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ABSTRACT: We describe new compounds of stoichiometry M-
(CH,NMe,BH;); (M = Ti, Cr, and Co), each of which contains
three chelating boranatodimethylaminomethyl (BDAM) ligands. In all
three compounds, the BDAM anion, which is isoelectronic and
isostructural with the neopentyl group, is bound to the metal center
at one end by a metal—carbon o bond and at the other by one three-
center M—H—B interaction. The crystal structures show that the d'
titanium(III) compound is trigonal prismatic (or eight-coordinate, if
two longer-ranged M---H interactions with the BHj; groups are
included), whereas the d* chromium(III) compound and the d°
cobalt(IlI) compounds are both fac-octahedral. The Cr and Co
compounds exhibit two rapid dynamic processes in solution: exchange
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between the A and A enantiomers and exchange of the terminal and bridging hydrogen atoms on boron. For the Co complex, the
barrier for A/A exchange (AG*,95 = 10.1 kcal mol™) is significantly smaller than those seen in other octahedral cobalt(III)
compounds; DFT calculations suggest that Bailar twist and dissociative pathways for A/A exchange are both possible mechanisms.
The UV—vis absorption spectra of the cobalt(II) and chromium(III) species show that the ligand field splittings A, caused by the
M-—H-B interactions are unexpectedly large, thus placing them high on the spectrochemical series (near ammonia and alkyl
groups); their nephelauxetic effect is also large. The DFT calculations suggest that these properties of M—H—B interactions are in
part a consequence of their three-center nature, which delocalizes electron density away from the metal center and reduces electron—
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electron repulsions.

B INTRODUCTION

Metal compounds containing borohydride (BH,”) ligands
have been the focus of much research'™ owing to their
applications or potential applications in catalysis,” * micro-
electronics,” and energy storage.”'® Although borohydride
compounds are known for almost all of the transition elements,
they remain relatively scarce for metals late in the transition
series, in part because these metals are relatively easily reduced
and the borohydride anion is a reasonably strong reductant.
Essentially, all known late transition metal borohydride
compounds contain ancillary ligands (especially carbon
monoxide, phosphines, and olefins) that stabilize the metals
with respect to reduction to the zerovalent state. Among these
late transition metal borohydride compounds are some in
which the borohydride groups are incorporated into chelating
ligands of the type L-BH; (often, L is attached to the
borohydride unit by means of some intervening atoms), where
L is a Lewis base such as a phosphine,''™"* chalcogen,">~"*
carbene,” pyrazole,"”*° or amide group.

Relatively little is known about the ligand field properties of
borohydride ligands. Borohydrides are known to interact with

© 2023 American Chemical Society

7 ACS Publications

metals exclusively as o-type donors,”*** but the donor ability
of the B—H bond relative to other kinds of (more classical)
Lewis bases remains unclear. M—H—B bonds have sometimes
been alluded to as strong interactions'**** and sometimes as
weak interactions.'*!7>12%%7

Here, we describe the synthesis and characterization of new
organometallic borohydride compounds of stoichiometry
M(CH,NMe,BH;);, where M = Ti, Cr, or Co. The
boranatodimethylaminomethyl (BDAM) ligand is isoelectronic
with the neopentyl anion, but unlike neopentyl (which is
invariably a unidentate ligand),”**’ the BDAM group can
readily bind to a metal center in a bidentate fashion: at one end

through an sp>-hybridized alkyl donor and at the other through
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a BH; group, the hydrogen atoms of which bear a partial
negative charge owing to the electronegativity difference
between B and H. The M(BDAM); compounds of Co and
Cr are octahedral tris(chelate) complexes, and investigations of
their dynamic behavior and spectroscopic features, combined
with computational studies, have enabled us to compare the
ligand field properties of the M—H—B bond with those of
more classical Lewis bases. Somewhat surprisingly, we find that
the B—H group is a strong field ligand, comparable with
ammonia and alkyl groups, and thus remarkably high on the
spectrochemical series.

B RESULTS AND DISCUSSION

Synthesis and Characterization of M(BDAM); Com-
pounds. In 2002, Peters reported that trimethylamine-borane
can be deprotonated with n-butyllithium in tetrahydrofuran to
afford (boranatodimethylaminomethyl)lithium, Li-
(CH,NMe,BH;)-thf (1).>° Although air- and moisture-
sensitive, this reagent can be prepared on a large scale (10
g) and stored at room temperature. It is soluble in organic
solvents, including diethyl ether, thf, benzene, and toluene.

We find that treatment of TiCl, with 4 equiv of 1 in diethyl
ether at —78 °C results in a blue solution, from which blue
prisms can be isolated by crystallization from pentane (Scheme
1). This titanium(III) complex, Ti(BDAM),; (2), where
BDAM = boranatodimethylaminomethyl, is sensitive to air
and moisture and is also thermally sensitive; it must be kept at
0 °C during manipulations to minimize decomposition. The
reduction of Ti** to Ti’* probably involves reductive

Scheme 1. Synthesis of M(CH,NMe,BH;); Compounds
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elimination of H, from a titanium(IV) hydride intermediate;
this same reduction is also effected by BH,™.>"*” Interestingly,
we have been unable to prepare 2 by treating TiCl,(thf), with
3 equiv of 1.

Treatment of CrCly(thf); with three equiv of 1 at 0 °C in
diethyl ether results in a red solution from which deep red
needles of Cr(BDAM); (3) can be obtained by crystallization.
Solid samples of 3, which can be sublimed at ~60 °C under a
vacuum, are stable under an atmosphere of argon for weeks. In
solution, 3 is stable for hours under argon but decomposes
immediately upon exposure to air.

Similarly, Co(acac), reacts readily with three equiv of 1 at 0
°C in diethyl ether to produce a yellow-orange solution from
which orange crystals can be obtained either by crystallization
or by sublimation at ~60 °C. The product, Co(BDAM); (4),
which can be isolated in yields of 10—25%, is stable under
argon for hours in solution at room temperature and for
months as a solid. In air, solutions and solid samples of 4
decompose over the course of hours. We can also synthesize 4
by adding lithium reagent 1 to cobalt(II) starting materials
such as CoBr,; only the cobalt(IlIl) compound 4 (and no
cobalt(II) products) is obtained even if these latter reactions
are carried out in the presence of chelating Lewis bases such as
1,2-dimethoxyethane (dme) or N,N,N’,N’-tetramethylethyle-
nediamine (tmed).

Compounds 2—4 are moderately soluble in pentane and
readily soluble in diethyl ether, thf, benzene, and toluene.

Crystal Structures of the M(BDAM); Compounds.
Crystal data and refinement parameters for 2—4 are given in
Table S1, and relevant bond distances and angles are
summarized in Table 1. In all three crystal structures (Figure
1), hydrogen atoms attached to boron were located in the
difference maps, and their positions were refined.

Table 1. Selected Distances and Angles for the
M(CH,NMe,BH,), Compounds®”

2 3 4
M-H (&) 2.07(2),% 2.52(2)¢ 1.96(1) 1.76(2)
M---B (A) 2.618(2); 2.692(2)% 2.747(1) 2.580(1)
M-C (A) 2.191(2) 2.077(1) 1.942(1)
M—H-B (deg) 105(1); 109(1)¢ 119(1) 121(1)
H-M-H (deg) 77.8(8) 86.8(6) 87.1(7)
C—M—C (deg) 95.43(8) 96.07(4) 93.60(5)
C-M-H_" (deg) 80.3(4) 85.8(5)
C—M-H," (deg) 97.6(4) 95.9(5)
C—M—H,,,, (deg) 166.1(4) 172.2(5)

“Some of the values given are averaged over chemically equivalent
bonds. bIntraligand angle. “Interligand angle. 9Hydrides on a vertex of
the trigonal prism. °Semibridging hydrides. /k'S-BH,. $k'-BH,.

Displacement of boron atoms from the plane formed by the metal,
carbon, and nitrogen atoms of a BDAM ligand.

In titanium compound 2, the BH; group of one of the three
BDAM ligands binds to Ti in a k' fashion, but the BH; groups
in the other two BDAM groups bind in a fashion that is
intermediate between «' and x*: each BH; group forms one
short and one longer “semibridging” Ti—H interaction (see
Supporting Information for details). If we ignore the
semibridging Ti—H interactions, the Ti center is six-
coordinate, and its geometry is best described as a distorted
trigonal prism. This nonoctahedral geometry is expected for a
d" ion bound to ligands that are exclusively 6-bonding (if the
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Figure 1. Molecular structures of Ti(CH,NMe,BH};); (2), Cr(CH,NMe,BH}); (3), and Co(CH,NMe,BH};); (4). Ellipsoids are drawn at the 35%
probability level, except for the hydrogen atoms, which are represented as arbitrarily sized spheres. Dashed lines indicate semibridging interactions.
Hydrogen atoms bound to carbon have been omitted for clarity.
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Figure 2. (a) X-band EPR spectrum of Ti(CH,NMe,BHj,);, 2, as a frozen solution in toluene at 77 K (black) and its computed simulation (red).
Experimental parameters: 9.417715 GHz microwave frequency, 2.000 mW microwave power, and 2.0 G modulation amplitude. Simulation
parameters: g = {1.942, 1.942, 1.994}, line width = 3.7 G, anisotropic residual line width = {68, 68, 43} MHz. (b) X-band EPR spectrum of
Cr(CH,NMe,BH,),, 3, as a frozen solution in toluene at 77 K (black) and its computed simulation (red). Experimental parameters: 9.418895 GHz
microwave frequency, 7.962 mW microwave power, and 10.0 G modulation amplitude. The variation of the baseline noise as a function of B is an
instrumental artifact. Simulation parameters: g = {1.978, 1.978, 1.980}, D = 22,175 MHz, E/D = 0.041, line width = 20 G, anisotropic residual line

width = {1318, 1315, 250} MHz.

ligands had s-donor character, the coordination geometry
would be octahedral).* If the two additional semibridging Ti—
H interactions are included, the coordination geometry of
compound 2 is a distorted eight-coordinate bicapped trigonal
prism.>* The ability of titanium(III) to form these additional
interactions is not unexpected because there are eight empty
valence orbitals in a d' ion. Similar semibridging M—H-B
interactions have been noted in the aminoborane complex
(L)Ag(x'"*-BH;NMe;) (L = 2,6-bis-[1-(2,6-
diisopropylphenylimino)ethyl ]pyridine), in which one of the
M—H-B interactions is ~0.2 A shorter than the other.”

The chromium(III) and cobalt(IIl) compounds 3 and 4 are
isomorphous with one another: both compounds can be
considered as having six-coordinate fac-octahedral geometries
with idealized 3-fold symmetry (C; point group), in which
three carbon atoms and three hydrogen atoms (or B—H units)
form the six ligating groups. In these compounds, all three BH;
groups clearly interact with the metal in a k' fashion through
one bridging hydrogen atom (Figure 1). The absence of

23587

semibridging interactions in these d* and low-spin d°
compounds is a consequence of the availability of only six
empty valence orbitals on the metal center vs eight for
titanium (I11).

The M—C and M---B distances in compounds 2—4 generally
fall in the range of those reported for similar organometallic
and borohydride compounds. For a detailed discussion of
these structural comparisons, see Supporting Information.

IR Spectra of the M(BDAM); Compounds. The IR
spectra of the M(BDAM); compounds display characteristic
B—H stretching bands for metal-bound borohydride groups,
which lie between ~1800 and 2600 cm™" (Figure S10). For
titanium compound 2, the absorptions in this region are not
well resolved into distinct sets of bands due to bridging and
terminal B—H stretches (as is usually the case), likely due to
the presence of the semibridging B—H groups as discussed
above. The calculated B—H stretching frequencies of 2
(UB3LYP/def2-TZVPP) fall into three distinct groups
separated from one another by ~100 cm™" (Figure S19). In

https://doi.org/10.1021/jacs.3c07336
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order of increasing frequency, these bands are the symmetric
and antisymmetric stretching modes of (1) bridging B—H
bonds, (2) semibridging B—H bonds, and (3) terminal B—H
bonds. This ordering is in agreement with the expectation that
the B—H stretching frequency should increase as the Ti—H
interaction becomes weaker. The spectra of the cobalt and
chromium compounds 3 and 4 are similar to one another and
differ from the spectrum of 2: they display two distinct sets of
bands in the B—H stretching region due to the stretching
modes of bridging (lower frequency) and terminal (higher-
frequency) B—H bonds.*

It has previously been suggested that a larger frequency
difference between the bridging and terminal B—H stretches of
a borohydride group indicates a stronger interaction with the
metal center (ie., greater weakening of the bridging B—H
bonds and greater strengthening of the terminal B—H
bonds).””*® The frequency difference of ~400 cm™ in
compounds 2—4 is greater than the ~100—250 cm™'
difference typlcally seen for borohydrlde complexes of
lanthanide®® and alkaline earth®”*" metals but is similar to
the ~300—500 cm™" difference typically seen for borohydride
complexes of the transition metals.*' This comparison suggests
that the metal-borohydride interactions in these compounds
are relatively strong. This conclusion is relevant to the
interpretation of the UV—vis spectra, which is discussed below.

EPR Spectra of Ti(BDAM); and Cr(BDAM);. The EPR
spectra of the paramagnetic titanium and chromium
compounds 2 and 3 were collected as frozen toluene solutions
(Figure 2). The EPR spectrum of the § = 1/2 titanium
compound 2 can be simulated with an axially restricted g
tensor of {g, = 1.942, g = 1.994}, a Gaussian line width of 3.7
G, and an axially restricted anisotropic residual line width
tensor of {68, 68, 43} MHz. Hyperfine coupling to *'Ti (I =5/
2, 7.75% abundant) or ¥Ti (I = 7/2, 5.51% abundant) is not
clearly present. The axial nature of the spectrum is consistent
with the crystal structure of 2, whose coordination geometry
approximates to a trigonal prism; the values of g, = 1.942 and
gl = 1994 are similar to those of other titanium(III)
compounds with axial symmetry.**~**

For the § = 3/2 compound 3, the relevant spin Hamiltonian
is H = yp B-.g:S + D[S,> — 1/35(S + 1) + A(S,% — S,")], where
g is the Bohr magneton, B is the magnetic field vector, g is the
electronic Landé g-tensor, S is the electronic spin operator
(and S is the spin quantum number), D is a zero-field splitting
parameter, and A is a symmetry parameter that can vary from
zero for axial symmetry to one-third for maximum possible
rhombic symmetry. The EPR spectrum of 3, which contains a
broad signal at ¢'; &~ 4 and a weaker signal at g’y = 2,
resembles those of other S = 3/2 six-coordinate chromium(III)
alkyls with large values of D and little rhombicity (4 ~ 0).*
The small peak at ¢ & 6 can be attributed to the formally
forbidden Am, = 3 transition, which becomes weakly allowed
as A deviates from zero.*

The experimental spectrum of 3 can be successfully
simulated with an axially restricted g tensor of {g, = 1.978,
g = 1.980}, a symmetry parameter A of 0.041, a Gaussian line
width of 2.0 G, and an axially restricted anisotropic residual
line width tensor of {1315, 1315, 250} MHz. For this system,
the EPR spectrum at field strengths up to 10,000 G is
essentially insensitive to the exact magnitude of the zero-field
splitting parameter D if |DI is large; for 3, we can determine a
lower limit of IDI > ~ 20,000 MHz (i, 1.5 cm™). The
nonzero symmetry factor of 0.041 and the weak intensity of the

feature at ¢’ & 6 both are consistent with a slight deviation
from axial symmetry.

Variable Temperature NMR Spectra of M(BDAM);
Compounds (M = Cr, Co). Even though the chromium
and cobalt compounds 3 and 4 have kinetically inert pseudo-
octahedral d® and low-spin d® electron configurations,
respectively, they both exhibit dynamic processes in solution,
as shown by their NMR spectra. We will defer our discussion
of chromium compound 3 to a later section because its
paramagnetism complicates the analysis of its dynamic
behavior.

For the diamagnetic cobalt compound 4, we expect to see
three '"H NMR resonances for the BH; groups (one for the
bridging H atom and two more for the diastereotopic terminal
H atoms), but instead at room temperature (Figure 3), all
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Figure 3. (a) '"H NMR spectra of Co(CH,NMe,BH,);, 4, at 20 °C
(top) and —109 °C (bottom) in CDFCL,. (b) C{'H} NMR spectra
of Co(CH,NMe,BH;);, 4, at 20 °C (top) and —109 °C (bottom) in
CDECL,.

three hydrogen atoms give rise to a single BH; resonance
(verified by integration). In the crystallographically determined
fac-octahedral structure of 4, the two hydrogen atoms of each
CH, unit and the two methyl groups of each NMe, unit are
diastereotopic, but the room-temperature "H NMR spectrum
displays only one CH, and only one NMe, resonance (Figure
3). Similarly, the "C{'H} NMR spectrum of 4 at room
temperature displays only one NMe, resonance instead of two
(Figure 3); there is also a broad resonance for the CH, carbons
(to be discussed in more detail below).

The observations above suggest that the cobalt compound 4
undergoes two dynamic processes in solution: (1) BH,
rotation that exchanges the terminal and bridging B—H
hydrogen atoms, and (2) A/A racemization that exchanges

https://doi.org/10.1021/jacs.3c07336
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the diastereotopic NMe, methyl groups and CH, hydrogen
atoms.

These dynamic processes can be slowed (and decoalescence
observed) at lower temperatures. At —109 °C, the 'H NMR
spectrum of 4 contains two broad BH; resonances near 6 1.6
and —8.5 (with intensities in a 2:1 ratio), corresponding to the
terminal and bridging B—H hydrogen atoms, respectively, in
addition to two equal-intensity NMe, resonances and two CH,
resonances (one of which lies under the NMe, peaks). At
—109 °C, the “C{'H} NMR spectrum of 4 displays
resonances at 6 58.5 and 53.9 for the two diastereotopic
NMe, carbon atoms and one resonance near ¢ 52 for the CH,
carbon atoms bound to cobalt (Figure 3). Both the 'H and
BC{'H} NMR spectra at low temperature are consistent with
the solid-state structure of 4, although the diastereotopic
terminal B—H hydrogen atoms evidently have the same 'H
NMR chemical shift by accident. The "H NMR chemical shift
of 0 —1.6 for the BH; group at room temperature is nearly
identical with that of 6 —1.7 for the weighted average of the
bridging and terminal B—H chemical shifts in the slow
exchange regime.

Computer simulations (WinDNMR*®) of the variable-
temperature 'H and "*C{'H} NMR line shapes of 4 afford
rates for the two exchange processes (Figures 4 and 5). An

-49 °C

-55°C

-73°C

-76 °C

-79°C

-85°C

-91°C

-97 °C

-103°C

2 0 -2 -4 -6 -8 -10
ppm

Figure 4. Variable-temperature '"H NMR spectra of BH; resonances
of Co(CH,NMe,BH,),, 4, (red), and overlaid simulated spectra
(black) at each measured temperature.

Eyring plot of the BH; rotation rate at nine different
temperatures between —103 and —49 °C gives the activation
parameters AHY = 7.4 + 0.4 kcal mol™" and AS* = —6.8 + 2.3
cal'mol "K' (Figure S12 and Table 2). These parameters
correspond to a free energy of activation of AGF =94 + 0.1
kcal mol™! at 298 K.*’

The A/A racemization rate of 4 was determined through
analysis of the line shapes of '"H NMR resonances for both the
NMe, and CH, groups, as well as of the “C{'H} NMR

resonances of the NMe, groups, at selected temperatures
between —109 and —58 °C (Figure $). Fitting the measured
rates to the Eyring equation gives AH* = 6.5 + 0.4 kcal mol ™,
AS* = —11.8 + 2.4 cal mol™' K™}, and AG¥,4 ¢ = 10.1 + 0.1
keal mol™! from the '"H NMR data, and AH¥ = 6.4 + 0.5 kcal
mol ™, AS¥ = —11.9 + 2.7 cal mol™! K™ and AG¢298 =10.0 +
0.1 kcal mol™" from the *C{'H} NMR data (Figure S13 and
Table 2). These values agree well with each another.

We attribute the narrowing of the *C{'"H} NMR resonance
near 6 52.7 for the CH, group of compound 4 at lower
temperatures (Figure 5) to a thermal decoupling of *’Co and
BC nuclei due to the temperature-dependence of the
quadrupolar relaxation rate™®™>' of cobalt atoms (**Co has I
= 7/2 and 100% natural abundance, see Supporting
Information for further discussion).

The chromium(III) compound 3 appears to undergo similar
dynamic processes in solution, but its paramagnetism
complicates the exact determination of rates from variable-
temperature 'H NMR line shapes. However, the barrier for A/
A racemization can be estimated (see Supporting Informa-
tion), giving AG¥ &~ 6 kcal mol™" at —109°; this activation
energy for 3 is similar to the AG* value of 8.4 kcal mol™ seen
for the cobalt compound 4.

DFT Studies of the Mechanism of the BH; Rotation
Process in Co(BDAM);. Two mechanisms for BH; rotation
are plausible: (1) a dissociative mechanism in which the «'-
BH; groups dissociate, rotate, and reassociate, and (2) a
nondissociative mechanism in which the x'-BH; groups rotate
in place via a K transition state, in which the cobalt center is
seven-coordinate. The small negative entropy of the activation
parameter is more consistent with the nondissociative
mechanism. This conclusion is supported by DFT calculations
(see Supporting Information for details), which show that the
K> transition state (Figure S20) corresponding to the
nondissociative rotation of one BH; group has a relative
energy of 7.6 kcal mol™" at 298 K. The nondissociative nature
of this process is shown by the Co---B distances in TS, of 2.61
(x*), 2.62 (x'), and 2.66 (k') A, which are all very similar
(Table S4). The BH, rotation barrier in 4 of 7.6 kcal mol™" is
in good agreement with those of 7.6 and 7.0 kcal mol™" in
Cr(CO)s(BH;NMe;) and CpMn(CO),(BH;PMe;), respec-
tively, both of which proceed (accordin% to DFT studies)
through seven-coordinate transition states. >

DFT Studies of the Mechanism of the A/A
Racemization Process in Co(BDAM);. Octahedral cobalt-
(III) compounds almost always have large activation free
energies for the A/A racemization process; in fact, most are
stereochemically rigid on the NMR time scale (and even on
the chemical time scale).”™>° To our knowledge, the only
exceptions to this generalization are cobalt tris(tropolonate)
and tris(dithiocarbamate) complexes, in which the ligands
potentially are electronically non-innocent; these complexes
have activation free energies AG™ of between 14 and 15 kcal
mol ™ at either 5 or 25 °C.>**"*® As shown from the variable
temperature NMR studies above, BDAM complex 4 has by far
the smallest A/A racemization barrier (AG¥ = 10.1 kcal mol™
at 25 °C) seen for any octahedral cobalt(III) complex.

For cobalt(Ill) tris-chelate coordination compounds, two
commonly invoked A/A racemization mechanisms are
dissociative processes (in which one metal—ligand bond is
broken to afford a five-coordinate intermediate) and non-
dissociative twist processes (there are two variants of twist
mechanisms: the Bailar twist and the Ray-Dutt twist). Small

https://doi.org/10.1021/jacs.3c07336
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Figure 5. Variable-temperature 'H (left) and *C{'H} (right) NMR spectra of methyl and methylene resonances of Co(CH,NMe,BH,);, 4, (red),
and overlaid simulated spectra (black) at each measured temperature. The nonexchanging peak at & 52 in the "*C{'"H} NMR spectrum is the Co-

CH, resonance.

Table 2. Activation Parameters Measured for Dynamic
Processes in Co(CH,NMe,BH,);, 4

AGHy5ex AS*
(keal mol ™) AH¥ (keal mol™) (cal'mol %K)
BH; rot. 9.4 + 0.1 74 + 04 —6.8 +23
A/A? 10.1 + 0.1 6.5 + 0.4 —11.8 + 24
A/AY 10.0 + 0.1 64 + 0.5 —-11.9 + 2.7

“Measured from variable-temperature "H NMR data. “Measured from
variable-temperature *C{'H} NMR data.

positive entropies of activation are indicative of dissociative
mechanisms, whereas small negative entropies of activation are
indicative of nondissociative twist mechanisms.”>>’ For 4, the
negative entropy of activation (—11.8 + 2.4 cal mol™' K™") for
the A/A racemization is more consistent with a non-
dissociative mechanism.

For compounds 2, 3, and 4, the crystallograpically
determined face twist angles are 3.8, 45.1, and 51.3°
respectively.”” The geometry of the titanium complex is clearly
close to the ideal twist angle of 0° for a trigonal prism, whereas
the geometries of the chromium and cobalt complexes are
octahedral but twisted by 10—15° away from the ideal angle of
60°. For the chromium and cobalt compounds 3 and 4, the
deviations of the twist angle away from their ideal indicate that
a twist mechanism—and in particular a Bailar twist®® — could
be responsible for the racemization of the M(BDAM),
compounds.

We have used DFT calculations to analyze the mechanism
by which 4 racemizes (see the Supporting Information for
details). In the following discussion, we use the symbols A and
A to indicate the overall handedness of the molecule and the
symbols 6 and A to indicate the ring conformation of an

individual ligand (the BDAM ligands are nonplanar and can be
puckered in two ways).

Although most A/A racemizations of low-spin cobalt(III)
complexes are nondissociative and take place by a Bailar twist,
the DFT studies suggest that the lowest energy racemization
pathway of 4 is more complicated than this (Figure 6).
Beginning from the A enantiomer, the first step in this pathway
(Figure 6, TS,) involves the dissociation of one BH; group
(ie., from &' to k% the calculated Co---B distance increases
from 2.62 to 3.14 A), while at the same time, another BH,
group changes from k' to k* (its Co---B distance decreases
from 2.62 to 2.40 A). The third ligand remains «'-BH; but
inverts to a A conformation owing to a twisting motion that
resembles a Bailar twist. The calculated value of AG¥ = 11.8
kcal mol ™ for TS, is in agreement with the measured value of
the racemization barrier of AG¥ = 10.1 kcal mol™'. The low
barrier for this dissociative process reflects the fact that the
breaking of one M—H interaction (i.e., one BH; group changes
from «' to k°) is compensated for by the simultaneous
formation of another M—H interaction (i.e., another BH,
group changes from k' to «*). Similar k' to x* hemilability of
borohydride ligands has also been observed in a compound
containing a chelating phosphinoboranate ligand."

This first step affords a six-coordinate pseudo-octahedral
intermediate in which the cobalt atom is bound to the carbon
atoms of all three ligands, to one k'-BH; group, and to one k-
BH; group; the third BDAM ligand is bound in a unidentate
fashion (i.e., with a K>-BH; group). After passing through TS,,
the complex can arrive at either of two intermediates: one in
which the kX’ BH; group remains near the bound BH; groups
(INT,, AG = 6.1 kcal mol™) or another in which rotation
about the C—N bond brings one of the nitrogen-bound methyl
groups near the bound BH; groups (INT,, AG = 7.6 kcal

https://doi.org/10.1021/jacs.3c07336
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Figure 6. (top) Gibbs free energy diagram for the dissociative racemization pathway of Co(CH,NMe,BHj,);, 4. k" indicates a BH; group bound to
Co through 7 bridging hydrides. Primes indicate mirror images. (bottom) Molecular structures and calculated relative free energies (kcal mol™") of
intermediates and transition states found for the dissociative racemization pathway of Co(CH,NMe,BHj,);, 4. All calculations were performed at
the B3LYP/def2-TZVPP level of theory at 298.15 K, and energies were obtained employing a solvent field correction (chloroform, & = 5.34). All
free energies are reported relative to the ground-state DFT-optimized structure of 4.

mol™"). From INT; or INT,, structural rearrangements must
occur, ultimately reaching INT,” or INT," of the opposite
handedness, in order for reassociation of the ” BH; group (via
TS,') to result in racemization. These rearrangements consist
of conformational changes of the dissociated ligand combined
with an exchange process in which the k'-BH; group becomes
k* while the x*-BH; group becomes «'. Both processes are
calculated to have low activation barriers: the ligand can
change its conformation from INT, to INT; via a transition
state (TS;) with AG* = 4.0 kcal mol™), and the k' « &
exchange from INT; to INT," proceeds through a transition
state (TS,) with AG* = 2.5 kcal mol™! (Figure 6).

The A/A racemization of 4 can also take place by a pure
twist mechanism, although the computed barrier for this
process is somewhat higher (Figure 7), and even this pathway
involves a step having dissociative character. Initial attempts to
locate a nondissociative transition state with Cj;, symmetry
(ie, a trigonal prism with three planar «'-BH; ligands
corresponding to a classical Bailar twist) invariably diverged
into structures of lower symmetry with puckered conforma-
tions of the ligands. Calculations show that conversion of the
A-666 ground state to its A-AA4 enantiomer does not occur in
one concerted movement, but instead, the inversions of the
ligand conformations and the Bailar twist occur in separate
steps. Starting from the A-606 ground state, one ligand inverts
to give a A-158 intermediate with a computed barrier of AG*
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2.1 kcal mol™ (TSg in Figure 7). Subsequent ligand
inversions (which should have similarly low barriers) give the
A-AAZ intermediate (INT, in Figure 7), which lies only 3.7
kcal mol™" above the ground state. We found that this A-144
intermediate can convert into the A-A44 ground state structure
(which is the enantiomer of the A-568 starting point) via a C;
symmetric transition state (TS, in Figure 7). This transition
state involves a Bailar-twist motion of the inner coordination
sphere, in which the puckering conformations of the three
individual ligands are retained. In addition to the twisting
motion, all three Co—H bonds lengthen from 1.75 A in the
ground state (and 1.73 A in INT,) to 2.04 A in TS, (Table
S4). Thus, the twisting motion from the A-A14 intermediate to
the final A-A44 structure has considerable dissociative
character.

This A-066 = A-106 = A-AA6 = A-AAA = A-AAA pathway,
paired with its mirror image A-AAA = A-0A4 = A-004 = A-
060 = A-660, satisfies the principle of microscopic
reversibility. The calculated overall barrier for this non-
dissociative process, AG* = 14.5 kcal mol™, is only slightly
higher than the 11.8 kcal mol™" calculated barrier for the
dissociative mechanism that involves breaking the Co—H bond
of a single BDAM ligand; the similarity in the barriers (to one
another and to the measured value of 10.1 + 0.1 kcal mol™")
suggests that both mechanisms may occur in solution.”*

https://doi.org/10.1021/jacs.3c07336
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Figure 7. Top: Gibbs free energy diagram for the pseudotwist
racemization pathway of Co(CH,NMe,BH,);, 4. A/A indicates the
handedness of the molecule; 6/4 indicates the conformation of
individual ligands. Bottom: molecular structures and calculated
relative free energies (kcal mol™) of intermediates and transition
states found for the pseudotwist racemization pathway of Co-
(CH,NMe,BH;);, 4. All calculations were performed at the B3LYP/
def2-TZVPP level of theory at 298.15 K, and energies were obtained
employing a solvent field correction (chloroform, & = 5.34). All free
energies are reported relative to the ground-state DFT-optimized
structure of 4.

Finally, we point out that the negative entropy of activation
measured experimentally for this A/A racemization process is
probably consistent with both of the mechanisms discussed
above. Both mechanisms involve steps that combine associative
and dissociative character and that simultaneously add and
subtract degrees of freedom.

Ligand Field Properties of Cr(BDAM); and Co-
(BDAM);. The pseudo-octahedral geometries of the
chromium(III) and cobalt(IIl) boranatodimethylaminomethyl
compounds provide an opportunity to measure the ligand field
strength of the BDAM ligand by analysis of their UV—visible
absorption spectra. The UV—vis spectrum of the chromium
compound 3 contains two bands at 404 and 485 nm (Figure
8), with molar absorption coefficients of 720 and 330 M~
cm™' that are similar to the values of 100 M~ cm™ typically
seen for spin-allowed, Laporte-forbidden d—d bands in
chromium (I1I) complexes.6 765 The absence of detectable
splittings in the d—d bands indicates that the crystal field
symmetry of 3 does not deviate significantly from octahedral,
so that the 3d orbitals can still be grouped into near-degenerate
sets of effective t;, and e, symmetry. Accordingly, we treat 3
(and the isostructural cobalt analogue 4) as belonging to the
Oy, point group in the following section.

For octahedral d® ions, there are three spin-allowed
electronic transitions: two of these, 4A2g - 4ng and 4AZg -
4T1g(F), are typically in the visible region, whereas the third
transition, *A,, = *T,(P), is typically in the UV. According to
ligand field theory,** the lowest energy transition 4AZg - 4ng
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Figure 8. UV—vis absorption spectrum of Cr(CH,NMe,BH,);, 3, in
diethyl ether.

has an energy given by A, where A is the octahedral splitting
(sometimes called 10Dq). From the location of the lowest
energy band for 3 at 485 nm, we can directly determine that
A, = 20,600 cm™".

The d-orbital field splitting A, = 20,600 cm™ for 3 is
compared with the A, values for other chromium(III)
complexes in Table 3. In interpreting the values, we assume
that the d-orbital splitting of an unsymmetrical tris(chelate)
complex M(XY); is the average of the splittings of the related
M(XX); and M(YY); complexes having symmetrical chelating
ligands® and that the total splitting is the sum of the splittings
caused by each of the six coordinating groups. The results
suggest that the splitting caused by the BDAM ligand (i.e., the
combined splitting caused by the two ends of the chelate) is
similar to that of two alkyl groups. This result in turn shows
that the ligand field splittings induced by borohydride ligands
are similar to those caused by alkyl groups, which are
considered to lie near cyanide, ie. relatively high in the
spectrochemical series.®®

This conclusion is unexpected because three-center-two-
electron M—H—B interactions are frequently considered to be
weak.'>!7212627 The field strength of a ligand is larger if it is a
strong 7-acceptor (so it stabilizes the t,, orbitals of an
octahedral complex) or a strong o-donor (so it destabilizes the
e, orbitals of an octahedral complex) or both. Borohydride
ligands are certainly not m-acceptors and are not generally
considered to be strong o-donors, so the high ligand field
strength of the BDAM ligand is somewhat surprising.

It is of interest to determine whether BDAM also serves as a
strong field ligand for cobalt(III). The absorption spectrum of
4 (Figure 9) contains two bands at 352 and 442 nm, with
molar absorptivity coefficients (¢ =430 M™' cm ™" at 352 nm, &
=270 M™' cm™" at 442 nm) that are comparable to those seen
for other cobalt(III) complexes.**’

We assign the two bands to the spin-allowed 1Alg - T,
and lAlg - lTlg transitions typically seen for low-spin d

cps 64 .
transition metal complexes,”” and these assignments were
confirmed by a simulation of the spectrum with time-
dependent density functional theory (TD-DFT). The calcu-
lated natural transition orbitals (NTOs) for the relevant states
confirm that the features centered at 352 and 442 nm are, in

https://doi.org/10.1021/jacs.3c07336
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Table 3. Ligand Field Parameters for Various Octahedral Low-Spin Chromium(III) and Cobalt(III)* Complexes

cmpd A, (em™) ref cmpd
Crly 11,700 68 Co(acac);
[Cr(H,0)]** 17,400 69 [Co(NH;)¢]**
[Cr(CCSiMes)q]>~ 20,200 70 [Co(en),]**
Cr(BDAM), 20,400 this work [Co(bpy);)**
[Cr(CH;)6)> 20,800 63 Co(BDAM),
[Cr(NH;)¢]** 21,600 69 [Co(CN)4]>~
[Cr(CN)¢*~ 26,600 62

A, (em™) B (ecm™)? C (em™) ref
19,210 480 3590 67
23,430 580 3550 67
23,950 500 3640 67
24,480 560 3900 67
24,760 410 2960 this work
34,160 510 3080 67

“Ligand field parameters for all cobalt(III) complexes were determined through observation of at least one spin-forbidden transition and calculated

through full matrix diagonalization. bB(free Co™ ion) = 1100 cm™".
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Figure 9. Overlay of experimental spectrum of Co(CH,NMe,BHj,);,
4, (black) with simulated spectrum (red, Gaussian peak shapes with
fwhm = 0.37 eV) and relevant oscillator strengths (blue) from TD-
DFT calculations at the B3LYP/def2-TZVPP level.

fact, due to spin-allowed d—d transitions (see Supporting
Information).

For low-spin d° complexes, the spin-allowed 1Alg - szg
and 1Alg - 1Tlg transitions have energies that depend
nonlinearly not only on A but also on two electron—electron
repulsion terms B and C (often called Racah parameters).”””>
If only the 1Alg - 1T2g and IAlg - 1Tlg transitions are
experimentally observed, it is not possible to determine values
for any of these three parameters unless an assumption is
made; recent work has shown that a common assumption, that
C/B = 4, is not generally applicable.” In order to calculate the
parameters A, B, and C, a third transition must be observed;
for an octahedral d° ion, the spin-forbidden 1Alg - 3T2g or
1Alg - 3Tlg transitions are known to occur at lower energies
than the two spin-allowed transitions mentioned above.

Although both spin-forbidden transitions for 4 were
unobservable in a conventional 1 c¢m long cell, we were able
to observe them by employing a significantly more
concentrated solution and a cell with a 10 cm path length
(Figure S11). We assign the absorption at 615 nm (¢ = 180
M 'cm™) to the spin-forbidden 1Alg - 3’ng transition; the
absorption due to the 1Alg - 3Tlg transition can be discerned,
but the wavelength of its absorption maximum is uncertain.
The first transition energy, however, combined with those of
the two spin-allowed bands, is sufficient to enable us to
determine the ligand field parameters A, = 24,760 cm™, B =
410 cm™, and C = 2960 cm™" by full-matrix diagonalization of
the determinant representing the multielectronic term states of
the d® configuration using an operator appropriate for Oy.”

This diagonalization is conveniently performed with Bendix’s
LIGFIELD program.”*

These parameters are compared with those of other
cobalt(III) complexes (also determined through the observa-
tion of at least one spin-forbidden transition and calculated
through full matrix diagonalization) in Table 3. The higher
value of A, for 4 than for [Co(NH;)s]*, [Co(en);]*, and
[Co(bpy);]** suggests that the average ligand field strength of
alkyl and borohydride groups in cobalt(II) complexes is larger
than that of amine ligands. This conclusion is again unexpected
due to the frequent assumption that M—H—B interactions are
considered to be weak.

The Racah parameters B and C are measures of the
repulsion between pairs of electrons in doubly occupied metal
d-orbitals: B for a metal complex (and the nephelauxetic
parameter f§ = B g pyier/Briee ion) decrease as electron—electron

Ision decreases.gs’67 Similar decreases in C are expected as
repulsio p
electron—electron repulsion in occupied metal d-orbitals
decreases, but there are comparatively few data reported for
this parameter. Decreases in electron—electron repulsion are
frequently attributed to 7-acceptor interactions of the ligand
with the metal or to delocalization of metal d-electrons onto
polarizable ligands, both of which indicate that there is a large
degree of covalency in the M—L interactions.”””"

The 410 and 2960 cm ™" values of B and C, respectively, for 4
are compared with those of other cobalt(IlI) complexes in
Table 3 (the free ion value Bg,qy = 1100 cm™). The
comparison suggests that the BDAM ligand can decrease
electron—electron repulsions much more efficiently than
cyanide, a m-acceptor. However, both the CH, and BH; ends
of the BDAM ligand are o-bonding only. Although the
borohydride anion has been referred to as a “soft” and
polarizable ligand,””~"" aqueous BH,” has a polarizability
slightly less than that of bromide,”® which is not a particularly
polarizable ion. The great ability of the BDAM ligand to
decrease electron—electron repulsions must therefore be due
to factors other than polarizability.

The results above suggest that the borohydride ligand lies
relatively high on the spectrochemical series and is unusually
effective in decreasing electron—electron repulsions. We will
argue below, on the basis of electronic structure calculations,
that the three-center-two-electron M—H—B interactions of
borohydride ligands are partly responsible for their unexpected
electronic properties.

ETS-NOCV Study of the M—H-B Interactions. To
provide additional insights into the ligand-field properties of
the BDAM ligand, extended-transition-state natural orbitals for
chemical valence (ETS-NOCV) analyses were performed on
Co(BDAM),, 4. ETS-NOCV calculations have been exten-
sively applied to elucidate metal—ligand bonding; of relevance

https://doi.org/10.1021/jacs.3c07336
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Aporb1:
AE°® = -298.33 kcal-mol-’
Eigenvalue = 2.000
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AE°® = -253.34 kcal-mol-’
Eigenvalue = 1.792
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Figure 10. Top: major two NOCV deformation densities (Ap°®,

contour isovalue = 0.005) of Co(CH,NMe,BH;),, 4, and their
associated energetic contributions (AE®), and electron transfer
eigenvalues. Bottom: total electron density deformation as a result of
Pauli repulsion (Ap™™! contour isovalue = 0.001) for Co-
(CH,NMe,BH;);, 4. The image on the left is viewed from the BH,
plane, and the image on the right is viewed from the C plane. The
colors of the deformation densities indicate electron flow from purple
to orange. Hydrogens of methyl groups have been omitted for clarity.

here is the use of this method to investigate agostic C—H~—
M”7%* and covalent B—H—M interactions.*"**~%°

The ETS-NOCV analysis was carried out with a
fragmentation scheme consisting of Co®" and (BDAM),*~
fragments (Tables S8 and S9). The AE®™ terms for the first
nine NOCV pairs sum to 95% of the total interaction energy
between the fragments. Pairs 1 and 2 (Figure 10), which are
responsible for 68% of the total interaction energy, involve the
o-donation of electron density from both the CH, and BH,
termini of the BDAM ligands. The remaining pairs (excluding
pair S) correspond either to weak C — Co or BH; — Co o-
donations or to o-back-donation from cobalt to the ligands.
The acceptor orbitals (¢;) in the latter correspond to either a
lone pair on a CH, group or a B—H bonding orbital, and
therefore, these Co — L NOCVs represent the degree of
covalency in the metal-ligand bonds of 4 and are not
indicative of weak Co — ¢*p_y; interactions. Pair S is a mixture
of metal-to-ligand donation and reorganization of metal
electron density, not clearly either L — Co or Co — L.

The eigenvalue associated with each NOCV pair represents
the amount of electron transfer in the direction indicated by
the corresponding isosurface. The total eigenvalues for the L
— Co and Co — L interactions in 4 are 4.5 and 1.9,

respectively, giving a net transfer of 2.6 electrons from the
(BDAM);*~ fragment to the Co®" fragment (Table S10).

Because the UV—vis spectra discussed above suggested that
the ligand field strength of a borohydride group is similar to
that of ammonia (Table 3), we carried out an ETS-NOCV
analysis of a model compound Co(CH;);(NHj); that enables
direct comparisons to be made between Co—H—B and Co—N
interactions. The main NOCV pairs of Co(CH;);(NH,); are
very similar to those calculated for 4: in both compounds, the
two main NOCV pairs are L — Co o-donating, and the minor
NOCV pairs include one C = Co pair, one N or BH; — Co
pair, two Co — C pairs, two N or BH; — Co pairs, and one
unassignable pair (Tables S11 and S12). One notable
difference is that the NOCV pairs corresponding to Co —
BH, transfer in 4 involve a combination of both Co — H and
B — H transfer, consistent with the presence of three-center-
two-electron interactions.

The net ligand-to-metal electron transfer eigenvalues are 2.6
and 2.4 for 4 and Co(CHj,);(NH;);, respectively (Tables S14
and S15); this result suggests that the BDAM ligand is a better
donor than the combination of a methyl group and an
ammonia ligand. More specifically, the larger eigenvalue of
NOCV pair 7 for 4 (0.3, BH; — Co) vs that of pair 9 for
Co(CH;);(NH;); (0.2, N — Co) suggests that a BH; group in
BDAM is a better donor than ammonia. We propose that the
strong donor ability of the BH; group contributes significantly
to the high ligand field strength of the BDAM ligand.

The similarity of the amount of L — Co and Co — L
electron transfer in 4 and Co(CH,);(NH;); indicates that the
unusually small electron—electron repulsions (as indicated by
the small Racah parameters B and C) measured for 4 are not
due to an abnormally high degree of covalency in the metal-
borohydride interactions. Instead, we propose that the small
Racah parameter B in 4 is a direct consequence of the three-
center, two-electron interactions with the borohydride ligands.
Depictions of Co—H—B canonical molecular orbitals in 4
(Figure S24) support this view: they show that the metal-BH,
bonds extend out to encompass the boron atoms, which are
located 2.62 A from cobalt. A metal—carbon or metal—
nitrogen interaction of this length would be very weak, but in
4, the boron is engaged in three-center Co—H—B bonds in
which the bridging hydrogen atom lies only 1.7S A from
cobalt. The three-center interaction leads to delocalization of
electron density throughout a larger volume than the Co—H
bond would on its own, and the expanded metal—ligand
bonding orbital allows for reduced electron—electron repul-
sions.

Another possible consequence of the three-center inter-
action can be seen in a comparison of the total electron
deformation density plots due to the orbital interaction
(Ap°™®) and Pauli repulsion (Ap"*), as derived from the
ETS-NOCYV analyses. Whereas the total Ap°™® plots show that
the metal-alkyl and metal-BH; overlaps at the two ends of the
BDAM ligand are similar (Figure S22), the total Ap"* plots,
which depict the reorganization of electron density due to
destabilizing Pauli repulsions in bonding regions between the
Co’" and (BDAM),’~ fragments, show that qualitatively less
electron density flows out of metal—ligand bonding regions for
Co—B—H interactions than for the Co—C interactions in 4
(Figure 10). The smaller Ap™" isosurface observed for the
Co—H-B interactions than for the Co—C interactions is
consistent with less electron—electron repulsion at the BH;
end of the BDAM ligand. A similar phenomenon is not

https://doi.org/10.1021/jacs.3c07336
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observed for Co(CH;);(NH;); (Figure S23), evidently
because this compound lacks the three-center interactions
present in 4.

To explore whether the B—H bond of a neutral BH;-L group
also has a ligand field strength comparable to that of ammonia,
we carried out similar ETS-NOCV analysis on the known
compounds Cr(CO)s(BH;NMe;)*® (in which the BH;NMe,
group is bound to Cr through a «'-BH; group) and
Cr(CO)(NH,).**¥ In both compounds (see the Supporting
Information for details), the main interaction between the
Cr(CO); and L fragments is donation into a Cr d orbital of
electron density from a B—H bond (for L = BH;NMe,) or a N
lone pair (for L = NH;) (Tables S16 and S17). The electron
transfer eigenvalues for these L — M interactions are 0.40 and
0.35 for L = BH;NMe; and NHj;, respectively; the net electron
transfer from L to Cr (taking into account the small amounts
of M — B—H* or N—H* interaction) is 021 for L =
BH;NMe, and 0.19 for L = NH; (Table S18). In addition, the
predicted and experimental IR spectra of Cr-
(CO)s(BH;NMe;)*® and Cr(CO)s(NH,)* in the CO
stretching region are very similar (Figure S25).

These findings suggest that even M—H—B interactions in
transition metal adducts of neutral boranes are strong field in
nature. This somewhat surprising conclusion, which is relevant
to B—H bond activation processes, also suggests that agostic ¢
interactions of C—H bonds with metals may be stronger than
previously appreciated.

B CONCLUSIONS

Compounds of stoichiometry M(CH,NMe,BH,); (M = Tij,
Cr, and Co) have been synthesized and characterized. The
titanium(III) compound 2 adopts a pseudo-trigonal prismatic
geometry, whereas the chromium(III) and cobalt(III)
compounds 3 and 4 adopt pseudo-octahedral geometries as
is expected for d, &3 and low-spin d® metal centers,
respectively, in which the ligands are pure o-donors.”

All of the new compounds are fluxional in solution. For
pseudo-octahedral 3 and 4, these fluxional processes include
A/A racemization and bridging/terminal hydride exchange
within the borohydride groups. For diamagnetic 4, the barrier
for A/A racemization is significantly smaller than that for
other octahedral cobalt(IlI) compounds, and a DFT
investigation shows that the small barrier could be due to
the hemilability of the BH; group: a dissociative mechanism
(in which a Co—H scission is compensated by another BH,
group converting from «' to k) has a calculated activation free
energy AG¥ of 11.8 keal mol™. A twist mechanism, however,
may also be operative; its computed barrier is AG* = 14.5 kcal
mol™". It is possible that the barrier for the twist mechanism in
4 is considerably smaller than those seen for other octahedral
cobalt(III) complexes because the small steric size of the
hydride donors lowers the energy of the sterically more
crowded trigonal prismatic transition state.

The ligand field splitting parameters A, measured for 3 and
4 suggest that the ligand field strength of the borohydride end
of the BDAM ligand is remarkably high and is similar to that of
an alkyl or amine group. In addition, the Racah parameters B
and C for 4 are remarkably small, which suggests that the
nephelauxetic effect (i.e., the reduction in electron—electron
repulsion) caused by a borohydride group is unusually large.
Because the BDAM ligand is a pure o-donor with no 7-
accepting character, we propose that the small value of B is due

to the spatial expansion of the M—H—B three-center bonding
orbitals.

The large ligand field strength of the borohydride group in
the BDAM ligand is corroborated by the ETS-NOCYV analyses
of 4 and the model compound Co(CHj;);(NHj;);. The three-
center-two-electron bonding of 4 delocalizes the metal d-
electrons, and the resulting decrease in electron—electron
repulsion is supported by the ETS-NOCV analysis of the
electron deformation density plots due to Pauli repulsion.
ETS-NOCV analyses of Cr(CO);(BH;NMe;) and Cr-
(CO)s(NH;) suggest that even B—H bonds of neutral boranes
induce ligand field splittings similar to those of ammonia.

These new understandings of the ligand field properties of
M-H-B interactions are relevant to the design of borohy-
dride-containing complexes for use in the catalysis, micro-
electronics, and energy storage industries, as well as to
understanding the nature of agostic C—H interactions with
metals.

B EXPERIMENTAL SECTION

All manipulations were carried out under a vacuum or under argon
using standard Schlenk techniques, unless otherwise specified. All
glassware was oven-dried before use, and all solvents (pentane, diethyl
ether, and thf) were distilled under nitrogen from sodium/
benzophenone before use. LiBDAM-thf® CrCl,(thf),,* and
CDFCL,” were synthesized by literature procedures. Cobalt(III)
acetylacetonate (98%+, Strem) and titanium(IV) chloride (99%,
Strem) were used as received. Benzene-ds (Cambridge Isotope
Laboratories) was distilled from calcium hydride under argon and
stored over 3 A molecular sieves.

Elemental analyses were carried out by the University of Illinois
Microanalytical Laboratory. FTIR spectra were acquired on a Thermo
Nicolet IR200 spectrometer as mineral oil mulls between KBr plates
and processed using the OMNIC software package with automatic
baseline corrections. EPR spectra were recorded on a Bruker
EMXPlus X-band continuous wave EPR spectrometer at 77 K as
frozen solutions in toluene. EPR spectra were simulated and analyzed
in Matlab 2022a with the EasySpin 5.2.35 package.”’ UV—visible
absorption spectra of 3 were acquired on an Agilent Cary 60 UV—vis
spectrophotometer as solutions in diethyl ether; the spectra were
deconvoluted to obtain energies for overlapping bands. See elsewhere
for details on the collection of UV—visible absorption spectra of 4
using a 10 cm path length cell’” The '"H "B and "'B{'H} NMR data
were collected on a Varian Unity Inova 400 instrument at 9.4 T. The
room temperature Co, '*C{'H}, and variable-temperature 'H,
BC{'H}, and ¥*Co NMR data were collected on a Varian Unity
Inova 600 instrument at 14.1 T. Chemical shifts are reported in &
units (positive shifts to high frequency) relative to SiMe, ('H, '*C) by
assigning appropriate shifts to solvent peaks or to an external standard
of BF;-Et,0 (*'B) or K;[Co(CN),] (**Co) by sample replacement.
For Co(CH,NMe,BHj;);, ambient temperature *C{'H} NMR data
were collected in a 10 mm sample tube; all other NMR data were
collected with 5 mm sample tubes. X-ray crystallographic data were
collected by the staff of the G. L. Clark X-ray Laboratory at the
University of Illinois.

Tris(boranatodimethylaminomethyl)titanium. Ti-
(CH,NMe;BH;);, 2. To a stirred solution of LiCH,NMe,BH;-thf
(500 mg, 3.18 mmol) in diethyl ether (40 mL) at —78 °C was added
dropwise TiCl, (0.087 mL, 0.795 mmol). The solution was stirred for
1 h at —78 °C and then at 0 °C for an additional 2 h to afford a blue
solution and pale-yellow solids. The mixture was dried under vacuum
at 0 °C, and the residue was extracted with pentane (40 mL) at 0 °C.
The blue extract was filtered, and the filtrate was concentrated to ca. 8
mL and cooled to —20 °C to yield dark blue prisms. Yield: 26 mg
(16%). Satisfactory elemental analysis could not be obtained due to
the thermal and air sensitivity of 2. "H NMR (C¢Dy, 25 °C, 400.1
MHz): § 2.46 (s, fwhm = 120 Hz, NMe,). 'B NMR (CDy, 25 °C,
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128.4 MHz): 6 —120.9 (s, fwhm = 17,000 Hz, BH;). IR (cm™): 2725
vw, 2671 vw, 2374 vs, 2318 s, 2276 s, 2196 m, 2133 m, 2052 sh, 2042
w, 1946 sh, 1807 vw, 1400 w, 1277 m, 1261 sh, 1229 m, 1165 sh,
1152 s, 1120 m, 1076 w, 1045 w, 1006 m, 989 s, 904 m, 855 m, 540
m.
Tris(boranatodimethylaminomethyl)chromium. Cr-
(CH,NMe,BH;);, 3. To a stirred suspension of CrCls(thf); (400
mg, 1.06 mmol) in diethyl ether (20 mL) at 0 °C was added dropwise
a solution of LiCH,NMe,BH;-thf (500 mg, 3.18 mmol) in diethyl
ether (20 mL). The resulting mixture was stirred for 1 h at 0 °C,
during which time the solution changed from purple to brown. The
mixture was warmed to room temperature and stirred for an
additional 2 h to afford a red solution. The mixture was filtered,
and the filtrate was concentrated to ca. 15 mL and cooled to —20 °C
to yield red needles. Two more crops of product could be obtained
from the supernatant by concentration and cooling to —20 °C. Yield:
150 mg (53%). Anal. Caled. for CrN;CoB;Hs;: C, 40.4; H, 12.4; N,
15.7. Found: C, 39.8; H, 12.5; N, 15.3. The C and N analyses are low,
probably due to the loss of NMe;BH; by hydrolysis or thermolysis.
'H NMR (CDEFCl,, 25 °C, 600.1 MHz): § —8.27 (s, fwhm = 1000
Hz, NMe,). IR (cm™): 2808 w, 2521 s, 2424 vs, 2391 vs, 2373 sh,
2324's, 2289 m, 2251 m, 2184 m, 2046 vs, 2011 vs, 1832 w, 1730 vw,
1693 vw, 1552 vw, 1469 s, 1462 s, 1448 s, 1410 m, 1276 s, 1265 sh,
12245, 11745, 1129 s, 1114 5, 1086 vw, 1011 s, 989 s, 920 m, 896 m,
854 m, 721 w, 625 s, 569 m, 469 m, 422 m.

Tris(boranatodimethylaminomethyl)cobalt. Co-
(CH,NMe,BH;);, 4. To a stirred solution of Co(acac); (380 mg,
1.06 mmol) in diethyl ether (20 mL) at 0 °C was added dropwise a
solution of LICH,NMe,BH,-thf (500 mg, 3.18 mmol) in diethyl ether
(20 mL). The resulting mixture was stirred for 1 h at 0 °C as its color
changed from dark green to orange/yellow. The mixture was filtered,
and the filtrate was dried under vacuum to afford the crude product
(contaminated with some NMe;BH;) as an orange-yellow solid in
nearly quantitative yield. Analytically pure material can be obtained by
sublimation at 66 °C and 1 X 107 Torr. Sublimation yield: $5 mg
(19%). Anal. Calcd. for CoN,CyB;H;: C, 39.3; H, 12.1; N, 15.3.
Found: C, 39.4; H, 12.1; N, 15.1. 'H NMR (C(D, 25 °C, 400.1
MHz): § 2.70 (s, 2H, CH,), 2.29 (s, 6H, NMe,), —1.11 (q, Jzy = 96
Hz, 3H, BH,). *C{'"H} NMR (C,Dy, 25 °C, 150.9 MHz): § 55.6 (s,
NMe,), 52.7 (br, CH,). ''B NMR (C¢Ds, 25 °C, 128.4 MHz): 6
—11.4 (q, YJsg = 96 Hz, BH,;). ¥Co NMR (C,Ds, 25 °C, 142.4
MHz): § 3061 (s, fwhm = 1300 Hz). IR (cm™): 2427 s, 2390 s, 2333
5, 2293 m, 2239 sh, 2225 w, 2013 s, 1986 sh, 1272 w, 1226 m, 1181 s,
1165 sh, 1136 sh, 1122 m, 996 s, 934 w, 895 w, 858 w. Needles
suitable for X-ray diffraction were grown by cooling a saturated
diethyl ether solution to —20 °C.

Computational Details. Structural optimizations, single point
calculations, frequency calculations, and TD-DFT calculations were
performed with the Gaussian 16 program package.”” The B3LYP">**
functional and def2-TZVPP?* basis set were used for all atoms based
on their ability to reproduce experimental parameters and their
performance in an agostic M—H—C interaction benchmarking
study.”® GaussSum” was used to analyze calculated absorption
spectra and obtain orbital contributions in transitions of interest.

Extended-transition-state natural orbitals for chemical valence
(ETS-NOCV)”® were computed using the Multiwfn 3.8 program.”
Input wavefunction files for individual fragments were generated in
Gaussian 16” using the B3LYP*** functional and def2-TZVPP®
basis set. The fragmentation scheme for 2 consists of a singlet Co**
ion and a set of three monoanionic singlet CH,NMe,BH;"~ ligands.
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