [1]carba- [1]silia- magnesocenophanes have a weaker
Mg–Cp bond (with a corresponding slightly longer Mg–Cp bond
length), whereas the [2]carba- [2]-silia have a stronger Mg–Cp
bond (except for the THF-solvated 1d-thf complex). However, for
B (1.789 mdyn/Å), all the magnesocenophanes have a weaker
Mg–Cp bond than the metallocene MgCp*2 (B), most likely this is
due to the methylated substituents on the Cp ring. For structure C
which has a force constant of 1.439 mdyn/Å, the structures that
have a stronger Ca–Cp bond are 2d, 2f, 2g, and 2h. For struc-
ture D, the only structure that has the Cp* ring motif is 2b, which
has a weaker Ca–Cp bond, most likely due to the amide group at-
tached to the calcium atom. Again, the effect of solvent decreases
the bond strength, where the weaker M–Cp bonds compared to
the metallocene counterparts come from i) single-bridged carbon,
silicon, and phosphorus (from 2b) motifs and ii) THF or DME sol-
vated structures, drastically affecting the strength of the M–Cp
bond. Interestingly, the CaCp*2 (D) bond angle (155.1◦) is much
greater than all of the calcocenophanes, showing that the angle
of the metallocene can be drastically affected if an ansa- motif is
attached to it.

Conclusions
In this investigation we have applied LMA as a quantitative bond
strength for metal-π rings to 37 ansa-metallocene structures with
group 2 metals ranging from non-solvated to solvated structures
with donor solvents (THF or DME) and with different interan-
nular motifs (carba- or sila- motifs with either single or double
bridges). We first studied the overall effect of the M–Cp bond
strength as one goes down the periodic table from Mg through
Sr and confirmed that the M–Cp bond lengths from Mg to Sr in-
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1a 1c1a-dme 1c-(thf)2

1e 1f 2d 3c

Fig. 9 Contour plots displaying the Laplacian of the electron density within the Cp–M–Cp plane for 1a, 1a-dme, 1c, 1c-(thf)2, 1e, 1f, 2d, and 3c.
Blue solid lines account for positive ∇2(ρ(r) values (depletion of charge) while red dashed lines represent negative ∇2(ρ(r)) values (concentration of
charge). B3LYP-D3/def2-TZVP level of theory.

crease, however, the local force constant doesn’t drastically de-
crease, displaying that the strength of the M–Cp bond(s) is not de-
pendent solely on the nature of the metal, but also dependent on
the stability that is provided by the bridging motifs. We then stud-
ied the differences between non-solvated structures and solvated
structures (which are usually characterized experimentally) uti-
lizing M–Cp bond strength, Cp–M–Cp angles, NBO charge of the
metal, and Cp–M–Cp angle stiffness. Our findings indicate that
the donor solvent makes a drastic change in the strength of M–Cp
and the stiffness of Cp–M–Cp, mainly, that the coordination of sol-
vent inserted into the ansa-metallocenes drastically decreases the
strength of the M–Cp bond and the stiffness of the Cp–M–Cp angle
compared to its non-solvated counterpart. Further, when investi-
gating the metal-oxygen bond strengths between THF and DME
solvents, it was discovered that DME has weaker metal-oxygen
bonds than THF. Also, LMA was able to capture the ability to
measure stiffness amongst different bridging motifs. These trends
indicate that the silicon bridging atom(s), specifically the [2]sila-
bridging motif, greatly increases the Cp-M-Cp angle. This would
indicate that the silicon atom would be best for transmetalation
reactions since it decreases the bond strength and increases the
bond angle for it to be more easily replaceable with its transition
metal counterpart. To further investigate the electronic structure
of the ansa-metallocene structures, QTAIM analysis was done to
calculate the energy density of the metal-oxygen bond and the
Laplacian of the electronic density, which further supported the
effects of solvated ansa-metallocenes and the nature of the bridg-

ing motifs. Comparing the linear/bent metallocene complexes,
we see the general effect that the ansa interannualar motif has on
the strength of the M–Cp bond, as well as the effect of solvation,
generally decreasing the bond strength. Overall, utilizing a robust
computational toolset and including LMA can allow those who are
interested in characterizing structures such as ansa-metallocenes
a more efficient and quantitative way to calculate metal-π bond
strengths, solvent effects, and effects of bridging motifs.
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