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ABSTRACT: Synthetic protocols and characterization data for a variety of
chromium(VI) nitrido compounds of the general formula NCr(NPri2)2X
are reported, where X = NPri2 (1), I (2), Cl (3), Br (4), OTf (5), 1-
adamantoxide (6), OSiPh3 (7), O2CPh (8), OButF6 (9), OPh (10), O-p-
(OMe)C6H4 (11), O-p-(SMe)C6H4 (12), O-p-(But)C6H4 (13), O-p-
(F)C6H4 (14), O-p-(Cl)C6H4 (15), O-p-(CF3)C6H4 (16), OC6F5 (17),
κ(O)-N-oxy-phthalimide (18), SPh (19), OCH2Ph (20), NO3 (21),
pyrrolyl (22), 3-C6F5-pyrrolyl (23), 3-[3,5-(CF3)2C6H3]pyrrolyl (24),
indolyl (25), carbazolyl (26), N(Me)Ph (27), κ(N)-NCO (28), κ(N)-
NCS (29), CN (30), NMe2 (31), F (33). Several different techniques were
employed in the syntheses, including nitrogen-atom transfer for the
formation of 1. A cationic chromium complex [NCr(NPri2)2(DMAP)]BF4
(32) was used as an intermediate for the production of 33, which was
produced by tin-catalyzed degredation of the salt. Using spin saturation transfer or line shape analysis, the free energy barriers for
diisopropylamido rotation were studied. It is proposed that the estimated enthalpic barriers, Ligand Donor Parameters (LDPs),
for amido rotation can be used to parametrize the donor abilities of this diverse set of anionic ligands toward transition metal
centers in low d-electron counts. The new LDPs do not correlate well to the pKa value of X. Conversely, the LDP values of
phenoxide ligands do correlate with Hammett parameters for the para-substituents. Literature data for 13C NMR chemical shifts
for a tungsten-based system with various X ligands plotted versus LDP provided a linear fit. In addition, the angular overlap
model derived eσ + eπ values for chromium(III) ammine complexes correlate with LDP values. Also discussed is the correlation
with XTiCp*2 spectroscopic data. X-ray diffraction has been used used to characterize 31 of the compounds. From the X-ray
diffraction data, steric parameters for the ligands using the Percent Buried Volume and Solid Angle techniques were found.

■ INTRODUCTION
One of the most important methods for controlling reaction
pathways in many transition metal catalyzed systems is through
the steric and electronic adjustment of ancillary ligands.
Choosing from the extensive gallery of possible ligand choices
is often done by (1) analogy with similar reactions already in
the literature, (2) picking readily available ancillaries in the
investigator’s laboratory, or (3) making an educated guess
based on experience in the field. Once some of the desired
reactivity is found, reactions are optimized through similar
procedures involving available ligand sets and trying to
encourage hypothesized processes with slow reaction rates.
Finally, a reaction may be deemed interesting enough to
warrant full mechanistic investigations through experimental
and computational techniques that can often lead to improved
catalyst designs.
In this process of taking new reactions from conception to

fruition, the donor properties and steric profiles of the ancillary
ligands, along with reaction conditions, provide the major tools
for optimization. Simple metrics for donor and steric properties
have proven to be powerful tools for catalyst optimization,
especially in late transition metal chemistry. Perhaps one of the
most familiar citations in chemistry is by Chadwick Tolman

published in Chemical Reviews in 1977 on steric and electronic
effects in phosphine chemistry.1 Tolman’s cone angle gave a
reasonable one-parameter metric for sterics. The energy of the
totally symmetric carbonyl vibration in Ni(CO)3(PR3)
complexes gave a useful single-parameter metric for donor
properties.
Using CO stretching frequencies to parametrize later

transition metal ligand effects predates this Tolman review,
however. For example, Wilkinson and co-workers in 1959
reported the IR stretching frequencies of transition metal
carbonyls bearing amine/phosphine donors and reported “the
resulting negative charge on the metal atom R3N

+−M− may...be
dissipated by increasing the bond orders in the M−C−O
system”.2 They reported a steady rise in carbonyl stretching
frequencies on replacement of phenyl groups in (Ph3P)3Mo-
(CO)3 with chlorine until reaching (Cl3P)3Mo(CO)3.

3

Parameterization methods have been extensively used in a
large variety of low-valent and late transition metal catalytic
reactions.4 Similar quantitative measures are a mainstay of
physical organic chemistry; for example, the reactivity of
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compounds with pendant aryl groups is often predicted or
explained by parameters developed by Hammett, Taft, and
others.5 Quantitative structure−activity relationships (QSAR)
have developed into a powerful tool for other areas as well, e.g.,
pharmaceutical design.6

In contrast, methods for determining donor properties of
ligands on metal complexes in higher formal oxidation states
are less well-known. This is despite the fact that the donor
properties of common ligands on earlier, higher-valent metals
are likely to be quite different from later, lower valent metals in
many cases because of differences in the number and type of
empty acceptor orbitals.
If the ligands in question are members of a closely related

series, e.g., para-substituted phenoxides, one can try to draw
analogies to pKa or Hammett parameters; however, the
investigator is left wondering if these are good measures for
the transition metal system in question. This problem is only
exacerbated if the ligands are more dissimilar, such as
comparing phenoxide to iodide to indolyl. Different donor
atoms, e.g., oxygen versus nitrogen, or even different hybrid-
ization of the same donor atom may affect radial extensions for
the orbitals even if the frontier orbitals are of similar shape,
which could lead to quite different bonding properties because
of the changes in overlap integrals and energies.
While QSAR has been done on early to middle transition

metal complexes, these are often studies of specific systems
with limited applicability to high valent metals in general. For
example, extensive QSAR has also been done in recent
computationally driven studies like the one published by
Jensen and co-workers on Grubbs’s catalyst.7 Steric and
electronic parametrizations have been applied to metallocene8

and nonmetallocene9 polymerization catalysts using a variety of
techniques varying from simply categorizing ligand types to
numerical quantization of ligand properties. In addition,
electronic influence of substituents on ansa-metallacene
complexes has been examined in great detail.10

For our investigations in titanium catalysis,11 we sought a
method for the comparison of a large variety of monodentate
ligands on early metals to aid in ligand design and for
understanding spectroscopic and reactivity trends within
various transition metal systems.
In this study, we discuss the use of a large selection of

monodentate ligands on the d0 metal complex, NCr(NPri2)2X,
where X is an adjustable monodentate ligand. As will be shown,
the synthetic versatility of this framework allows synthesis of a
series of compounds for evaluation. In this manuscript, we limit
the discussion to monoanionic X;12 however, these range from
common ancillaries used in organometallic chemistry like
amido and alkoxide to classical Werner-type ligands such as
halides, cyanide, and thiocyanate. The system’s design lends
itself to a one parameter quantification of donor properties
similar to the Ni(CO)3L system commonly used for late
transition metal ligands. Steric metrics for the ligands are
provided, and possible steric interference is discussed.

■ RESULTS AND DISCUSSION
I. System Used for Ligand Parameterization. The

method chosen here for the experimental parametrization of
ligand donor properties on high valent metal centers involves
the use of chromium(VI) nitrido complexes with diisopropyl-
amido ancillaries. All of the compounds in this study are of the
type NCr(NPri2)2X, where X is a monoanionic ligand. These
complexes are readily prepared, as will be shown in the next

Section. In addition, the amido ligands display variable rotation
rates dependent upon the donor properties of X. The rotation
of the diisopropylamido ligand in these systems has a rate that
is readily measured by 1H NMR spectroscopy. In this study,
spin saturation transfer was the standard method for ligand
rotation rate determination; however, line-shape analysis can
also be used and was used for some compounds (vide infra).
Since the compounds are pseudo-tetrahedral, the system is

not orthoaxial, and the σ- and π-orbitals mix during the
bonding interactions with the ligands. This is exemplified in the
Angular Overlap Model (AOM) Parameters for a rigorously
tetrahedral compound by the energy of the t2* orbital being
parametrized as et2* = 4/3 eσ + 8/9 eπ where the ligand’s σ- and
π-donor parameters both contribute to the energy of the triply
degenerate orbital. Lowering the symmetry, as is done here, will
lead to further mixing, and a single parameter for ligand donor
properties is the result.
The highest symmetry available in the nitrido compounds

here would be C3v with a formula of NCrX3, where the
chromium-nitrido bond is along the z-axis. In C3v, the dxy/dx2−y2-
orbitals comprise an e-set, with the px/py-orbitals having the
same symmetry. These e-sets act as both σ- and π-acceptor
orbitals for the basal amido ligands. In addition to the π-
accepting e-set near the xy-plane, there is an e-set composed of
the dxz/dyz-orbitals that are involved in strong π-interactions
with the nitrido.13

In other words, rotation of the amido ligands 90° from where
they π-donate into acceptor orbitals near the xy-plane to where
they could donate into the dxz/dyz orbitals along the nitrido
vector causes them to compete with the very strongly donating
nitrido. As a result, there is an electronic barrier to rotation
around the Cr−NPri2 bond determined by the energy
difference between the geometries where the amido CrNR2
plane is parallel with the Cr−N(nitrido) vector and where it is
perpendicular. Increasing the donor abilities of the ligands in
the basal set reduces this difference somewhat, decreasing the
barrier for amido rotation through ground-state destabilization.
In short, the stronger a donor X is in a compound like

NCr(NPri2)2X, the smaller the barrier to amido rotation is
expected to be. Because the σ- and π-systems are strongly
mixed, the σ- and π-donor properties of X both contribute to
the size of the diisopropylamido rotational barrier. We propose
that this isomerization barrier can be used as a measure of the
donor ability of X in high valent transition metal systems.
The above arguments can be illustrated using Density

Functional Theory (DFT) on the model system NCr(NH2)3
using B3LYP as the functional. Our initial exploration with this
molecule used the 6-31G** basis set, but the calculations were
extended to the much larger aug-cc-pVQZ basis set, which
provided similar results. Optimization provided a ground state
structure where all of the amido ligands are planar and the Cr−
NH2 planes are parallel to the nitrido vector as expected
(Figure 1, bottom).
If NCr(NH2)3 is reoptimized while restricting the dihedral

angle in one of the amido ligands to induce rotation, the
rotating nitrogen pyramidalizes as the lone pair on the amido
approaches the nitrido π-orbitals.14 In other words, the nitrido
prohibits significant π-donation from the rotating amido when
it would donate into the same orbital. The energy of the
complex increases with increasing amido nitrogen hybridization
parameter (λ in spλ) from λ = 2, that is, sp2, in the ground state
to around λ = 2.8 (Figure 1, plot) at the transition state for the
rotation.15 From the calculations an enthalpic barrier, ΔH⧧, of
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5.7 kcal/mol was found using the aug-cc-pVQZ basis set.
Meanwhile, the Cr−N(nitrido) bond distance seems virtually
unaffected by the rotation, varying by less than 0.01 Å over the
entire course of the rotation.
The transition state for amido rotation, which had a single

negative vibration, was found at 61° in the N(nitrido)-Cr−
N(amido)−H dihedral. Figure 1 has images of the ground state
and transition state structures. Also in Figure 1 is a plot of λ
versus enthalpy. The hybridization parameter increases fairly
smoothly up to the transition state, consistent with competition
with the nitrido π-donation being the cause of amido
pyramidalization.
The amido distance does seem to change slightly with

rotation because of bond order effects with the chromium, but
the relationship is complicated by electronic adjustments made
by the other amido ligands. The average Cr−NH2 distance in
the ground state from the calculations is 1.83 Å. In the
transition state, the pyramidalized (rotating) amido distance
increases to 1.90 Å, but the amido ligands not undergoing
rotation shorten their distance to chromium to 1.81 Å. As a
result, the average Cr−NH2 distance in the transition state is
1.84 Å, essentially identical to the ground state. In other words,
rotating one ligand causes ripples of change through the other
ligands. It is these indirect changes in the amido ligands because

of compensating effects around the metal that we are measuring
in this study.
In the actual diisopropylamido complexes used in the

experimental studies, this degree of pyramidalization may not
be possible for steric reasons. However, the hybridization of the
amido nitrogen in the model is illustrative of the type of
electronic changes expected on rotation. Donation into the
same orbitals as the strongly donating nitrido is energetically
unfavorable, and, in the model at least, this competition for the
metal’s acceptor orbitals manifests as amido rehybridization.
In this study, the NCr(NPri2)2 fragment is held constant, and

the barrier to rotation of the diisopropylamido ligands in this
constant fragment are what is being measured. The X
substituents affect the amido barrier to rotation only indirectly,
and the only changes from one complex to another are the
electronic and steric components of X in NCr(NPri2)2X.
This system has several advantages for this type of study.

First, the compounds prepared thus far have good to excellent
thermal stability. Second, the complexes are diamagnetic,
allowing easy use of NMR for evaluation. Third, the Cr(VI)
nitrido compounds tend to be pseudotetrahedral; we have not
observed dimers with bridging X ligands in this system, for
example. Fourth, ligands tend to be monodentate on the metal
allowing a more uniform comparison between various ligand
sets. Even ligands such as carboxylate, with a strong tendency to
have higher hapticity in most complexes, only show what
appear to be weak secondary interactions with the metal if any
(vide infra). Fifth, the NCr(NPri2)2X complexes are readily
prepared from inexpensive reagents with an extraordinary
variety of X as will be described next.

II. Preparation of NCr(X)(NPri2)2 Complexes and
Characterization. Here, we begin by discussing a new
synthetic protocol based on nitrogen-atom transfer for the
formation of NCr(NPri2)3 (1). All other complexes are
prepared by modification of 1. The synthetic protocols for
the production of the other NCr(X)(NPri2)2 complexes will be
divided into 7 categories: protonolysis with lutidinium halides,
protonolysis with HX, exchange using thallium salts, exchanges
between lithium salts and the chromium phenoxide, metathesis
using sodium salts, ligand exchange with lithium to zinc
transmetalation, and tin(IV)-catalyzed decomposition of a
cationic BF4 salt.

A. Synthesis of NCr(NPri2)3 (1) by Nitrogen Atom Transfer.
The starting material for all of this chemistry is the Bradley
complex, Cr(NPri2)3, prepared on large scales from CrCl3 and
LiNPri2 in ethereal solvent.16 The 3-coordinate compound is
soluble in hydrocarbons and crystallizes as large black plates. In
the previously reported synthesis of nitrido NCr(NPri2)3 (1),
black solutions of Cr(NPri2)3 reacted with NO gas to form
orange ONCr(NPri2)3, which was deoxygentated with
vanadium(III) to form the terminal nitrido.17

For this work, a somewhat more straightforward synthesis
was used where Cr(NPri2)3 was treated with NCr(OBut)3 to
give NCr(NPri2)3 (1) through a nitrogen-atom transfer (eq 1).
Yellow NCr(OBut)3 is available from chromyl chloride in a
one-pot procedure published by Chiu and co-workers.18 The
nitrido was readily separated from the oily Cr(OBut)3

19

byproduct by washing with acetonitrile.

Figure 1. DFT B3LYP/aug-cc-pVQZ computational results for
NCr(NH2)3. On the bottom are two views of the computed ground
state, with the right view looking down one of the three equivalent
amido-chromium vectors. In the middle is a plot of the hybridization
parameter (λ) vs the calculated enthalpic energy of the complex with
the ground state set to 0 kcal/mol. On the top are two views of the
transition state structure found for rotation of one amido ligand, with
the right view looking down the rotated amido-chromium vector.
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B. Syntheses Using Protonolysis with Lutidinium Halides.
Dark beet-red 1 was converted to orange NCr(I)(NPri2)2 (2)
with 2,6-lutidinium iodide using the published procedure.20

Using methods similar to the iodide synthesis, we prepared the
chloride (3) and bromide (4) complexes. The syntheses
involved the addition of anhydrous 2,6-lutidenium halide to 1
in chloroform at 60 °C (eq 2).

C. Syntheses Using Direct Protonolysis with HX. For this
study, a total of 15 complexes were prepared using the direct
addition of HX, where X is the new desired ancillary ligand (eq
3). For the synthesis of most alcohols, silanols, carboxylates,
and thiolates, direct protonolysis on 1 turned out to be the
most convenient and highest yielding methodology. The
reactions were carried out using toluene as the solvent for all
of these cases, with the exception of triflate where DME/
pentane was employed.
The other conditions required for the syntheses varied widely

depending on the substrate HX. Some reactions, such as with
triflic acid, worked best when started at near frozen
temperatures with short stirring times at room temperature.
Other substrates were heating for several days to get good
conversion; for example, the reaction with 1-adamantanol
(HOAd) required heating at 90 °C for 3 days.

Two of the compounds in eq 3, 9 and 10, have been
previously reported.21

D. Syntheses Using Exchange with Thallium Salts.
Thallium salts were advantageous in several cases for the
production of new NCr(NPri2)2X complexes. The reactions
with iodide (2), led to rapid precipitation of TlI, which is
readily removed by filtration. The reactions were generally
clean, and the use of thallium avoids unwanted reduction
processes found using some other reagents (vide infra). Some
obvious disadvantages for thallium are the toxicity of the metal
and lack of stability with some X substituents. Thallium was
employed in the preparation of five of the complexes (eq 4).

Protonolysis of 1 with HOBn proved to be slow and not very
clean. Using TlOBn, NCr(NPri2)2(OBn) (19) was prepared in
good yield from iodide 2. Hexanes or toluene were used for the
majority of these transmetalation reactions.
Likewise, commercially available TlNO3 gave NCr-

(NPri2)2(NO3) (20); in this case, tetrahydrofuran (THF) was
advantageous because of the low solubility of the thallium salt
in most other solvents.
Thallium was especially useful for pyrrolyl and pyrrolyl

derivatives. The thallium salts were readily available by simple
reaction of TlOEt with the NH-pyrrole. The thallium pyrrolyls
seemed at best sparingly soluble in any solvent with which they
did not react, as evinced by being 1H NMR silent as saturated
solutions in several solvents, but the compounds reacted readily
and cleanly with the iodide 2. The chromium complexes of
pyrrolyl (22) and two different 3-aryl-pyrroles (23 and 24, eq
4) were prepared using this procedure.

E. Syntheses Using Exchange with Lithium Salts. When
using lithium reagents, reduction of iodide 2 to the known μ-
nitrido chromium(V) dimer20 [NCr(NPri2)2]2 was evident.
Transmetalation using the phenoxide 10 was often more
successful with these reagents, and this method was used to
prepare the indolyl (25), carbazolyl (26), and N-methylanilide
(27) complexes (eq 5) from their respective lithium salts. A
similar method was used in the conversion of NCr-
(OPh)2(NPr

i
2) to NCr(CH2SiMe3)2(NPr

i
2) in work from the

Cummins laboratory.21

F. Syntheses Using Exchanges with Sodium Salts. The
three complexes NCr(NPri2)2(X), where X = NCO (28), NCS
(29), and CN (30), were prepared (eq 6) from the
commercially available NaX salts and NCr(NPri2)2(I) (2).
The main difficulty with the reactions was the low solubility of
these reagents in organic solvents. Acetonitrile was used as the
solvent, and reactions required relatively long reaction times
and/or mild heating. In the case of NaCN, 1 equiv of 15-crown-
5 was advantageous.

G. Ligand Exchange with Zinc Transmetalation. For
probing steric effects in the barriers to rotation (vide infra), it
was desirable to synthesize the dimethylamido complex
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NCr(NPri2)2(NMe2) (31) for comparison with NCr(NPri2)3
(1). The most fruitful route (eq 7) we discovered to 31
involves treating ZnCl2 with LiNMe2 in DME/THF solvent.
Presumably, a Zn(NMe2)2 solvate or perhaps an amido-
containing zincate complex is prepared. This mixture does
transmetalation with iodide 2 more cleanly than with the
lithium salt alone. Attempts to prepare 31 directly from 2 with
LiNMe2 resulted largely in reduction.

H. Tin(IV)-Catalyzed Decomposition of a Cationic BF4 Salt.
Many different methods were tried in attempts to prepare the
fluoro complex. Success was finally found when we generated a
cationic complex by treatment of the iodo 2 with AgBF4 in the
presence of DMAP to form [NCr(NPri2)2(DMAP)]BF4 (32).

12

Thermal decomposition of this complex does form small
amounts of fluoride NCr(NPri2)2(F) (33) but also gives a large
amount of unidentified side-products. In one attempt to form
the fluoride by transmetalation, we reacted 32 with FSnBun3,
which gives fluoro 33 relatively cleanly (Scheme 1).

Subsequently, we found that FSnBun3 could be used catalyti-
cally. It appears that Sn(IV) complexes can catalyze the
decomposition of 32, as can some other mild Lewis acids.22

The expected byproduct, DMAP·BF3, was easily detected in the
19F NMR spectrum of a reaction to form 33 carried out in an
NMR tube.23

III. Single-Crystal X-ray Diffraction Studies. All of the
compounds of the formula NCr(NPri2)2(X), where X is an
anionic substituent, have been structurally characterized.24 As
might be expected, the Cr−N distances, both nitrido and
amido, are not exceedingly sensitive to changes in X outside the
error limits of the X-ray diffraction experiment. All of the
compounds exhibit diisopropylamido ligands with the Cr−NC2
amido planes parallel to the Cr−N(nitrido) vector, as expected
from the electronic structure (vide supra). Discussion of the X-
ray structure of each compound would be gratuitous; however,
a few of the more salient features will be addressed in this
section.
The structural characterization on so large a number of

derivatives was carried out predominately to facilitate the steric
analyses discussed below, to determine if there were any
secondary interactions (e.g., bidentate ligands), and to ascertain
if any of the structural parameters might reliably correlate with
the electronic and steric features. The presentation of the
results here will be brief; cif files and crystallographic tables can
be found in the Supporting Information.
The donor abilities of the X ligands did not have a large

impact on the chromium-nitrido distance. Indeed, the nitrido
distance is very similar for all the complexes measured thus far.

For example, the nitrido distance in the poorly donating triflate
(5), strongly donating and relatively small benzyloxy (19), and
the large and strongly donating diisopropylamido (1) were
found to be 1.543(3), 1.543(2), and 1.544(3) Å, respectively.
The full range of Cr−N(nitrido) values is 1.524(3) in nitrate 21
to 1.553(4) Å in O-p-(CF3)C6H4 16. However, there is no
obvious correlation between this distanceor, for that matter,
any other metric parameters investigatedand any of the steric
or electronic parameters derived.
The two chromium-diisopropylamido bond distances were

generally the same within error. The only exception in this list
of compounds was for carbazolyl 26, which had Cr−
N(diisopropylamido) distances of 1.796(2) and 1.833(2) Å.
The carbazolyl plane is tilted from the Cr−N(nitrido) vector
(Figure 2) and, according to the space filling models, there is

steric clash between the aromatic ring of the carbazolyl anti to
the nitrido and a diisopropylamido ligand. The longer Cr−
NPri2 distance is associated with the amido closer to the tilted
carbazolyl on the side anti to the nitrido (the left NPri2 group in
the top of Figure 2). However, the average Cr−NPri2 distance

Scheme 1. Synthesis of NCr(NPri2)2(F) (33)

Figure 2. Spacefilling views of NCr(NPri2)2(carbazolyl) (26). The top
view is looking down the Cr−N(carbazolyl) bond showing the tilting
of the heterocyclic framework. The bottom view is anti to the nitrido
and shows the tilted carbazolyl ring’s close contacts with one of the iso-
propyl groups.
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in 26 is similar to the other compounds, and it appears that the
steric influence of the carbazolyl is mostly to differentiate the
two diisopropylamidos in the solid state. (The two
diisopropylamido groups are equivalent in solution.)
The NCr(NPri2)2 molecular fragment showed some

variability in its metric parameters. For example, the amido-
chromium-amido angle varied from 116.1(5)° (X = N(Me)Ph
27) to 124.9(1)° (X = CN 30), and the average Cr−N(amido)
distances varied from 1.805(3) Å (X = OTf 5) to 1.842(2) Å
(X = NPri2 1). While attempted correlations with these metric
parameters and the donor parameters are suggestive, plots of
N(amido)−Cr−N(amido) angles and Cr−N(amido) distances
with either the steric parameters or the donor properties
gleaned from the NMR data showed no strong correlations.
Steric factors seem evident in the tris(diisopropylamido)

complex 1 according to other data (vide infra), but it is difficult
to discern this from the X-ray diffraction studies alone. The
average Cr−N(amido) distance in the published structure for 1
is 1.842(3) Å. This distance in 1 is somewhat larger than many
of the derivatives prepared. For example, the average Cr−
N(diisopropylamido) distances for a few derivatives are Cl 3
1.813(2), OBn 20 1.823(1), OAd 6 1.822(7), N(Me)Ph 27
1.830(2), and OTf 5 1.805(3) Å. However, the average
diisopropylamido distance in 1 is very much in line with the
sterically less encumbered NMe2 31 with average Cr−N
distances of 1.842(4) Å; incidentally, 31 was one of the
compounds examined that displayed full molecule disorder in
the X-ray diffraction experiments. The disorder was fully
modeled.
A plot (Figure 3) of the average diisopropylamido distance

versus the Ligand Donor Parameter (LDP) described below
shows no clear correlation. This may be due to the errors in the
structural parameters considering the less donating ligands
(toward the right in the plot) do, generally speaking, seem to
have shorter Cr−N(amido) distances and the more donating
ligands seem to have generally longer distances. However, the
scatter in the data is far too large to make anything resembling
an accurate correlation. In fact, the shortest Cr−N(amido)
averages are found for two aryloxide derivatives with moderate
LDP values (vide infra) for this series.25

Two compounds, benzoate 8 and nitrate 21, possibly show
weak secondary interactions between Cr and the X ligand. For

nitrate containing 21, the Cr−O distance is 1.973(3) Å, and
there is a possible weak interaction with a second oxygen of the
nitrate nearly trans to the nitrido, which is quite long at over 2.7
Å. For benzoate 8, which has a similar structure near the metal
center, the short Cr−O distance is 1.924(1) Å with a possible
interaction with the second carboxylate oxygen that is around
3.0 Å away. The contributions from these secondary
interactions of X to the measured donor abilities are unlikely
to be large at those distances but are not known.

IV. Measurement of Amido Rotational Barriers and
the Ligand Donor Parameters (LDP). Most of the
NCr(NPri2)2(X) complexes employed in this study exhibit
two distinct methyne peaks for the diisopropylamido ligands at
room temperature assigned as being syn and anti to the nitrido
substituent. The methyne that is anti is assigned as being
deshielded relative to the syn methyne resonance on the basis of
2D NMR experiments on iodo 2 (see the Supporting
Information). A few of the compounds where X is a strong
donor ligand, for example, dimethylamido and 1-adamantoxide,
have the methynes at or near the coalescence point at room
temperature. One of the reasons this system was chosen was
that the rate of diisopropylamido rotation was easily measured
by 1H NMR spectroscopy. Once the rate constants were
known, the Eyring equation was used to determine the free
energy barriers to rotation, ΔG⧧

rot, relative to X.
The rate constant for the exchange of the two methynes in

the isopropyls, in the majority of cases, was measured using
Spin Saturation Transfer (SST) in the 1H NMR.26 The ideal
temperature for the SST experiment was found to be between
−56 °C and +27 °C, depending on the rate of rotation for the
particular complex being studied. Detailed descriptions of how
the SST experiments and error analyses were done can be
found in the Supporting Information. In addition, there is a
detailed discussion in the Supporting Information of how the
T1 values were found and the types of T1 values to use.
For one complex, NCr(NPri2)2(NMe2) (31), because of

instrument limitations, we were unable to reach the slow
exchange temperature. Line Shape Analysis (LSA) was used to
determine the barrier for the isopropyl exchange rather than
SST.

Figure 3. Plot of average Cr−NPri2 distance (Å) vs the donor ability of X (LDP in kcal/mol).
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The X = 1-adamantoxide 6 complex was studied using both
LSA and SST for comparison. Both gave the same value to the
nearest tenth of a kcal/mol at ΔG⧧

rot = 12.8 kcal/mol.
It was expected that the entropy associated with the

diisopropylamido rotation would be more or less constant
over the series. To investigate this assertion, Eyring plots were
done on several of the compounds. The plots were done over
as large a temperature range allowable by the kinetics of
rotation and our instrumentation. In addition, we explored
compounds that varied in ΔG⧧

rot and sterics as much as
possible. Consequently, the Eyring plots using SST were
determined for iodo 2, benzyloxy 20, NPri2 1, and O-p-SMe-
C6H4 12. For these four compounds, ΔS⧧rot was found to be
−9, −6, −5, and −3 cal/mol K, respectively. Consequently, the
entropy values appear to be small and negative. The entropy
values were found from variable temperature (VT) experiments
over temperature ranges of 47, 36, 26, and 44 K, respectively.
Additional information on the entropy measurements is found
in the Supporting Information.
It is most desirable to place the rotational barriers in terms of

ΔH⧧
rot, to remove some of the temperature dependence

associated with the measurements. Each compound had to be
measured at a temperature best suited for its particular rotation
kinetics to measure the rate constant as accurately as possible.
Consequently, the SST and LSA data were collected at different
temperatures for each complex.
Here, we are always measuring the kinetics for the rotation of

a diisopropylamido ligand in a NCr(NPri2)2(X) complex. We
assume that the ΔS‡rot values for the compounds will all be similar.
Even in cases where the X ligand is quite large and steric effects
are likely, that is, for X = NPri2, we have not observed large
deviations in ΔS⧧rot values.27
The most reliable measurement of entropy, based on where

the slow and fast exchange limits occur relative to our available
instrumentation, appears to be the value for iodo 2, which was
done over a 47 K interval. As a result, −9 cal/mol K was used as
the entropy barrier for most of the compounds.28 The only
compound calculated differently is X = NMe2 31, where the
activation barriers were found using a different technique
(LSA). The experimental barriers for 31 were determined to be
ΔS⧧rot = −4 cal/mol K and ΔH⧧

rot = 9.3 kcal/mol.29

Under the assumption that entropy differences are minimal, a
set of values approximating ΔH⧧

rot is obtained. Considering
that the values are an approximation based on the assumption
of ΔS⧧rot = −9 cal/mol K and their uses for the purposes of this
study are more dependent on their relative rather than absolute
magnitudes, we call each value a Ligand Donor Parameter
(LDP). The LDPs are collected in Figure 4 with horizontal
error bars allowing quick distinguishing of ligands that are
different outside error limits. The current best numerical
parameters are collected in Table 1.
The values in Figure 4 and Table 1 constitute our current

best measurements on this particular series for the enthalpies of
amido rotation at this time. There are a number of interesting
series that one can look at qualitatively. Quantitative
comparisons will be discussed in Section VI after discussion
of steric influences on rotational barriers.
The halides are in the expected order with iodide being the

least donating and fluoride the most donating.
Looking at some monoanionic nitrogen-based heterocycles,

it was found that pyrrolyl was a far poorer donor than indolyl,
which was a poorer donor than carbazolyl. This is consistent
with the expected availability of the nitrogen lone pair for
donation in these particular heterocycles. The pyrrolyl ring’s
aromaticity is dependent upon use of the nitrogen lone pair to
reach the 6 π-electrons required by the Hückel rule for
aromaticity. As a consequence, the aromatic stabilization energy
of pyrrole directly competes with π-donation, which leads to
pyrrolyl being a poor π-donor.30 For indolyl and even more so
for carbazolyl, the aromaticity of the 5-membered heterocycles
must compete with the 6-membered carbocycle(s) in resonance
form contributions to the aromaticity.31 As a result, the
nitrogens in indolyl and carbazolyl seem to donate more
strongly to the metal center than pyrrolyl because of the greater
availability of their nitrogen-based lone pairs.
The strongest donors explored thus far are dialkylamido and

alkoxides, which were thought previously to be strong σ- and π-
donors. The weakest donors in the series are those with poor
overlap due, in all likelihood, to poor size matches between
orbitals such as in iodo and thiophenolate, cf. phenolate, or
where the X ligand has a competing π-system that limits π-
donation such as NCS, benzoate, and pyrrolyl.

Figure 4. Ligand Donor Parameters (kcal/mol) for various X in NCr(NPri2)2X with the associated errors.
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V. Steric Properties of the Ligands. Coming up with a
single parameter for the steric properties of a diverse set of
ligands is an inherently inaccurate exercise. One is using a single
parameter to describe a 3-dimensional object, which unless that
object is a perfect sphere is an incomplete description.
However, the Tolman cone angle1 has been quite successful
and gives researchers a parameter for initial optimization of
reactions. More recently, Percent Buried Volume (%Vbur)
calculations have proven useful in determining steric parame-
ters for ancillary ligand sets.32 Encouragingly, the %Vbur of
phosphine ligands agrees nicely with Tolman’s cone angles for
many standard phosphines. Furthermore, %Vbur are easily
calculated from crystallographic data using Cavallo and co-
workers web-based utility, SambVca, and have been used
extensively for ligand types like N-heterocyclic carbenes.33

To determine the %Vbur, the ligands are placed in a sphere so
that the ligand is the Cr−X bonding distance away from the
center. The sphere size is an adjustable parameter meant to
approximate the size where ligands affect the primary
coordination sphere of the metal. In most instances, a sphere

radius of 3.5 Å is used,34 which is the default in Cavallo’s
program as well as the distance used by Nolan and co-workers.
In Figure 5, there are two examples showing space filling

models; the orange sphere is 3.5 Å and shows how much of
each ligand is included in the calculation. For a discussion and a
plot of sphere radius’s effect on %Vbur for a selection of ligands,
see the Supporting Information. The results of the ligand
parametrization using this method are shown in Figure 6.
In addition to %Vbur, we also investigated another steric

parametrization, the Solid Angle Steric Parameter using the
Solid G program.35 The computational technique works
directly from the X-ray diffraction data. The central metal is
viewed in some respects as a point source of light, and the
ligands block conal access to a sphere around the molecule. An
example of the Solid Angle Model is shown in Figure 7 for
indolyl 25, where the molecule is in a similar orientation as in
the bottom of Figure 5. The Solid Angle Steric Parameters for
the series of X ligands are shown in Figure 8. The x-axis values
are in percentage of the sphere occupied by the X ligand.34

The orderings for many of the ligands change somewhat
using the different methods. For example, the Solid G method
gives a halide ordering of F > Br > I > Cl because of a mixture
of bond distance and radii effects. The halide steric ordering
from %Vbur is I > Br > Cl > F and seems to be most greatly
affected by atomic radius.36

That the complex with X = NPri2 1 has steric influences on
its rotational barrier seems likely. One would expect NPri2 to be
a similar or better donor than NMe2, and yet it has a higher
LDP by almost 2 kcal/mol. It appears that sterics are raising the
barrier for rotation in this system, and X = NPri2 is the largest
ligand investigated by far using both steric metrics.

Table 1. Values for LDP (kcal/mol) and ΔS⧧rot (cal/mol K)
for 1−31 and 33

X = LDPa ΔS‡rote

NMe2 (31)
29 9.34 ± 0.32b −4 ± 1b

OAd (6) 10.83 ± 0.24
N(Me)Ph (27) 10.86 ± 0.23
NPri2 (1) 11.12 ± 0.23d −5 ± 2c

OBn (20) 11.15 ± 0.23 −6 ± 5c

Carbazolyl (26) 12.04 ± 0.25
O-p-(OMe)C6H4 (11) 12.14 ± 0.24
O-p-(But)C6H4 (13) 12.18 ± 0.25
OPh (10) 12.38 ± 0.25
O-p-(SMe)C6H4 (12) 12.51 ± 0.26 −3 ± 4c

O-p-(F)C6H4 (14) 12.64 ± 0.23
O-p-(Cl)C6H4 (15) 12.81 ± 0.23
O-p-(CF3)C6H4 (16) 13.00 ± 0.28
OSiPh3 (7) 13.28 ± 0.27
OPht (18) 13.35 ± 0.23
F (33) 13.39 ± 0.27
Indolyl (25) 13.40 ± 0.25
OButF6 (9) 13.89 ± 0.26
NO3 (21) 14.15 ± 0.29
Pyr (22) 14.16 ± 0.28
SPh (19) 14.22 ± 0.27
OC6F5 (17) 14.32 ± 0.28
PyrC6F5 (23) 14.33 ± 0.28
PyrC6H3(CF3)2 (24) 14.36 ± 0.28
CN (30) 14.40 ± 0.27
O2CPh (8) 14.45 ± 0.28
NCO (28) 14.51 ± 0.29
NCS (29) 14.86 ± 0.30
Cl (3) 15.05 ± 0.29
Br (4) 15.45 ± 0.30
OTf (5) 15.75 ± 0.29
I (2) 15.80 ± 0.30 −9 ± 5c

aAverage value from at least 3 measurements for the free energy
barrier to rotation. Entropy values were assumed to be −9 cal/mol K
except for 31 where the variable temperature LSA value was used.
bExperimental value from VT LSA. cExperimental value from VT SST.
dSteric effects are quite likely contributing to this LDP. eExperimental
entropy values in cal/mol K. Errors are from the fits to the Eyring
plots.

Figure 5. Space filling model of relatively small chloro 3 (top) and
large indolyl 25 (bottom). The inscribed orange sphere shows the 3.5
Å radius limit.
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The only compound where steric effects seem certain to be
playing a role in the measurement of LDP is NPri2 1. All other
compounds are assumed to have LDPs predominately
associated with the electronic barrier to amido rotation as
there is currently no compelling evidence to suggest otherwise.
Some of the most likely ligands to have unresolved steric effects
are OSiPh3, OBu

t
F6, OAd, N(Me)Ph, indolyl, and carbazolyl,

but all of these have steric metrics below NPri2. If other ligands
do have steric effects on the amido rotational barrier, their
observed LDPs are likely upper limits, and they are electroni-
cally more donating than observed.

VI. Applications and Comparisons with These New
Electronic Parameters. We conclude the Results and
Discussion Section by comparing the LDP data quantitatively
with different systems from the literature. In these types of
applications, the LDP values in Figure 4 and Table 1 are used
much as CO stretching frequencies may be used in alternative
late transition metal applications, as arbitrary numbers (in the
case of LDP inversely) proportional to the donor ability of the
ligand of interest.

A. Comparison of LDPs with pKa Values of the HX
Compounds. First, we investigated if the LDPs found in this

Figure 6. %Vbur for the ligands used in this study. Values are for the percentage volume occupied by the ligand in a sphere of radius 3.5 Å from the
chromium center.

Figure 7. Solid Angle Model from the Solid G program for 25 with
indolyl (green), diisopropylamido (yellow and blue), and nitrido
(red).

Figure 8. Percentage of the chromium coordination sphere shielded, GM(L), from the Solid G program for the ligands used in this study.
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study correlated to the pKa of the substituents used. As shown
in Figure 9, there is no strong relationship. This is to be

expected considering the numerous size and orbital makeup
differences between the proton and the transition metal system
under study.
At best, pKa can give one a sense of the σ-donor ability of the

X ligand when attached to a proton. Perhaps this is the reason
for the linear correlation for pKa and LDP that seems to exist in
the plot between the heavier halides I, Br, and Cl where π-
effects to the metal are likely minimal. However, pKa would be
expected to give no information on π-donor ability, which is
perhaps why fluoride is not on the same line with its heavier
congeners.
Other closely related series, such as the phenoxides (inset in

Figure 9) may show some trend with pKa. However, relating
ligand acidity to ligand donor ability is likely to be of dubious
quality, especially if strong π-effects are present.
B. Phenoxides: An LDP Comparison with Hammett

Parameters. Hammett parameters are a reliable and well-
worn method for examining electronic effects in a variety of
systems with, in large part, para-substitution on an arene.5 To
determine if there was a correlation between LDP and
Hammett σp, we generated the set of para-substituted
phenoxides 10−16. The full range of LDP differences in the
series studied from para-OMe to para-CF3 is 12.14 to 13.00
kcal/mol with errors around 0.25 kcal/mol. While values at the
extremes of this subset are different outside the errors, many of
the values within the series are not distinguishable with these
error limits. However, plotting this series of LDP values versus
the Hammett Parameters (σp) for the substituents shows a
good linear correlation considering the error bars on the LDP
(Figure 10).
C. Evaluation of 13C NMR Chemical Shifts in Tungsten

Metallacycles using LDP. In some cases, spectroscopic data
known to change with donor properties of ligands may be
correlated with LDP. In 2008, our research group published a
study on the reactivity and properties of an unusual class of
metallacycles with tungsten−carbon double bond character.37

Included in this study were NMR spectroscopic data for the
series and reactivity in carbonyl olefination reactions for the
chloride complex with various additives.
The addition of 2 equiv of cyclooctyne to W-

(NAr)2Cl2(DME) results in the formation of W(C8H12
C8H12NAr)(NAr)Cl2 (Figure 11). Substitution of the

chlorides for other X ligands leads to structural changes in
the complexes and changes in the 13C NMR chemical shift of
the carbon bonded to tungsten. These changes may be viewed
as being the result of differing contributions between the
alkylidene-imine (left) and alkyl-amido (right) resonance
forms. In the paper, we simply stated that the values for the
chemical shifts changed as “might be expected” with OEt higher
than O-p-(OMe)C6H4 higher than OC6F5.

37 Whereas, for
chloride and triflate, also included as X ligands in the paper, it
was more difficult to discern their donor properties versus these
alkoxides.
Using the LDP and plotting versus the 13C chemical shifts,

one sees a good correlation between the ligand donor ability as
measured in this work across the available ligand sets in the
tungsten system and the NMR data reported (Figure 11).38

The chemical shifts of the α-carbons in the metallacycles do

Figure 9. Plot of pKa in water versus LDP. The inset is an expansion of
the region containing the phenoxides.

Figure 10. Plot of LDP vs Hammett parameters for the aryloxide
complexes.

Figure 11. Plot of the 13C NMR chemical shift for the carbon directly
bonded to tungsten in W(C8H12C8H12NAr)(NAr)X2 versus
the donor ability of X found in this work with a linear fit.37−8.
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indeed correlate with the donor abilities of the X ligands across
the entire range of compounds produced in the tungsten study.
The linear relationship between LDP and the 13C NMR
chemical shift is exceptionally good (R2 = 0.996).
D. Comparison Between the AOM of Cr(III) Complexes

and the SST Determined Donor Values. In this study, we were
able to include several classic Werner-type ligands and
determine their donor properties in this Cr(VI) system. In
these traditional coordination compounds, the donor properties
are usually determined using visible absorption data in
conjunction with Ligand Field Theory. The values can also
be parametrized using the Angular Overlap Model as σ- and π-
donor energies, eσ and eπ respectively,

39 of individual X.
In Figure 12 is a plot of eσ + eπ for chromium(III) complexes

from the experimentally determined AOM values40 versus the

donor ability of X found in this study, which shows a good
linear correlation between the two parametrization systems.
Also in Figure 12 is a plot of the individual eσ + eπ parameters
versus LDP (bottom). The correlation with either the eσ or the
eπ parameter alone is not nearly as good as their sum.
E. Comparison Values from Electronic Spectra of Cp*2TiX

Complexes. In 1996, Lukens, Smith, and Andersen41 reported a
“π-donor spectrochemical series for X” in Cp*2TiX titanium-
(III) compounds with a large number of X ligands. The study
employed electron paramagnetic resonance (EPR) and
absorption spectroscopy to elucidate the electronic structure

of d1 titanium complexes. Of specific interest in the context of
this paper, Andersen and co-workers report the singly occupied
a1 to b2 energy gap, which “depends directly upon the π-donor
ability of X”. Mach and co-workers have since extended the
system to include additional alkoxide ligands.42

A plot of the energy gap between a1 (approximately
nonbonding)43 and the b2 π-antibonding orbital (ΔExz) in
Cp*2TiX Andersen complexes versus LDP for all X in common
between the two studies is shown in Figure 13 (blue and red

circles). In the case of X = OMe, the value for ΔExz was
correlated with the LDP value for OBn in the plot (blue line).
The obvious outlier is X = N(Me)Ph (red circle), which is well
away from what seems to be a linear correlation between the
Cp*2TiX spectroscopic data and LDP. Andersen and co-
workers centered much of their discussion on the differences
between X = N(Me)Ph and the other compounds, and this is
quite obvious in Figure 13 as well. Also plotted in Figure 13 are
Mach’s data (green squares) on Cp*2TiX, where we used our X
= OAd data for their X = OBut example.
There are several indications that the X = N(Me)Ph in

Cp*2TiX has little or no π-effects to the nitrogen; although
there are indications of agostic effects to the methyl.41 In the
structure from X-ray diffraction, the Cp*(centroid)−Ti−N−
Me average dihedral in the X = N(Me)Ph complex is 86.9°. In
other words, the large N(Me)Ph ligand rests in the plane
bisecting the Cp*−Ti−Cp* unit, and the nitrogen lone pair is
orthogonal to the empty orbital of appropriate symmetry to act
as an acceptor. Consequently, the experimental Ti−N bond
distance is quite long at 2.054(2) Å. This is similar to Ti−
N(pyrrolyl) distances,30 usually a much weaker donor than
N(Me)Ph (vide supra). This distance is also much closer to the
Ti−N single bond distance of 2.07 Å than the TiN distance
of 1.77 Å using Pyykkö’s radii.45 In contrast, Ti−NMe2
distances, where there is a strong dative π-bond, are typically
∼1.90 Å.46

It can be concluded that the lack of correlation for X =
N(Me)Ph is due to a deficiency of π-bonding in the Cp*2TiX
system because of steric effects that do not allow the amido to
reach the electronically preferred geometry, a fact readily seen

Figure 12. Plot of eσ + eπ for chromium(III) complexes from
experimentally determined AOM values versus the LDP for X (top).
Plot of eσ (blue) and eπ (red) parameters versus the LDP for X
(bottom).

Figure 13. Plot of ΔExz in wavenumbers (cm−1) [Andersen data41 (red
and blue circles), Mach’s data42 (green squares)] versus LDP (kcal/
mol) for X. For the data represented by circles, methylcyclohexane was
the solvent. The data represented by green squares were taken in
either hexane (⧧) or toluene (†).44.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202524r | Inorg. Chem. 2012, 51, 1187−12001197



in both the X-ray diffraction study and in correlations with
LDP.
If one examines the X = N(H)Me complex of Cp*2TiX, the

amide is rotated much closer to where maximal overlap with
the π-acceptor orbital (b2) would be possible. The Cp*-
(centroid)−Ti−N−Me dihedral for this compound is 13.2°.
However, the Ti−N bond, 1.955(5) Å, is slightly longer than
the average Ti−NMe2 bond in the CSD database.46 This
lengthened bond may be due to steric clash with the Cp*
ligands.47

Overall, the LDPs correlate fairly well with the Cp*2TiX
spectroscopic data in cases where steric effects are not apparent,
that is, all X ligands in common between the two studies except
for where the X ligand is an amido derivative.

■ CONCLUDING REMARKS

Changing metals, changing formal oxidation state, and other
ligands on the metal can greatly alter donor properties of
ligands. These types of single parameter studies should not
replace full mechanistic and computational studies for systems;
instead, this is a quick technique that will hopefully be useful in
the discussion of properties and mechanisms for metal
complexes at low d-electron counts. If a series of ligands for
a particular system correlate well to LDP and one does not, it
might indicate steric influences, hapticity differences between
the chromium system here and the system under study, or
other effects are important for that particular compound (for an
example see X = N(Me)Ph in Section VI E above). If the
system under study does not correlate at all with LDP, there are
any number of possible explanations ranging from differences
in ligand donor properties, differences in metal acceptor
properties, steric interactions, or simply a lack of correlation of
the property being measured with ligand donor ability.
In the last segment of the Results and Discussion Section, we

attempted to correlate these new LDP values with data from
the literature. In the cases discussed above, the values that do
correlate, i.e., those other than pKa, did so linearly. It should be
kept in mind, however, that there is no reason to assume that all
correlations between LDP parameters and data determined
using numerous techniques on various systems will always be
linear. In addition, more involved methods than the single
parameter %Vbur and Solid Angle methods may be required for
accurate comparisons of sterics in some systems as well.
The absolute values above consititute our current best

evaluations of these ligands. Improved techniques and
instrumentation for the determination of ligand donor abilities
in this system may lead to improved values in the future.
There are obvious ligand types that would be useful to

include in a series of this type that have not yet been prepared
for parametrization of their donor properties. We are
continuing to expand the series presented here. Current plans
include the characterization of cationic chromium(VI) nitrido
systems with neutral X ligands and a selection of organometallic
ligands, which are being prepared for evaluation.
Parameterizations of this type have seen some historical

success in explaining reaction mechanisms and trends in
reactivity. For example, Basolo, Pearson, Burdett, and many
others have used the Angular Overlap Model extensively in this
regard especially for later transition metal systems.48 It is hoped
that this method of ligand parametrization will be useful in
catalysis studies ongoing in our group and others on high valent
metal complexes.
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